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4 ORGANIC REACTIONS

INTRODUCTION

Epoxidations, heteroatom oxidations, and Y–H insertions constitute the best
investigated oxidations by dioxiranes. An overview of these transformations is
displayed in the rosette of Scheme 1. These preparatively useful oxidations have
been extensively reviewed during the last decade.1–14 In a previous chapter,15

we presented the epoxidation of double bonds [π bonds in simple alkenes and
those functionalized with electron donors (ED), electron acceptors (EA), and
with both ED and EA substituents; case 1 in the rosette] with either isolated or
in situ generated dioxiranes. The recent developments in the dioxirane-mediated
asymmetric epoxidation have also been extensively covered there.15 The present
chapter concerns the remaining oxidations in the rosette of Scheme 1, that is,
epoxidation of the double bonds in the cumulenes, such as allenes (transforma-
tion 2), acetylenes (transformation 3), and arenes (transformation 4); the oxidation
of heteroatom functionalities, mainly lone pairs on sulfur (transformation 5),
on nitrogen (transformations 6 and 7), and on oxygen as the deoxygenation of
N -oxides (transformation 8); the oxidation of C=Y functionalities (e.g., trans-
formation 9), Y–H insertions (σ bonds) such as C–H in alkanes (transformation
10) and Si–H in silanes (transformation 11); and the oxidation of organometallic
substrates including metal (transformation 12) and ligand-sphere oxidation.
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Scheme 1. An overview of dioxirane oxidations (Np = 1-naphthyl).
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MECHANISM

Allenes, Alkynes, and Arenes
Although the products of the dioxirane oxidation of allenes, alkynes, and

arenes are usually more complex than those of the epoxidation of simple C=C
double bonds, the initial step of the oxidation is usually epoxidation. Therefore,
the same mechanism that has been extensively discussed in the previous chapter15

also applies in these reactions. The oxygen transfer proceeds with complete
retention of the initial olefin configuration through the concerted spiro transi-
tion state.15 An example is shown in Eq. 1, in which the oxidation of the chiral
allene proceeds in nearly quantitative yield (95%) with preservation of the starting
allene configuration in the spiro-bisepoxide.16

O
O

acetone, K2CO3,
rt, 20 min

(95%)
H

H

H

HO

O
• (Eq. 1)

Since the initial epoxidation products of the allenes, alkynes, and arenes
are usually labile substances, they may undergo subsequent reactions, which
include further oxidation by dioxirane other than epoxidation. For example,
in the dimethyldioxirane (DMD) oxidation of the phenanthrene derivative in
Scheme 2,17 the second oxidation by DMD involves C–H insertion instead of
epoxidation.

(100%)

OH

O

OH

OH
O

O

O
O
O

acetone

epoxidation C-H insertion

rearrangement

(77%)

Scheme 2. DMD oxidation of 9-hydroxyphenanthrene.

Heteroatom Substrates
Through a detailed study of the competitive oxidation of the sulfide versus sulf-

oxide functionalities in thianthrene 5-oxide (SSO),18 a pronounced electrophilic
character has been demonstrated for DMD and methyl(trifluoromethyl)dioxirane
(TFD).19,20 Thus, dioxiranes prefer to oxidize the sulfide over the sulfoxide func-
tionality, a typical behavior of an electrophilic oxidant (Scheme 3). Also, the
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O
O CH3

CH3 (CF3)

S

S
O

S

S
O

O
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S
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+

(major) (minor)SSO

Scheme 3. Competitive oxidation of the sulfide vs. sulfoxide functionalities in thianth-
rene-5-oxide (SSO) by the dioxiranes DMD and TFD.

kinetic data6 for the oxidation of sulfides and sulfoxides have revealed the elec-
trophilic character of dioxiranes. Thus, the heteroatom oxidations by dioxirane
are generally explained in terms of a SN2-type attack of the heteroatom lone pair
on the dioxirane peroxide σ ∗-orbital.21,22

A possible single-electron-transfer (SET) mechanism in N-oxidations23,24 has
been discounted21 on the basis of kinetic experiments by comparing the relative
rates of oxygen transfer by DMD with those of alkylation by methyl iodide. For
the latter, an SN2 mechanism unequivocally applies. Similar reactivities (linear
correlation of rates) for N-oxidation also establish the SN2 pathway for dioxirane
oxidations. This conclusion is supported by a kinetic study of the DMD oxidation
of substituted N ,N -dimethylanilines.25

The heterolytic mechanism is presumably also valid for a variety of oxygen-
type nucleophiles, e.g., amine N -oxides, ClO−, HO−, HOO−, RO−, ROO−,
RC(O)OO−, and −OS(O)2OO−, which all catalyze the decomposition of dioxi-
ranes with the evolution of molecular oxygen.26,27 A typical case is illustrated
with 4-dimethylaminopyridine N -oxide in Scheme 4.26 The chemiluminescence
emitted by the generated singlet oxygen confirms the heterolytic nature of the
dioxirane decomposition.26 Further support for this mechanism has been provided
by theoretical work, from which it was concluded that the oxidation of primary
amines by DMD does not proceed by a radical process.28

N O–

O
O

Me2N N
O

NMe2

O
O

OO+

N

NMe2

1O2

3O2

+

O
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hν (1268 nm)
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Scheme 4. SN2 Mechanism for the N-oxide-induced decomposition of DMD.
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Alkanes and Silanes
Two mechanisms have been suggested for the insertion of an oxygen atom

into the Y–H bond of alkanes and silanes. Abundant evidence, which includes
kinetics,29 kinetic isotope effects,30 and stereoselectivity,31 all unequivocally sup-
port a concerted oxenoid-type mechanism (Figure 1).

Nonetheless, radical reactivity has been observed recently and interpreted
in terms of the dioxirane diradical as the active oxidant, in particular, the so-
called “molecule-induced homolysis.”32–35 It has also been proposed36 that alkane
hydroxylation may proceed by a rate-determining oxygen insertion into the alkane
C–H bond to generate a caged radical pair, followed by very fast collapse (oxygen
rebound) to hydroxylated products (Scheme 5).

That hydroxylation of (R)-2-phenylbutane proceeds with 100% retention to
furnish (S)-2-phenylbutan-2-ol for both DMD37 and TFD31 sheds serious doubt
on the involvement of out-of-cage radical intermediates in such C–H oxidations
(Eq. 2).

=/

H

Ph
Et +

OO kslow

H

Ph
Et OO OO

Hkrot = 1011s–1

(S) radical pair (R) radical pair

kconc kreb > 1011s–1

fast kdiff

radical chain

 (S)

Et
Ph

OH

 (S)

Et
Ph

OH
Et

Ph
HO+

 (R)

(R)

Ph Et
OO

H

Et Ph

Scheme 5. Concerted oxenoid-type (kconc) vs. oxygen-rebound (kreb) mechanisms for
C–H insertion by DMD.

(>90%)
Ph Et

H

Ph Et

HODMD or TFD

(R)  70.9% ee (S)  71.0% ee

(Eq. 2)

δ+

δ–H

R R
R

O
O

CH3(CF3)

Figure 1. Concerted oxenoid-type transition state for C–H insertion.
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The tertiary benzyl radical derived from this optically active substrate is one
of the fastest radical clocks (the configurational persistence of this radical is esti-
mated to be about 10−11 seconds)38 and serves as a definitive probe for the inter-
vention of radical intermediates. Thus, as shown in Scheme 5,37 if a caged radical
pair is formed, collapse with configurational conservation by oxygen rebound
(kreb) must be faster than diffusion out of the cage (kdiff), as well as in-cage
isomerization (krot), since such competitive processes would lead to racemization.

As in the C–H oxidation of (R)-2-phenylbutane (Eq. 2), the hydroxylation
of the (+)-(S)-(α-Np)PhMeSiH silane enantiomer by both dioxiranes DMD and
TFD proceeds with complete retention of configuration to afford (+)-(R)-
(α-Np)PhMeSiOH (Eq. 3).39,40 Therefore, a similar mechanism would appear
to apply for the oxidation of C–H and Si–H bonds.

(>98%)
Ph Me

Si
HNp

Ph Me
Si

OHNpDMD or TFD

(S)  96.5% ee (R)  97.0% ee

(Eq. 3)

Most recent theoretical work on oxygen transfer for C–H insertion supports
the concerted spiro oxenoid-type mechanism, in which the transition structure
has considerable dipolar and also some diradical character.41–43 Under typical
preparative conditions, for example, in the presence of molecular oxygen, it was
concluded that a concerted mechanism applies for the C–H insertion.

SCOPE AND LIMITATIONS

The oxidation of double bonds (π bonds) in cumulenes (allenes, acetylenes)
and arenes, of heteroatom functionalities (lone-pair electrons), of transition-metal
complexes, and Y–H insertions (σ bonds) has been successfully performed, either
with isolated or with in situ generated dioxiranes. Thus, a broad spectrum of
substrates has been oxidized by dioxiranes. The pertinent examples are listed in
Tables 1–7 (see Tabular Survey). An isolated (distilled) acetone solution [DMD
(isol.)] is the most often used dioxirane owing to its convenient preparation and
relatively low cost. Although methyl(trifluoromethyl)dioxirane (TFD) is consid-
erably more reactive than DMD, its application is limited because of its high
cost and the high volatility of trifluoroacetone. With DMD (isol.), the scale of
the reaction is usually limited to 100 mmol because DMD (isol.) is quite dilute
(ca. 0.08 M). In the case of TFD (ca. 0.6 M), the prohibitive cost of trifluo-
roacetone obliges small-scale (ca. 10 mmol) applications. When a large-scale
preparation is desired, the in situ mode [DMD (in situ)] is recommended, for
which both biphasic44–47 and homogeneous48,49 media are available. It should
be kept in mind that when one operates in aqueous solution, both the substrate
and the oxidized products should resist hydrolysis and persist at temperatures
above 0◦. An advantage of the in situ mode is that it may be carried out with
less than stoichiometric amounts (<0.5 equiv.) of ketone, which is important for
enantioselective oxidations.50–54
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Allenes, Alkynes, and Arenes
Representative examples of oxidations of allenes, alkynes, and arenes are col-

lected in the rosette of Scheme 6.
The products of dioxirane oxidation of allenes depend on the reaction condi-

tions and the substrate structure. Unfunctionalized allenes give the corresponding
spiro-bisepoxides usually in good yields16,54 at subambient temperatures when
dry dioxirane solution is employed (Eq. 1).16 If the allene is unsymmetrically
substituted, a mixture of regioisomers is obtained, and the selectivity is highly
dependent on the allene structure.16,55 Since these spiro-bisepoxides are labile
toward hydrolysis, the in situ oxidation mode is not recommended. If the allene
substrate contains a hydroxy functionality, the latter will react with the spiro-
bisepoxide intermediate to form ring-opened and/or rearranged products.56–58

The final products may be cyclic or acyclic, depending on the reaction condi-
tions, the chain-length of the substituent that contains the hydroxy functionality,
and the other substituents on the allene. For example, when the hydroxyallene
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Scheme 6. An overview of dioxirane oxidations of allenes, alkynes, and arenes.



10 ORGANIC REACTIONS

in Eq. 4 is oxidized with an acetone solution of DMD,57 the hydroxyfuranone
is obtained as the major product (upper route), together with minor amounts
of open-chain material. In the presence of catalytic amounts of p-TsOH (lower
route), however, the above hydroxy-substituted heterocycle is a minor product.
On protection of the hydroxy functionality as a silyl ether, these complications
are avoided, and the spiro-bisepoxide is obtained (Eq. 5).57

•

(55%)
acetone 

rt, 5 min

HO

O
O

O

O OH

(10%)OH
OH

O

OH

acetone/CH2Cl2

p-TsOH, rt, 10 min
(80%)

O

O

(10%)

OH

O

+

+ +(5%)

O

O OH

(Eq. 4)

(100%)
•

TBSO
acetone, rt

O
O

TBSO

O

O
(Eq. 5)

Other reactive functionalities in the allene, such as amine,58 amide,58 aldehyde,59

carboxylic acid,60 oxime,58 andevenketone59 groups,will open the spiro-bisepoxide
intermediate and lead to substrate-specific products. These multifunctionalized het-
erocyclic and acyclic products should be of potential use in organic synthesis.

The oxidation of (bis)allenes and higher cumulenes has been much less stud-
ied. Nevertheless, one example of the DMD oxidation of a bisallene yields a
cyclopentenone and an exocyclic epoxide (Eq. 6).61 The epoxide presumably
arises from further oxidation of the exomethylenic double bond. A higher-order
cumulene has also been oxidized with DMD to give an unusual cyclopropanone
in 38% yield (Eq. 7).62

•

acetone, rt

O
O

+

•
O O

O

(—)

(1 eq)
(Eq. 6)

••
Bu-t

Bu-t
(38%)••

t-Bu

t-Bu
•t-Bu

Bu-t

acetone, rt

O
O

(1 eq)
O

Bu-t

Bu-t (Eq. 7)

The oxidation of alkynes appears to be little studied, most likely because
of the complexity of the product composition obtained in this oxidation. The
oxyfunctionalized intermediates, presumably oxirenes, are much more labile than
allene oxides and have so far not been detected. This oxidation is usually not
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useful for synthetic purposes since extensively rearranged products are obtained
in poor yields, especially with open-chain alkynes (Eq. 8).63 The cyclic alkyne
in Eq. 9, however, gives well-defined bicyclic rearrangement products in good
yields when oxidized with TFD at 0◦ (Eq. 9).64

(8%)Bu-tt-Bu Bu-t
O

O

Bu-t
O

O
(22%) +

Bu-t

O
(6%)+

acetone, rt, 140 h

O
O

(Eq. 8)

1,1,1-trifluoroacetone/CH2Cl2,
0˚, 3 min

O
O

CF3

(12%)(83%) +

O O

(Eq. 9)

In contrast, dioxirane oxidation of arenes is a useful reaction and has been thor-
oughly studied. Among the arenes and heteroarenes, benzene is the most difficult
to oxidize. It is inert toward DMD oxidation and, thus, it has been employed as
solvent in the biphasic oxidation mode with in situ generated DMD.47 Nonethe-
less, benzene has been oxidized with the more reactive TFD in a fluorinated
solvent, affording two isomeric dialdehydes in low yield (Eq. 10).65

(4%)

CHO

CHO

+

40 : 60

O

O
H

H
1,1,1-trifluoroacetone/F113,

0˚, 6 h

O
O

CF3

(Eq. 10)

Electron-rich substituted benzenes are more reactive. For example, phenols
and naphthols have been oxidized by DMD to the corresponding quinones.17,66

Oxidation of the arene substrate in Eq. 11 leads to the tris(epoxide) in high
yield.67 This transformation demonstrates the usefulness of dioxiranes in the
oxidation of arenes, since such a tris(epoxide) would be difficult to make by any
other route.

O
O

acetone
(84%)

O

O

O (Eq. 11)

Recently, methoxy-substituted benzenes have been hydroxylated to phenols
with isolated DMD under acidic conditions at subambient temperatures (Eq. 12).68
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The overall reaction at first appears to be a direct CH insertion, but actually epoxi-
dation takes place followed by an acid-catalyzed rearrangement of the intermediary
epoxide.

O
O

acetone/2 N HCl, –30˚
(100%)

OMe

O Ph

O
OMe

O Ph

O
HO

OH

(Eq. 12)

Indene, naphthalene, and polycyclic arenes are more reactive and thus sus-
ceptible to both DMD and TFD oxidation. For example, the tetracyclic arene in
Eq. 13 is oxidized by DMD to furnish the corresponding epoxide.69 Such arene
epoxides are of special interest since they are biologically active metabolites of
carcinogenic polycyclic aromatic hydrocarbons.69,70

O
O

acetone, 0˚ to 5˚, 12 h
(—)

O
(Eq. 13)

A highlight of arene oxidation by dioxirane reagents is that of the fullerene
C60. DMD leads mainly to the monoxide,71 but the more reactive TFD yields
dioxides and even some trioxides of C60 (Eq. 14).72

O
O

CF3

1,1,1-trifluoroacetone,
1,2-dichlorobenzene,

0˚, 5 to 6 min

(20%)

O
(4 eq)

+

O O

(21%) +  isomeric C60O2  +  isomeric C60O3

(Eq. 14)

Furan-type heteroarenes are usually more reactive towards dioxirane oxida-
tion than arenes. When subjected to oxidation by DMD (isol.), furan and its
2,5-disubstituted derivatives73,74 lead to the ring-opened enediones shown in
Eq. 15,73 which are useful building blocks in synthesis.73,75 The intermediary
mono-epoxide of 2,3-dimethylfuran is presumably involved in the epoxidation
with d6-DMD (prepared in d6-acetone), but could not be detected by NMR
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spectroscopy even at −100◦; only the rearrangement product hex-3-ene-2,5-dione
was observed.76

O
O

acetone, rt
(>95%)

OR1 R2
O O

R2R1

R1, R2= H, alkyl

(Eq. 15)

Related benzofurans also form labile epoxides when epoxidized by dry dioxi-
rane solutions at low temperature under an inert atmosphere; they are sufficiently
persistent to be detected at low temperatures.77–86 Depending on the substituents
of the heterocycle, the epoxide may undergo opening to dicarbonyl products.
Thus, the labile epoxide derived from 2,3-dimethylbenzofuran (Eq. 16) rear-
ranges at −20◦ to the o-quinomethide.79,87,88 To characterize this epoxide by
NMR spectroscopy, fully deuterated DMD was employed for the oxidation; the
epoxide was directly detected in situ at −78◦ without work-up.79 This example
further emphasizes the importance and convenience of isolated dioxiranes for the
synthesis of exceedingly labile oxy-functionalized substances.

O
O CD3

CD3

acetone-d6/CH2Cl2,
N2, –20˚, ca. 20 h

O O O
O

(97%)
O (Eq. 16)

In view of the high reactivity of the benzofuran oxides, ring-opened products
are formed in the presence of nucleophiles. For example, when the epoxidation
of the structurally related 8-methoxypsoralen was carried out in the presence of
MeOH, the hydroxy ether was obtained in good yield as ring-opened product
(Eq. 17).85 Elevated temperatures lead to rearrangement products as in the oxi-
dation of benzofuran. Thus, when the reaction is carried out at 0◦, the rearranged
product in Eq. 18 is obtained from the intermediary epoxide by migration of the
hydroxymethyl group.89

O
O

OMe (83%)
OO

OMe
OO

OH

OMe

O
O

acetone/MeOH,
rt, 19 h

(Eq. 17)

O O O
(89%)

CH2OH

CH2OH

O
O

acetone/CH2Cl2, N2,
0˚, 3 h

(Eq. 18)

Dioxirane oxidation of the aromatic ring in nitrogen-containing heteroarenes
may be even more complex. Since amine nitrogen atoms are more nucleophilic
than an arene C=C double bond, N-oxidation usually precedes epoxidation. For
example, the oxidation of pyridines takes place at the nitrogen atom to give
the corresponding N -oxides as the sole products (see the section on Heteroatom
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Substrates). Nonetheless, acetylation of the nitrogen functionality may sufficiently
suppress N-oxidation, as illustrated for the N -acetylated indole in Eq. 19.90,91

O
O

acetone, 0˚, 0.5 h

N

N O
(89%)

Ac

Ac

N
Ac

O (95%)

O
O CD3

CD3

acetone-d6, 
–78˚ to –40˚,
10 to 30 min (Eq. 19)

Analogous to the benzofuran example above, the corresponding labile epox-
ide is produced (upper pathway), when the indole is oxidized with DMD at low
temperature (−78◦).90 In contrast, the rearranged product91 is obtained when the
oxidation is run at subambient temperature (lower pathway). The latter rearrange-
ment has been used for the synthesis of spiro lactams (Eq. 20).92 Variation of
the substitution pattern of indoles may permit other rearrangements to take place.
For example, the oxidation of the indole shown in Eq. 21 yields the respective
benzopyrroldihydroindole instead of a lactam.92 The minor product presumably
results from overoxidation of the pyrrolidone enol tautomer.

O
O

acetone/CH2Cl2, 20˚

(99%)
N

O2N

Ac
N

O

O2N

Ac

(Eq. 20)

O
O

acetone/CH2Cl2, –78˚

(>98%)  91:9

N

Ac

O O

OH
+

N
Ac

N
Ac

(Eq. 21)

Currently little is known about dioxirane oxidations of unprotected indoles.
One example is given in Eq. 22, for which the diastereomeric lactams are
obtained.93 Examples of dioxirane oxidations of heteroarenes with more than one
nitrogen atom are also scarce. An example is the DMD oxidation of a substituted
imidazole (Eq. 23), which furnishes an imidazolone in moderate yield.93 In
contrast, the DMD oxidation of 1,2,4-triazole results in a complex mixture of
unidentified products.94

O
O

acetone/CH2Cl2,
10˚, 2 d

(42%)

Boc
N
H

CO2Me

N
H

Boc
N
H

CO2Me

N
H

O

+

(42%)

Boc
N
H

CO2Me

N
H

O

HH

(Eq. 22)
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(55%)
Boc

N
H

CO2Me

N NH

Boc
N
H

CO2Me

HN NH

O

O
O

acetone/CH2Cl2,
10˚, 2 d

(Eq. 23)

The oxidation of sulfur-containing heteroarenes such as thiophenes takes place
only on sulfur, as will be discussed in the next section.

Heteroatom Substrates
Electrophilic dioxiranes are particularly reactive towards heteroatom substrates,

for which the electron lone-pair serves as the nucleophile in the oxygen trans-
fer. Because of the importance of their oxidation products, substrates that contain
nitrogen, sulfur, and C=Y functionalities are among the best studied. Some typ-
ical examples are collected in the rosette of Scheme 7. These oxidations will be
discussed separately according to the type of heteroatom that is oxidized, mainly
nitrogen and sulfur.

O
O

12

1

2

3

4

5

6

7

8

9

10

11

NO2

NO2

i-Bu
N

Bu-i

OH

N
O–

N
O–

1O2

SO
O

Ph Me
S
O

SeO

O

Bu-t

Bu-t

O PPh3

–OCl

I
O

+

+

NH2

PhMe2N O

i-Bu
N

Bu-i

H

NH

N

Ph Me
S

S

Se

Bu-t

Bu-t

PPh3

I

Cl–
NH2

Scheme 7. An overview of dioxirane oxidations of heteroatom substrates.
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Nitrogen. Irrespective of whether the nitrogen atom in the substrate is sp3

or sp2 hybridized, it is readily oxidized by either isolated or in situ generated
dioxiranes. The outcome of the dioxirane oxidation of an sp3-hybridized nitrogen
depends on the structure of the amine. Tertiary amines give cleanly the N -oxides,
as illustrated in Eq. 24. Particularly noteworthy is the selective oxidation of the
nitrogen atom, without epoxidation of the double bond.95 Oxidation of secondary
amines is more complex. If the secondary amine does not bear α-hydrogen atoms,
the product is usually the expected hydroxylamine; however, the latter may be
further oxidized by excess DMD to the corresponding nitroxyl radical. An illus-
trative example is shown in Scheme 8;96,97 it should be noted that the alcohol
functionality survives, which demonstrates the greater reactivity of the amino
group towards DMD oxidation.

O
O

acetone, 0˚, < 1 h
(ca. 100%)N

Ph

N

Ph

O–

+
(Eq. 24)

If the secondary amine bears α-hydrogen atoms, the product can be either a
nitrone or a hydroxylamine, depending on the reaction conditions. For example,
N ,N -dibenzylamine is oxidized to the hydroxylamine with DMD at 0◦ (upper
pathway),96 whereas the nitrone is obtained upon treatment with two equivalents
of cyclohexanone dioxirane at −20◦ (lower pathway) (Scheme 9).98 Other prod-
ucts may also be obtained, as illustrated in the DMD oxidation of piperidine; here
the hydroxamic acid is obtained in good yield (Eq. 25).99 Primary amines usually
give a complex mixture of products, which may contain hydroxylamine, oxime,
nitroso, nitro, and sometimes even azoxy compounds. However, reaction condi-
tions may be chosen to favor one of these products. Thus, a preparatively valuable
method is the DMD oxidation of aliphatic and aromatic amines to the correspond-
ing nitro compounds. For example, the optically active amine in Scheme 10 is
oxidized with excess DMD to the respective nitroalkane in quantitative yield

O
O

acetone, 0˚, 2 h
(99%)

N
H

OH N
OH

OH

N
O

OH

(1.2 eq)

O
O

acetone, 0˚, 30 min

(2 eq)
(100%)

Scheme 8. DMD oxidation of a secondary amine.
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O
O            (excess)

acetone, 0˚, 15 min

cyclohexanone,
–20˚, 5 min

(98%)

N
H

(65%)

Ph Ph

N
OH

Ph Ph

N
O–

Ph Ph

(2 eq)
O
O

+

Scheme 9. DMD oxidation of N ,N-dibenzylamine.

O
O

acetone, 0˚, 20-30 min
(72%)

N
H

N
OH

O
(Eq. 25)

acetone/CH2Cl2, 
rt, 1 h

(100%)

O
O

acetone/CH2Cl2, 
rt, 35 min

(2 eq)
(90%)

NH2

NO2

NO  (10%)N N
–O

O–
+

O
O

(4 eq)

+ +

Scheme 10. DMD oxidation of a primary amine.

(upper pathway).22 If an insufficient amount (2 equiv.) of DMD is used, the
nitroso and the azoxy products are obtained instead (lower pathway).22

At subambient temperature, primary amines are converted either into hydroxyl-
amines or into oximes by DMD. This transformation can be synthetically useful,
as, for example, in the oxidation of the amino sugar derivative in Eq. 26 to
the corresponding hydroxylamine in good yield. However, the related amino
sugar in Eq. 27 is oxidized to the oxime under identical reaction conditions.100

Clearly, structural features of the amino sugar strongly influence the course of
the oxidation.

O
O

acetone, –45˚ to rt
(76%)OAcO

AcO

OAc

NH2

OMe
OAcO

AcO

OAc

N

OMe

HO
H

(Eq. 26)
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O
O

acetone, –45˚ to rt
(—)

O

O
O

Ph

OAc

NH2

OMe

O

O
O

Ph

OAc OMe

N

OH

(Eq. 27)

Although amines are readily oxidized by dioxiranes, the corresponding amides
persist and are, therefore, often used to protect amines. Protection of the amine
by protonation may also be employed, but since ammonium salts dissociate into
the free amine, it is essential to conduct the oxidation under strongly acidic
conditions; otherwise the oxidation will still take place slowly (Eq. 28).101

O
O

acetone/H2O, rt, 23 h
(82%)

NH3Cl–

NH3Cl–

NO2

NO2

+

+

(Eq. 28)

The oxidation of sp2-hybridized nitrogen generally falls into two categories:
namely, heteroarenes and isolated C=N bonds. The nitrogen-containing arenes
usually afford N -oxides. Thus, pyridines are generally oxidized to pyridine
N -oxides. An interesting example is given in Eq. 29 in which the pyridine
nitrogen atom is selectively oxidized rather than the dimethylamino group.21

Since the resulting N -oxide may further react with DMD to give N ,N -
dimethylaminopyridine and singlet oxygen, as illustrated in Scheme 4, it is not
possible to achieve full conversion of the substrate in such situations.21

O
O

acetone
 (—)

N

NMe2

N

NMe2

O–
+

(Eq. 29)

Oxidation of the nitrogen atom in isolated C=N bonds is complicated by the
fact that the initial oxidation product may be further oxidized by dioxirane with
cleavage of the C=N bond. For example, N-alkylated imines are oxidized by
DMD to a mixture of nitrones and ketones (Eq. 30)102. When imines without
substituents on the nitrogen atom are treated with DMD, the main products are
oximes,102 which in turn may be further oxidized by excess dioxirane to the corre-
sponding ketones or aldehydes. The method thus serves as a useful deprotection
method for oximes. Similarly, diazoalkanes yield cleavage products (ketones,
aldehydes, or their hydrates),103–106 when oxidized by DMD (Eq. 31).103 This
oxidation has been employed to prepare tricarbonyl compounds (Eq. 32),105 and
as such comprises a convenient method for the preparation of these reactive
substances.
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acetone/CH2Cl2,
0˚, 2 h

 (39%)N
Bu-tPh

Ph
N

Bu-tPh

Ph
O

Ph

PhO–
 (24%)+

O
O

+ (Eq. 30)

acetone, rt, minutes
 (88%)

S COCHN2 S COCH(OH)2

O
O (Eq. 31)

 (100%)Ph
N2

Ph

O O

Ph Ph

O O

HO OH
acetone, rt, 30 h

O
O (Eq. 32)

The DMD oxidation of nitronate anions, generated in situ from nitroalkanes,
also affords carbonyl compounds through cleavage of the carbon-nitrogen bond
(Eq. 33),107 and in effect constitutes an oxidative Nef reaction.108 This efficient
new method has been successfully employed in the synthesis of the AB ring sys-
tem of norzoanthamine (Eq. 34).109 In a similar manner, the σH adducts generated
in situ from nitroarenes by the addition of a carbanion are efficiently oxidized by
DMD to the corresponding phenols (Eq. 35).110,111 This transformation comprises
the first method for the direct oxidation of nitroarenes to phenols.

acetone, H2O, 
ca. 20˚, 5 min

 (100%)Et

NO2

O
Et

O

O
THF, ca. 20˚, 

5 min

 t-BuOK
O
O

(Eq. 33)

 (72%)

H

H

NO2

OMOM

OPMB

H

H

OMOM

OPMB

O

t-BuOK, H2O,
THF/acetone

O
O (Eq. 34)

O
O

THF/DMF/acetone,
 Ar, –70˚, 5 min

 (83%)N
O–

O–

OH
CN

Ph
, H2O

Ph
CN

+ (Eq. 35)

Similar oxidative cleavage reactions have been reported for several α-amino
acids. Thus, when arginine is oxidized by DMD under in situ conditions,
4-guanidinobutanoic acid is obtained in moderate yield (Eq. 36).112

phosphate buffer (pH 8), 
KOH, 5˚, ca. 7 h

 (57%)H2N N
H

CO2H
NH

NH2

H2N N
H

CO2H

NHKHSO5, acetone

(Eq. 36)
The oxidation of N ,N -dimethylhydrazone by DMD at 0◦ produces the corre-

sponding nitriles (Eq. 37)113. What is remarkable about this useful oxidation is
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that no racemization takes place at the stereogenic center, which again emphasizes
the mild reaction conditions.

O
O

acetone, 0˚, 2-3 min
93% ee

 (92%)  93% ee
O

O

N NMe2

O

O CN
(Eq. 37)

Dioxirane-mediated epoxidation of the C=N bond of imines to oxaziridines
is rare, but examples are known for the in situ method (Eq. 38).114

KHSO5, acetone

H2O, Na2HCO3, rt

N N
O NO2

+ +
+

N
–O N

O– +

(—)  73:5:22

(Eq. 38)

Sulfur and Selenium. In general, sulfur-containing substrates are more reac-
tive toward dioxirane than nitrogen compounds. Thus, the oxidation of aliphatic
thiols by DMD (isol.) at low temperature leads to sulfinic acids in good yield
(Eq. 39).115 However, under the same reaction conditions, benzyl mercaptan
affords a complex mixture of benzylsulfinic acid, benzylsulfonic acid, dibenzyl
disulfide, dibenzyl thiosulfonate, and benzaldehyde.115 Similarly, DMD (isol.)
oxidation of p-methylthiophenol displays this complexity (Eq. 40).115 The latter
oxidations are, thus, not synthetically useful, given the multiple products formed;
however, the oxidation of 9H -purine-6-thiols in the presence of an amine nucle-
ophile produces ribonucleoside analogs in useful yields.116–120 An example of
such a mercaptan oxidation with DMD (isol.) in the presence of methylamine is
illustrated in Eq. 41. This reaction confirms that thiols are more reactive toward
DMD oxidation than primary amines, as would be expected from the nucleo-
philicity of mercaptans compared with amines.15

O
O

acetone/CH2Cl2, 
N2, –40˚, 1 h

 (96%)SH SO2H
air

(Eq. 39)

O
O

acetone/CH2Cl2, 
N2, –40˚, 1 h

air

SH

SO2H SO3H SS
SSO

O

+ + +

(—)  18:29:33:20

(Eq. 40)
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O
O

acetone/CH2Cl2, 
MeNH2, rt

AcO

N

N

N

SH

N
O

OAcOAc

AcO

N

N

N

NHMe

N
O

OAcOAc

(55%) (Eq. 41)

A sulfide may be oxidized by dioxirane to either the sulfoxide or sulfone,
depending on the number of equivalents of the oxidant employed (Scheme 3).
As pointed out already, sulfides are more readily oxidized than sulfoxides and,
therefore, the sulfoxide product may be selectively obtained by employing only
one equivalent of DMD (Eq. 42).121 Since methyl phenyl sulfide is prochiral,
DMD oxidation affords the racemic sulfoxide. Similarly, if a chiral sulfide is
employed, diastereomeric sulfoxides are expected. For example, DMD (in situ)
oxidation of the tetrahydrothiophene derivative shown in Eq. 43 furnishes mainly
one diastereomeric S-oxide with excellent stereocontrol (94 : 6).122 Such high
diastereoselective oxidations are not general, as illustrated for the two simi-
lar substrates shown in Scheme 11.123,124 For the five-membered-ring sulfide
(upper equation), the cis diastereomer is formed exclusively, whereas for the
six-membered cyclic sulfide (lower equation) both diastereomeric sulfoxides are
obtained in about equal amounts.

O
O

acetone, rt
(98%)

S
Me S

Me

O(1 eq)
(Eq. 42)

O
O

acetone/CH2Cl2, 
N2, rt, 10 min

(100%)

O
O

acetone, 0˚ to 5˚,
dark, 40-60 min

N

S

O

Br

CO2CH2Ph
N

S

O

Br

CO2CH2Ph

O

N
O

t-BuO2CNH S

CO2Me
CH2OAc

N
O

t-BuO2CNH S

CO2Me
CH2OAc

O

N
O

t-BuO2CNH S

CO2Me
CH2OAc

O

+

(—)   47:53

Scheme 11. Sulfoxidation of cyclic sulfides by DMD (isol.).
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acetone, H2O, 
0˚,  40 minS

TsO

S

TsO

S

TsO

O O

+
KHSO5

(90%)  94:6

(Eq. 43)

There is only one report on the diastereoselective oxidation of a chiral acyclic
sulfide by DMD. In this case, the exocyclic sulfide is oxidized with low diastereo-
selectivity to the corresponding sulfoxide.125

To achieve better diastereomeric control, prochiral sulfides have been
coordinated to chiral organometallic complexes and then oxidized with DMD
(isol.).126–129 As is evident from Eq. 44,126 the diastereoselectivity depends highly
on the structure of the sulfide, and as such, the outcome is difficult to predict.
After decomplexation, enantiomerically enriched sulfoxides are obtained. The
overall process qualifies, therefore, as an indirect enantioselective oxidation.

RuPh2P

PPh2

S
R

Me acetone, 0˚,  
45 min

O
O

PF6
– RuPh2P

PPh2

S

R
Me PF6

–

O
+ RuPh2P

PPh2

S
Me

R PF6
–

O

R
i-Pr
Ph
PhCH2

(95%)
(90%)
(95%)

I:II
7:93

73:27
99:1

I II

+ ++

(Eq. 44)

Enantioselective oxidation of sulfides by achiral dioxirane may be performed
with bovine serum albumin (BSA). In the presence of this protein, prochiral
sulfides have been oxidized by TFD (in situ) to enantioenriched sulfoxides in
moderate to good enantioselectivities (up to 89% ee).130,131 A typical example is
shown in Eq. 45.130,131

S
Pr-i S

Pr-i

O
BSA, KHSO5, CH3COCF3

NaHCO3, H2O, 4˚, 5 min
(67%)  89% ee (Eq. 45)

Enantioselective oxidation of a prochiral sulfide with an optically active dioxi-
rane has not yet been accomplished. An attempt with methyl phenyl sulfide as
substrate and in situ generated fructose-derived dioxirane, which has been suc-
cessfully employed in asymmetric epoxidation,15,132 resulted in an enantiomeric
excess of less than 5%.94

If two or more equivalents of dioxirane are used, the sulfone is the main
product. An illustrative example with DMD (isol.) is shown in Eq. 46.124 It is
noteworthy that both alkenyl124 and alkynyl133 sulfides are oxidized by dioxi-
rane to the corresponding sulfones without epoxidation of the C–C multiple
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bonds (Eq. 47).124 As expected, the dioxirane oxidation of a sulfoxide affords
the corresponding sulfone.134

acetone, dark, 0-5˚,  
40 to 60 min

N

S

O

PhCH2CONH

CO2CH2OAc

N

S

O

PhCH2CONH

CO2CH2OAc

OO
O
O

(100%)

(Eq. 46)

acetone, 0-5˚
60 min

O
O

(95%)

N

S

O

PhOCH2CONH

CO2Me

N

S

O

PhOCH2CONH
O O

CO2Me

(Eq. 47)

Oxidation of disulfides, trisulfides, and polysulfides by DMD usually leads to
a mixture of multiple products,135,136 and is not of synthetic importance. Useful
selectivities have been observed with DMD (isol.) only when one of the sulfur
atoms in the disulfide is substituted by an electron-withdrawing group (Eq. 48).137

acetone/CH2Cl2, –78˚

O
O

S
S

OTsHN

S
S

OTsHN

S
S

OTsHN

O O

+

(—)  94:6

(Eq. 48)

Dioxirane oxidation of sulfur-containing heteroarenes, such as substituted thio-
phenes, takes place exclusively on the sulfur atom.138–141 At subambient tempera-
ture, the oxidation products are usually the corresponding thiophene 1,1-dioxides.
Recently, the oxidation of thiophene with DMD (isol.) below −40◦ afforded
the elusive parent thiophene 1,1-dioxide, which was isolated (Eq. 49).140 When
the oxidation was carried out at higher temperature, the thiophene 1,1-dioxide
decomposed to other products.140,141

acetone, < –40˚

O
O

(20-30%)
S S

O O

(Eq. 49)

Dioxirane oxidation of the C=S bond in the thiourea functionality of some
heterocycles leads to desulfurization products. A typical example is shown for
a cyclic thiourea with DMD (isol.) in Eq. 50.142 This oxidation is, however,
complex since disulfides and other products may be formed (Scheme 12).142–144

acetone/MeOH, rt

O
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N
H
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N

N
H

NH

O(53%) (Eq. 50)
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O
O

acetone/CH2Cl2/EtOH, rt
(53%)
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O

acetone/CH2Cl2, rt
(77%)

N
H

N

S

N

N

EtO

N

N

SN

N

S

Scheme 12. Oxidation of 1H -pyrimidine-2-thione by DMD (isol.).

The dioxirane oxidation of the C=S functionality in thioketones to thioke-
tone S-oxides is quite rare. Examples are collected in Scheme 13.145,146 The
yields of the S-oxides from bis(tert-butyl)thione and adamantane-2-thione by
DMD (in situ) are quite low because of further oxidation. Thiobenzaldehyde
derivatives with bulky substituents, however, are oxidized by DMD (isol.) to the
corresponding S-oxides both in good yield and with high diastereoselectivity;147

further oxidation of the syn diastereomer by DMD (isol.) gives two unusual
products in low yields (Scheme 14).147

benzene/H2O, KHCO3,
18-crown-6, N2, rt, 4 h
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S S O
(29%)

O
+

KHSO5, acetone

benzene/H2O, KHCO3,
18-crown-6, N2, rt, 4 h

KHSO5, acetone

Scheme 13. Oxidation of thioketones by DMD (in situ).
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O
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O
OOO

(100%)
(100%)
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95:1

100:0

t-Bu Bu-t

Bu-t

H S
O

Scheme 14. DMD (isol.) oxidation of a thioaldehyde and its syn-S-oxide.
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Oxidation of N-tosylated or N-acylated sulfilimines with DMD (isol.) takes
place selectively on sulfur to give sulfoximines in good yields (Eq. 51).148 The
oxidation by DMD (isol.) is stereoselective so that a chiral sulfoximine may be
obtained from an optically active sulfilimine with complete preservation of the
initial enantiomeric purity (Eq. 52).148

acetone, rt, 4 h

O
O

(86%)
Et

Me
S N

Ts

Me
S N

TsO–

Et
+ (Eq. 51)

(97%)  80% eeS N
Ts

p-MeC6H4

Me S N
Ts

p-MeC6H4

Me

–O

80% ee

+

acetone, 0˚ to rt

O
O

(Eq. 52)

With the more reactive TFD (isol.), some sulfoxides and sulfones are also
formed via cleavage of the S=N bond.148 When the N atom of the sulfilimine
bears a heterocyclic ring instead of an acyl or tosyl group, DMD (isol.) oxidation
leads to a mixture of S- and N-oxidations, as evidenced by the presence of
the nitro product (Eq. 53).149 With wet DMD (isol.), N-oxidation represents the
major process (63% vs. 37%).149 These results suggest that the chemoselectivity
of S versus N oxidation by DMD (isol.) of sulfilimine depends on the electron
density of the heteroatoms.

(63%)
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+
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Me O2N
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(37%)

acetone, rt, 16 h

O
O

(Eq. 53)

In the oxidation of phosphine sulfides by DMD (isol.), desulfurization affords
the corresponding phosphine oxides in nearly quantitative yields (Eq. 54).150 Sim-
ilarly, a thiophosphonate is converted into the phosphonate by oxidation with
DMD (isol.), as shown in Eq. 55.151

acetone/CH2Cl2, 
rt, 5 min

O
O

(ca. 100%)Ph
Ph
P S
Ph

Ph
Ph
P O
Ph

(Eq. 54)

(97%)C9H19
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OBn
F F

S
OBn

acetone, rt, 3 h

O
O

C9H19
P

OBn
F F

O
OBn (Eq. 55)

Selenides react with dioxirane like their sulfur analogs to give selenoxides,
but the selenium atom is more reactive than the sulfur atom. Since selenoxides
are much more labile than sulfoxides, good yields are usually only obtained
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(100%)
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(Eq. 56)

O
O

acetone, –78˚
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(—)

Scheme 15. Oxidation of a selenide by DMD (isol.).

for selenoxides with bulky substituents (Eq. 56).134 In some cases more com-
plex products may be obtained because of the labile nature of the selenoxides
(Scheme 15).152

Oxidation of selenophenes by DMD (isol.)153–155 at subambient temperatures
gives selenophene 1-oxides or 1,1-dioxides in good yields. The amount of DMD
used determines which product predominates (Scheme 16).153 These results are
comparable to those obtained with their sulfur counterparts.138–141

O
O

acetone, 0˚, 2 h
(88%)

(71%)

Se

Se

Se

O

O O

  (1 eq)

O
O

acetone, 0˚, 12 h

  (2 eq)

Scheme 16. Oxidation of benzoselenophene by DMD (isol.).

Phosphorus. Trivalent phosphorus compounds are readily oxidized by var-
ious oxidants; however, the oxidation of such substrates by dioxiranes has been
sparsely studied. Since only a handful of examples are available in the liter-
ature, little may be said about general trends in reactivity and/or selectivity.
Clearly, more detailed studies are needed to define the scope and limitations
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of this oxidation. Nontheless, the phosphorus atom is readily oxidized by other
reagents, such that it is questionable whether dioxiranes need to be used.

Triphenylphosphine is a favorite substrate for testing the oxidation of trivalent
phosphorus. DMD (isol.) leads to triphosphine oxide quantitatively under a vari-
ety of conditions.121,156 DMD (in situ) has also been used, although the product
yield was not specified.121,157

The selective oxidation of the phosphite functionality in nucleoside derivatives
bearing a modified sugar on the trivalent phosphorus atom produces the corre-
sponding nucleotides in nearly quantitative yields (Eq. 57).158 In this reaction, the
phosphorus atom is, as expected, selectively oxidized by the dioxirane, without
epoxidation of the allylic double bond. Furthermore, this phosphorus oxidation
may offer an expedient way of synthesizing unusual nucleotides.

acetone/CH2Cl2, 
0˚, 10 min
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(Eq. 57)

A case of pentavalent phosphorus atom oxidation is documented for α,α-
dicarbonylphosphoranes. When oxidized by DMD (isol.), the corresponding
tricarbonyl compounds (as their hydrates) are obtained in excellent yields
(Eq. 58).159 These results are comparable with the DMD oxidation of similar
diazo compounds104 discussed above (cf. Eq. 32).

acetone/CH2Cl2, 
rt, 1 h

O
O

(100%)Ph
PPh3

OMe

O O

Ph OMe

O O

HO OH
(Eq. 58)

Oxygen. Dioxiranes also oxidize several types of oxygen functionalities,
which include peroxides, N-oxides, and N-oxyl radicals. In most of these oxi-
dations, molecular oxygen is produced. Thus, KHSO5, which is used as reagent
for the generation of dioxiranes, reacts with DMD (isol.) to generate oxygen gas,
KHSO4, and acetone as products (Eq. 59).160 This reaction also takes place under
in situ conditions and is responsible for the acetone-catalyzed decomposition of
KHSO5, the process that actually led to the discovery of dimethyldioxirane.161

The molecular oxygen that is released in this oxidation is the electronically
excited singlet oxygen, as confirmed by the characteristic chemiluminescence
emission.162 Similarly, the catalytic decomposition of peroxynitrite by ketones,
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acetone/H2O,
NaHCO3, 20˚
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O

HO S O
O

O
O– K+ HO S O–
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K+ (—)(—) (Eq. 59)
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ONOO–

NO2
–

Scheme 17. Catalytic decomposition of peroxynitrite by methyl pyruvate.

such as methyl pyruvate, is rationalized in terms of peroxynitrite oxidation by
the in situ generated dioxirane (Scheme 17).163

Potassium superoxide (KO2) decomposes DMD in acetone solution, releas-
ing singlet oxygen as detected by chemiluminescence.94 Furthermore, a catalytic
amount of n-Bu4NI efficiently converts two molecules of TFD into singlet oxygen
and trifluoroacetone (Eq. 60).164

CH2Cl2, 0˚
O
O

CF3
O

CF3(cat.)
+   1O2

n-Bu4N+ I–

(—)(—)2 (Eq. 60)

Aliphatic and aromatic tertiary amine oxides also react with dioxiranes to
generate free amines and singlet oxygen (Eq. 61).26,165 Since the N -oxide is
prepared by DMD oxidation of the tertiary amine, treatment of the latter with
excess DMD causes decomposition of the DMD by the in situ formed N -oxide,
with concomitant release of O2.26 The mechanism of this oxidation is presented
in Scheme 4.

CDCl3, 20˚

O
O

N
O–

1O2 +
N

(—)(—)+ (Eq. 61)

The dioxirane oxidation of an N-oxyl radical is illustrated in Eq. 62.23,166 The
reaction follows a complex radical mechanism to give two O-alkylated products.

acetone, air or N2,
20˚, 2-4 h

O
O

N
O

N
OMe

(98%) + N
OCH2COMe

(≤ 1%) (Eq. 62)
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Halogens. There are only a few reports on the dioxirane oxidation of
halogen-containing compounds. The oxidation of the chloride ion to the
hypochlorite ion by DMD (in situ) has been known since the very beginning
of dioxirane chemistry. In fact, this reaction constitutes the first example of
a dioxirane oxidation.161 Iodometry,121,167 which utilizes the oxidation of iodide
anion under acidic conditions, serves as the method for quantitative determination
of dioxirane concentration.

