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1. Introduction

Very few fields in chemistry have shown such a consider-
able interest as fluoroorganic chemistry. Fluorine is perhaps
the element that has experienced the greatest recent interest
as pointed out by the exceptionally high number of publica-
tions and the high percentage of fluorinated new molecules
over recent decades.' Today, the significant expansion in the
use of fluorinated chemicals has attracted the attention of
organic, agricultural, medicinal, and material chemists.> 2
The replacement of hydrogen by fluorine, the most electro-
negative element, alters sterically and electronically the
properties of the molecules, affecting the basicity or acidity
of neighboring groups, dipole moment, and overall reactivity
and stability. Fluorine is often regarded as an isostere of
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hydrogen despite the fact that their van der Waals radii are
different (1.47 versus 1.20 A)."* The carbon—fluorine bond
length (1.39 A) is similar to the carbon—oxygen one (1.43
A), suggesting an isosteric behavior. The high carbon—fluorine
bond energy (485.7 kJ/mol)'* confers relative stability against
metabolic transformations. In addition, fluorine can partici-
pate in hydrogen bonding interactions with H—C even if
hydrogen bonds to C—F are definitely much weaker than
those observed to oxygen or nitrogen.'>'® Nevertheless, the
controversy remains on the existence of hydrogen bonds
between the C—F group and -OH or -NH donors."”"® With
regard to the CF; group, its size (van der Waals volume) is
relatively large, between those of the i-Pr and the 7-Bu
groups.?’ The CF; group has an electronegativity similar to
that of oxygen®' and a large hydrophobic parameter.?? The
trifluoromethyl group appears in many biologically active
pharmaceutical and agrochemical compounds. The increased
lipophilicity, and a superior metabolic stability compared to
that of the trimethyl analogues, often accounts for an
improved activity profile. Higher fluoroalkyl groups, which
are the perfluoroalkyl groups, are introduced mainly to
increase the lipophilicity, and also in the context of fluorous
chemistry.?

One of the most fascinating aspects of organofluorine
chemistry is the asymmetric synthesis of fluorinated
molecules.”*?° Tt is a very challenging topic with great
potential in numerous areas. Several examples of asymmetric
reactions have been successfully applied to fluorinated
substrates although new problems have been raised due to
the unpredictable chemistry of fluorinated molecules.*
Asymmetric synthesis is now a mature area of organic
chemistry; however, asymmetric fluorination and perfluo-
roalkylation are developing relatively slowly. Nevertheless,
we are witnessing, since the beginning of the new century,
a remarkable renewal of interest principally for enantiose-
lective fluorination. Asymmetric perfluoroalkylation, taking
in trifluoromethylation, is still a timid area, although promis-
ing new reagents and methodologies are now available to
accomplish such reactions. For the purpose of this review,
only asymmetric syntheses, in which the formation of a C—F,
C—CF3, or C—R¢bond is concomitant to the stereocontrolled
creation of a new stereogenic center, have been considered.
Stereospecific transformations (for example, fluorodehy-
droxylations with DAST, ring-opening of epoxides with
Et;Ne3HF, or replacements of tertiary deactivated hydrogen
in steroids) and classical resolutions, which are not asym-
metric syntheses, will not be considered, with the exception
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of kinetic resolutions, which will be mentioned. The elec-
trophilic fluorination—nucleophilic addition reaction upon
glycals and other ethylenic systems was intentionally not
covered.’'*? Reactions involving fluorinated chiral building
blocks are beyond the scope of this review. Four generations
of asymmetric synthesis exist. In the first generation, the
stereoselectivity is directed intramolecularly by an enantio-
merically pure substrate, almost exclusively of natural origin,
which remains incorporated in the product. The second
generation is similar to the first one with an intramolecular
control of the stereoselectivity, but requires a chiral enan-
tiomerically pure auxiliary that is first covalently linked to
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the substrate for the diastereoselective reaction, and then
removed for potential recycling. In the third and fourth
generations, an achiral substrate is transformed into a chiral
product with concomitant creation of a stereogenic center
with the aid of a chiral stoichiometric reagent (third genera-
tion) or a chiral catalyst (fourth generation). Reactions
reported in this review belong to all four generations of
asymmetric synthesis. The review is organized by fluorine
group introduction: F, CF3, and Ry, with each section dealing
with electrophilic, nucleophilic, and radical reactions as well
as diastereo- and enantioselective approaches. The literature
in this review is comprehensively covered through the end
of December 2007.

2. Asymmetric Fluorination Reactions

2.1. Electrophilic Fluorination Reactions

A wide variety of electrophilic fluorinating agents have
been developed over the past few decades.” > For the
majority of them, they must be prepared from molecular
fluorine. Molecular fluorine itself is a versatile reagent able
to perform many selective reactions;*® however, it is quite
indiscriminate as a reagent in asymmetric synthesis. Cationic
fluorine, F*, has only been observed spectroscopically in the
gas phase;’’ consequently, the ability of electrophilic flu-
orinating agents to deliver positive fluorine is the subject of
some controversy. There is no evidence supporting the
existence of the fluoronium ion in solution, while an SN2
pathway for electrophilic N-fluoro reagents was demons-
trated.>*>° Some reviews covering specific electrophilic
fluorinating reagents and recent advances in electrophilic
fluorination have been published.?***!

2.1.1. Diastereoselective Fluorination

This section principally reviews diastereoselective syn-
thetic routes to compounds possessing an o-fluorocarbonyl
moiety. A partial coverage of diastereoselective electrophilic
fluorinations may be found in previous reviews.*>** Com-
pounds having an o-fluorocarbonyl moiety present interesting
biological activities; in particular, they are effective mimics
of o-hydroxy ketones, they are useful probes for various
biological processes, and they can act as enzyme—inhibitors.
In addition, these compounds are valuable synthons for the
construction of active compounds.

2.1.1.1. o-Fluoro Ketones. In all the examples, the
stereoselectivity is the result of an intramolecular control
from an enantiomerically pure substrate. The chirality
remains present in the product, but can be cleaved off as in
the case of Enders’ a-silyl ketones (vide infra). The following
examples illustrate the concept of fluoro analogues of
bioactive compounds (steroids, vitamins, -lactams, cepha-
losporins, amino acids, dipeptides, nucleosides).

A wide range of electrophilic fluorinating agents (F»/No,
XeF,, O—F, N—F) have been used for the synthesis of
fluorosteroids, and the literature is abundant on this subject.
Recent work preferably utilized the N—F class of fluorinating
agents, which are easier to handle and safer, for the
fluorination at activated positions of steroids. Stavber and
co-workers described a direct o-fluorination of two keto
steroids (5a-cholestan-3-one and 33-hydroxy-5a-androstan-
17-one) with Accufluor NFTh [1-fluoro-4-hydroxy-1,4-
diazoniabicyclo[2.2.2]octane bis(tetrafluoroborate)], provid-
ing the corresponding o-fluoro steroids 1 and 2, respectively,
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as single diastereomers by selective o-face fluorination
(Figure 1).**

This direct fluorination was generally superior in terms
of diastereoselectivity compared to the methods which
require the preparation of enol derivatives used as substrates
in the fluorination reaction, such as enol ethers,*® enol
acetates,***~>* enamides,> or enamines.’®>’

Using conjugated enol ethers raised the problem of
regioselectivity. Selective y-fluorination of various steroids
was realized by Poss and co-workers as exemplified on
4-cholesten-3-one (3), leading to an a/f-isomer ratio of 1/7.8
(Scheme 1).°® The potassium dienoxyboronate generated in
situ was reacted with NFSI (N-fluorobenzenesulfonimide)
to produce the 6-fluoro steroid derivative 4, preferentially
giving the [-isomer. Here again, direct fluorination of
conjugated ketones did not require the preparation of
intermediate species such as dienamines, dienol ethers, or
acetates,**-71-3970

In comparison to the high number of fluorinations of enol
ether and ester steroid derivatives, fluorinations of steroidal
metal enolates are seldom seen, probably due to undesirable
formation of side products.®”-%®

Dauben and Greenfield reported fluoro C/D ring ketones
as fluorinated chirons for vitamin Ds syntheses.®” Kinetic
and thermodynamic silyl enol ethers 5 and 7 reacted with
N-fluoropyridinium triflate to afford mixtures of fluorinated
products, in poor yields and diastereoselectivities, and
nonfluorinated side products (Scheme 2).

The synthesis of 2-(R)-fluorodehydroquinic acid (9) has
been achieved from quinic acid including an electrophilic
fluorination step by means of Selectfluor [(1-chloromethyl)-
4-fluoro-1,4-diazoniabicyclo[2.2.2]octane bis(tetrafluorobo-
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rate)] (Scheme 3). After recrystallization, a single diastere-
omer was obtained in 89% yield.”®

In the synthesis of 12-fluoroforskolin, the fluoro interme-
diate 10 was obtained by reaction of the lithium enolate with
acetyl hypofluorite; a single diastereomer was obtained in
42% yield (Scheme 4).”!

A fluorinated member of a new family of p-lactam
antibiotics, tribactam 12, was prepared utilizing fluorination
of a lithium enolate by NFSI in the key step. A mixture of
two diastereomers of 11 (ratio 7/3) was obtained in 95%
yield, with both isomers having the cyclohexanone trans
disubstituted (Scheme 5).7>7*

Monofluoro ketone peptide isosteres possess therapeutic
potential as enzyme—inhibitors. The first synthesis of such
fluoro peptides utilized fluorination of a silyl enol ether with
the aid of XeF, in a mixture acetonitrile/1,1,2-trichlorotri-
fluoroethane, leading to the desired product in 71% yield
without any diastereoselectivity.”* The incorporation of
fluorine into dipeptides was further developed by Hoffman
and co-workers. (2R,5S)-N-tritylated ketone dipeptides 13
were converted to their trimethylsilyl enol ethers and
fluorinated with Selectfluor in the presence of TBAF (tet-
rabutylammonium fluoride). The cooperative stereocontrol
between the N-tritylamine group and the alkyl group at C-2
allowed high diastereoselectivities, and good yields, 65—76%,
of 14 (Scheme 6), to be reached.”>"”

We examined the diastereoselective electrophilic fluorina-
tion of two dipeptides of a C* quaternary chiral amino acid
((S)-MPBrG) and racemic phenylglycine (Scheme 7). The
electrophilic fluorination was conducted with the aid of NFSI,
and the stereoselectivity is directed intramolecularly by the
enantiomerically pure substrate Phth-(S)-MPBrG-(N-Me-
Phg)-OR 15. A diastereoselectivity of 91:9 was obtained with
a phenylglycine methyl ester derived dipeptide, and a
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Scheme 6
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diastereoselectivity of >98:2 was obtained with a phenylg-
lycine benzyl ester analogue.”® Interestingly, this approach
gives access to a dipeptide possessing two consecutive
enantiopure quaternary amino acids which could be incor-
porated into a longer peptide.

In the nucleoside family, the first synthesis of 1’-fluoro-
nucleosides was achieved by electrophilic fluorination of 2'-
ketouridine lithium enolates. A mixture of anomeric 1'-
fluoronucleosides 16 and 17 (hydrate form) was obtained
whatever the fluorinating agent (NFSI, Selectfluor, or N-fluoro-
2,6-dichloropyridinium tetrafluoroborate) and the reaction
conditions (Scheme 8).”°

The asymmetric epoxidation of unfunctionalized alkenes
by dioxiranes derived from chiral a-fluoro ketones is an

Scheme 8

Ma and Cahard

COEt
N
F

19 20 ©

8
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Behar et al. Solladié-Cavallo et al.

Figure 2. o-Fluoro ketones used in asymmetric epoxidation.

OH
<O
0 F
o} o ‘ %,
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antineoplastic agent 2'fluoronucleosides (28, 4R)-4-flucroglutamic acid
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Ph OMe
F z
. STHp OSiMe By
modified side chain 32
of Taxol Fluoro Corey's lactone

Figure 3. Examples of o-fluoro esters and amides.

active area of research. Several groups have embarked on
the design and the synthesis of new chiral a-fluoro ketones
(Figure 2). Denmark and Matsuhashi developed the tropi-
none-based ketone 18, which required the fluorination of the
sodium enolate of the corresponding 3-keto ester by Select-
fluor in DMF (26—39%) followed by decarboxylation. An
enantiomer resolution was performed to provide optically
pure 18.% The same group also reported the quite lengthy
synthesis of the biphenyl-based ketone 19 requiring two
fluorination steps by Selectfluor and epimerization in tri-

(o) (o)
Il J
NH ( NH
e Pt
0 N0 O N™ 0 o} F
o) 1. LIHMDS / e o My -0
TIPDS 2.N-Freagent TIPDS Y\ Y il - TIPDS A
> 3 N
o} 0 o 1 |
07 N"~0
TIDPS = i-Pr,SiOSii-Pr, 16 17 H
N-F reagent conditions yield, % o:p
NFSI THF,-78°C 87 241
NFSI THF, -78°C 72 6.2:1
NFSI DMF-THF (1:2), -78°C 57 13
NFSI DMF-THF (4:1), —-40°C 58 1114
N-fluoro-2,6-dichloropyridinium BF;  DMF-THF (4:1), rt 52 1:1.9
Selectfluor DMF-THF (9:1), —-40°C 57 1:3.3

“ KHMDS was used instead of LiHMDS.
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Table 1. Second-Generation Asymmetric Electrophilic Fluorination of a-Silyl Ketones

o (0]
t-BuMeZSi\)J\ LDA (or LIHMDS) t-BuMeZSi\)HPrF
R! R2 THF, NFSI,-78°C R! R2
23 24
substrate product
configuration R! R? configuration yield,? % de,” %

R Me Me (2RAS) [(2RAR)] 53 (65) 55(76)
R Et Et (3R.5S) [(3R.5R)] 79 (80) 79 (89)
R n-Pr n-Pr (4R.65) [(4R.6R)] 81 (75) 65 (82)
R -(CHy)3- (2R.,6R) [(2R,6R)] 81 (70) >98 (76)
R -(CHy)4- (2R.TR) [(2R,15)] 85 (46) >98 (37)
R -CHoN(Bn)CH,- (BR.5R) [(3R,5R)] 69 (84) >98 (87)
S Me n-Pr (28,4R) [(25,49)] 57 (68) 65 (63)
S Me i-Pr (28,4R) [(25,49)] 50 (79) 86 (38)
S Me i-Bu (2S,4R) [(25.49)] 77 (85) 68 (44)
S Me Bn (2R 4S) [(25,49)] 74 (77) 67 (87)
S Et Bn (2R 4S) [(25,49)] 59 (70) 67 (78)
S Bn n-Pr (28.4R) [(25,49)] 66 (90) 37 (54)

“ Absolute configuration observed for reactions employing LDA and, in square brackets, for reactions employing LiHMDS. ? Yield (or de) for
reactions with LDA generated enolates and, in parenthesis, for reactions with LIHMDS generated enolates.

ethylamine to afford a single diastereomer.®® Armstrong and
co-workers have synthesized 2-fluoro-N-carbethoxytropinone
(20) via a silyl enol ether and 2 equiv of Selectfluor in 63%
yield. The fluorination occurred exclusively on the less
hindered exo face of the silyl enol ether.®' An enantiose-
lective version of the synthesis of 20 was reported by the
same group; see section 2.1.2.5. Behar and Stearman
prepared chiral binaphthyl o-fluoro ketones by a sequential
deprotonation of the corresponding ketone by potassium
hydride and fluorination with NFSI at —78 °C to produce
the monofluorinated ketone 21 in 77% yield (other distribu-
tions of fluorine atoms were also reported).®*> Solladie-
Cavallo and co-workers synthesized the o-fluoro ketone 22
by fluorination of the silyl enol ether with Selectfluor,
providing a mixture of two diastereomers (54/46) which were
separated by column chromatography.®*#* Other structurally
similar a-fluoro ketones were evaluated by the same group
in asymmetric oxidation of silyl enol ethers.®

Enantiopure a-silyl ketones 23 were prepared by diaste-
reoselective silylation of the (S)- or (R)-1-amino-2-meth-
oxymethylpyrrolidine (SAMP/RAMP) hydrazone and used
as substrates in diastereoselective electrophilic fluorinations
in which the silyl group acts as a traceless directing
group.®®®7 Lithium enolates of 23 generated by LDA were
fluorinated with NFSI in good yields and with high diaster-
eomeric excesses (37% — 98% de) (Table 1). Interestingly,
LiHMDS allowed reverse diastereoselectivity to be obtained,
whereas the impact on the de’s was inconclusive. The
diastereoselectivity was found to reflect the ratio of enolate
stereomers, with NFSI reacting only from the less sterically
hindered enolate face.

This concept was also applied to silyl enol ether 25;
however, the fluorination gave rise to a significant amount
of regioisomers 26 and 27 (Scheme 9).*” The unpredictable
formation in various amounts (up to 100%) of the regioiso-
mer bearing the fluorine atom on the side of the silyl group
is obviously a disadvantage of the method. Desilylation of
the enantiopure fluoro ketones was readily accomplished by
treatment with HF/TBAF without epimerization.

2.1.1.2. o-Fluoro Esters and Amides. The following
examples belong to the first generation of asymmetric
synthesis (Figure 3). 2-Fluoropodophyllotoxin (28), a potent

Scheme 9
OSiMe;  NFSI o] F (o]
+-BuMe,Si Se,eg;ﬂuor t—BuMeZSi\éJ\F t-BuMeZSiﬁ
[ +
THF
25  78°Ctort 26 27
contains 5% with NFSI 73% yield
of the regioisomer 72/28 26/27
90% de (26)
with Selectfluor 49% yield

94/6 26/27
66% de (26)

Scheme 10

o} (0]
)L, COMBU 4 NaH Fco.tBu
J/:N\ 2.NFSI, 1h,-15°C N,
o PMP [¢] PMP
33 34
70% yield
90% de

antitumor agent, was obtained by a completely diastereose-
lective fluorination of the sodium enolate with NFSI in 99%
yield; the stereochemistry at the ring junction was trans.3%%°
Liotta and co-workers have also reported a completely
diastereoselective electrophilic fluorination of a chiral non-
racemic lactone which was further transformed into 2'-
fluoronucleosides. Indeed, fluorolactone 29 could be obtained
in 50—70% yield with 100% de.’® Enantiomerically pure
2-pyrrolidinone derived from L-glutamic acid was fluorinated
to give 30 in 57% yield and 100% de by reaction with LDA,
followed by NFSI in THF at —78 °C. 30 was further
converted to the desired (25,4R)-4-fluoroglutamic acid as a
single stereomer.”’ Fluoro analogues of the side chain of the
antitumor agent paclitaxel were synthesized by Davis and
Reddy starting from chiral 5-amino esters. Treatment of the
dianion, generated from LDA (2.2 equiv), with NFSI at —78
°C gave the fluorinated target 31 in 65% yield and a moderate
62% de.®* The a-fluoro analogue of Corey’s lactone (32),
an important intermediate in the synthesis of prostaglandins,
was synthesized by generation of the ketene silyl acetal
followed by fluorination with the aid of 2,6-bis(methoxym-
ethyl)pyridinium triflate in 65% overall yield. The config-
uration of the fluorinated carbon center was not determined.®”
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Scheme 11
t+-BuMe,SiO HH 1. LDA, HMPA, THF t-BuMe,SiO HH\F
B COMe 2.36 (1 equiv),-78°Ctort B CO,Me
NH E NH
© 0, ﬁ¢b ° 3%
\S:
Re}
36
Scheme 12
PhCH=N PhcH=N_F
]:[ t-BuOK, -50 °C, DME ]:r
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COZt Bu COzt Bu
37
quantitative yield
Scheme 13

LiHMDS, THF, -78 °C

_ OMOMG M
Pen M 4
Ph
38 N foli 38

+
|:

R' yield,% dr

Me 87 79/21
Et 96 67/33
Pr 96 67/33
Bn 88 62/38

The fluorolactone 32 could also be obtained using NFSI, but
was immediately converted to the desired difluorolactone for
the synthesis of difluoroprostacyclins.”?

Elaboration of fluorinated antibiotics was conducted via
electrophilic fluorination of functionalized azetidinone 33 by
means of NFSI. Attack of the fluorine atom by the less
hindered face of the stabilized sodium enolate gave pre-
dominantly 34 having the fluorine atom frans to the ester
moiety (Scheme 10).”*

In the chemistry of carbapenems, Wildonger and co-
workers prepared 1-fluoro-1-methylcarbapenem 35 by fluo-
rination of the corresponding enolate using N-fluoro-N-(exo-
2-norbornyl)-p-toluenesulfonamide (36).°> The desired
diastereoisomer was purified and isolated pure in 35% yield;
how()ef’ver, the diastereoselectivity was not reported (Scheme
11).

An early example of diastereoselective fluorination with
perchloryl fluoride was the preparation of 7a-fluorocepha-
losporin Schiff base 37 (Scheme 12).%7

Examples of second-generation asymmetric fluorination
are more frequent in the literature. Fukumoto and co-workers
published a series of papers on diastereoselective fluorination
of malonates 38 bearing a chiral phenylmenthyl auxiliary
for the construction of quaternary fluorinated stereogenic
centers (Scheme 13).787100

A similar strategy was applied for the synthesis of
menthyl-2-fluoro-1-tetralone-2-carboxylate from the corre-
sponding chiral 8-keto ester by fluorination of the sodium
enolate with Selectfluor in 94% yield; the diastereoselectivity
was not provided, and the diastereomers were separated by
column chromatography.'®" Other diastereoselective fluori-
nations of f-keto esters bearing a chiral auxiliary (e.g.,
cholesteryl ester'®? and menthyl esters'®*'°®) have been
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Scheme 14
0o O
o o .
LiHMDS, THF PPN
nOVE/U\N)kO NFSI,-78 °C_ BnO”™ % ™ N)ko
FE ‘ \
2 nd e 43 M PR
76% yield
100% de
Scheme 15

O 0

X W A
NaHMDS, THF, z o
_-78°C,NFSI H F 07Q

Ph Me

Ph
44
56% yield
>99% de
Scheme 16
o 0

X Wy
1) NJW\/L'HMDS HE 0 NJJ\;/\/\/
i , , z
— .78 °C, NFSI — F
Bn e A Bn
a5
78% vyield
>98% de

Table 2. Diastereoselective Fluorination of Chiral Imide
Enolates

o o o o0
LDA/ NFOBS
)k )K/Rs or )L JVRS
Q N NaHMDS/NFsI Q N™ 7
THF, -78 °C F
R" R? T R' R?