Organoiodides are also prone to dioxirane oxidation, as illustrated by the
DMD oxidation of iodobenzene to a mixture of iodosobenzene and iodylbenzene
(Eq. 63).168 In contrast, alkyl iodides afford labile primary oxidation products,
which eliminate the oxidized iodine functionality resulting in alkenes (Eq. 64).169

In such oxidations, the alkene product may be converted to an epoxide, as illus-
trated when the cyclic iodide in Eq. 65 is oxidized by DMD (isol.).169 The
oxidation of iodocyclohexane by DMD (isol.) under nitrogen leads to the iodohy-
drin and diol as unexpected products (Eq. 66).168 The formation of iodohydrin,
the major product, clearly reveals that hypoiodous acid (HOI) is generated in situ,
which in turn adds to the liberated cyclohexene. Indeed, when methyl iodide
is oxidized by moist DMD (isol.) at subambient temperature in the presence
of cyclohexene, the corresponding iodohydrin is obtained (Eq. 67).170 When an
allene is used as substrate for this reaction, an allylic alcohol with a vinyl iodo
functional group is obtained in high yield (Eq. 68).171
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Alkanes and Silanes
One of the highlights of dioxirane chemistry is the facile oxidation of C–H

and Si–H σ bonds. Some typical examples of these oxidations are collected in
the rosette of Scheme 18. Both DMD (isol.) and TFD (isol.) are employed for
the oxidation of alkanes; TFD is more effective than DMD. In a few cases in
situ generated dioxiranes have also been employed for this purpose.

Alkanes. Usually, alkanes are difficult to functionalize, but dioxiranes, espe-
cially TFD (isol.), effect hydroxylation under mild conditions. Their reactivity
order follows the sequence primary < secondary < tertiary < benzylic < allylic
C–H bonds. Only one example of hydroxylation by TFD (isol.) at a primary posi-
tion of an unfunctionalized alkane (without secondary and tertiary C–H bonds)
appears to have been reported (Eq. 69);172 in contrast, papers on hydroxyla-
tion at a secondary position are relatively abundant. For example, cyclohexane
gives cyclohexanone as the only product in high yield (98%) under exceedingly
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Scheme 18. An overview of dioxirane oxidations of alkanes and silanes.
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mild conditions (Eq. 70). The primary oxidation product, namely cyclohexanol,
is more reactive toward dioxirane oxidation than cyclohexane. Oxidation of the
secondary alcohol may be circumvented by in situ acylation with trifluoroacetic
anhydride (Eq. 70). Related cycloalkanes follow this reactivity pattern.30,172,173

TFP, (CF3CO)2O, 
CH2Cl2, 0˚, 60 h

(> 99%)t-Bu
O
O

CF3

t-Bu
O CF3

O
(Eq. 69)

TFP, (CF3CO)2O, 
CH2Cl2, 0˚, 10 min

(> 99%)

O
O

CF3
O

TFP/CH2Cl2, 
–22˚, 18 min

O
O

CF3 O

(98%)

O

CF3

(Eq. 70)

When n-alkanes are used, a mixture of regioisomeric ketones is usually
obtained,172 unless the intermediary secondary alcohols are again protected in situ
through acylation (Eq. 71).173 Oxidation of bicyclic substrates usually affords a
mixture of diastereomers (Eq. 72).30 That the hydroxylation of a tertiary C–H
bond is preferred over primary and secondary C–H bonds is exemplified in the
oxidation of cis-1,2-dimethylcyclohexane by either DMD (isol.)174 or TFD (isol.)
(Eq. 73).30 The resulting tertiary alcohol of this C–H insertion also demonstrates
that oxygen transfer takes place stereoselectively, i.e., with complete retention
at the stereogenic center. Absolute stereoretention has been rigorously confirmed
by employing optically active 2-phenylbutane as substrate (Eq. 74).31
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TFP/CH2Cl2, 
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(Eq. 74)

Benzylic C–H bonds are particularly reactive toward dioxirane oxidation,
with numerous examples documented in the literature.175 A preparatively
useful approach is shown in Eq. 75, in which a benzhydryl C–H bond is
oxyfunctionalized.176

O
O

acetone, rt, 24 h
(87%)

O

O

(Eq. 75)

The oxidation of alkanes by dioxiranes is a convenient and useful method in
organic synthesis. For example, the polycyclic substrate in Eq. 76177 is hydroxy-
lated in near quantitative yield by DMD (isol.). Such a transformation would be
difficult to realize with conventional oxidants. Similarly, all four bridgehead posi-
tions in adamantane may be hydroxylated by TFD (isol.) on repetitive oxidation,
affording the tetrahydroxy derivative.178

O
O

(98%)
acetone, ca. 20˚, 2 h

HO

(Eq. 76)

Tertiary C–H bonds in the side chains of several steroids have also been
selectively hydroxylated (Eq. 77).179 In the absence of such C–H bonds, the
tertiary C–H bond at the junction of the A and B rings is hydroxylated (Eq. 78).180

This chemoselectivity derives presumably from steric factors, since the tertiary
C–H bond in the side chain is sterically more exposed.
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Carbon-hydrogen bonds adjacent to functional groups on the carbon atom
are usually more reactive toward dioxirane oxidation, as has already been illus-
trated for alcohols. Primary alcohols, although much less reactive compared to
secondary alcohols, are oxidized to aldehydes and/or carboxylic acids (Eq. 79).29

O
O

CF3

(83%)
CH2Cl2/TFP, 
–20˚, 90 min

(5%)
OH CHO CO2H

+ (Eq. 79)

The same reaction may be responsible for the slow decomposition of DMD
(isol.) in methanol.181 Consequently, primary and secondary alcohols are not rec-
ommended as solvents for conducting oxidations with DMD (isol.) and especially
TFD (isol.).

The oxidation of secondary alcohols, which is actually a very facile reaction,
leads to the corresponding ketone as the product; expectedly, the tertiary hydroxy
functionality is not oxidized (Eq. 80).182 The reactivity difference between pri-
mary and secondary alcohols may be exploited for chemoselective oxidation,
as shown in Eq. 81.183 Such oxidative transformations of vicinal diols to the
corresponding α-hydroxy carbonyl products are particularly useful in organic
synthesis, since the latter comprise valuable building blocks. In view of the mild
oxidation conditions, this transformation has been employed for the preparation
of optically active α-hydroxy ketones from the corresponding diols, as exem-
plified in Eq. 82.184 Since the requisite enantioenriched diols may be readily
obtained by a Sharpless dihydroxylation, this oxidation constitutes a convenient
and effective entry into non-racemic α-hydroxy ketones.
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(Eq. 82)

Oxidation of C–H bonds is usually more difficult than epoxidation; how-
ever, steric effects can cause allylic C–H oxidation to compete efficiently with
epoxidation.185 In the reaction shown in Eq. 83 the large silyl group directs
the DMD oxidation preferably toward C–H insertion (for a detailed discussion
see ref. 15).
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O
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 CH2Cl2/acetone,
–20˚, 3.5 h
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PhMe2Si
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< 5: > 95

(Eq. 83)

Conversion of the alcohol into the corresponding ether derivative reduces
reactivity; however, DMD (isol.), and even more so TFD (isol.), oxidize such
substrates to their respective carbonyl products (Eq. 84).186 Since even ethers,
such as diethyl ether and tetrahydrofuran, may be cleaved by dioxiranes, they are
not recommended as solvents for dioxirane oxidations. Indeed, for the successful
preparation of TFD (isol.), use of ether-free 1,1,1-trifluoropropan-2-one (TFP)
is essential.187 Nevertheless, when properly controlled, oxidation of ethers pro-
vides a useful method for the deprotection of the benzyl group in carbohydrates
(Eq. 85).188,189
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Acetals of vicinal diols are also subject to α-oxidation by dioxirane, especially
with the more reactive TFD (isol.). For example, oxidative cleavage of an acetal
functionality to the corresponding α-hydroxy ketone (Eq. 86)190 constitutes a
convenient deprotection protocol, coupled with an alcohol oxidation. Like the
oxidation of vicinal diols, the second stereogenic center is preserved. Although
further oxidation of α-hydroxy ketones to 1,2-diketones is possible, such reactions
are sluggish because of electronic reasons, in that the α-carbonyl group deacti-
vates the C–H bond. Thus, 1,2-diketones are not usually formed in appreciable
amounts in the dioxirane oxidation of vicinal diols or their acetals.184,190
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Dioxirane oxidation of the acetals of aldehydes leads to esters (Eq. 87);189,191

similarly, oxidation of orthoformates furnishes carbonates (Eq. 88).191
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0˚, 2 h
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EtO OEt
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EtO OEt
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(Eq. 88)

Direct oxidation of the C–H bond in an amine is not feasible given the much
higher reactivity of the nitrogen atom; however, protection of the amino group
as the ammonium salt (strongly acidic conditions must be used to tie up all
of the amine) or as an amide will suppress the nitrogen oxidation effectively
(for a detailed discussion of chemoselective dioxirane oxidation see ref. 15).
A typical example is shown in Eq. 89.192 Unlike for alcohols, the α-hydroxylation
of an amine is rare. One such example is shown in Eq. 90,93 for which the
hydroxylation is made possible by protection of the amine as a carbamate.

(97%)NH2 NH2
HO

1. HBF4, aq. MeCN (pH 2–3), 0˚
2. TFD, TFP/CH2Cl2, rt, 3 h

3. Na2CO3, CH2Cl2, rt, 5 h
(Eq. 89)
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The acidic C–H bond of 1,3-dicarbonyl compounds is also reactive toward
dioxirane (both isolated and in situ generated) oxidation (Eq. 91).193 Although
the oxidation appears like a C–H insertion, the possibility that epoxidation of
the enolate is involved cannot be ruled out. The fact that this oxidation may
be catalyzed by either Ni(OAc)2 or Ni(acac)2 implies involvement of enolate
intermediates.194
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O (Eq. 91)

As is evident from the above discussion, C–H oxidation is a highly chemo-
selective reaction. The chemoselectivity is mainly governed by the reactivity of
the chemically different C–H bonds, and sometimes by steric factors when the
reactivities are similar. In the special situation illustrated in Eq. 92,195 an in situ
generated intramolecular dioxirane chemoselectively oxidizes the C–H bond at
the δ site rather than the usually more reactive tertiary hydrogen (γ site) because
of a more favorable concerted six-membered cyclic transition state.195 Moreover,
the equatorial C–H bond is preferentially oxidized such that the trans product
dominates.
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As C–H oxidation by dioxiranes is a stereoselective reaction, an attractive
opportunity arises to carry out enantioselective C–H oxidations by employing
optically active dioxiranes; however, such asymmetric C–H oxidations by dioxi-
ranes are still largely unexplored. The only known example of enantioselective
C–H oxidation appears to be the oxidation of vicinal diols by an in situ generated
fructose-derived dioxirane.196,197 Through either the desymmetrization of meso-
diols (Eq. 93) or the kinetic resolution of racemic diols (Eq. 94), enantioenriched
α-hydroxy ketones may be obtained in up to 71% ee.197 The desymmetriza-
tion of the acetals of meso-diols leads to higher enantioselectivities compared
with that of meso-diols, but the conversion is lower because of their reduced
reactivity.197

buffer (pH 10.5)/MeCN, 0˚, 3 h
(95%)  58% ee

F

F

OH

OH

F

F

OH

O

meso

KHSO5, K2CO3

(3.0 eq),

O

O
O

O

O
O

(Eq. 93)

(31%)  71% ee

F

F

OH
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F

F

OH

O
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KHSO5, K2CO3

buffer (pH 10.5)/MeCN, 0˚, 3 h

(3.0 eq),

O

O
O

O

O
O

(Eq. 94)

Since presently not much is known about enantioselective C–H oxidation with
optically active dioxiranes, more research in this important area is needed. Anal-
ogous to the recent development of dioxirane-mediated asymmetric epoxidations,
we expect progress in asymmetric C–H functionalization with chiral dioxiranes
in the near future. The problem resides in designing more persistent and reactive
optically active ketones as the dioxirane precursors.

Silanes. The Si–H bond in silanes is weaker than the C–H bond in alka-
nes; therefore, the oxidation of silanes is more facile. Nevertheless, only a few
examples of silane oxidation by dioxiranes are known. Oxidation of dimethyl-
phenylsilane by TFD (isol.)39 or DMD (isol.)198 affords the silanol in high yield,
as shown in Eq. 95. As in the case of C–H oxidation, TFD is significantly more
reactive than DMD toward the Si–H bond. The mild and neutral conditions lead
exclusively to silanol product without any formation of disiloxane.
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 , TFP/CH2Cl2, –20˚, < 1 min
or

(> 98%)Ph
Me
Si H
Me

Ph
Me
Si OH
Me

O
O

CF3

, acetone, 0˚, 0.5 hO
O

(Eq. 95)

Like C–H oxidation, Si–H oxidation of silanes by dioxirane is also stereoselec-
tive. As displayed in Eq. 96, the original configuration of the silane is preserved
during the oxidation.39 The hydroxylation of silanes has also been applied to
organometallic substrates (see the following section).

TFP/CH2Cl2, –20˚, < 1 min
(> 98%)  97% ee

O
O

CF3Ph
Si

H
Me

Ph
Si

OH
Me

96.5% ee

(Eq. 96)

Organometallic Compounds
Oxidation of organometallic compounds by dioxiranes is usually more com-

plex since both the metal center as well as the organic ligands may be oxidized.
The examples presented in this section include both types of oxidations. Unless
redox chemistry at the metal center complicates matters, the more electron-rich
organic ligand in the organometallic complex usually undergoes direct oxida-
tion (epoxidation, heteroatom oxidation, σ -bond insertion) by the dioxirane more
readily than the metal center. In the case of highly reactive electron-rich alkenes,
direct non-selective epoxidation prevails.

Dioxirane oxidation of the metal center leads to a higher oxidation state of the
metal. For example, the DMD oxidation of a manganese(II) porphyrin complex
at subambient temperature leads to the manganese(IV) derivative in quantitative
yield (Eq. 97).199 Analogously, manganese(III) and iron complexes are oxidized
under similar conditions.199 The use of DMD (isol.) as a stoichiometric oxygen
donor in the Jacobsen–Katsuki epoxidation with the manganese-salen catalyst
enables the enantioselective epoxidation of prochiral olefins under homogeneous
conditions.200–203 Since the oxidation of the manganese is much faster than the
epoxidation of the olefin, good to excellent enantiomeric excesses are obtained
for the epoxides.200–203

acetone, –50˚ to –20˚
TPP = Tetraphenylporphyrin

(100%)

O
O

MnII(TPP) MnIV(TPP)O (Eq. 97)

Dioxirane oxidation of metal-carbene complexes usually leads to demetal-
lation.204–207 A specific example of such an oxidation by DMD (isol.) is shown
in Eq. 98.204 When the ligands of the metal complex contain a functionality that
is more prone to oxidation, demetallation may be suppressed (Eq. 99).208 With



38 ORGANIC REACTIONS

even an excess of DMD (2.2 equiv.), a mixture of sulfoxide and the sulfone
products is formed exclusively (93% yield) without demetallation.208

acetone, 20˚, 3 h
(97%)

O
O

(CO)5Cr
OEt

Ph
PhCO2Et (Eq. 98)

acetone, –78˚, 
10 min

(80%)

O
O

(CO)5Cr
(CH2)3SPh

N
(1.2 eq)

(CO)5Cr
(CH2)3SOPh

N +

(20%)

(CO)5Cr
(CH2)3SO2Ph

N

(Eq. 99)
In an unusual example, the niobium complex shown in Eq. 100 is oxidized by

TFD (isol.) to the metallaoxirane.209 Selective oxidative decarbonylation reactions
of several rhenium and molybdenum carbonyl complexes by DMD (isol.) have
also been observed; a particular case for rhenium is given in Eq. 101.210

Nb
•

Ph Ph

H

TFP/Et2O, rt

O
O

CF3Me3Si
Nb

Ph Ph

HMe3Si

O (—) (Eq. 100)

acetone, 0˚

O
O

Re
OC CO

CO ReO3

(74%) (Eq. 101)

The dioxirane oxidation of ligands in organometallic complexes is more abun-
dant. The chemical nature of the ligand determines whether the oxidation takes
place at a π bond (epoxidation), at a lone pair (heteroatom oxidation), or at a
σ bond (Si–H insertion).

Organometallic substrates with ligands that contain a reactive C=C double bond
may undergo epoxidation. For example, the tungsten complex shown in Eq. 102 is
epoxidized by DMD (isol.) in quantitative yield at ambient temperature.211 Sim-
ilarly, titanium enolates are functionalized by DMD (isol.) to the corresponding
α-hydroxy ketones after acidic workup (Eq. 103).212 When enantiomerically pure
enolates bearing titanium TADDOLates as chiral ligands are subjected to this oxi-
dation, enantiomerically enriched α-hydroxy ketones are obtained.212 If the metal
complex is sufficiently robust, even electron-poor double bonds may be epoxidized
under more strenuous conditions, as illustrated for the ferrocene derivative shown
in Eq. 104.213

acetone/CH2Cl2, 
20˚, 45 min
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O (100%)
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O
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H

N

N
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N

N

O (Eq. 102)
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acetone/THF, 
–78˚, 1 min

O
O

(50%)

OTi(OPr-i)3 O

OH

NH4F
H2O, rt

(Eq. 103)

acetone/CH2Cl2, 
Ar, 20˚, 6 h

O
O

(59%)Fe

(6 eq)
O

Fe

O
O

(Eq. 104)

When the C=C double bond is, however, directly coordinated to the metal
center, the reactivity drops. For example, oxidation of an iron complex by DMD
(isol.) takes place only at the more electron-rich furan ring (Eq. 105).214 Thus, the
iron-tricarbonyl fragment may be utilized as an oxidatively resistant protecting
group for the 1,3-diene functionality.

acetone, Ar, 1 min

O
O

(39%)O(CO)3Fe (CO)3Fe

OO

(Eq. 105)
Dioxirane oxidation of cyclopentadiene, ligands widely used in organometallic

complexes, has not been reported. Apparently, the complexed cyclopentadiene
ligand resists dioxirane oxidation. In contrast, the metal-coordinated triple bond
in a manganese-acetylene complex is oxidized by DMD (isol.) to a manganese-
carbene complex, as illustrated in Eq. 106.215

Mn (42%)
OC CO

Mn
OC CO

O

acetone/CH2Cl2, 
N2, –20˚, ca. 20 h

O
O (Eq. 106)

For ligands with a heteroatom functionality (sulfur, phosphorus, or nitrogen),
the heteroatom is usually the preferred site of dioxirane oxidation. These oxida-
tions usually follow the general trends presented in the section on Heteroatom
Substrates (see above); sulfides are oxidized to sulfoxides (Eq. 107)127 and/or
sulfones (Eq. 108),208 and phosphines to phosphine oxides (Eq. 109).216

(ca. 100%)
acetone,

–40˚ to 0˚, 45 min

O
O

RuPh2P S
Me

PPh2

+

PF6
–

Pr-i
RuPh2P S

Me
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+
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–

Pr-i
O

(Eq. 107)
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N
(CO)3Cr

S
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acetone, –78˚, 20 min

O
O

(2.2 eq) N
(CO)3Cr

S

Ph

O
O

(93%) (Eq. 108)

FeOC P
Pr-i

OC Bu-t

FeOC P
Pr-i

OC Bu-t
O

(84%)
acetone, N2, –78˚

O
O (Eq. 109)

A tertiary amine ligand affords the N -oxide with DMD (isol.), which may
eliminate hydroxylamine on warming to room temperature, thus generating the
vinyl group in the final product (Eq. 110).217 This result illustrates that the nitro-
gen functionality is more readily oxidized than an alkenyl double bond.

acetone, N2,
–78˚, 15 min

O
O (69%)

Cr(CO)3
H

NMe2

Cr(CO)3

 –78˚ to rt, 

 2 h

(0.95 eq)
(Eq. 110)

Notably, oxidation of a molybdenum complex having a molybdenum-
phosphorus triple bond occurs at the trivalent phosphorus ligand, affording the
corresponding complex with a P=O functionality (Eq. 111).218

acetone/CH2Cl2,
N2, –78˚

O
O

(74%)

N
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N Bu-t

N
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P
Mo

N
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N Bu-t

N
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(Eq. 111)

DMD (isol.) mediated oxidation of a ruthenium complex having both sulfide
and double-bond functionalities reveals once again that the sulfur atom is more
prone to oxidation than the C=C double bond, even though the sulfide function-
ality is coordinated to the metal center (Eq. 112).219 The corresponding epoxide
may only be obtained once the sulfur atom has been functionalized.219

Ru acetone, 20˚, 
2 to 20 d

O
O

Ph2P S
MePPh2

+

PF6
–

RuPh2P S
OPPh2

+

PF6
–Me (ca. 100%)

(Eq. 112)
Insertion of oxygen into Si–H with DMD or TFD when Si–H is a compo-

nent of an organometallic substrate has also been documented. For example,
organometallic complexes with silane ligands are successfully hydroxylated by
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DMD (isol.).220–227 A preparatively valuable example of the regioselective double
hydroxylation of a ferriodisilane is shown in Eq. 113.227
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–78˚ to rt, 50 min
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(Eq. 113)

Insertion into a CH bond of a ligand belonging to an organometallic compound
is much more difficult. The only case known to date is the TFD (isol.) oxidation of
the tungsten-boron complex in Eq. 114,211 in which hydroxylation of the pyrazole
ligand occurs.
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(Eq. 114)

COMPARISON WITH OTHER METHODS

The three reaction types of dioxiranes presented in this chapter, namely π-bond
oxidation (epoxidation) of allenes, acetylenes, and arenes, lone-pair oxidation
of heteroatom substrates (N, S, P heteroatoms), and σ -bond oxidation (CH/SiH
insertions) of alkanes and silanes, are quite different in their nature. Consequently,
in comparing the dioxirane performance with other oxidants, it is convenient and
even essential, to deal with these three classes separately in this subsection. It
should, however, be kept in mind that the general features are quite similar, such
that considerable overlap in the oxidative behavior exists for these substrates.

Allenes, Acetylenes, and Arenes
The dioxirane oxidation of cumulenes, acetylenes, and aromatic compounds all

entail initial formation of epoxides. Some of these epoxides are rather labile and
the final oxidation product may be structurally altered. Such functionalizations are
to be classified as epoxidation reactions, which have been thoroughly covered in
a previous chapter on dioxirane chemistry.15 The interested reader should consult
that coverage for details; herein we reiterate only the more specifically applicable
features in regard to oxidants other than dioxiranes.

As cumulenes and arenes are more sluggishly epoxidized than alkenes, potent
oxidizing agents must be employed. For example, perhydrates (hexafluoroace-
tone/H2O2),228,229 oxaziridines,230–232 and the Payne oxidation reagents (MeCN/
H2O2/HO−)233–235 are hardly suitable. In addition, oxidations catalyzed by most
transition metals (Co, Cr, Mn, Mo, Ti,V, W) are relatively ineffective for these
substrates. An exception is rhenium, which in the form of methyltrioxorhenium
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(MTO), efficiently oxidizes cumulenes and arenes, with the advantage that the
MTO/H2O2 oxidant operates catalytically.40

It is most unfortunate that the usually highly efficient enantioselective
Jacobsen–Katsuki epoxidation with chiral manganese-salen complexes is not
applicable to functionalize cumulenes and arenes to the corresponding optically
active oxidation products. Similarly, the optically active ketones (such as Shi’s
fructose-derived ketone132,236) employed in the catalytic, enantioselective, in situ
mode of epoxidation are also ineffective for these substrates because of their low
oxidative reactivity.

Peracids (most frequently mCPBA) are usually employed for the oxidation
of cumulenes, acetylenes, and arenes, but as already pointed out,77–86 isolated
dioxiranes are more advantageous for the preparation of labile epoxides. The
disadvantage of peracids resides in the fact that acid-sensitive substrates and/or
products must be avoided. When the acidity is buffered, the substrate and resulting
epoxide must resist hydrolysis. Such limitations are not an issue when isolated
dioxiranes are used, but the in situ mode of generating dioxiranes is subject to the
same disadvantages as for peracids. The benefits of dioxirane chemistry should
be conspicuous for the oxidation of allenes, acetylenes, and arenes.

Heteroatom Substrates
Of the substrates considered in this chapter, those with heteroatoms are the

easiest to oxidize, such that many oxidizing agents are available. For some het-
eroatoms, particularly divalent sulfur/selenium and more so trivalent phosphorus
compounds, even H2O2 without activation will do, although the rate of oxida-
tion is relatively slow. In the context of reactivity, dioxiranes present no definite
advantages as heteroatom oxidants over the traditional ones such as peracids237

and transition-metal catalysts.238 (For a detailed comparison of the reactivity and
selectivity of the methyltrioxorhenium (MTO) catalyst with dioxiranes, see a
recent review.40)

On the contrary, overoxidation by the more reactive dioxiranes may be a
more serious problem to control. Whereas sp3-type (amines, hydroxylamine,
hydrazines) and sp2-type (imines, oximes, hydrazones, heteroarenes) nitrogen-
containing substances are readily oxidized to a plethora of products, the direct oxi-
dation of the sp-type nitrogen atom in nitriles to the corresponding nitrile oxides
is still a difficult task even for the highly reactive TFD. Similarly, the oxidative
functionalization of amides and imides lacks suitable oxidizing agents, since
neither dioxiranes nor traditional oxidants serve this purpose.

A unique chemical property of dioxiranes is their propensity to oxidize oxygen-
type nucleophiles (e.g., HO2

−, RO2
−, RC(O)O2

−, ClO−) to molecular oxygen;
the latter is formed in the singlet-excited state, namely singlet oxygen.26,27 This
unusual transformation appears not to have an equivalent among other oxidants.
It is a consequence of the high electrophilic character of the dioxiranes, which
makes them amenable for attack by the oxygen-centered nucleophile on the per-
oxide bond of the dioxirane. Some amine N -oxides165 also engage in this type
of reaction and are deoxygenated into singlet-excited molecular oxygen and the
free amine, again a unique chemical behavior of dioxiranes.
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As for enantioselective oxidations, specifically sulfoxidation, the chiral dioxi-
ranes, such as Shi’s fructose-based dioxirane,132,236 are inferior to the asymmetric
oxygen transfer catalyzed by transition metals, namely the Ti(OR)4/t-BuO2H oxi-
dant (Kagan sulfoxidation239). The ability, however, to achieve the asymmetric
efficiency delivered by oxidative enzymes240 and microorganisms241,242 is still a
formidable task in oxidation chemistry, particularly for chiral dioxiranes. Nev-
ertheless, sulfoxides of high enantiomeric purity may be obtained through the
sequence of desymmetrizing a prochiral sulfide by complexation with a transi-
tion metal based chiral auxiliary, followed by DMD oxidation, and final removal
of the chiral auxiliary.126 Such methodology should be able to compete in efficacy
with the established protocols such as the Kagan enantioselective sulfoxidation.239

The dioxirane-related oxaziridines, which in optically active form deliver
sulfoxides with enantioselectivities up to 98% ee, are effective for asymmetric
sulfoxidation.243,244 Oxaziridinium salts also show promise and offer potential,
but, as yet, enantioselectivity of only about 35% ee has been achieved.245

Alkanes and Silanes
Indisputably, the greatest challenge in oxidation chemistry is still the direct

functionalization of unactivated C–H bonds. It is especially desirable to carry
out such insertion reactions enantioselectively under catalytic conditions. Nature
has perfected oxygen-atom insertions into C–H bonds by developing efficacious
enzymes for this purpose, namely the oxidases and oxygenases.246 Along these
lines, biomimetic oxidants based on chemical catalysts have been developed,247

most notably for the remote hydroxylation of steroids.248–250

Although as yet the dioxiranes do not offer a general method for the enan-
tioselective functionalization of hydrocarbons, it should be appreciated that these
readily accessible oxidants, especially the simple structures DMD and TFD, work
as impressively as they do. In this context, we reiterate that such non-metal-
catalyzed C–H insertions by dioxiranes may take place highly stereoselectively
as, for example, with complete retention of configuration in the hydroxylation of
(R)-2-phenylbutane (see Scheme 5) by DMD.37 Indeed, even a few asymmetric
C–H oxidations with optically active dioxiranes, such as Shi’s fructose-derived
system,196,197 have been reported to occur in substantial enantiomeric excess,
under quasi-catalytic conditions. These simple metal-free functionalizations of
alkanes approach the efficiency of enzymatic C–H insertions. However, their
catalytic efficiency still needs to be improved. The future challenges in dioxirane
chemistry lie in enhancing the catalytic reactivity of these oxidants to achieve
high enantioselectivity.

There are only a few alternative chemical methods that are competitive with
dioxiranes; most comprise metal-catalyzed and radical-type C–H oxidations. One
such method is the so-called “Gif oxidation,”251 which is of limited synthetic
utility because complex product mixtures are usually obtained.252 A detailed com-
parison of metal-catalyzed C–H insertion with methyltrioxorhenium (MTO) and
with dioxiranes has been made recently.40 Generally, the performance (reactivity,
selectivity) of the dioxiranes is better, but the MTO/H2O2 oxidant offers excel-
lent catalytic efficiency. An effective nonmetal-type C–H oxidation of alcohols
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to ketones is catalyzed by the TEMPO nitroxyl radical, which has the advantage
over dioxiranes that C=C double bonds may be present, since this reagent does
not effect epoxidation.253–263 In fact, this method may be used for the kinetic
resolution of secondary alcohols to afford ee values of up to 98% by engaging
chiral binaphthyl-based nitroxyl radicals.264

Silanes are more readily oxidized than alkanes, since the Si–H bond (ca. 77
kcal/mol) is considerably weaker than the C–H bond (ca. 99 kcal/mol). The
advantages of dioxiranes for oxygen insertion into Si–H bonds has been amply
emphasized;39,198 a competitive alternative is the catalytic MTO/H2O2 oxidant.40

For oxidation of optically active silanes, the urea/H2O2 adduct (UHP) should be
employed instead of hydrogen peroxide to obtain enantioselectivities comparable
to those of dioxiranes.199

EXPERIMENTAL CONDITIONS

Caution! The dioxiranes DMD and TFD are volatile peroxides and must be
handled with care. The oxidations should be carried out in a hood with good
ventilation. Inhalation and direct exposure to skin must be avoided! Although no
explosions have been reported for dioxiranes, all safety precautions should be
employed!

EXPERIMENTAL PROCEDURES

DMD (isol.)

acetone, 22˚, 20 h

O

+
O O

O

OH

CO2H
+(6%)(42%) (trace)

O

2-Hydroxy-2-methylpropanoic Acid [Oxidation of an Alkyne with DMD
(isol.)].63 To a magnetically stirred solution of 2-butyne (216 mg, 4.00 mmol)
in acetone (5.0 mL) in a 250-mL flask, was added a solution of DMD in ace-
tone (140 mL, 0.060 M, 8.40 mmol) at room temperature (ca. 22◦). The progress
of the reaction was followed by GLC analysis, which indicated the presence
of three products in the ratio of 10 : 15 : 75. After 20 hours, the excess acetone
was removed on a rotary evaporator (20◦, 15 mmHg), the dark yellow residue
(25 mL) was subjected to fractional distillation (80◦, 5 mmHg) to afford a color-
less material which solidified. The solid was recrystallized from CH2Cl2/hexane
to give 174 mg (42%) of 2-hydroxy-2-methylpropanoic acid as colorless nee-
dles, mp 77–79◦; 1H NMR (CDCl3) δ 1.50 (s, 6H), 6.30 (br s, 2H); 13C NMR
(CDCl3): δ 27.0, 72.2, 181.4; EIMS m/z (%): 89 (5), 59 (100), 45 (7), 44 (4),
43 (53).

The yellow distillate contained two other products, which were separated by
preparative GLC. One of the products was obtained in trace amount and identified
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as 1-oxiranylethanone: 1H NMR (CDCl3) δ 2.06 (s, 3H), 2.90 (dd, J = 5.7,
2.5 Hz, 1H), 3.01 (dd, J = 5.7, 4.7 Hz, 1H), 3.40 (dd, J = 4.6, 2.5 Hz, 1H);
13C NMR (CDCl3) δ 23.7, 45.8, 53.7, 205.5. EIMS m/z (%): 87 (M + H, 1), 86
(M+, 17), 85 (13), 71 (18), 55 (7), 53 (1), 44 (3), 43 (100).

The other product, 2,2,5,5-tetramethyl-1,3-dioxolane-4-one, was isolated by
distillation (80◦, 5 mmHg) as a colorless liquid (18 mg, 6%); IR (KBr) 2990,
2936, 1797, 1466, 1380, 1301, 1192, 1076, 1015, 931, 868, 838 cm−1; 1H NMR
(CDCl3) δ 1.48 (s, 6H), 1.58 (s, 6H); 13C NMR (CDCl3) δ 26.5, 28.6, 77.2,
109.3, 175.7; EIMS m/z (%): 130 (1.3), 129 (M–CH3, 22), 101 (20), 100 (8),
59 (81), 58 (39), 43 (100).

CF3COMe, CH2Cl2, 
0˚, 3 min

TFD (isol.)

O

+(83%) (13%)

O
H

H

H

H

cis-Bicyclo[5.3.0]decan-2-one [Oxidation of an Alkyne with TFD (isol.)].64

A 25-mL flask was charged with cyclodecyne (136 mg, 1.00 mmol) and a triflu-
oroacetone solution of TFD (isol.) (20.0 mL, 0.010 M, 2.00 mmol) at 0◦. After
magnetic stirring for 3 minutes, the volatiles were removed on a rotary evaporator
(10◦, 15 mmHg), and the residue was purified by column chromatography on sil-
ica gel, to give the title compound (126 mg, 83%); 13C NMR (50 MHz, CDCl3)
δ 21.0, 21.7, 22.1, 23.1, 28.0, 29.7, 43.4, 58.3, 59.2, 206.5. Further elution resulted
in isolation of cis-bicyclo[4.4.0]decan-2-one (22 mg, 13%): 13C NMR (50 MHz,
CDCl3) δ 24.5, 25.4, 26.2, 27.8, 32.5, 32.2, 40.4, 43.2, 54.6, 214.0.

HO O

OH
ODMD (isol.)

acetone, 20˚
(92%)

•

6-Hydroxy-2,2-dimethyl-3-oxacyclohexanone [Oxidation of an Allene with
DMD (isol.)].57 A 25-mL flask at 20◦ was charged with 5-methyl-3,4-hexadien-
1-ol (22 mg, 0.20 mmol) and a solution of DMD (12.0 mL, 0.100 M, 1.20 mmol)
under vigorous stirring. Removal of the solvent on a rotary evaporator (20◦,
15 mmHg), followed by chromatographic purification on silica gel, afforded
the title compound as a colorless liquid (26 mg, 92%); IR 3425, 1720, 1158,
1076 cm−1; 1H NMR (300 MHz, CDCl3) δ 1.37 (s, 3H), 1.39 (s, 3H), 1.99
(m, 1H), 2.51 (m, 1H), 3.20–3.80 (br s, 1H), 3.87 (ddd, J = 13.0, 5.0, 2.0 Hz,
1H), 4.05 (ddd, J = 13.0, 12.0, 4.0 Hz, 1H), 4.55 (dd, J = 12.0, 7.0 Hz, 1H);
13C NMR (75 MHz, CDCl3) δ 22.6, 23.8, 36.3, 59.0, 70.1, 80.3, 212.0. EIMS
m/z (%): 145 (14), 127 (9), 116 (10), 99 (2), 87 (11), 85 (5), 83 (100), 71 (3).
HRMS calcd for C7H13O3 (M + H), 145.0860, found 145.0865.
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HO
O

OH
DMD (isol.)

acetone, 20˚
(96%)

•
O

6-Hydroxy-5,5-dimethyl-3-oxacyclohexanone [Oxidation of an Allene with
DMD (isol.)].57 A 25-mL flask was charged at 20◦ with 2,2-dimethyl-3,4-
pentadien-1-ol (20 mg, 0.180 mmol) and a solution of DMD (18.0 mL, 0.100 M,
1.80 mmol) under vigorous magnetic stirring. Removal of the excess solvent
on a rotary evaporator (20◦, 15 mmHg), followed by chromatographic purifi-
cation on silica gel afforded 6-hydroxy-5,5-dimethyl-3-oxacyclohexanone as a
colorless liquid (25 mg, 96%); IR 3460, 1727, 1248, 1106 cm−1; 1H NMR
(300 MHz, CDCl3) δ 0.94 (s, 3H), 1.08 (s, 3H), 3.40–3.50 (br s, 1H), 3.63
(dd, J = 15.0, 12.0 Hz, 2H), 4.00 (dd, J = 14.4, 1.2 Hz, 1H), 4.02 (br s, 1H),
4.13 (dd, J = 14.4, 0.5 Hz, 1H); 13C NMR (75 MHz, CDCl3) δ 17.7, 22.6, 42.8,
72.7, 76.4, 81.0, 206.9. EIMS m/z (%): 145 (23), 144 (16), 127 (4), 101 (5), 85
(37), 71 (100). HRMS calcd for C7H13O3 (M + H), 145.0860, found 145.0865.

H

H DMD (isol.)

acetone, K2CO3, 20˚, 20 min
•

H

HO

O
(95%)

2,5-Hexamethylene-1,4-dioxaspiro[2.2]pentane [Diepoxidation of a Cyclic
Allene with DMD (isol.)].16 To a stirred solution of DMD (0.100 M, 4.44 mmol)
in acetone (40.0 mL) dried over K2CO3, was added the cyclic allene (112 mg,
0.900 mmol) at 20◦. Stirring was continued for 20 minutes at the same tempera-
ture. The solvent was removed on a rotary evaporator (20◦, 15 mmHg), and the
product was separated from the K2CO3 by triturating with ether (3 × 10 mL).
The combined ether triturates were filtered, dried (MgSO4), and concentrated
(20◦, 15 mmHg) to give the title compound (135 mg, 95%) as a colorless oil; IR
1626, 1605 cm−1; 1H NMR (300 MHz, CDCl3) δ 1.35–1.42 (m, 6H), 1.49–1.54
(m, 2H), 1.69–1.74 (m, 2H), 2.12–2.18 (m, 2H), 3.75 (dd, J = 6.4 Hz, 2H); 13C
NMR (75 MHz, CDCl3) δ 20.1, 24.7, 27.4, 60.1, 84.3; EIMS m/z (%): 154 (8),
130 (29), 98 (100), 82 (83), 69 (65). HRMS calcd for C9H14O2, 154.0994, found
154.1000.

O O

O
(100%)

DMD-d6 (isol.)

acetone-d6, N2, –78˚, 30 min

2,3-Epoxy-2,3-dihydro-2,3-dimethylbenzo[b]furan [Epoxidation of a Ben-
zofuran with DMD-d6 (isol.)].87 A 5-mm NMR tube was charged with an
acetone-d6 solution of 2,3-dimethylbenzo[b]furan (113 µL, 0.220 M, 25 µmol)
at −78◦ under a N2 atmosphere. By means of a syringe, a well-dried (over 4 Å
molecular sieves) DMD-d6 (isol.) solution in acetone-d6 (500 µL, 0.0500 M,
25 µmol) was added rapidly at −78◦. After 30 minutes, the NMR tube was
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submitted to low-temperature (−50◦) 13C-NMR spectroscopy, which revealed
that the olefinic carbon resonances in 2,3-dimethylbenzo[b]furan were replaced
by the characteristic epoxide resonances for the product. At temperatures higher
than 0◦, complete decomposition of the epoxide occurred within 30 minutes.

DMD (isol.)

acetone, 22˚, 1 h

O

(97%)

1,2-Epoxyacenaphthene [Epoxidation of an Arene with DMD (isol.)].265

To a magnetically stirred solution of acenaphthylene (611 mg, 4.02 mmol) in
acetone (5.0 mL) was added an acetone solution of DMD (66.0 mL, 0.0620 M,
4.09 mmol) at room temperature (ca. 20◦). The progress of the reaction was
monitored by GLC, which indicated that acenaphthylene was converted into its
1,2-epoxide within one hour. Removal of the solvent on a rotary evaporator (20◦,
15 mmHg) afforded a white solid, which was taken up into CH2Cl2 (30 mL) and
dried over Na2SO4. After removal of the drying agent, the solvent was removed
on a rotary evaporator first at 20◦, 15 mmHg and subsequently at 20◦, 5 mmHg,
to give the analytically pure oxide (654 mg, 97%), mp 83–84◦; 1H NMR (CDCl3)
δ 4.81 (s, 2H), 7.39–7.77 (m, 6H).

CH2Cl2, phosphate buffer,  
n-Bu4NHSO4, KOH, 

0-10˚, 5.5 h

O

O

O (84%)
KHSO5, Me2CO

Bisbenzo[3′,4′]cyclobuta[1′,2′:1,2:1′′,2′′:3,4]biphenyleno[1,8b-b:2,3-b ′:4,4
a-b ′′]trisoxirene [Epoxidation of an Arene with DMD (in situ)].67 To a
solution of tris(benzocyclobutadieno)cyclohexatriene (1.50 g, 5.06 mmol) in an
acetone/CH2Cl2 mixture (350 mL, 5 : 2 v/v) contained in a 1000-mL three-necked
flask were added phosphate buffer (50 mL) and tetra-n-butylammonium hydro-
gen sulfate (200 mg, 0.590 mmol). A solution of potassium monoperoxysulfate
(46.0 g, 30.2 mmol) in water (225 mL) was added dropwise under vigorous mag-
netic stirring at 0–10◦ over 1.5 hours. The pH was maintained at 7.5–8.5 by the
dropwise addition of an aqueous solution of KOH (2–3%). The reaction mixture
was stirred for an additional 4 hours and then mixed with an equal volume of
ice-cold water. The reaction mixture was extracted with CH2Cl2 (1 × 150 mL),
the extract was washed with ice-cold water (3 × 100 mL), and the combined
organic layers were dried (K2CO3). The solvent was removed on a rotary evapo-
rator (20◦, 15 mmHg) and the solid residue was purified by preparative TLC on
silica gel with CH2Cl2/hexane (1 : 1) as eluent. Recrystallization from the same
solvent mixture gave the oxide as colorless plates (1.48 g, 84%), mp 180–182◦;
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IR (KBr) 1613, 1512, 1495, 1463, 1430, 1339, 1261, 1154, 1094, 1003, 918,
861, 802, 751 cm−1; 1H NMR (400 MHz, CDCl3) δ 7.38 (m, 6H), 7.46 (m, 6H);
13C NMR (100 MHz, CDCl3) δ 76.3, 122.6, 131.5, 143.71. EIMS m/z (%): 348
(M+, 11), 316 (8), 261 (10), 248 (9), 176 (21), 175 (100), 174 (11), 156 (61),
135 (22), 127 (20), 123 (30), 121 (22), 107 (18), 85 (11), 73 (38).

t-BuO H
N

O

CO2Me

N
H

t-BuO H
N

O

CO2Me

N
H

O

DMD (isol.)

acetone, CH2Cl2, 
10˚, 2 d

(91%)

Methyl Boc-β-(2,3-dihydro-2-oxo-indol-3-yl)alaninate [Oxidation of an
Indole with DMD (isol.)].93 A 10-mL flask equipped with a magnetic stirring
bar was charged with a solution of Boc-Trp-OMe (292 mg, 0.910 mmol) in
CH2Cl2 (5.0 mL). After cooling to 10◦ by means of an ice bath, a freshly
prepared acetone solution of DMD (23.0 mL, 0.100 M, 2.30 mmol) was added.
Stirring was continued for 2 days at 10◦. The solvent was removed (10◦,
15 mmHg) and the residue was purified by flash column chromatography on
silica gel, with a mixture of EtOAc and hexane as eluent, to afford two
diastereoisomers (A : B = 1 : 1, 91% yield). Diastereomer A: [α]25

D − 221.4◦ (c
1.0, CHCl3); 1H NMR (200 MHz, CDCl3) δ 1.38 (s, 9H), 2.39–2.57 (m, 2H), 3.76
(s, 3H), 4.19–4.32 (m, 1H), 5.44 (s, 1H), 6.59–6.62 (m, 1H), 6.63–6.84 (m,
1H), 7.09–7.20 (m, 1H), 7.21–7.31 (m, 2H); 13C NMR (50 MHz, CDCl3):
δ 28.2, 41.4, 52.3, 59.8, 81.2, 84.3, 110.5, 119.4, 123.2, 130.3, 148.3, 154.1,
173.9, 175.2; EIMS m/z (%): 334 (M+, 18). Anal. Calcd for C17H22N2O5: C,
61.06, H, 6.63, N, 8.38. Found: C, 61.0, H, 6.59, N, 8.15.

Diastereomer B: [α]25
D + 83.6◦ (c 1.0, CHCl3); 1H NMR (200 MHz, CDCl3)

δ 1.42 (s, 9H), 2.57–2.64 (m, 2H), 3.64 (s, 3H), 4.58–4.78 (m, 1H), 5.30–5.45
(m, 1H), 6.88–7.05 (m, 2H), 7.12–7.32 (m, 2H); 13C NMR (50 MHz, CDCl3)
δ 28.2, 42.1, 52.2, 61.8, 81.6, 98.6, 115.1, 121.9, 123.2, 130.2, 149.1, 154.5,
172.4, 173.9; EIMS m/z (%): 334 (M+, 16). Anal. Calcd for C17H22N2O5: C,
61.06, H, 6.63, N, 8.38. Found: C, 61.10, H, 6.63, N, 8.19.

NO2NH2 (84%)
DMD (isol.)

acetone, 22˚, dark, 30 min

1-Nitrobutane [Oxidation of a Primary Aliphatic Amine with DMD
(isol.)].266 A 150-mL flask was charged with a solution of n-butylamine (52 mg,
0.700 mmol) in acetone (5.0 mL), and an acetone solution of DMD (95.0 mL,
0.050 M, 4.80 mmol). The mixture was stirred at room temperature (ca. 20◦) for
30 minutes in the dark. The solvent was removed on a rotary evaporator (20◦,
20 mmHg), to afford the title compound (62 mg, 84%).
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DMD (isol.)

acetone, 22˚, 12 h

NH2

NO2O2N

NO2

NO2O2N

(94%)

1,3,5-Trinitrobenzene [Oxidation of a Primary Aromatic Amine with DMD
(isol.)].101 To a stirred solution of 3,5-dinitroaniline (30 mg, 0.165 mmol) in
acetone (5.0 mL) was added an acetone solution of DMD (30.0 mL, 0.0600 M,
1.80 mmol) at room temperature (ca. 20◦). After the reaction mixture was stirred
for 12 hours, excess solvent was removed on a rotary evaporator (20◦, 15 mmHg),
and the residue was purified by preparative TLC on silica gel with CH2Cl2/hexane
(1 : 1) as eluent. The product streak was scraped from the plate and extracted from
the silica gel with CH2Cl2 (15 mL) that contained 5% methanol. Evaporation of
the volatiles under reduced pressure (20◦, 15 mmHg) gave 1,3,5-trinitrobenzene
(33 mg, 94%), mp 121–122◦.

NH2

OMe
NO2

OMe
Me2CO, n-Bu4NHSO4, pH 7.5-8.5

0˚, KOH, 45 min

KHSO5, (phosphate buffer)
(100%)

o-Nitroanisole [Oxidation of a Primary Aromatic Amine with DMD (in
situ)].267 A 500-mL, three-necked round-bottomed flask, fitted with two addition
funnels and a pH electrode, was charged with o-anisidine (1.10 mL, 10.0 mmol),
CH2Cl2 (100 mL), acetone (100 mL), an aqueous solution of sodium phosphate
(50 mL, 0.080 M), and tetra-n-butylammonium hydrogen sulfate (170 mg,
0.500 mmol). In one of the addition funnels was placed an aqueous solution of
KHSO5 (150 mL, 20.0 g, 32.0 mmol), and in the other an aqueous solution of
KOH (100 mL, 150 mL). After the mixture was cooled to 0◦, the aqueous solu-
tion of KHSO5 was added dropwise over 30 minutes, while maintaining the pH
between 7.5–8.5 by dropwise addition of an aqueous solution of KOH (2.00 N).
After addition, the mixture was stirred at the same temperature for 15 minutes and
then treated with 1 mL of methyl sulfide to destroy residual peroxide. The sus-
pended material was removed by filtration and the organic layer was washed with
water (50 mL), dried (MgSO4), and concentrated (20◦, 15 mmHg). The residue
was purified by column chromatography on silica gel (50 g) with CH2Cl2 as eluent
to afford o-nitroanisole (1.50 g, 100%).

N

OH

H
N

OH

O

(100%)
DMD (isol.)

acetone, 0˚, 30 min

1-Oxyl-2,2,6,6-tetramethyl-4-hydroxypiperidine [Oxidation of a Hindered
Secondary Amine with DMD (isol.)].97 To a magnetically stirred solution
of 2,2,6,6-tetramethylpiperidinol (312 mg, 2.00 mmol) in acetone (20 mL) in a
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100-mL flask was slowly added a pale yellow stock solution of DMD (60.0 mL,
0.0670 M, 4.00 mmol) at 0◦ (ice bath). The reaction mixture turned to deep
yellow within 10 minutes. After stirring was continued for another 30 minutes,
the solvent was removed on a rotary evaporator (20◦, 15 mmHg) to afford the
nitroxide (354 mg, 100%) as a bright yellow powder, mp 71–72◦.

N
N
O–

Me2CO, n-Bu4NHSO4, pH 7.5-8.5
22˚, KOH, 2 h

KHSO5, (phosphate buffer)
(93%)+

Pyridine N -Oxide, MethodA [Oxidation of Pyridine with DMD (in situ)].121

To a 500-mL, three-necked flask, equipped with a mechanical stirrer, was added
pyridine (1.00 g, 12.6 mmol), acetone (5 mL, 68.0 mmol), and phosphate buffer
(50 mL). An aqueous solution of potassium monoperoxysulfate (100 mL, 18.3 g,
29.8 mmol) was added dropwise by means of an addition funnel. Simultaneously,
an aqueous solution of KOH (1.00 N) was added in portions to maintain the pH
at 7.5–8.0. After completion of the addition, the reaction mixture was stirred for
2 hours, then extracted with CH2Cl2 (4 × 30 mL). The combined extracts were
dried (MgSO4) and concentrated (20◦, 15 mmHg). The residue was crystallized
from a CH2Cl2/hexane mixture to afford the pyridine oxide (1.10 g, 93%) as a white
crystalline solid, mp 64–65◦ (lit.268 mp 65–66◦); 1H NMR (60 MHz, CDCl3) δ

7.30–7.50 (m), 8.3–8.5 (m).

N
N
O–

DMD (isol.)

acetone, hexane, 22˚
(88%)+

Pyridine N -Oxide, Method B [Oxidation of Pyridine with DMD (isol.)].121

To a stirred mixture of an acetone solution of pyridine (0.50 mL, 0.200 M,
7.90 mg, 0.10 mmol) and a hexane solution of decane (0.50 mL, 0.100 M) was
added an acetone solution of DMD (1.00 mL, 0.116 M, 0.116 mmol) at room
temperature (ca. 20◦). The solvent was removed (20◦, 15 mmHg) leaving pyridine
N -oxide (8.4 mg, 88%).

S

DMD (isol.)

acetone, –20˚, 36 h S
O O

(100%)

Thiophene 1,1-Dioxide [Oxidation of Thiophene with DMD (isol.)].141 A
50-mL flask was charged with an acetone solution of thiophene (10.0 mL, 84 mg,
1.00 mmol) at −20◦ and an acetone solution of DMD (isol.) (30 mL, 0.100 M,
3.00 mmol) was added rapidly under magnetic stirring at −20◦. Stirring was con-
tinued at the same temperature for 36 hours. The solvent and unreacted DMD
were removed (below −40◦, 5 mmHg) to afford pure thiophene 1,1-dioxide as
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colorless plates (116 mg, ca. 100%); UV (CHCl3) 245 (870) and 288 (1070)
nm; IR (neat) 1152, 1306, 1327, 1530, 3100, 3175 cm−1; 1 H NMR (300 MHz,
CDCl3, −40◦) δ 6.53–6.61 (m, 2H), 6.75–6.83 (m, 2H); 13C NMR (100 MHz,
CDCl3, −40◦) δ 129.3, 113.1; HRMS calcd for C4H4O2S, 115.9932, found
115.9931.

S
Me

Et
N

OAc
S

Me

Et
N

OAcO–DMD (isol.)

acetone, rt, 2 h
(86%)

+

S -Ethyl-S -methyl-N -(acetyl)sulfoximine [Oxidation of a Sulfilimine with
DMD (isol.)].148 A 25-ml flask, supplied with a magnetic stirrer, was charged
with a solution of the substituted sulfilimine (20 mg, 0.150 mmol) in acetone
(5 mL). An acetone solution of DMD (4.0 mL, 0.080 M, 0.32 mmol) was added
dropwise at 0◦. The reaction mixture was stirred for 2 hours at room tempera-
ture; the reaction progress was monitored by TLC (silica gel). After complete
consumption of the sulfilimine, the solvent was removed (20◦, 15 mmHg) and the
residue was purified by column chromatography on silica gel with a mixture of
Et2O/MeOH (95 : 5) as eluent, affording the sulfoximine (20 mg, 86%) as an oil;
1H NMR (300 MHz, CDCl3) δ 1.40 (t, J = 7.0 Hz, 3H), 2.40 (s, 3H), 3.30 (s,
3H), 3.50 (q, J = 7.0 Hz, 2H), 7.20–7.80 (m, 4H). Anal. Calcd for C5H11NO2S:
C, 40.25, H, 7.43, N, 9.39. Found: C, 40.01, H, 7.33, N, 9.46.

S
O

Me
S

Me DMD (isol.)

acetone, 22˚
(65%)

Methyl Phenyl Sulfoxide [Oxidation of a Thioether with DMD (isol.)].121

A 10-mL flask was charged with a solution of phenyl methyl sulfide (13.6 mg,
0.11 mmol) in acetone (0.50 mL) and an acetone solution of DMD (0.58 mL,
0.189 M, 0.110 mmol) at ca. 20◦. The reaction mixture was stirred at room tem-
perature (ca. 22◦) until consumption of the sulfide was complete as determined by
GC analysis. The solvent was removed under reduced pressure (20◦, 15 mmHg)
and the crude product was purified by preparative TLC on silica gel by elution
with a mixture of hexane and EtOAc to afford the solid phenyl methyl sulfoxide
(11 mg, 65%).

P
OEt

OEt
O S

acetone, CH2Cl2,  
22˚, 5 min

DMD (isol.)
O2N P

OEt

OEt
O OO2N (100%)

Diethyl 4-Nitrophenylphosphate [Oxidation of a Thiophosphate with DMD
(isol.)].150 An acetone solution of DMD (200 mL, 0.100 M, 20.0 mmol), dried
over 4 Å molecular sieves, was added rapidly to a magnetically stirred dry CH2Cl2
solution of O,O-diethyl O-(4-nitrophenyl)thiophosphate (10.0 mL, 29 mg,
0.100 mmol) at room temperature (ca. 20◦). After standing for 5 minutes, the crude
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reaction mixture was diluted with pentane (10 mL) and dried (MgSO4). The drying
agent was removed by filtration and washed with pentane (5 mL), and the filtrate
was concentrated on a rotary evaporator (20◦, 15 mmHg), affording the title com-
pound (27 mg) in quantitative yield; 1H NMR (300 MHz, CDCl3) δ 1.38 (t, J = 7.0
Hz, 3H), 1.39 (t, J = 7.0 Hz, 3H), 4.25 (q, J = 7.0 Hz, 2H), 4.32 (q, J = 7.0 Hz,
2H), 7.38 (dd, J = 9.0 Hz, 1.0 Hz, 2H), 8.24 (dd, J = 9.0, 1.0 Hz, 2H); 13C NMR
(300 MHz, CDCl3) δ 15.9, 16.1, 65.2, 65.3, 120.4, 125.0, 148.2, 155.7; 31P NMR
δ −6.6.

Se
Se

DMD (isol.)

acetone, CH2Cl2, –50˚
(100%)

O
Ph

Ph Ph

Ph
Ph Ph

PhPh

Tetraphenylselenophene 1-Oxide [Oxidation of a Selenophene with DMD
(isol.)].155 A cold (−50◦) acetone solution of DMD (11.50 mL, 0.086 M,
1.00 mmol) was added to a cold (−50◦), vigorously stirred dry CH2Cl2 solution of
tetraphenylselenophene (2.0 mL, 435 mg, 1.00 mmol). After complete addition,
the solvent was removed (−40◦, 0.001 mmHg), to afford the title compound
(451 mg) in quantitative yield; IR (KBr) 3056, 1596, 1573, 1487, 1444, 817,
788, 761, 743, 710, 693 cm−1; 1H NMR (400 MHz, CDCl3) δ 6.91 (d, J = 7.2
Hz, 4H), 7.10 (t, J = 7.2 Hz, 4H), 7.16 (t, J = 7.2 Hz, 2H), 7.19–7.27 (m, 6H),
7.29–7.36 (m, 4H); 13C NMR (100 MHz, CDCl3) δ 128.0, 128.1, 128.6, 128.8,
129.4, 129.5, 131.9, 134.7, 147.2, 150.0; 77Se NMR (76 MHz, CDCl3) δ 1014.
Anal. Calcd for C28H20OSe: C, 74.50, H, 4.47. Found: C, 73.98, H, 4.44.

Se Bu-tt-Bu
Se

Se Bu-tt-Bu
Se

acetone, CH2Cl2,  
0-22˚, 30 min

DMD (isol.)

O

O

(ca. 100%)

1,6-Di-tert-butyl-2,2,5,5-tetramethyl-7,8-diselenabicyclo[4.1.1]octane
7-endo, 8-endo-Dioxide [Oxidation of a Selenoether with DMD (isol.)].134

To a stirred solution of the starting diselenetane (65 mg, 0.160 mmol) in CH2Cl2
(10 mL) was added an acetone solution of DMD (5.0 mL, 0.082 M, 0.410 mmol)
in three portions at 0◦. The mixture was warmed to room temperature (ca.
20◦) and magnetically stirred for 30 minutes. The solvent was removed (20◦,
20 mmHg) to give spectroscopically pure title compound (70 mg, ca. 100%)
as a colorless powder, which decomposed above 80◦; IR (KBr) 824 cm−1;
1H NMR (400 MHz, CDCl3) δ 1.23–1.30 (m, 2H), 1.47 (s, 6H), 1.51 (s, 18H),
1.73 (s, 6H), 4.30–4.37 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 28.4, 31.6,
35.4, 38.8, 43.9, 49.0, 97.3. Anal. Calcd for C18H34Se2O2: C, 49.09, H, 7.78.
Found: C, 48.63, H, 7.74.

Ph3P Ph3P O
DMD (isol.)

acetone, 22˚
(ca. 100%)
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Triphenylphosphine Oxide [Oxidation of a Phosphine with DMD (isol.)].121

To a stirred solution of triphenylphosphine (26 mg, 0.100 mmol) in acetone
(0.50 mL) was added a freshly prepared acetone solution of DMD (0.50 mL,
0.185 M, 6.9 mg, 0.0900 mmol) at room temperature (ca. 20◦). Capillary GC was
used to monitor the reaction progress by injecting 1.0-µL aliquots of the reaction
mixture at intervals of 15–30 minutes (the peak areas of the triphenylphosphine
and its oxide product were compared). Removal of the solvent (20◦, 15 mmHg)
afforded triphenylphosphine oxide (27.8 mg, ca. 100%).

N
Me

Me
O–

DMD (isol.)

CDCl3, 20˚
+  1O2   (0.33%)

+
NMe2

Singlet-Oxygen Generation by Oxidation of N,N -Dimethylaniline N -Oxide
with DMD (isol.).165 To a stirred solution of N ,N -dimethylaniline N -oxide
in CDCl3 (1.0 mL, 0.50 mM) was added a CDCl3 solution of DMD (0.080 M,
3 equiv.) at 20◦. The reaction mixture was magnetically stirred at this temperature
for 10 minutes. The consumption of the dioxirane was monitored by means of the
peroxide test (KI/HOAc), while the amount of singlet oxygen (0.33%) was deter-
mined by its characteristic IR chemiluminescence at 1268 nm using a photodiode
detector.

DMD (isol.)

acetone, CH2Cl2, 0˚
N

N

NHAc

O
O

OP

OAcOAc

O

O
O CO2Me

BzO
AcHN

N

N

NHAc

O
O

OP

OAcOAc

O

O
O CO2Me

BzO
AcHN

O (ca. 100%)

[(2S ,4S ,5S )-5-Acetylamino-4-benzoyloxy-2-methoxycarbonyltetrahydro-
pyran-2-yl] Propen-2-yl N -Acetyl-2′,3′-di-O-acetyl-5′-cytidylate [Oxidation
of a Phosphite to a Phosphate with DMD (isol.)].158 To a cold (0◦) stirred
solution of the starting phosphite (9.7 mg, 0.0120 mmol) in CH2Cl2 (1 mL) was
added an acetone solution of DMD (162 µL, 0.083 M, 0.0310 mmol) at 0◦.
After 10 minutes, the reaction mixture was concentrated on a rotary evapora-
tor (0◦, 15 mmHg) to give the title compound (9.9 mg, 100%) as a colorless
foam (the product was contaminated with the α-linked diastereomer); 1H NMR
(500 MHz, CDCl3) δ 1.89 (s, 4.3H), 1.91 (s, 3.2H), 2.02 (s, 6.6H), 2.08 (s, 12.0H),
2.15 (s, 15.2H), 2.22 (s, 4.4H), 2.25 (s, 3.7H), 2.74 (dd, J = 13.5, 4.8 Hz, 1H),
2.92 (dd, J = 13.7, 4.5 Hz, 1.4H), 3.32 (dd, J = 14.9, 4.4 Hz, 0.2H), 3.76–3.80
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(m, 1.8H), 3.80 (m, 1.8H), 3.82 (s, 3.4H), 3.85–3.90 (m, 1.8H), 4.18–4.22 (m,
2.6H), 4.29–4.49 (m, 10.2H), 4.54–4.63 (m, 4.0H), 4.69 (t, J = 7.4 Hz, 2.0H),
5.26–5.40 (m, 6.6H), 5.44 (d, J = 3.6 Hz, 2.5H), 5.47–5.54 (m, 1.5H), 5.64
(dd, J = 4.8, 4.0 Hz, 1.0H), 5.89–6.02 (m, 2.6H), 6.24 (d, J = 2.8 Hz, 1.0H),
6.37 (d, J = 6.2 Hz, 0.9H), 6.67 (d, J = 7.7 Hz, 0.8H), 6.95 (d, J = 8.7 Hz,
0.8H), 7.36–7.48 (m, 7.9H), 7.53–7.58 (m, 2.5H), 7.83 (d, J = 7.3 Hz, 0.5H),
7.92–8.02 (m, 5.4H), 8.56 (d, J = 7.7 Hz, 1.1H), 8.90 (s, 1.2H), 9.12 (s, 0.9H);
31P NMR (203 Hz, CDCl3) δ −4.54, −4.60.

I

SO2CF3

DMD (isol.)

acetone, Et2O, rt, 1 h SO2CF3
(58%)

1-[(Trifluoromethyl)sulfonyl]methylcyclohexene [Oxidation of an Iodo-
alkane with DMD (isol.)].169 A 10-mL flask, equipped with a magnetic stirring
bar, was charged at 25◦ with 356 mg (1.00 mmol) of trans-1-iodo-2-[(trifluoro-
methyl)sulfonyl]methylcyclohexane in ether (5 mL) and an acetone solution of
DMD (20.0 mL, 0.100 M, 2.00 mmol). After the mixture was stirred at 25◦ for
1 hour, the solvent was removed (10◦, 15 mmHg) and the product was dried to
give the title alkene (132 mg, 58%) as a colorless oil.

I I OH
+

OH OH

DMD (isol.)

acetone, N2, 22˚, 5 h
(43%) (4%)

trans-2-Iodocyclohexanol [Oxidation of Iodocyclohexane with DMD
(isol.)].168 A 25-mL, round-bottomed flask was charged with an acetone solution
of DMD (11.0 mL, 0.090 M, 1.0 mmol) at ca. 20◦ under a N2 atmosphere. While
stirring magnetically, the cyclohexyl iodide (210 mg, 1.00 mmol) was added.
After five hours, GLC analysis indicated formation of trans-2-iodocyclohexanol
(102 mg, 43%) and 1,2-cyclohexanediol (5 mg, 4%).

DMD (isol.)

acetone, 0˚, 2 h

O

O
N NMe2

O

O CN (92%)  93% ee

93% ee

(S )-4-Cyano-2,2-dimethyl-1,3-dioxalane [Conversion of a Hydrazone into
a Nitrile with DMD (isol.)].113 A cold (0◦) solution of DMD (0.100 M,
1.00 mmol) in acetone (10.0 mL) was added to a cold (0◦) acetone solution
of (+)-2,3-O-isopropylidene-D-glyceraldehyde N ,N -dimethylhydrazone (5 mL,
86 mg, 0.50 mmol, enantiomeric purity 93%) with vigorous magnetic stirring.
The reaction progress was monitored by GLC analysis, which indicated that the
starting material was converted into the nitrile product within 2 hours. Removal
of the acetone on a rotary evaporator (20◦, 15 mmHg) afforded the title compound
(58 mg, 92%); [α]D + 1.36 (c 1.33, CHCl3), 93% optically pure.



DIOXIRANE OXIDATIONS OF COMPOUNDS OTHER THAN ALKENES 55

Cl
NC

Ph

OH

H2O, DMF/THF/acetone
–70˚, 5 min

DMD (isol.)
+

Cl
NC

Ph

NO2

(87%) (3%)

PhCHMeCN +

Cl

NO2
t-BuOK

THF/DMF, Ar Cl
NC

Ph

N
–O O–+

2-(2-Chloro-4-hydroxyphenyl)-2-phenylpropionitrile [Tandem Nuleophilic
Addition/Conversion of a Nitrobenzene into a Phenol with DMD (isol.)].110

An oven dried, 100-mL, three-necked, round-bottom flask, equipped with a
magnetic stirring bar, was charged with t-BuOK (123 mg, 1.10 mmol) and
THF (20 mL) at −70◦ under an argon gas atmosphere. A solution of 2-
phenylpropionitrile (131 mg, 1.00 mmol) and 1-chloro-3-nitrobenzene (157 mg,
1.00 mmol) in DMF (1.0 mL) was added at −70◦ within 2 minutes via syringe.
The resulting mixture was magnetically stirred for 5 minutes, and a precooled
(−70◦) acetone solution of DMD (14.5 mL, 1.20 mmol, 0.0830 M) was added in
one portion. After 5 minutes, H2O (18.0 µL, 1.00 mmol) was added. The mixture
was stirred for an additional 5 minutes, hydrolyzed with saturated aqueous NH4Cl
(1.0 mL), raised to 20◦, and dried over MgSO4. The drying agent was removed
by filtration, washed with THF (3 × 20 mL), and the solvent was evaporated
(30◦, 12 mmHg). The residue was purified by chromatography on silica gel (4 : 1
hexane/EtOAc, followed by 2 : 1 hexane/EtOAc as eluents) to give the nitro
compound (8.6 mg, 3%) as a minor product, and the title phenol (223 mg, 87%)
as colorless flakes, mp 180–182◦; IR (KBr) 3375, 2236, 1607, 1575, 1495, 1430,
1312, 1291, 1215 cm−1; 1H NMR (200 MHz, CDCl3) δ 2.09 (s, 3H), 5.69 (br
s, 1H), 6.81–6.89 (dd, J = 8.6, 2.6 Hz, 1H), 6.91–6.94 (d, J = 2.6 Hz, 1H),
7.20–7.39 (m, 5H), 7.42–7.50 (d, J = 8.6 Hz, 1H); 13C NMR (50 MHz, CDCl3)
δ 29.6, 44.8, 113.9, 118.9, 122.0, 125.8, 127.5, 128.6, 128.8, 129.0, 135.3, 141.3,
156.5; EIMS m/z (%): 257 (M+), 242 (100), 222, 215, 207, 206, 195, 177, 165,
152, 89, 77. Anal. Calcd for C15H12ClNO: C, 69.91, H, 4.69, N, 5.43, Cl, 13.76.
Found: C, 69.74, H, 4.43, N, 5.29, Cl, 13.83.

Ph OMe

O O

PPh3

Ph OMe

O O
DMD (isol.)

acetone, CH2Cl2, rt, 1 h
HO OH

(ca.100%)

Methyl 3-Phenyl-2,2-dihydroxy-3-oxopropionate [Oxidation of a Phospho-
rane to a Ketone Hydrate with DMD (isol.)].159 A 25-mL, round-bottomed
flask was charged with a solution of methyl-3-oxo-3-phenyl-2-(triphenylphos-
phoranylidene)propionate (219 mg, 0.500 mmol) in CH2Cl2 (2.0 mL). Under
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vigorous magnetic stirring, an acetone solution of DMD (15.0 mL, 1.5 mmol,
0.100 M) was added and the stirring continued at room temperature for one hour
until all the starting material had been consumed as monitored by TLC. The reac-
tion mixture was concentrated (20◦, 15 mmHg) and the residue was purified by
flash column chromatography on silica gel (hexane/EtOAc, 1 : 1 as eluent) to give
the product as a yellow oil (105 mg, ca. 100%); IR (neat) 3600–3300, 3060, 2940,
1760, 1750, 1690, 1600, 1450, 1440, 1230, 1130, 1100, 1010 cm−1; 1H NMR
(CDCl3) δ 3.66 (s, 3H), 5.81 (br s, 2H), 7.38–7.44 (m, 2H), 7.54–7.58 (m, 1H),
8.05–8.08 (m, 2H); 13C NMR (CDCl3) δ 53.4, 91.9, 128.6, 129.0, 129.8, 131.1,
170.1, 191.4; HRMS (M + H) calcd for C10H10O5, 211.0603, found 211.0606.

DMD (isol.)

acetone, rt, 12 h
Ph

OH
Ph

OH
Ph

OH
Ph

O

(96%)

Benzoin. Method A [Oxidation of a Benzyl Alcohol to an Aryl Ketone
with DMD (isol.)].269 A 25-mL flask was charged with hydrobenzoin (214 mg,
1.00 mmol) in acetone (1.0 mL) at room temperature, and then a solution (at ca.
20◦) of DMD (1.50 mmol, 0.080 M) in acetone (19.0 mL) was added rapidly
under vigorous magnetic stirring. The solvent was removed by distillation (20◦,
15 mmHg) on a Vigreux column, and the residue was purified by flash column
chromatography on silica gel with 1 : 1 hexane/EtOAc as eluent, to afford the
benzoin (204 mg, 96%).

Ph

Ph Ph

Ph

O

O

OH

OH O

OHKHSO5, K2CO3

MeCN, Na2B4O7, Na2EDTA
n-Bu4NHSO4, 22˚, 3 h

(89%)  45% ee

O
O

O
O

(R)-Benzoin. Method B [Catalytic Asymmetric Oxidation of Hydroben-
zoin].197 To a MeCN solution of meso-hydrobenzoin (1.5 mL, 21.4 mg,
0.100 mmol) was added the ketone catalyst 1,2:4,5-bis-O-(1-methylethylidene)-
β-D-erythro-2,3-hexodiulo-2,6-pyranose (77.5 mg, 0.300 mmol), Bu4NHSO4

(1.5 mg, 4.0 µmol), and Na2B4O7 (1.0 mL, 0.050 M) in aqueous Na2EDTA (4 ×
10−4 M) while stirring magnetically at 0◦. Solutions of potassium monoperoxy
sulfate (92.0 mg, 0.150 mmol) and K2CO3 (87.0 mg, 0.630 mmol), each in
an aqueous solution (0.65 mL) of Na2EDTA (4 × 10−4 M), were added
simultaneously using syringes over a period of 2 hours. The mixture was stirred
for another hour and then diluted with H2O (20 mL), extracted with ether (3 × 20
mL), washed with H2O (2 × 10 mL), and dried over MgSO4. After removal of
the solvent on a rotary evaporator (20◦, 20 mmHg), the residue was purified by
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column chromatography (silica gel) to give the recovered ketone (40–60%) and
benzoin (18.9 mg, 89%), with an ee value of 45% for the R enantiomer.

O
H

AcO

AcO

O

OAc

OAc

O
H

AcO

AcO

O

OAc

OAc
OH

TFD (isol.)

CF3COMe, CH2Cl2
–30˚, dark, 5 h

(61%)

2,3,22,23-Tetra-O-acetyl-25-hydroxybrassinolide [Hydroxylation of a Ter-
tiary Carbon Center with TFD (isol.)].270 To a stirred solution of 2,3,22,23-
tetra-O-acetylbrassinolide (20 mg, 0.0300 mmol) in dry CH2Cl2 (0.40 mL) was
added dropwise a trifluoroacetone solution of TFD (0.20 mL, 0.50 M, 0.10 mmol)
at −30◦. The reaction mixture was stirred magnetically in the dark for 5 hours at
−30◦. The solvent was removed on a rotary evaporator (20◦, 15 mmHg), and the
residue was purified by flash chromatography on silica gel (2 : 1 hexane/EtOAc
as eluent) to give the title compound (12.5 mg, 61%) as colorless needles, mp
226–229◦; 1H NMR (600 MHz, CDCl3) δ 0.73 (s, 3H), 0.98 (s, 3H), 1.03
(d, J = 6.8 Hz, 3H), 1.04 (d, J = 7.3 Hz, 3H), 1.15 (s, 3H), 1.16 (m, 1H), 1.18
(m, 2H), 1.22 (s, 3H), 1.25 (m, 1H), 1.27 (m, 1H), 1.28 (m, 1H), 1.41 (m, 1H),
1.62 (m, 2H), 1.66 (dq, J = 7.3, 1.0 Hz, 1H), 1.68 (m, 1H) 1.73 (m, 1H), 1.75
(s, 1H), 1.76 (m, 1H), 1.92 (m, 1H), 1.93 (m, 1H), 1.98 (m, 1H), 2.00 (s, 6H),
2.02 (s, 3H), 2.09 (m, 1H), 2.11 (s, 3H), 2.29 (ddd, J = 15.1, 12.2, 2.4 Hz,
1H), 2.99 (dd, J = 12.2, 4.4 Hz, 1H), 4.04 (dd, J = 12.2, 9.3 Hz, 1H), 4.12 (dd,
J = 12.2, 1.0 Hz, 1H), 4.87 (ddd, J = 12.2, 4.4, 2.4 Hz, 1H), 5.12 (dd, J = 9.3,
1.0 Hz, 1H), 5.37 (m, 1H), 5.49 (dd, J = 9.3, 1.0 Hz, 1H); 13C NMR (150 MHz,
CDCl3) δ 9.1, 11.7, 12.7, 15.5, 20.8, 21.1, 21.2, 22.2, 24.7, 26.6, 28.1, 28.6, 29.3,
37.1, 38.4, 38.9, 39.2, 39.4, 42.1, 42.5, 43.4, 51.3, 52.4, 58.4, 68.0, 68.9, 70.4,
72.3, 72.4, 75.5, 170.0, 170.2, 170.5, 171.0, 175.0; HRMS (FAB) (M + H) calcd
for C36H57O11, 665.3901, found, 665.3900.

CF3COMe, CH2Cl2,
–20˚, 40 min

TFD (isol.)
+

OH

OH

OH

(91%) (3%)

1,3-Dihydroxyadamantane [Dihydroxylation of Adamantane with TFD
(isol.)].178 A solution of TFD (4.60 mL, 0.50 M, 2.30 mmol) in trifluoroace-
tone/CH2Cl2 (2 : 1 v/v) at −20◦ was added to a solution of adamantane (136 mg,
0.100 mmol) in CH2Cl2 (5 mL) also at −20◦, while stirring vigorously mag-
netically. The progress of the reaction was followed by GLC analysis, which
indicated that 97% of the adamantane was converted to its hydroxylated products
in 40 minutes. Removal of the solvent on a rotary evaporator (−20◦, 15 mmHg)
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afforded a mixture of the 1,3-dihydroxyadamantane (156 mg, 91%) and the
monohydroxy adamantane (4.6 mg, 3%).

OH O

O
O

O

O

O

KHSO5, NaHCO3

MeCN, H2O, Na2EDTA, 22˚, 3.5 h
(91%)

Cycloheptanone [Oxidation of a Secondary Alcohol to a Ketone under In
Situ Catalytic Conditions].52 To a vigorously stirred solution of cycloheptanol
(38.4 mg, 0.300 mmol) in MeCN (1.5 mL), was added an aqueous Na2EDTA
solution (4 × 10−4 M) of 7H -dibenzo[g,i]-1,5-dioxacycloundecin-5,8,11(9H )-
trione (catalyst, 1.0 mL, 17.6 mg, 0.0600 mmol) at room temperature (ca. 20◦).
A mixture of KHSO5 (282 mg, 0.600 mmol) and NaHCO3 (156 mg) was added
in portions, and consumption of the alcohol was complete after 4 hours as
confirmed by GLC analysis. The reaction mixture was poured into water (20 mL),
extracted with CH2Cl2 (3 × 30 mL), and dried (Na2SO4). After removal of the
solvent on a rotary evaporator (20◦, 15 mmHg), the residue was purified by
flash column chromatography (Et3N-buffered silica gel) to give cycloheptanone
(34.4 mg, 91%).

CO2Me

O

O OH
CO2Me

KHSO5, NaHCO3
(70%)

MeCN, H2O, Na2EDTA, 
22˚, 24 h

Methyl (S ∗,S ∗)-6-Ethyl-2-hydroxytetrahydropyran-2-carboxylate [Hydro-
xylation of a Secondary Carbon Center under In Situ Catalytic Conditions].195

To a magnetically stirred MeCN solution (30 mL) of methyl-2-oxo-octanoate
(86 mg, 0.50 mmol) was added an aqueous Na2EDTA solution (20 mL, 4 × 10−4

M), followed by a mixture of KHSO5 (1.54 g, 2.5 mmol) and NaHCO3 (0.65 g)
at ca. 20◦ over a period of 1 hour. After stirring for 24 hours, the reaction mix-
ture was poured into brine (10 mL) and extracted with EtOAc (3 × 30 mL). The
combined organic layers were dried (MgSO4), and the solvent was removed on a
rotary evaporator (20◦, 15 mmHg). The residue was purified by flash column chro-
matography on silica gel (1 : 4 EtOAc/hexane as eluent) to give the title compound
(66 mg, 70%) as a colorless syrup; 1H NMR (300 MHz, CDCl3) δ 0.89 (t, J = 7.5
Hz, 3H), 1.20–1.74 (m, 6H), 1.79–1.97 (m, 2H), 3.60 (s, 1H), 3.82 (s, 3H), 3.85
(m, 1H); 13C NMR (68 MHz, CDCl3) δ 9.8, 18.4, 28.8, 30.0, 30.4, 53.1, 72.5,
94.8, 171.7; EIMS m/z (%): 171 (M+ − OH, 14), 130 (12), 129 (100), 111 (41).

Si

Me

H
Ph

Si

Me

OH
Ph

(98%)  97% ee
DMD (isol.)

acetone, CH2Cl2, 0˚, 18 min
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(R)-Methylphenyl(1-naphthyl)silanol [Hydroxylation of a Silane with TFD
(isol.)].39 A cold (−20◦) 1,1,1-trifluoropropanone solution of TFD (80.0 mL,
0.500 M, 4.00 mmol) was rapidly added to a cold (−20◦) solution of 96.5%
optically pure (R)-methylphenyl(1-naphthyl)silane (0.992 g, 4.00 mmol) in dry
CH2Cl2 (30 mL). Capillary GC analysis indicated complete consumption of the
silane immediately on addition of the oxidant. Removal of the solvent on a
rotary evaporator (10–20◦, 80–100 mmHg) afforded very pure (97% ee) silanol
(1.03 g, 98%).

DMD (isol.)

acetone, 0˚
(74%)

ReOC
CO

CO ReO3

(η5-Pentamethylcyclopentadienyl)trioxorhenium [Oxidation of a Rhenium
Complex with DMD (isol.)].210 A 100-ml flask, equipped with a magnetic
stirring bar, was charged with a chilled (0◦) anhydrous acetone solution of
Cp∗Re(CO)3 (20 mL, 80 mg, 0.20 mmol) and an acetone solution of DMD
(25.0 mL, 0.05 M, 1.25 mmol) was added dropwise at 0◦. The reaction termi-
nated within a few minutes under immediate gas evolution, accompanied by a
slight darkening of the pale yellow solution. The solvent was removed on a
rotary evaporator (20◦, 15 mmHg) until a volume of ca. 3 mL remained. Hexane
(15 mL) was added to the residue, and the resulting solution cooled to 0◦ for
3 hours to afford the title compound (54 mg, 74%) as yellow needles; IR (KBr)
913 and 878 cm−1.

(CO)5Cr
OEt

Ph

Ph CO2Et
DMD (isol.)

acetone, O2, –20˚, 4 h
(90%)

Ethyl Phenylpropiolate [Oxidation of a Fischer Carbene Complex with
DMD (isol.)].205 To a vigorously stirred acetone solution of the Fischer car-
bene complex (10 mL, 99 mg, 0.28 mmol), previously filtered over Celite and
protected from light at −20◦, was added an acetone solution of DMD (13.6 mL,
0.041 M, 0.56 mmol) dropwise over 4 hours. The reaction progress was moni-
tored by TLC (silica gel), which indicated complete consumption of the complex
within minutes. The solvent was evaporated (room temperature, 20 mmHg), the
residue taken up in CH2Cl2 (10 mL), and the chromium oxides were removed by
filtration through Celite. The solvent was removed on a rotary evaporator (room
temperature, 20 mmHg) to afford pure ethyl phenylpropiolate (44 mg, 90%).

Fe acetone, toluene,
–78˚ to 22˚, 50 min

DMD (isol.)
(89%)

OC

Si
SiH3

CO

H
H

Fe
OC

Si
SiH3

CO

OH
OH
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[Dicarbonyl(η5-pentamethylcyclopentadienyl)ferrio]-1,1-dihydroxydisilane
[Hydroxylation of an Iron-Complexed Silane with DMD (isol.)].227 A cold
(−78◦) acetone solution of DMD (11.0 mL, 1.3 M, 0.84 mmol) was added to
a solution of Me5Cp(CO)2FeSi2H5 (130 mg, 0.420 mmol) in toluene (5 mL) at
−78◦ while stirring magnetically. After complete addition (ca. 10 minutes), the
color of the reaction mixture changed from yellow to orange. Subsequently, the
temperature of the reaction mixture was raised to ca. 20◦ and after 80 minutes a
material precipitated. The solvent was removed (20◦, 15 mmHg), the residue was
washed with pentane (10 mL) and dried over MgSO4 to give the title compound
(98 mg, 89%) as a yellow powder, mp 65–66◦; IR (toluene) 1931, 1986, 2107,
3479 cm−1; 1H NMR (400 MHz, benzene-d6) δ 3.57 (s, 1J (SiH) = 182 Hz,
3H), 2.28 (br s, 2H), 1.58 (s, 15H); 13C NMR (100 MHZ, benzene-d6) δ 9.7,
95.7, 215.9; 29Si NMR (benzene-d6) δ −95.26 (s), 96.70 (s). Anal. Calcd for
C12H20FeO4Si2: C, 42.35, H, 5.92. Found C, 42.26, H, 6.01.

TABULAR SURVEY

The oxidation of allenes, alkynes, arenes, heteroatom substrates, alkanes and
silanes, and organometallic compounds is presented in the appended tables. The
tabular survey covers the literature reported through March, 2005.

The tables are arranged in the order of the discussion in the section on Scope
and Limitations. Thus, the data on the oxidation of allenes and alkynes, arenes,
heteroatom substrates, alkanes and silanes, and organometallic compounds by
isolated dioxiranes (DMD and TFD) are presented in Tables 1A, 2A, 3A–3E,
4A, 5A, 5E, and 6. Oxidations with in situ generated dioxiranes of allenes,
alkynes, arenes, heteroatom substrates, and alkanes are shown in Tables 1B, 2B,
3F–H, 4B, and 5C. Regioselective oxidations of alkanes by isolated dioxiranes
are compiled in Table 5B. Asymmetric oxidations of alkanes by in situ gener-
ated dioxiranes are shown in Table 5D. Miscellaneous oxidations are presented
in Table 7.

The entries within each table are arranged in order of increasing carbon number
of the substrates. The carbon count is based on the total number of carbon atoms.
Yields of products are given in parentheses, and an em-dash (—) indicates that
no yield was reported in the original reference. Data on conversion (% conv.)
are included in the product column, preferentially in subtables, and labeled as
such. Ratios of different products or diastereomers are given without parentheses.
For those reactions that were carried out both with and without a co-solvent, the
cosolvent is enclosed in parentheses to indicate that its use is optional.

The following abbreviations are used in the tables:

Ac acetyl
Ad adamantyl
Bn benzyl
Bz benzoyl
Boc tert-butyloxycarbonyl
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Cbz benzyloxycarbonyl
Cp cyclopentadienyl
Cy cyclohexyl
de diastereomeric excess
DEK diethyl ketone
DMD dimethyldioxirane
DMD (in situ) in situ generated dioxirane
DMD (isol.) isolated dimethyldioxirane in acetone
DMD-d6 (isol.) isolated hexadeuterated dimethyldioxirane in acetone-d6

DMIPS dimethylisopropylsilyl
DMM dimethoxymethane
dr diastereomeric ratio
EDTA ethylenediaminetetraacetic acid
Na2EDTA disodium salt of ethylenediaminetetraacetic acid
F112 1,1,1,2-tetrachlorodifluoroethane
ee enantiomeric excess
LDA lithium diisopropylamide
Ms methanesulfonyl
MOM methoxymethyl
Naph naphthyl
NPhth N -phthalimido
Oxone potassium monoperoxysulfate (2KHSO5•KHSO4•K2SO4)
PMB p-methoxybenzyl
PMP p-methoxyphenyl
PG protecting group
PPTS pyridinium p-toluenesulfonate
TAS tris(dimethylamino)sulfonium difluorotrimethyl

siliconate
TBDPS tert-butyldiphenylsilyl
TBS tert-butyldimethylsilyl
TES triethylsilyl
Tf trifluoromethanesulfonyl (trifyl)
TFD methyl(trifluoromethyl)dioxirane
TFD (in situ) in situ generated methyl(trifluoromethyl)dioxirane
TFD (isol.) isolated methyl(trifluoromethyl)dioxirane
TFP 1,1,1-trifluoro-2-propanone
TIPS triisopropylsilyl
TMP tetramesitylporphyrin
TMS trimethylsilyl
Tp hydridotris(1-pyrazoylborate)
Tp* 3,5-dimethylhydridotris(1-pyrazoylborate)
TPP tetraphenylporphyrin
TPS triphenylsilyl
Ts p-toluenesulfonyl
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57, 953.
32 Minisci, F.; Zhao, L.; Fontana, F.; Bravo, A. Tetrahedron Lett. 1995, 36, 1697.
33 Minisci, F.; Zhao, L.; Fontana, F.; Bravo, A. Tetrahedron Lett. 1995, 36, 1895.
34 Bravo, A.; Fontana, F.; Fronza, G.; Miele, A.; Minisci, F. J. Chem. Soc., Chem. Commun.

1995, 1573.
35 Bravo, A.; Fontana, F.; Fronza, G.; Minisci, F.; Zhao, L. J. Org. Chem. 1998, 63, 254.
36 Curci, R.; Dinoi, A.; Fusco, C.; Lillo, M. A. Tetrahedron Lett. 1996, 37, 249.
37 Adam, W.; Curci, R.; D’Accolti, L.; Dinoi, A.; Fusco, C.; Gasparrini, F.; Kluge, R.; Paredes, R.;

Schulz, M.; Smerz, A. K.; Veloza, L. A.; Weinkötz, S.; Winde, R. Chem. Eur. J. 1997, 3, 105.
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Tetrahedron Lett. 1992, 33, 3021.
205 Gibert, M.; Ferrer, M.; Lluch, A.-M.; Sánchez-Baeza, F.; Messeguer, A. J . Org. Chem. 1999,

64, 1591.
206 Lluch, A.-M.; Gibert, M.; Sánchez-Baeza, F.; Messeguer, A. Tetrahedron 1996, 52, 3973.
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495 Schenk, W. A.; Dürr, M. Chem. Eur. J . 1997, 3, 713.
496 Murray, R. W.; Pillay, M. K. Tetrahedron Lett. 1988, 29, 15.



CHAPTER 2

ELECTROPHILIC FLUORINATION WITH N–F REAGENTS
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INTRODUCTION

The synthesis of selectively fluorinated molecules is an important challenge in
organic chemistry. This topic has received considerable attention because of the
utility of fluorinated compounds in a wide variety of disciplines. There are three
types of fluorinations depending on whether the fluorine atom is radical, anionic,
or cationic. Fluorine radicals are of little synthetic use because of the difficul-
ties in controlling their reactivity. Fluorine, which is the most electronegative
of all elements, is utilized in nucleophilic as well as electrophilic fluorinations.
Fluorine acts as an electrophile when it is polarized in a positive sense by com-
bination with a group containing electronegative elements. Molecular fluorine is
the simplest reagent of this type; however, its safe handling is difficult because
of its high toxicity, and its selectivity is poor because it leads to nonselective
radical processes.1 Therefore, stable, selective, and safe reagents are crucial to
the development of electrophilic fluorination.

A considerable number of electrophilic fluorinating agents have been reported.
Importantly, they are all made using molecular fluorine, which poses major
hazards for the nonspecialist. Initially, alternative sources of positive fluorine
were designed around reagents possessing the O–F moiety (i.e., fluoroxy per-
fluoroalkanes, acyl hypofluorites, and sulfonyl hypofluorites); however, several
limitations have precluded their widespread use and commercial production has
been discontinued.2 Subsequently, N–F reagents emerged as generally safer and
easier to handle selective sources of electrophilic fluorine. N–F reagents offer a
range of fluorinating powers, and some of them are available commercially. Two
classes of N–F reagents are known: neutral N–F reagents (R2N–F) and quaternary
ammonium N–F reagents (R3NF+A−). The electron density on the nitrogen can
be tuned by varying the adjacent groups. The fluorinating power of neutral N–F
reagents is increased by adjacent carbonyl or sulfonyl groups, with sulfonimides
providing the most electrophilic F+ donors. N -Fluoro quaternary ammonium salts
are usually more powerful electrophilic fluorinating reagents than those of the
neutral N–F class, with the exception of N -fluorobis(trifluoromethanesulfonyl)
imide [(CF3SO2)2NF], which is no longer commercially available. The popu-
larity of N–F reagents comes from the fact that they possess a long shelf life;
several are commercially available, and they can be handled safely in glass-
ware. The main drawback with N–F reagents is the preferential use of molec-
ular fluorine for their preparation, thus limiting their synthesis to specialized
laboratories.

This review deals with the preparation and the use of all types of electrophilic
fluorinating reagents possessing the N–F moiety. The synthesis of fluorinated
compounds by formation of a C–F bond by electrophilic fluorination is covered,
but the formation of heteroatom-F bonds (for example B–F, P–F, and S–F bonds)
is not. The chemistry of fluorine-18 organic compounds is not covered.3 – 5 Inor-
ganic N–F compounds such as trifluoroamine N -oxide,6,7 dinitrogen difluoride,8

fluorine nitrate,9 and tetrafluoroammonium or fluorodiazonium salts10 – 12 are not
considered in this chapter nor is the use of xenon difluoride and its homologs.13

Several reviews of electrophilic fluorination have been published.1,14 – 30
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MECHANISM

In electrophilic fluorination the symbol “F+” is often used to denote trans-
fer of fluorine, although neither free nor solvated fluoronium ion is believed to
be involved because of the very high molar enthalpy of formation of gaseous
fluoronium ion (1760 kJ mol−1). Since the introduction of the N–F reagents, the
mechanism of electrophilic fluorination has been the subject of controversy. There
are two possible mechanistic pathways (Eq. 1). Mechanism A involves the clas-
sical SN2 pathway and is invoked for the fluorination of nucleophilic substrates.
The displacement of X− in a direct attack by the nucleophile on the fluorine
atom is interpreted as a simple nucleophilic substitution reaction. Mechanism B
involves a single-electron transfer (SET) followed by a very fast recombination
of the radical derived from the nucleophile and the radical anion derived from the
F–X reagent in a tight pair within a solvent cage. The fluorine atom is transferred
to the nucleophilic moiety and the X residue leaves as an anion.