40 SO, 41
NFOBS @: /\NF
SO,

using LDA/NFOBS using NaHMDS/NFSI
R' R*> R’ vyield, % de, % R' R? R?  yield, % de, %

Ph Me n-Bu 88 97 Me Ph 85 >97
H i-Pr n-Bu 85 96 Ph Me Me 77 86
Ph Me t-Bu 86 96 Ph Me CH=CH, 69 84
H i-Pr +-Bu 80 97 Ph* Me“ CH,OBn 78 94
Ph Me Bn 84 89
Ph Me Ph 86 86

“(4R,55)-Oxazolidinone was used in this example.

conducted in the presence of a chiral transition-metal catalyst
(see section 2.1.2.2). In these reactions, a double stereodif-
ferentiation was expected; however, the stereoselectivity was
lower or equal to that observed with achiral ester derivatives.

Davis and co-workers greatly contributed to diastereose-
lective electrophilic fluorinations. They selected Evans’
oxazolidinones as chiral auxiliaries and N-fluoro-O-benzene-
disulfonimide (NFOBS) or NFSI as the fluorinating
agent.'?”1% Good to excellent diastereoselectivities were
obtained by selective approach of the fluorinating agent from
the less hindered si face of the chiral imide enolate (Table
2). The authors suggested that the fluorination occurred by
an Sy2-type mechanism for transfer of fluorine to enolate
species.''” Some racemization occurred on removal of the
auxiliary with LiOH or LiOOH due to the enhanced acidity
of the a-fluoro proton. However, the reduction of 41 with
LiBH4 took place without epimerization leading to the
p-fluorohydrins.

Interestingly, conversion into the N-methoxy-N-methyla-
mides (Weinreb amides) followed by addition of Grignard
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Scheme 17
"0 NaHMDS, THF,
(t-BuO /.78 °C, NFSI
o O
J
AN D
PH
73% vyield
100% de
Scheme 18
1. Ph” N7 Ph
0 Li Ph” N Ph
THF, -78 °C A__COytB
Ph/\)J\Ot—Bu PR Y2
2.NFSI,-78°C,5h F
48
quantitative yield
64% de

Scheme 19

OFEt
~ X=H 1.LDA (2 equiv), THF, -78 °C, 15 min
X N ) 2. NFSI, 5 min

‘2N 3. ACOH, -78 °C to rt
Et203P)\‘/\f X=F

1
RTOBL o3 RlsH, X=F 66% yield, 50% de
54: R'=Me, X=F 70% yield, 0% de

reagents provided the corresponding o-fluoro ketones without
racemization.'® This synthetic route complements Enders’
method (vide supra).

Diastereoselective fluorination of a,f3-unsaturated chiral
oxazolidinone 42 was conducted by reaction of LiHMDS
followed by addition of NFSI to produce a single diastere-
omer in 76% yield (Scheme 14). The complete diastereo-
selectivity reached with NFSI, compared to 82% de with
NFOBS, was attributed to the greater steric bulk of NFSI.
The reaction provided a nice example of deconjugative
electrophilic fluorination. The acyclic fluoro compound 43
was employed in the synthesis of fluoro carbohydrates.''!-!'?

0

N /%leO‘
>~
N
F

THF, 65 °C
(100%)

Scheme 20

(77%)

THF, 65 °C
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Table 3. Selected Results for the Fluorination of Chiral
Phosphonamidates

|
0 s O
) 1. base P
2.NFSI_ Y N

Ar ! 50

Oro ! Ar i

\ N N \

o kF(jf_.F‘ij*pf

1

A O Ph O O7%ph Ph

cis-51 trans-51 cis-52 trans-52
substrate Ar base yield, % de, %
49 2-naphth n-BuLi 68 68
49 2-naphth LiHMDS 81 70
trans-51 2-naphth NaHMDS 62 72
cis-51 2-naphth NaHMDS 54 58
trans-51 m-(Ph)Ph NaHMDS 85 25
cis-51 m-(Ph)Ph NaHMDS 68 26
trans-51 Ph NaHMDS 47 29
cis-51 Ph NaHMDS 44 33

The success of the method stimulated significant efforts
to improve the scope of the process. Marquez and co-workers
synthesized the key fluorinated intermediate 44 for the
preparation of active anti-HIV compounds FddA and FddC.
The fluorination proceeded with complete diastereoselectivity
(Scheme 15).!"3

A chiral oxazolidinone auxiliary was also used by Stauton
and co-workers to direct the addition of a fluorine atom in
the preparation of fluoro analogue 45 as a biosynthetic
preclulasor of the ionophore antibiotic tetronasin (Scheme
16).

Burke and co-workers utilized the commercially available
Evans auxiliary (S)-(+)-4-phenyl-2-oxazolidinone for a di-
astereoselective electrophilic fluorination in the synthesis of
a new fluorophosphotyrosyl mimetic. Treatment of 46 with
NaHMDS followed by reaction with NESI gave the (S)-a-
fluoro derivative 47 without any evidence of the (R)-
diastereomer (Scheme 17).!!'

Recently, in 2004, Duggan and co-workers described an
elegant tandem conjugate addition of a chiral lithium amide
on tert-butyl cinnamate followed by a diastereoselective
electrophilic fluorination of the intermediate enolate by NFSI.
The [-amino-o-fluoro ester 48 was obtained quantitatively
with 64% de (Scheme 18).'1°

(@] O
LN N
N
+ “
o) << 0
1/1.6 mixture \

bis(epi)-55 (syn)

I=

55 (anti)

56 (anti, syn)
+ bis(epi)-56 (syn, syn)
+ bis(ep/i)-56 (anti, anti)

ratio 2/1/1
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Scheme 21
SiMe3
Z OTBDPS F.
Selectfluor
CH3CN, NaHCO3 rt
OTBDMS
57
Scheme 22
o O F o O F o O
| -
N’GJSI/\(//\\f’/JJ\N/lLQ \\\VJ\//[\N)J\’O {v\._\/L._N)LQ
R )—/  Selectfluor R — o+ R —
Bn/ Bn/ Bn/_
R conditions yield, % anti/syn
Bn acetone, NaHCO3 100° 2:1
Bn CH3CN 95 1.21
Me CH3CN 82 1:1
3 conversion

2.1.1.3. a-Fluoro Phosphonates. o.-Monofluoroalkylphos-
phonates are more effective analogues of phosphate esters
than alkyl phosphates because the CHF group is a better
phosphate mimic.''” Among the numerous entries to o-monof-
luoroalkylphosphonates, the direct electrophilic fluorination
of alkylphosphonate carbanions is a convenient method.
Early work by Differding and co-workers described the
reaction of NFSI at —78 °C with phosphonate carbanions
generated by KDA. Unfortunately, when chiral centers were
present on the alkyl chain, the diastereoselectivity was not
provided."'® The search for effective enzyme inhibitors
motivated the development of asymmetric fluorination of
alkylphosphonates. Taylor and co-workers prepared enan-
tiomerically pure o-monofluoroalkylphosphonic acids for
evaluation as inhibitors of protein tyrosine phosphatase 1B.
The key step was a diastereoselective electrophilic fluorina-
tion of phosphonamidates bearing trans-(R,R)-1,2-bis(N-
methylamino)cyclohexane or (—)-ephedrine as a chiral
auxiliary (Table 3). The diastereoselectivity was strongly
dependent on the nature of the base and counterion with de’s
ranging from 2% to 72%. While LIHMDS gave good results
with 49, NaHMDS was preferred in the case of 51 (Table
3). Separation of the diastereomeric products 52 by flash
chromatography was followed by a racemization-free re-
moval of the ephedrine auxiliary to obtain enantiomerically
pure a-fluoro phosphonic acids. The absolute stereochemistry
was established by X-ray crystallography.'"”

a-Monofluorinated phosphonate mimics of phosphoserine
and phosphothreonine were synthesized via electrophilic
fluorination of Schollkopf’s bislactim ethers derived from
cyclo[L-(2-amino-4-phosphonobutanoic acid)-D-valine]. How-
ever, the chiral auxiliary only produced moderate to no
diast(ggoselectivity in the fluorination with NFSI (Scheme
19).

2.1.1.4. Miscellaneous Compounds. Shibata and co-
workers reported the synthesis of fluorobrevianamide E (55)
and fluorogypsetin (56) by a novel tandem electrophilic
fluorination-cyclization. Despite an elegant synthetic route,
the diastereoselectivity was poor for 55 and the sequence of
reactions was nonselective for 56 (Scheme 20).!2!

Gouverneur and co-workers described several examples
of diastereoselective as well as enantioselective (see section
2.1.2.4) electrophilic fluorodesilylation of allylsilanes. A
substrate-controlled, first generation asymmetric synthesis,
diastereoselective fluorodesilylation of the dienylsilane 57

OTBDMS

Ma and Cahard

Z OTBDPS F,, Z OTBDPS
-
OTBDMS
1/3 mixture
74% vyield
Scheme 23
"BOCN’AL\..“Seiectﬂuor (2.2 equiv) NHBOOC; NHBC(')C"
Me;;Sl\/\/,\/ CHCN.1 48h _ A~ + PN &
F
58 E/Z 6:1 59 #
1/1 separable mixture
72% yield
Selectfluor (1.1 equiv) { |-
NaHCO3 (2 equiv) t-BocN— L +-Bochy !
ssezen  _crontan A A O /\I/L\/
F 3
60
1/1 inseparable mixture
62% yield
Scheme 24
SiMeR!

OR? Selectfluor OR2 OR?
EI NaHCO3 CHaCN, rt /EI . CE
OR? F OR? Y OR?

R! R? ratio yield, %

Me acetone ketal 69:31 61

t-Bu acetone ketal 67:33 48

Me cyclohexanone ketal 55:45 60

Me Me 80:20 52

Me Bn 82:18 82
SiMe3
~...COMe Selectfluor “CO;Me 4

O NaHCO3 CH3CN, rt 32%;3.2_ dlrd
“ICO,Me ~ F "CO,Me v yie

2 1
§|Me2R Selectfluor, NaHCO3

CH3CN, rt, 72 h =
l(\} “OR? 3 )\(\>~'OR2
F /

n n
R’ R2 n yield, % de, %
Ph  Ac 2 69 88
Me Ac 2 90 84
Ph Bz 2 75 >06
Me Bz 2 75 >06
Ph Bz 1 56 >96
Me Bz 1 79 >96

provided a useful intermediate for the preparation of
fluorinated vitamin D3 analogues. A ratio anti/syn 3:1 was
obtained, and products were separated by preparative TLC
(Scheme 21).'?* B-Fluorinated y,0-unsaturated carboxylic
acids and the corresponding alcohols were prepared by
electrophilic diastereoselective fluorodesilylation carried out
in the presence of Selectfluor. The selectivity did not exceed
a ratio anti/syn 2:1; however, the products were separated
by careful column chromatography (Scheme 22).'%* Allyl-
silane 58 synthesized from Garner’s aldehyde reacted with
an excess of Selectfluor to give product 59 as a mixture of
two diastereomers, ratio 1:1, which can be separated by
careful silica gel chromatography (Scheme 23). In the
presence of NaHCOs;, product 60 was obtained but in an
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Scheme 25
Mm% Bh
Selectfluor | [
CH4CN, 1t, 2-4 h N N T"O > 20:1 dr
- > Ph 0 0O 75% yield
Me3Si
[ r ) Selectfluor ) [
N O CHiCN, t,2-4 h F"'J‘ Ao NSO 1:1dr
I | I o~ I Il 83% yield
Ph O O Ph O O
Me3Si !
| [ Selectfluor /
S NGO CHLCN, it, 2-4 h 7N N__O 6:1 dr
| ] - l H I 91% yield
Ph O O Ph O O
Me;Si
L
‘o Selectfluor [~
- N\T,O CHCN, rt, 2-4 h [ ’ N [‘,O 6:1 dr
5 Ph O o 82% yield
MesSi
L
Selectfluor
CH4CN, rt, 2-4 h 7 NS 91dr
- - ~00/
Ph  OH Ph  OH 69% yield
Me;Si
l Selectfluor
N CHiCN, 11,24 h g\~ 51 dr
s & I 60% yield
Ph OH Ph OH

inseparable 1:1 ratio (Scheme 23).'** Further, highly func-
tionalized fluorinated carbocycles were prepared by means
of electrophilic fluorodesilylation of allylsilanes, as demon-
strated in the synthesis of intermediates toward fluorinated
cyclitols (Scheme 24)123:126 55 well as in Scheme 25.'%7

Few reports described electrophilic fluorination of sulfox-
ides and sulfones. Some a-fluoro-B-keto sulfoxides'**'°
and sulfones'*'"'*? were synthesized but are not of interest
for this review since the fluorinated stereogenic centers are
configurationally labile. Moreover, the chirality is often lost
in further transformations (bis-o-fluorination and elimination
reactions).

2.1.2. Enantioselective Fluorination

One of the most fascinating aspects of modern organof-
luorine chemistry is the discovery of efficient reagents and
RZ
R? Differding and Lang  Davis
N-F 61:R'=H; R%=H 63: R'=H; R*=C|

so{\R1 62: R'=CH;; R>=H  64: R'=H; R=OMe

Figure 4. N-fluorocamphorsultams.

Table 4. Enantioselective Fluorination of Carbonyl Compounds
Using N-Fluorocamphorsultams 61 and 62

o 0 o Me, F 0
F A ‘ F
<~ “OEt COzEt 2
é/c"zﬂ ¢ Me @ e
65 66 67 68

N—-F
reagent conditions product yield, % ee,” %
61 NaH, Et,0, 0 °C to rt 65 63 70
62 KH, toluene/THF, 0 °C to rt 65 <5 <10
61 LiH, Et0, 1t 66 31 <10
61 LDA, THF, —78 °C to 1t 67 27 35
62 LDA, THF, —78 °C to rt 67 34 <10
61 LDA, THF, —78 °C to rt 68 <5 35

“The absolute stereochemistry was not determined.
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Table 5. Enantioselective Fluorination of Enolates with
N-Fluorocamphorsultams 61, 63, and 64

0 c]) OMe O |OL o] Me. F
@j&“l\om @i} OMe ©)\(Me ©>\002Me
F F
F
69 OMe 7o 71 72

N-F

reagent conditions product yield, % ee, %
61 NaH, Et,0, 0 °C to rt 65 63 70
63 NaH, Et,0, —78 °C to rt 65 59 34
64 NaH, Et,0, —78 °C 65 57 <5
61 NaH, Et,0, 0 °C to rt 68 28 25
63 NaHMDS, —78 °C 68 53 76
64 NaHMDS, —78 °C to 1t 68 61 <5
61 NaHMDS, THF, —78 °C to 1t 69 8 14
63 KHMDS, THF, —78 °C 69 90 41
61 NaH, Et,0, 0 °C to rt 70 28 25
63 NaH, Et,0, 0 °C to rt 70 95 46
64 NaHMDS, —78 °C 70 83 14
63 NaHMDS, THF, —78 °C to 1t 71 41 0
63 NaHMDS, THF, —78 °C 72 54 33

F F F

N N N

Ts” OAc Ts™ 7 Ms™ 7

73 74 75

Figure 5. Chiral electrophilic fluorinating agents by Takeuchi and
co-workers.

07 0,

(IS\N_F O,N S.,..F
Me O +-Bu

78 79
Figure 6. Chiral N—F sulfonamides by Takeuchi and co-workers.

Table 6. Enantioselective Fluorination with Reagents 73—75

o} O O
F
'R Ph" y TOEt
Me F
76a: R=Bn 77
76b: R=Et
N—F reagent conditions product yield, % ee, %
75 NaH, 0 °C 65 6 30
73 KHMDS, —40 to 0 °C 68 8 8
74 KHMDS, —40 to 0 °C 68 46 46
75 LDA, —40 °C to rt 68 11 20
74 LDA, —40 to —20 °C 76a 26 54
74 NaH, 0 °C 77 21 18

methods for enantioselective fluorination.'**~'* The forma-
tion of a carbon—fluorine bond with concomitant generation
of a new stereogenic center from an achiral substrate is now
considered state-of-the-art. A variety of chiral nonracemic
N—F fluorinating agents were developed for direct enanti-
oselective fluorination of C—H acidic substrates. From 2000,
the enantioselective electrophilic fluorination with the aid
of an achiral fluorinating agent and a catalytic chiral complex
of a transition metal and a chiral ligand has received
considerable attention. More recently, enantioselective or-
ganocatalytic a-fluorinations of aldehydes were reported in
very high enantioselectivities. Other approaches involve
phase-transfer catalysis, fluorodesilylation of allylsilanes, and
the use of chiral bases.



PR10 Chemical Reviews, 2008, Vol. 108, No. 9

Table 7. Enantioselective Fluorination with Reagents 78—80

O 0O
F F
“'Bn .,
R

Ma and Cahard

81 82a: R=Me 83a: R=Et OMe 84 85

82b: R=Et 83b: R=Bn

82¢: R=Bn

82d: R=p-MeOBn
N—F reagent conditions product yield, % ee, %
78 LDA, THF, —50 °C 68 67 74
79 LiHMDS, THF, —50 °C 69 73 43
78 LDA, THF, —50 °C 76a 79 88
78 LDA, THF, —50 °C 81 70 72
78 LDA, THF, —50 °C 82a 54 54
78 LDA, THF, —50 °C 82b 73 20
80 LiHMDS, THF, —40 °C 82¢ 59 54
79 LiHMDS, THF, —50 °C 82d 70 69
78 LDA, THF, —50 °C 83a 48 43
78 LDA, THF, —50 °C 83b 39 18
79 LiHMDS, THF, —50 °C 84 59 60
79 LiHMDS, THF, —50 °C 85 56 60

2.1.2.1. Chiral N-Fluoro Reagents. The pioneering work
of Differding and Lang in 1988 led to the development of
the N-fluorocamphorsultams 61 and 62 (Figure 4) as the first
enantioselective fluorinating agents.'*® Their syntheses re-
quire several steps from camphorsulfonyl chloride and the
use of molecular fluorine in the last step to create the N—F
bond.

Although the fluorination of various prochiral metal
enolates proceeded in low to moderate enantioselectivities,
these results demonstrated the possibility of reagent-
controlled asymmetric fluorination by reaction with an
electrophilic fluorine atom (Table 4).

Further studies on N-fluorocamphorsultams 61, 63, and
64 (Figure 4) were carried out by Davis and co-workers on
tertiary enolates, affording quaternary o-fluoro carbonyl
compounds in modest yields and enantiomeric excesses
(Table 5). The secondary enolate of propiophenone gave
racemic 71 due to facile base-catalyzed epimerization. Both
enantiomers of reagent 63 were synthesized to give access
to the two optically enriched enantiomers of the fluorinated
products.'#!-142

To develop novel chiral electrophilic fluorinating agents,
Takeuchi and co-workers exploited phenylglycine and o-phen-

Scheme 26

t—ci

N
ZI}IU 2BFy
F

_—
CH3CN, 20 °C

ethylamine as chiral starting materials, which were fluori-
nated with either perchloryl fluoride (FCIO3) or diluted F,
to produce reagents 73—75 (Figure 5). Four model substrates
were fluorinated via in situ generation of metal enolates; the
bes1t4 }results did not exceed 54% ee for 26% yield (Table
6).

Subsequently, Takeuchi’s group embarked on the design
of three new chiral N—F sulfonamides (78,'** 79,'*> and
80;'%° Figure 6). These reagents were generally more efficient
than the previous ones, albeit their direct comparison is
difficult due to different reaction conditions. Nevertheless,
reagent 78 led to 2-fluoro-2-benzyl-1-tetralone (76a) in an
excellent 88% ee and with 79% isolated yield.'** Selected
results with reagents 78—80 are summarized in Table 7.

A general feature of all the N—F fluorinating agents so
far described is their arduous multistep synthesis, and the
handling of molecular fluorine or perchloryl fluoride. In
addition, these N—F reagents have drawbacks such as
insufficient levels of enantioselectivity and limited scope for
the substrates.

A major breakthrough in the field of enantioselective
electrophilic fluorination was the introduction of a funda-
mentally new class of reagents derived from naturally

R'=H, OMe )
86 R20=HO, ether, ester 87. F-CABF,
" = W =
| W, L
H % H % Ho N
HOZ Y LY BFy Oal y F BFy g Ok 7 E BFy
Meo. C MeO

AN

N
F-CD-BF,

F-pCIBzQN-BF,

F-2NaphtQN-BF
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occurring cinchona alkaloids. Simultaneously and indepen-
dently, we'*”'*®* and Shibata’s group'**'*° reported a
substantially similar approach to prepare N-fluoroammonium
salts of cinchona alkaloids. A one-step transfer fluorination'>!
on cinchona alkaloids (CAs) 86 with the aid of Selectfluor
gave the fluorinating reagents (F-CA-BF,) 87 (Scheme 26).

In our case, these new reagents were synthesized, isolated
as pure products, and applied in the enantioselective fluo-
rination of enolates and silyl enol ethers of various ketones.
We further demonstrated that the transfer fluorination on
cinchona alkaloids with the aid of an achiral N—F fluorine-
transfer reagent was also effective with NFSI, Accufluor
(NFTh), and N-fluoro-2,6-dichloropyridinium tetrafluorobo-
rate. Moreover, the stereoselectivities observed using the
reagents prepared in that way were comparable to those
observed using Selectfluor for the transfer fluorination.'?
For their part, Shibata and co-workers did not isolate the
reagent, preferring the in situ generation from a combination
of alkaloid and Selectfluor. We obtained the X-ray structure
of one [N—F]*" reagent (F-CD-BF,, N-fluorocinchonidinium
tetrafluoroborate), which allowed us to ascertain its struc-
ture.'”® Advantageously, cinchona alkaloids are readily
available in diastereomeric forms [cinchonidine (CD)/cin-
chonine (CN) and quinidine (QD)/quinine (QN)], known to
behave as pseudoenantiomers in asymmetric synthesis. We
also designed this new class of reagents for their stronger
fluorinating power (charged [N—F]" versus neutral N—F);
thus, fluorination of enol derivatives such as silyl enol ethers
can now be considered. Both our results and Shibata’s data
are brought together in Table 8. Our isolated pure [N—F] "
reagents are presented using the general descriptor F-CA-
BF., whereas CA/Selectfluor combinations are given for
Shibata’s reagents. In Figure 7 are depicted some of the
cinchona alkaloid derivatives used by Shibata and co-
workers. The fluorination of metal enolates was only tackled
by us, whereas Shibata’s group evaluated spontaneously
enolizable f(-keto esters and f-cyano esters as well as
oxindoles. A tentative comparison of the two approaches is
only possible for the fluorination of silyl enol ethers;
however, a precise comparison of the results is difficult.

In 2007, Togni and co-workers demonstrated that several
a-nitro esters can be a-fluorinated with either isolated
IN—F]" reagents or a combination Selectfluor/cinchona
alkaloid under basic conditions. The enantioselectivities are
modest, up to 40% ee (Scheme 27).'3*

Attempts to render catalytic in cinchona alkaloid the
electrophilic fluorination led to moderate enantioselectivities;
up to 54% ee. Because the fluorination of silyl enol ethers
by Selectfluor is faster than the transfluorination step,
consequently leading to racemic fluorinated products, Shibata
and co-workers decided to use acyl enol ethers 102 that are
less reactive than silyl enol ethers and not reactive enough
toward Selectfluor. With these substrates, enantioselective
fluorination occurred in the presence of a catalytic amount
of cinchona alkaloid and 2 equiv of sodium acetate at room
temperature for 2—4 days (Scheme 28).'* In addition, a
p-keto ester can also be fluorinated by a bulky analogue of
NFSI, N-fluoro-(3,5-dizert-butyl-4-methoxy)benzenesulfon-
imide (NFBSI), in the presence of 10 mol % of
(DHQD),PYR and cesium hydroxide in 56% yield with 87%
ee (Scheme 29).!56:3%3

We applied our successful enantioselective fluorination

approach to the synthesis of a-fluoro-a-phenylglycine de-
rivatives. A study of the relationship between structure and

Chemical Reviews, 2008, Vol. 108, No. 9 PR11

Table 8. Enantioselective Fluorination of Various Substrates by
the Groups of Cahard and Shibata

Fluorination of metal cnolates'™

N-F reagent conditions product yield, % ee, %
F-CD-BF4 65 98 40
F-CD-BF, NaH (2 equiv) 68 98 50
F-CD-BF,4 THF/CH;CN 76a 96 42

F-pCIBzQN-BF, 40 °Ctort 82a 98 33
F-2NaphtQN-BF, 82¢ 90 50

Fluorination of trimethylsilyl enol ethers'*"'®"

N-F reagent conditions® product yield, % ee, %

pCIBzDHQN / Selectfluor A 68 94 40

F-CD-BF, B 68 93 61
pCIBzDHQN / Selectfluor A 76a 95 71
F-pCIBzQN-BF, B T6a 67 66
pCIBzDHQN / Selectfluor A 76b 71 67
pCIBzDHQN / Selectfluor A 82a 93 53
F-pCIBzQN-BF, B 82a 90 64
pCIBzDHQN / Selectfluor A 82b 100 73
F-pCIBzQN-BF, B 82b 97 82
pCIBzDHQN / Selectfluor A 82¢ 86 91
F-2NaphtQN-BF,4 B 82¢ 98 84

® Conditions A : alkaloid (1.2 equiv)/Selectfluor, CH;CN, MS 34, 1h, 1t, then addition of the
silyl enol ether at -20 °C, overnight.
Conditions B : -40 °C, CH;CN, 20 h

Fluorination of B-ketoesters and p-cyanoesters'>’

COLEt CO.Me COLE COoMe COMe

To—F  2Napht——F  Ph—{—F iPrPh—F  CrPh—{F

CN CN CN CN CN

88 89 90 91 92
o] 0 o
@coza GE&COZB éfOan
F o F F
93 94 95
N-F reagent conditions product yield, % ee, %

DHQD / Selectfluor 69 79 59
AcDHQD / Selectfluor alkaloid (2 equiv) 88 80 87
AcDHQD / Selectfluor  Selectfluor (1.5 equiv) 89 87 76
AcDHQD / Selectfluor  CH3;CN, MS 3A, 1h,rt, 90 81 83
AcDHQD / Selectfluor then addition of 91 82 87
AcDHQD / Selectfluor the substrate 92 56 68
AcDHQD / Selectfluor CHxCl,, -80°C,2h 93 89 78
AcDHQD / Selectfluor 94 92 80
DHON / Selectfluor 95 55 43

Fluorination of oxindoles'*

R
96: R'=Bn 99: R'=Et
N O g7.R'=p-MeOBn  100: R'=/-Pr
H

98: R'=Me 101: R'=CO,Ft

N-F reagent conditions
(DHQ)AQN / Selectfluor  alkaloid (1.5 equiv) 96 100 78

(DHQD)YPYR / Selectfluor Selectfluor (1.5 equiv) 97 79 82

product yield, % ee, %

(DHQD),PYR / Selectfluor CH;CN, 1h, 1t, 98 94 67
(DHQD),PYR / Sclectfluor then addition of 99 79 76
(DHQ),PHAL / Selectfluor the substrate 100 12 40
(DHQD),PYR / Selectfluor 0 °C, 1-2 days 101 93 37
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MeO.

(DHQ),AQN

Figure 7.

Scheme 27
0

0
| 5

O,N ON__
. 2S¢ OEt
F7 R

I
\l/ “OEt method A or B
R NS P
method A : 1. KOH (0.5 M), CH3CN/H,0 1:1, 2 h
2. [N-F]* reagent, CH3CN, 0°C, 12 h
method B : 1. NaH, THF, 30 min
2. [N-F]* reagent, CH3CN, 0°C, 12 h

R method [N-F]* reagent® yield, % ee, %
Me A F-CD-BF° 59 25
Me A F-QN-BF4 65 40
Me A F-AcQN-BF4 68 40
i-Pr A F-AcCD-BF4 78 23
Ph A F-AcQN-BF4 8 27
Ph B F-AcCD-BF4 85° 31
Bnh A F-AcQN-BF 4 78 24
Bn B F-AcQN-BF4 84°¢ 16

@ in situ prepared reagents

b isolated reagent

¢ reaction run at —40°C

enantioselectivity led to a new range of [N—F]" reagents
that displayed enantiomeric excesses as high as 94% in the
synthesis of o-fluoro-N-phthaloylphenylglycinonitrile (104b)
with O-(p-methoxybenzoyl)-N-fluoroquininium tetrafluo-
roborate (F-pMeOBzQN-BF,) (Scheme 30).'*’

The significantly higher ee’s observed for the nitrile
derivative, compared to the ethyl ester, could be explained
by the different natures of the corresponding metalated
intermediates. Deprotonation of esters typically leads to a
prochiral sp enolate (eventually as a mixture of Z and E
isomers), and the asymmetric step consists of a facial
enantiodifferentiation. On the other hand, nitrile anions
presumably exist as metalated ketenimines bearing an axial
chirality, in which racemization occurs rapidly even at low
temperature. In this case, enantioselective fluorination results
in a kinetic dynamic resolution of the two enantiomers
(Scheme 31). With continuing interest in the development
of fluorinated bioactive compounds, we further investigated

Ma and Cahard

Scheme 28
OCOEt Selectfluor (1.2 equiv) 0
/ AcONa (2 equiv) /]
m pCIBZDHQN (0.1 equiv) @ F
, R R
“/n CH,Cly, 1t, 2-4d 'n
102
R n yield, % ee, %
Bn 1 72 53 (R)
Bn 1 652 54 (R)
Me 1 88 37(R)
Et 1 84 43 (R)
pMeOCgH4CH, 1 77 51
pCICgH4CH, 1 69 52
Me 2 65 3
Me 2 83° 45 (R)
Bn 2 17 24 (S)
8 Acetyl enol ether and AcONa.3H,0 were used
\ b (DHQ),AQN (0.1 equiv) was used

Scheme 29
0 (DHQD),PYR (0.1 equiv) 0
// NFBSI (1.1 equiv) 0
{//\‘ > CsOH.H,0 (2 equiv) K ‘>\\
oM ~ M
X ® " toluene, -80°C, 3-7d y / S
56% yield
87% ee
Scheme 30
0~ ;N o @] N o
©)\R1 1. LIHMDS, THF R!
N F
2. [N-FJ*, -78°C
103a,b 104a,b

104a: R'=CO.Et

79% yield, 76% ee (with F-pCIBZDHQN-BF4)
104b: R'=CN

56% yield, 94% ee (with F-pMeOBzQN-BF)

Scheme 31
NRZ,

R1
103b: R'=CN 103a: R! = CO,Et

LiHMDS wos
2, NR2

NR?, NR%,
Kinetic dynamic reso%x 4dlﬁerentlatlon

the asymmetric fluorination of dipeptides 105 by enantiose-
lective fluorination with the aid of chiral [N—F]*" reagents
(Scheme 32).7%

One of the most remarkable demonstrations of the ef-
fectiveness of [N—F]" reagents came from our application
to the enantioselective synthesis of BMS-204352 (MaxiPost,
107), a potent opener of maxi-K channels, which is evaluated
in a worldwide phase III clinical trial for treatment of acute
ischemic stroke. Oxindole 106, prepared in five steps from
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Scheme 32
ﬁ Th 1. LIHMDS, -78 °C, THF CL) R
PhthN A .ord 1.U y=18-G, PhthN_ A X __oR?
< N 2. F* donor, -78 °C X N
R R2 | 0 RTR? | o
105
R! R2 R3 fluorinating reagent conv, % (yield) er
(CHa)4 Me  F-pCIBzQN-BF,4 >98 67:33
—(CHz)s— Me  F-pCIBzQD-BF,4 >98 36:64
—~(CHap)s— Me  F-pCIBzCN-BF, 95 47:53
—(CH2)4— Me  F-pCIBzCD-BF, 95 58:42
~(CHg)4~ Bn  F-pCIBzQN-BF4 >98 (92) 73:27
Me Me Me  F-pCIBzQN-BF4 >98 66:34
Me Me Bn  F-pCIBzQN-BF4 95 (88) 72:28
Scheme 33

F.C H F-2NaphtQN-BF 4, DABCO
3 N THF/CH,CN/CHoCly (1/3/4)
o 78 °C

OMe
96% vield, 88% ee
Q (>99% ee after
a single recrystallization)

ci
106

Scheme 34

/.;f'\ ./?5\\ —\ /o
I I v
X~ -\.N,/.i- ~( (DHQD),PHAL / Selectfluor
A\Y / N CH,Clp, 1t, 1-2d
/O { 0
—{ 108 /7= N\
0 / F O
87% yield
88% ee

3-trifluoromethylaniline, reacted with the N-fluoroam-
monium salt F-2NaphtQN-BF, in the presence of 1,4-
diazabicyclo[2,2,2]octane (DABCO) as base, producing the
target product (S)-BMS-204352 in excellent yield and high
enantioselectivity, a single recrystallization allowing enan-
tiomerically pure 107 to be obtained (Scheme 33).'7%'?
Shibata’s group also reported the synthesis of BMS-204352
in a slightly lower ee of 84% using the combination
(DHQ),AQN/Selectfluor.'®°

By means of in situ generated N-fluoroammonium salts
of cinchona alkaloids, Shibata and co-workers synthesized
both enantiomers of 20-deoxy-20-fluorocamptothecin 108 as
an isosteric analogue of camptothecin with 88% ee for the
R enantiomer (Scheme 34) and with 81% ee for the S
enantiomer using the pseudoenantiomeric bis-cinchona al-
kaloid (DHQ),PHAL.'®!

The quinine/Selectfluor combination was further developed
by Tu and co-workers to induce asymmetric semipinacol
rearrangement of allylic alcohols 109, leading to an enan-
tioselective approach to a-quaternary S-fluoro aldehydes 110
with up to 82% ee (Scheme 35).'°?

Although the chiral [N—F]" reagents are efficient and of
wide scope, some limitations remain, such as the poor choice
of solvents (restricted to acetonitrile or acetone), the require-
ment for low temperature to reach high enantioselectivity,
and the difficult recovery of the cinchona alkaloid. With the
aim to circumvent these limitations, we have demonstrated
that fluorination can be performed in ionic liquids (ILs), for
instance, [hmim][PFg] (1-hexyl-3-methylimidazolium hexaflu-
orophosphate), at 0 °C instead of acetonitrile at —40 °C, with
comparable, indeed somewhat higher, enantioselectivities.
In addition, ILs selectively dissolve cinchona alkaloids, in
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Scheme 35
OH s
R2 )\’R3 quinine / Selectfluor R%:,CHO
\If CH3CN, KoCO4 1t, 6 d
1 - 4
R™ 109 R™F 110
R! R? R3 yield, % ee, %
—(CHaz)s— 3,4-(OCH,0)CgH3 39 74
~(CHa)s- 3,4-(MeO),CeHs 42 73
~(CHy)¢— 2-MeOCgH, 50 71
—(CH2)4— 3-MeOCgH4 48 54
~(CHg)4~ 4-MeOCgH,4 41 76
—(CH)4— 4-MeCgHy4 35 70
~(CHo)g— CeHs 33 67
1-Naphthyl 45 82
3,4-(OCH,0)CgHs 34 65
n-Bu  3.4-(OCH,0)CeHsz 37 61

THF / CH3CN, -40 °C 82c
98% yield
85% ee

preference to diethyl ether, allowing IL and cinchona alkaloid
recycling without significant alteration in the enantioselec-
tivity.'®

The development of recoverable and recyclable reagents
supported on polymeric matrixes is a valuable approach. We
prepared a collection of new polystyrene-bound cinchona
alkaloids'®* for the design of unprecedented enantioselective
electrophilic fluorinating agents. For example, soluble poly-
meric cinchona alkaloids were easily synthesized by polym-
erization of the dihydro cinchona alkaloid Oy-(4-vinylben-
zoate) in the presence of a catalytic amount of AIBN in
refluxing dry benzene. Compared to nonsupported [N—F] "
reagents, the polystyrene-bound N-fluoroammonium salts of
cinchona alkaloids showed comparable efficiency and ready
purification of the fluorinated reaction products (Scheme 36).
Poly[Oy-(4-vinylbenzoate)-DHQN] was recycled three times
without loss of stereochemical performance.'®

For a similar purpose, Shibata and co-workers developed
a fluorous-BzDHQN as a fluorous-phase soluble cinchona
alkaloid for performing reactions in biphasic systems.'*®

2.1.2.2. Transition-Metal Catalysts. Among the various
ways to produce enantiopure compounds, metal-mediated
catalytic reactions provide one of the most powerful synthetic
approaches. Since the early 1980s, intense research effort
has greatly expanded the scope of catalytic asymmetric
reactions that can be performed in highly enantioselective
fashion. With the dawn of the new century, we have been
fortunate enough to witness the development of metal —catalytic
asymmetric fluorination,!'3:156:166-169

Simultaneously with the work on cinchona alkaloid
N-fluoroammonium salts, the first transition-metal-catalyzed
fluorination has been achieved by Togni and co-workers. In
this reaction, it was anticipated that catalytic transition-metal
complexes would accelerate enolization of 3-keto esters. The
fluorination of various acyclic 5-keto esters, with Selectfluor
in the presence of 5 mol % of [TiCL((R,R)-TADDOLato)]
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Table 9. Enantioselective Fluorination Catalyzed by
TADDOL—Titanium Complexes

, 4L 1-napht
5mol%  7hg %

1-napht._/ 1-napht

0,Clo
tnapht 111
o O MecN” | YNCMe o O
ci
1 3 —————————————— R 3
R J\RjMOR Selectfluor, CH3CN, rt R RZ °F OR
o O o 0 o O o 0O
Ph)%oa Ph)g(lkOCHth Et/lj}(u\OCHth Et)S(U\OBn
Me F Me F Me F Me F
112 113 114 115
o O o O i-Pr
)S(U\O/N-Napht Et/u>(u\o
Me F Me F
116 117/—Pr i-Pr
o O o O
PhMOEt EtMosn
Cl F Cl F
118 119
product yield, % ee, % product yield, % ee, %
112 >80 62 116 >80 68
113 >80 82 117 89 90
114 =80 81 118 53 33
115 82 71 119 57 60
Scheme 37
o~ 07 o Np
Ne—(" "¢, Y ~ A\
¥ bl oo™
MeCN” |  NCMe CeHs o ,—@
Cl Os—0
" S
ONa O =

catalyst 111, was reported to give high yields (=80%) and
up to 90% ee (Table 9).'°*'7° In this approach, computational
and experimental studies strongly supported a single-electron-
transfer (SET) mechanism as a pathway for the
fluorination.'”'Interestingly, compounds 118 and 119 were
synthesized in a one-pot enantioselective heterodihalogena-
tion of the [(-keto esters with N-chlorosuccinimide and
Selectfluor by sequential addition.'®?

The complex 120 of [TiCl,(1-Np-TADDOLato)] catalyst
with f3-keto ester was prepared and structurally characterized
by NMR and X-ray crystallography (Scheme 37).'7% It was
found that there are two main diastereoisomeric forms in
solution and, for the major C,-symmetric isomer, the face-
on naphthyl group of the chiral ligand shields the si side of
the coordinated enolate. Therefore, electrophilic attack of the
fluorinating agent can only occur at the re side of the
substrate.

In addition to S-keto esters, Togni and co-workers
employed a-acyl-y-lactams 121 as substrates. The catalytic
asymmetric fluorination was performed with NFSI in toluene
at 0 °C, with 5 mol % of the Ti(TADDOLAato) catalyst. All
substrates were successfully fluorinated in good yields with
scarce to good enantioselectivities (Scheme 38).'"*

Togni and co-workers also demonstrated that relatively
soft late transition-metal Lewis acids are also suitable
catalysts for electrophilic fluorination. Indeed, cationic chiral

120
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Scheme 38

% - 1-napht
5 mol% C7'\O \P
1-napht \ 1-napht
(0] O -0, Cl (o] o)

AR
J\)J\ R2 1-napht 4 11 R2
R! N’ MeCN” | YNCMe R! N’

\ cl FF\_/
121 NFSI, toluene, 0°C

R! R?  yield,% ee,%
Me Bn 75 26

Ph Bn 78 15

Ph Me 75 6

Me Ph 75 87 (R)
Cy Me 60 50
Me Cy 46
t-Bu Me 40 20

Scheme 39
S PFg~

_Nr' C|\N— L= OEt2
e ™
g 0 Ph,-  Phy Q9
0,
&7/&08&{ 10 mol % =é7(LOBu-t
NFSI, CH,ClL/Et0 (1:1), rt F

94% yield
93%ee

ruthenium(II)—Salen complex 122 is a powerful catalyst for
the enantioselective fluorination of f-keto esters (Scheme
30),135:173

Following Togni’s pioneering work, Sodeoka and co-
workers reported an efficient enantioselective fluorination of
various f-keto esters using chiral BINAP—palladium
complexes.'’”*'”> The fluorination was carried out with NFSI
in ethanol in the presence of 2.5 mol % catalyst 123a,c or
124, leading to excellent enantiomeric excesses up to 94%
(Table 10). The reaction is not sensitive to water, can be
run on a 1 g scale, and proceeds via a palladium enolate
complex, as already mentioned for the titanium—TADDOL
catalyst. Furthermore, the palladium complexes were im-
mobilized in ionic liquids, and their application to catalytic
enantioselective fluorination was demonstrated. Efficiently,
catalyst 123b was reused 10 times with a level of enanti-
oselectivity comparable to those obtained in the usual organic
solvents.'’®

In 2005, the same research group reported a highly
efficient catalytic enantioselective fluorination of oxindoles
131 by using catalyst 123b."”” The reaction proceeded well
without exclusion of air and moisture to give fluorinated
oxindoles 132 in good yields with high to excellent enan-
tioselectivities (79—96% ee) (Table 11). This catalytic
asymmetric reaction was applied to the synthesis of BMS-
204352 (MaxiPost, 107) in 90% yield with 71% ee. Depro-
tection and recrystallization furnished optically pure Maxi-
Post (>99% ee). It should be noted that the optically active
a-fluoro-a-arylacetate derivatives were readily obtained by
treatment of the fluorinated oxindoles with MeONa in
MeOH. Inaddition, tandem asymmetric fluorination—methanolysis
of an N-Boc-protected oxindole afforded a chiral monoflu-
orinated aryl acetate in 53% yield with 93% ee (Scheme 40).

Recently, Sodeoka and co-workers extended their asym-
metric catalytic system to fert-butoxycarbonyl lactones and
lactams. Reactions with lactones proceeded smoothly in an
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Table 10. Enantioselective Fluorination Catalyzed by

BINAP—Palladium Complexes
2.5 mol % 123a-c

or
Q Q 5 mol % 124
R1M0t—8u —_—
NFSI, EtOH

R2

o 0
selTRIseReslTRIes
P. +,O\ + p o} P +O_ + P 0

“pd Pd” Pd”

p” d\o/ ~p o) 7 Ny P fo)
OO Ar, H Ar, OO ( O Ar, H Ar, >
2% © 2Ti0" ©
Ar = 3,5-dimethylphenyi Ar = 3,5-di(t-butyl)-4-methoxyphenyl
123a: X=BF4 123c
123b: X=0Tf

< O P 2+OH2
(O O F/’Arz OH,
[¢]

27TiO"
Ar = 3,5-di(f-butyt)-4-methoxyphenyl
124
e o)
F F o]
CO,t-Bu COzt Bu Ph&cozf-Bu
COgt Bu Me F
127 128
(0] (0]
CO,tBu )J><Cozt-Bu
me F B F
130

catalyst temp, °C time, h product yield, % ee, %
1247 0 72 125 89 90
123c 20 18 125 90 92
123a —-10 20 126 91 94
123b —=20 36 127 85 83
123a 20 40 128 92 91
123¢ 20 72 129 49 91
123b 20 42 130 88 87

“THF was used as the solvent.