(A)

(B)

Nu–          F–X Nu ..... F ..... X
δ– δ–

Nu–F  +  X–

Nu–   +   F–X Nu•     F–X • – Nu–F  +  X–

(Eq. 1)

Alkyl and aryl Grignard reagents, which are prone to undergo SET, react with
N -fluoropyridinium salts (FP) to give the fluorinated products, whereas organo-
lithiums do not.31 The greater reactivity of FP toward Grignard reagents supports
the SET mechanism. However, organolithium reagents are also reported to react
by SET.32 Thus, caution should be taken when invoking the SET mechanism with
FP reagents. On the other hand, syntheses of fluorobenzene from phenyllithium
or phenylmagnesium bromide with N -fluoro-o-benzenedisulfonimide (NFOBS),
which give similar yields and small amounts of biphenyl, provide support for
the SN2 mechanism.33 Reactions of sodium diethyl phenylmalonate with various
N -fluoropyridinium triflates (FP-OTf) give the expected fluorinated products
along with diethyl phenyl(2-pyridyl)malonate or diethyl phenyl(4-pyridyl)malon-
ate byproducts that can be explained by the SET mechanism, as shown in Eq. 2.31

Ph(EtO2C)2C– Na+    +
N
F

R

TfO–
N
F

R

N
F

R

N
F

R

N

R

C(CO2Et)2Ph NR

C(CO2Et)2Ph

R

orPhCF(CO2Et)2 +

+

Ph(EtO2C)2C•

(Eq. 2)

The fluorination of enol derivatives with FP reagents proceeds through the
formation of a π-complex, followed successively by electron and fluorine radical
transfers (Eq. 3).31 The oxocarbenium salt undergoes subsequent conversion to
α-fluoro ketones (R1 = SiMe3, Ac) or to β-F alkylpyridinium salts (R1 = alkyl).
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An oxocarbenium salt that further rearranges has also been suggested in the reac-
tion of norbornene with 1-chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane
bis(tetrafluoroborate) (SelectfluorTM).34

N
F

R2

+
TfO–+

N F
R2

OR1

OR1

π-complex

+

OR1F +
+

TfO–

R1 = TMS, Ac

R1 = alkyl

OF

N

R2

+
TfO–

+

OR1F

N

R2

TfO–
+

R1

1. SET

2. fluorine radical transfer

N
R2 (Eq. 3)

Initial formation of a colored charge-transfer (CT) complex followed by an
SET mechanism was invoked in the reaction of alkenes and aromatics with N -
fluorobis[(perfluoroalkyl)sulfonyl]imides.35 Support for this hypothesis includes
the fact that 1,4-dinitrobenzene, an efficient electron-transfer quencher, inhibits
the fluorination of trans-β-methylstyrene.35 The ortho-directed fluorination of
N ,N -dimethylaniline by perfluoropiperidine was also explained in terms of
a localized single-electron transfer process within a CT complex.36 Further
evidence for the SET mechanism was found in the reaction of 2-naphthol
with N -fluoro-3,5-dichloropyridinium triflate (3,5-Cl2FP-OTf) in which the initial
orange color of the π-complex formed between the reagent and the substrate
disappears as fluorination proceeds.31 Similar conclusions have been drawn from
experiments with 2,6-dimethoxynaphthalene or 9-methylanthracene (Eq. 4).37,38

In these reactions, the fluorinating agent 3,5-Cl2FP-OTf interacts with electron-
rich aromatics to form electron-donor-acceptor complexes with characteristic CT
absorption bands. Photo-excitation at the CT band dramatically increases the rate
and yield of the fluorination.37

N

Cl Cl

F

+ TfO–+

N

Cl Cl

F

TfO–

colored CT complex

F

+    dimer (12%)(23%)

(Eq. 4)
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Electrospray ionization ESI-MS and ESI-MS/MS experiments were conducted
to monitor the reactions of triphenylethylene and tetraphenylethylene with Select-
fluorTM in which detection and characterization of radical cationic intermediates
support an SET mechanism for electrophilic fluorination as depicted in Eq. 5.39,40

Ph

Ph

R

Ph

R = H, Ph

Ph

Ph

R

Ph +SelectfluorTM F

Ph

Ph

R

Ph +
F

MeOH

Ph

Ph

R

Ph
FMeO

(Eq. 5)
Judicious experiments were carried out to analyze the question of SET vs.

nucleophilic substitution in electrophilic fluorination. A potassium ester enolate
containing a 5-hexenyl carbon chain was designed as a radical clock, which should
cyclize to a cyclopentylmethyl radical intermediate if electron transfer occurs. The
complete absence of the cyclic fluorinated product was considered as proof that
the fluorination does not occur via free-radical intermediates (Eq. 6).41,42

OBn

OK

SN2

SET

OBn

O

F
OBn

O

F F+

OBn

O

N–F

OBn

O

N–F

OBn

O

R

R = F, H

N–F

(21-45%) (18-31%)

(Eq. 6)

Radicals formed on hypersensitive radical probes containing a phenylcyclo-
propyl moiety are expected to trigger the opening of the cyclopropyl ring at a rate
of 1011 sec−1.43 However, no product characteristic of a radical process is found
in reactions of the cyclopropyl compound shown in Eq. 7 with SelectfluorTM or
with N -fluorobenzenesulfonimide (NFSI); formation of the fluorinated product
was ascribed to a two-electron process.

Ph
SET

X–F

Ph
F

MeO X–

Ph
F

MeO

MeOH

Ph

MeO
X–F

radical rearrangement
and F• transfer

Ph OMe

F OMeOMe

OMe

(45%)

2-electron
process

MeOH

X–F

(Eq. 7)
The mechanism of fluorine transfer between SelectfluorTM and dimethylenebi-

cyclo[3.3.1]nonane has been investigated by a semiempirical PM3 method.44 It
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was demonstrated that the mechanism corresponds to an SN2 substitution involv-
ing single-electron transfer synchronous with the cleavage of the N–F bond and
formation of the C–F bond. The arguments for an SN2 pathway are quite con-
vincing; however, the possibility of electron transfer followed by a very fast
recombination within a solvent cage to fluorinated products cannot be ruled
out. Computational QM/MM first-principle molecular dynamics and experimen-
tal investigations in the TADDOL-Ti catalyzed fluorination of β-keto esters with
SelectfluorTM strongly support an SET mechanism as a pathway for fluorine
transfer.45 One electron is removed from the neutral titanium-enolato complex
which acts as a reducing agent, whereas SelectfluorTM is the electron acceptor.
The resulting intermediate consists of a singlet diradical which recombines to
create the new carbon-fluorine bond (Eq. 8).
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(Eq. 8)

The lifetime of the intermediate radicals is estimated at a few femtoseconds,
104 times shorter than the time required for ring opening of the phenylcyclopropyl
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radical.45 It was concluded from these studies and from the fact that SelectfluorTM

lacks a polarizable π-electron donor center to stabilize the fluorine radical that the
unstabilized fluorine radical would combine immediately with the radical cation
resulting from an SET on the substrate.

The reaction of various types of substrates with different fluorinating agents
has been investigated; however, the question of mechanism is as yet unresolved
and it is possible that different substrates are fluorinated by different mechanisms.
The difference between mechanisms A and B (Eq. 1) can be very difficult to
establish, and even methods to study extremely fast reactions may not allow a
definitive elucidation of the mechanism of electrophilic fluorination.46

SCOPE AND LIMITATIONS

Electrophilic Fluorinating Agents
A wide range of substrates have been successfully fluorinated with elec-

trophilic fluorinating agents. The choice of a fluorinating agent is mainly deter-
mined by its fluorinating power and its availability. Whereas a reagent such as
N -fluorobis(trifluoromethanesulfonyl)imide, (CF3SO2)2NF, is much more reac-
tive than others, applications are limited because of its commercial unavailability.
Concerning the fluorinating power of N–F reagents, extensive qualitative infor-
mation has been obtained through their chemical and electrochemical reactivities,
and computational studies.20,47 – 55 The reaction of N–F class fluorinating reagents
with solvents has also been studied in detail.56

Chiral, enantiopure fluorinating agents are not discussed here, but will be
described in the enantioselectivity section (see later in the text).

N -Fluorosulfonamides and N -Fluorosulfonimides. The development of
these two classes of neutral N -fluoro compounds has been based on two princi-
ples: the enhancement of fluorinating power by decreasing the electron density
at the nitrogen atom, and the use of electron-withdrawing groups to stabilize the
resulting anion after the loss of fluorine from nitrogen. N -Fluorosulfonamides
(Fig. 1) are prepared by treatment of N -alkyl- or N -arylsulfonamides with molec-
ular fluorine57 – 59 or perchloryl fluoride, FClO3,60 under a variety of conditions.
The alkali metal salts of the parent sulfonamides can also be fluorinated with
molecular fluorine.61 Alternatively, a transfer fluorination of the potassium salts
of the sulfonamides with N -fluorobenzenesulfonimide gives the corresponding
N -fluorosulfonamides.62

N -Fluorosulfonamides are among the weakest fluorinating agents. This type
of N–F compound, which possesses only a single sulfonyl group and an N -
alkyl or N -aryl substituent, is not reactive enough to fluorinate less reactive
substrates such as enol ethers or arenes. In addition, since α-hydrogen atoms
are present in the N -alkyl residue, N -fluoro-N -alkylsulfonamide reagents read-
ily undergo hydrogen fluoride elimination by base. Use of a nonpolar solvent
or solvent mixture suppresses elimination.69 N -Fluorosulfonamides possessing
an N -tert-butyl group as the N -alkyl residue were designed to circumvent the
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Figure 1. N-Fluorosulfonamides.

elimination reaction, but the reagents were obtained in low yields. The three-step
preparation of the saccharin-derived N -fluorosultam shown in Eq. 9 furnishes
a versatile fluorinating agent; it shows increased stability since it lacks an α-
hydrogen atom.70,74 – 77 The fluorination step for its preparation is performed with
molecular fluorine diluted in nitrogen.74 The reaction can also be carried out with
perchloryl fluoride, FClO3, which presents drawbacks such as unwanted chlorina-
tion side-reactions, potential explosions, unavailability, and difficult handling.73

The saccharin-derived N -fluorosultam is a white crystalline solid melting at
114–116◦; the 19F NMR signal is at δ 9.8 ppm in CDCl3.70

O

NH
S
O2

N
S
O2

Cl

SOCl2, DMF cat.

dioxane, reflux, 2 d

(85%)

2 MeMgCl,

THF, 40°
NH

S
O2

(85%)

10% F2/N2, dry NaF, CHCl3/CFCl3, –40°
(74%)  or

N
S
O2

F
10% F2/He, CHCl3, NaF, –40°, 135 min

(100%)

(Eq. 9)
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N -Fluorosulfonimides constitute a superior class of electrophilic fluorinating
agents that are effective in the fluorination of aromatics, alkenes, carbanions, and
ketone enolates. The reactivity is enhanced by decreasing the electron density on
nitrogen by the two sulfonyl groups that also stabilize the resulting anion formed
by the loss of fluorine from nitrogen. In particular, N -fluorobis[(perfluoroalkyl)
sulfonyl]imides, (RfSO2)2NF, are some of the most powerful electrophilic flu-
orinating agents. Symmetric, dissymmetric, cyclic, and difunctional N -fluorobis
[(perfluoroalkyl)sulfonyl]imides are known (Fig. 2).63,78,79 They are all stable for
prolonged periods at room temperature and are preferably stored in fluoropolymer
plastic containers. Storage in Pyrex results in a slow etching of the glass.63

The preparation and characterization of N -fluoroimidodisulfuryl fluoride,
(FSO2)2NF, is described but its application in electrophilic fluorination is not
reported.80 N -Fluorobis(trifluoromethanesulfonyl)imide, (CF3SO2)2NF, is espe-
cially attractive because of its favorable physical properties and high reac-
tivity, but is no longer commercially available.63,78,81,82 A five-step synthesis
produces (CF3SO2)2NF in 76% yield based on the starting trifluoromethanesul-
fonyl fluoride. Formation of the N–F bond is accomplished by treating neat bis
(trifluoromethanesulfonyl)imide, (CF3SO2)2NH, with undiluted molecular fluo-
rine in a sealed metal bomb.81,83 Alternatively, fluorination of (CF3SO2)2NH
or its lithium salt with diluted molecular fluorine provides milder fluorination
conditions.84 The 19F NMR spectrum shows a signal at δ −33.7 ppm in CDCl3,
which is upfield from CFCl3 (internal standard).63

N -Fluorobis[(alkyl)sulfonyl]imides and N -fluorobis[(aryl)sulfonyl]imides are
hydrocarbon analogs of the above-mentioned class of reagents. The two most
extensively studied reagents of this class are N -fluorobenzenesulfonimide (NFSI)
and N -fluoro-o-benzenedisulfonimide (NFOBS) (Fig. 3). These reagents display
high reactivity, stability, and ease of preparation, and are the ones of choice for
the selective electrophilic monofluorination of enolates and carbanions.

Rf and Rf
' = CnF2n+1 (n = 1-30)

N F
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Figure 2. N-Fluorobis[(perfluoroalkyl)sulfonyl]imides.
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ELECTROPHILIC FLUORINATION WITH N–F REAGENTS 357

NFSI is one of the most popular fluorinating agents and is commercially avail-
able. It can be readily prepared in 70% yield by treatment of (bis)benzenesulfon-
imide in acetonitrile solution with 10% molecular fluorine in nitrogen at −40◦

(Eq. 10).85,86 N -Fluorosulfonimides can also be prepared from an alkali metal
salt of a sulfonimide.87 NFSI is a stable, easy-to-handle, crystalline solid that
is soluble in many common solvents. Its reactivity is situated between the N -
fluorobis[(perfluoroalkyl)sulfonyl]imides and the N -fluoroalkylsulfonamides.

10% F2/N2, MeCN

NaF, –40°
(70%)

PhSO2

N F
PhSO2

PhSO2

N H
PhSO2

(Eq. 10)

NFOBS is a stable, easily prepared, and commercially available fluorinat-
ing agent.33,88 o-Benzenedisulfonimide, the precursor of NFOBS, is prepared
in two steps from the dipotassium salt of o-benzenedisulfonic acid by con-
version to the disulfonyl chloride with phosphorus pentachloride followed by
treatment with an ethanolic ammonia solution. NFOBS is obtained by passing
molecular fluorine in nitrogen through a solution of o-benzenedisulfonimide in
trichlorofluoromethane/chloroform (1 : 1). Optimized conditions of concentration,
temperature, and time give NFOBS in better than 90% yield as a white crystalline
solid melting at 139–141◦ with decomposition (Eq. 11). The 19F NMR spectrum
shows a signal at δ −12 ppm in C6D6, which is upfield from CFCl3 (internal
standard).33,88
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–K+
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2. NH3, EtOH

(>84%)

3. Dowex 50 X 8 NaF, –40°, 2 h

(Eq. 11)
Other N -fluorobis[(alkyl)sulfonyl]imides include N -fluorobis(methanesulfo-

nyl)imide89 and N -fluoro[1,3,2]dithiazinane-1,1,3,3-tetraoxide89,90 (Fig. 3).

N -Fluorocarboxamides. N -Fluorocarboxamides have received little atten-
tion and have not gained much popularity except for 18F-N -fluorolactams, which
have found utility in the field of radiofluorination reactions.91 A number of N -
fluoroamides,66,92 N -fluorolactams,92 N -fluorocarbamates,93 and N -fluoroureas94

have been synthesized but have not been exploited as electrophilic fluorinating
agents. Similarly, the potential of N -fluoroperfluorosuccinimide and N -fluoroper-
fluoroglutarimide has not been studied (Fig. 4).95

For example, perfluoro-[N -fluoro-N -(4-pyridyl)acetamide] is prepared by
direct fluorination of the corresponding sodium salt with molecular fluorine.
Applications are limited to those reported by the group that synthesized this
reagent.96 On the other hand, N -fluoro-2-pyridone is obtained by reaction of
5% fluorine in nitrogen and 2-(trimethylsiloxy)pyridine in trichlorofluoromethane
at −78◦ (Eq. 12).97 It is a white solid melting at 50–53◦, and is used in the
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Figure 4. N-Fluorocarboxamides.

preparation of some fluoromalonates97 as well as in the fluorination of enam-
ines and Grignard reagents.98 The driving force for this fluorinating agent is
the rearomatization of the pyridine nucleus after fluorination. The 6-chloro and
3,4,5,6-tetrachloro derivatives are known but have not been used as fluorinating
agents.99

N O
H

N O
F

N OTMS

HMDS 5% F2/N2

CFCl3, –78°
(63%) (Eq. 12)

N -Fluorooxathiazinone dioxides (Fig. 4) are prepared by the fluorine or alkali
metal fluoride fluorination.100 – 102 They possess both a carbonyl and a sulfonyl
group that decreases the electron density on the nitrogen. Purification of these
reagents is rather difficult since they are not stable in air at room temperature, with
the exception of the fused-ring derivative that is a stable, effective fluorinating
agent obtained in 83% yield as a solid melting at 61◦.100 Various derivatives with
different substitution patterns on the aromatic ring have been synthesized.101

Fluorination of a variety of substrates can be carried out in a wide range of
solvents including apolar solvents such as hexane.

Neutral N -Fluoro Heterocycles. N -Fluoroperfluoropiperidine (Fig. 5) is the
first N–F compound reported to act as a fluorinating agent, but it has received
little attention because its preparation yield by Simons electrochemical fluorina-
tion in anhydrous hydrogen fluoride is only 13% from 2-fluoropyridine,103 – 105

and it is a volatile liquid boiling at 49.5◦. The morpholino analog of the piperi-
dine is also prepared by Simons electrochemical fluorination,106 as well as the
N -fluoroperfluoro-2,2,6,6-tetramethylpiperidine (Fig. 5, R = CF3).107 The latter
compound was devised to maximize the electrophilic character of the fluorine
atom of the NF group and to eliminate problems caused by the release of fluo-
ride or by dehydrofluorination. Polymeric analogs have been described, but are
difficult to prepare by a LaMar direct fluorination procedure (Fig. 5).108,109

The synthetic utility of N -fluoro-2,4-dinitroimidazole (NF-2,4-DNI) (Fig. 6)
has been tested in the fluorination of polycyclic aromatic hydrocarbons.110 This



ELECTROPHILIC FLUORINATION WITH N–F REAGENTS 359

N
F

F
O

N
F

F

N
F

F

CF3 CF3

R R

R = F, Me, CF3

N
F

F

CFCF2 n
C6F10

CFCF2 n

N
F

F

C6F10

CFCF2 n

NF
F

Figure 5. N-Fluoroperfluoropiperidines and N-Fluoroperfluoromorpholine.
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N NO2

O2N
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Figure 6. N-Fluoro-2,4-dinitroimidazole.

reagent is obtained as a white solid by fluorination of 2,4-dinitroimidazole with
5% molecular fluoride in nitrogen. The electron-withdrawing effect of the nitro
groups was expected to weaken the N–F bond, allowing transfer fluorination
under mild conditions.

N -Fluoroammonium Compounds. Because N -fluoroperfluoropiperidine
liberates the imidoyl fluoride perfluoro-1-azacyclohex-1-ene, which competes
with its progenitor for the substrate, N -fluoroammonium compounds capable of
effecting site-selective fluorination were sought. N -Fluoroammonium salts have
the advantage of releasing fairly innocuous tertiary amines. N -Fluoropiperidinium
chlorates (Fig. 7) are obtained by reaction of the piperidines with perchloryl
fluoride, but have not been exploited in electrophilic fluorination.111,112

N -Fluoroquinuclidinium fluoride (NFQN-F), which is obtained by direct fluo-
rination of quinuclidine in trichlorofluoromethane at low temperature (Scheme 1),
is an extremely hygroscopic, white solid melting at 126–128◦.113 It is also
not perceptibly soluble in a wide range of solvents.114,115 N -Fluoroammonium
trifluoroacetates and heptafluoropropionates are also hygroscopic and, like the
fluorides, are best manipulated by using dry-box techniques.114 Analogs obtained
by exchanging the fluoride counterion for another anionic species, including
BF4

−, Ph4B−, TfO−, PF6
−, FSO3

−, and CF3SO3
−, solve the hygroscopicity

and insolubility problems.114 On the other hand, N -fluoroquinuclidinium triflate

N
F R

+
X–

R = Me, Et, Bu
X = ClO3, Ph4B

Figure 7. N-Fluoropiperidinium salts.
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N
F
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n-C3F7CO2

–

N
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+ PF6
–

N
F

+ BF4
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1. F2, –78˚, CFCl3

2. NaBF4, MeCN
1. PF5, CH3CN, –196˚ to rt
2. F2, MeCN, –35˚

(63%) (66%)

(72%) (80%)

(47%) (86%)

Scheme 1. Preparation of N-fluoroquinuclidinium salts.

(NFQN-OTf) is a non-hygroscopic, white solid stable in air below 180◦ that is
easier to use than the corresponding fluoride.116,117 It is prepared in high yield
in a one-pot procedure (Scheme 1).117 Alternatively, fluorine smoothly attacks
quinuclidine pentafluorophosphorane in acetonitrile to give the corresponding
N -fluoroquinuclidinium hexafluorophosphate (NFQN-PF6) (Scheme 1); quinu-
clidine trifluoroborane and quinuclidine sulfur trioxide give the corresponding
N -fluoroquinuclidinium salts (NFQN-X, X = BF4, FSO3) (Scheme 1).118

N -Fluoroquinuclidinium tetrafluoroborate can also be prepared by transfer
fluorination of quinuclidine with SelectfluorTM in excellent yield (Eq. 13).119

N N
F

+
BF4

–

SelectfluorTM, MeCN, rt, 10 min
(96%) (Eq. 13)

Among diamine analogs of N -fluoroquinuclidine, the 1,4-difluoro-1,4-diazo-
niabicyclo[2.2.2]octane (or triethylenediamine, TEDA) salts (Fig. 8, R = F) pos-
sess a higher fluorine content and are more powerful by virtue of the strong
electron-withdrawing effect of the second FN+ group. However, the synthesis is
difficult and only one electrophilic fluorine is transferred per molecule because of
self-defluorination of the mono N -fluoro salt.120 – 123 Quaternization of one of the
two bridgehead nitrogens prior to fluorination provides a range of F-TEDA salts
having reactivity tuned through variation in the electronegativity of the quater-
nizing group; however, no persuasive evidence for a counter-anion effect was
noted (Fig. 8).124,125
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Figure 8. F-TEDA salts.

These reagents belong to the SelectfluorTM family, the best known of which is
1-chloromethyl-4-fluoro-1,4-diazoniabicyclo[2,2,2]octane bis(tetrafluoroborate),
which is simply called SelectfluorTM (Fig. 9). The second most popular fluorinat-
ing agent of this family is 1-fluoro-4-hydroxy-1,4-diazoniabicyclo[2,2,2]octane
bis(tetrafluoroborate), which is called AccufluorTM or NFTh (Fig. 9).126

Electrochemical studies51 and chemical behavior in fluorination of a wide
range of organic substrates indicate that the fluorinating power of SelectfluorTM

is superior to most of the N–F reagents and approaches closely that of
N -fluorobis[(trifluoromethyl)sulfonyl]imide. The fluorinating power within the
SelectfluorTM family increases with increasing electron-withdrawing power of
the R group (Me ≈ Et ≈ n-octyl < CH2Cl < CH2CF3). SelectfluorTM is a white
solid. It is a user-friendly, air- and moisture-stable, non-volatile, high-melting

N

N

CH2Cl
+

F

+
2 BF4

–
N

N

OH
+

F

+
2 BF4

–

SelectfluorTM AccufluorTM, NFTh

Figure 9. The two most popular F-TEDA salts.
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reagent (apparent mp 190◦
) capable of introducing fluorine into organic molecules

with a remarkably broad scope of reactivity.46,129,134,135 SelectfluorTM is very
soluble in cold water (176 g/L at 20◦

) and in dilute hydrochloric acid, moderately
soluble in acetonitrile (50 g/L at 20◦

), dimethylformamide, and slightly soluble
in acetone. It decomposes in dilute aqueous sodium hydroxide and reacts rapidly
with cold dimethyl sulfoxide and slowly with dimethylformamide on heating.134

In addition, it does not require special equipment or handling techniques. The
most convenient process for preparing SelectfluorTM is depicted in Eq. 14.
Chloromethylation of TEDA in refluxing dichloromethane is followed by anion
metathesis to incorporate the tetrafluoroborate anion. Then, fluorination is carried
out in acetonitrile at −35◦ in the presence of sodium tetrafluoroborate either in
a closed system with neat fluorine or using a flow method by passing a fluorine-
nitrogen blend through the solution (Eq. 14).130 – 132

N

N

CH2Cl
+

2 BF4
–

F

+

N

N

CH2Cl
+

BF4
–N

N

1. CH2Cl2, reflux

2. NaBF4, MeCN

F2, NaBF4, MeCN

   –35°, 10-20 mm Hg
(85%)

(Eq. 14)

Another fluorination process involves Lewis acid adducts obtained by treat-
ment of the TEDA monoquaternary salts with, for example, boron trifluoride-
diethyl etherate (BF3•OEt2). The 1 : 1 TEDA monoquat-BF3 adduct salts are then
treated with molecular fluorine to give the SelectfluorTM reagents.136 To complete
the SelectfluorTM family, the 1,2- or 1,3-bis(4-fluoro-1,4-diazoniabicyclo[2.2.2]
oct-1-yl)ethane and -propane tetratriflates (Fig. 8) have been prepared by the
closed-system fluorination technique.133

N -Fluoroiminium Compounds. N -Fluoropyridinium salts are relatively
easy to make. They are stable and nonhygroscopic, with the exception of
the fluoride salts that decompose to 2-fluoropyridine and hydrogen fluoride
explosively at temperatures above −2◦.137 – 139 In practice, fluorinations with
N -fluoropyridinium fluorides can be carried out only at temperatures below
−20◦. Replacement of the fluoride by other, less nucleophilic counter-anions or
internal salts greatly improves the stability of the reagents.140 – 150 Optimal media
for N -fluoropyridiniums are dichloromethane, tetrahydrofuran, and acetonitrile,
whereas dimethyl sulfoxide, dimethylformamide, and 1-methyl-2-pyrrolidone
cause decomposition to yield 2-pyridone as a major product. A very large number
of reagents of this type have been synthesized, each with a different pyridine
derivative (Fig. 10).21,151,152

Counteranion-bound N -fluoropyridinium salts, such as N -fluoropyridinium-2-,
-3-, and -4-sulfonates are poorly soluble in organic solvents and thus exhibit low
reactivity. Addition of a strong acid converts the reagents into the more reactive
N -fluorosulfopyridinium salts that accelerate fluorinations.140 Most conveniently,
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Figure 10. N-Fluoropyridinium fluorinating agents.

pyridinium salts are prepared by bubbling molecular fluorine through a solution
of the pyridine and an inorganic salt in acetonitrile at low temperature (Eq. 15).
Alternatively, in situ generated pyridinium fluorides are treated with inorganic
salts, silyl esters, Brønsted acids, or Lewis acids (Eq. 16).99,153 Pyridinium salts
can also be prepared by reaction of an adduct of the parent pyridine with a Lewis
acid such as boron trifluoride with molecular fluorine (Eq. 17), by reaction of a
preformed Brønsted acid salt of the parent pyridine with molecular fluorine, or
by reaction of an N -trimethylsilylpyridinium triflate with molecular fluorine in
acetonitrile at −40◦ (Eq. 18).99,141,153

NR1

R2
R3

R4

R5
+   MX

NR1

R2
R3

R4

R5

F
X–+

+   MF
10% F2/N2,

MeCN, –40°
(Eq. 15)
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The fluorinating ability of N -fluoropyridinium salts is tuned by introduction
of electron-withdrawing or -donating substituents on the pyridine ring.31,154

Electron-withdrawing groups enhance the fluorinating power, thus making the
agents suitable for reactions with aromatics, whereas electron-donating groups
decrease the fluorinating power, thus making the agents ideal for reactions with
carbanions. Size-controlled particles of N -fluoropyridinium agents, produced by
pulverization in a spray dryer, have improved reactivity.155 N -Fluoropyridinium
salts are stable, crystalline solids with melting points ranging from 90◦ to above
300◦, which usually do not require special handling, with the exception of
perchlorates that can undergo violent explosions. These reagents are more reactive
than N -fluoroammonium salts with the exception of the SelectfluorTM family.
This class comprises several commercially available representatives. Among
them is the N -fluoropyridinium pyridine heptafluorodiborate, AccufluorTM, FPPy-
B2F7 (Fig. 10), which is conveniently prepared by the reaction of fluorine with
the pyridine-boron trifluoride complex.156,157 N -N ′-Difluoro-2,2′-bipyridinium
bis(tetrafluoroborate), SynfluorTM (Fig. 10), and related salts are highly reactive
electrophilic fluorinating agents with the highest effective fluorine content of
their class since both of the fluorine atoms are effective for fluorination.158 – 161

SynfluorTM can be synthesized in 89% yield in one pot by introducing boron
trifluoride into 2,2′-bipyridine at 0◦, followed by molecular fluorine diluted with
nitrogen. Other -2,4′-, -3,3′-, -4,4′- bipyridinium salts, as well as higher homologs
(trimers and polymers) with high effective fluorine content, have been synthesized
(Fig. 10).133,161 – 163
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Figure 11. N-Fluorotriazinium fluorinating agents.

Other examples that may be included in this group of N -fluoroiminium
compounds are the N -fluorotriazinium fluorinating agents (Fig. 11). N -Fluoro-
1,3,5- and N -fluoro-1,2,4-triazinium compounds have been prepared from the
corresponding triazines in acetonitrile at −35◦ in the presence of triflic acid in a
flow fluorination reactor with a blend of fluorine and nitrogen (1 : 9, v/v).164 – 168

These reagents are moisture-sensitive solids that are best manipulated in a drybox
under argon. N -Fluoro-1,3,5-triazinium compounds are used for the fluorination
of aromatic substrates.165

Electrophilic Fluorinations
Fluorination of Alkanes. Most reactions with electrophilic fluorinating

agents involve transformation of a carbon-hydrogen bond to a carbon-fluorine
bond at a carbon atom that is either sp2 hybridized or that bears a negative
charge. Selective electrophilic fluorination at a tertiary sp3 carbon atom in a
one-step process can be achieved with molecular fluorine169 but is very difficult
with N–F reagents. However, selective fluorination of a range of hydrocarbons
(e.g., cyclohexane, decane, adamantane, norbornane, and decalins) at tertiary or
secondary carbon atoms can be achieved with SelectfluorTM.170 – 172 An example
of direct electrophilic fluorination of trans-decalin is shown in Eq. 19. The
preferential fluorination of the secondary centers of trans- (or cis-) decalin by
SelectfluorTM is attributed to the sterically hindered fluorinating agent which,
unlike molecular fluorine, does not access the electronically preferred tertiary
sites.172 An electrophilic mechanism is envisaged.

H

H

H

H

H

H

H

H

H

HF
F

F
F

SelectfluorTM

MeCN, reflux, 16 h

+ + +

(30%)   I:II:III:IV =18:20:24:38

I II IVIII

(Eq. 19)

Preferably, the fluorination is conducted with alkyl nitriles as the reaction
media. However, fluorination of alkanes in acetonitrile suffers from the formation
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of amide derivatives after prolonged reaction as a result of the highly acidic
reaction medium (Eq. 20).172
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MeCN, reflux, 4 d
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+
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N

CH2Cl
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+

+
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–
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+
N

N

CH2Cl
+

2 BF4
–

+
MeCN N + H2O HN

O

(25%)

–HF

(Eq. 20)

Addition to π Bonds (Alkenes and Alkynes). The electrophilic fluori-
nation of alkenes is performed with the most reactive N–F reagents such as
(CF3SO2)2NF, 2,3,4,5,6-Cl5FP-OTf, and SelectfluorTM. These reactions are addi-
tion or addition-elimination processes in which the intermediacy of a β-fluoro
carbocation is postulated. As a consequence, groups that stabilize the carboca-
tion significantly enhance the reactivity of the alkene. Reactions conducted with
(CF3SO2)2NF in solvents of low nucleophilicity such as chloroform, dichloro-
methane, tetrahydrofuran, diethyl ether, and FreonTM-113 give complex product
mixtures. However, with excess electron-rich alkenes, some fluorinated products
can be isolated. The carbocation intermediate eliminates a proton to form the
fluorinated alkene or attacks the starting alkene to give a dimer. The monoflu-
orinated alkene reacts further with the N–F reagent to give additional fluori-
nated products.35 In solvents of higher polarity such as water, alcohols, acetic
acid, hydrochloric acid, or hydrogen fluoride/pyridine, reaction of (CF3SO2)2NF
with alkenes gives fluoro carbocation intermediates that are captured by the
nucleophilic solvent; therefore, the expected Markovnikov addition products are
obtained. Depending on the reaction conditions and the structure of the substrate,
the fluorination of styrene and its derivatives gives various products (Scheme 2).35

SelectfluorTM and NFTh can also be used for the synthesis of vicinal fluo-
rohydroxy, fluoromethoxy, fluoroacetoxy, and difluoro compounds from phenyl-
substituted alkenes. Both the nature of the substituents and the configuration of
the alkene moderately affect the syn:anti ratio.126,173 – 176 For example, selective
and effective fluorination of styrene derivatives occurs in water with SelectfluorTM

in the presence of the surfactant sodium lauryl ether sulfate (Genapol LROTM)

(Eq. 21).177

R1

Ph

R2

SelectfluorTM, H2O
R1

Ph R2

FHO

(84-86%)

R1 = H, Me, Ph
R2 = H, Me, F

0.05% Genapol LROTM,
60°, 6-24 h

(Eq. 21)
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Scheme 2. Reactions of (CF3SO2)2NF with alkenes.

With phenyl-substituted benzocyclenes, the stereochemical outcome is strongly
dependent on the ring size and structure of the alcohol. In the five-membered ring
system, the syn diastereomer is favored with methanol, whereas the anti isomer
is the major product in the six-membered ring system. The alcohol also has a
strong impact on the syn:anti ratio observed in seven-membered ring systems
(Eq. 22).174,178
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n
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1
1
2
3
3
3

R
Me
i-Pr
Me
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1:1
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1:99

1:0.77
1:0.16
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(80%)
(77%)
(79%)
(82%)
(80%)
(75%)

(Eq. 22)

Selective fluorination of alkenes can also be achieved with the solvent acetoni-
trile as the nucleophile. Alkenes are converted into vicinal fluoro acetamides in
good yields and poor diastereoselectivity with the aid of NFTh or SelectfluorTM

in a Ritter-type reaction (Eq. 23).179,180
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Of the N -fluoropyridinium salts, the most powerful ones including 2,3,4,5,6-
Cl5FP-OTf, N -fluoropyridinium-2-sulfonate, and 2,2′-bisFP-BF4 have sufficient
reactivity to fluorinate alkenes, whereas milder N -fluoropyridinium salts do
not.31,161 Styrene and derivatives are easily fluorinated in the presence of acetic
acid at room temperature to give the fluoroacetoxy addition products with
Markovnikov regioselectivity (Eq. 24). Because methanol and ethanol decompose
the fluorinating agent, their trimethylsilyl ethers can be used to provide the
corresponding addition products in moderate yields (Eq. 24).31

Ph
2,3,4,5,6-Cl5FP-OTf

solvent, rt Ph
F

OR

Solvent
AcOH
MeOTMS

R
Ac
Me

Time
1 h
5 d

Yield
(72%)
(54%)

(Eq. 24)

The same treatment of α-methylstyrene gives α-fluoromethylstyrene by elim-
ination of a proton (Eq. 25).31 Alternatively, α-fluoromethylstyrene is obtained
by reaction with 2,3,4,5,6-Cl5FP-OTf in dichloromethane in the presence of 2-
fluoropyridine as an acid trap.31

Ph

2,3,4,5,6-Cl5FP-OTf

AcOH, rt, 5 min Ph

F

(25%) (Eq. 25)

When the nucleophile is a functional group of the substrate, an intramolecular
cyclization takes place.181,182 Fluorolactonization of 4-alkenoic acid derivatives
with N -fluoropentachloropyridinium triflate proceeds regioselectively through a
5-exo ring closure with poor diastereoselectivity (Eq. 26).182

Et OH
Ph

O

2,3,4,5,6-Cl5FP-OTf

MeCN, NaHCO3, rt, 1 h
O OEt

Ph

F

(72%)   dr 2.4:1

(Eq. 26)

Alkenes contained within α,β-unsaturated carbonyl compounds are also sus-
ceptible to fluorination with (CF3SO2)2NF in acetic acid (Eq. 27).35,83 Similarly,
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pyrimidine bases react with SelectfluorTM in water to generate the corresponding
fluorohydrins with the fluorine atom at C-5.183

Ph R

O
Ph R

OOAc

F

(CF3SO2)2NF

MeCN, AcOH, 22°

R
Me
Ph
OMe

Time
10 h
3 d
2 d

Conversion
(81%)
(58%)
(79%)

erythro:threo
32:68
40:60
35:65

(Eq. 27)

In contrast, fluorinations of alkynes, which are less reactive towards elec-
trophilic reagents than alkenes, are rare.184,185 Substituted phenylacetylenes react
with SelectfluorTM or NFTh in refluxing acetonitrile/water following Markovnikov
regioselectivity to give α,α-difluoroketones as sole products in moderate yields
(Eq. 28). Under similar conditions, 1-decyne is not fluorinated.184

Ph R
SelectfluorTM or NFTh

MeCN, H2O reflux Ph
R

F F

O

(36-51% with Selectfluor )TM

(58-72% with NFTh)
R = H, Me, t-Bu, Ph

(Eq. 28)

Electrophilic Aromatic Substitution. The direct electrophilic fluorination
of aromatics complements other available methods for the synthesis of fluoroaro-
matics such as the Balz-Schiemann reaction and the Halex process. Whereas the
use of molecular fluorine usually results in low selectivity because of the radical
nature of the fluorination,186 N–F fluorinating agents have emerged as selec-
tive sources of electrophilic fluorine for the fluorination of aromatics. Electron-
donor substituents are often necessary to promote the reaction, although benzene
and polycyclic aromatic hydrocarbons can also be efficiently fluorinated. The
yield varies with the fluorinating power of the reagent and reaction conditions.
A wide range of fluorinating agents have been evaluated; some are not reac-
tive enough to fluorinate aromatics. Fluorination of benzene is realized with
N -fluorobis(trifluoromethanesulfonyl)imide,63 2,6-(CO2Me)2FP-OTf,150 and per-
fluoro N -(4-pyridyl) N -fluoromethanesulfonamide61 in modest yields. Fluori-
nation of benzene with SelectfluorTM in dichloromethane in the presence of
trifluoromethanesulfonic acid proceeds in 83% yield (Eq. 29).187 Excellent yields
are also obtained with other aromatics such as halobenzenes, toluene, anisole,
naphthalene, and mesitylene. The mechanism of these fluorinations may involve
in situ formation of protonated trifluoromethanesulfonyl hypofluoride as the de
facto electrophilic fluorinating agent. A noteworthy fact is that fluorobenzene
is mainly fluorinated at the para position, indicating the π-donor ability of the
fluorine atom.188
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R R R

SelectfluorTM, CH2Cl2

TfOH, 0 to 40°
+

F

FI
II

R
H
Me
OMe
F
Cl

I:II
_

68:32
45:55
23:77
69:31

Yield
(83%)
(89%)
(99%)
(87%)
(87%)

(Eq. 29)

Fluorination of naphthalene usually results in mixtures of up to five mono- and
difluoro derivatives.189 – 191 However, the conditions described in Eq. 29 afford
1-fluoronaphthalene and 3-fluoronaphthalene quantitatively in a ratio of 3 : 2.187

Several polycyclic aromatic hydrocarbons such as pyrene, phenanthrene, and
anthracene derivatives, are fluorinated with the aid of N -fluoro-2,4-dinitroimida-
zole, giving mixtures of regioisomers in modest yields (3–27%).110

Monosubstituted aromatics often give mixtures of ortho and para isomers.
However, a good choice of fluorinating agent and reaction conditions allows
highly selective ortho-fluorination to be achieved. Products of monofluorination
are obtained in most reactions, although multiple fluorinations occur with the
most reactive fluorinating agents. For example, reaction of N -fluoropyridinium-2-
sulfonates with phenol yields ortho isomers exclusively (Eq. 30).140 The substitu-
tion ortho to the hydroxy group is in accordance with an electrophilic fluorination
mechanism.

OH OH OH OH
F

F F

F
+ +

I II III

Fluorinating agent
FP-OTf
2,4-Cl2FP-OTf
2,2'-bisFP-BF4

2-SO3-4,6-(CF3)2FP
2-SO3FP
2-SO3-6-ClFP

Solvent
TCE
CH2Cl2
MeCN
CH2Cl2
TCE
TCE

Temp
100°
reflux
reflux

rt
reflux
100°

Time
24 h
5 h
8 h
13 h
1.5 h
49 h

Conversion
(75%)
(73%)
(77%)
(87%)
(81%)
(95%)

I:II:III
51:18:6
60:18:7
39:33:5
84:1:0
100:0:0
100:0:0

O
F

S
O–

H

O O

CT complex

N +

(Eq. 30)

The formation of a charge-transfer complex between the aromatic ring of the
phenol and the pyridinium ring of the reagent, additionally stabilized by hydrogen
bonding between the sulfonate and the hydroxy group, has been proposed to
rationalize the high regioselectivity (Eq. 30). The exclusive ortho-fluorination
erodes with the use of polar solvents or acids that destroy the hydrogen bonding.
The highly regioselective ortho-fluorination of aniline derivatives and phenol
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trimethylsilyl ether by N -fluoropyridinium-2-sulfonate was explained in a similar
fashion.31,140 The ortho regioselectivity is lost in the fluorination of anisole and
4-fluoroanisole is the predominant product.140

A huge number of disubstituted aromatics as well as tri- and tetrasubstituted
aromatics have been fluorinated (see Table 4 of the Tabular Survey). Among the
media utilized for electrophilic fluorination, imidazolium-based ionic liquids dis-
solve SelectfluorTM for reaction with reactive aromatics in moderate yields.189

Microwave-promoted fluorination of electron-rich aromatics with SelectfluorTM

or NFTh proceeds in acetonitrile at 150◦ for 10 minutes to afford products in com-
parable yields to those obtained by prolonged heating in refluxing acetonitrile.192

The N–F fluorinating agents are also strong oxidants, a fact that is respon-
sible for the competition between fluorofunctionalization and oxidation. As a
consequence, the selectivity of fluorination reactions can decrease when oxidiz-
able functional groups or heteroatoms are present in the substrates. The hydroxy
group in phenols and naphthols, for instance, is prone to both competitive oxi-
dation and fluorofunctionalization reactions. Thus, 4-substituted phenols react
with SelectfluorTM or NFTh in acetonitrile to give 4-fluorocyclohexa-2,5-dienone
derivatives as shown in Eq. 31; only trace amounts of fluoro aromatic compounds
are detected.193 A water solution of SelectfluorTM can be used for this reaction.177

OH

R

Y
SelectfluorTM or NFTh

MeCN or H2O

O

R

Y

F

(47-93%)

Y = H, alkyl, fused ring
R = alkyl, fused ring

(Eq. 31)

To illustrate this method, estrogen steroids are readily converted into 10β-
fluoro-1,4-estradiene-3-one derivatives in high yields (Eq. 32).194 In contrast, the
use of N -fluoropyridinium salts on A-ring aromatic steroids gives fluorination of
the aromatic ring with high regioselectivity in some reactions.31,195 – 197

HO O

F

O O

SelectfluorTM

MeCN, 45˚, 3.5 h

(79%)
(73% in H2O at 60˚ for 6 h)

(Eq. 32)

The electrophilic fluorination of 2-naphthol with N ,N ′-difluoro-2,2′-bipyridi-
nium bis(tetrafluoroborate) can be conducted in liquid carbon dioxide in the
presence of a catalytic amount of sodium triflate. The reaction proceeds in high
yield without byproduct formation (Eq. 33).158
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OH N

N
F F

O

F

F

+

+

2 BF4
– (0.53 eq)

liquid CO2, NaOTf (0.1 mol%),
rt, 12 h

(95%)

(Eq. 33)

Fluorination of aromatics has also been achieved via electrophilic fluorination
of metalated intermediates. In particular, directed ortho-lithiation of substituted
aromatics followed by fluorination provides regioisomerically pure fluoroaromatic
compounds (see the fluorodemetalation section).

Fluorination of Heterocycles. Examples of fluorination of both aromatic
and non-aromatic heterocycles are considered here. The electrophilic fluorina-
tion of aromatic heterocycles has been less studied than the fluorination of
arenes. Nevertheless, a number of fluoropyrroles,198 -furans,199 -thiophenes,200

-pyrrolo[2,3-d]pyrimidines,201 -quinolines,202 and -indoles203 – 206 have been pre-
pared either by direct fluorination or by fluorodecarboxylation using SelectfluorTM

or, for some indoles, 2,4,6-Me3FP-OTf.
Highly substituted pyrrolecarboxylic acids react with SelectfluorTM in dichlo-

romethane and aqueous sodium bicarbonate at room temperature to give the corre-
sponding α-fluoropyrroles by fluorodecarboxylation in 32–47% yields (Eq. 34).198

The fluorodecarboxylation of bromofuroic acids using SelectfluorTM proceeds in
lower yields (<27%).199

N
H

R3

R2 R1

CO2H N
H

R3

R2 R1

F

SelectfluorTM, CH2Cl2

aq. NaHCO3, rt
(32-47%)

R1 = Me, CH2CO2Me, (CH2)2CO2Me
R2 = H, Me, CH2CO2Me, (CH2)2CO2Me
R3 = Me, CHO, CO2CH2Ph

(Eq. 34)

Direct fluorination has been studied on indole derivatives. The fluorination of
N -tosylindole with SelectfluorTM in acetonitrile and methanol gives 3-fluoro-2-
methoxy-1-(4-toluenesulfonyl)indoline in 38% yield.205 This result is in agree-
ment with the observed reactivity between alkenes and SelectfluorTM in the
presence of methanol. The reaction of 3-substituted indoles, including deriva-
tives of tryptophan and serotonin, with SelectfluorTM in acetonitrile/water allows
an efficient synthesis of 3-fluorooxindoles together with small amounts of non-
fluorinated oxindoles.203 The choice of solvent can suppress the formation of
side products. Use of solvent mixtures such as 1-butyl-3-methylimidazolium
tetrafluoroborate ([bmim][BF4])/methanol or 1-butyl-3-methylimidazolium hexa-
fluorophosphate ([bmim][PF6])/methanol results in high chemoselectivity and
yields (Eq. 35).206
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N
H

SelectfluorTM (3 eq),

[bmim][BF4], MeOH, 20° N
H

O

F

(99%) (Eq. 35)

With a suitably positioned internal nucleophile tethered to the 3-position, a
fluorination-cyclization reaction provides an elegant method for the synthesis of
fluorobrevianamide E as shown in Eq. 36.204 In this example, 2,4,6-Me3FP-OTf
is preferred to SelectfluorTM, producing higher yields.

N
H

HN
N

O

O

2,4,6-Me3FP-OTf

THF, 65°
N
H

N
NF

O

O

N
H

N
NF

O

O

+ (100%) I:II = 1:1.6

I (anti)

II (syn)

(Eq. 36)

A number of aromatic heterocycles have been fluorinated via electrophilic
fluorination of metalated intermediates (see the fluorodemetalation section).