Table 11. Catalytic Enantioselective Fluorination of Oxindoles

.
R RUF
mo NFSI, 2.5 mol% 123b ,@\)S:O
R? N i-PrOH R? N
Boc Boc
131 132
R! R? temp time, h yield, % ee, %
Ph H 0 °C 18 9 90
4-MeC¢H, H 0°C 18 92 88
4-FCgH,4 H It 3 94 84
2-MeOC¢Hs  CF;  rt 3 80 75
Me H 0°C 18 85 96
Et H rt 10 85 92
CH,C(O)Me H t 2 85 86
Bn H rt 4 72 80
i-Bu H rt 2 85 75
Scheme 40
2.5 mol% 123b k
mo NFSI (1.5 equiv) Ii>,/.t“C02Me
N CICH,CH,CI / MeOH (1:1) NHBoc

BOC
53% yield, 93% ee
alcoholic solvent with 2.5 mol % catalyst 123c¢. In the case
of the less acidic lactam substrates, concurrent use of the
Pd complex and 2,6-lutidine as a cocatalyst was effective.
Under the reaction conditions, the fluorinated lactones and
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Scheme 41
O O 0] 0
& 9 &
x%oau-r 2.5 - 5 mol% Pd cat. X%OBW
“On NFSI, alcohol, rt s
X =0, NH, NR 35-96% yield
oy 77-99% ee

lactams were obtained in good yields with excellent enan-
tioselectivities (94—99% ee) (Scheme 41).'"®

Simultaneously and independently, Sodeoka, Kim, and
Jgrgensen’s groups developed the enantioselective electro-
philic fluorination of -keto phosphonates using their cata-
Iytic systems (Scheme 42). The group of Sodeoka employed
chiral palladium complexes 123b,c, 124, 133, and 134 in
the catalytic fluorination reaction of cyclic and acyclic 3-keto
phosphonates with excellent enantiomeric excesses (up to
98% ee).!”'8 Kim and-co-workers exploited the chiral
palladium complexes 135 to get o-fluoro-f-keto phospho-
nates in the range 87—97% ee.'®! Jgrgensen and co-workers
developed a combination of the chiral tridentate ligand 136
[(R,R)-Ph-DBFOX] and Zn(ClOy), or Zn(SbFe), to afford
o-fluoro-f-keto phosphonates in moderate to good yields
with up to 91% ee.'™*

Kim and co-workers also reported the catalytic enantio-
meric fluorination of o-cyano acetates 137 catalyzed by the
chiral palladium complex 135b (X = PF¢), leading to
a-cyano-a-fluoro acetates 138 with excellent enantiomeric
excesses (Table 12).'%3

Concerning the synthesis of a-fluoro-o-cyano-o-aryl
phosphonates, the groups of Sodeoka and Kim, again
independently, described a similar catalytic system involving
chiral Pd(IT) complexes in the presence of an organic base
such as pyridine derivatives. The Pd(II) complexes activate
the substrates through coordination of the nitrile group, and
pyridine derivatives abstract an acidic proton, thereby
affording the desired fluorinated products in good yields with
good to high enantioselectivities (Scheme 43).'3%!®> Unfor-
tunately, the reaction was not applicable to a-alkyl-o.-cyano
phosphonates.

Inspired by the pioneering findings, in 2004 we evaluated
nitrogen-containing ligands, which are complementary to the
oxygen- and phosphorus-containing ligands investigated,
respectively, by Togni and Sodeoka. We first reported a new
efficient catalytic enantioselective electrophilic fluorination
of both cyclic and acyclic S-keto esters by means of chiral
bis(oxazoline)—copper complexes. As low as 1 mol %
bis(oxazoline)—copper triflate catalyzed the fluorination with
NFSI. Selectfluor and N-fluoropyridinium triflate (NFPY-
OTY) produced ee’s ca. 10% lower than that of NFSI. In
addition, the use of 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP),
as an additive, allowed 10—15% enantiomeric excess to be
gained in all the reactions (Table 13).'8 Other combinations
of chiral ligand (sparteine, cinchona alkaloids, PyBOX,
Trost’s ligand, BINOL) and metal (Zn, Mg, Al, Sc, La) as
well as various N—F reagents were screened, leading to
enantioenriched o-fluoro-f-keto esters in high yields and
moderate enantioselectivities (up to 67% ee) (Scheme 44).'%

One of us (Prof. Ma’s group) exploited an interesting
catalytic stereoselective tandem transformation via Nazarov
cyclization—electrophilic fluorination. This sequence is ef-
ficiently promoted by a Cu(Il) complex to afford fluorine-
containing 1-indanone derivatives with two new stereocenters
with high diastereoselectivity (trans/cis up to 49/1). Further
attempts to extend this protocol to a catalytic enantioselective
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Scheme 42

o 9 3 Chiral catalyst
R1J\(P(OR by e

NFSI

133a: Ar = Ph
133b: Ar = 4-MeCgH,
133c: Ar = 3,5-Me,CgH3

M

'”Ph Ph

136
(R, R)-Ph-DBFOX

Table 12. Catalytic Enantioselective Fluorination of o-Cyano
Acetates

COR 5 mol% 135b (X = PF CO-R
Ar—< e \ 9 Ar—{"'CN
CN NFSI, MeOH, 0 C, 17-60 h
137 138
Ar R yield, % ee, %
Ph Me 56 67
Ph Et 79 79
Ph Bn 75 81
Ph -Bu 83 99
4-CICeH,4 +-Bu 94 85
4-MeC¢Hy4 -Bu 85 93
4-MeOCeHy t-Bu 85 99
2-naphthyl t-Bu 88 93
9-anthryl -Bu 42¢ 91

“Reaction carried out at rt in THF—MeOH (1:1).

Scheme 43

o}
] EtOH

(EtO)zP\rCN + NFSI ——— o (EtO),P__CN
Ar Ar F

Sodeoka's catalytic system
2.5 mol% 123b (Ar = Ph)
2,6-lutidine (1 equiv), EtOH, —20 °C

Kim's catalytic system
5 mol% 135a (X = OTf), EtOH, rt
2,6-t-Buy-4-MePyridine (2 equiv)

Ar yield, %  ee, % yield, % ee, %
Ph 95 66 90 85
4-MeCgHs 96 44 96 80
4-CIC¢Hs 95 24 98 91
1-Naphthyl 92 78 73 83

transformation by using Cu(OTfY),/(R)-Ph-bis(oxazoline) gave
the tandem products in good yields with moderate to high
enantioselectivities (up to 95.5% ee) (Scheme 45).'88 This
catalytic enantioselective tandem transformation can be used
for synthesis of organofluorine compounds with adjacent
carbon- and fluorine-substituted tertiary and quaternary
stereocenters.

Just after the publication of our work on copper(Il)
triflate—bis(oxazoline)-catalyzed enantioselective electro-
philic fluorination of f5-keto esters, Shibata and co-workers

M

Ar = 3.5 M8206H3

Ma and Cahard

R1J><P (OR%),
SO
P\ OHZ
2+ P

‘NCMe

/
P
20TF Ap  2X°

135a: Ar = 3,5-M8206H3
135b: Ar = Ph

135c¢: Ar = 4-MeCgH,

X = BF,, OTF, SbFg, PFg

Table 13. Enantioselective Fluorination Catalyzed by
BOX—Copper Complexes

(0] (@] (@] o]
1 mol% Cu(OTf), / (R)-Ph-BOX
R1M0R3 NFSI, Et,0, 20 °C R1%OR3
R2 HFIP (1 equiv) R® F

(R)-Ph-BOX \%%8
0 o] 0 0
F
COLBn Me F
139 140

141
product time, h yield, % ee, %
113 48 72 52
125 0.5 96 85
126 3 92 63
128 96 56 43
139 0.5 94 35
140 0.5 92 38
141 2 88 40

Scheme 44
(O o1
%AI'
(o) \,O
Li
142
0 o o o
25 1 % 142
é/u\OBu-t dha - M OBu-t
NFPY-BF4, THF
HFIP, rt 58% yield
67%ee

also reported the use of enantiopure bis(oxazoline)—Cu(Il)
and bis(oxazoline)—Ni(Il) complexes as catalysts in the
enantioselective electrophilic fluorination of S-keto esters.
The main finding in NFSI-mediated fluorination is that the
(8,5)-Ph-BOX-Ni(Il) complex provides the fluorinated prod-
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Scheme 45
10 mol%
0 o g 0 (I)J\
NN G “"SoR!
F’h‘: cu Ph |
+ NFSI (OTh, Z \
CICH,CH,Cl, 80 °C, 8 h /
R2Y=

60-80% yield
43-95.5% ee

Scheme 46

o}

10 mol%(S, S)-Ph-BOX C|>

10 mol% Cu(OTf), @;LOR
i g O\Xro up to 84% ee

WOR + NFSI —] §,'N N

Ph Ph B o
(S, S)-Ph-BOX
- 7 “OR
10 mol%(S, S)-Ph-BOX F

10 mol% Ni(ClO4),.6H,0

R = t-Bu, 1-adamantyl

up to 93% ee

uct with opposite configuration to that obtained with the
(8,5)-Ph-BOX-Cu(Il) complex (Scheme 46). The origin of
the reversed sense of stereoinduction could be a consequence
of a change in the metal-center geometry from distorted
square-planar (Cu complex) to square-pyramidal (Ni com-
plex) in the reactive intermediates.'®*

Shibata and co-workers demonstrated that a combination
of the chiral tridentate ligand Ph-DBFOX 136 and
Ni(ClOy), *6H,0 catalyzed the enantioselective electrophilic
fluorination of cyclic carbonyl compounds that are capable
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Scheme 47

o) Selectfluor, salmon testes-DNA 0
[Cu(dmbipy)(NO3),]

F
@t&cog&; MES buffer (Ph = 5.5), 5°C, 6 h @I:gscoz,_su

75% yield
74% ee

of two-point binding. The fluorination reactions of a series
of B-keto esters and oxindoles with Boc-protecting groups
were carried out to afford the desired products in high yields
with high to excellent enantioselectivities (Table 14). 195 One
of the fluorinated oxindoles was converted into Maxipost
by cleavage of the Boc group. This example provides another
catalytic enantioselective preparation of Maxipost. It was
noted that a positive nonlinear effect of chiral amplification
was observed in the fluorination of B-keto esters.'”®

It is well-known that biocatalyst-mediated fluorination is
extremely rare. O’Hagan and co-workers have isolated a
bacterial fluorinating enzymes’ “fluorinase” from Strepto-
myces cattleya which catalyzes the fluorination reaction of
S-adenosyl-L-methonine to 5'-fluoro-5'-deoxyadenosine. How-
ever, the corresponding process does not involve any
stereoselective reaction.'®>'° Recently, Shibata and Toru
reported one example of DNA-mediated enantioselective
electrophilic fluorination. A catalytic system comprised of
DNA, an achiral ligand, 4,4'-dimethyl-2,2'-bipyridine (dm-
bipy), and a Cu(Il) salt displays ability in biocatalysis in that
it forms a chiral C—F bond at the quaternary carbon center
in (-keto esters. Enantioselectivities with ee values up to
74% were achieved for the fluorine transfer from Selectfluor
to substrates in water (Scheme 47).'°!

Table 14. Enantioselective Catalytic Fluorination of Carbonyl Compounds Capable of Two-Point Binding

~oL
O BS », o _ BS O BS
Rl Ph-DBFOX O BS \ps Rt F r1F
_— s L~
W/UWJ NI(CIO22 6H,0 RN CH,Cly ol
R2 R3 R2 R3 RZ R3 RZ R3
BS: binding site
Product yield, % ee, %
o)
v R=tBu,n=1 76 99
R=Ad, n=1 71 99
COR R=L-Men,n=1 66 99
n R=Ad,n=2 88 95
o)
F n=1 84 93
COBut n=2 86 99
n
o)
. &COgCHth - 63
Me F
FCOR
R = Me 73 93
0 R =Ph 72 96
N\
Boc
MeO,
Moo
71 93(S)
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Scheme 48
o O 5-10 mol% 143 : P o i
Ar\)kNJJ\s NFSI (1.5 equiv) 2,6-utidine (1 equiv) N s
\__/ Et;SIOTf(0.75-1.5equiv)  —20°C,24h R
toluene, —20 "C, 10 min
Ar yield, % ee, %
OO Phoy Ph 99 88
PC Ph? 95 87
NI 4-FCgH, 20 83
p/ Tl 4-MeOCgHy 92 81
OO pnPh 3-MeOCgHs 95 82
2-MeOCgHs4 87 78
143 2-Naphthyl 99 83
1-Naphthyl 94 87

“ Oxazolidinone substrate was used.

Scheme 49
0 (o)

{ 5 mol% Ni(CIO4),-144 COR
CO,R
2 NESI (1.1 equiv.) F

CH,Clp, it, MS 4 A, 0.5-2 h

S
Kfj\l/o R ligand yield, % ee, %

N 1 )
R NG R N—/ tBu  144a 99 94
R? tBu  144b 99 88
() tBu 144c 98 92
O ' t-Bu  144d 99 89
t-Bu  144e 68 20
144a:R'=H,R2 = i-Pr Bn 144c 99 86

144b:R'=H,R%=Bn
144c:R'=H, R?=Ph
144d: R' =H, R? = t-Bu
144e:R' = Ph, R2=Ph

On Sodeoka’s group side, they presented another remark-
able advance in the catalytic enantioselective fluorination of
acyclic (2-aryl acetyl)thia- and oxazolidin-2-ones with the
unique combination system of Ni(Il)-BINAP/R;SiOTf/2,6-
ludidine (Scheme 48)."°? In this reaction, a substoichiometric
amount of Et3;SiOTf and a stoichiometric amount of the base
were required for a high chemical yield. Therefore, coopera-
tive activation by a cationic metal complex and an organic
base could promote the formation of a metal enolate from
the two-point binding substrates.'”> The monofluorinated
compounds were formed in excellent yield with high
enantioselectivity (up to 88% ee). Unfortunately, the reaction
with (2-alkyl acetyl)thiazolidin-2-ones failed to provide good
results.

Iwasa and co-workers designed and synthesized the
optically active N,N,N-tridentate ligand 144, having both
axial chirality on the binaphthyl backbone and carbon-
centered chirality on the oxazoline ring. The Ni(II) complex
of this ligand catalyzed enantioselective direct fluorination
of 3-keto esters in excellent yields and enantioselectivities
(Scheme 49). It is interesting to note that the use of ligands
that have the opposite absolute configuration on the axial
chirlz(i)l6 binaphthyl backbone showed poor enantioselectiv-
ity.

Interestingly, Inanaga and co-workers described a series
of chiral rare earth metal complexes 145 (M = Sc, La, Gd,
Yb, In) bearing polyfluorinated binaphthyl phosphate ligand
FsBNP (5,5',6,6',7,7',8,8"-octafluoro-1,1'-binaphthyl-2,2'-diyl
phosphate) as catalysts for the enantioselective electrophilic
fluorination reaction of f-keto esters. The use of Sc[(R)-
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Scheme 50
O O Q: 0
1 10 mol% 145 1% 5
R OR3 —&R OR
" NFPY-OTf (1.2 equiv) F* R?
R toluene, rt

F

F
I3 OO o\ 0 145 M = Sc : Sc[(R)-FgBNP]3
5 F I /P:o "M
—0
9¢
F
3

R! R2 R3 yield, % ee, %
—(CHy)3— t-Bu 94 84
—(CHy)3~ Me 97 84
—(CHaz)3- Et 87 76
—(CHgz)3- i-Pr 90 74
—(CH2)3— Bn 87 47
—~(CHz)4- Me 77 81
Ph Me Me 63 75
Ph Me t-Bu 16 78
Scheme 51
1) n-BuLi (1.2 equiv)
O\\S,IO h (S)-Ph-BOX (1.25 equiv) 0\\5’10 F
[ vl 2) NFSI (1.5 equiv) FaC” \r
46 toluene, =30 °C 147
50% yield
>99% ee

FsBNP]; catalyst in combination with NFPY-OTf as a
fluorinating agent was found to give the desired fluorinated
products in high yields with good enantioselectivities under
mild conditions (Scheme 50).!%*

Finally, the preparation of a-fluorobenzyl sulfones has
been investigated by Nakamura, Toru, and co-workers in
order to obtain a-fluorinated sulfur compounds. Fluorination
of 146 with NFSI in the presence of (§)-Ph-BOX afforded
(R)-147 exclusively in 50% yield (Scheme 51).'%°

2.1.2.3. Organocatalysis. Organocatalysis is an alternative
approach that can induce high to very high enantioselectivi-
ties. The first example of organocatalytic enantioselective
electrophilic fluorination under phase-transfer conditions with
the aid of quaternary ammonium salts derived from cinchona
alkaloids was reported by Kim and Park.'®® This organo-
catalytic approach is limited, here again, to the fluorination
of f-keto esters. Treatment of [5-keto esters with NFSI in
the presence of 10 mol % chiral phase-transfer catalyst and
6 equiv of base afforded the a-fluoro-f-keto esters in
excellent yields and moderate enantioselectivities (Table 15).
It is claimed in this paper that the reactions were completed
within 10 min; however, the trick behind this success is the
preformation of the enolate for up to 10 h prior to the slow
addition of NFSI. Among the various cinchoninium salts
evaluated, 148 provided the highest enantioselectivity;
surprisingly, diastereomeric cinchonidine as well as quinine
and quinidine were not discussed.

In 2004, the same group widened the study to o-cyano
esters, which give slightly higher enantioselectivities; up to
76% (Scheme 52).'%7

Due to particular experimental conditions, we decided to
look for standard phase-transfer catalysis conditions that
allow simultaneous introduction of all the reaction partners.
We found that the fluorination of indanone 2-methylcar-
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Table 15. Catalytic Enantioselective Fluorination by
Phase-Transfer Catalysis

o] @] 10 mol% 148 0] o]
NFSI (1 equiv)
R’ OR3 R! OR3
R2 base (6 equiv) R2 F
toluene, rt
=
Br
tBu
OMe
R! base yield, % ee, %
indanone Me K>CO3 92 69
indanone Et Cs,COs3 91 63
tetralone Me Cs,COs3 88 48
tetralone Et CsOH 78 52
Ph Me Et NaH 89 40¢

“ 0-(9)-Allylcinchonium bromide was used instead of the O-(9)-
propargyl catalyst 148.

Scheme 52

CO2CeHa-PNO2  NFs), 148 (0.1 equiv) £02CgHz-pPNO,
Ar —_— - Al’jz\ F

CN Cs,CO3, toluene, rt CN
Ar yield, % ee, % '
Ph 76 73
2-Naphthyl 71 76
4-MeCgH, 64 72
4-FCgH,4 76 73
4-CICgH4 72 7% |
Scheme 53
o o)

1/

a OMe

Amberlyst A-26 (OH), 10 mol% 149

N F O
w”{
OMe

95% yield
70% ee

NFSI, toluene, rt, 90 min

boxylate with NFSI in the presence of catalyst 149 proceeded
smoothly on Amberlyst A-26(OH) in toluene at room
temperature; complete conversion was attained after 1.5 h
in 95% yield with 70% ee (Scheme 53).'"8

Small organic molecules have recently been established
as highly selective and efficient catalysts in a wide range of
reactions that include electrophilic enantioselective fluorina-
tion. Indeed, direct organocatalytic asymmetric fluorination
of aldehydes and ketones has been described by Enders and
Hiittl in 2005 employing L-proline and derivatives as catalysts
and Selectfluor as the electrophilic fluorine source. a-Fluoro
aldehydes and a-fluoro ketones were obtained in moderate
yields with asymmetric induction of 36% ee at the best in
the case of 2-fluorocyclohexanone (Scheme 54). Several
derivatives of proline were evaluated; however, the enan-
tiomeric excesses were low, ranging from 0% to 34% ee.'”’

Enantioselective organocatalytic o-fluorination of alde-
hydes has been described simultaneously by the groups of
Barbas, Jgrgensen, and MacMillan with moderate to very
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Scheme 54
(o] (o)

. Selectfluor, CH3CN, 20°C « F
23 mol% HO,
& 16% conv
N~ TCOzH

36% ee
H

Table 16. Organocatalyzed Enantioselective Electrophilic
Fluorination of Aldehydes by Barbas and Co-workers

(0]
RH/LLH 30 mol% catalyst, NFSI R%\H
. conditions A: THF, 1, 24 h

2
R? conditions B: DMF, 4°C, 4 h kR
[\ f i [\ R
v\N/VIO \N)\I QN/'\.//N‘N s f\R
H R H R H  HN-N v\N/\COZH
150a: R = OH 151a: R = OH 152 H
150b: R = OBn 151b: R = OMe
150c: R = NH, 151c: R = OTIPS 153a: R=H
151d: R = NH, 153b: R = Me
151e: R = NHn-Bu
151f: R = pyrrolidine
151g: R = pyrrolidine TFA
151h: R = morpholine
151i: R = NHPh
R Qs iz
—\ N
\ x [\ Ph I\
Q A COH PhﬁA'Hl (O A-Ph RN\ R
N 2 N “R2 H* =% N
H H H OH H
154a:R=0H  155a:R'=H, R%=t-Bu 156 157a: R = Me
154b: R=0tBu 455p- R = R2 = Me 157b: R = CH,OMe
R! R?>  conditions  catalyst yield, % ee, %
Ph Me A 150a 94 28
Ph Me A 150b 75 28
Ph Me A 151a 70 24
Ph Me A 151b 83 24
Ph Me A 151c 90 44
Ph Me A 151g 85 16
Ph Me A 152 99 38
Ph Me A 153b 75 28
Ph Me A 154a 93 22
Ph Me A 154b 65 27
Ph Me A 155a 77 16
Ph Me A 156 34 24
Ph Me A 157a 19 18
1-indanyl- B 151c 98 66
}’l—CgH17 H B 155a 65 76
n-CgHy; H B 155b 30 88
n-CgHy7 H B 155b% 90 88
n-Pr H B 155b 74 96
oct-2-enyl H B 155b 59 93
n-CgHis H B 155b 94 86
n-C4Hg H B 155b 40 92
Bn H B 155b 97 88

“With stoichiometric amounts of 155b.

high enantioselectivities. Barbas and co-workers developed
an organocatalytic a-fluorination of linear and branched
aldehydes. A screening of electrophilic fluorinating reagents
showed a preference for NFSI rather than Selectfluor,
Accufluor, N-fluoropyridinium tetrafluoroborate, or 1,1'-
difluoro-2,2'-bipyridinium bis(tetrafluoroborate). A consider-
able number of organocatalysts 150—157 (Table 16) were
also screened for o-fluorination of 2-phenylpropionaldehyde
and decanal, in particular. Linear aldehydes allowed high
enantioselectivities of up to 96% ee while branched alde-
hydes that deliver a quaternary stereogenic center gave only
moderate enantioselectivities of up to 66% ee (Table 16).
Standard conditions require 30 mol % of catalyst; however,
it is important to note that the best yields and ee values were
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o otms_fCFe favored OT™ Fs
H’LH . Si-face attack
+ N [ S
R H A

F'

F3C CF3 )\2F3c CF3

disfavored
Re-face attack

0 o (P57
;IS

Figure 8. Transition-state model accounting for the stereodiffer-
entiation and the configurative stability.

Scheme 55
o] o) OH
1 mol% 158, NFSI H NaBH, ’
’/LLH mol% Fu, (U\H s Fi,, ‘)
R MTBE, rt R MeOH, rt R
159 160
OXOTMS R yield®, %  ee, %
N /
H Ar Ar Bn 74 93
Pr 95° 96
158 Ar = 3,5-(CF3),Ph
(CFak Bu 9ob 91
Hex 55 9
BnO(CH,); 64 91
Cy 69 9
t-Bu 90° 97
1-Ad 75 9

2 yield of 160 from starting aldehyde
b vield of 159 from starting aldehyde

obtained when the reactions were run with stoichiometric
amounts of chiral promoters.”*°

Jgrgensen and co-workers demonstrated that a range of
aldehydes can be directly fluorinated with NFSI in the
presence of 1 mol % of the sterically encumbered chiral
pyrrolidine 158, which was obtained in four steps from
L-proline. L-Proline, L-prolinamide, and C2 symmetric 2,5-
diphenyl-pyrrolidine gave low yields and enantioselectivities
in the range 30%—48% ee. The optically active a-fluorinated
aldehydes 159 were directly reduced without loss of enan-
tioselectivity to a-fluorinated alcohols 160, which are
configurationally stable. Linear and branched aldehydes were
studied. Linear aldehydes resulted in high enantioselectivities
of up to 97% ee (Scheme 55). On the other hand, the
formation of a quaternary stereocenter from branched 2-me-
thylpropionaldehyde occurred with a modest 48% ee.?%'-°

The fluorination proceeds through an E-configured enam-
ine with the big substituents of the pyrrolidine ring that shield
the re face of the enamine. The si face attack is favored,
leading to the S configuration of the a-fluorinated aldehyde.
In addition, the hydrogen atom at the stereogenic center is
located in a sort of hydrophobic pocket, which prevents a
nucleophilic attack by a molecule of water. Consequently,
the high configurative stability of the o-fluorinated imine
avoids racemization and difluorination reactions (Figure 8).%!

Finally, MacMillan and Beeson reported the highly enan-
tioselective organocatalytic a-fluorination of aldehydes with
NFSI in the presence of 2.5—20 mol % of chiral imidazo-
lidinone 161 (Scheme 56). The fluorination of cyclohexyl-
acetaldehyde with L-proline and imidazolidinone*TFA led
to lower enantioselectivities of 26% and 63% ee, respectively.
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Scheme 56
o} OH
1.20 mol% 161, NFSI
%H THF, i-PrOH, -10°C \H
R R
2. NaBH4, DCM
\NKO\ 161 R yield, % ee, %
- CI,HCCO,™
74,\]' e . n-CaHig 70 94
H2  Ph non-8-enyl 79 94
Z-oct-5-enyl 81 94
but-(4-ethyl carboxylate)-yl 77 91
c-Hex 96 99
N-Boc 4-piperidinyl 85 98
Ph 54 99
Bn 71 96
1-Ad 82 98
Scheme 57
7.5 mol% 162
)\)OL s o IICOZB“" 30 mol% 163 0
1
X + + NFSI
Ph H N CHCly, THF, i-PrOH phJ\I)\H
F
o o 81% yield
/ / i s
N Clcco,m Y—N" ciHeco; s St
) +)< 99% ee
N Bu-t N
Hz Ph H;
162 163
Scheme 58. Enantioselective Fluorodesilylation of
Allylsilanes.
: 4
SIRZR*R*  (DHQ),PYR
Selectfluor R
e -,
CH4CN, -20 °C F
n 24 h n

n R" R® R° R’ ee,%
1 Bn Me Me Me 96
1 H Ph Ph Ph 87
1 H Me Me Ph 7
Me Me Me 83
> Me Me Me 45

Me Me Me 22

(3] (%] 2
™ o S

The o-fluorinated aldehydes were not isolated but were
directly reduced with sodium borohydride to the correspond-
ing o-fluorinated alcohols.?**

Exposure of o,f(-unsaturated aldehydes to a tandem
reaction that combines transfer hydrogenation conditions
using Hantzsch esters and NFSI in the presence of one or a
combination of two organocatalysts allows the formal
addition of hydrogen fluoride with very high levels of
enantio- and diastereoselection (Scheme 57).2%

2.1.2.4. Fluorodesilylation. a-Fluorocarbonyl compounds
are the targets of most of the above-mentioned studies.
Interestingly, Gouverneur and co-workers developed a regio-
and enantioselective synthesis of allylic fluorides 164 by
electrophilic fluorodesilylation of allylsilanes.>** The in situ
generation of the fluorinated cinchona alkaloids was preferred
in this reaction, leading to allylic fluorides with excellent
enantioselectivity of 96% and high conversion (Scheme 58).
The best alkaloid for this transformation was (DHQ),PYR,
leading to high ee values. Additionally, the steric bulk of
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Scheme 59
CO,Et CO,Et
N 165 (1 equiv), n-BuLi (2 equiv) N
Me3SiCl (5 equiv), LiCl (1 equiv), > /F
then Selectfluor (2 equiv) / \
\ B \
o Ph. Ph o
Ph - Ph rra166
165 / NH HN 0% V'Q'd
Scheme 60
(0] (0]
2 2
; R et , R
R'O R'O
EtzN.3HF, CH3CN F
168
é\ é\ %g <_>‘c;02:-Pr
/I\Ph SOzNEtZ
A o3 D

R" R? yield, % de, %
Me A 74 20

i-Pr A 50 20
Me B 65 60
Me C 37 54
Me D 61 10

the silyl group was important with regard to enantioselec-
tivity, with the triphenylsilyl group being responsible for
higher enantioselectivities. For a catalytic version of this
reaction recently published in 2008 by Shibata and co-
workers, see ref 355.

2.1.2.5. Chiral Bases. Armstrong and co-workers realized
a chiral lithium amide base desymmetrization via in situ
generation of an intermediate silyl enol ether, which was
fluorinated with Selectfluor to afford the enantiomerically
enriched chiral a-fluoro-N-carbethoxytropinone (166) in 55%
yield and 60% ee (Scheme 59).%!

2.2. Nucleophilic Fluorination Reactions
2.2.1. Asymmetric Anodic Fluorination

Asymmetric anodic fluorination was generally very dif-
ficult due to the small size of the fluoride ion and the use of
polar solvents for electric conductivity. Nevertheless, some
studies have been reported. For instance, Laurent and co-
workers observed a diastereoselective fluorination at the
benzylic position of 167 by oxidation at a platinum anode
in Et;N+*3HF/CH3;CN; moderate diastereomeric excesses in
the range 10—60% were recorded (Scheme 60).2% The best
results were obtained with the 8-phenylmenthyl chiral
auxiliary.

Following this pioneering work, Fuchigami’s group em-
barked on several studies on diastereoselective anodic
fluorination. They obtained much lower de’s (<20%) in the
anodic fluorination of o-phenylthioacetates having chiral
auxiliaries similar to those explored by Laurent.””® Next,
N-protected thiazolidines 169 derived from L-cysteine were
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Table 17. Fuchigami’s Diastereoselective Anodic Fluorinations

C02 Me F COzMe
2¢,-H

S. _NCOR! S. _NCOR!
P F-, DME

169 170

F electrolyte R' charge yield, % de, %
Et;N.4HF  Ph 5.0F/mol 50 94
Eu4N.SHF  Ph 5.0F/mol  53° 99
EtzN4HF Me 5.5 F/mol 53 80
EtsN4HF  H 55F/mol 40 59
Et;N4HF Tol 5.0F/mol 60 95
% Conversion determined by ’F NMR

1 1 F
R, COMe R, T.COMe
2e,-H*
O_ _NCOR? O. _NCOR?
Et4NF.4HF, CHsCN
171 172
R' R? yield, % de, %
H Ph 56 0
Me Ph 73 81
S 2¢e, -H*
o% EtyNF.4HF, DME %
R',NO,S O R',NO,S
173 174: R' = i-Pr, 88% yield

R'=Me, 76% yield

- +
2e,-H QO

o}
SPh  CHicN,20°C L sPh

<

0

F
175 176
40% yield
80% de

electrofluorinated in E;N+4HF/DME with moderate yield
and high diastereoselectivity favored by the steric hindrance
of the N-substituent. The reaction was assumed to proceed
in a Pummerer-type reaction mechanism (Table 17).%
Electrofluorination on a platinum anode of 1,3-oxazolidines
171 derived from L-serine and L-threonine gave the o-flu-
orinated products in moderate yields with observed diaste-
reoselectivity only for the L-threonine derivative.?*® Under
similar conditions, a single diastereomer was obtained in the
fluorination of chiral 1,3-oxathiolan-5-ones 173 derived from
camphorsulfonamides and thioglycol acid.**® Sulfide 175,
having a dioxolane moiety, was fluorinated via a Pummerer
mechanism with good diastereoselectivity (up to 80% de).*'°
Other diol protections and various para-substituted phenyls
were investigated by electrofluorination; however, lower
diastereoselectivities were obtained.?'” In some of the studies,
Fuchigami attempted the chemical fluorination using elec-
trophilic N—F reagents, but the method failed to produce
the fluorinated compounds, thus showing the advantage of
anodic fluorination.
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Table 18. Nucleophilic Enantioselective Ring-Opening of

meso-Epoxides
WF cl
*
E;n OH E}n OH

178 (1 equiv), AgF (1.5 equiv)
0]
@ CH3CN

n

— N=
bl
+Bu o a (e} +-Bu

tBu t-Bu
n temp, °C time, h yield,” % ee, %
1 50 72 80 62
2 50 50 90 72
3° 60 20 82 65
4 70 190 0

“Calculated on the basis of consumed epoxide. °A 50 mol %
concentration of 178 was used.

Scheme 61
181
0.5 equiv
OSiMe; N M d
o~ SF 3 e }\”/O\/ }ﬁ(o\/
0°C, 4h
182 (+/-) 183
16% ee

Scheme 62

184 (2 equiv), 38h
©)‘\r( CH3CN 20°C Q)H/
185 (+/-) 186
40% conv
fl mo

/\ BZ

2.2.2. Enantioselective Nucleophilic Fluorination

The first and only example of enantioselective nucleophilic
fluorination, described by Haufe and co-workers, concerned
the ring-opening of meso-epoxides 177 with hydrofluorinat-
ing reagents mediated by Jacobsen’s (Salen)chromium
chloride complex 178.%'! Ring-opening reaction of racemic
terminal epoxides, such as styrene oxide, almost exclusively
lead to the fluorine in the primary position; therefore, the
fluorine atom was not introduced on a stereogenic center.
Initial attempts of ring-opening of meso-epoxides with 5—10
mol % Eu(hfc); or zinc tartrate led to poor enantioselectivity
(4—10% ee). Higher enantiodifferentiation was observed with
the aid of a stoichiometric amount of Jacobsen’s catalyst,
whereas the enantiomeric excess dropped dramatically with
a catalytic amount of the chiral Lewis acid. In addition,
chlorohydrin 180 was formed as a side product in nonneg-
ligible amounts. Various fluorinating agents were tested
[Et;N-3HF, KHF, (+18-crown-6), Bu,N"H,F;~, AgFl;
better results were obtained with 1.5 equiv of silver fluoride
in CH5CN (Table 18).212:213

Although kinetic resolutions are not asymmetric syntheses
in the strict sense, we think it is of interest to mention two
examples of kinetic resolution by fluorodehydroxylation and
fluorodebromination. The first case was reported in 1989 by
Sampson and Hann, who have synthesized the first chiral
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Scheme 63
fj\ FsC. On-BusN*
+-
R1"SRZ + TMSCF; _MBUNF s+ R17OR2
187
F30><OTMS 187
R'""R2
CF
| :Ae TMSCF,
Me-Sis )
| Me| n-BugN*
o FiC. O
R1"™R2 R1><R2
188

aminofluorosulfurane 181 as a chiral analogue of DAST
(diethylaminosulfur trifluoride) to conduct an enantioselective
fluorodehydroxylation (Scheme 61).2'* The kinetic resolution
of 2-trimethylsilyloxypropionic acid ethyl ester (182) resulted
in a poor enantiomeric excess of 16% for the 2-fluoropro-
pionic acid ethyl ester (183).

Beaumont and co-workers reported the second example
in 2001. Chiral phosphonium salt 184, prepared from (—)-
menthyl chloride, was used in the asymmetric nucleophilic
fluorination of 2-bromopropiophenone (185) to give enan-
tiomerically enriched 2-fluoropropiophenone (186) in 35%
yield; unfortunately, the enantiomeric excess was not pro-
vided (Scheme 62).2"°

3. Asymmetric Trifluoromethylation Reactions

Among fluoroorganic compounds, trifluoromethyl-substi-
tuted molecules have gained growing interest during the past
decade.?**'® The introduction of a trifluoromethyl group with
strong electron-withdrawing ability can lead to significant
changes in the physical, chemical, and biological properties
of the molecules. As a consequence, the development of
asymmetric approaches for the direct introduction of a
trifluoromethyl group is an important synthetic challenge.”"”
Methods for the incorporation of the trifluoromethyl group
into organic molecules may be considered as nucleophilic,
electrophilic, or free radical processes. Nucleophilic trifluo-
romethylation is now tamed thanks to the extensive use of
Ruppert’s compound (TMS)CF; (TMS = Me;Si),>'822°
while electrophilic trifluoromethylation has been developed
relatively slowly.??!

3.1. Nucleophilic Trifluoromethylation Reactions

Since the initial report in 1989 by Prakash and co-workers
on the trifluoromethylating properties of (TMS)CF;, the
utilization of this compound as a nucleophilic trifluorom-
ethylating agent has rapidly become the method of choice. ! 92?2224
Indeed, (TMS)CF; was used as a precursor to the trifluo-
romethide anion, which was liberated by activation with a
fluoride source (nucleophilic initiator). Most commonly,
tetraalkylammonium fluorides are used as initiators. For
example, upon addition of a catalytic amount of TBAF to
the reaction mixture of a carbonyl compound and (TMS)CF;
in a suitable solvent, the process commences with the initial
formation of Me;SiF and alkoxide adduct 187, stabilized by
the tetrabutylammonium cation. The reaction between (TM-
S)CF; and 187 leads to the formation of the pentavalent
complex 188723226 followed by the transfer of the trifluoro-
methyl group to the electrophilic carbon of the carbonyl
function until all of the starting material has reacted (Scheme
63). Other nucleophilic initiators such as alcoholates, amines,
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Scheme 64
Ph Ph
H 1. TMSCF3 TBAF
t-Boc-NI 2 Hal t-Boc-NI CFs
H O : H OH
189 190
Scheme 65
o) CF3 F3C
I T I
N~ ~COgBn 1. TMSCFg, TBAF N 028N 1. 80C;, Pyr N COH
éoc 2. NH4Cl, then TBAF éoc 2. PdIC, Hy éoc
191
(81%) 192 (70%) 198

Scheme 66
FsC oTMs

o} C
O TMSCF3 CsF cat. 0

Rl
RZ_N-—/" sonication, THF  R&_N-/
g ===y

(o}
194 195

R! R’ yield, %
Bn BnO 95
Me BnO 69
MeO,C(CH,), BnO 73
Bn t+-BuO 98
Me t+-BuO 85
i-Pr t-BuO 84
i-Bu +-BuO 95
BnSCH; -BuO 77

N-oxides, dimethylformamide, dimethylsulfoxide, various
carbonates, acetates, phosphates, phosphines, and even
derivatives of arsenic and antimony are also suitable for this
purpose.”’” This method has proven to be successful for
asymmetric addition to a large number of electrophiles.

3.1.1. Diastereoselective Trifluoromethylation

3.1.1.1. Trifluoromethylation of Amino Acid Derivatives.
(TMS)CF; was employed to prepare trifluoromethylated
amino alcohols from the corresponding protected amino acid
derivatives such as #-Boc-L-phenylalanal (189) (Scheme 64).
The reaction of (TMS)CF; with 189 in the presence of a
catalytic amount of TBAF afforded the trifluoromethylated
amino alcohol 190 as a mixture of (S,S) and (S,R) diaster-
eomers (ratio not provided). Appropriate deprotection gave
good yields of amino alcohol, which was used to prepare
trifluoromethyl-substituted trigeptides as potential inhibitors
of human leukocyte elastase.**’

Recently, Qing and co-workers described an efficient
approach for the synthesis of N-Boc-cis-4-trifluoromethyl-
L-proline (193) (Scheme 65).%*® The reaction of N-Boc-4-
oxo-L-proline 191 with (TMS)CF; in the presence of a
catalytic amount of TBAF gave the adduct 192 with the CF;

Scheme 67

1. TMSCF3 TEAF cat

Oqo
o. O 2. TEAF (1equiv),t o 0O

(91%) P

214 215

THF, nt

o. OH
LiAIH4 (6.0 equiv)
CFy_ THRA HO
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group frans to the ester group. 192 was further dehydrated,
hydrogenated, and debenzylated to yield diastereomerically
pure 193. This group also reported trifluoromethylation of
Garner’s aldehyde with (TMS)CFj3; unfortunately, the dias-
tereoselectivity was not provided.**

Ruppert’s compound was reacted with a variety of amino
acid derived N-substituted oxazolidin-5-ones 194 to produce
compounds 195 in excellent yields. Replacement of TBAF
by CsF and sonication resulted in substantially improved
yields. Although the chirality was lost in the end, the
trifluoromethylation step was highly diastereoselective since
products were obtained as single diastereomers (Scheme
66).230-232

3.1.1.2. Trifluoromethylation of Carbohydrate and Inos-
itol Derivatives. Introduction of the hydrophobic trifluo-
romethylated moiety in place of the methyl group of
carbohydrates is suggested to play an important role in
molecular recognition.233 Furthermore, the inductive effect
of the trifluoromethyl group decreases the rate of hydrolysis,
thus leading to more stable carbohydrates with increased
lifetime that are regarded as useful tools for in vivo '°F NMR
spectroscopy and for biomedical purposes.***** In particular,
the construction of 2-C-trifluoromethyl carbohydrates is
expected to inhibit the development of a positive charge at
the anomeric center, as in the case of 2-C-fluoro derivatives. %>’
The trifluoromethyl group can also modify the cyclization
equilibrium between pyranose and furanose. Synthetic meth-
ods for preparing carbohydrates bearing a C-branched
fluoroalkyl substituent have been recently reviewed.?*®

Toyokuni and co-workers have developed trifluoromethy-
lation of an acyclic derivative of D-lyxose (196) with
(TMS)CF; and a catalytic amount of TBAF to give triflu-
oromethyl adduct 197 in 79% yield, but without stereose-
lectivity (entry 1, Table 19).%** Kozak and Johnson reported
that ribulose derivative 198 reacted with (TMS)CF; in the
presence of TBAF to give trifluoromethylated alcohol
analogue 199 in 69% yield as a mixture of D-ribo and L-lyxo
epimers in a 4/1 ratio (entry 2, Table 19).*° They also
realized the synthesis of 3'-C-trifluoromethyl ribonucleosides,
which involved a diastereoselective addition of (TMS)CF;
to 5-O-benzoyl-1,2-0O-isopropylidene-a-D-erythro-pentos-3-
ulose (200). The reaction is catalytic in fluoride, but 1.5 equiv
of TBAF was used also to cleave the TMS-protected alcohol
(entry 3, Table 19).2*

Trifluoromethylation of the cyclic D-erythrose derivative
202 was described by Anker and co-workers in the aim to
circumvent the previously encountered stereoselectivity
problems in the trifluoromethylation of noncyclized carbo-
hydrate. However, the stereoselectivity was poor despite the
more strained cyclic structure (entry 4, Table 19).*' Because
of the low diastereoselectivity, the addition of the CF; group
was realized on lactone 214, which provided hemiketal 215
as an equilibrium mixture of - and S-isomers.>*® It is worth
noting that subsequent reduction showed different selectivity
depending on the reducing agent, and tuning of the conditions
allowed the preparation of CFs-substituted diol 216 in high
stereoselectivity (Scheme 67).%%’

o o~

(51%) HO" “CF3 HO” “CF;
216 95:5
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Table 19. Trifluoromethylation of Carbohydrate Derivatives

entry carbohydrate product yield, % dr ref.
1 GHO CFs 79 50/50 »
BnO H OH
BnO H BnO
H OBn BnO H
CH,0Bn H OBn
H,0Bn
196
197
2 69 D-ribo/t-lyxo
4 7 80/20
O O
X X
0 FaCastaOH
OTBDMS OTBDMS
198 199

3 BzO 0. BzO 0 70 100 240
DO S
d X s o

200 201

4 O O 71 203a/203b  **
/(r),;,OBn /\(‘),;,gsn 03a
CHO R R 60/40
H

202 203a: R'=CF3, R>=01
203b: R'=OH, R>=CF;
5 o o] HO
Xzb FsC o,
R'C ’O>< :b>< 95

L-ido/D-gluco **

80/20 (205a)

. RO ©
204a: R =bn 98 88/12 (205h)
204b: R'-Allyl 205a,b
6 o O 88 100 2
Sove, Yoye
'_b FC N '.b
J bi<( HO DJK(
206 207
7 Cl,BnO O .OMe ClL,BnO o} .OMe 45 100 243
B :J; CF3
CLBnG CLBRd  BH
208 209
] TBDMSO 0. TBDMSO o) 88 100 244
Y, e
d X o o
210 211
9 OR! o OR' 64 100 213a)  **
FsC
Q o]
/\i ;o )\o 5 65 100 (213b)
212a: R'=Mec
‘ 213a,b
212bh: R —Bn

Pentodialdose derivatives 204a,b were trifluoromethylated
with (TMS)CF; in the presence of a catalytic amount of
[Ph;SnF,] " n-Bu,N™ to give quantitatively the corresponding
products 205a,b as mixtures of L-ido and D-gluco epimers

Ma and Cahard

Scheme 68

47% vield

Q CF3l, Zn < 2
] oME . §

O —_— -
\)\CHO ultrasound

217 218
70% yield
3/2°dr

with good stereoselectivity, whereas a similar reaction on
3-oxoglucose 206 gave the D-allo adduct 207 with complete
stereoselectivity (entries 5 and 6, Table 19).%** Trifluorom-
ethylation of chiral aldehyde 204a was also carried out by
slow addition of trifluoromethyl iodide to a mixture of zinc
and aldehyde in DMF under ultrasonication, allowing a
comparison with the (TMS)CF; reaction. The trifluoromethyl
iodide procedure afforded 205a, in a moderate 47% yield
with a lower ratio of L-ido to D-gluco epimers of 2.5/1,
clearly demonstrating the superiority of (TMS)CF; in this
reaction (Scheme 68).%*® Under identical conditions, trifluo-
romethylation of D-glyceraldehyde derivative 217 also gave
a mixture of diastereomers 218 (Scheme 68).2%8

Schmit employed ketone 208 as the starting material for
the synthesis of the 2'-trifluoromethylcarbinol 209 (entry 7,
Table 19).*** The reaction afforded a single stereomer
resulting from the attack of the CF; group of (TMS)CF; by
the f-face of the sugar ring. Further treatment including
radical deoxygenation with tributyltin hydride and coupling
with bis(silylated) thymine furnished the corresponding
p-nucleoside.