Among the non-aromatic heterocycles, the fluorination of pyrimidine nucleo-
side bases with SelectfluorTM represents a practical and direct route to 5-
fluoropyrimidine bases. For example, when uracil is heated at 90◦ in water with
SelectfluorTM, the fluorohydrin is obtained as an 8 : 1 diastereomeric mixture,
which is dehydrated on sublimation to give the anti-cancer agent 5-fluorouracil
(Eq. 37).183 This methodology can also be applied to nucleosides in acetonitrile
in the presence of water, methanol, or acetic acid.183

HN

N
H

O

O

HN

N
H

O

O OH

SelectfluorTM

H2O, 90°

heat HN

N
H

O

O

F
(82%)

F
(Eq. 37)

Fluorination of Glycals. The electrophilic fluorination-nucleophilic addition
reaction across the double bond of glycals constitutes an attractive approach to
the synthesis of 2-deoxy-2-fluoro carbohydrates.207 Introduction of fluorine with
F-TEDA salts occurs regioselectively at C-2 and the [TEDA-CH2Cl] moiety
adds at the anomeric position, yielding a 1-[TEDA-CH2Cl]-2-fluoro saccharide,
which reacts further at room temperature or at higher temperature with various
nucleophiles. The reaction may be carried out in one pot43 or the intermediate
may be isolated and reacted with a nucleophile (Eq. 38).208
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O
AcO OAc

F-TEDA-OTf, nucleophile 1

MeNO2, rt to refluxAcO O

OAc

AcO
OAc

F

Nu

BF4
–

SelectfluorTM, MeNO2,
rt, overnight

nucleophile 2,
MeCN or MeNO2

Nucleophile 1 = H2O, alcohols, phenols, protected sugars, amines, diphenyl phosphoric acid
Nucleophile 2 = sodium azide, magnesium bromide, potassium 4-nitrophenolate, 
   potassium 2,4-dinitrophenolate, 2,4-bis(trimethylsilyl)thymine

O

OAc

AcO
OAc

F

N
N

Cl

BF4
–+

+

(Eq. 38)

The stereochemical outcome of the fluorination-glycosylation sequence con-
sists of a concerted syn addition of the F-TEDA salt to the alkene functionality
of the glycal leading to an N -glycosyl ammonium compound, which slowly
anomerizes to the more thermodynamically stable trans isomer (Eq. 39). The con-
figuration and the protecting group at the 4-position of glycals direct fluorination
stereoselectivity. In the galactose and fucose series, the addition of F-TEDA-OTf
gives exclusively equatorially fluorinated products even with acetate-protected
hydroxy groups. Glucals having hydroxy groups protected with various esters
give fluorinated products with fluorine equatorial/axial ratios depending on the
steric size of the protected group (Ac: F-eq/ax = 45 : 55, Bz: F-eq/ax = 75 : 25,
Piv: F-eq/ax = 90 : 10). The anomeric α/β distribution depends on the nucleo-
phile, the reaction temperature, and solvent effects (Eq. 39).

O

AcO OAc N

N
CH2Cl

2 OTf–+

+ fast

N
NF

O

AcO OAc CH2Cl
+

+ 2 OTf–

OAcO

AcO

F
N

N CH2Cl+
+

2 OTf–

slow

BnOH, rt BnOH, 90°

α/β = 1:1.5 α/β = 1.5:1

O

AcO OAc
F

O

AcO OAc

OBn
F

O

AcO OAc

OBn

F

(Eq. 39)

A double fluorination-glycosylation sequence on 2-deoxyhex-1-enitol allows
the synthesis of 2,2-difluorosaccharides (Eq. 40). In the first sequence, magnesium
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bromide is used as nucleophile and a subsequent elimination of the resulting
anomeric bromide with triethylamine affords the vinylic fluoride, which is then
subjected to the second sequence with SelectfluorTM in the presence of water.209

1. SelectfluorTM, MgBr2, MeNO2

2. Et3N, MeCN

SelectfluorTM, MeCN, H2O, rt,

14 h, then reflux, 30 min

R = Me, Ac

(39%)

O
RO OR

RO

O

OR

RO
OR

F

OH

O
RO OR

RO

F

F

(Eq. 40)

SelectfluorTM or F-TEDA-OTf is used in the fluorination-glycosylation
sequence; however, the former sometimes results in the formation of 1,2-difluoro
derivatives as major side products, presumably resulting from the attack of
fluoride liberated from the tetrafluoroborate anion.43 Reactions with F-TEDA-OTf
are optimal in nitromethane. Dimethylformamide may be used when water is the
nucleophile. Acetonitrile participates in the reaction with attack at the anomeric
position and subsequent addition of the nucleophile at the nitrile carbon (Eq. 41),
but acetonitrile may be used when the desired nucleophile is present in excess.43

O
AcO

AcO

OAc O
O

O

OH
O

O

+

SelectfluorTM

2,6-di(t-Bu)-4-Me-pyridine

MeCN, rt, 18 h

(38%)

O
AcO

OAc

AcO

F
N

O

O

O
O

O

O

(Eq. 41)

Although pyranosyl glycals are generally employed, furanosyl glycals can also
be used successfully210 as well as exo furanosyl glycals211 in the synthesis of
nucleoside analogs.

Fluorination of Metal Enolates. Enolates are central intermediates in the
fluorination of a large number of substrates. Processes for their generation are well
documented and are not detailed in this section. The fluorination of a carbonyl
compound via its enolate is generally more facile than the direct fluorination of
the carbonyl compound (see next section). Indeed, some neutral nucleophilic sub-
strates are inert toward fluorination whereas their enolates are easily fluorinated
in high yields.

Metal Enolates of Monocarbonyl Compounds. In the monocarbonyl com-
pound series, the selective fluorination of enolates into mono- and difluorinated
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carbonyl compounds has been studied in detail using various fluorinating agents
(Eq. 42).76

R1

R2

O base F+ donor
R1

R2

O–M+

R1

R2

O

F

and/or R1

R2

O

F F
R1 = alkyl, aryl
R2 = alkyl, aryl, O-alkyl, N,N-dialkyl
M = Li, Na, K
F+ donor = N-fluoro-N-sulfonamides, NFSI, NFOBS, (CF3SO2)2NF

(Eq. 42)

Of the fluorinating agents, 2-fluoro-3,3-dimethyl-2,3-dihydrobenzo[d]isothia-
zole 1,1-dioxide consistently provides better yields of fluorinated products than
do acyclic N -fluoro-N -alkylsulfonamides.69,70,76 However, selectivity and yields
are strongly dependent on the enolate counterion and the acidity of the protons
α to the carbonyl group. The selectivity for mono- versus difluorinated products
decreases in the order Li > Na > K. Less acidic substrates can be monofluo-
rinated selectively with the selectivity decreasing in the order amide > ester
> ketone. The ratio of mono- to difluorinated products reflects the competition
between the reaction of the starting enolate with the fluorinating agent and the
deprotonation of the initially formed monofluorinated product by the starting
enolate. The selectivity is generally improved at low reaction temperature. Use
of slightly more than two equivalents of both the base and the fluorinating agent
mainly affords difluorinated products. It should be noted that competitive reaction
of the fluorinating agent with the base leads to side reactions and moderate yields
of the desired fluorinated products. With tetrasubstituted enolates derived from
a variety of 2-substituted indanone and tetralone derivatives, fluorination with
cyclic N -fluorobenzenesulfonamides provides the desired fluorinated products in
good to excellent yields (Eq. 43).70,72,73

O S
O2

N F

1. LDA, THF, 1 h, –78°
2.

THF, 1 h, –78°; then 1 h, rt

O

F (90%)

(Eq. 43)

The trends defined in the study with 2-fluoro-3,3-dimethyl-2,3-dihydroben-
zo[d]isothiazole 1,1-dioxide are also valid for the use of other fluorinating agents.
However, when NFSI or NFOBS are used, the monofluorinated products are
obtained in significantly better yields: 80–95% for ketone enolates and 53–70%
for ester enolates.33,85,212 Alternatively, the lithium enolates of esters, amides, and
ketones react with N -fluorobis[(trifluoromethyl)sulfonyl]imide in tetrahydrofuran
at −80◦ to afford the α-fluorination products in good yields (63–87%). Under
such conditions, it is claimed that the formation of α,α-difluoro carbonyl com-
pounds never occurs.213 The F-TEDA type reagents are not very effective for the
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fluorination of metal enolates because of a competing Hofmann-type elimination
in the strongly basic medium.

The synthesis of fluoromethylenecyclopropane analogs of nucleosides as anti-
viral agents illustrates the fluorination reaction of ester enolates. In the reaction
shown in Eq. 44, it is necessary to include lithium chloride in the protocol to
achieve high yields.214,215

NEtO2C

1. LiCl, LDA, THF, –78°
2. NFSI, THF, –78°N

N

N

NH2

NCO2Et

N

N

N

NH2

F
(68%)

(Eq. 44)

An example of the importance of the reaction conditions on difluorination is
given for the synthesis of difluorinated Corey lactone in Eq. 45. The starting lac-
tone is treated with lithium hexamethyldisilazide, LiHMDS, in tetrahydrofuran
and monofluorinated with NFSI at −78◦ in 61% yield. With excess base and
NFSI, the difluorolactone could not be obtained. On the other hand, the difluo-
rolactone is obtained in 70% yield after metal exchange with zinc chloride and
fluorination with NFSI.216

O

OTHP

O

OTBDMS

O

OTHP

O

OTBDMS

F
LiHMDS, THF

NFSI, –78°
(61%)

O

OTHP

O

OTBDMS (70%)
F

F1. KHMDS, ZnCl2, THF, toluene
2. NFSI, –78°

(Eq. 45)

α,β-Unsaturated carbonyl substrates undergo γ -fluorination via the reaction
of the corresponding potassium dienoxy borates with NFSI to afford γ -fluoro
enones in good yields (Eq. 46).217 This methodology has been extended to the
more structurally complex steroids. The replacement of triphenylborane with
2-phenylbenzo[1,3,2]dioxaborole affords γ -fluorosteroidal enones in 58–82%
yield as a mixture of α/β isomers.217

O
O

F

KH, THF, HMPA, Ph3B, NFSI,

   –78˚ to rt

(84%)   α/β = 10:90

(Eq. 46)
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Metal Enolates of β-Dicarbonyl Compounds. The metal enolates of not
only β-dicarbonyl compounds (β-diketones, β-keto esters, β-diesters) but also
α-cyano esters218 react with N -fluorobis(trifluoromethanesulfonyl)imide,219,220

N -fluoro-2-pyridone,97 N -fluoroperfluoropiperidine,106,107 N -fluorosulfonami-
des,42,69,70 N -fluorosulfonimides,83,85,221 N -fluoroquinuclidinium salts,113,115

F-TEDA salts,122,173,218,221 – 224 and N -fluoropyridinium salts31,150,225 to give
mono- or difluoro β-dicarbonyl compounds (Eq. 47).

base F+ donor
R1 R3

OM+O–

R2

R1, R3 = alkyl, aryl, O-alkyl
R2 = H, halogen, alkyl, aryl
M = Li, Na, K

R1 R3

OO

R2
R1 R3

OO

R2 F (Eq. 47)

Reaction of α-monosubstituted dicarbonyl compounds gives α-monofluoro
compounds whereas α,α-difluoro compounds are formed when unsubstituted
dicarbonyl compounds react with two equivalents of fluorinating agent.226 Control
of monofluorination for unsubstituted dicarbonyl compounds is difficult since the
starting enolate is a strong base that can generate the enolate of the monofluoro
compound. To suppress the undesired difluorination, the enolate can be added
slowly to the fluorinating agent at low temperature. The direct fluorination of
β-dicarbonyl compounds without preformation of their alkali enolates is dis-
cussed in the next section. It is generally an efficient method. However, in the
case of β-dicarbonyl compounds with low enol content such as β-diesters, only
the enolates are reactive.223

The yields depend on a variety of factors such as the substrate, base, fluo-
rinating agent, order of addition, and reaction temperature. Sodium hydride is
an appropriate base to generate the enolate, and tetrahydrofuran is the most uti-
lized solvent. Acetonitrile or dimethylformamide is used as the cosolvent when
SelectfluorTM is the fluorinating agent. The reaction temperature for fluorination
of enolates varies from −78◦ to room temperature. For example, 2-fluoroketolide
antibiotics are synthesized by electrophilic fluorination at the β-keto ester moiety
as shown in Eq. 48. Here, the introduction of a fluorine atom at C-2 is beneficial
to the overall antibacterial spectrum.227

O

O

O O

OMe
N

O

O

N
N

N

O

NMe2

OTMS
O

t-BuOK, NFSI

THF, –10°

O

O

O O

OMe
N

O

O

N
N

N

O

NMe2

OTMS
O

F

(83%) (Eq. 48)
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Direct Fluorination of Carbonyl Compounds. Monocarbonyl Compounds.
Activation of carbonyl compounds through enolate anions, enol ethers, enol
esters, or enamines is usually necessary for effective α-fluorination, especially for
fluorination of ketones. On the other hand, direct α-fluorination of ketones is pos-
sible. The reaction is best performed in refluxing methanol with NFTh, although
SelectfluorTM, NFSI, and 2,6-Cl2FP-BF4 can also be utilized. Acetonitrile can
be used as the solvent,228 but the keto-enol equilibrium is less favorable and
ketones possessing an activated aromatic ring give aromatic fluorination prod-
ucts regioselectively.229 This method has been applied to a comprehensive range
of substrates and produces α-fluoro ketones regioselectively without prior activa-
tion. The reaction tolerates the presence of functional groups such as an activated
aromatic or an oxidizable heteroatom. Interestingly, 5α-cholestan-3-one is read-
ily transformed into 2α-fluoro-5α-cholestan-3-one in 78% yield (Eq. 49).230 This
direct synthesis compares favorably with the method consisting of the fluorination
of the corresponding silyl enol ether with N -fluoropyridinium triflate.231

NFTh, MeOH

reflux, 1.5 h
O

H

H

H

H
O

H

H

H

H

F
(78%)

(Eq. 49)

The direct fluorination of oxindoles at C-3 has been carried out with Select-
fluorTM in an acetonitrile/water system (Eq. 50).203 However, the yields are much
lower than those obtained in the fluorination of indoles (see section on fluorination
of heterocycles).

N
H

R

O
N
H

R

O

F

 R
Me
(CH2)2CO2Me

SelectfluorTM, MeCN

H2O, rt, overnight

Yield                
(48%)
(25%)

(Eq. 50)

β-Dicarbonyl Compounds. The ease of fluorination of β-dicarbonyl
compounds increases with their enol content in the order β-diketones >

β-keto esters � β-diesters. Direct fluorination can be readily performed
using (CF3SO2)2NF in acetic acid or chloroform at room temperature.213

Hydrocarbons, other halogenated solvents, ethers, acetonitrile, and benzonitrile
are equally effective solvents in the fluorination of 2-chloro-3-oxobutyric acid
ethyl ester.213 Because some products are sensitive to the acidity of the formed
bis(trifluoromethanesulfonyl)imide, the fluorination can be performed in the
presence of sodium bicarbonate to neutralize the imide through its sodium salt.
The fluorination of unsubstituted β-dicarbonyl compounds can be controlled to
give either monofluorination or difluorination by choosing the reaction conditions.
Indeed, the monofluorination products can be obtained exclusively if the strongly
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acidic bis(trifluoromethylsulfonyl)imide, which causes the enolization of the
monofluorinated product, is removed by conducting the reaction in a biphasic
water/dichloromethane solvent system (Eq. 51).220

R1, R2 = alkyl, aryl, O-alkyl

R1 R2

OO
R1 R2

OO

F F

(CF3SO2)2NF  (2 eq)

CH2Cl2, 22°

(CF3SO2)2NF (1 eq)

CH2Cl2, H2O, 22°
R1 R2

OO

F

(54-96%)

(86-94%)

(Eq. 51)

β-Dicarbonyl compounds are also fluorinated directly with NFOBS and NFSI
in good to high yields. When water is added as a cosolvent, monofluorination
increases at the expense of difluorination only in the case of NFOBS; difluorina-
tion prevails in the case of NFSI because its sulfonimide byproduct has limited
solubility in water.33 SelectfluorTM reacts with cyclic β-keto esters,232 acyclic
β-keto esters,223,224,233 β-diketones,134,223 and β-keto amides223 at room temper-
ature in solvents such as ethanol, tetrahydrofuran, or acetonitrile. Under these
neutral conditions, difluorination proceeds very slowly. However, the sodium
enolate of the monofluoro intermediate reacts rapidly to give the difluoro deriva-
tive in excellent yield.223 The rate of the fluorination is dramatically accelerated
under microwave irradiation; in particular, difluorination of β-diesters can be real-
ized within 10 minutes with SelectfluorTM in the presence of tetrabutylammonium
hydroxide (TBAH) (Eq. 52).234

R1 = Ph, Me, OMe
R2 = Ph, OMe, OEt, NMe2

R1 R2

OO

R1 R2

OO

F

SelectfluorTM (1 eq), MeCN

microwave irradiation, 10 min, 82°

SelectfluorTM (3 eq), TBAH, MeOH

MeCN, microwave irradiation, 10 min, 82°
R1 R2

OO

F

(70-86%)

(77-88%)
F

(Eq. 52)

When water is used as the solvent, addition of an anionic surfactant compound
(sodium lauryl ether sulfate, Genapol LROTM), which acts as an emulsifier of the
substrate, promotes the fluorination with water-soluble SelectfluorTM within a rea-
sonable reaction time (3 hours at 60◦

). Unfortunately, monofluorinated products
could not be selectively obtained under these conditions.177

The nitrile group is compatible with SelectfluorTM as demonstrated in the flu-
orination of cyano esters, a substrate type equivalent to β-dicarbonyl compounds
(Eq. 53).223

Ph

NC CO2Et NC CO2Et

FPhSelectfluorTM

MeCN, 40°
(92%) (Eq. 53)
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Several N -fluoropyridinium and bis(N -fluoropyridinium) salts serve in the
fluorination of β-dicarbonyl compounds.140,150,158,161 The fluorinations are com-
monly run in acetonitrile or in dichloromethane at reflux with the most powerful
reagents of the family in yields ranging from 46 to 98%. Fluorination of unsub-
stituted β-dicarbonyl compounds gives the monofluorination products almost
exclusively.140

As these reactions proceed via the enol form of the substrate, a substoichio-
metric quantity of a Lewis acid can accelerate the fluorination by promoting the
enolization process. Zinc chloride catalyzes fluorination of active methylene com-
pounds with N -fluoro-2,4,6-trimethylpyridinium triflate31 or with NFTh in the
presence of either imidazole or collidine as an added base.235 The strong Lewis
acid aluminum chloride is capable of promoting the difluorination of diethyl mal-
onate in 76% yield whereas this product is difficult to obtain via an alkali enolate
(Eq. 54).31

CO2Et

CO2Et

CO2Et

CO2Et
F

I II

CO2Et

CO2Et

F
F

+
2,4,6-Me3FP-OTf (x eq),

Lewis acid (0.4 eq), DCE, 60˚

x
1
2
2

Lewis acid
ZnCl2
ZnCl2
AlCl3

Time
1 d
2 d
1 d

Yield
(38%)
(80%)
(95%)

I:II
100:0
100:0
1:4

(Eq. 54)

Fluorination of Enol Derivatives, Enamines, and Imines. The introduction
of a fluorine atom adjacent to a carbonyl group can also be achieved by reaction
of an electrophilic fluorinating agent with masked carbonyl compounds such as
alkyl enol ethers, silyl enol ethers, enol esters, and enamines (Eq. 55).

R1

R3

O

R2

R1

R3

Y

R2

R1

R3

O

R2 F

Y = O-alkyl, OSiR3, OAc, NR4R5

(Eq. 55)

This method allows the monofluorination of ketones and esters. Enol deriva-
tives of aldehydes have been used rarely in electrophilic fluorination.236 Recent
work in this area has focused on the enantioselective introduction of a fluorine
atom onto prochiral silyl enol ethers (see enantioselectivity section). Regiose-
lectivity in the fluorination of unsymmetrical ketones can be attained by the
regiocontrolled formation of the enol derivatives. Nevertheless, examples are
reported in which the regiochemical integrity of the silyl enol ether is not pre-
served. Fluorinated synthons suitable for the synthesis of 9- and 14-fluorovitamins
D3 are prepared either from the thermodynamic silyl enol ether (Eq. 56) or from
the kinetic silyl enol ether (Eq. 57). Fluorination of the thermodynamic silyl enol
ether with N -fluoropyridinium triflate gives the expected 14-fluoro C/D ring
ketone whereas a mixture of regioisomeric 9- and 14-fluoro C/D ring ketones is
obtained starting from the kinetic silyl enol ether.237
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OTMS O
F

FP-OTf, CH2Cl2, rt
(43%)   α/β = 16:27 (Eq. 56)

OTMS

(50%) I:II = 27:23

O
F

FP-OTf, CH2Cl2, rt

O
F

+

I II (α/β = 9:14)

(Eq. 57)

Alkyl enol ethers are generally poor substrates for electrophilic fluorina-
tion.150,235 1-Methoxy-1-cyclohexene reacts smoothly with FP-OTf at room tem-
perature to give a mixture of addition product and allyl fluoride derivative. At
higher temperature, the allyl fluoride is obtained exclusively, which is then sub-
jected to acid hydrolysis to give the 2-fluorocyclohexanone (Eq. 58).31

OMe

FP-OTf, CH2Cl2

rt, 2-4 h

NMeO
F

+
OTf–

+

OMe
F

(61%) (22%)

H+

O
FFP-OTf, DCE

60˚, 30 min

OMe
F

(63%)

(Eq. 58)

Reactions with other enol derivatives proceed generally in good to excel-
lent yields with the most powerful fluorinating agents, such as F-TEDA salts,
N -fluoropyridinium salts, NFSI, and NFOBS. Some common solvents are ace-
tonitrile, dimethylformamide, and dichloromethane.

Silyl enol ethers can be used when the carbonyl substrates have insufficient
enol content for direct fluorination or when SelectfluorTM is ineffective at fluo-
rinating highly reactive metal enolates.238 – 244 This method is illustrated in the
preparation of β-fluoro-α-keto esters as shown in Eq. 59.245

OTMS
OEt

O

R
O

OEt

O

R

F

SelectfluorTM

MeCN, rt,  3.5-6 h

R = Bn, C5H11, i-Bu, i-Pr, Me, CH2CO2Me

(31-90%) (Eq. 59)
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A stereocontrolled synthesis of dipeptides possessing an α-fluoro keto peptide
bond mimic has been developed that involves the fluorination of a silyl enol
ether as the key step (Eq. 60). The use of SelectfluorTM in dimethylformamide
or acetonitrile is rather sluggish. In contrast, the fluorination conducted in the
presence of tetrabutylammonium fluoride (TBAF) leads to smooth fluorination
in good yields (65–76%).239

R2

O

OMe
TMSO

NHTr

R1
R2

O

OMe
O

TrHN

R1

R1 = i-Bu, (CH2)2SMe, Me, Bn
R2 = Me, CH2C6H11-c, Bn, i-Bu

1. SelectfluorTM, DMF 

2. TBAF, THF, rt, 45 min

F

(65-76%)   de >95%

(Eq. 60)

Among the substrates that have been extensively studied in electrophilic flu-
orination are silyl enol ether and enol acetate derivatives of steroids. Positions 6
and 16 of 3-keto steroids are mainly targeted in fluorination with SelectfluorTM

and N -fluoropyridinium salts. With α,β-unsaturated silyl enol ether derivatives
of steroids, fluorination occurs regioselectively at the 6-position with moder-
ately powerful N -fluoropyridinium salts (Eq. 61). N -Fluoropyridinium triflate
gives lower regioselectivity and yield than the counteranion-bound salt, 2-SO3-
4-MeFP. Polar solvents such as acetonitrile or dimethylformamide decrease the
selectivity. The regioselectivity increases with the bulk of the silyl moiety, and
exclusive 6-fluorination is achieved with the triisopropylsilyl group. In addition,
preferential β-stereoselective fluorination at the 6-position is observed.140

OAc

R3SiO

Fluorinating agent

CH2Cl2, rt
OAc

O
F

OAc

O
F

+
I II

R
Me
Me
Et
i-Pr
i-Pr

I (α:β):II
2.4 (1:1.8):1
14 (1:3.5):1

>92 (1:3.5):1
4.1 (1:1.5):1
100 (1:3.8):1

Conversion
(51%)
(77%)
(90%)
(41%)
(93%)

Fluorinating agent
FP-OTf
2-SO3-4-MeFP
2-SO3-4-MeFP
FP-OTf
2-SO3-4-MeFP

(Eq. 61)

When the fluorination is conducted with 2,2′-bisFP-OTf in the presence of
sodium bicarbonate as an acid trap, a 2.4 : 1 mixture of 6- and 4-fluoro isomers is
obtained. On the other hand, fluorination of the corresponding enol acetate deriva-
tive gives the 6-fluoro compound exclusively in 82% yield (α/β = 1 : 1.7).161
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Similarly, NFTh selectively fluorinates a dienol acetate and a methyl dienol ether
at the 6-position in acetonitrile in 89 and 72% yields, respectively.235

The C-16 fluorination of steroids is also very efficiently carried out. 16-Fluoro
steroids are obtained in high yields with excellent α/β stereoselectivity on fluo-
rination of either an enol acetate or a silyl enol ether (Eq. 62).173

O

AcO

SelectfluorTM

MeCN, rt
F

OR

AcO

R
Ac
TMS

Yield
(90%)
(92%)

α/β = 95:5 (Eq. 62)

In steroids possessing two reaction sites of conjugated and non-conjugated
enol acetates, N -fluoropyridinium triflate reacts at the conjugated site only. On
the other hand, a steroid having both a conjugated enol acetate and a silyl enol
ether moiety is selectively fluorinated at the silyl enol ether.150

As nitrogen analogs of enols, enamines are easily available substrates for
the introduction of a fluorine atom at the α-position of carbonyl compounds.
Moreover, the reactivity of enamines toward electrophilic fluorination is improved
relative to enol esters because the nitrogen atom donates electrons to the double
bond. A variety of enamines possessing an acetylamino group (Eq. 63)157 and
the more reactive dialkylamino and morpholino enamines react with electrophilic
fluorinating agents to produce monofluorinated carbonyl compounds.31,98,113,129

NHAc

t-Bu

O
F

t-Bu

(93%)   cis/trans = 4:1
NFPy, MeCN

rt, 2 d
(Eq. 63)

Difluorination of monocarbonyl compounds is not easy. However, the difluo-
rination of their enamine derivatives proceeds with 2.4 equivalents of N -fluoro-
bis(trifluoromethanesulfonyl)imide in dichloromethane in the presence of sodium
carbonate, which is added to neutralize the bis(trifluoromethanesulfonyl)imide
formed during the reaction. Reducing the quantity of fluorinating agent pro-
duces mixtures of mono- and difluorinated products.246 With the more widely
used SelectfluorTM, difluorinated products predominate in the fluorination of the
morpholino enamine of acetophenone derivatives (Eq. 64).247 In this reaction,
it is crucial to regenerate the monofluorinated enamine in order to obtain a
second fluorination. The addition of molecular sieves to the reaction mixture
increases the yield and the ratio of di- to monofluorination, whereas the pres-
ence of electron-withdrawing groups on the aromatic ring results in exclusive
formation of difluorinated products.
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N

O

R

SelectfluorTM (2 eq), 4 Å MS

MeCN, –10°, 8 h

O

R
F

F

R
H
MeO
NO2

CO2Et

Yield
(74%)
(64%)
(95%)
(72%)

O

R

F
+

I II

I:II
11:1
2.8:1
100:0
100:0

(Eq. 64)

When the method is applied to propiophenone instead of acetophenone, the
monofluorinated product is obtained as the major product in high yield, even
when two equivalents of SelectfluorTM are used. It has been proposed that the
methyl group attached to the position at which the fluorination occurs has a
significant effect on the reaction by reducing the acidity of the proton, pre-
cluding enolization and further fluorination.247 However, N -butylimines of a
variety of substrates, some including the propiophenone motif, have been success-
fully difluorinated with SelectfluorTM in refluxing dry acetonitrile in good yields
(73–89%).248 Screening of various fluorinating agents has shown that N -fluoro-
2,6-dichloropyridinium tetrafluoroborate is inefficient for difluorination because
the fluorination stops at the stage of the α-fluoro ketone (Eq. 65).248

O

O

F

F

F
NBu-n

SelectfluorTM

MeCN, reflux, 4 h

2,6-Cl2FP-BF4

MeCN, reflux, 4 h

(95%)

(67%)

(Eq. 65)

Pyrrolidino- and morpholino enamine derivatives of β-diketones and β-keto
esters are transformed into difluorinated carbonyl compounds with two equiva-
lents of SelectfluorTM in the presence of one equivalent of triethylamine, which
helps to regenerate the monofluorinated enamine (Eq. 66).247

N

X

R1

O

R2

O

R1

O

R2

F F

SelectfluorTM (2 eq), NEt3

MeCN, –10°, 30 min
(47-97%)

X = CH2, OCH2

R1 = Me, Ph
R2 = Me, i-Pr, Ph, 3-ClC6H4, OEt

(Eq. 66)
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Fluorination of Organophosphorus Compounds. A number of α,α-difluo-
rophosphonates have been synthesized as analogs of biological phosphates, but
experimental and theoretical reports indicate that α-monofluorophosphonates
would be better mimics.249,250 α-Monofluorophosphonates are isoacidic mimics
of phosphates, they are metabolically stabilized, and they possess excellent
features for receptor binding. In addition, the CHF stereochemistry does affect
enzyme-binding.251 NFSI is the most frequently used fluorinating agent for the
fluorination of organophosphorus compounds; SelectfluorTM, (CF3SO2)2NF, and
NFOBS are less utilized. Alkyl phosphonates react with a strong base (e.g.,
lithium diisopropylamide or n-butyllithium) to generate an unstabilized carbanion
α to the phosphorus atom, and reaction with NFSI gives a mixture of α-mono- and
α-difluorophosphonates in modest to good yields.252,253 Monofluorination can be
achieved by reaction of a mixture of LDA and t-BuOK with the alkylphosphonate
at −90◦ to −78◦ followed by the addition of NFSI (Eq. 67).254 Difluorinated
phosphonates can be obtained by repetition of this procedure.

R P(O)(OEt)2
R P(O)(OEt)2

F

A:
1. LDA/t-BuOK (1.3-2 eq),
    THF, –78° to –90°, 1 h

R
H
Me
n-Bu

NBoc
O

A
(11%)
(45%)
(48%)

(54%)

R P(O)(OEt)2

F F

B
(—)

(66%)
(70%)

(61%)

B: repeat 1 & 2

2. NFSI (1.3-2.5 eq), 
   –78° to rt

(Eq. 67)

Stabilization of an α-phosphoryl anion by aryl, arenesulfonyl, or trialkylsil-
yl groups allows the fluorination to proceed more efficiently. SelectfluorTM has
been successfully employed when arenesulfonyl groups are used to stabilize
the anion.173,255,256 Several benzylic phosphonates possessing various functional
groups on the phenyl ring can be difluorinated in good yields using sodium
hexamethyldisilazide (NaHMDS, 2.2 equivalents) and NFSI (2.5 equivalents)
(Eq. 68). The procedure is compatible with methyl or ethyl phosphonate esters
but not with tert-butyl esters.257

P(O)(R2)2R1 P(O)(R2)2R1
1. NaHMDS (2.2 eq), THF, –78°

2. NFSI (2.5 eq), THF, –78°

F F

R1 = H, 4-NO2, 4-Br, 4-CO2Bn, 4-OMe, 4-Bz, 
  4-Ph, 3-Ph, 2-Ph, 3-CH2O(CH2)2TMS
R2 = Me, Et

(46-82%)
(Eq. 68)
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CF2P(O)(OR)2(RO)2P(O)CF2
CF2P(O)(OR)2

CF2P(O)(OR)2

Y

(MeO)2P(O)CF2 CF2P(O)(OMe)2

R
Me
Et

Yield
(46%)
(74%)

R = Me, Et
(23-57%)

Y
—
CH2

(CH2)4

C=O

Yield
(21%)
(16%)
(64%)
(28%)

Figure 12. Fluorinated benzylic phosphonates.

Benzene, naphthalene, and diphenyl systems bearing two benzyl phospho-
nate moieties can also be fluorinated using adequate amounts of base and NFSI
(Fig. 12).257,258

The arylphosphinate shown in Eq. 69 reacts with NFSI with sequential replace-
ment of both hydrogen atoms of the methylene group to give an overall 56%
yield of α,α-difluorophosphinate. In this example, NaHMDS is used as the base
whereas the difluorination procedure on nonactivated alkylphosphinate requires
the use of t-BuLi and gives a modest 14% overall yield.259

P
O

OEt

1. NaHMDS (2.2 eq), THF, –80°

2. NFSI (2.2 eq), THF, –80° to rt

NO2

O NPht

1. NaHMDS  (1.1 eq), THF, –90°

2. NFSI (1.1 eq), THF, –90° to rt

P
O

OEt

NO2

O NPht

P
O

OEt

NO2

O NPht

+(30%) (35%)

F FF

(70%)

(Eq. 69)

Controlled monofluorination of benzylic phosphonates can be achieved with
the aid of a trimethylsilyl group, formed in situ, which acts as a temporary
anion-stabilizing group and that is cleaved afterwards with an oxygen nucleophile
(Eq. 70).260,261 This sequence has also been carried out in 74–89% overall yields
with LDA as the base.262
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P

1. LiHMDS (3 eq), THF, –78° to 0°

2. TMSCl, 20°
P

Li TMS

O
EtO
EtO

O
EtO
EtO

NFSI (1.2 eq)

THF, –78° to 0°
P

F TMS

O
EtO
EtO

LiOH, THF, H2O, 0°
(97%)P

F

O
EtO
EtO

(Eq. 70)

α-Fluorinated β-alkoxycarbonyl phosphonates are prepared from the corre-
sponding β-alkoxycarbonyl phosphonates by fluorination with NFOBS or
SelectfluorTM.33,263 By adjusting the molar ratio of base and SelectfluorTM, the
monofluoro or the difluoro compound can be obtained selectively (Eq. 71).263

Enantioselective fluorinations of β-alkoxycarbonyl phosphonates are discussed
in the enantioselectivity section.

O
P(OEt)2EtO2C THF, 0˚ to rt, 4 h

O
P(OEt)2EtO2C

F

O
P(OEt)2EtO2C

F F

+

x
1

2.5

y
1
3

Yield
(46%)
(69%)

I:II
100:0
0:100

I II

NaH (x eq), 
SelectfluorTM (y eq)

(Eq. 71)

Fluorination of Organosulfur Compounds. Syntheses of α-fluoro-substi-
tuted sulfides, sulfoxides, sulfones, and sulfonates have been described. α-Fluoro-
sulfides are particularly interesting since they have found applications as enzyme
inhibitors, as 19F NMR probes in proteins, and as synthons for vinylic fluorides.
The fluorination of sulfides is considered in this section even though the first step
involves attack by sulfur. Sulfides bearing α-hydrogen atoms react rapidly with
SelectfluorTM in acetonitrile at room temperature, forming fluorosulfonium salts
which undergo a Pummerer-like rearrangement on treatment with base (triethyl-
amine or DBU) to produce α-fluorosulfides.173,264 This method may be used to
introduce a fluorine atom at C2′ , C3′ , and C5′ of a variety of nucleosides. The
fluorination is carried out at room temperature by reaction with SelectfluorTM in
acetonitrile followed by addition of triethylamine; a mixture of diastereomers is
obtained (Eq. 72).265

O
AcO

AcO SC6H4OMe-4

N

NH

O

O

O
AcO

AcO SC6H4OMe-4

N

NH

O

O

F
2. Et3N, rt, 10 min O

AcO

AcO F

N

NH

O

O

SC6H4OMe-4

+

I II
I + II (52%)  I:II = 95:5

1. SelectfluorTM, 
  MeCN, rt, 15 min

(Eq. 72)
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The reaction of sulfides with various N -fluoropyridinium salts has been also
examined under very mild conditions in dichloromethane at room temperature
(Eq. 73).266 Triflates are more reactive than the corresponding tetrafluoroborates,
and N -fluoro-2,4,6-trimethylpyridinium triflate gives the best yields. The pyri-
dine derivative liberated in the reaction acts as a base in the Pummerer-like
rearrangement.

2,4,6-Me3FP-OTf

CH2Cl2, rt, 0.5-18 h
(38-76%)

R1 = Me, n-C12H25, Ph, 4-ClC6H4

R2 = H, CO2Me, CO2Et

R1 S
CH2R2 R1 S

CHR2

F (Eq. 73)

There are a few reports that describe the electrophilic fluorination of sulfox-
ides. Preformed α-sodium-β-keto sulfoxides are fluorinated with SelectfluorTM

to form the α-fluorosulfoxides as a mixture of diastereoisomers as demonstrated
in the synthesis of the fluoro furanose unit of the anti-HIV-active nucleoside,
β-FddA (Eq. 74).267 The fluorination does not take place without preliminary
deprotonation with sodium hydride; without deprotonation, oxidation to the cor-
responding sulfone occurs.

O
Ph3CO

O

S
O

Ph

O
Ph3CO

O

S
O Ph

F (70%)
2. SelectfluorTM, DMF, 30 min
3. rt, 3 h

1. NaH, THF, 0°
(Eq. 74)

α-Fluorination of enantiomerically pure β-keto sulfoxides by SelectfluorTM

does not alter the sulfinyl stereocenter and affords thermodynamic mixtures of
diastereoisomeric α-monofluorinated β-keto sulfoxides in reasonable yields.268

There are numerous reports of α-fluorination of sulfones. For example, the
α-fluorination of carbethoxyalkyl α-pyrimidin-2-yl sulfones with SelectfluorTM

followed by desulfonylation provides a route for the preparation of α-fluoro car-
bonyl compounds (Eq. 75).269 This methodology has been successfully extended
to the preparation of α-fluorophosphonates256 and applied to the synthesis of a
homonucleoside α-fluoromethylene phosphonate (Eq. 76).255 In both studies, the
sulfone group is utilized as an activating moiety for α-fluorination and is then
removed from the carboxylate or the phosphonate esters.

1. KH, THF, 0˚ to rt, 75 min

2. SelectfluorTM, DMF, 2 h, rt
Y N

SO2

R
O

OEt

Y N

SO2

O

OEtF
R

Y = N, CH

O

OEt
F

R

(72-92%) (60-95%)

Bu3SnH, AIBN

benzene, reflux

(Eq. 75)
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O N

N

O

O

O O

SO2

P

N

EtO
EtO

O

O N

HN

O

O

O O

P
EtO
EtO

O

F

1. KH, THF then SelectfluorTM, DMF
2. NH3, MeOH

Bz

(47%)

3. Bu3SnH, AIBN, benzene, reflux (Eq. 76)

Fluorination of benzylic sulfonic compounds is well documented. α-Carbanions
of sulfones, sulfonate esters, or sulfonamides are generated with strong bases such
as NaHMDS or n-BuLi in tetrahydrofuran at low temperature and react with NFSI
to give α-fluoro or α-difluorosulfonyl compounds in good yields.270,271 Rather
higher yields of difluorinated products are obtained by sequential fluorination as
illustrated in the synthesis of an inhibitor of carbonic anhydrase (Eq. 77).271

SO2NR2
1. n-BuLi, THF, –78°, 30 min

SO2NHR2

F

repeat steps 1 and 2

R = 4-MeOC6H4CH2

SO2NR2

F F

(82%)

(68%)

2. NFSI, THF, –78° to rt, 
   45 min

(Eq. 77)

Difluoromethyl benzylsulfonates having a neopentyl or a trichloroethyl ester
group are prepared in moderate to good yields whereas other ester groups (methyl,
ethyl, iso-propyl) yield only decomposition products.272 – 275

Fluorodemetalation. This method, which utilizes a metalation intermediate
prior to effecting the electrophilic fluorination step, overcomes problems associ-
ated with direct electrophilic fluorinations that do not proceed regioselectively.
Electrophilic fluorination of organometallic species is of broad interest and has
been developed since selective metalations can be achieved. Thus, regioselective
fluorination of aromatics can be accomplished in a two-step sequence: metala-
tion followed by electrophilic fluorination. A range of ortho-lithiated carbon-,
oxygen-, and sulfur-based directed metalation group systems undergo reaction
with NFSI or NFOBS (Eq. 78).33,276 – 282 In some examples, NFSI leads to phenyl-
sulfonyl transfer rather than electrophilic fluorination.

DMG

R

DMG

R
F

1. n-BuLi, THF

2. NFSI or NFOBS

DMG (directed metalation group) =
    CONR2, OMe, O(C=S)NR2, SOR, SO2NR2 (R = alkyl)

(Eq. 78)

N -Alkyl N -fluorobenzenesulfonamides,61 N -fluoroquinuclidinium triflate,69

and perfluoro-[N -fluoro-N -(4-pyridyl)methanesulfonamide]61 also fluorinate
ortho-metalated substituted aromatic compounds. Aryl and alkyl organometallics
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(lithium and Grignard reagents), which are strongly basic carbanions, are
preferably fluorinated with reagents for which β-elimination of hydrogen fluoride
is precluded. Grignard reagents generally react at 0◦ whereas organolithium
compounds are preferably fluorinated in good yields at −78◦. Several examples
are given in the literature.31,42,61,68,69,85,98,100,150

The reaction of N -(tert-butyl) N -fluorobenzenesulfonamide with alkenyl-
lithium reagents, which are obtained from the corresponding iodoalkenes,
affords the fluoroalkenes in high yields with retention of configuration. Small
amounts of non-fluorinated alkenes are present with the fluoroalkenes as shown
in Eq. 79.67,283,284 Alkenyl iodides serve as starting materials while alkenyl
mercurials give fluoroalkenes in very poor yields.

i-Bu Et

I
2.                 , –120˚ to rt

i-Bu Et

F

i-Bu Et+(88%) (7%)

1. t-BuLi, THF, Et2O,
   pentane, –120˚

PhSO2
N

t-Bu
F

(Eq. 79)

The reaction of terminal vinyl stannanes and fluorovinyl stannanes with
SelectfluorTM in refluxing acetonitrile is a facile method for the synthesis of
mono- and difluoroalkenes, respectively (Eq. 80).285

R2

R1 R3

SnBu3

(35-74%)

SelectfluorTM

MeCN, 80°, 30 min R2

R1 R3

F

R1, R2 = alkyl, aryl
R3 = H, F

(Eq. 80)

Fluorination of 2- and 3-trimethylstannylindoles with SelectfluorTM gives 2-
and 3-fluoroindoles, respectively (Eq. 81), demonstrating the ability of organo-
metallic species to direct the electrophilic fluorination and to overcome the usual
preference for indoles to react with electrophiles in the 3-position.205

N N
SelectfluorTM, MeCN

MeOH, rt, 12 h
Ts Ts

F
(40%)

SnMe3

N N
Ts Ts

(21%)

SnMe3 F

SelectfluorTM, MeCN

MeOH, rt, 12 h

(Eq. 81)

Another example of the regioselective fluorination of a trimethylstannyl deriva-
tive is given for the fluoro steroid in Eq. 82.253

O

O
SnMe3

O

O
F

SelectfluorTM

MeCN, rt, 12 h

(52%)

(Eq. 82)
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Likewise, alkenyl trifluoroborates react with SelectfluorTM to give fluoroal-
kenes in 58–89% yield, although with complete loss of stereochemistry. Difluo-
romethyl-substituted alcohols and amides are obtained with two equivalents of
SelectfluorTM in water or a nitrile solvent, respectively (Eq. 83).286 The same
reaction products can be obtained from reaction of alkenyltrimethylsilanes with
SelectfluorTM (see later in the text).287

R2

BF3
–K+

R1

SelectfluorTM (2.5 eq),
   R4CN, rt, 48 h

R3
SelectfluorTM (1 eq)

MeCN, rt, 24 h R2

R3 F

R1

(58-89%)
E/Z = 50:50-85:15

R1 = H, Ph
R2 = alkyl, aryl
R3 = H, Br

SelectfluorTM (2.5 eq)

H2O, rt, 48 hR2

F

R1

HO

R3 F

R3 = H
(58-75%)

R2

F

R1
R3 F

R3 = H; R4 = Me, Et
(62-82%)

O

R4 NH

(Eq. 83)

The catalytic diboration of alkynes to give intermediate alkenyl diboronates,
followed by electrophilic fluorination with SelectfluorTM, produces α-fluorinated
and α,α-difluorinated carbonyl compounds depending on the amount of fluori-
nating agent. This approach complements other methods for the synthesis of such
compounds. With one equivalent of SelectfluorTM, mixtures of mono- and difluo-
rinated carbonyl compounds are obtained, whereas the addition of more than two
equivalents of SelectfluorTM favors the formation of α,α-difluorinated carbonyl
compounds with up to 95% yield (Eq. 84).288

R1

B B
O

O O
O

O

R1 R2
O

R1

FF

SelectfluorTM

MeCN, rt, 15 h

+

R1 R2

R2R1 = Ph, t-Bu
R2 = H, Ph

F

R2

Pt(norbornene)3, PPh3,
bis(pinacolato)diboron

toluene, rt
(Eq. 84)

The fluorodesilylation of aryl-, vinyl-, allyl-, and propargyltrialkylsilanes can
be achieved with electrophilic sources of cationic fluorine to prepare a variety of
fluorine-containing compounds.289 These reactions are run most efficiently with
SelectfluorTM. Fluorodesilylation of phenyltrimethylsilane occurs in low yield
(19%).289 The reaction with alkenyltrimethylsilanes affords fluoroalkenes with
loss of stereochemistry, and difluoromethyl-substituted amides, alcohols, or ethers
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when an excess of SelectfluorTM is used in the presence of various nucleophiles
(see Eq. 83 for similar products obtained from alkenyl trifluoroborates).287 Allyl-
silanes are also good substrates for fluorodesilylation conducted in acetonitrile at
room temperature with one equivalent of SelectfluorTM to afford various func-
tionalized allylic fluorides (Eq. 85).290 Importantly, when R is a carbonyl group,
the reaction fails. Starting from the enantiopure allylsilanes shown in Eq. 86,
mixtures of diastereomeric allylic fluorides are obtained with a poor level of
diastereocontrol.291

R TMS
SelectfluorTM, MeCN, rt R

F
(33-82%)

R = CH2OBn, CH2OBz, (CH2)4OBz, CH2CO2Bn, 
   CH2NMeBoc, CH2NPht, CH(OCH2CH2O)

(Eq. 85)

SelectfluorTM, NaHCO3

MeCN or acetone, rt
R1 TMS

O

R2

R1 = OH, chiral oxazolidinone
R2 = Me, Bn

R1

O

R2

F

(61-95%)
dr = 1:1-2:1

(Eq. 86)

The synthesis of 19-fluoro-β-(ionylidene)acetaldehyde is a nice example of
the application of the fluorodesilylation of allylsilanes (Eq. 87).292

CN

TMS 2. DIBAL

F

(100%)O

1. SelectfluorTM, 
   MeCN, rt, 12 h

H
(Eq. 87)

Electrophilic fluorodesilylation can also be applied to allenyltrimethylsilanes
as an entry into 2-fluorodienes with various substitution patterns (Eq. 88).293

•
R1

R2

TMS

F

R2

R1SelectfluorTM, NaHCO3

acetone, 48 h

R1 ≠ H, E:Z = 2:1   (37-89%)
R1 = H (23-99%)

(Eq. 88)

In terms of mechanism, fluorodesilylation involves an addition-elimination
pathway via a carbocationic intermediate. The trimethylsilyl group controls the
regioselectivity of the addition by virtue of the stabilization of the cation β to
the silicon.

A single example of fluorination of trichlorophenylsilane with N -fluoroquin-
uclidinium fluoride has been reported to give fluorobenzene in a low 22% yield;
the reaction is presumably triggered by fluoride attack on silicon.113,115

Fluorination of cyclopentadienylthallium with SelectfluorTM generates 5-fluo-
rocyclopentadiene in situ, which can be trapped by suitable dienophiles to form
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7-fluorobicyclo[2.2.1]heptenes having exclusively the syn orientation as exem-
plified in Eq. 89.294

Tl
SelectfluorTM

0˚ to rt, 3 h
CO2Me

CO2Me

F

(35%)MeO2C CO2Me+ (Eq. 89)

Miscellaneous Substrates. The selective fluorination of diverse organic
compounds is the subject of this section. For instance, the preparation of 2- or 4-
fluoromethylpyridines is realized with N -fluorobis(trifluoromethanesulfonyl)imide
in dichloromethane at room temperature. In these reactions, the presence of sodium
carbonate is necessary to suppress the formation of unreactive pyridinium salts
which are generated by the strongly acidic bis(trifluoromethanesulfonyl)imide co-
product (Eq. 90).246 It has been proposed that tautomers of methylpyridines having
an enamine-like structure are fluorinated on the methylene site of the enamine.
However, in some instances, small quantities of fluoropyridines are formed.