Portella and co-workers disclosed an interesting sequence
of nucleophilic trifluoromethylation with (TMS)CF; followed
by radical deoxygenation to obtain 3-deoxy-3-C-trifluoro-
methyl-D-ribose derivatives. Reaction of the silyl ether 210
with (TMS)CF; under catalytic fluoride activation led to the
single 3-C-trifluoromethyl-D-ribose derivative 211 (entry 8,
Table 19).** Burger and co-workers reported the synthesis
of 2-C-trifluoromethyl-D- and -L-ribose via trifluoromethy-
lation of pentopyranosid-2-uloses 212 with Ruppert’s com-
pound; only one diastereomer of 213 was formed by
preferential attack of the trifluoromethyl anion from the si
face of the carbonyl group (entry 9, Table 19).%*

Fluorinated inositols have demonstrated excellent biologi-
cal activities and enzymatic inhibitory effects.***>* Starting
from L-quebrachitol diacetonide (219), Kozikowski and co-
workers prepared 3-C-trifluoromethyl-myo-inositol derivative
220 by a Swern oxidation followed by trifluoromethylation
of the unstable ketone with the aid of Ruppert’s compound
(Scheme 69). A single configuration was assigned at C-3
due to complete a-face selectivity.*”'

3.1.1.3. Trifluoromethylation of Steroidal Derivatives.
Asymmetric introduction of a trifluoromethyl group into a
strategic position of the steroidal skeleton is expected to
influence the biological activity. Olah and Prakash demon-
strated that (TMS)CF; activated by a catalytic amount of
TBAF allowed conversion of the ketonic function of steroids
into the corresponding trifluoromethylcarbinols as single
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Scheme 69

HO o
MeO 1. Swern oxydation MeO
w ﬁio

A\Yo OH 2. TMSCF3, TBAF (1 equiv) 4&0
THF, 1h CF3

219 220
49% yield

221 222 223

AcO i
224 OMOM 225

83% yield 96% yield
Figure 9. Trifluoromethylated Steroidal Derivatives.

Scheme 70

CF3
OTMS

RO,

S
TMSCF3 TBAF, THF  rg

H
(o)

226a: R = Ac, 94% yield
226b: R = acetone acetal, 31% yield

Scheme 71

0
H Oj (TMS)CF (1.4 equiv) ' 3G -QT%S Ho
Ar)ﬁf \I S J

e % PhOLi (0.1 equiv)
0 g™ OBn DMF, —45 °C 0 ¢ " OBn
227 228
Ar yield, % de, % Ar=Ph | 2MLIOH
THF, it
Ph 82 80
4-MeOCgH, 81 84 F4C, OTMS
4-CICgHg4 80 76 HO\
2-Naphthyl 73 78
“H OBn
98% yield 96% recovered

stereomers (221 and 222; Figure 9)2% Wang and co-workers
developed a similar procedure for the preparation of trifluo-
romethylated silyl ethers from ketones in which tetramethy-
lammonium fluoride (TMAF) having a small ammonium
cation was found to be superior to TBAF in promoting the
CF; group transfer, particularly for hindered ketones. The
O-silylated products were readily converted into trifluorom-
ethylated carbinols by means of 40% aqueous HF (223—225;
Figure 9).>2

Scheme 72

CF3

) -BuOK (2.2 equiv), Mel (2.2 equiv)
MeCN, 3 h, rt
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Scheme 73
Ph 1) (TMS)CF3 (1.5 equiv), pqeo OTMS Ph
> toluene, TBAF
ppel=INoe e
2) Recrystallisation
dr > 99.5/0.5

231, dr > 99.5/0.5

In the ecdysteroid series, Odinokov and co-workers
reported the trifluoromethylation of poststerone with (TM-
S)CF; in the presence of TBAF; however, two singlets (1:
1) were observed by '"H NMR for the C-21 H; of 226,
indicating a racemic mixture of diastereomers (Scheme
70).253

3.1.1.4. Trifluoromethylation of Diverse Carbonyl
Compounds. Mosher’s acid is a valuable reagent for the
determination of the enantiomeric excess of alcohols or
amines. For the purpose of its synthesis, a diastereoselective
trifluoromethylation of chiral a-keto esters 227 derived from
isosorbide with (TMS)CF; with the aid of a Lewis base
catalyst provided the corresponding trifluoromethylated
o-hydroxy esters 228 in good yields with moderate to high
diastereomeric excesses.”>* Further hydrolysis with LiOH
afforded the (S)-Mosher’s acid, while the chiral auxiliary was
recovered quantitatively (Scheme 71).

Somewhat later, an alternative methodology was developed
for the synthesis of the precursor of Mosher’s acid. A highly
diastereoselective nucleophilic monotrifluoromethylation of
the tartaric acid-derived diketone with (TMS)CF; provided
the corresponding a-keto trifluoromethylcarbinol 229 in 98%
diastereomeric excess. Bis(O-methylation) under basic condi-
tions, followed by acidic hydrolysis and oxidative cleavage,
gave two different enantiopure products. The functionalized
trifluoromethyl derivative 230 is a potential precursor of
Mosher’s acid (Scheme 72).2%°

Recently, Song and co-workers developed a practical
asymmetric process for the synthesis of pharmaceutically
active intermediate 231: o-trifluoromethyl-o-alkyl epoxide.
The fluoride-initiated CF; addition to the starting chiral
a-keto ester proceeded with a diastereoselectivity up to 86:
14. The major diastereomer was readily obtained with over
99% diastereomeric excess by crystallization and further
transformed to the desired epoxide 231 with excellent purity
(99.5:0.5 er) on a kilogram scale (Scheme 73).25°

Pedrosa and co-workers presented the diastereoselective
addition of (TMS)CF; to chiral 2-acyl-1,3-perhydrobenzox-
azine 232 derived from (—)-8-benzylamino menthol. The

Ph CF3
HO\>\OMe

><0 Ph
o \-Ph

o

(TMS)CF3 o) OH

—_—
F. ><

TBAF.3H,0 - \[(ph

229 O
93% yield
98% de

Ph, CF,

A ]
ﬁ%OMe +
-

230
85% yield

2) MeOH/HCI 1.4 N, 3 h,65°C

H, Ph
o%%OMe
OH

OMe
o)
77%

HslO0g (1.1 equiv), Et,0
25h,0°%Ctort

82% yield



PR26 Chemical Reviews, 2008, Vol. 108, No. 9

Ma and Cahard

Scheme 74
S fg f SN N
ﬁ\N L 1) (TMS)CF, CsF (cat) "%.‘..'N\x/k,gﬁ " %N/[\‘(QDH
232 2) TBAF (1equiv), rt, 1h 233 |
R yield, % >50:1 dr
Ph 95
4-MeOCgH; 93
Furyl 9
Et 90
i-Pr 95
n-Bu 94
Scheme 75 Scheme 77
0 . 1. TMSCFj (1.2 equiv),
R ) RHO CF3 0 TBAT (1.1 equiv), o CF AN GFs
(TMS)CF3 TBAF, THF, 0°C % B SINAR] THF, -55°C By NR! C* CrHaNY T R!
OO 0_0 2. NH,CI H MeOH
® . 4 < 234 235 236
R = Me, Et, i-Pr, n-Bu, n-Hex 52 - 97% yield R yield, % (Rs, S)/(Rs, R)
Scheme 76 pCICeHy 95 >99/1
p-BiCsHs 90 >99/1
AsO0  usicry ey 50 otms A8 orms CF:CeHy 84 95/5
A J\ MesNF (3 equiv) _~_ 8 ne she Pt
L \"/ T - "7 CFys Y ) CFs 2pyridyl 95 99/1
e Y CH3Clp, —94°C AN Ll e T 3—pyridyl 9 99/1
(Rs*, R*) : (Rs*, S*) 91:9
Ar = 2,4,6-(-Pr)3CgHz 96% yield Tfuyl 85 9113
Ph 80 97/3
trifluoromethylated adducts 233 were obtained in very good 2-naphthyl 83 96/4
yields (80—96%) with high to excellent diastereoselectivities. 9-anthryl 90 99/1
In terms of reactivity and diastereoselectivity, CsF was a cyclohexyl 88 99/1
better catalyst than TBAF. Further transformation of the ~Bu 75 99/1
a'ddmon products allowed for the synthesis of enantioen- PROH,CH, 84 90/10
riched 1,2-diols and 1,2-amino alcohols possessing a qua-
ternary stereocenter (Scheme 74).2%7 Sch 78
. . . m
Enders and Herriger developed an efficient asymmetric cheme
synthesis of 2-trifluoromethylated 1,2,3-triols. The a-alkyl- TMSCFs + TBAT —~
ated dioxanones, which were obtained via the SAMP/RAMP PhaSiF
hydrazone methodology, were trifluoromethylated by nu-
cleophilic 1,2-addition of the CF; group by means of | gm "CFg™
(TMS)CF; and TBAF in high diastereoselectivities (de = cry |
96%). Deprotection of dioxanol under acidic conditions gave Me s. Me
. . S - Me”
the corresponding trifluoromethylated triols in essentially

enantiomerically pure form (ee 95—96%). (Scheme 75).%°%

Toru and co-workers reported an asymmetric trifluorom-
ethylation induced by a remote chiral sulfinyl group. The
reaction was initiated using tetramethylammonium fluoride
to give trifluoromethylated products in high yields with high
diastereoselectivity (Scheme 76). The reaction run on ketones
or imines failed to give the trifluoromethylated products.
Further desilylation, recrystallization, and cleavage of the
sulfinyl group afforded the enantiomerically pure 1-(2-
naphthyl)-2,2,2-trifluoroethanol.**”

3.1.1.5. Trifluoromethylation of Sulfinimines and Azirines.
Trifluoromethylated chiral amines are important fluorinated
building blocks for pharmaceutical research and asymmetric
synthesis. Direct asymmetric synthesis of trifluoromethylated
amines was recently achieved by Prakash and co-workers.**
The reactivity and stereoselectivity of the reaction are
dependent on the fluoride source. Chiral sulfinimines 234
reacted with (TMS)CF; in the presence of DeShong’s
tetrabutylammonium difluorotriphenylsilicate (TBAT)*®" in
THF to give the trifluoromethylated products 235 with high
diastereoselectivities and yields, which can be hydrolyzed
to the chiral amine salts 236 (Scheme 77).

n- BU4N+
X CF3
TMSF 235

In marked contrast, a stoichiometric amount of CsF
provided the trifluoromethylated sulfinamides 235 only in
50—65% yields with moderate diastereoselectivity (50—80%
de). The authors described a mechanistic rationale to account
for this high stereoselectivity (Scheme 78). In the presence
of a stoichiometric amount of fluoride source, the pentavalent
intermediate 237 preferably adds to the imines from the less
hindered re face to give the selective Cram products 235.

The same group has also developed the asymmetric
synthesis of trifluoromethylated allylic amines 239 using o.,/3-
unsaturated N-2-methyl-2-propanesulfinimines 238 and (TM-
S)CF; (Scheme 79).?°? Nucleophilic addition reactions
depended not only on the electrophilicity of the substrates
but also on the steric volume of the nucleophiles. Due to
the steric congestion, long allyl chain substitutions at the
a-position of the substrates gave lower yields of adducts;
however, complete diastereoselectivity was observed. On the
other hand, reducing the steric volume of the effective
nucleophile increased the yields of the products. Indeed,



Asymmetric Synthesis of Fluorinated Molecules

Scheme 79
o w IEERLEE o e
t-Bu/s\NMW (Iequiv), 25°C o S\ A ANps
R! Ho gt
238 239

R' R R’ yield,% (Rs, S)/(Rs,R)
H H Ph 55 90/10
Me H Ph 73 >99/1
H H Furyl 76 92/8
Me H Furyl 50 98/2
H Ph Ph 62 >99/1

n-CsHy, Ph H 25 >99/1

n-CsHy, Ph H 82 90/10°

n-CéHis Ph H 20 >99/1

n-CéHis Ph H 75 92/8*
Ph Ph H 62 93/7*

“ TMAF was used as the fluoride source.

when TMAF was used as a fluoride source, the sterically
bulky sulfinimines gave the corresponding adducts in good
yields.

Somewhat later, Prakash and co-workers showed that the
trifluoromethylated vicinal ethylenediamines 242 can be
obtained in high yields and stereoselectivities by treatment
of o-amino N-2-methyl-2-propanesulfinimines 240 with
(TMS)CF; (Scheme 80).%%

By using TMAF as the fluoride source, sulfinimines 240
derived from the L-amino aldehydes were trifluoromethylated
to give the vicinal ethylenediamine adducts 241 in good to
high yields with excellent diastereoselectivities. However,
the imine derived from the D-amino aldehydes gave the
corresponding adduct in an 80/20 diastereomeric ratio in 60%
yield for the major diastereomer (R' = R? = R* = Bn).
These observations suggested that both the chiral centers
present in the molecule direct the incoming nucleophile to
the re face of the imines.

Mukaiyama and Kawano disclosed the trifluoromethylation
of chiral N-sulfinylimines with (TMS)CF; under mild condi-
tions by using a Lewis base. The corresponding trifluorom-
ethylated adducts 243 were obtained in good to high yields
with good diastereoselectivities when the reactions were
carried out by using an equimolar amount of tetrabutylam-
monium acetate at —40 °C. Aliphatic aldimines having no

Scheme 80

Q TMSCF; (1.5 equiv),

3
v
S NR'R? TMAF (1.2 equiv) S NR'R?
tBu” " NF VAT U2 euV) reu- TN
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Table 20. Enantioselective Nucleophilic Trifluoromethylation
o]

I TMSCF; catalyst FscXOH
R R2 toluene, -78 °C R R2
e
catalyst ) F
R3 b\
R* RS
entry R! R? R* R* R’ yield, % ee, % ref
1 9-anth H MeO H H 95 269, 270
2 Ph H H H CF; >99 37 271
3 Ph H H CF; CF; >99 46 271
4 n-CsH; H H H CF; >99 15 271
5 9-anth H H H CF; 98 45 271
6 Ph Me H H CF; 91 48 271
7 Ph i-Pr H H CF; 87 51 271
Scheme 81
Q & o &
N-S Tol-p TMSCF5 Lewis base. (1.0 equwl HN-S Tol-p
R"'J’“‘H * (14equiv) DMF,-40°C,th  _N.o 243
3

R Lewis base yield, % (Ss, R)/ (Ss. S)

Ph AcONBu4-n 91 96/4

4-MePh AcONBug4-n 90 95/5

4-CIPh AcONBuy4-n 94 95/5

2-CIPh AcONBug4-n 92 96/4

3-CIPh AcONBu4-n 93 95/5

1-Naphthyl AcONBug4-n 92 96/4

3-Pyridyl AcONBug4-n 85 94/6

2-Furyl AcONBu4-n 93 95/5

t-Bu AcONBu4-n 91 96/4

c-Hex PhONBug4-n 75 95/5

PhCH,CH» PhONBu4-n 53 92/8

a-proton adjacent to the imino group reacted smoothly to
afford the desired adducts in high yields, whereas those that
have o-protons gave the adducts in moderate to good yields
in the presence of an equimolar amount of PhONBuy-n
(Scheme 81).2¢%

The addition of (TMS)CF; was studied on the carbon
nitrogen double bond of azirines 244 to obtain exclusively
the (E)-aziridines 245 in satisfactory yields.”*® The high strain
release upon addition of CF; to the azirine with concomitant
formation of the relatively weak silicon nitrogen bond renders
this reaction catalytic in fluoride source (Scheme 82).

Trifluoromethyl iodide has been employed for the purpose
of nucleophilic trifluoromethylation of carbonyl compounds

240
R' R° ®
Bn Bn Me
Bn Bn »-C;H;
Bn Bn Bn
Bn Bn i-Pr
Bn Bn i-Pr
Bn  -C3Hg-

Q o CF
_ A /'\rNHg

241 R 242 R?
yield, % dr

86  >99/1

85  >99/1

81 >99/1

66  >99/1

71 >99/1

>99/1 79




PR28 Chemical Reviews, 2008, Vol. 108, No. 9

Scheme 82
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4
244 245 (E)-aziridine

THF

R' R’ RyNF yield, %

Me H EuNF 51

Ph H EuNF 86

CO.Me H BwNF 67

Scheme 83
0,

O, &
NTS‘T CF3l / TDAE (2.2 equiv) FaC, e

~N"""Tol-p > —N"""Tol-p
R DMF, =30 to 0°C R’ H !

246

33 yield, % dr

Ph 66 87/13
4-MePh 73 86/14
4-MeOPh 71 82/18
4-FPh 69 85/15
4-CFsPh 74 88/12
4-CIPh 67 88/12
1-Naphthyl 42 94/6
n-CgHq3 48 72/28

Scheme 84
j\ TMSCF; catalyst 247 FaCy OH
R H Et0, -78°C RN

Ph, +

/CN S| (PhgSnFo)

Ph 3
247

R yield, % ee, %
Ph 96 52
p-MeOPh 97 37
p-CFsPh 90 24
p-CIPh 93 30
0-MePh 98 33
1-napht 71 12
(E)-PhCH=CH 99 18
CsHix 88 10

via its derived organometallic reagents. However, some
drawbacks have limited their utility in synthesis. Recently,
Dolbier and co-workers developed an alternative approach
to nucleophilic trifluoromethylation based on the formation
of a charge-transfer complex between CF;I and TDAE,
followed by stepwise, photoinduced single-electron transfers
of two electrons from TDAE to CF;l to generate a complex
between CF;~ anion and TDAE>" dication, which presum-
ably is the active nucleophilic trifluoromethylating agent.?*%->¢
A variety of nonenolizable aldehydes, ketones, and aromatic
aldimines were trifluoromethylated by using this reagent to
give the desired adducts in moderate to high yields.
Furthermore, when nucleophilic trifluoromethylation of p-

Ma and Cahard

Scheme 85
o] OMe Me_oTms
FsC
0.
OMe
o TMSCF3, 4 mol% 249
OMe CHZC!Q -78 °C
: % :
HO,,J A+ NK F
Ar
249
Ar conv, % ee, %
3,5-(McO).CeH; 98 83
3-MeOC¢H, 86 74
9-anthracenyl 95 85
1-naphthyl 97 92
4-bipheny! 86 68
Scheme 86
o 10 mol% 251, (TMS)CF5 F.C. OTMS
| B Y d
17\ o2 A
R" "R? toluene/CH,Cl, (7:3),-78°C, 1 h R R*
250
CF3
_{ R! R® yield, % ee, %
2-NOCeH; Me 93 71
3-NO,CgH, Me 98 87
4NO,CH, Me 97 73
3-CNCgH, Me 96 71
3-BrCqH, Me 97 61
3-MeOCgH, Me 90 59
1-Naphthyl Me 91 51
2-Naphthyl Me 95 77
3-Pyridyl Me 90 46
4-Pyridyl Me 93 60
3NO,CegHs  Et 99 64
F,C OTMS
10 mol% 251, (TMS)CF4 i
CH,Cl,, -78°C, 1h
ee, %
[
Me 90 31
Et 86 38
t-Bu 99 60
C(Me),CH,Bn 91 33
‘ 1-Adamantyl 93 14

toluenesulfinimides 246 was carried out under these condi-
tions, good diastereoselectivities were observed for a series
of substrates (Scheme 83).2%

3.1.2. Enantioselective Trifluoromethylation

The importance of enantiopure trifluoromethylated com-
pounds in medicinal chemistry, agrochemistry, electronics,
and optics (liquid crystals) has been well recognized.?*?>-268
Several reports deal with attempts of enantioselective trif-
luoromethylation of aldehydes and ketones with (TMS)CF;.
According to the mechanism of the trifluoromethylation by
(TMS)CF; mediated by a tetraalkylammonium fluoride, the
ammonium cation is closely associated with the alkoxy
adduct during the reaction. It is therefore reasonable to expect
that the process could show enantioselectivity if a chiral
ammonium cation is used. Prakash and co-workers reported
that the use of N-benzylquinidinium fluoride in dichlo-
romethane at —78 °C allowed the trifluoromethylation of
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Scheme 87

0 1. (TMS)CF3 (2 equiv), 10 mol% 254, 10 mol% TMAF

toluene/CH,Cl, (2:1), =60 to =50 °C, 3-30 h
Ar

2. TBAF/H;0O, THF, rit, 1 h

252
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NI fF 3
NG F3C INT Br /N
Br Br N7~ ()
N CF3 J [ f __l,/ e (S /
FaC e
=
254a 254c
Ar R catalyst yield, % ee, %
2-Naphthyl Me 254c 87 85
2-Naphthyl Me 254a 65 81
2-Naphthyl Me 254b 70 778
Ph Et 254c 65 82
Ph Pr 254c 83 76
4—BFCSH4 Me 254c 81 86
4-BrCgHy Et 254¢ 84 93b
4-NO,CgHg Me 254a 97 52¢
1-tetralone 254c 75 94
1-indanone 254c 34 74
1-benzosuberon 254c 53 73
PhCH=CH Me 254c 85 70
2-Naphthyl i 254c 93 41
PhCH,CH, Me 254¢ 37 10
“(5)-253 was obtained.
" The reaction was carried out at —80 to —70 °C.
“20 mol % of TMAF was used.
Scheme 88
o}
1. (TMS)CF (2 equiv), 10 mol% 254a, 5 mol% KF o
H toluene, rt, 18 h CF3
2. HCl aq
54% yield
40% ee

9-anthraldehyde in 95% ee (entry 1, Table 20).%>*"" Iseki
and co-workers employed 1—20 mol % N-[4-(trifluorom-
ethyl)benzyl]cinchonium fluoride as an effective catalyst for
asymmetric introduction of the trifluoromethyl group into
carbonyl compounds to give the corresponding alcohols in
high yields and with moderate enantiomeric excesses (entries
2—7, Table 20).>"!

Noteworthy, quinine itself was capable of enantioselective
trifluoromethylation of aldehydes using related Et;SiCFs;,
although with low enantioselectivities and yields.”’*>"*

Iseki and co-workers have developed the chiral triamino-
sulfonium salt 247, which functions as a Lewis base catalyst
in the enantioselective trifluoromethylation.””> (TMS)CFj;
reacted with aldehydes in the presence of 10 mol % chiral
salt 247 at —78 °C in diethyl ether to give the corresponding
alcohols with ee’s ranging from 10% to 52% (Scheme 84).

With the aim of obtaining the enantiomerically enriched
trifluoromethylated silylated alcohol 248, an in-depth catalyst
structure—enantioselectivity relationship study was under-
taken by Caron and co-workers.”’® They found that the
introduction of a bulky subunit at the quinuclidine nitrogen
atom of cinchona alkaloids led to an enhancement of the
stereoselectivity. Alkaloids having the O-(9)-hydroxyl group
etherified did not promote the reaction. Easily prepared

cinchonine-derived catalysts 249 were used in amounts as
low as 4 mol % in the trifluoromethylation to afford the
desired product 248 in up to 92% ee (Scheme 85). However,
these catalysts did not prove to be generally applicable to a
variety of model aldehydes and ketones, albeit no optimiza-
tion was conducted.