N CH2F

N

N

(CF3SO2)2NF, CH2Cl2,

Na2CO3, rt, 12 h

CH2F

R2

R1 R3

N CH2F

or or

(52%)
R1 = R2 = R3 = Me

(72%)
R1 = R3 = H, 

R2 = Me

(20%)
R1 = R2 = H, 

R3 = Me

(Eq. 90)

Fluorination at a benzylic position bearing an electron-withdrawing group
(nitro, cyano, tetrazolyl, or sulfonate) has been studied in detail with various
fluorinating agents. In a first step, deprotonation with a base is required at the
benzylic position. By choosing an appropriate base and using proper amounts
of the base and fluorinating agent, the substrates can be mono- or difluori-
nated in moderate to high yields. As shown in Eq. 91, phenylnitromethane and
derivatives react in aqueous potassium hydroxide with SelectfluorTM under sto-
ichiometric conditions to yield monofluorinated products selectively. Repeating
the deprotonation-fluorination sequence in one pot gives exclusive access to the
difluorinated product, albeit in a moderate yield.218

NO2

R

1. KOH, H2O, MeCN
2. SelectfluorTM, rt , 12 h x

NO2

R

F

NO2

R

F F

+

R = H,   x = 1   I:II = 13:1   (81%)
              x = 2   I:II = 0:1   (47%)

I IIR = H, 4-OMe, 4-Br, 4-NO2

(Eq. 91)
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Similarly, benzylic α,α-difluoro-substituted nitriles, tetrazoles, and sulfonates
can be prepared by electrophilic fluorination of benzylic carbanions generated
by means of strong bases (t-BuLi, LDA, NaHMDS). The fluorination can be
performed either with NFSI272,275 or NFOBS.33 Furthermore, the use of slightly
more than one equivalent of base and fluorinating agent allows good control of
the monofluorination reaction (Eq. 92).33,272

N
N

N
N

Bu-t

2-napht

N
N

N
N

Bu-t

F

I

2. NFSI (y eq), –78°

2-napht

N
N

N
N

Bu-t

FF

II
x

2.2
1.1

y
2.5
1.3

Yield
(56%)
(61%)

I:II
0:100
100:0

2-napht
1. t-BuLi (x eq)
   THF, –78°

+

(Eq. 92)

The synthesis of vicinal fluorohydrins from aryl- and alkyl-substituted ter-
tiary alcohols can be achieved with SelectfluorTM in acetonitrile in high yields
(Eq. 93).295 An additional phenyl group geminal to the OH group improves the
yield of vicinal fluorohydrin formation. By choosing such substrates, the com-
petitive oxidation of the hydroxy functional group by the fluorinating agent is
obviously suppressed. With dialkyl(phenyl)-substituted alcohols having two dif-
ferent alkyl groups, a pair of regioisomers is formed with diastereomeric mixtures
for one (Eq. 94) or both of the regioisomers.295 The reaction presumably proceeds
through the styrene intermediate.

OH OH
FSelectfluorTM, MeCN

reflux, 30 min
(85%) (Eq. 93)

OH OH
RR

F

OH
R

F

+

I
erythro:threo = 1:6

II

SelectfluorTM, MeCN

reflux, 30 min

R
Me
Bn

I:II
1.8:1
1:1

Yield
(87%)
(85%)

(Eq. 94)

Diastereoselectivity
Intramolecular stereocontrol by an enantiomerically pure substrate is the origin

of a diastereoselective reaction. The existing stereogenic center remains incor-
porated in the product or can be removed after formation of the new fluorinated
stereogenic center. In this section, only the synthetic routes that require the tempo-
rary attachment of a chiral auxiliary (i.e., chiral auxiliary approach) are covered.
Other examples were discussed previously in context with particular substrates.
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Highly diastereoselective electrophilic fluorinations have been developed using
chiral oxazolidinones as auxiliaries and NFSI or NFOBS as the fluorinating agent.
Good to excellent diastereoselectivities are obtained by selective approach of
the fluorinating agent from the less hindered si face of the chiral imide enolate
(Eq. 95).296 – 301 The fluorination is suggested to occur by an SN2-type mechanism
for transfer of fluorine to the enolate species.33

O N

O

Bu-n
O

Ph

O N

O

Bu-n
O

Ph
F

LDA, THF, NFOBS

–78° to rt
(88%) dr >98.5:1.5

(Eq. 95)

Deconjugative electrophilic fluorination of lithium dienolates of α,β-unsatura-
ted chiral oxazolidinones with NFSI proceeds with complete diastereoselectivity
whereas NFOBS is less selective. This difference is attributed to the greater steric
bulk of NFSI (Eq. 96).297,302,303 This strategy has been successfully applied to the
synthesis of biologically important fluoro nucleosides,299 fluoro carbohydrates,302

and to the synthesis of a phosphotyrosyl mimetic.304

O N

O O

Ph

O N

O O

Ph
F

LiHMDS, THF, NFSI

–78°

(76%) dr >98.5:1.5

OBn
OBn (Eq. 96)

Diastereoselective fluorination of the lithium enolates of (1R,3R,4S)-8-phenyl-
menthyl β-keto esters with N -fluoro-2,4,6-trimethylpyridinium triflate allows
the construction of quaternary fluorinated stereogenic centers with moderate
diastereoselectivity (Eq. 97).305 – 307 Of the substrates evaluated, the one where
R is methyl displays diastereoselectivity in electrophilic fluorination opposite to
that involving other R groups; in these reactions the R group, which is responsible
for enolate conformation, causes preferred access to one of the enolate faces.

MeO2C
O

O

Ph
R

MeO2C
O

O

Ph
FR

I

THF, –78˚ to rt

+

II

MeO2C
O

O

Ph
RF

R
Me
Et
n-Pr
Bn

Yield
(87%)
(96%)
(96%)
(88%)

I:II
79:21
33:67
33:67
38:62

2,4,6-Me3FP-OTf,
LiHMDS

(Eq. 97)



ELECTROPHILIC FLUORINATION WITH N–F REAGENTS 397

Some diastereoselective fluorinations of β-keto esters bearing a chiral auxiliary
(e.g. cholesteryl ester308 and L-menthyl esters309 – 311) have been conducted in the
presence of a chiral transition-metal catalyst (see next section). In these reactions,
a double stereodifferentiation was expected; however, the stereoselectivity was
lower or equal to that observed with achiral ester derivatives.

A tandem conjugate addition of a chiral lithium amide to tert-butyl cinnamate
followed by a diastereoselective electrophilic fluorination of the intermediate
enolate by NFSI provides β-amino α-fluoro esters (Eq. 98).312

Ph OBu-t

O
Ph N

Li
Ph1.                        , THF, –78˚

2. NFSI, –78˚, 5 h Ph
CO2Bu-t

N

F

PhPh

(100%)  dr = 82:18

(Eq. 98)

Diastereoselective electrophilic fluorination of enantiopure α-silyl ketones
places the fluorine atom at the α′ position. The α-silyl group provides
stereocontrol for fluorination and is subsequently removed. High diastereomeric
ratios are obtained for cyclic ketones, whereas lower dr values are measured for
acyclic ketones. In most cases, replacement of LDA by LiHMDS, which causes
different enolate geometries, allows reverse diastereoselectivity to be obtained
(Eq. 99). Either enantiomer (after removal of the chiral auxiliary) can be produced
by choosing the Z- or E-enolate geometry: LDA provides E-enolates which give
syn isomers, whereas LiHMDS provides Z-enolates which give anti isomers. This
method is restricted to the synthesis of α-fluoro ketones that lack unsaturation
because ozone is necessary to remove the chiral auxiliary.313,314

Et Et

TBDMS
O

base, THF, –78°

NFSI
Et Et

TBDMS
O

F

Et Et

TBDMS
O

F+

Base
LDA
LiHMDS

anti:syn
10.5:89.5
94.5:5.5

Yield
(79%)
(80%)

anti syn (Eq. 99)

This concept can be applied to silyl enol ethers; however, the fluorination
gives rise to a significant amount of regioisomers (Eq. 100). The unpredictable
formation in various amounts (up to 100%) of the regioisomer bearing the fluorine
atom on the carbon bearing the silyl group is obviously a disadvantage of the
method.314
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OTMS
TBDMS

SelectfluorTM

O
TBDMS F

O
TBDMS

F

+

contains 5%
of the regioisomer

Conditions
NFSI, THF, –78° to rt
SelectfluorTM, MeCN, 0° to rt

O
TBDMS F

+

I
anti

II
syn

(I + II):III
72:28
94:6

I:II
95:5

83:17

III
α,α-regioisomer

Yield
(73%)
(49%)

NFSI
or

(Eq. 100)

A variety of phosphonamidates bearing trans-(R,R)-1,2-bis(N -methylamino)
cyclohexane or (−)-ephedrine as a chiral auxiliary react with NFSI to give α-
monofluoroalkylphosphonates.315 The diastereoselectivity is strongly dependent
on the nature of the base and counterion with dr values ranging from 51 : 49
to 86 : 14. LiHMDS gives good results with chiral diaminophosphonamidates,
whereas NaHMDS is preferred when ephedrine is the auxiliary (Eq. 101).

N
P

O

Me

Ph

N
P

O

Me

Ph

N
P

O

Me

Ph2. NFSI, –78°
O

2-napth
O O

2-napth 2-napth

F

(62%) dr = 86:14

F
1. NaHMDS,
   THF, –78°

+

(Eq. 101)

Enantioselectivity
There are several methods for conducting enantioselective electrophilic fluor-

ination.316 – 320 The use of chiral, nonracemic N–F or [N–F]+ reagents is the most
general approach. With the aid of a stoichiometric, chiral fluorinating agent, a
prochiral substrate is transformed into a chiral product with concomitant creation
of a fluorine-bearing stereogenic center. Another approach involves transition-
metal catalysis of the fluorination of 1,3-dicarbonyl compounds and β-keto phos-
phonates. Since enolization of 1,3-dicarbonyl compounds is promoted by Lewis
acids, chiral transition-metal catalysts have been investigated, and are found
to produce enantioenriched α-fluorinated 1,3-dicarbonyl compounds. The sub-
strates are usually β-keto esters. Enantioselective organocatalytic α-fluorination
of aldehydes and ketones has also been accomplished. β-Keto esters and β-keto
phosphonates have been produced with moderate enantioselectivities using phase
transfer catalyzed fluorination. On the other hand, organocatalytic fluorination
of aldehydes and ketones with chiral pyrrolidine or imidazolidinone derivatives
gives very high enantioselectivities.

The first enantioselective fluorinating agents were the camphor-derived N -
fluorosultams 1a–d (Fig. 13). They are prepared by passing a mixture of 10%
(v/v) molecular fluorine in nitrogen through a solution of the corresponding cam-
phorsultam in CHCl3/CFCl3 at −40◦ in the presence of powdered NaF as the
HF-scavenger.
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SO2

N
R2

R2

F
R1

1a: R1 = H, R2 = H
1b: R1 = Me, R2 = H
1c: R1 = H, R2 = Cl
1d: R1 = H, R2 = OMe

Figure 13. Camphor-derived N-fluorosultams.

The fluorination of various prochiral metal enolates of ketones, esters, and
β-keto esters affords α-fluoro carbonyl compounds in modest yields and with
up to 75% ee (Eq. 102).321 – 324 However, most of the ee values are in the range
10% to 40%.

O

2. (–)-1c (0.8 eq), 
   inverse addition

O
F

(40%) 75% ee

1. NaHMDS, THF, 
   –78° to  0°

(Eq. 102)

Other examples of chiral fluorinating agents include the nonracemic, acyclic
N -fluorosulfonamides 2 and 3a,b (Fig. 14).325 Their preparations utilize either
diluted molecular fluorine or perchloryl fluoride. However, they display poor
reactivity toward metalated enolates and are not very stable under the reac-
tion conditions. Poor yields (≤53%) and only moderate ee values of up to 54%
are obtained.325 Several enantiopure, cyclic N -fluorosulfonamides 4-6 (Fig. 14)
have been designed and tested for electrophilic fluorination of aryl ketone eno-
lates.326 – 330 N -Fluorosulfonamide 4 exhibits excellent enantioselectivity, produc-
ing ee values as high as 88%, and affords good chemical yields (Eq. 103).326

O
Bn 1. LDA, THF, –40°

2. 4 (1.1 eq)

O
Bn

F (79%) 88% ee (Eq. 103)

Although satisfactory enantiomeric excesses of up to 88% are attained in
the fluorination of metal enolates, the N–F reagents present two sizeable draw-
backs: their arduous multi-step syntheses, and the necessity of handling molecular

Ts
N

OAc

F

Ph
Ts

N
F

Ph
Ms

N
F

Ph

2 3a 3b

N

O2
S

F
N

O2
SO2N

Bu-t

F
N

O2
S F

Pr-i

4 5 6

Figure 14. Chiral N–F fluorinating agents.
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N

R2

R1O
N

N

R2

OR1
N

FF

+ +
X–

X–

Cinchonine (CN) and 
quinidine (QD) derivatives

Cinchonidine (CD) and 
quinine (QN) derivatives

R1 = H, Ac, Bz, 4-ClC6H4CO, 4-MeOC6H4CO, 4-O2NC6H4CO, 1-naphthoyl, 
   2-naphthoyl, 9-phenanthryl, 4-methyl-2-quinolyl
R2 = H, OMe
X = BF4, OTf, (PhSO2)2N

Figure 15. [N–F]+ Reagents from cinchona alkaloids.

fluorine or perchloryl fluoride. A major breakthrough in the field of enantiose-
lective electrophilic fluorination came from the development of a different class
of reagents: the [N–F]+ ammonium salts of cinchona alkaloids (Fig. 15). These
fluorinating agents are easily obtained in a one-step transfer-fluorination of cin-
chona alkaloids with the aid of SelectfluorTM, or can be generated in situ from
the same reagents.331 – 335 In addition, such reagents benefit from the commercial
availability of both SelectfluorTM and the cinchona alkaloids. Several achiral flu-
orinating agents (SelectfluorTM, NFTh, NFSI, and 2,6-Cl2FP-BF4) are efficient
fluorine-transfer reagents.336

Unlike the chiral, neutral N–F reagents, the [N–F]+ ammonium salts of cin-
chona alkaloids are employed for the fluorination of a number of substrates:
ketone and ester enolates, β-keto esters, α-cyano esters, silyl enol ethers, nitrile
anions, and oxindoles. These reagents possess a stronger fluorinating power than
the neutral N–F reagents, allowing the fluorination of enol derivatives such as
silyl enol ethers (Eq. 104).334,337

Bn

OTMS O

Bn
F

Fluorinating agent
(4-ClC6H4CO)DHQN/SelectfluorTM

F-(2-naphthoyl)QN-BF4

Conditions
MeCN, 3 Å MS, –20°, 12 h
MeCN, –40°, 20 h

Yield, % ee
(86%), 91
(98%), 84

(Eq. 104)

Among the most interesting substrates used in the enantioselective electrophilic
fluorination are α-cyano arylacetates (Eq. 105)334 and oxindoles (Eq. 106).334

CO2EtCO2Et

CN F CN
AcDHQD / SelectfluorTM, MeCN

CH2Cl2, 3 Å MS, –80°, 2 h
(80%) 87% ee

(Eq. 105)



ELECTROPHILIC FLUORINATION WITH N–F REAGENTS 401

N
H

O
N
H

O

F

OMe OMe

(DHQD)2PYR/SelectfluorTM

MeCN, 0°, 2 d
(79%)   82% ee*

(Eq. 106)

Applications of these [N–F]+ reagents include the enantioselective syntheses
of α-fluoro-α-amino acid derivatives (Eq. 107),338 fluoropeptides,339 BMS-204
352, a potent opener of maxi-K channels (Eq. 108),340 – 342 and 20-deoxy-20-
fluorocamptothecin (Eq. 109).343

N

CN

O O N

CN

O O

F

1. LiHMDS, THF, –78°
(56%) 94% ee

*2. F-(4-MeOC6H4CO)QN-BF4,
   –78°, 12 h

(Eq. 107)

H
NCF3

O

OMe

Cl

H
NCF3

O
F

OMe

Cl

Fluorinating agent

(DHQN)2AQN/SelectfluorTM

F-(2-naphthoyl)QN-BF4

Conditions
MeCN, CH2Cl2, –80˚, 12 h
DABCO, THF, MeCN, 
  CH2Cl2, –78˚, 12 h

Yield, % ee
(94%), 84
(96%), 88

BMS-204352

(Eq. 108)

20-deoxy-20-fluorocamptothecin
(87%) 88% ee

N
N

O

O

OF

N
N

O

O

O

(DHQD)2PHAL/SelectfluorTM

CH2Cl2, rt, 1-2 d

(Eq. 109)

These charged [N–F]+ reagents are soluble in acetonitrile and also in a wide
variety of ionic liquids. In the latter, electrophilic fluorinations of silyl enol ethers
performed at room temperature produce the target α-fluoro carbonyl compounds
in both yields and ee values similar to those obtained in acetonitrile at −40◦. In
addition, the cinchona alkaloids can be immobilized in the ionic liquid, allowing
recovery and reuse.344 Grafting cinchona alkaloids onto a polystyrene support
constitutes another approach to recycling the source of chirality in the enan-
tioselective electrophilic fluorination.345 Here again, the enantiodiscriminating
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properties of the polymer-bound reagents are similar in all respects to those of
non-supported analogs.

The ease of preparation and generality of fluorination make the [N–F]+ class of
reagents the best choice for enantioselective electrophilic fluorination. Attempts
to perform a catalytic electrophilic fluorination of silyl enol ethers with the aid of
cinchona alkaloids failed because the fluorination by the stoichiometric reagent
is faster than the fluorine transfer, leading to racemic fluorinated products. A
partial solution of this drawback was found by conducting the fluorination on
acyl enol ethers, which are less reactive than the silyl enol ethers, in the presence
of sodium acetate.346

Catalytic enantioselective electrophilic fluorination under transition-metal catal-
ysis succeeds with α-monosubstituted β-keto esters and β-keto phosphonates that
have the requisite ease of enol (or enolate) formation. Chiral transition-metal cat-
alysts 7a and b,45,308,309,347 – 350 8a–g,351 – 356 9a and 9b,310,311,357,358 and 10359

(Fig. 16) have been utilized, and their efficiency is clearly demonstrated by the
high ee values of the fluorinated products. For example, α-fluoro β-keto esters
are obtained using TiCl2[(R,R)-TADDOLato] complex 7a with enantiomeric
excesses up to 90% (Eq. 110).308 The more sterically hindered complex 7a gives
rise to higher enantioselectivities than 7b; 7a is also the more effective catalyst.

O

O O

O

O O

F

SelectfluorTM, 7a (5 mol%)

MeCN, rt

(89%) 90% ee

*

(Eq. 110)

Interestingly, palladium complexes 8a–d can be immobilized and reused in
ionic liquids with excellent reproducibility even after ten consecutive cycles.
For example, the enantioselective electrophilic fluorination of 2-methyl-3-oxo-
3-phenylpropionic acid tert-butyl ester with 8b in [hmim][BF4] gives the cor-
responding fluorinated product in 93% yield with 92% ee, and still in 67%
yield with 91% ee after ten cycles.352 The synthesis of α-fluoro-β-keto phos-
phonates can be realized in high enantiomeric excesses (94–98% ee) using chi-
ral palladium complexes 8e or 8f and NFSI (Eq. 111),360,361 or 8g and NFSI
(87–97% ee).362

(93%) 96% ee

O

P(OEt)2

O O

P(OEt)2

O

F

5 mol% 8f

NFSI, EtOH, rt
(Eq. 111)

Bisoxazoline-copper (II) complexes are also efficient for the catalytic flu-
orination of both acyclic and cyclic β-keto esters using NFSI as the achiral
fluorinating agent. Catalysts 9a (Fig. 16) do not lead to enantioselectivities as
high as those observed with catalysts 7 or 8 whereas catalyst 9b [Fig. 16,
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Figure 16. Chiral transition-metal catalysts.

Lewis acid = Ni(ClO4)•6H2O] generates enantioselectivities up to 99%.311 As
little as 0.1 mol% of catalyst 9a (M = Cu, R = Ph) can be used; the addition
of 1,1,1,3,3,3-hexafluoroisopropyl alcohol (HFIP) is crucial for achieving high
enantioselectivity.357 Importantly, a simple change of the metal salt allows the
preparation of either of the two enantiomers.310 Other combinations of chiral
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ligands with various metals and fluorinating agents have been evaluated. In par-
ticular, the Al-Li-BINOL complex 10 allows the preparation of α-fluoro β-keto
esters in high yields with moderate ee values; up to 67%.359 The combination of
chiral bisoxazoline 9b and Zn(ClO4)2 also catalyzes the fluorination of β-keto
phosphonates in up to 91% ee358 and β-keto esters in up to 99% ee.311

Organocatalysis is an alternative approach that induces high to very high enan-
tioselectivities. The use of the cinchonine-derived quaternary ammonium salt 11
as a chiral phase-transfer catalyst with an achiral fluorinating agent allows the
enantioselective fluorination of β-keto esters (Eq. 112)363 and α-cyano esters.364

O

CO2Me

O

CO2Me
F

N

O
N

NFSI, K2CO3, toluene, rt

(92%) 69% ee

11  (10 mol%)

*

Ar = 3,5-(t-Bu)2C6H2OMe−4

Ar

+
Br –

(Eq. 112)

Direct organocatalytic enantioselective fluorination of aldehydes and ketones
employs proline derivatives or imidazolidinones. α-Fluorocyclohexanone is
obtained at a modest 36% ee with SelectfluorTM in the presence of 23 mol%
of trans-4-hydroxy-L-proline.365 Higher enantioselectivities are attained in the
organocatalyzed fluorination of aldehydes.366 – 368 A screening of electrophilic
fluorinating agents shows a preference for NFSI rather than SelectfluorTM or
pyridinium salts. Linear aldehydes allow high enantioselectivities of up to 99%
(Eq. 113),366 – 368 whereas α-branched aldehydes that generate quaternary chiral
centers give moderate ee values of up to 66% (Eq. 114).368

(54%) 99% ee

N

N
H2

Me O

Ph

H
Ph

O

Ph

OH
F

Catalyst

Cl2HCCO2
–

1. NFSI, catalyst (20 mol%), 
   THF, i-PrOH, –10˚

2. NaBH4, CH2Cl2

+

(Eq. 113)

(98%) 66% eeH

O
NFSI, catalyst (30 mol%) 

DMF, 4°, 4 h

Catalyst

H

O
F

N
H OTIPS

(Eq. 114)
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Exposure of α,β-unsaturated aldehydes to a tandem reaction that combines
transfer hydrogenation conditions using Hantzsch esters and NFSI in the pres-
ence of one or a combination of two organocatalysts allows the formal addition
of hydrogen fluoride with very high levels of enantio- and diastereoselection
(Eq. 115).369

Ph N
H

+
O

Ph

O

F
(81%) 99% ee
anti:syn = 16:1

Catalyst A Catalyst B

N

N
H2

N

N
H2

O O

Bu-t

Me Me

Ph

H

t-BuO2C CO2Bu-t

H

Cl2HCCO2
–Cl3CCO2

–

+ +

NFSI, catalyst A (7.5 mol%),
catalyst B (30 mol%)

CHCl3, THF, i-Pr

(Eq. 115)

α-Fluoro carbonyl compounds are not the sole targets of the enantioselective
electrophilic fluorination; allylic fluorides can be obtained by the electrophilic
fluorodesilylation of allyl silanes. With N -fluoroammonium salts of cinchona
alkaloid derivatives generated in situ, some fluoro allylic compounds are obtained
in high conversions with excellent enantioselectivities (Eq. 116).370 – 372

Bn
(>95% conv)  96% ee

TMS

Bn

F

(DHQ)2PYR/SelectfluorTM

MeCN, –20°, 24 h

(Eq. 116)

A quinine/SelectfluorTM combination allows the fluorination of allylic alcohols
with subsequent rearrangement to give diastereomerically pure α-quaternary-β-
fluoro aldehydes in moderate yields and good enantioselectivities (Eq.117).373

napht-1

OH
quinine/SelectfluorTM

MeCN, K2CO3, rt, 6 d
F

1-napht
CHO

(45%) 82% ee (Eq. 117)

COMPARISON WITH OTHER METHODS

Single-step transformation of C–H to C–F linkages requires sources of elec-
trophilic fluorine (F+) or radical fluorine (F•). The very reactive, molecular
fluorine, when used under highly controlled conditions, can be a source of these
fluorinating species. Such reactions are highly substrate dependent, but often in a
predictable manner. When direct fluorination is possible, this route can potentially
have the lowest cost for introducing electrophilic fluorine.17,374 – 378 Reactions of
fluorine at ambient temperatures tend to be homolytic in nature because of the
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weak F–F bond (37.7 kcal/mol), thus leading frequently to extensive decomposi-
tion. However, ionic addition of fluorine occurs when the reaction is carried out at
low temperature with diluted fluorine in helium or nitrogen, and in a high dielec-
tric constant solvent with a proton source to suppress radical processes. Sulfuric
acid or formic acid are excellent solvents to promote electrophilic (rather than
radical) fluorination. These can be used with or without other polar high dielec-
tric solvents such as acetonitrile. Formic acid gives fewer problems with some
aromatic substrates (such as competing sulfonation, hydrolysis of nitriles, etc.).
Substrates such as β-dicarbonyl compounds379,380 and substituted benzenes381,382

give high yields of fluorinated products. The former react mainly at the cen-
tral carbon atom whereas the latter react at the expected site of electrophilic
attack.

Reagents containing the O–F group contributed to the rapid development
of organofluorine chemistry. This class of reagents includes fluoroxytrifluo-
romethane (CF3OF), fluoroxyperfluoroalkanes (RfOF), bis(fluoroxy)difluorome-
thane [CF2(OF)2], perfluoroacyl hypofluorites (RfCO2F), acetyl hypofluorite
(MeCO2F) and higher homologs (RCO2F), trifluoromethanesulfonyl hypofluorite
(CF3SO2OF), pentafluorosulfur hypofluorite (SF5OF), and cesium fluorooxysul-
fate (CsSO4F).2,383 – 385 These compounds are electrophilic sources of fluorine
and are generally more selective than molecular fluorine. Hypofluorites, how-
ever, have not received wide acceptance, and their use has declined dramatically
in recent years because of difficulties in handling and danger associated with
their very strong oxidizing power. Consequently, N–F reagents have surpassed
O–F reagents in stability, safety, and handling convenience.

Perchloryl fluoride (FClO3), in which the fluorine atom is bound to the chlo-
rine atom of the perchloryl function, ably fluorinates organic substrates such as
aromatics and stabilized carbanions. However, the manipulation of perchloryl
fluoride is too problematic for general use: it can decompose explosively, and it
leads to unwanted chlorinated by-products.386,387

Xenon difluoride (XeF2) and higher fluorides (XeF4, XeF6) are also very
effective for the fluorination of nucleophilic substrates, but the commercial use
of XeF2 is limited owing to its high cost.13,388 – 390

Hypervalent difluoroiodoarenes are used as fluorinating agents. Fluorination
of β-dicarbonyl compounds, silyl enol ethers, α-phenylsulfanyl esters, α-seleno
carboxylic acid, and acetamides using iodotoluene difluoride is an apparent elec-
trophilic fluorination. From a mechanistic standpoint, the carbon-fluorine bond
formation occurs through a nucleophilic fluorination; for this reason, hypervalent
difluoroiodoarenes are not considered further in this chapter.391 – 398

EXPERIMENTAL CONDITIONS

Caution. Fluorine is a poisonous, corrosive, flammable, pale yellow to greenish
gas, with an irritating pungent odor. It is extremely reactive, and is a powerful
oxidant that reacts violently with many materials. It is toxic by inhalation or
ingestion.
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Molecular fluorine is not directly used in electrophilic fluorination with N–F
reagents; however, the syntheses of all the N–F reagents require molecular fluor-
ine or a reagent made from it. The safe handling of molecular fluorine requires a
high level of expertise and special apparatus. Molecular fluorine is prepared by
the electrolysis of a solution of anhydrous hydrogen fluoride that contains potas-
sium fluoride (KF/2HF is an ionic liquid at about 100◦

).399 Chemical methods
for the generation of molecular fluorine have also been reported.400 – 403 Cylinders
of F2/N2 or F2/He blends and the particularly hazardous neat F2 are commer-
cially available. The rate of uptake of fluorine and the reaction temperature must
be carefully controlled to prevent free-radical side reactions. Low reaction tem-
peratures in the range −80◦ to −30◦ are adequate. The fluorination reactions
with molecular fluorine are carried out in Pyrex glass reaction vessels22,113

or in a polytetrafluoroethylene flask for experiments in which aqueous HPF6 or
HSbF6•6H2O are used.122 Fluorination reactions with N–F reagents are conducted
in glass vessels.

EXPERIMENTAL PROCEDURES

Preparation of Fluorinating Agents

10% F2/He, dry NaF

CHCl3, –40°
(~100%)

S
O2

N F
S
O2

NH

2-Fluoro-3,3-dimethyl-2,3-dihydrobenzo[d ]isothiazole-1,1-dioxide [with
F2].404 A conical glass flask (1000 mL) was charged with anhydrous
powdered sodium fluoride (60 g oven dried at 200◦ for 24 hours), anhy-
drous CHCl3 (600 mL), and 3,3-dimethyl-2,3-dihydro-1,2-benzo[d]isothiazole-
1,1-dioxide (20 g, 101 mmol), and the resulting mixture was magnetically stirred
at room temperature under nitrogen until the latter compound had completely
dissolved. The reaction vessel was immersed in a cryo-cooled, thermostatically
controlled (−40◦

) ethanol bath. A mixture of 10% (v/v) fluorine in helium
(spectral purity) (slightly more than one equivalent) was added by means of
a fritted glass tube to the vigorously stirred reaction mixture at a flow rate of
210 mL/minute for 135 minutes, while the external bath temperature was main-
tained at −35 to −40◦. The cold bath was removed and the reaction mixture was
purged of fluorine gas with bubbling nitrogen at a flow rate of 525 mL/minute
for 45 minutes. The sodium fluoride–hydrogen fluoride complex was removed
from the reaction mixture by frit filtration and rinsed copiously with chloroform.
The combined chloroform solution was evaporated to dryness in vacuo and the
residue was sublimed (55◦/0.01 mm Hg) to afford the title product (21.5 g) almost
quantitatively as a white solid, mp 111–112◦; 1H NMR (300 MHz, CDCl3) δ

1.78 (d, J = 3.54 Hz, 6H), 7.34–7.93 (m, 4H); 13C NMR (75 MHz, CDCl3) δ

26.2 (d, J = 9.1 Hz), 69.8 (d, J = 11.6 Hz), 123.0, 123.9, 129.8, 131.4, 135.1,
144.2; 19F NMR (282 MHz, CDCl3): δ −47.3.
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N

TfONa, MeCN, –40°

10% F2/N2 N
F

+
OTf–

(70%)

N -Fluoropyridinium Triflate, FP-OTf [with F2].22 This procedure is des-
cribed in Organic Syntheses.

N

N

CH2Cl
+

2 BF4
–

F

+

N

N

CH2Cl
+

BF4
– 10% F2/N2, NaBF4

MeCN, –35°
(84%)

1-Chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane bis(Tetrafluoro-
borate), SelectfluorTM [Flow Method with F2].132 A homogeneous 1 : 9 (v/v)
mixture of F2 (6.2 g, 16.3 mmol) and N2 was passed at a rate of 130 mL/minute
through a cold (−35◦

) vigorously stirred solution of 1-chloromethyl-4-aza-1-
azoniabicyclo[2.2.2]octane tetrafluoroborate (2.0 g, 8.0 mmol) and sodium tetra-
fluoroborate (0.88 g, 8.0 mmol) in dry MeCN (100 mL). The mixture was filtered
to remove sodium tetrafluoroborate, the filtrate was evaporated, and the white
residue was washed with acetone and dried in vacuo to provide SelectfluorTM

(2.4 g, 6.8 mmol, 84%), mp 225◦ (decomp.); 1H NMR (300 MHz, D2O) δ 4.47
(t, J = 7.5 Hz, 6H), 4.90 (q, J = 7.6 Hz, 6H), 5.52 (s, 2H); 13C NMR (75 MHz,
D2O) δ 54.8 (m), 58.4 (d, J = 15.2 Hz), 70.0 (m); 19F NMR (188.8 MHz, D2O)
δ 125.6 (br s, NF+), −72.3 (BF4

−).

N

OMe

O
N

F

+
BF4

–

O

Cl

N

OMe

O
N

O

Cl

SelectfluorTM

MeCN, 20˚
(97%)

9-O-(4-Chlorobenzoyl)-N -fluoroquininium Tetrafluoroborate [F-(4-ClC6

H4CO)QN-BF4] [by Transfer Fluorination with SelectfluorTM].338 Select-
fluorTM (4.82 g, 13.6 mmol) in MeCN (30 mL) was added slowly to an equimolar
amount of 9-O-4-chlorobenzoylquinine (6.50 g, 13.6 mmol) in MeCN (20 mL).
The reaction was complete within 20 minutes. Acetonitrile was removed under
reduced pressure and the resulting white solid was dissolved in a small amount
of acetone. Then a solution of H2SO4 (96%, 1.13 g, 10.9 mmol) in acetone
(100 mL) was added dropwise to precipitate 1-chloromethyl-4-hydro-1,4-diazo-
niabicyclo[2.2.2]octane hydrogen sulfate tetrafluoroborate, which was removed
by filtration. Addition of Et2O to the filtrate gave a precipitate, which was washed
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with a 1 : 1 v/v mixture of Et2O and acetone, and dried in vacuo. The product crys-
tallized from acetone on cooling to afford colorless crystals of the title compound
(97% yield), mp 156◦; 1H NMR (300 MHz, acetone-d6) δ 2.44 (m, 1H), 2.67 (m,
2H), 2.87 (m, 1H), 3.31 (m, 1H), 3.58 (m, 1H), 4.10 (s, 3H), 4.49 (m, 1H), 4.62
(m, 1H), 4.87 (m, 2H), 5.10 (d, J = 10.5 Hz, 1H), 5.22 (d, J = 16.9 Hz, 1H),
5.25 (m, 1H), 5.90 (m, 1H), 7.61–7.72 (m, 4H), 7.84 (dd, J = 9.1, 2.3 Hz, 1H),
8.29–8.37 (m, 4H), 9.09 (d, J = 5.6 Hz, 1H); 13C NMR (75 MHz, acetone-d6)
δ 26.0, 28.3, 28.4, 44.2, 57.2, 59.7 (d, J = 8.7 Hz), 68.1 (d, J = 5.1 Hz), 69.4
(d, J = 8.7 Hz), 73.5 (d, J = 8.7 Hz), 102.8, 119.3, 121.1, 126.4, 128.3, 128.4,
128.7, 130.6, 133.2, 136.9, 137.2, 141.6, 144.1, 149.6, 162.1, 164.9; 19F NMR
(282 MHz, acetone-d6/CFCl3) δ 44.6 (1F), −149.7 (4F); HRMS (FAB) calcd for
C27H27ClFN2O3 (M + H), 481.1694, found, 481.1697.

Electrophilic Fluorinations

OMe
FSelectfluorTM, MeCN, MeOH

   reflux, 1 h
(90%)

2-Fluoro-1-methoxy-1-phenylethane [Fluorination of an Alkene with
SelectfluorTM].174 To a solution of styrene (208 mg, 2.0 mmol) in MeCN
(20 mL) and methanol (2 mL) was added SelectfluorTM (709 mg, 2.0 mmol).
The reaction mixture was stirred for 1 hour at reflux, then diluted with CH2Cl2
(40 mL), washed with 10% aqueous sodium bicarbonate solution and H2O, and
dried (Na2SO4). The pure product was obtained in 90% yield after column chro-
matography on silica gel, bp 110◦/25 mm Hg; 1H NMR (100 MHz, CDCl3) δ

3.30 (s, 3H), 4.0–4.9 (m, 3H), 7.0–7.6 (m, 5H); 19F NMR (376 MHz, CDCl3) δ

220.5 (td, J = 49.4, 4.0 Hz); MS m/z: M+ 154. Anal. Calcd for C9H11FO: C,
70.11; H, 7.19. Found: C, 70.13; H, 7.26.

CO2Me

HO
NHAc

CO2Me

HO
NHAc

F

(65%)
3,5-Cl2FP-OTf, CH2Cl2

MeCN, rt, 8 h

2-Acetylamino-3-(3-fluoro-4-hydroxyphenyl)propionic Acid Methyl Ester
[Fluorination of an Arene with 3,5-Cl2FP-OTf].405 2-Acetylamino-3-(4-hy-
droxyphenyl)propionic acid methyl ester (400 mg, 1.68 mmol) and 3,5-Cl2FP-
OTf (632 mg, 2 mmol) were stirred under nitrogen in 10 mL of dry CH2Cl2/
MeCN (9 : 1). After 8 hours, the starting material and reagent were consumed
as verified by a KI paper test and TLC. The reaction mixture was poured into
10 mL of water, neutralized with sodium bicarbonate, and the layers were sepa-
rated. The organic layer was washed with 10 mL of H2O, dried (Na2SO4), and
concentrated under reduced pressure. The crude product was purified by silica gel
chromatography with 60% EtOAc in petroleum ether as eluent. The title product
was obtained in 65% yield (280 mg); 1H NMR (CD3OD) δ 1.91 (s, 3H), 2.8–3.0
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(m, 2H), 3.67 (s, 3H), 4.59 (dd, J = 8.8, 5.7 Hz, 1H), 6.77–6.84 (m, 2H), 6.89
(dd, J = 12.9, 1.7 Hz, 1H); 19F NMR (CD3OD) δ −140.3 (t, J = 12 Hz).

OH SelectfluorTM

H2O, 60°, 30 min
O

F F

(78%)

1,1-Difluoro-2(1H )-naphthalenone [Difluorination of a Phenol with Select-
fluorTM].177 A demineralized water solution of the surfactant Genapol LROTM

(5 mL, 0.05%) was poured over naphthalen-2-ol (144 mg, 1.0 mmol) and the
suspension was magnetically stirred in a glass vessel for 10 minutes at 60◦.
SelectfluorTM (745 mg, 2.1 mmol) was added, and the reaction mixture was
stirred at 60◦ until the consumption of the reagent was established by a KI starch
paper test (30 minutes). Water (10 mL) was added to the mixture, which, after
cooling to room temperature, was extracted with tert-butyl methyl ether (20 mL).
The organic layer was washed with H2O (20 mL) and dried (Na2SO4), and the
solvent was evaporated. The crude product was purified by flash chromatogra-
phy (SiO2) to give the title product (78%) as yellow crystals: mp 48–50◦; IR
(KBr) 1694, 1252, 1042, 835, 770 cm−1; 1H NMR (300 MHz, CDCl3) δ 6.23
(dt, 1H, JHH = 10 Hz, JHF = 2 Hz, H3), 7.20–8.06 (m, 5H, ArH and H4); 13C
NMR (75 MHz, CDCl3) δ 107.3 (d, JCF = 244.7 Hz, C1), 123.2 (C4), 127.6 (t,
JCF = 8.5 Hz, C3), 130.0, 131.0, 132.0, 145.8 (CArH), 130.2 (t, JCF = 8.1 Hz,
C4a), 133.2 (t, JCF = 23.6 Hz, C4b), 187.4 (t, JCF = 24.4 Hz, CO); 19F NMR
(56.4 MHz, CDCl3) δ −101.5 (d, J = 2 Hz); EIMS (70 eV) m/z: M+ 180 (60),
152 (75), 151 (100), 133 (52), 114 (60).

N
H

SelectfluorTM, [bmim][PF6]

MeOH, 20°, 3 h N
H

O

F

(99%)

3-Fluoro-3-methyl-1,3-dihydroindol-2-one [Fluorination of a Heterocycle
with SelectfluorTM].206 3-Methyl-1H -indole (13.3 mg, 0.1 mmol) in [bmim]
[PF6] (0.3 mL) and MeOH (0.1 mL) was stirred at room temperature under
argon for 10 minutes. SelectfluorTM (107 mg, 0.3 mmol) was added and the
resulting solution was stirred at 20◦. After 3 hours the reaction mixture was
completely extracted with Et2O (as checked by TLC). The organic layer was
washed with water, dried over anhydrous magnesium sulfate, and filtered. The
solvent was removed and the residue was purified by silica gel chromatogra-
phy (pentane/EtOAc, 1 : 1) to afford the pure title product in 99% yield; IR
3065, 2991, 1752, 1488, 1272 cm−1; 1H NMR (300 MHz, CDCl3) δ 1.76 (d,
J = 22.2 Hz, 3H), 6.93 (d, J = 7.7 Hz, 1H), 7.09 (t, J = 7.3 Hz, 1H), 7.30 (m,
2H), 9.18 (s, 1H); 13C NMR (75 MHz, CDCl3) δ 19.5 (d, J = 29.3 Hz), 89.6 (d,
J = 183.7 Hz), 109.1, 121.6, 122.7, 125.9 (d, J = 18.5 Hz), 129.4, 138.5, 174.0
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(d, J = 21.2 Hz); 19F NMR (282 MHz, CDCl3) δ −153.7 (q, J = 21.5 Hz);
MS m/z: M+ 165 (93), 137 (81), 117 (96).

O

OPivPivO

O
OPiv

F

OH

OH

O

OOMe

OH

O

O

PivO

F-TEDA-OTf, MeNO2

Daunomycinone, 100˚, 1 h
(60%)

α /β = 75:25

7-O-(2-Deoxy-2-fluoro-3,4-O-dipivaloyl-α-L-fucopyranosyl)daunomyci-
none [Tandem Fluorination–Glycosylation of a Glycal with SelectfluorTM].43

To a mixture of dipivaloyl-L-fucal (149.2 mg, 0.5 mmol) and 4 Å dry molecu-
lar sieves (200 mg) in dry MeNO2 (4 mL) was added F-TEDA-OTf (263.3 mg,
0.55 mmol). After 6 hours of stirring at room temperature under argon, a solu-
tion of daunomycinone (219.1 mg, 0.55 mmol) in MeNO2 (1 mL) was added
quickly, and the solution was stirred at 100◦ for 1 hour. The mixture was poured
into 100 mL of CH2Cl2, filtered through Celite, and concentrated. The resulting
mixture was chromatographed to give the title product in 60% yield; 1H NMR
(400 MHz, CDCl3) δ 1.12 (s, 9H), 1.18 (d, J5′-6′ = 6.6 Hz, 3H), 1.28 (s, 9H),
2.21 (d, Jax-eq = 15.0 Hz, 1H), 2.33 (dd, J = 3.7 Hz, Jax-eq = 15.0 Hz, 1H), 2.42
(s, 3H), 3.01 (d, Jax-eq = 19.1 Hz, 1H), 3.27 (dd, J = 1.5 Hz, Jax-eq = 19.1 Hz,
1H), 4.08 (s, 3H), 4.20 (s, 1H), 4.41 (m, 1H), 4.74 (ddd, J2′-1′ = 4.1 Hz, J2′-3′ =
10.3 Hz, J2′-F = 49.9 Hz, 1H), 5.23 (dt, J3′-4′ = 2.9 Hz, J3′-2′ = 10.3 Hz, 1H),
5.38 (t, J4′-3′ = 2.9 Hz, 1H), 5.44 (dd, J7-8ax = 3.7 Hz, J7-8eq = 5.9 Hz, 1H),
5.74 (d, 1H), 7.78 (d, J3-2 = 8.1 Hz, 1H), 7.78 (t, J1-2 = 8.1 Hz, 1H), 8.04 (d,
J1-2 = 8.1 Hz, 1H), 13.27 (s, 1H), 14.01 (s, 1H); 13C NMR (125 MHz, CDCl3)
δ 15.8, 24.9, 26.9, 27.3, 29.7, 33.8, 35.5, 56.7, 66.0, 68.4 (d, J4′-F = 18.1 Hz),
69.3, 71.2 (d, J3′-F = 7.6 Hz), 76.5, 85.1 (d, J2′-F = 192.6 Hz), 98.4 (d, J1′-F =
9.5 Hz), 111.5, 111.6, 118.4, 119.8, 121.0, 133.1, 134.7, 135.6, 135.7, 155.7,
156.3, 161.0, 177.2, 177.3, 186.8, 187.1, 211.2; 19F NMR (376 MHz, CDCl3) δ

−205.7 (dd, J = 9.9, 49.7 Hz).

NO
OTr

Boc
NO

OTr

Boc

F

LDA, NFSI

THF, –78 to –55°
(57%)

(3R,5S )-1-(tert-Butyloxycarbonyl)-3-fluoro-5-(trityloxymethyl)-2-pyrrol-
idinone [Fluorination of a Lactam Lithium Enolate with NFSI].406 Diiso-
propylamine (1.59 g, 15.73 mmol) was added to THF (100 mL), and the solution
was cooled to −78◦ in a dry ice/2-PrOH bath. A 1.6 M solution of n-BuLi
(8.73 mL, 13.98 mmol) was added slowly and the resulting solution was stirred
for 1 hour. A solution of (S)-1-(tert-butoxycarbonyl)-5-(trityloxymethyl)-2-pyr-
rolidinone (4.0 g, 8.74 mmol) in THF (7 mL) was added slowly. The resulting
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light yellow solution was stirred at −78◦ for 45 minutes and then at −55◦ for
5 min. A solution of NFSI (4.13 g, 13.11 mmol) in THF (15 mL) was added
and the reaction mixture was stirred at −55◦ for 35 minutes. The reaction was
quenched with saturated aqueous NH4Cl solution, and the flask was warmed to
room temperature. The THF was removed in vacuo and the resulting residue was
partitioned between EtOAc and H2O. After the layers were separated, the aque-
ous layer was extracted with EtOAc. The combined organic layers were dried
(Na2SO4), filtered, and evaporated to leave an orange residue that was puri-
fied by two sequential silica gel column chromatographies: (1) hexanes/EtOAc,
4 : 1; (2) CHCl3/EtOAc, 19 : 1, to give the desired product as a white solid
(2.4 g, 5.0 mmol, 57%). The samples for elemental analysis and X-ray crys-
tal structure determination were obtained by crystallization from EtOH; Rf0.40
(hexanes/EtOAc, 4 : 1); mp 130–134◦; [α]23

D −1.63◦ (c 0.61, MeOH); 1H NMR
(CDCl3, 300 MHz) δ 1.50 (s, 9H), 2.32 (m, 2H), 2.97 (dd, J = 9.9, 2.1 Hz,
1H), 3.66 (dt, J = 9.9, 2.6, 2.2 Hz, 1H), 4.27 (d, J = 9.1 Hz, 1H), 5.56 (dt,
J = 53.1, 8.9 Hz, 1H), 7.29 (m, 15H); 13C NMR (CDCl3, 75.5 MHz) δ 28.2,
30.7 (d, 2JC-F = 18.9 Hz), 54.5, 63.6, 84.1, 86.9, 88.2 (d, 1JC-F = 187 Hz),
127.6, 128.3, 128.6, 143.4, 149.5, 169.7 (d, 2JC-F = 20.8 Hz); 19F NMR (CDCl3,
282.38 MHz) δ −110.6 (dd, J = 53.6, 25.4 Hz); MS (FAB), (3-NBA with Na+)
m/z: (M + Na) 498 (61.6), 398 (69.5), 243 (100.0), 136 (25.6); HRMS (FAB) (3-
NBA with Na+) calcd for C29H30FNO4Na (M + Na), 498.2056, found, 498.2054.
Anal. Calcd for C29H30FNO4: C, 73.24; H, 6.36; N, 2.95. Found: C, 72.84;
H, 6.27; N, 2.84.