In 2007, four new publications in the field appeared,
providing new directions toward highly enantioselective
nucleophilic trifluoromethylation. Based on the fact that metal
alkoxides are efficient nucleophilic initiators of the Ruppert—
Prakash reagent, Mukaiyama and co-workers demonstrated
that cinchonidine-derived quaternary ammonium phenoxides
catalyzed the asymmetric trifluoromethylation of ketones with
(TMS)CFs;. The structure of the ammonium salt and also the
solvent of the reaction were investigated. Next, several
ketones 250 were trifluoromethylated in the presence of
catalyst 251 in high yields with moderate to high enanti-
oselectivities (Scheme 86).%”” Five alkyl 2-oxo-2-phenylac-
etates were also used as substrates, leading to trifluorome-
thylazlgeg:d products in high yields with 14—60% ee (Scheme
86).

Shibata, Toru, and co-workers devised an operationally
simple procedure based on a combination of a chiral
quaternary ammonium salt derived from cinchona alkaloid
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and tetramethylammonium fluoride (TMAF) for the catalytic
nucleophilic enantioselective trifluoromethylation of aryl
ketones 252. In this case of dual activation, the fluoride anion
acts as the nucleophilic activator of the Ruppert—Prakash
reagent and the chiral ammonium activates the carbonyl
group of 252. Very good enantioselectivities were recorded
(up to 94% ee), in particular with the biscinchoninium
derivative 254¢ (Scheme 87).>”® Unfortunately, both aryl
aldehyde and aliphatic ketones gave much lower ee values
in the range 10—41%.

In a search for efficient asymmetric induction in the case
of aldehydes, Shibata, Toru, and co-workers developed a
similar strategy using a mixture of KF and a chiral am-
monium bromide in the trifluoromethylation of 2-naphthal-
dehyde. This way, the troublesome use of anhydrous
ammonium fluoride is bypassed. A screening of a variety of
chiral ammonium salts was conducted that include cincho-
nium bromides, N-spiro C,-symmetric Maruoka’s ammonium
salts, and Shibasaki’s bisammonium diiodide derived from
L-tartaric acid. A combination of KF and cinchonium
bromide 254a gave a moderate 40% ee (Scheme 88).2%°

Improved enantioselectivity was reported by Feng and co-
workers, who utilized a combination of a chiral quaternary
ammonium salt either with a disodium salt of chiral Schiff
base 255 or with a disodium (R)-binaphtholate 256 as
counteranion. The disodium (R)-binaphtholate 256 in com-
bination with chiral ammonium 257 exhibited the best ee
values in the trifluoromethylation of 2-naphthaldehyde and
was selected to study the scope of the reaction. This catalytic
system was generated in situ and developed for the enanti-
oselective trifluoromethylation of aromatic aldehydes in up
to 71% yield (Scheme 89). Importantly, the reaction did not
proceed with a monosodium binaphtholate. A mechanism
was proposed that involves a hexavalent intermediate 258
(Figure 10) for the activation of (TMS)CF; and an activation
of the carbonyl group of the aromatic aldehyde by the
positively charged N atom of 257. 28!

A single example of reagent-controlled nucleophilic trif-
luoromethylation has been reported in the literature by
Langlois and co-workers. In 2003—2004, Langlois’ group
designed novel trifluoroacetamides 259 and trifluoromethane-
sulfinamides 260 derived from O-silylated vic-aminoalcohols
(Figure 11). For example, ephedrine derivative 259 was able
to trifluoromethylate both enolizable and nonenolizable
ketones, as well as reactive aldehydes in good to excellent
yields under activation by fluoride anion. Unfortunately, the
enantioselectivity was not discussed at this stage.?>* In 2005,
this group employed various chiral trifluoromethanesulfina-
mides as chiral trifluoromethylating agents. In the trifluo-
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Scheme 89
[e) 1. (TMS)CF3 (2 equiv), 10 mol% 256b, 10 mol% 257 OH
J_ Et;0,-15°C, MS 4A
Ar H Ar”* CF3
2.HClaq
ONa . ! ONa
ONa
oo O™
255 (S)-256a: R' =R?= 256f

(R)-256b: R' = R?= H
(R)-256¢: R = SiPhs, RZ=H
(R)-256d: R' =H, R?=Br
(R)-256e: R' = P(O)Phy, R2=H

R'=tBu, Br, Cl, H
RZ =t-Bu, Br, Cl, 1-Ad, Ph

Ar yield, % ee, %
2-Naphthyl 85 7
Ph 72 56
4-MeCgHy 87 60
3-MeCgHy 88 58
4-CICgH, 72 50
3-CICgH,4 95 56
4-PhCgHg4 73 56
4-MeOCgH,4 87 41
4-FCgHy 86 57
2-Thiophenyl 68 45
3,4-(OCH,0)CeHs 95 46
Scheme 90
? 260b (1 equ) OH
Ph” ~H
THF, rt Ph/kc'%
31% yield
A\ 30% ee
+
N —
HO, \ /
-
S
> 261
N

romethylation of benzaldehyde, low ee values in the range
1—20% were observed with trifluoromethanesulfinamide
260b. In order to improve enantioselectivity, a chiral
ammonium fluoride 261 was employed as initiator for the
trifluoromethylation reaction of benzaldehyde with 260b;
enantioselectivity was improved to 30% ee in 31% yield
(Scheme 90).>%%2%4

3.2. Electrophilic Trifluoromethylation Reactions

Asymmetric electrophilic trifluoromethylation has been
developed relatively slowly. Yagupol’skii reported in 1984
the first electrophilic trifluoromethylating reagents 262a,b
(Figure 12), which showed low reactivity.”®> The research
work of Umemoto and co-workers in the early 1990s led to
the development of highly reactive trifluoromethyl diben-
zoheterocyclic salts 263 (Figure 12) as electrophilic trifluo-
romethylating agents.?*¢~*!

peVisgiucy
A .
&F, SbFg I oTf

262a: R'=R?=Me
262b: R'=H, R2=OMe

Figure 12. Electrophilic trifluoromethylating reagents.

263 (A=S, Se, Te, O)
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Table 21. Enantioselective Electrophilic Trifluoromethylation
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entry substrate boron product yield, deoree,
% %
1 /@tj - 69 /P =
264 CFs
265
2 273 81 alp =
266 CFs
267
3 OK 273 O 58 wp=23
MeO O‘ MeO
269 270
4 OK 274 o 31 12 (ee)
X
271 272
5 oK 275 9 20 45(ce)
X
271

273 274

"C F3+n

+9/@
B

K
aitle)

©/ % i —»  p-isomer
268

Figure 13. Proposed intermediate for the boron-mediated trifluo-
romethylation of enolate 266.

Umemoto and co-workers reported a comparison of
diastereoselectivity for the trifluoromethylation of the trim-
ethylsilyl enol ether 264 and the boron-mediated trifluorom-
ethylation of the corresponding potassium enolate 266 with
263 (A = S).%%7288 The a/p ratio of product 265 was 3.6/1
for the former reaction and 1/2.5 for the latter one (entries
1 and 2, Table 21). The conformation of the intermediate
complex 268, in which the bulky Lewis acid is complexed
with the enolate oxygen from the less hindered a-face of
the potassium enolate, would force the trifluoromethylating
agent to attack the complex from the §-face, predominantly
giving the B-isomer (Figure 13). The preferential formation

275

of B-CF; steroid isomer 270 can be explained by a similar
rationale (entry 3, Table 21).

The first and only example to date of enantioselective
electrophilic trifluoromethylation was achieved by the same
group. In the presence of optically active boron compound
274 or 275, the potassium enolate of propiophenone 271 was
reacted with 263 (A = S), giving moderate enantioselec-
tivities and low yields (entries 4 and 5, Table 21). The
enantioselectivity could arise from the attack of the resulting
chiral borate complex by the trifluoromethylating agent.

Surprisingly, 13 years later, this research area has not
experienced any progress. In 2003, we initiated a research
program dedicated to new approaches in electrophilic trif-
luoromethylation.”*! We examined the use of chiral am-
monium salts such as 276 acting as chiral phase-transfer
catalysts in enantioselective electrophilic trifluoromethylation.
1-Oxo-indan-2-carboxylic acid methyl ester was selected as
model substrate, and a screening approach was adopted for
the identification of suitable reaction conditions (base,
solvent, PTC, temperature). So far, the best enantiomeric
excess recorded was 19% (Scheme 91). This approach looks
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Scheme 91
o

. 10 mol% 276, K,CO3,
U J CO,Me -
=

PRt 263 (A = S), THF, 5h, rt

/)

68% yield
- o h 19% ee
’ . N' Br -
A A % O ¥ A
276
N
Table 22
0 [0

[/\j/‘/>7 chiral base @yﬂ
\ CO,Me - X
N~ 263 (A =S) P COzMe

solvent chiral base temp, °C time, h yield, % ee, %
CH,Cl, 4-CIBzQN —78 48 0
CH,Cl, QN —78 12 30 10
CH,Cl, HQD —78 12 73 13
CH,Cl, HQN —78 3.5 51 29
CHCl; HQN 20 96 42 25
CHCl; HQN —60 96 55 35
CH,Cly/hexane: 1/1 HQN —78 72 45 56
CH,Cly/hexane: 1/2 HQN —78 96 53 71
CH,Cly/hexane: 1/3 HQN —78 96 34 52

F3C—I—0

) ], 2Ma R!=Me, R?=H
Ny RB 277bR'=0,R%=H
L/ 277¢R' = CF3, R?=H

[ 277d R' = CF3, R? = Me

R2

Figure 14. Togni’s electrophilic trifluoromethylating reagents.

promising, and more experiments must be carried out to
improve the enantioselectivity.?!’

The poor enantioselection observed in this reaction may
be attributed to the trifluoromethylation of the potassium
enolate rather than the chiral quaternary ammonium enolate.
The undesirable process of interfacial trifluoromethylation
of the “wrong” ion-pair possessing the potassium cation
should be disfavored and the extraction of the potassium
enolate into the bulk organic phase by ion exchange with
the chiral quaternary ammonium would be the preferred
pathway. To banish the presence of achiral enolates, we
decided to use cinchona alkaloids as chiral tertiary bases for
promoting enolization of the f-keto ester and subsequent
enantioselective electrophilic trifluoromethylation of the
chiral ammonium enolates. Preliminary results allowed us
to obtain the trifluoromethylated product in 53% yield with
71% enantiomeric excess (Table 22). Such a level of
enantioselectivity is attained for the first time for an
enantioselective electrophilic trifluoromethylation.”!”

Although the asymmetric electrophilic trifluoromethylation
reaction is very important and extremely challenging, chiral
reagents are not currently known. The new hypervalent iodine
(II1)—CF; reagents 277 (Figure 14) recently described by
Togni and co-workers open new possibilities to design chiral
enantiopure trifluoromethylation reagents.**%3

A diastereoselective approach, according to the second
generation of asymmetric synthesis, employing chiral enam-
ine 278 was described by Kitazume and Ishikawa.>** The
asymmetric introduction of the trifluoromethyl group in the
presence of zinc powder and a catalytic amount of dichlo-
robis(;z-cyclopentadienyl)titanium was promoted by ultra-
sound; up to 76% ee was obtained with CF;Br (Scheme 92).

Ma and Cahard

Scheme 92
Q\ 1.Zn, Cp2TiCly, fo}
OMe ultrasound .
\/% + CF3X
2. Hz0* CFs
278 CF3X yield, % ee, %
CFsl 38 62
CF3Br 46 76
Scheme 93
0]
pyridine, hu
Q —
FsC—$-0 18h
(0] o
279 (78%)
Scheme 94
I3 X3
R? 1.LDA, THF,-78°C,1h 2
[e) NJ\/ (@) NJ\{R
2. CF4l, Et3B, -78 °C, “{ &F
R1 10 min, -20 °C, 2 h R ¢
281 282

R' R’ vyield, % de, %"
i-Pr Me 70 64 (S)
i-Pr Bn 61 74
i-Pr  Ph 45 67 (S)
i-Pr n-Bu 75 76
i-Pr +-Bu 67 86
Bn Me 70 72 (S)

“In parentheses is given the configuration of the major isomer.

3.3. Radical Trifluoromethylation Reactions

Early work by Elliot and co-workers concerned dienyl enol
triflate 279 of a steroidal system. Irradiation of 279 in
pyridine photochemically gave 6f-trifluoromethyl o,f-
unsaturated ketone 280 (Scheme 93). A radical process was
suggested for the fragmentation—rearrangement reaction.”””

The trifluoromethylation of lithium enolates of chiral
N-acyloxazolidinones 281 with iodotrifluoromethane medi-
ated by triethylborane was achieved by Iseki and co-workers. "7
The trifluoromethylation proceeded in good yields and
diastereoselectivities to afford a-trifluoromethyl carboximides
282, which were treated with LiBH,4 to provide the corre-
sponding [-trifluoromethyl alcohols without racemization
(Scheme 94).

The lack of reaction in the absence of triethylborane, or
with added galvinoxyl (a radical scavenger) presented
evidence for the proposed radical mechanism. The diaste-
reoselectivity of the reaction can be explained by the
trifluoromethyl radical reaction on the si face of the lithium-
chelated transition state (Figure 15).

To synthesize 7a-perfluoroalkylestradiol, Blazejewski and
co-workers developed an approach for direct introduction
of the trifluoromethyl group by reaction of silyl enol ether
283 of a steroidal ketone with Umemoto’s reagent 263 (A
= S). Under thermal conditions similar to those employed
by Umemoto, the yield was low (15%), while UV irradiation
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Figure 15. Proposed Radical Mechanism.
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S
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Scheme 97
R's sSR! o R's._SR!
0 CF
o CF3X, HCO,Na, SOy, io SRY o :
>< NaHCO3 Pyr, DMF 5 ;
o TR A SR 0
OH CF3 OH
o >< 288 289 5 ><
o)
R' = -(CHyp)s; X =1 75 3 °
R'=Me; X = Br 6 [/ 60

of the reaction mixture led to an excellent yield (90%) of
the ketone 284, although in a poorer selectivity (o/f = 5/4)
than that observed in the perfluoroalkyl series (vide infra)
(Scheme 95).2%8

A tandem radical trifluoromethylation—nucleophilic cy-
clization of the glucose-derived ketene dithioacetal 285 has
been proposed as the key step toward trifluoromethylated
lactone 287 (Scheme 96).2%° The reaction exhibited poor
diastereoselectivity (dr = 3/2), with the two diastereomers
of 286 being separable by silica gel chromatography.

A higher degree of diastereoselection (>90/10) was
reached starting from a mannose-derived substrate. Depend-
ing on the sulfur substitution and the trifluoromethyl halide,
the dithioketal lactone 288 or the acyclic sugar 289 was
predominantly obtained (Scheme 97).>%

A single example of radical enantioselective trifluorom-
ethylation has been recently reported by Mikami and co-
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workers. The radical trifluoromethylation was performed at
the o position of 2-phenyl cyclohexanone through the
corresponding lithium enolate generated from the enol silane
290. Noteworthy, the defluorination of the o-CF; ketone
product during the reaction was not observed. A bidentate
ligand, (S,S)-hydrobenzoin or (—)-sparteine, was added to
the reaction mixture to coordinate lithium enolate 291 and
to induce asymmetric radical trifluoromethylation. Although
low yields and ee values were measured, this approach has
great potential and further developments are imminent
(Scheme 98).7'29% Moreover, this approach complements
the diastereoselective trifluoromethylation reported by Iseki
and Kobayashi in the nineties.

4. Asymmetric Perfluoroalkylation Reactions

The presence of one or more perfluoroalkyl groups in
molecules can be used for various purposes taking advantage
of several useful properties of these units.”® For example,
the CF, group is known for its isosteric and isopolar relation
to oxygen, a property which has been explored in the area
of difluorinated analogues of carbohydrates and other
oxygenated biomolecules.>* Additionally, the introduction
of a difluoromethylene group into peptides has brought about
the discovery of potent protease inhibitors which function
as transition-state mimics.>** In the case of long-chain
perfluoroalkylations, some perfluoroalkylated carbohydrates
have been synthesized, for example, for the formation of
biocompatible oxygen carriers.**> The development of asym-
metric procedures for the straightforward introduction of a
perfluoroalkyl group has been the subject of continuous
investigations in recent years.

4.1. Nucleophilic Perfluoroalkylation Reactions
4.1.1. Diastereoselective Perfluoroalkylation

The addition of pentafluoroethyllithium and some per-
fluoroalkylzinc derivatives to chiral arenechromium tricar-
bonyl aldehydes 292 has been carried out by Solladie-Cavallo
and co-workers (Table 23).3007308 The preferred diastereomer
of 293 was the same in the two cases (from lithium
compounds or from zinc compounds). The addition of the
perfluoroalkyl group occurred trans to the Cr(CO); tripod,
and the asymmetric induction was highly dependent on the
R' ring substituent. On decomplexation under irradiation,
optically active perfluoroalkylcarbinols were obtained.

Some of the obtained complexed alcohols 293 proved to
be good inducers of chirality in the Prelog-type asymmetric
synthesis of a-hydroxy acids 294 (Scheme 99).°%

Perfluoroalkyllithiums, generated in situ from the reaction
of primary perfluoroalkyl iodides and MeLi—LiBr, in the
presence of boron trifluoride, reacted with chiral aldimines
295 and 296 derived from lactic acid or from aldehyde and
chiral amines (Table 24). The diastereofacial selectivity
observed in the reaction did not agree with Cram’s chelation
model; thus, the authors proposed a model involving an
interaction of BF; with the perfluoroalkyllithium.*'°

Since the report of Fried,”'! the Reformatsky reaction of
difluoroorganozinc with chiral aldehydes has become a
frequently used methodology for the preparation of interest-
ing biomolecules with a difluoromethylene moiety. For
example, condensation of the zinc derivative of ethyl
bromodifluoroacetate®'? and n-pentylbromodifluoromethy-
lacetylene®'? with glyceraldehyde acetonide 297 (R' = H)
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Scheme 98

OTMS OLi
~_-Ph

| n-BuLi (1 equiv)
".;-:::_W,,Ph ligand (1 equiv)
[ solvent, 0°C, 30 min

290 291

ligand

(S,S)-hydrobenzoin

(=)-sparteine
Table 23. Diastereoselective Perfluoroalkylation of
Arenechromiun Tricarbonyl Aldehydes
RZ R R? R
Ry
CHO RfM* \''OH
| M=Li,zn | H
CI'(CO)3 CI’(CO)3
292 293
R! R? R¢ M yield, % de, % ref
Me H C,Fs Zn 85 44 306
Me H i-C3F; Zn 100 66 306
Me H CeFi3 Zn 73 46 306
CF; H C,Fs Zn 95 33 308
CF; H i-C3F; Zn 95 76 306
Me H C,Fs Li 87 88 307
Me H i-CsF; Li 40 76 306
OMe H C,Fs Li 72 100 306
OMe OMe C,Fs Li 72 100 306
OMe OMe i-CsF; Li 51 100 306
Me H C,Fs Li 95 80 306
CF; H C,Fs Li 90 94 308
CF; H i-C3F; Li 95 90 306
Scheme 99
Q OH
R2 . CoF5
0‘2; CzF5LI, o ~<\R2

Et,0, -40 °C
T R! R!
e

Cr Me dr M
(CO)s (CO);

294

R" R? yield, % de, %
C,Fs Ph 95 89
C:Fs Me 84 84
Et Ph 76 88
Et Me 87 90

gave the desired difluorohydroxy products 298 and 299 with
moderate diastereoselectivities (Scheme 100). It is worth
noting that difluoroketene acetal generated in situ from
methyl iododifluoroacetate, zinc, and trialkylchlorosilane was
applied to this reaction, allowing higher diastereoselectivities
to be reached for compound 300.°'

The diastereoselective synthesis of a,o-difluoro-3,y-
dihydroxy esters 301 can also be promoted by Lewis acids
to enhance face differentiation. Cp,TiCl, allowed a higher
anti selectivity than the reaction run without Lewis acid to
be reached (Scheme 101).*"°

When diol-protected glyceraldehydes were used in the
Reformatsky reaction, the anti condensation products were
formed preferentially and the stereochemical course was
rationalized according to Felkin’s model. In contrast, the

Ma and Cahard

o}
CF3l (5 equiv) S PhCF
Et3B (1 equiv) I 3
-78°C,2h
solvent yield, % ee, %
Et,0 39 or
t-BuOMe 13 44

Table 24. Diastereoselective Perfluorohexylation of Imines

NHR? NHR?
R2 o X
AN n-CgF 131, MeLi-LiCl n-CgF43 n-CeF 13
\(Q BF3ELO (1.2equiv)  dos + \(‘)?
295
R! R solvent yield, % dr
-BuMe;,Si allyl Et,0 81 85/15
Me n-Pr toluene 47 19/81
MOM  »-Pr toluene 42 3/97
MOM allyl Et,O 40 19/81
2R3
5‘\2 n-CeFqal MeLi-Lict  § B iz R®
R NZOR? BF3 ELO RN nCfrg © R N n-CoFra
296
R! R’ R’ solvent yicld, %  dr
Me Ph i-Pr Et,O 90 84/16
Me Ph Ph Et,0 63 77/23
Me Ph COn-Bu  Et,0 53 77/23
i-Pr CO,Me Ph Et,O 54 98/2
i-Bu CO;Et Ph Et,0 73 94/6
Bn COEt Ph toluene 75 96/4
Bn COyEt allyl Et,O 43 96/4
Bn CO,Et n-Pr Et,O 78 88/12
Scheme 100
O><O
\—kj{ 298
0 50% d
o oo °
oL MO
?\\ =
299
Q P notty—=-0FBznQ P r . 50%de
N 1_
R1\—SfH R'=H H6 §
O -
297 7. /CF n-CsHy4
3 QCoeMe/ ><
s
Sutge o o7 300
R1_ 2T \_U<F 80-88% de
e AT o
HO 2V

formation of the syn compounds was favored when ben-
zylimines 302 were used as electrophilic species (Scheme
102). In this case a chelation between the imine and zinc
halide was proposed to rationalize the preferential formation
of syn-lactams 303.3'¢

When chiral a-amino aldehyde 304 was employed as an
electrophile in the Reformatsky reaction, the anti compound
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XCF,CO,Et QO
\)\/CFZCOZEt

2. 0 '
X=l, Br o R’
0

Scheme 101

1. Zn, EtzSiCl

CHO 301: R'=H, SiEty
Cp,TiCl, (1.1 equiv)  with Cp,TiCl,  68-92% yield
>90% de
without Lewis acid 60% yield
70% de
Scheme 102
5 ><
A + |CFo,COsMe
R’ H THF, 0 °C R1
BnN
302: R'=H, Me 303
65-71% yield
51-62% de
Scheme 103

H CO,Et
TBDMSO/\;/C © BrCF,CO,Et TBDMSOW 2

N BnoN F F
BN Zn, THF 2
304 305
Scheme 104
R! R!