O

OBn

O O

OBn

O

F

SelectfluorTM

rt, 20 h
(80%)

Benzyl 2-Fluorocyclohexanone-2-carboxylate [Direct Fluorination of a
Keto Ester with SelectfluorTM].224 To benzyl cyclohexanone-2-carboxylate
(1.50 g, 6.46 mmol) in MeCN (65 mL) was added SelectfluorTM (2.29 g, 6.46
mmol) in one portion. The reaction mixture was stirred for 20 hours at room tem-
perature. After removal of the solvent, the residue was taken up in CH2Cl2 and
H2O and the aqueous layer was extracted with CH2Cl2 (3 × 50 mL). The organic
layer was washed with water and dried over MgSO4, filtered, and evaporated.
The crude product was purified by flash chromatography (petroleum ether/EtOAc,
90 : 10) to afford the title product as a colorless liquid (1.30 g, 80% yield); IR
(neat) 2980, 2890, 1760, 1730 cm−1; 1H NMR (300 MHz, CDCl3) δ 1.74–1.98
(m, 4H), 2.08–2.24 (m, 1H), 2.36–2.63 (m, 2H), 2.65–2.79 (m, 1H), 5.24 (d,
J = 12.1 Hz, 1H), 5.29 (d, J = 12.1 Hz, 1H), 7.30–7.42 (m, 5H); 13C NMR
(CDCl3, 75.5 MHz) δ 20.8 (d, J = 5.2 Hz), 26.6, 36.0 (d, J = 21.4 Hz), 39.6,
67.8, 96.4 (d, J = 196.8 Hz), 128.3, 128.6, 128.7, 134.8, 166.8 (d, J = 25.1 Hz),
201.8 (d, J = 19.9 Hz); 19F NMR (CDCl3, 235 MHz) δ 160.97 (ddd, J = 21.9,
13.7, 5.1 Hz); GC-MS (CI) m/z 91 (10), 108 (29), 134 (5), 250 (4), 268 (100).
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MeO

OTMS

MeO

O

FFP-OTf

CH2Cl2, rt, 8 h
(66%)

16α-Fluoro-3-methoxy-1,3,5(10)-estratrien-17-one [Fluorination of a Ket-
one Silyl Enol Ether with FP-OTf].22 A 125-mL, round-bottomed flask con-
taining 3-methoxy-17-trimethylsiloxy-1,3,5(10),16-estratetraene (8.6 g, 24 mmol)
was purged with argon, and dry CH2Cl2 (50 mL) was added. N -Fluoropyridinium
triflate (6.5 g, 26 mmol) was added in one portion, and the mixture was stirred
at 20–25◦ for 8 hours. The reaction mixture was poured into water and extracted
with CH2Cl2 (3 × 60 mL). The combined organic extracts were washed with sat-
urated sodium bicarbonate solution and then with water, and dried over MgSO4.
The drying agent was removed by filtration and the solution was evaporated to
dryness with a rotary evaporator. The resulting pale yellow solid was purified
by column chromatography on silica gel with CH2Cl2 as eluent to give the title
compound in 66% yield (4.8 g) as a colorless solid; IR (KBr) 2900, 2850, 1750,
1600, 1500, 1460, 1440, 1310, 1240, 1030, 1000 cm−1; 1H NMR (360 MHz,
CDCl3/CFCl3) δ 0.95 (s, 3H), 3.77 (s, 3H), 5.13 (dd, J = 50.6, 7.3 Hz, 1H), 6.64
(d, J = 2.7 Hz, 1H), 6.72 (dd, J = 8.6, 2.7 Hz, 1H), 7.19 (d, J = 8.6 Hz, 1H);
19F NMR (338 MHz, CDCl3) δ −192.7 (m); MS m/z 304 (2.7), 303 (21.5), 302
(M+, 100), 301 (3.7).

N

O

EtO2C

SelectfluorTM (2 eq), 4 Å MS

MeCN, –10˚, 8 h

O

EtO2C
F

F
(72%)

4-Difluoroacetylbenzoic Acid Ethyl Ester [Difluorination of an Enamine
with SelectfluorTM].247 To a mixture of SelectfluorTM (746 mg, 2 mmol) and
4 Å molecular sieves (2 g) in 20 mL of anhydrous MeCN cooled to −10◦ under
nitrogen was added a single portion of 4-(1-morpholin-4-yl-vinyl)benzoic acid
ethyl ester (261 mg, 1 mmol) in anhydrous MeCN (5 mL). After the reaction
mixture was stirred for 7–8 hours at −10◦, it was filtered, and 2.5 g of silica
gel was added to the filtrate. The solvent was removed under vacuum and the
remaining solid was purified by chromatography using hexanes/EtOAc as eluent
to give the difluorinated product in 72% yield as a white solid, mp 57–58◦; IR
(KBr) 2989, 1711, 1610, 1471, 1398, 1371, 1291, 1239, 1181, 1137, 1112, 1059,
1021, 971, 883, 843, 769, 726, 694, 661 cm−1; 1H NMR (CDCl3) δ 1.44 (t, J =
7.1 Hz, 3H), 4.44 (q, J = 7.1 Hz, 2H), 6.30 (t, J = 53.4 Hz, 1H), 8.12–8.22
(AB system, J = 8.7 Hz, 4H); 13C NMR (CDCl3) δ 15.1, 62.5, 112.0 (t, J =
254.0 Hz), 130.4 (t, J = 2.4 Hz), 130.8, 135.3 (t, J = 2.0 Hz), 136.6, 166.2,
188.1 (t, J = 25.9 Hz); 19F NMR (CDCl3) δ −122.0 (d, J = 53.7 Hz); GC-MS
(EI) m/z M+ 228, 213, 207, 183, 177, 155, 149, 127, 121, 104, 93. Anal. Calcd
for C11H10F2O3: C, 57.90; H, 4.42. Found: C, 57.66; H, 4.43.
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P(O)(OEt)2 P(O)(OEt)2

F
1. LiHMDS, THF, –78° to 0°
2. TMSCl, 20°

(97%)

3. NFSI, –90°
4. LiOH, H2O, THF

Diethyl α-Fluorobenzylphosphonate [Fluorodesilylation of an α-Silylphos-
phonate with NFSI].261 A freshly titrated solution of n-BuLi (4.69 ml of a
1.6 M solution in hexane, 7.5 mmol) was added to THF (20 mL) cooled to
−78◦. A mixture of hexamethyldisilazane (1.33 g, 8.25 mmol) and diethyl ben-
zylphosphonate (2.5 mmol, 570 mg) in THF (20 mL) was slowly added at this
temperature via a dropping funnel. The reaction mixture was warmed slowly
to 20◦ and TMSCl (0.3 g, 2.75 mmol) in THF (10 mL) was added rapidly.
After 15 minutes, the reaction mixture was cooled to −90◦, and NFSI (1.02 g,
3.25 mmol) in THF (20 mL) was added slowly. After 15 minutes at this tem-
perature, the reaction mixture was warmed gradually to 0◦ and treated at this
temperature with an excess of LiOH in H2O (15 mL) for 15 minutes. The organic
layer was washed with a 1 M LiOH solution (2 × 15 mL), and then poured
with stirring into a mixture of 3 M HC1 (20 mL), CH2C12 or Et2O (20 mL),
and ice (10 g). After two extractions with CH2Cl2 (2 × 20 mL) of the aque-
ous layer, the combined organic layers were dried (MgSO4), and the solvents
evaporated under reduced pressure to afford the title product as a pale-yellow
oil. Further purification by column chromatography on silica gel (hexane/EtOAc,
70 : 30) afforded the pure fluorinated product in 97% yield; 1H NMR δ 1.30 (t,
3JHH = 7.1 Hz, 3H), 1.32 (t, 3JHH = 7.1 Hz, 3H), 4.01–4.24 (m, 4H), 5.75 (dd,
2JPH = 7.9 Hz, 2JFH = 44.6 Hz, 1H), 7.41–7.54 (m, 5H); 13C NMR (CDCl3)
δ 16.8 (d, 3JPC = 5.2 Hz), 64.1 (dd, 2JPC = 7.0 Hz, 4JFC = 18.2 Hz), 89.9 (dd,
1JPC = 170.5 Hz, 1JFC = 184.2 Hz), 127.3 (t, 3JPC = 3JFC = 6.0 Hz), 129.0 (d,
4JFC = 2.4 Hz), 129.7, 133.4 (d, 2JFC = 18.4 Hz); 31P NMR (CDCl3) δ 13.0 (d,
2JPF = 85.6 Hz); 19F NMR (CDCl3) δ −200.6 (d, 2JPF = 85.6 Hz); MS (CI)
m/z: 247 (100, M + 1), 264 (44, M + 18).

O
AcO

ArS

N

NH

O

O

O
AcO

F

N

NH

O

O

ArS

(45%)  I:II = 97:3

O
AcO

ArS

N

NH

O

O

F

+

I II

1. SelectfluorTM, 
   MeCN, rt, 15 min

2. Et3N, rt, 10 min

Ar = 4-MeOC6H4

5′-O-Acetyl-3′-fluoro-3′-(R)-(4-methoxyphenyl)-3′-thiothymidine [Fluo-
rination of a Thioether with SelectfluorTM].265 A solution of the thioaryl-
substituted nucleoside (203.2 mg, 0.5 mmol) in MeCN (5 mL) under N2 was
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treated with SelectfluorTM (177 mg, 0.5 mmol) and stirred at room temperature
for 15 minutes. Triethylamine (68 µL, 0.5 mmol) was added and stirring was
continued for an additional 10 minutes. The solution was poured into EtOAc
(50 mL), washed with H2O (2 × 25 mL) and then with saturated NaHCO3 solu-
tion (25 mL), dried (Na2CO3), filtered, and concentrated in vacuo. Flash chro-
matography on silica gel (EtOAc/hexane, 70 : 30) afforded the pure title product
(95 mg, 45%); 1H NMR (300 MHz, DMSO-d6) δ 1.80 (s, 3H), 2.10 (s, 3H),
2.25–2.40 (m, 1H), 2.55–2.75 (m, 1H), 3.80 (s, 3H), 4.25–4.60 (m, 3H), 6.10
(dd, 1H), 7.05 (d, 2H), 7.55 (d, 2H), 7.60 (s, 1H); 13C NMR (75 MHz, DMSO-
d6) δ 13.2, 20.5, 51.5, 55.7, 63.0, 82.5, 83.7, 84.0, 110.2, 115.7, 118.5, 136.0,
137.7, 150.5, 161.7, 164.2, 170.2; 19F NMR (282 MHz, DMSO-d6) δ −110.0;
HRMS (M + H) calcd for C19H21FN2O6S, 425.1183, found, 425.1150.

H
NCF3

O

OMe

Cl

H
NCF3

O
F (96%) 88% ee

OMe

Cl

DABCO, F-(2-naphthoyl)QN-BF4

   –78˚, THF

(S )-3-(5-Chloro-2-methoxyphenyl)-3-fluoro-6-trifluoromethyl-1,3-dihyd-
roindol-2-one [Enantioselective Fluorination of an Oxindole with F-(2-Naph-
thoyl)QN-BF4].340 To a solution of 1,4-diazabicyclo[2.2.2]octane (35 mg,
0.31 mmol) in THF (1 mL) was added 3-(5-chloro-2-methoxyphenyl)-6-trifluoro-
methyl-1,3-dihydroindol-2-one (48 mg, 0.14 mmol) at 20◦. The mixture was
stirred for 30 minutes and the temperature was lowered to −78◦. A solution of
N -fluoro-2-naphthoylquininium tetrafluoroborate (99 mg, 0.17 mmol) in a mix-
ture of MeCN (3 mL) and CH2Cl2 (4 mL) was added over a period of 1 hour.
The mixture was stirred overnight, during which time the temperature rose from
−78◦ to 0◦. The reaction was then quenched with H2O (8 mL). The aque-
ous phase was extracted with CH2Cl2 and the organic phase was washed with
brine, dried (MgSO4), and concentrated. Purification by silica gel chromatogra-
phy (CH2Cl2/MeOH, 96 : 4) afforded the title compound in 96% yield with 88%
ee. The ee value was determined by chiral HPLC (Chiracel OD-H column, 10%
2-PrOH/hexane, 1 mL/minute, 254 nm; retention times: S isomer, 6.0 minutes;
R isomer, 7.8 minutes); 1H NMR (300 MHz, CDCl3) δ 3.58 (d, J = 7.2 Hz,
3H), 6.83 (d, J = 8.7 Hz), 7.21 (m, 2H), 7.37 (d, J = 2.7 Hz, 1H), 7.40 (d,
J = 2.4 Hz, 1H), 7.84 (d, J = 2.1 Hz, 1H), 9.46 (s, 1H); 13C NMR (75 MHz,
CDCl3) δ 56.4, 91.0 (d, J = 190.0 Hz), 107.8, 113.1, 120.7, 122.3, 125.8, 126.4
(d, J = 26.8 Hz), 126.7, 126.9, 126.9, 130.7, 134.5, 143.2 (d, J = 0.1 Hz), 154.1
(d, J = 0.1 Hz), 174.5 (d, J = 20.0 Hz); 19F NMR (282 MHz, CDCl3/CFCl3) δ

−63.4 (d, J = 3.0 Hz, 3F), −160.5 (s, 1F).
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TABULAR SURVEY

The tabular survey includes all examples found in the literature through
December, 2005. The literature survey was conducted by computer search of
Chemical Abstracts and by direct inspection of the literature.

The tables are arranged in the order of the discussion in the Scope and Lim-
itations. Tables 1–12 compile the electrophilic fluorination of alkanes, alkenes,
alkynes, arenes, heterocycles, glycals, carbonyl compounds, enol derivatives,
enamines, imines, organophosphorus compounds, organosulfur compounds, and
others. Substrates containing both phosphorus and sulfur atoms are only listed
in Table 10 (Organosulfur Compounds). Diastereoselective electrophilic fluori-
nations, for which a chiral auxiliary is used exclusively, are given in Table 13,
while the enantioselective electrophilic fluorinations are collected in Table 14.

The entries within each table are arranged in order of increasing total number
of carbon atoms of the substrate. Unreported yields are indicated using “(—)”.

The following abbreviations are used in the tables:

Ac acetyl
AcDHCD dihydrocinchonidine acetate
AcDHCN dihydrocinchonine acetate
AcDHQD dihydroquinidine acetate
AcDHQN dihydroquinine acetate
Ad adamantyl
AIBN 2,2′-azobis(isobutyronitrile)
(2-anthraquinoyl)DHQD 9-O-(2-anthraquinoyl)dihydroquinidine
(2-anthraquinoyl)DHQN 9-O-(2-anthraquinoyl)dihydroquinine
ATP adenosine-5′-triphosphate
[bmim][BF4] 1-butyl-3-methylimidazolium tetrafluoroborate
[bmim][OTf] 1-butyl-3-methylimidazolium triflate
[bmim][PF6] 1-butyl-3-methylimidazolium hexafluoro-

phosphate
Bn benzyl
Boc tert-butoxycarbonyl
Bz benzoyl
BzDHCD dihydrocinchonidine benzoate
BzDHCN dihydrocinchonine benzoate
BzDHQD dihydroquinidine benzoate
BzDHQN dihydroquinine benzoate
Cbz benzyloxycarbonyl
CD cinchonidine
(C6F5CO)DHQD 9-O-(2,3,4,5,6-pentafluorobenzoyl)

dihydroquinidine
(C6F5CO)DHQN 9-O-(2,3,4,5,6-pentafluorobenzoyl)

dihydroquinine
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(C2H5CO)DHQD 9-O-propanoyldihydroquinidine
(4-ClC6H4CO)CN 9-O-(4-chlorobenzoyl)cinchonine
(4-ClC6H4CO)DHCD 9-O-(4-chlorobenzoyl)dihydrocinchonidine
(4-ClC6H4CO)DHQD 9-O-(4-chlorobenzoyl)dihydroquinidine
(4-ClC6H4CO)DHQN 9-O-(4-chlorobenzoyl)dihydroquinine
(4-ClC6H4CO)QN 9-O-(4-chlorobenzoyl)quinine
CN cinchonine
Cyt cytosine
DABCO 1,4-diazabicyclo[2.2.2]octane
DBU 1,8-diazabicyclo[5.4.0]undec-7-ene
DCA dichloroacetic acid
DCE 1,2-dichloroethane
DHCD dihydrocinchonidine
DHCN dihydrocinchonine
DHQD dihydroquinidine
(DHQD)2AQN dihydroquinidine anthraquinone-1,4-diyl diether
(DHQD)2PHAL dihydroquinidine 1,4-phthalazinediyl diether
(DHQD)2PYR dihydroquinidine 2,5-diphenyl-4,6-pyrimidi-

nediyl diether
DHQN dihydroquinine
(DHQN)2AQN dihydroquinine anthraquinone-1,4-diyl diether
(DHQN)2PHAL dihydroquinine 1,4-phthalazinediyl diether
(DHQN)2PYR dihydroquinine 2,5-diphenyl-4,6-pyrimidinediyl

diether
DIBAL diisobutylaluminum hydride
DMF N ,N -dimethylformamide
DMSO dimethyl sulfoxide
DMTr dimethoxytrityl
dr diastereomeric ratio
ee enantiomeric excess
[emim][BF4] 1-ethyl-3-methylimidazolium tetrafluoroborate
[emim][OTf] 1-ethyl-3-methylimidazolium triflate
FddA 9-(2′,3′-dideoxy-2′-fluoro-D-threo-pento-

furanosyl)adenine
Fmoc 9-fluorenylmethoxycarbonyl
Gal galactose
Glc glucose
HFIP 1,1,1,3,3,3-hexafluoroisopropyl alcohol
[hmim][BF4] 1-hexyl-3-methylimidazolium tetrafluoroborate
[hmim][PF6] 1-hexyl-3-methylimidazolium hexafluoro-

phosphate
HMPA hexamethylphosphoramide
KDA potassium diisopropylamide
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KHMDS potassium hexamethyldisilazide
LDA lithium diisopropylamide
LiHMDS lithium hexamethyldisilazide
MCPBA meta-chloroperoxybenzoic acid
(4-MeOC6H4CO)DHQD 9-O-(4-methoxybenzoyl)dihydroquinidine
(4-MeOC6H4CO)DHQN 9-O-(4-methoxybenzoyl)dihydroquinine
MOM methoxymethyl
monoglyme 1,2-dimethoxyethane
MQE-DHQN dihydroquinine 4-methyl-2-quinolyl ether
Ms methanesulfonyl (mesyl)
MS molecular sieves
MTBE tert-butyl methyl ether
N4-Ac-Cyt(SiMe3)2 N -acetyl-bis(trimethylsilyl)cytosine
NaHMDS sodium hexamethyldisilazide
napht naphthyl
(1-naphthoyl)DHQD 9-O-(1-naphthoyl)dihydroquinidine
(1-naphthoyl)DHQN 9-O-(1-naphthoyl)dihydroquinine
3-nba 3-nitrobenzyl alcohol
NBS N -bromosuccinimide
(4-O2NC6H4CO)DHQD 9-O-(4-nitrobenzoyl)dihydroquinidine
(4-O2NC6H4CO)DHQN 9-O-(4-nitrobenzoyl)dihydroquinine
P pyridinium
PE-DHQN dihydroquinine 9-phenanthryl ether
Pht phthaloyl
Piv pivaloyl
PMP 4-methoxyphenyl
Py pyridine, pyridinyl
QD quinidine
QN quinine
Rf fluorinated substituent
TADDOL tetraaryl-1,3-dioxolan-4,5-dimethanol
TBAF tetra-n-butylammonium fluoride
TBAH tetra-n-butylammonium hydroxide
TBDMS tert-butyldimethylsilyl
TBDPS tert-butyldiphenylsilyl
TCA trichloroacetic acid
TCE 1,1,2-trichloroethane
TEDA triethylenediamine
TES triethylsilyl
Tf trifluoromethanesulfonyl
THF tetrahydrofuran
THP tetrahydropyranyl
TIPS triisopropylsilyl
p-Tol p-tolyl
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TMEDA N ,N ,N ′,N ′-tetramethylethylenediamine
TMS trimethylsilyl
Tr triphenylmethyl
trifluoroacetylDHQN 9-O-trifluoroacetyldihydroquinine
Ts p-toluenesulfonyl



N F

PhO2S

PhO2S

NFSI

N-fluorobenzenesulfonimide

S
O2

N

O2
S

F

NFOBS

N-fluoro-o-benzenedisulfonimide

N
N

NO2

O2N

F

NF-2,4-DNI

N-fluoro-2,4-dinitroimidazole

N

F

+ • 2X–N

F
+

N

F

+ N B2F7
–

FPPy-B2F7

N-fluoropyridinium pyridine

heptafluorodiborate

CHART 1. ACRONYMS FOR FLUORINATION AGENTS USED IN TABLES

X

BF4

OTf

2,2'-bisFP-BF4 (SynFluorTM)

2,2'-bisFP-OTf

2,2'-bis(N-fluoropyridinium) bis(tetrafluoroborate)

2,2'-bis(N-fluoropyridinium) bis(triflate)
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+
+ • 2TfO–

2,4'-bisFP-OTf
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N
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H

H

H

H

Cl

H

H

H

H

H

H

R3

H

H

H

H

H

H

Cl

H

H

H

H

Cl

H

H

Et

Me

H

H

CF3

H

H

Me

t-Bu

H

H

CH2OMe

R4

H

H

H

H

H

H

H

Cl

H

H

Cl

Cl

H

H

H

H

H

CF3

H

CF3

H

H

H

H

H

H

R5

H

H

H

H

H

CCl3

H

H

Cl

Cl

Cl

Cl

H

Cl

H

H

Me

H

CF3

H

Me

Me

H

CO2Me

CH2OMe

CH2OMe

X

OTf

BF4

SbF6

ClO4

OSO2C4F9-n

BF4

OTf

OTf

OTf

BF4

BF4

OTf

—

—

—

—

—

—

—

—

OTf

OTf

OTf

OTf

OTf

OTf

FP-OTf

FP-BF4

FP-SbF6

FP-ClO4

FP-OSO2C4F9-n

2-Cl-6-CCl3FP-BF4

2,4-Cl2FP-OTf

3,5-Cl2FP-OTf

2,6-Cl2FP-OTf

2,6-Cl2FP-BF4

2,3,5,6-Cl5FP-BF4

2,3,4,5,6-Cl5FP-OTf

2-SO3FP

2-SO3-6-ClFP

2-SO3-4-EtFP

2-SO3-4-MeFP

2-SO3-6-MeFP

2-SO3-5-CF3FP

2-SO3-4,6-(CF3)2FP

2-SO3-3-Cl-5-CF3FP

2,6-Me2FP-OTf

2,4,6-Me3FP-OTf

4-t-BuFP-OTf

2,6-(MeO2C)2FP-OTf

2,6-(MeOCH2)2FP-OTf

2,4,6-(MeOCH2)3FP-OTf

N-fluoropyridinium triflate

N-fluoropyridinium tetrafluoroborate

N-fluoropyridinium hexafluoroantimonate 

N-fluoropyridinium perchlorate

N-fluoropyridinium perfluorobutyryl sulfonate

N-fluoro-2-chloro-6-trichloromethylpyridinium tetrafluoroborate

N-fluoro-2,4-dichloropyridinium triflate

N-fluoro-3,5-dichloropyridinium triflate

N-fluoro-2,6-dichloropyridinium triflate

N-fluoro-2,6-dichloropyridinium tetrafluoroborate

N-fluoro-2,3,5,6-tetrachloropyridinium tetrafluoroborate

N-fluoro-2,3,4,5,6-pentachloropyridinium triflate

N-fluoropyridinium-2-sulfonate

N-fluoropyridinium-6-chloro-2-sulfonate

N-fluoropyridinium-4-ethyl-2-sulfonate

N-fluoropyridinium-4-methyl-2-sulfonate

N-fluoropyridinium-6-methyl-2-sulfonate

N-fluoropyridinium-5-trifluoromethylpyridinium-2-sulfonate

N-fluoro-4,6-di(trifluoromethyl)pyridinium-2-sulfonate

N-fluoro-3-chloro-5-trifluoromethylpyridinium-2-sulfonate

N-fluoro-2,6-dimethylpyridinium triflate

N-fluoro-2,4,6-trimethylpyridinium triflate

N-fluoro-4-tert-butylpyridinium triflate

N-fluoro-2,6-di(carbomethoxy)pyridinium triflate

N-fluoro-2,6-di(methoxymethyl)pyridinium triflate

N-fluoro-2,4,6-tri(methoxymethyl)pyridinium triflate
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N

N

R
+

F

+

• 2X–

R

CH2Cl

CH2Cl

OH

X

BF4

OTf

BF4

F-TEDA-BF4 (SelectfluorTM)

F-TEDA-OTf

NFTh (AccufluorTM)

1-chloromethyl-4-fluoro-1,4-diazoniabicyclo[2,2,2]octane bis(tetrafluoroborate)

1-chloromethyl-4-fluoro-1,4-diazoniabicyclo[2,2,2]octane bis(triflate)

1-fluoro-4-hydroxy-1,4-diazoniabicyclo[2,2,2]octane bis(tetrafluoroborate)

N

F

+
X–

X

BF4

OTf

F

CF3CO2

C3F7CO2

NFQN-BF4

NFQN-OTF

NFQN-F

NFQN-CF3CO2

NFQN-C3F7CO2

N-fluoroquinuclidinium tetrafluoroborate

N-fluoroquinuclidinium triflate

N-fluoroquinuclidinium fluoride

N-fluoroquinuclidinium trifluoroacetate

N-fluoroquinuclidinium heptafluoropropionate

CHART 1. ACRONYMS FOR FLUORINATION AGENTS USED IN TABLES (Continued)

422

N

OR

N
F

+

BF4
–

N

MeO

RO

N
F

+

BF4
–

N

RO
BF4

–

N
F

+

N

MeO

RO
N

F

+

BF4
–

R

H

4-ClC6H4CO

Ac

F-CD-BF4

F-(4-ClC6H4CO)CD-BF4

F-AcCD-BF4

N-fluorocinchonidinium tetrafluoroborate

N-fluorocinchonidinium 4-chlorobenzoyl ester tetrafluoroborate

N-fluoro-O-acetylcinchonidinium tetrafluoroborate

R

H

4-ClC6H4CO

F-CN-BF4

F-(4-ClC6H4CO)CN-BF4

N-fluorocinchoninium tetrafluoroborate

N-fluorocinchoninium 4-chlorobenzoyl ester tetrafluoroborate

R

H

4-ClC6H4CO

F-QD-BF4

F-(4-ClC6H4CO)QD-BF4

N-fluoroquinidinium tetrafluoroborate

N-fluoroquinidinium 4-chlorobenzoyl ester tetrafluoroborate

R

Ac

4-ClC6H4CO

F-AcDHQD-BF4

F-(4-ClC6H4CO)DHQD-BF4

N-fluoro-O-acetyldihydroquinidinium tetrafluoroborate

N-fluorodihydroquinidinium 4-chlorobenzoyl ester tetrafluoroborate
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N

OMe

O

N
F

BF4
–

O

Cl

F-(4-ClC6H4CO)DHQN-BF4

N-fluorodihydroquininium 4-chlorobenzoyl ester 

tetrafluoroborate

+

N

OMe

OR

N
F

+

X–

R

H

4-MeOC6H4CO

4-ClC6H4CO

4-ClC6H4CO

4-ClC6H4CO

4-O2NC6H4CO

Ac

4-Me-2-quinolyl

9-phenanthryl

1-naphthoyl

2-naphthoyl

F-QN-BF4

F-(4-MeOC6H4CO)QN-BF4

F-(4-ClC6H4CO)QN-BF4

F-(4-ClC6H4CO)QN-OTf

F-(4-ClC6H4CO)QN-N(SO2Ph)2

F-(4-O2NC6H4CO)QN-BF4

F-AcQN-BF4

F-MQEQN-BF4

F-PEQN-BF4

F-(1-naphthoyl)QN-BF4

F-(2-naphthoyl)QN-BF4

N-fluoroquininium tetrafluoroborate

N-fluoroquininium 4-methoxybenzoyl ester tetrafluoroborate

N-fluoroquininium 4-chlorobenzoyl ester tetrafluoroborate

N-fluoroquininium 4-chlorobenzoyl ester triflate

N-fluoroquininium 4-chlorobenzoyl ester benzenesulfonimide

N-fluoroquininium 4-nitrobenzoyl ester tetrafluoroborate

N-fluoro-O-acetylquininium tetrafluoroborate

N-fluoroquininium 4-methyl-2-quinolyl ether tetrafluoroborate

N-fluoroquininium 9-phenanthryl ether tetrafluoroborate

N-fluoroquininium 1-naphthoyl ester tetrafluoroborate

N-fluoroquininium 2-naphthoyl ester tetrafluoroborate

X

BF4

BF4

BF4

OTf

N(SO2Ph)2

BF4

BF4

BF4

BF4

BF4

BF4

N

MeO

O

N

R

NN

O

N

OMe

N
R

F-(DHQD)2PHAL-BF4

N-fluorodihydroquinidinium 1,4-phthalazinediyl diether 

bis(tetrafluoroborate)

++

F
F • 2BF4

–

CHART 1. ACRONYMS FOR FLUORINATION AGENTS USED IN TABLES (Continued)
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CHART 2. CATALYSTS USED IN TABLE 14

P
Ar2

Ar2
P

Pd

Ar2
P

P
Ar2

• 2TfO–

Ar = 3,5-(t-Bu)2C6H2OMe-4

1

O
H

Pd

H
O O

O

O

OO

O

O

O + +

P
Ar2

Ar2
P

Pd
+

Ar2
P

P
Ar2

O
H

Pd

H
O +

O

O
Al

O

O
Li

4

• 2TfO–

Ar = 3,5-Me2C6H3

2

P
Ar2

Ar2
P

Pd
+

Ar2
P

P
Ar2

O
H

Pd

H
O +

• 2BF4
–

Ar = 3,5-Me2C6H3

3

OHN

Ph
OHPh

N

HO Ph
Ph

5

P
Ar2

Ar2
P

Pd
+

Ar2
P

P
Ar2

O
H

Pd

H
O +

• 2TfO–

Ar = 3,5-Me2C6H3

6
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 1. FLUORINATION OF ALKANES

FC10

171, 172SelectfluorTM, MeCN, reflux, 16 h (43)

C6

SelectfluorTM, MeCN, 65º, 26 h
F

(21) 170, 171,

172

(8)+
F

SelectfluorTM, MeCN, reflux, 16 h 172

C7 F

F

(34) (7)

SelectfluorTM, MeCN, 65º, 18 h 172
F

F

F

F
+

+

I II

III IV

F
V

I + II + III + IV + V (84),

I:II:III:IV:V = 2.4:1.3:1:1:1

+

+

H

H

SelectfluorTM, MeCN, reflux, 4.5 h

H

H

H

H

H

H

H

HF
F

F
F

172

I + II + III + IV (30), I:II:III:IV = 1:1.14:1.36:2.24
I II III IV

+ + +

+

H

H

H

H

H

H

H

H

H

HF
F

F
F

172SelectfluorTM, MeCN, reflux, 1.5 h

I II III IV

I + II + III + IV (25), I:II:III:IV = 1.6:1.3:1:1.4

+ + +
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 2. FLUORINATION OF ALKENES

C6

(CF3SO2)2NF, CDCl3, 0º

F

(—) 35

F

OAc
31(28)

NFTh, MeCN, 70º, 30 min
AcNH F

(82) 179

F F
NHAc NHAcSelectfluorTM, MeCN, MeOH,  rt +I  (—)

C7

F F
OMe OMe+III (—)

MeCN:MeOH (w/w)

95:5

90:10

80:20

60:40

I:II:III:IV

31:30:20:19

15:25:26:34

7:13:33:45

11:7:33:49

407II (—)

IV (—)

+

2,3,4,5,6-Cl5FP-OTf, 2-FPy, AcOH, rt, 

  30 min

SelectfluorTM, MeCN, H2O,  rt 407I (—)  + II (—) +

F F
OH OH

III (—)

MeCN:H2O (w/w)

95:5

90:10

80:20

60:40

40:60

I:II:III:IV

32:25:18:25

25:20:21:34

22:17:25:36

16:12:31:42

12:9:38:41

IV (—)

+

427

Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 2. FLUORINATION OF ALKENES (Continued)

C7 F F
NHAc NHAcSelectfluorTM, MeCN, rt, 4 h +

I II

I + II (—), I:II = 1:1

407

C8

Ph
F

OH

Ph
F

OMe
SelectfluorTM, MeCN, MeOH, reflux, 1 h 174

(90)NFTh, MeCN, H2O, 80º, 1 h

(90)

SelectfluorTM, MeCN, MeOH, 80º, 1 h I (92)

126

126

Ph

2-SO3-4,6-(CF3)2FP, AcOH, rt
Ph

F

OAc
(24) 161

I  (25)

MeCN/MeOH (1:1), 3 h, rt

122

AcOH, 5 h, rt

I (30) 122

NNF F • 2BF4
–,

+ +

NNF F • 2TfO–,
+ +

2,3,4,5,6-Cl5FP-OTf, rt
Ph

F

OR R

Ac

Ac

Me

Et

Solvent

AcOH

AcOTMS

MeOTMS

EtOTMS

Time

1 h

3 d

5 d

18 d

(72)

(56)

(54)

(29)

31

I

I
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+NFTh, MeCN, 70º, 1-24 h

I + II (74)a, I:II = 1:3

Y
Y

Y

H

4-Cl

3-NO2

(79)

(81)

(70)

NFTh, MeCN, 70º, 1-24 h

179

179

n-C6H13
n-C6H13

AcNH

F
n-C5H11

AcNH

F
I II

F

AcNH

CO2H

SelectfluorTM, MeCN, reflux

F

O
O

O
O

+(27) (37)

F

408

C8-14

SelectfluorTM, HR3, MeCN, rt 173

R1

Ph

R2

Ph

R1

R3

R2 R3

OH

OH

OMe

OAc

F

OH

OMe

OAc

F

R1

H

Me

Me

Me

Me

H

H

H

H

R2

H

H

H

H

H

Ph

Ph

Ph

Ph

(48)

(89)

 (98)

(65)

(66)

(86)

(75)

(77)

(65)

F

C8-15
Ph

R

(CF3SO2)2NF, AcOH, CH2Cl2, rt
Ph R

AcO F

35

R

H

Me

COMe

CO2Me

COPh

Time

24 h

24 h

3 d

3 d

3 d

(92)

(99)

(71)

(69)

(58)

erythro:threo

—

1:1

2:3

1:1

2:3
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 2. FLUORINATION OF ALKENES (Continued)

C8-15

R1

Ph

R2

R1

H

Me

Ph

Ph

Ph

R2

H

H

H

F

Me

SelectfluorTM, sodium lauryl ether sulfate

  (0.05% aq), 60º, 6-24 h

177

R1

Ph R2

R3

(CF3SO2)2NF, CH2Cl2, H2O, 0º, 1.5 h R1

Ph R2

R3

R1

Ph

F

+I II 35

HO F

R1

H

Ph

Ph

Ph

R2

H

H

Ph

Ph

R3

H

H

H

Ph

I

(38)

(57)

(98)

(90)

II

(0)

(28)

(0)

(0)

C8-26

NFTh, R4H, MeCN 126, 235

R2

H

H

H

H

H

H

H

Ph

Ph

Ph

Ph

Ph

Ph

R1

R4

R2

R3

F
R4

OH

OH

OMe

OAc

OH

OMe

OAc

OH

OMe

OAc

OH

OMe

R1

H

Me

Me

Me

Ph

Ph

Ph

Ph

Ph

Ph

Ph

Ph

R3

H

H

H

H

H

H

H

H

H

H

Ph

Ph

Temp

80º

35º

35º

35º

35º

35º

35º

35º

35º

35º

80º

80º

Time

1 h

1 h

1 h

1 h

30 min

30 min

30 min

30 min

30 min

30 min

1 h

1 h

I

(90)

(93)

(93)

(90)

(95)

(95)

(93)

(98)

(97)

(95)

(96)

(96)

I

HO
Ph

R1 R2

F

(84-86)
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SelectfluorTM, MeCN, MeOH, rt, 1 h 174

R2

H

H

Me

Ph

R1

H

Ph

Ph

Ph

R3

Ph

H

H

H

R+

OMe

OMe

OMe

OMe

AcNH

F

AcNH

F
+NFTh, MeCN, 70º, 1-24 h

C9

179

I + II  (—), I:II = 1:1

I II

OMe

F

OMe

F
+NFTh, MeCN, MeOH, 35º, 60 min 126

I + II (92), I:II = 60:40

SelectfluorTM, MeCN, MeOH, rt, 1 h I + II (85), I:II = 58:42 178

I II

MeCN/MeOH (1:1), rt, 10 min

Ph
(46) 122NNF F • 2BF4

–,
+ +

MeO

FPh

122

AcOH, rt, 15 min

NNF F • 2TfO–,
+ + F

AcO

Ph
I (52)

Ph 2,3,4,5,6-Cl5FP-OTf, AcOH, rt, 20 min

E:Z = 1:1

I (80), threo:erythro = 1:1 31

I  (>90)

Ph 2,3,4,5,6-Cl5FP-OTf, AcOH, rt, 20 min

2,2'-bisFP-BF4, AcOH, reflux, 15 min

2-SO3-4,6-(CF3)2FP, AcOH, rt

31

161

161

I (80), threo:erythro = 1:1

I (51), dr = 1:1

I (51), dr = 1:1

431

Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 2. FLUORINATION OF ALKENES (Continued)

122(70)

MeCN/MeOH (1:1), rt, 15 min
Ph

NNF F • 2BF4
–,

+ +

Ph
F

OMe

2,3,4,5,6-Cl5FP-OTf, AcOH, rt, 5 min I (25) 31

2,3,4,5,6-Cl5FP-OTf, i-PrOH, rt, 10 min
Ph

OPr-i
F (70)a

312,3,4,5,6-Cl5FP-OTf, 2-FPy,

  CH2Cl2, rt, 5 min

I (73)a

31

2-SO3-5-CF3FP, Yb(OTf)3, CH2Cl2,

  THF, rt, 9 h Ph
F 409I (63)

C9-10

C9

CO2R

CO2H

SelectfluorTM, MeCN, reflux 408CO2R

F
CO2R

CO2H

+

III

F

O
O

R

H

Me

I

(53)

(58)

II

traces

(8)

Ph

R1

R2

R1

Me

Ph

H

R2

H

H

Ph

I:II

50:50

28:72

55:45

I + II

(75)

(75)

(78)

SelectfluorTM, MeCN, MeOH 178C9-14
+I II

MeO

HPh

F

R1R2

OMe

Ph H

F

R1R2
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Ph

O

Ph OMe

OOAc

F
OMe

83

Rf

CF3

C4F9

(79)a

(80)a

Erythro:Threo

36:64

35:65

C10

Ph

O

Ph

O

83N F, AcOH, 22º
Rf

2O2S

Rf
1O2S

OAc

F

Rf
1

CF3

CF3

CF3

CF3

C4F9

C4F9

Rf
2

CF3

CF3

C4F9

C6F13

C4F9

C4F9

Solvent

CH2Cl2

MeCN

CH2Cl2

CH2Cl2

CH2Cl2

MeCN

Time

3 d

<10 h

3 d

10 d

10 d

<10 h

(75)a

(81)a

(80)a

(75)a

(71)a

(74)a

Erythro:Threo

38:62

32:68

33:67

37:63

33:67

33:67

N F, MeCN, AcOH, 22º, 2 d
RfO2S

RfO2S

C11

SelectfluorTM, reflux 410

OR

CH2F

OR F

CH2F

+ +

I II III

Solvent

MeOH

AcONa (5%), MeOH 

EtOH

AcONa (5%), EtOH 

i-PrOH

dioxane/H2O (12.5:1)

AcOH/CH2Cl2 (1:2.5)

Time

10 h

9 h

12 h

9 h

16 h

24 h

45 h

I + II + III

(100)a

(93)a

(90)a

(100)a

(100)a

(83)a

(89)a

I:II:III

48:52:0

100:0:0

52:48:0

66:30:4

76:12:12

100:0:0

78:0:22

R

Me

Me

Et

Et

i-Pr

H

Ac
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 2. FLUORINATION OF ALKENES (Continued)

OH

Ph

O

Fluorinating agent, MeCN, NaHCO3 O O
Ph

F

182

Fluorinating agent

2,3,4,5,6-Cl5FP-OTf

2,6-Cl2FP-OTf

FP-OTf

Temp

rt

80º

80º

Time

1 h

2 h

30 min

(69)

(74)

(0)

C11-13

OH
2,3,4,5,6-Cl5FP-OTf, NaHCO3, MeCN 182

R
O

R

F

R

Ph

PhCH2CH2

(49)

(12)

C11

C11-17

SelectfluorTM, monoglyme, reflux 411

F

R

R

R

H

Me

Ph

(93)

(81)

(95)

F OMe F OMe

+SelectfluorTM, MeCN, MeOH, rt, 1 h

I + II (75), I:II = 50:50

C12

178I II

I + II (89), I:II = 53:47NFTh, MeCN, MeOH, 35º, 10 min 126

31Ph 2,3,4,5,6-Cl5FP-OTf, 2,6-(t-Bu)2Py,

  THF, rt, 10 min
Ph

F

(57)

O

OH
Ph O O

Ph

F

412(85)2,3,4,5,6-Cl5FP-OTf

F
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OH

OR2

R1

2,3,4,5,6-Cl5FP-OTf, NaHCO3, MeCN
O O

F

Ph

182

R1

Me

Ph

R2

Ph

Me

(59)

(20)

cis:trans

1:2.5

1:2.2

Ph
OH

O

C13

2,3,4,5,6-Cl5FP-OTf, NaHCO3

Solvent

MeCN

CH2Cl2

182
O O

F

Ph

O O

Ph

N O

F

Ph

COMe

+ +

I II
III

OH

Ph

OR2

R1
2,3,4,5,6-Cl5FP-OTf, NaHCO3, MeCN O O

Ph

F

Et 182

R1

Et

H

R2

H

Et

(72)

(51)

C14

Ph

Ph

Ph

Ph F
+

I

F
Ph

Ph Ph Ph

II

35

Ph
Ph

Ph CHF2

+

III

Solvent

CDCl3

CH2Cl2

CF2ClCFCl2

CH2Cl2

Temp

22º

0º

0º

0º

I

(77)

(40)

(65)

(12)

II

(10)

(47)

(0)

(28)

III

(0)

(0)

(0)

(50)

Ph

Ph

F
SelectfluorTM, MeCN (75) 178

(CF3SO2)2NF

I

12

4

II

44

78

III

7

0
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 2. FLUORINATION OF ALKENES (Continued)

Ph

Ph
NFTh, MeCN, 70º, 1-24 h 179

Alkene

Z

E

erythro:threo

53:47

47:53

(72)

(73)

AcNH

PhPh

F

Ph

Ph

I + II (—), I:II = 20:80

Ph Ph

177

177

SelectfluorTM, sodium lauryl ether sulfate 

  (0.05% aq), 60º, 24  h

SelectfluorTM, sodium lauryl ether sulfate 

  (0.05% aq), 60º, 24  h

I I I+

I + II (—), I:II = 47:53

Ph
Ph

AcNH

F

413(85)SelectfluorTM, MeCN, rt, 72 h; 

   then H2O

NMe2

OCl

O

OH OCl O

O

F
(66) 1812,4,6-Me3FP-OTf, CH2Cl2, MeCN,

  reflux, 1 h

C14

C14-20

Ph

RPh

Ph

RPh

F
(CF3SO2)2NF, AcOH, CH2Cl2, 0º, 1.5 h

R

H

Ph

(61)

(70)

35I

NFTh, MeCN

R

H

Ph

126

I

(62)

 (55)

F

PhH
H

OH

Ph

F

PhH
Ph

OH

H

I
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C14-26

Ph

Ph R1

R2

(CF3SO2)2NF, (HF)nPy, CH2Cl2

R1Ph
Ph R2

F F

35

R1

H

H

Ph

R2

H

Ph

Ph

(0)

(96)

(100)

O

N

O

R1
H
N

R2

SelectfluorTM, MeCN, MeOH

C15

O

N

O

R1
H
N

R2

F OMe

414

R1

Br

Cl

R2

Br

H

(49)

(42)

O
O

F OMe

O

F OMe

+

I + II (76), I:II = 57:43

SelectfluorTM, MeCN, MeOH, rt, 1 h 178I II

Ph MeO Ph

F

MeO Ph

F
+NFTh, MeCN, MeOH

C15-17

126, 174

I:II

27:73

41:59

75:25

75:25

60:40

99:1

I + II

(96)

(96)

(95)

(95)

(97)

(96)

Time

5 min

5 min

30 min

45 min

5 min

10 min

Temp

22º

35º

35º

80º

22º

35º

n

1

1

1

1

2

3

n n n

I II
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 2. FLUORINATION OF ALKENES (Continued)

Ph

C15-17

n

1

1

1

2

2

2

3

3

3

R

Me

Et

i-Pr

Me

Et

i-Pr

Me

Et

i-Pr

I:II

27:73

25:75

50:50

63:37

60:40

69:31

99:1

43:57

14:86

I + II

(80)

(80)

(77)

(79)

(74)

(75)

(82)

(80)

(75)

SelectfluorTM, ROH, MeCN, rt, 1 h 178

RO Ph

F

RO Ph

F
+

O

O

SelectfluorTM, MeCN, 80º, 3 h (72)

C19

415

O

HO

F

Ph

Ph

Ph

Ph

F
SelectfluorTM, MeCN (75)

Ph Ph

C20

178

SelectfluorTM, MeOH, MeCN, rt, 1 h 174
Ph

OMe

F

Ph

(>90)

n n n

I II

H H

H H
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O

AcO

O

HO

F

SelectfluorTM, MeCN, 80º, 6 h

F

(24)

C21

415

O

O
N

N

O

NHAc

F

C25-27

N4-Ac-Cyt(SiMe3)2, SelectfluorTM,

  MeNO2, rt, 3 h

R

Tr

DMTr

α:β
1:1

1:1

(58)

(61)

211

RO

RO

a The reported value is the percent conversion based on starting material.