“

~L 0

! )
HN\g/O BrCF,CO5Et (3.5 equiv) HO N:E
F

R? Zn, THF e s
306 307
R! R? yield, % de, %
Ph Ph 65  >99
Et Ph 69 96
Et n-CsHy 35 90
Et 2-furyl 62 85

Et trans CH=CHCH; 32 96

305 was obtained as a single diastereomer and was further
transformed into 2'-difluoro nucleoside analogues (Scheme
103).317

Alternatively, chiral oxazolidines 306 derived from (R)-
phenylglycinol or (R)-aminobutanol were diastereoselectively
perfluoroalkylated with BrCF,CO,Et in the presence of
activated zinc dust to furnish difluoroazetidinones 307 with
up to 99% de (Scheme 104).%'®

Somewhat less diastereoselective was the addition of
BrCF,CO,Et to alkyl- and aryl-substituted N-tert-butylsulfin-
imines 308, furnishing 5-N-tert-butylsulfinamyl 5-substituted
o, 0-difluoropropionates 309 in de’s ranging from 60% to
90% (Scheme 105).*"?

A considerable number of papers dealing with the Refor-
matsky reaction employing ethyl bromodifluoroacetate ap-
peared in the literature, but the stereochemistry was some-
times poor or not always discussed; consequently, these
examples will not be detailed in this review.??’320-33!

Another readily available bromofluorocarbon is 1,1-
dibromoperfluoroethane (CF3CFBr,), which was reacted with
Garner’s aldehyde 310. The reaction proceeded smoothly in
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Scheme 105
0 | o &
>(S‘N g BrCF,CO,Et (3 equiv) >(S\N %(Coza
Zn, THF H £k
308 309

R yield, % de, %
i-C4Ho 51 62
n-C3H; 55 60

Ph 82 80
c-CgHiy 81 74

2-thiazolyl 58 90

Scheme 106
o] OH F
Zn, AICI; cat N
Ry CRcFBr, ——~ O F
O><NBoc DMA %/NBOC F
310 (54%) 311

>98% de

O
RSiMe; >< ><
condltions A 0 © O
Rl ._"b * HOQ /%
RiMigBr HO b>< R: ’o><

conditions B 313 D-allo 314 D-gluco

Conditions A: 1. R;SiMes (1.1 equiv), BugN*Ph3SnFy cat, CHyClp, rt
2. H30" or TBAF

Conditions B: 1. RMgBr (1.2 equiv), Et;0, -45 °C
2. H30*

Scheme 107

RM yield, % 313/314
CF;SiMe; 88 100/0
C4FsSiMe; 70 100/0
C4FsMgBr 68 78/22
C¢FisMgBr 59 73/27

the presence of zinc powder and catalytic AICl; and was
highly diastereoselective, affording the anti product 311 in
54% vyield with a diastereomeric excess greater than 98%
(Scheme 106).%3>

Portella and co-workers described the perfluoroalkylation
of carbohydrate 312 with perfluoroalkylmagnesium reagents
and perfluoroalkyltrimethylsilanes. A comparison of the two
types of reagents was provided. Silyl reagents added with
complete stereoselectivity to the S-face, giving the D-allo
derivatives 313 as unique observable products, whereas a
mixture of D-allo and D-gluco epimers 313 and 314 was
obtained from magnesium reagents (Scheme 107).%*

Acrylic acid derivatives bearing a chiral auxiliary were
perfluoroalkylated by a series of perfluoroalkyl iodides in
the presence of an aqueous solution of Na,S,03; under UV
irradiation. The reaction is regioselective and diastereose-
lective; however, the iodoperfluoroalkylation occurred with
moderate diastereoselectivities (Scheme 108).>*3 In these
examples, the perfluoroalkyl group is not attached to the
created stereogenic center but at the o carbon atom. Products
315 are direct precursors of chiral fluorine-containing amino
acids.

In 2006, Toru and co-workers reported the diastereose-
lective difluoromethylation of 2-naphthaldehyde bearing a
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Scheme 108
R¢
- H Rfl, CHyClp NaS;03aq 5 m/il
fe) Hglamp, 1-5h fo)
315
Aux Ryl yield, % dr
Ph \ro n-CgF 43| 80 50:50
o n-CgF 3l 82 60:40
o}
0]
Ph
2O n-CgFq3l 87 76:24
Bn
O/ N: n-CgF13l 69 76:24
n-CgF3l 73 77:23
n-CaF7l 73 81:19
-C3F5l 75 83:17
CyFsl 68 79:21
CF3] 63 80:20
Scheme 109
Ar_ . . Ar .0
~s© o (TMS)CF,SePh (3 equiv) ~s*” oTMs
Mey4NF (3 equiv), MS 4A
AN | OO +“CF,SePh
Rt 3ig CH,Cly, -94 °C e
Ar = 2,4,6-(i-Pr)3CgH2 91% yield
98:2 dr
Ar__,O _ Ar._.O
~s*Y 0  (TMS)CF,PO(OE), (3 equiv) "~s*“ 0OPO(OEY),
Me4NF (3 equiv), MS 4A
PN | H . = » CFoH
l\ ™ 316 CH,Cly,-78 °C to rt ™ 318
Ar = 2,4,6-(i-Pr)3CgH> 57% yield
>98:2 dr

chiral sulfinyl group at C; 316. The difluoromethylation was
carried out with either (TMS)CF,SePh or (TMS)-
CF,PO(OEt); in the presence of TMAF. At low temperature,
high yield and high diastereoselectivities were attained
(Scheme 109).>°° Completion of the reaction between 316
and (TMS)CF,PO(OEt), required higher temperature, and
product 318 was obtained as a result of a intramolecular
rearrangement.

In 2007, Hu and Li demonstrated that (TMS)CF,SPh is
also able to serve as difluoromethylating agent under
activation by TBAT. Various chiral sulfinylimines 319
reacted successfully, providing very high diastereoselectivi-
ties (Scheme 110).7** The difluoro(phenylthio)methyl group
in 320 can easily be reduced into the CF,H group.

Alternatively, the same group utilized difluoro- and
monofluoromethylphenyl sulfone as versatile reagent for the
transfer of CF,H and CFH, groups, respectively. Although
the monofluoromethylation reaction described by Hu and Li
is not a perfluoroalkylation, we think it is of interest to

Ma and Cahard

Scheme 110
2 (TMS)CF,SPh, TBAT (0.5 equiv) (é) GFaPh
+Bu” N7 R +Bu” "N"R

DMF, —40 °C for 1 h then —20 °C for 4 h

319 320

R yield, % dr

Ph 75 299:1
4-MeOCgH, 85 298:2
4-CICgH4 89 299:1
2-Naphthyl 85 =98:2
2-Furyl 72 298:2
FPr 75 299:1
c-Hex 74 299:1
(1-(S)-NBn,-3-Me)Bu 58 299:1
n-Pr 30 299:1
+-Bu 71 299:1

mention this reaction in this section. In these two cases,
deprotonation by a strong base generates the fluorinated
anions that react diastereoselectively with chiral sulfi-
nylimines (Table 25).33573%7

4.1.2. Enantioselective Perfluoroalkylation

In 1995, Braun and co-workers disclosed the enantiose-
lective Reformatsky reaction of bromodifluoroacetate with
aldehydes. The reaction proceeded with an excess of the
Reformatsky reagent in the presence of (1R,2S)-N-methyl-
ephedrine (326) to provide the corresponding o, o-difluoro-
B-hydroxy esters 327 in good yields and enantioselectivities.
Interestingly, the enantioselection was dependent on the
amount of chiral ligand. Use of 10 mol % ligand 326 led to
a dramatic decrease of enantioselectivity. In addition,
aromatic aldehydes gave rather better optical yields than
aliphatic aldehydes (Scheme 111).%%®

Scheme 111
oH
RCHO + BrZnGF,CO,Me 326 R C0Me
THF, 0°C FF
Me  Ph sz
326
Me,N  OH
R 326, equiv yield, % ee, %
Ph 2 61 84
Ph 0.3 47 79
Ph 0.1 45 54
pCIPh 2 56 67
2,5(MeO)Ph 2 71 71
i-Pr 2 63 46

Andres and co-workers also reported the asymmetric
synthesis of optically active o,o-difluoro-f-hydroxy esters
mediated by chiral amino alcohol ligands 328—330 (Figure
16). Aromatic aldehydes led to good enantioselectivities
(60—83% ee), while aliphatic ones gave up to 58% ee. Chiral
ligands 328 and 329 were equipotent, and 330 was somewhat
less efficient.’*

The Mukaiyama aldol reaction of silyl enol ethers is one
of the most important carbon—carbon bond forming reactions
in organic synthesis. The asymmetric Mukaiyama aldol
reaction of difluoroketene silyl acetal 331 with various
aldehydes, in nitroethane, using Masamune’s catalyst 3334°
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Table 25. Diastereoselective Mono- and Difluoromethylation of
SulfinylimineSubstrates have opposite absolute configuration at
the carbon center

THF, <78 *( " H
319 321

323 324

R
8 )
Bn
~Bu
&
Me
FH. A
~ - NH E H
HF, -7¢ R SO,Ph  + R Ph
323 | | i
Bn,N F Bnaoh F
325a 325b
NH
- :
[
N
325¢
325a : 325b
i of 325a + 325b
facial selectivity [(325a + 325b):325¢
Me  Ph Me. NMe MeN_ Me Me  Ph
Me,N  OH Bu,N  OH
Ph OH HO Ph
328 329 330

Figure 16. Chiral amino alcohol ligands for enantioselective
Reformatsky reaction of bromodifluoroacetate with aldehydes.

or Kiyooka’s catalyst 334**! yielded a,a-difluoro-B-hydroxy

esters 332 with excellent yields and high enantioselectivities
(Scheme 112). Kiyooka’s catalyst was more efficient in the
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Scheme 112
R~ OSiMe; 20 mol% 333 or 334 '
RCHO + )=( R/S(COZE‘
F  OEt EtNO; FF
331 332
0
t-Bu /o
N-BH
p-NO,CgH4SO5
334
R cat. temp, °C yield, % ee, %
Ph 333 -78 >99 97 (R)
Ph 334 -20 96 65 (R)
BnOCH: 333 -78 94 98
(E)-PhCH=CH 333 -78 >99 96
c-CsHit 333 -78 87 76
c-CeHyy 334 -45 97 94
Et,CH 333 -78 81 64
Et,CH 334 -45 90 95

Scheme 113

OH OH
COEt CO,Et
R)\/ R
Br F F Br

R, OSiMez 20 mol% 333
RCHO + }=<

Br OEt EtNO,
335 syn-336 anti-336
R =78 °C -20°C

yield, % (syn/anti) ee, % (syn/anti) yield, % (syn/anti) ee, % (anti)

PhCH,CH, 89 (46/54) 98/98 (+) 85 (13/87) 92 (-)

BnOCH, 81 (57/43) 97/97 (+) 80 (26/74) 72(-)

¢-CeHny 74 (52/48) 94/89 (+) 90 (20/80) 81 ()

Et;CH 70 (54/46) 99/98 (+) 85 (23/77) 74 ()

enantioselection with secondary aldehydes than Masamune’s
catalyst.*#2>%

Additionally, the bromofluoroketene silyl acetal 335 (E/Z
= 62/38) was reacted with various aldehydes in the presence
of Masamune’s catalyst 333 to afford a mixture of syn- and
anti-aldol products 336. Although the diastereoselectivity was
low, both diastereomers were obtained with high enantiose-
lectivities (90—99% ee) (Scheme 113).*** It is noteworthy
that the stereochemical outcome was found to be dependent
on the reaction temperature. The reaction of aldehydes with
difluoroketene acetal at —78 and —45 °C (—20 °C in the
case of bromofluoroketene acetal) afforded aldol products
having opposite signs of optical rotation (Scheme 113).
Different transition structures might account for the reversal
of the enantioselection.?®

Monofluoromethylation by means of fluorobis(phenylsul-
fonyl)methane 337, a fluoromethide equivalent, was recently
investigated by Shibata, Toru, and co-workers. They found
that the palladium catalyzed asymmetric allylic fluoro-
bis(phenylsulfonyl)methylation reaction of allyl acetates 338
proceeds with very high enantioselectivities (up to 97%) to
afford products 339. Of the catalysts tested, (S)-PHOX 340
works well with allyl acetates 338 whereas (R,R)-DPPBA
341 was preferred in the case of allyl acetates 342 and 343
(Scheme 114). The removal of the two sulfonyl groups at
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Scheme 114
337 (1.1 equiv)
5 mol% 340 psty
/\/‘fi‘c 2.5 mol% [Pd(C3Hs)Cll [—SOzPh
AT AN
2 " Cs,CO3 (1.1 equiv), CHoClp 0°C,6h ' J
338 339
Ar yield, % ee, %
4- H 94
PhO,S. _SO,Ph Pr:B”CB 4 gg %8
2 4-MeOCgHy4 58 gg
4-BrCgHy 54
el 2-Naphthyl 89 92
2-(6-MeONaphthyl) 72 91
i-BuCgHy4 89 91
O\/Q O, o)
Il
§<-N PPh, Sk HE
i-Pr — PhgP
340 341
337 (0.67 equiv) PhO,S

5 mol% 341 1
PhO,S—\
ACO\Q‘OAC 2.5 mol% [Pd(C3Hs)Cllz 2 F/\/?AOAC

Cs,CO03 (1.5 equiv), CHCl; 0°C,3 h

342 87% yield
95% ee
SO,Ph
337 (0.5 equiv) U2
OAc 5 mol% 341 ~—SO0zPh
2.5 mol% [Pd(C3Hs)Cl],
| - O
- CsyCOj4 (2 equiv), CH,Cl, 40 °C,6 h
343 75% yield
96% ee
Scheme 115
i 0y
NHBoc 337 (1.05 equiv), 5 mol% 345 NHBoc

CsOH.H50 (1.2 equiv) = SO.Ph
R SO,Ph . ol e

344 CH,Cl,, -80 °C, 1-2d F 'SO,Ph
R yield, % ee, %

W Ph 92 9

‘. m—CICGH4 98 97

CICgH 94 87

MeO P- 64

& p-MeOCgHy4 88 95

345 2-Naphthyl 96 90

2-Furyl 81 93

PhCH,CH3 85 90

C7Hs 95 95

c-Hex 80 98

i-Pr 93 99

t-Bu 70 96

the fluorinated carbon can be achieved with activated
magnesium in methanol.**

An organocatalytic variant was next developed by the same
group in a Mannich-type reaction. Indeed, catalytic enanti-

Scheme 116

+ 337
HO"

346

PPh; DIAD

—_— -
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Scheme 117
N 1.Zn,Cp,TiCL,
OMe ultrasound R2
RVS + RX RA‘Q’(
R2 2. Hy0* R
348 349

RX R' R? yield, % ee, %
CoFsl  Me Et 51 54
n-CsF1 Me Et 48 59
n-C4FyBr Me Et 58 64
n-CeFi3l «(CHp- 57 68
n-Cgki7l Me Et 56 72

“ Reaction run with (R)-proline auxiliary.

oselective fluorobis(phenylsulfonyl)methylation using reagent
337 was realized with in situ generated imines from a-amido
sulfones 344. The use of cinchona alkaloid phase-transfer
catalyst 345 allowed us to attain very high enantioselectivities
(Scheme 115).3*¢ Here again, the reductive desulfonylation
with magnesium provides interesting monofluoromethylated
products.

Prakash, Olah, and co-workers also employed reagent 337
with chiral enantiopure alcohols in a stereospecific Mitsunobu
reaction that proceeds through an Sy2 pathway with Walden
inversion. The formation of the C—R; bond with concomitant
stereospecific inversion at the existing stereogenic center was

observed on simple chiral enantiopure secondary alcohols
such as 2-octanol, 1-phenylethanol, and 1-(naphthalen-2-
yl)ethanol but also on vitamin D3 (Scheme 116).>*” The
reductive desulfonylation provided the monofluoromethylated
vitamin Ds.

4.2. Electrophilic Perfluoroalkylation Reactions

An excellent review on electrophilic perfluoroalkylating
reagents has been published by Umemoto; however, no
example of asymmetric electrophilic perfluoroalkylation (R¢
> CF;) was reported.” The first report with stereochemical
information concerned the perfluoroalkylation of chiral
enamine 348 derived from (S)-proline (Scheme 117).2%4
Treatment of enamines 348 with a perfluoroalkyl halide in
the presence of Cp,TiCl,, Zn powder, and ultrasound
afforded the corresponding o-perfluoroalkyl ketones 349 with
moderate stereoselection.

Blazejewski and co-workers described the synthesis of 7o
perfluorohexylestradiol. Reaction of FITS-6 (perfluorohexy-
Iphenyliodonium trifluoromethanesulfonate) with silyl enol

58% yield
(PhO,S),FC

347
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Scheme 118
OAc

I FITS-6, 2,6-utidine
CH,Cl,
AcO iy

OSiMe,t-Bu o]

283 350

ether 283 provided the perfluorohexyl steroid 350 in 80%
yield with high diastereoselectivity (o/f = 10/1) (Scheme
118).%%8

4.3. Radical or Carbene Perfluoroalkylation
Reactions

Triethylborane is an effective radical initiator for perfluo-
roalkyl iodides, which induced the asymmetric trifluorom-
ethylation of chiral N-acyloxazolidinones as reported by Iseki
and co-workers.?***°7 The same group extended the method
to diastereoselective perfluoroalkylation (Rf)*** of 351, but
also to ethoxycarbonyl difluoromethylation (EtOZCCFZ),349
diethylphosphonate difluoromethylation [(EtO),POCF,],*>°
and bromodiﬂuoromethylation*gs"352 (Scheme 119). Various
perfluoroalkyl iodides were applicable to the perfluoroalky-
lation of lithium enolates of N-acyloxazolidinones 351
employing the triethylborane-mediated radical procedure; the
corresponding oa-perfluoroalkylated carboximides 352 were
produced in good yields and diastereoselectivities (55—93%
de).>*® The diastereoselective introduction of the EtO,CCF,
group into 351 proceeded under similar conditions provided
the chiral imide enolate is added to a solution of ethyl
difluoroiodoacetate and triethylborane.***>* Diethyl diflu-
oroiodophosphonate [ICF,PO(OEt),] also reacted with the
lithium enolate of N-acyloxazolidinone 354 in the presence
of Et;B to provide the diethylphosphonodifluoromethylated
product 355 in 92% yield and 77% de.**° Interestingly,
triethylborane was not necessary for the diastereoselective
bromodifluoromethylation of 351 using either dibromodif-
luoromethane or bromodifluoromethane. An ionic mechanism
involving the insertion of difluorocarbene can account for
the observations.*”*

5. Concluding Remarks

Outstanding progress has been recently made in the
development of reagents and methodologies in asymmetric
fluorination, trifluoromethylation, and perfluoroalkylation.
High levels of diastereoselectivity are frequently observed
in nucleophilic and electrophilic fluorination as well as in
nucleophilic perfluoroalkylations (CF; and Ry), whereas
diastereoselective electrophilic perfluoroalkylations clearly
require more investigations to elevate these reactions to the
high standard of diastereoselective synthesis. Enantioselective
approaches represent a much more challenging area. Within
the examples described in this review, enantioselective
electrophilic fluorination of various substrates with the aid
of chiral N-fluoroammonium salts, transition-metal catalysts,
and organocatalysis is now considered state-of-the-art. On
the contrary, enantioselective nucleophilic fluorination is
currently limited to the ring-opening of meso-epoxides. For
enantioselective nucleophilic perfluoroalkylations, excellent
methods are now available, in particular for trifluoromethy-
lation, leading to very high level of enantioselectivity.
However, the enantioselective nucleophilic trifluoromethy-
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Scheme 119
O o O
Q )K/Hz -%5@2%%5?2?‘% (11hequw) OJLNj\fRz
R1 R1 Rf

351 352
R' R? R¢ yield, % de, %
i-Pr Me n-CeF13 79 71
i-Pr Me C,Fs 74 74
i-Pr Me (CF3),CF(CF), 75 79
Bn Me n-CeF13 81 83
i-Pr Bn n-CeF13 70 81
i-Pr n-Bu n-C¢F13 73 83
i-Pr ¢-Bu n-CeF 13 57 93
i-Pr Ph n-CeF13 63 57
i-Pr OBn n-CeF13 59 55

O 1.LDA, -78 °C, 1h

o o0
2 2
J\/R 2. ICFLCO,E (1.3 equiv), OJLNJ\;/R

EtsB (1 equiv), 5 °C t :

CF,CO,Et
R1
351 353
R' R’ yield, % de, %
i-Pr Me 74 88
i-Pr Me 61 86
i-Pr »n-Bu 64 88
i-Pr t-Bu 19 >98
Bn Me 70 87
o o 1. LDA (1.1 equiv), THF 0O o
-78 °C, 1h
NP A
- 2. ICF,PO(OEY, (15equiv), /.  CF,PO(OEW),
“I-Pr Et3B (1 equiv), “I-Pr
-78 °C, 1h, then -20 °C, 1h
354 355
92% yield
77% de
0O o ; 0 o
1. LDA (1.1 equiv), THF
N )J\/RZ -78°C, 1h M J\/R2
Q N 2. concentration in vacuo Qo N H
— “{  CRpr
R 3. DME
351 4. CBrgFy or CHBIF; (5 equiv) 356

R R? yield, %" de, %"
i-Pr Me 59(45) 68(61)
i-Pr  Bn  52(45) 67(62)
i-Pr n-Bu 60(42) 67(61)
i-Pr 1-Bu  42(42) 92(93)
Bn Me 55(43) 71(51)
i-Pr OBn 42 70
i-Pr N(Bn); 30 64

“ In parentheses, results of reactions run with CHBrF,.
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lation of aldehydes remains problematic. The scarcity of
reports on enantioselective electrophilic perfluoroalkylations
is perhaps the consequence of the lack of efficient and easily
available electrophilic reagents. The success of this approach
will be dependent on the discovery of new efficient electro-
philic reagents.

Despite the remarkable advancements in asymmetric
introduction of fluorine atoms and perfluorinated groups,
further developments are necessary for chiral nonracemic
fluorinated molecules to be increasingly used in pharmacy,
medicine, agriculture, and material science.
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