H
H

H
H
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 3. FLUORINATION OF ALKYNES

SelectfluorTM, MeCN, H2O, reflux, 

  10-20 h

C8-14

184Ph R

O

Ph
R

FF

R

H

Me

t-Bu

Ph

I

(36)

(51)

(48)

(51)

NFTh, MeCN, H2O, 80º, 6-24 h

R

H

Me

t-Bu

Ph

I

(58)

(78)

(72)

(72)

185

I

I

440



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 4. FLUORINATION OF ARENES

C6

(CF3SO2)2NF, neat, 22º, 18 h

F

I  (25) 63

2,6-(MeO2C)2FP-OTf, C6H6, reflux, 

  24 h

SelectfluorTM, TfOH, CH2Cl2,

  0˚ to reflux, 20 h

150

187

I  (56)a

I  (83)

X X
X

187SelectfluorTM, TfOH, CH2Cl2,  0-40º,

   36 h

+F

F

I:II

23:77

69:31

I + II

(87)

(87)

X

F

Cl

N

F

F F

F, C6H6, 60º 61I  (88)a

I II

NSO2CF3
F

OH

MeOH, 20º, 15 h

NN (CH2)3F NN F,
• 4TfO–

I + II (52), I:II = 60:40, III (0)

133
+ + + +

OH
OH OH

F

F F

F

+ +I II III

I + II + III (48), I:II:III = 60:25:15 122

HCO2H, rt, 15 min

NFQN-OTf, NaOH (20%), rt 114I + II + III (100)a, I:II:III = 1:1:1

NNF F • 2BF4
–,

+ +

1. NaH, THF, 20º

2. NFQN-OTf, THF, –10º

I + II (17), I:II = 1:2 114

441

Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 4. FLUORINATION OF ARENES (Continued)

31, 150

Fluorinating agent

2,4,6-Me3FP-OTf

FP-OTf

2,4-Cl2FP-OTf

2,6-(MeO2C)2FP-OTf

Solvent

TCE

TCE

CH2Cl2

CH2Cl2

Temp

100º

100º

reflux

rt

Time

24 h

24 h

5 h

18 h

I + II + IIIa

(75)

(75)

(73)

(78)

I:II:III

47:31:3

51:18:6

60:18:7

10:8:1

2,2'-bisFP-BF4, MeCN, reflux, 8 h

2,2'-bisFP-BF4, NaOTf, MeCN, 

  reflux, 5 h

2-SO3-3-Cl-5-CF3FP, TCE, 100º, 1.5 h

2-SO3-4,6-(CF3)2FP, CH2Cl2, rt, 13 h

2-SO3FP, TCE, reflux, 1.5 h

2-SO3-6-ClFP, TCE, 100º, 49 h

I + II + III (77), I:II:III = 39:33:5

I + II + III (80), I:II:III = 43:31:6

I + II (85)b, I:II = 88c:<1:0

I + II (87)b, I:II = 84c:1:0

I (81)b, I = 55c:0:0

I + II + III (95)b, I:II:III = 58c:0:0

161

161

140

140

31

31

OHC6

96I + II (91)a, I:II = 1:1

1. Formation of sodium phenolate

2. Perfluoropiperidine, pentane, 16 h

36I + II (31), I:II = 3.5:1

I + II (—), I:II = 3:2

I + II (24), I:II = 2:1

SelectfluorTM, MeOH, 20º

SelectfluorTM, MeCN, microwaves,

  150º, 1 h

134, 416

192

N

F

F F

F, MeOH, 20º
NCOCF3

F

OH

Cl

OH

Cl

F

417I (81)a2,3,5,6-Cl4FP-BF4, TCE, 45º, 3 h

2,2'-bisFP-BF4, DCE, 82º, 20 h

3,5-Cl2FP-OTf, DCE, reflux, 23 h

158

31

I (40)

I (54)a

I + II + IIIFluorinating agent
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OH

NO2

OH

NO2

F

2,3,4,5,6-Cl5FP-OTf, CH2Cl2, reflux, 

  17 h

(89)a 31

OH

Br

OH

Br

F

417(87)a2,3,5,6-Cl4FP-BF4, TCE, 45º, 6 h

Cl

OH

Cl
Cl

OH

Cl

F

417(24)a2-Cl-6-CCl3FP-BF4, TCE, 55º, 8 h

HO OH
2,2'-bisFP-BF4, MeCN, reflux, 5 min 161

HO OH HO OH
HO OH

F FF

F

+ +(72) (10) (3)

(CF3SO2)2NF, neat, 22º, 10 h
F

F
F

+ +

I II III

418

I + II + III (80)a, I:II:III = 74:4:22, IV  (0)

NFSI, toluene, reflux, 9 d

SelectfluorTM, MeCN, reflux, 16 h

SelectfluorTM, TfOH, CH2Cl2,  0-40º, 

  24 h

SelectfluorTM, MeCN, microwaves, 

  150º, 30 min

I + II + III (19)a, I:II:III = 65:7:28

I + III (80), I:III = 75:25

I + III (89), I:III = 68:32

I + III + IV (53),  I:III:IV = 37:15:1

85

173

187

192

F

F

+

IV

C7

443

Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 4. FLUORINATION OF ARENES (Continued)

(CF3SO2)2NF, neat, 22º, 2 h F

OMe OMe
OMe

+

F

63

33NFOBS, 60º, 10 h I + II (42), I:II = 60:40

OMe

F
I II III

I + II (93), I:II = 74:26, III  (0), IV  (0)

+

OMe

+

F IV

F

N

F

F F

F, C6H6 61I + II (98)a, I:II = 75:25
NSO2CF3

F

C7

NFSI, 150º, 5 h

NFTh, MeCN, rt, 5 h

I + II + III (100)a, I:II:III = 58:37:5

I + II  (83), I:II = 29:71

85

235

96I + II (81)a, I:II = 70:30

O
SO2

NF, neat, 150º, 5 h

O

I + II (77), I:II = 56:44 100

N

F

F F

F, MeCN, 60º
NCOCF3

F

N N F • 2TfO–,Me

MeCN, 80º, 15 h

I + II (55), I:II = 50:50 133
++

Fluorinating agent

2-SO3-4,6-(CF3)2FP

2-SO3-4,6-(CF3)2FP

2-SO3-3-Cl-5-CF3FP

Solvent

TfOH, CH2Cl2

CH2Cl2

TfOH, CH2Cl2

Fluorinating agent, reflux

Time

20 min

29.5 h

3 h

I + II

(85)a

(80)a

(79)a

I:II

26:54

30:46

35:44

140I + II
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Y

OTf

HSO4

BF4

SbF6

SbF6

I + II + IV

(49)

(61)

(64)

(50)

(57)

I:II:IV

43:49:8

50:44:6

47:45:8

44:46:10

54:37:9

122

Solvent

HCO2H

HCO2H

HCO2H

HCO2H

MeCN
I + II (—), I:II = 50:50

I + II (5), I:II = 60:40

SelectfluorTM, MeCN, H2O, 40º

SelectfluorTM, HCO2H, rt, 15 min

134, 416

122

Fluorinating agent

SelectfluorTM

SelectfluorTM

SelectfluorTM

NFTh

FPPy-B2F7

189
Solvent

[emim][OTf]

[emim][BF4]

[bmim][PF6]

[emim][OTf]

[emim][OTf]

I + II

(56)

(42)

(43)

(30)

(11)

I:II

47:53

43:57

48:52

56:44

54:46

Fluorinating agent, 80º, 15 h

Fluorinating agent 

SelectfluorTM

SelectfluorTM

SelectfluorTM

NFTh

2,6-Cl2FP-BF4

419
Solvent

MeCN

MeCN, PhNO2

CF3CO2H

MeCN

MeCN

Temp

70º  

70º

50º  

70º

70º

Time

3 h

3 h

2.5 h

3 h

3 h

I + II

(47)

(55)

(42)

(58)

(56)

I:II

60:40

58:42

58:42

60:40

64:36

187

192

192

161

150

165, 167

SelectfluorTM, TfOH, CH2Cl2, 0-40º, 

  12 h

SelectfluorTM, MeCN, microwaves, 

  150º, 10 min

NFTh, MeCN, microwaves, 150º, 

  10 min

2,2'-bisFP-BF4, MeCN, reflux, 9 h

2,6-(MeO2C)2FP-OTf, CH2Cl2,

  reflux, 24 h

[(ClCN)3F]+[BF4]–, MeCN, 0º to rt

I + II (99), I:II = 9:11

I + II + IV (32), I:II:IV = 9:6:1

I + II + III (42), I:II:III = 8:5:1

I + II + IV (—), I:II:IV = 10:7:2

I + II (—), I:II = 11:12

I + II (—), I:II = 1:2

NNF F • 2Y–, rt, 15 min
+ +

I + II

Fluorinating agent I + II

I + II + IV
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 4. FLUORINATION OF ARENES (Continued)

OH

R

O

F R

Fluorinating agent, MeCN, 22º

Fluorinating agent

SelectfluorTM

NFTh

SelectfluorTM

NFTh

R

Me

Me

i-Pr

i-Pr

(52)

(45)

(44)

(44)

Time

20 h

20 h

24 h

24 h

C7-9

194

I + II

(50)

(24)

R

OMe

R

OMe

SelectfluorTM, [emim][OTf], 80º, 15 h

F

R

OMe

F F

+ 189

I:II

 95:5

100:0

R

Cl

F

OMe

OMe

OMe

OMe

F
MeCN, 20º, 20 h

I  (52) 133

C8

OH

R1

O

F R1

Fluorinating agent, MeCN

Fluorinating agent

SelectfluorTM

NFTh

SelectfluorTM

NFTh

SelectfluorTM

NFTh

SelectfluorTM

NFTh

R1

Me

Me

i-Pr

i-Pr

Me

Me

F

F

(76)

(74)

(71)

(69)

(68)

(66)

(38)

(35)

Time

4.5 h

4.5 h

7 h

7 h

5 h

5 h

18 h

18 h

R2 R2

R2

H

H

H

H

Cl

Cl

H

H

C7-10

194

Temp

22º

22º

22º

22º 

70º 

70º 

70º 

70º

N N F • BF4
–,F3B

++–

I II

C7
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MeCN, 20º, 15 h; then 60º, 20 h

I  (40) 133

OMe

OMe

NFOBS, 0º to rt, 6 h

OMe

OMe

F

(48) 33

OH O

F

OH

F

OH

F
+ +

I (—), II+III (11), I:II:III = 85:5:10

SelectfluorTM, MeCN, 22º, 4.5 h

NFTh, MeCN, 22º, 4.5 h I + II + III (—), I:II:III = 84:5:11

420

420

I II III

OH OH

F

421SelectfluorTM, H2O, MeOH, rt , 18 h

OH

CO2Me

OH

CO2Me

F

I  (50) 1582,2'-bisFP-OTf, DCE, 82º, 20 h

3,5-Cl2FP-OTf, DCE, reflux, 40 h I (51)a 31

NH3
+Cl– NH3

+Cl–

OMe OMe

SelectfluorTM, [emim][OTf], 80º, 15 h
F

OMe

F

OMe

F F

+ +

I + II + III (56), I:II:III = 93:6:1

189

N N F • 2TfO–,Me
++

(—)

I II III

447

Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 4. FLUORINATION OF ARENES (Continued)

SelectfluorTM, MeCN, reflux, 16 h 173

F

F

F

F

+ + 173

F
+ +

F F

SelectfluorTM, MeCN, reflux, 16 h
F

(42)

SelectfluorTM, 80º, 15 h

Solvent

[emim][OTf]

[emim][BF4]

189

F F
+

I

(51)

(24)F

173SelectfluorTM, MeCN, reflux, 16 h I + II (97), I:II = 2:1

NHAc

Br

NHAc

Br

F

417(28)aFP-OTf, TCE, 100º, 20 h

I

C8

NFSI, neat, 100º, 18 h I + II (40)a, I:II = 62:38 85
NHAc

NHAc
NHAc

F

F

+I II

31

31

31

129

134, 416

2,6-(MeO2C)2FP-OTf, CH2Cl2,

  reflux, 48 h 

2,6-Cl2FP-OTf, CH2Cl2, reflux, 43 h

2,3,4,5,6-Cl5FP-OTf, CH2Cl2,

  0º to rt, 23 h

SelectfluorTM, MeCN,  reflux, 15 min

SelectfluorTM, MeCN, reflux

I + II (53)a, I:II = 55:45

I + II (56)a, I:II = 70:30

I + II (60)a, I:II = 78:22

I + II (80), I:II = 62:38

I + II (—), I:II = 62:38

(49) (29) (17)

(23) (23)

II  (0)
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O
O

NFTh, MeCN, reflux, 0.5-4 h 229

C8-9

R
R

R

OH

OMe

(55-65)

(55-65)

F

NHR NHR
NHR

235NFTh, MeCN, 6 h +F

F

I:II

2:1

1:2.3

R

Ac

CO2Et

Temp

40º

80º

I + II

(84)

(88)

I II

C8-10
NR2

perfluoropiperidine, pentane, 16 h

NR2

F
R

Me

Et

(58) 36, 422

SelectfluorTM, MeCN, 22º, 4.5 h

OH O

F

I  (82)

NFTh, MeCN, 22º, 4.5 h I  (84)

C9

194

194

OH O

F

OH

F

OH

F
+ +

I (—), II + III (13), I:II:III = 85:2.1:12.9

SelectfluorTM, MeCN, 22º, 4.5 h 420I II III

NFTh, MeCN, 22º, 4.5 h I + II + III (—), I:II:III = 84:4:12 420

2,3,4,5,6-Cl5FP-OTf, CH2Cl2, rt, 12 h

HO

CO2Me

HO

CO2Me
F

O

F CO2Me

+

I + II (100)b, I:II = 42c:0

III

I + II (79)a, I:II = 46:232,6-(MeO2C)2FP-OTf, CH2Cl2,

  reflux, 3 h

31

31

449

Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 4. FLUORINATION OF ARENES (Continued)

MeCN, 20º, 18 h

I (61) 133

MeCN, 20º, 18 h

I  (50)

OMe

OMeMeO

OMe

OMeMeO

F

SelectfluorTM (x eq), 2 h

O

OMeMeO

FF

+ 423

x

1

2

2

2

2

Temp

–40º to 20º

–40º to 20º

–21º to 20º

20º

20º

I

(62)

(0)

(0)

(0)

(0)

II

(26)

(51)

(56)

(58)

(63)

I II

Solvent

MeCN

MeCN

MeCN (2 vol% H2O)

MeCN (20 vol% H2O)

H2O

133

OMe

OMeMeO

O

OMeMeO

SelectfluorTM (1 eq), MeCN 

  (2 vol% H2O), 0-20º, 2 h

423

F FF

(72)

C9

OTMS

2-SO3-4,6-(CF3)2FP, CH2Cl2, rt, 17 h

OH
OH

140+I IIF

F

I + II (89)a, I:II = 34:1

N N F • BF4
–,F3B

++–

N N F • 2TfO–,Me
++
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NHCO2Et NHCO2Et
NHCO2Et NHCO2Et

F

F F

F

++I II III2,2'-bisFP-BF4, MeCN, reflux, 48 h 161

I + II + III (85), I:II:III = 56:38:6

150

31

140

2,6-(MeO2C)2FP-OTf, CH2Cl2,

  reflux, 32 h

3,5-Cl2FP-OTf, DCE, reflux, 5.5 h

2-SO3-4,6-(CF3)2FP, DCE, reflux, 2 h

I + II + III (84), I:II:III = 56:38:6

I + II + III (89), I:II:III = 67:26:7

I + II + III (87)a, I:II:III = 58:9:7

O
O

NFTh, MeCN, reflux, 0.5-4 h 229

OMe
OMe

O

OMe

+

F

F

I + II (55-65), I:II = 1:1

189

I  (90)

SelectfluorTM, [bmim][PF6], 80º, 15 h
F

I  (52)

SelectfluorTM, TfOH, CH2Cl2,

  0˚ to rt, 12 h

187

2,3,4,5,6-Cl5FP-OTf, CH2Cl2,

  0˚ to rt, 22 h

(79)a

(74)a2,3,4,5,6-Cl5FP-OTf, CH2Cl2,

  0º to rt, 22 h

31

31

NHCO2Et

F

NHCO2Et

F

F

NHCO2Et

F

F

NHCO2Et

F

FF

I II

451

Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 4. FLUORINATION OF ARENES (Continued)

t-Bu

OH

t-Bu

OH

SelectfluorTM, MeOH, reflux, 5 h

t-Bu

O

F

+

F

F 193

t-Bu

OH

SelectfluorTM, MeOH, reflux, 5 h II (80) 193

F

I (49) II  (12)

C10

3,5-Cl2FP-OTf, CH2Cl2, reflux, 38 h 31(56)a

NFTh, MeOH, 60º, 2 h II  (72)
185

HO

F Fluorinating agent

SelectfluorTM

NFTh

SelectfluorTM

NFTh

n

1

1

2

2

(77)

(74)

(77)

(75)

Fluorinating agent, MeCN, 22º, 4.5 h

C9-10

194

n
n

N
N

N

O

F

F

Cl N
N

N

OF

F

F

Cl
424(48)(SelectfluorTM, MeCN, 82º, 24 h) x 2

NHCO2Et NHCO2Et

F

OMe

OMeMeO

O

OMeMeO

SelectfluorTM (2 eq), MeCN,

   –40º to 20º, 2 h

423

F

(81)

O

452



2,6-(MeO2C)2FP-OTf, CH2Cl2,

  reflux, 25 h

31

MeO

CO2Me

MeO

CO2Me
F

O

F

+

I + II (62)a, I:II = 47:31
I II

F
F

F

+ +

IV

I II III

Solvent

MeCN

CF3CO2H

Time

24 h

4 h

I:II:III:IV

(—)

3:1:0:0

Fluorinating agent

SelectfluorTM

SelectfluorTM

SelectfluorTM

Temp

reflux

70º

I + II + III + IV

(30)

(75)

191

F F

F

+

189

190

187

SelectfluorTM, [emim][OTf], 80º, 15 h

NFTh, MeCN, 80º, 30 min

SelectfluorTM, TfOH, CH2Cl2, 0-40º,

  12 h

I + II + III (80), I:II:III = 91:7:2

I + II (82), I:II = 90:2

I + II (100), I:II = 60:40

I + II (65), I:II = 15:85

F
F

+

F

FNFTh, MeCN, 80º, 3 h

F

190I

+

F
F

F

(34)SelectfluorTM, MeCN, MeOH, rt, 5 min 425

II

(3)

CO2Me
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 4. FLUORINATION OF ARENES (Continued)

OH
OH

F

O
F F

118NFQN-X, MeCN, rt, 16 h +

I II

X

BF4

PF6

FSO3

OTf

I + II

(90)

(94)

(88)

(92)

3,5-Cl2FP-OTf, CH2Cl2, rt, 26 h 31I + II (80)a, I:II = 84:11

Fluorinating agent (0.53 eq), rt, 12 h 158

Fluorinating agent

2,2'-bisFP-OTf

2,2'-bisFP-OTf

2,2'-bisFP-BF4

2,2'-bisFP-BF4, NaOTf

Solvent

CO2

MeCN

CO2

CO2

I + II

(99)

(86)

(0)

(95)

I:II

1:8.9

1:18.7

—

0:100

2,2'-bisFP-BF4, HCO2H, rt, 10 min

NFTh, MeCN, rt, 30 min

SelectfluorTM, DMF, rt, 3 h

SelectfluorTM, MeOH, –196º to 20º

I + II (79), I:II = 3.4:1

II (92)

II (98)

I + II (—), I:II = 2:1

161

185

426

134, 416

193

Fluorinating agent 

SelectfluorTM

NFSI

FPPy-B2F7

I + II

(100)a

 (30)a

 (0)a

I:II

73:27

100:0

—

MeCN, 20º, 1 h

MeCN, 80º, 15 h

I (60)

I (71)

133

133

N N F • 2TfO–,Me
++

NN F • 2TfO–,Me
++

I + II

I:II = 2:1

C10

Fluorinating agent, MeCN, rt, 3 h I + II
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HCO2H, MeOH, rt, 15 min

I + II (67), I:II = 57:43 122

OH
O

F

OH

F OH

F

+ +

I (—), II + III (12), I:II:III = 85:10:5

SelectfluorTM, MeCN, 22º, 4.5 h

NFTh, MeCN, 22º, 4.5 h

SelectfluorTM, H2O, 60º, 2-6 h

I + II + III (—), I:II:III = 88:9:3

I (73.5)

420

420

177

I II III

193

OH OH
OH

O

F

F

F

F+ +

Fluorinating agent

SelectfluorTM

NFSI

FPPy-B2F7

I:II:III

49:41:10

88:0:12

—

Fluorinating agent, MeCN, rt, 3 h

I + II + III

(100)a

(70)a

(0)a

2-SO3-4,6-(CF3)2FP, CH2Cl2, rt, 5 min

SelectfluorTM, MeOH, –196º to 20º

FP-OTf, CH2Cl2, reflux, 22 h

140

134, 416

31

I + III (100)a, I:III = 63:3

I + II (—), I:II = 2:1

I + II + III (85)a, I:II:III = 42:9:5

(65)

(92)

NFTh, MeOH, 60º, 1 h

OH

R

O

R

F
F R

H

Cl

NNF F • 2BF4
–,

+ +

I II IIII

185
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TABLE 4. FLUORINATION OF ARENES (Continued)

OR
SelectfluorTM, H2O, 60º O

F F R

H

Me

(78)

(—)

Time

30 min

2 h

C10-11

177

O
MeO

O

MeO

O
MeO

O

MeO

F

O

MeO
F

F
+

n

1

2

(68)

(55-65)

n

1

2

I + II

(55-65)

(55-65)

I:II

3:1

3:1

NFTh, MeCN, reflux, 0.5-4 h

NFTh, MeCN, reflux, 0.5-4 h

229

229

I

C10-13

190

O
OR

OR

+ +

F

FNFTh, MeCN, 80º

OR

R

H

Me

i-Pr

Time

10 min

15 min

10 min

I + II + III

(80)

(85)

(85)

F
F

I:II:III

45:42:13

48:48:4

68:30:2

I

II

IIIII

R

C10-16

R
R

F
F

F

427, 4282,4,6-Me3FP-BF4, MeCN, reflux, 

  30 min
I

+

II

R

H

Me

Ph

I:II

2:1

3.6:1

1.9:1

I + II

(24)

(55)

(50)

n n

n
n

n
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C11

190

F

+ + +

F F

F

VF

+

F

NFTh, MeCN, 80º, 3 h I + II + V (65), I:II:V = 68:22:10

R

F

4272,4,6-Me3FP-OTf, MeCN, reflux, 

  3-8 h

R

CHO

CO2Me

(21)

(19)

R
C11-16

2,4,6-Me3FP-OTf, MeCN, 60º, 1 h 427

R

Me

Ph

(5)

(16)

I

83(RfSO2)2NF, 22º, 40 h

C12

F

F

+

I II

Rf

CF3

C4F9

CF3

C4F9

Solvent

CH2Cl2

CH2Cl2

MeCN

MeCN

I + II

(63)a

(28)a

(90)a

(97)a

I:II

60:40

63:37

64:36

70:30

I

I

189

I + II + III + IV (23), I:II:III:IV = 53:21:11:15, V  (0)

SelectfluorTM, [bmim][PF6], 80º, 15 h

IIIII

IV

Fluorinating agent

SelectfluorTM

SelectfluorTM

SelectfluorTM

NFTh

2,6-Cl2FP-BF4

Time

97 h

97 h

4 h

96 h

24 h

419

I + II

(77)

(73)

(69)

(50)

(53)

Solvent

MeCN

MeCN, PhNO2

CF3CO2H

MeCN

MeCN

Temp

70º

70º

60º

70º

70º

Fluorinating agent

I:II

78:22

78:22

83:17

77:23

60:40

I + II
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 4. FLUORINATION OF ARENES (Continued)

419

Fluorinating agent 

SelectfluorTM

SelectfluorTM

SelectfluorTM

NFTh

2,6-Cl2FP-BF4

Temp

70º

70º

50º

70º

70º

I:II

56:44

56:44

59:41

53:47

59:41

O
O

O

F

F

I + II

(65)

(73)

(68)

(62)

(72)

Solvent

MeCN

MeCN, PhNO2

CF3CO2H

MeCN

MeCN

Time

24 h

24 h

4 h

24 h

24 h

+I

NFTh, MeCN, reflux, 0.5-4 h

 complex mixture (—)

229

O O

F

O

F2

+

NHCO2Et

CO2Et

OH

NHCO2Et

CO2Et

OH

F

NHCO2Et

CO2Et

OH

F

NHCO2Et

CO2Et

OH

F F

+ + 4293,5-Cl2FP-OTf, DCE, reflux, 22 h

I II III

I + II + III (63), I:II:III = 4.4:1:1.3

CO2Me

HO
NHCOMe

CO2Me

HO
NHCOMe

F

(65) 4053,5-Cl2FP-OTf, CH2Cl2, MeCN, rt, 8 h

IIFluorinating agent

C12
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NHCOCF3

MeO

MeO NHCOCF3

MeO

MeO

405(20)3,5-Cl2FP-OTf, CH2Cl2, 35º, 10 h

F

430

430

430
F

F

SelectfluorTM, MeCN, 80º, 4.5 h

SelectfluorTM, MeCN, 80º, 48 h

SelectfluorTM, CF3CO2H, 60º, 4 h

I + II (13), I:II =  76:24

I + II (66), I:II =  64:36

SelectfluorTM, CF3CO2H, 50º, 2 h

I + II (27), I:II =  67:33

I + II (24), I:II =  55:45

+

430

C13

F

F

83(RfSO2)2NF, 22º, 36 h +

I II

Rf

CF3

C4F9

CF3

C4F9

Solvent

CH2Cl2

CH2Cl2

MeCN

MeCN

I + II

(63)a

(34)a

(95)a

(94)a

I:II

71:29

72:28

70:30

76:24

I

CO2Me CO2Me

F

FP-BF4, MeCN, reflux, 2 h 428(34)

II

+

F F

F

(27)SelectfluorTM, MeCN, MeOH, rt, 5 min 425(8)
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 4. FLUORINATION OF ARENES (Continued)

+

F F

F

(12)SelectfluorTM, MeCN, MeOH, rt, 5 min 425

C14

NF-2,4-DNI, DCE, reflux, 3 d

F

F

110

F

+I II

I + II (6), I:II = 1:1

2,4,6-Me3FP-OTf, CH2Cl2, reflux 431I + II (55)a, I:II = 1.2:1

191SelectfluorTM, CF3CO2H, 70º, 4 h I  (75)

I  (85)NFTh, MeCN, reflux, 5 min 190

F

C13

OH

NFTh, MeCN, rt, 2 h I  (79) 185

191, 193,

432

SelectfluorTM, MeCN, rt, 2 h I (49)

NFTh, MeCN, H2O, 80º, 1 h

O
F F

I (83) 185

(2)
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CO2Me

MeO

MeO CO2Me

MeO

MeO

405(30)3,5-Cl2FP-OTf, CH2Cl2, 35º, 8 h

F
NHCOMe NHCOMe

C15

NF-2,4-DNI, DCE, reflux, 3 d

F

(7) 110

SelectfluorTM, MeCN, MeOH, rt, 5 min

F

425(31)

MeO MeO

F

SelectfluorTM, CF3CO2H, rt, 4 h (37) 191, 432

F

SelectfluorTM, MeOH, rt, 21 h (72) 191, 432

MeO

MeO

SelectfluorTM, MeCN, rt, 4 h (49) 191, 432

O

F

F
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 4. FLUORINATION OF ARENES (Continued)

I + II (—), I:II = 1.8:1

295SelectfluorTM, MeCN, reflux

O

I II+

SelectfluorTM, MeCN, 80º
t-Bu Bu-t t-Bu F

OH OH

433(100)a

2,2'-bisFP-OTf, DCE, 82º, 20 h 158

3CF
3CF 3CF

CF3

HO OH

CF3

HO OH

CF3

HO OH

F F F

+

(58) (23)

SelectfluorTM, MeCN, 10º

R

t-Bu Bu-t

R

t-Bu t-Bu Bu-t

OH O

Bu-t

F
O

R F

R

Me

t-Bu

I:II

56:44

80:20

I + II

(80)

(—)

+

C15-18

433

I

C15

C16

Ph
OH

O

Ph
OH

O

Ph
OH

F

F

II

O O

(55-65) 229NFTh, MeCN, reflux, 0.5-4 h

F
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F

F

+NFTh, MeCN

F

F

+

III

I:II:III

63:22:15

64:16:20

85:11:4

90:10:<1

93:7:<1

190

Temp

80º

60º

22º

10º  

5º

Time

5 min

30 min

1 h

2.5 h

5 h

I + II + III

(80)

(75)

(75)

(75)

(75)

I

NF-2,4-DNI, DCE, reflux, 3 d

F

F
+I II

I + II (23), I:II = 9:1

110

NF-2,4-DNI, DCE, reflux, 3 d

+I II

I + II (12), I:II = 3:1

110

F

(16) 110

F
F

F

NF-2,4-DNI, DCE, reflux, 3 d

II
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 4. FLUORINATION OF ARENES (Continued)

OHC18

t-Bu Bu-t

Bu-t

O

t-Bu
Bu-t

Bu-t

1. Formation of lithium phenolate

2. Perfluoropiperidine, pentane, C6H6,

    10 min

(31) 36F

NF-2,4-DNI, DCE, reflux, 3 d

F

F

F

F

+ +I II

III

110

I + II + III (24),

I:II:III = 4:1:2

NF-2,4-DNI, DCE, reflux, 3 d

F

(8) 110

NF-2,4-DNI, DCE, reflux, 3 d 110

F

(4)

OMe OMe

CO2Me

O

O

OMe OMe

CO2Me

O

O

OMe OMe

CO2Me

O

O

+

F F F

(22) (2)

SelectfluorTM, MeCN, reflux, 10 d 134
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(74)a 313,5-Cl2FP-OTf, CH2Cl2, reflux, 24 h

HO

O

H

H

H

HO

O

F

H

H

H

2,4,6-Me3FP-OTf, DCE, reflux, 18 h

HO

O

H

H

H

F

+ 31

I + II (64)a, I:II = 27:25

I II

2,6-(CH2OMe)2FP-OTf, CH2Cl2,

  reflux, 18 h

I + II (80)a, I (28)  + II  (22) 31

HO

OH

HO

OH

HO

OH

F

F

+

I II

I + II (60), I:II = 1:1

4053,5-Cl2FP-OTf, CH2Cl2, MeCN, rt, 12 h

HO

O

HO

O

HO

O

+

I II

F

F

1961. FP-OTf, TCE, reflux, 24 h

2. Py, Ac2O

I + II (73), I:II = 73:27

O

O

FSelectfluorTM, H2O, 60º, 2-6  h (73.5) 177

O

OMe
PhtN

F

HO

O

OMe
PhtN

HO

H H H H
HH

H H
H

H H H H
H H

H H
H

H H

H
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TABLE 4. FLUORINATION OF ARENES (Continued)

HO

O

FP-OTf, DCE, reflux, 18 h

HO

O

F

(28) 197

RO O

F

O O

R

H

H

Me

Me

Time

3.5 h

3.5 h

4 h

4 h

(79)

(73)

(84)

(81)

Fluorinating agent

SelectfluorTM

NFTh

SelectfluorTM

NFTh

Fluorinating agent, MeCN, 45º

C18-19

C18

194

R1O

R2
OH

R3

O

R2
OH

R3F

R1

H

H

H

H

H

H

Me

Me

R2

H

H

H

H

C≡CH

C≡CH

C≡CH

C≡CH

R3

H

H

OH

OH

H

H

H

H

Time

4 h

4 h

5 h

5 h

4 h

4 h

4.5 h

4.5 h

(81)

(76)

(73)

(70)

(78)

(75)

(75)

(72)

Fluorinating agent

SelectfluorTM

NFTh

SelectfluorTM

NFTh

SelectfluorTM

NFTh

SelectfluorTM

NFTh

Fluorinating agent, MeCN, 45º

C18-21

194

H H H H

H H

H H

HH H H

HH
H
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(CF3SO2)2NF, rt

C18-22

HO

R1

R2

R3

R4

HO

R1

R2

R3

R4

F

HO

F

R2

R3

R4

O

R1

R2

R3

R4

+ +

I II

III

F

434

R1

NO2

H

H

H

H

H

H

H

H

H

H

R2

 O

            O

            O

H

H

OCOMe

OCOMe

OCOPr-n

OCOPr-n

OCOPr-n

OCOPr-n

R3

OCOMe

OCOMe

H

H

H

H

H

H

R4

H

H

H

H

H

OCOMe

OCOMe

H

H

H

H

Solvent

AcOH

CHCl3

AcOH

CHCl3

AcOH

CHCl3

AcOH

CHCl3

MeCN

dioxane

AcOH

(I+II):III

2:>98

44:56

2:>98

47:53

2:>98

32:68

2:>98

31:69

38:62

41:59

14:86

I:II

—

43:57

—

45:55

—

40:60

—

41:59

46:54

42:58

32:68

I + II + III

(—)

(—)

(—)

(—)

(—)

(—)

(—)

(82)

(—)

(—)

(88)

OH

SelectfluorTM, DMF, rt, 3 h 426

n-Pr

O

n-Pr

F F

(98)

C19

H H

H H H

H

H H H H

H H
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TABLE 4. FLUORINATION OF ARENES (Continued)

HO R2

R1
O

C19

FP-OTf, TCE, reflux, 4-6 h

C20

NF-2,4-DNI, DCE, reflux, 3 d

F

(6) 110

NF-2,4-DNI, DCE, reflux, 3 d 110

F F

F

+

I II

III I + II + III (19), I:II:III = 3:3:1

HO R2

R1
O

F

HO R2

R1
O

F

+ 195

R1

H

OMe

R2

Me

H

I + II

(—)

(—)

I:II

—

—

I II

H H H H
H H

H H
H

+
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NF-2,4-DNI, DCE, reflux, 3 d 110

F

F
+I II

I + II (27), I:II = 2:1

C20-21

NF-2,4-DNI, DCE, reflux, 3 d 110

F

R R

R

H

Me

(22)

(18)

C22

NF-2,4-DNI, DCE, reflux, 3 d

F

(4) 110

t-Bu

Bu-t

NF-2,4-DNI, DCE, reflux, 3 d

t-Bu

Bu-t

t-Bu

Bu-t

+I II

I + II (3), I:II = 3:2

110

F F
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TABLE 4. FLUORINATION OF ARENES (Continued)

O
O

CNO

Cl

CF3 CF3

F

O
O

CNO

Cl
F

SelectfluorTM, MeCN, microwaves, 

  150º,  20 min

(14) 192

C23

F

Bu-t

Bu-t
C24

NF-2,4-DNI, DCE, reflux, 3 d

Bu-t

Bu-t

F

(21) 110

O

O

OH

C6H13
O

O

OH

C6H13

435(88)FFP-OTf, CH2Cl2, rt, 1 d

C28

NF-2,4-DNI, DCE, reflux, 3 d (18) 110
F
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C31

NF-2,4-DNI, DCE, reflux, 3 d

F

F

+ 110

I II
I + II (13), I:II = 5:1

C36

NF-2,4-DNI, DCE, reflux, 3 d (13) 110
F

a The reported value is the percent conversion based on starting material.
b The reported value is the percent conversion determined by GLC.
c The reported value is the percent product based on consumed phenol as determined by GLC.
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 5. FLUORINATION OF HETEROCYCLES

O

C4

FP-OTf, CH2Cl2, Py (2 mol%), reflux, 

  8 h O

F

N
+
OTf–

31(73), cis:trans = 1:1

140
O

F

N
+

O

F

N
++(59) (16)2-SO3-4-MeFP, CH2Cl2, reflux, 8 h

HN

N
H

O

O

R
HN

N
H

O

O

R

F

OH

R

H

Me

183SelectfluorTM, H2O, 90º (82)

(95)

C4-5

Time

4 h

3 h

C5

O

FP-OTf, CH2Cl2, reflux, 7 h
O

F

N

OTf–

+ (86), cis:trans = 1:1 31

2,3,4,5,6-Cl5FP-OTf, 2-FPy, i-PrOH,

  5º to rt, 28 h O

F

OPr-i

(39), cis:trans = 1:1.5 31

O

Br

CO2H

SelectfluorTM, CCl4, NaHCO3 (sat. aq),

  20º, 1.5 h O

Br

F

(27) 199

199
O CO2H

SelectfluorTM, CCl4, NaHCO3 (sat. aq),

   20º, 1.5 h O F
(—)

Br Br

SO3
– SO3

–

472

S

S

S

S
O

S

S

S

S
O

F

SelectfluorTM, MeCN, 2 h (30) 436

(CF3SO2)2NF (2 eq), AcOH, rt, 2 dHN

N
H

O

O

HN

N
H

O

O

F

F

OAc
(85) 35

C6

S

S

NHAc

NHAc

SelectfluorTM, MeCN, rt, 10 min

SelectfluorTM, MeCN, rt, 10 min

S

NHAc

S NHAc

F

F

(—)

(—)

200

200

N

N

N
H

Cl

N

N

N
H

ClF

N

N

N
H

ClF

HO
SelectfluorTM, MeCN, H2O, rt, 4 h 201

SelectfluorTM, MeCN, AcOH, 70º, 

  14 h

(59)

(41), trans:cis = 9:1

201, 437

O

S
O

OH
3,5-Cl2FP-OTf, DCE, reflux

O

S
O

OH

F

(28) 438

C7

473



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 5. FLUORINATION OF HETEROCYCLES (Continued)

N
H

R3

R2 R1

CO2H N
H

R3

R2 R1

F

R1

Me

Me

(CH2)2CO2Me

(CH2)2CO2Me

Me

(CH2)2CO2Me

CH2CO2Me

Time

20 min

20 min

40 min

20 min

1 h

45 min

45 min

SelectfluorTM, NaHCO3 (aq), CH2Cl2, rt

R2

H

Me

CH2CO2Me

CH2CO2Me

Me

CH2CO2Me

(CH2)2CO2M

198

R3

Me

Me

CHO

Me

CO2Bn

CO2Bn

CO2Bn

(34)

(32)

(32)

(37)

(42)

(35)

(47)

C7-20

N
H

R

N
H

R

O

F

C9-20

SelectfluorTM, MeCN, H2O, rt, 16 h

R

Me

CH2CO2Me

(CH2)2CO2Me

(CH2)2OAc

(CH2)3CO2Me

(CH2)3OAc

(CH2)4OAc

(CH2)2CH(NHAc)CO2Me

(CH2)2NPht

(CH2)2CH(NHCOC6H4NO2-4)CO2Me

203(71)

(75)

(82)

(71)

 (77)

 (69)

 (64)

(70)

 (71)

 (92)

C9

N
H

SelectfluorTM, ROH, 20º

N
H

O

F

206

Solvent

[bmim][PF6]

[bmim][BF4]

[bmim][PF6]

[bmim][BF4]

ROH

MeOH

MeOH

EtOH

EtOH

Time

3 h

3 h

12 h

12 h

(99)

(99)

(88)

(92)

474

N

NO2

O2N

N

NO2

O2N

F

N

NO2

O2N

N(SO2Ph)2

+ 202(38) (22)NFSI, 130º, 3 h

C10

N

NO2

MeO

NFSI, 130º, 3 h

N

NO2

MeO

F

439(38)

N

R

N

R

O

F

SelectfluorTM, MeCN, i-PrOH, rt, 16 h (96)

(66)

206

C10-16

R

Me

Bn

C12

419

Fluorinating agent 

SelectfluorTM

SelectfluorTM

SelectfluorTM

SelectfluorTM

SelectfluorTM

NFTh

2,6-Cl2FP-BF4

Solvent

MeCN

MeCN/CH2Cl2 (9:1)

MeCN/MeOH (1:1)

MeCN/CF3CO2H (9:1)

CF3CO2H

MeCN

MeCN

I:II:III

27:42:31

26:42:32

24:47:29

26:42:32

22:39:39

26:42:32

18:53:29

O
O O

O

F F

F III

I + II + III

(35)

(30)

(17)

(38)

(30)

(35)

(38)

Temp

70º

70º

70º

70º

50º

70º

70º

Time

27 h

27 h

27 h

16 h

6 h

24 h

24 h

I II+ +

O
IV (0)+

F

189

192

SelectfluorTM, [emim][OTf], 80˚, 15 h

SelectfluorTM, MeCN, microwaves,

  150º, 10 min

I + II + III (49), I:II:III = 20:41:39

II + III + IV (8), II:III:IV = 50:12:38

Fluorinating agent

475



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 5. FLUORINATION OF HETEROCYCLES (Continued)

N
H

HN

CO2Me

CO2H

O

N
H

HN

CO2Me

F

OC12

SelectfluorTM, CH2Cl2, NaHCO3 (aq), rt (37) 198

C14

440N
N

N
H

O

O

MeO2C

R FP-BF4, MeCN, 80º, 180 h

R

Ph

4-ClC6H4

I + II

(12)

(18)

I:II

1.4:1

2:1

N

O

O

R

F

MeO2C

I

+

II

N

O

O

R

MeO2C

F

HN

N

O

O

R2

O

AcO

AcO R1

HN

N

O

O

R2

F

OR3

O

AcO

AcO R1

R1

H

OAc

OAc

OAc

R2

Me

H

H

H

R3

H

H

Me

Ac

183SelectfluorTM, MeCN, R3OH, reflux, 3 h (96)

(80)

(85)

(82)

C14-17

HN

N

O

O

R2

R1

SelectfluorTM, MeCN, THF, –40º

N
H

N

N
F

O

O

R2

R1

204

H

C14-20

R1

H

H

 —(CH2)3—

H

R2

Me

i-Pr

Bn

(48)

(40)

(27)

(42)

O
N

Br

F
F

F
O

N

Br

F
SelectfluorTM, sulfolane, 120º, 3 h (49) 441

C15

N
H

476

O
N

Br

SelectfluorTM, sulfolane, 130º 441

O
N

Br

F
F

F

+(—) (—)
Cl

O
N

Br

F
Cl

F

O
N

Br

F
F

F
O

N

Br

SelectfluorTM, sulfolane, 120º, 3 h (10) 441

O
N

Br

F
+(39)

N

N

NH2

O
O

AcO

AcO OAc

N

N

NH2

O

F

F

OMe
O

AcO

AcO OAc

183SelectfluorTM, MeCN, MeOH, reflux, 4 h (82)

N
SelectfluorTM, MeCN, MeOH 205

Ts
N

Ts

OMe

F

(48)

O
N

R
O

N

R

F
SelectfluorTM, MeCN 441

R

H

Me

OMe

(32)

(34)

(28)

Temp

reflux

reflux

rt

C15-16

477



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 5. FLUORINATION OF HETEROCYCLES (Continued)

O
N

CF3

F
F

F
O

N

CF3

SelectfluorTM, sulfolane, 120º, 3 h (10) 441

O
N

CF3

F
+(30)

O

Br

Br
OAcO O

Br

Br
OAcO

F
SelectfluorTM, MeCN, reflux (14) 442

C19-21

N

H
N

N

MeO2C

R1 O

O

R2 FP-BF4, MeCN, 80º, 150 h 440, 443N

O

O

R2

MeO2C
F

H

N

O

O

R2

F
CO2Me

H
R1 R1

+I II

R1

4-ClC6H4

4-ClC6H4

4-MeC6H4

4-MeC6H4

R2

Ph

4-MeC6H4

4-ClC6H4

4-MeC6H4

I + II

(9)

(15)

(11)

(13)

I:II

1.2:1

1.2:1

1:1.5

1.3:1

N
H

N
H

O

C20

SelectfluorTM, MeCN, H2O, rt,

  overnight

203
AcO AcO

NPht NPhtF

(82)

C16

478

N
H

HN

N

O

O

C21

2,4,6-Me3FP-OTF, THF, 65º 204

N
H

N

NF

O

O N
H

N

NF

O

O

+

I + II (100), I:II = 1:1.6

I II

C22

SelectfluorTM, MeCN, THF, –40º

N
H

N

NF

O

O
H

H
NH

F

204(44)

N
H

N

NF

O

O

H
N

F

2042,4,6-Me3FP-OTf, THF, 65º

C32

I

II

III

I + II + III (77), I:II:III = 2:1:1

+

+

N
H

HN

NH

O

O

H
N

N
H

HN

NH

O

O

H
N

N
H

N

NF

O

O

H
N

F

N
H

N

NF

O

O

H
N

F

479



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 5. FLUORINATION OF HETEROCYCLES (Continued)

N

HN

N

NH

Et Et

Et

Et

EtEt

Et

Et

N

HN

N

NH

Et Et

F

Et

Et

R1

EtEt

R2

Et

Et

R3

C36

2,3,4,5,6-Cl5FP-OTf, C6F6, 50º, 12 h 444

R1

H

F

H

F

F

R2

H

H

F

F

F

R3

H

H

H

H

F

(19)

(6.5)

(6.5)

(15)

(20)

480



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 6. FLUORINATION OF GLYCALS

O

OH

OH
O

F

O

OH

OH
O

I II

C6

SelectfluorTM, MeNO2, rt, overnight

I + II (27), I:II = 1:3

445+

SelectfluorTM, H2O, rt, 1 h
O

(85), α:β = 1:1.5 210

O

F
OPO3

2–

F-TEDA-OTf, H2O, 3 h; 

  then kinase, ATP, 4 d

(65) 446

O

F OH

R1

H

Ac

Piv

Ac

Ac

Ac

Bn

Bz

I II

C6-27

SelectfluorTM, MeNO2, H2O, rt, 16 h;

  then reflux, 1 h

445

I + II

(43)

(61)

(85)

(66)

(75)

(65)

(93)

(74)

I:II

67:33

56:44

90:10

62:38

80:20

78:22

51:49

80:20

R2

H

Ac

Piv

α-D-Glc(Ac)

β-D-Glc(Ac)

β-D-Gal(Ac)

Bn

Bz

+

O

OH

HO

HO

O

OH

HO

HO

O

OR1

R2O

R1O

F

OH

HO
HO

HO

F

OHOH

HO

R1O
R2O

OR1

O

OH
R1O

R2O

OR1

F

C9

O

I + II (68), I:II = 93:7

1. SelectfluorTM, MeNO2, H2O, rt;

    then reflux, 30 min

2. Acetylation

207, 208I II+

O

OAc

AcO
F

OAc
OAc

OAc
O

OAc
OAc

OAc

F

481

Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 6. FLUORINATION OF GLYCALS (Continued)

C9

(45)SelectfluorTM, MeNO2, rt; 

  then reflux, 10-30 min

208

O

OAc

AcO

SelectfluorTM, EtNO2, H2O, rt, 16 h;

  then reflux, 1 h

447(70)

O

AcO

OAc

F
SelectfluorTM, MeNO2, H2O, rt, 14 h;

  then reflux, 30 min

(38) 209

O

RO

OR

RO

F
SelectfluorTM, MeNO2, H2O, rt, 14 h;

  then reflux, 30 min

R

Me

Ac

(—)

(39)

C9-12

209

O

OAc

AcO
O

O
OAc

O

F-TEDA-OTf, MeNO2, rt, 6 h;

  then MeOH, 90º, 2 h

(67), α:β = 4:6 43

I (75), α:β = 1:1 43F-TEDA-OTf, MeNO2, rt, 6 h;

  then BnOH, 90º, 2 h

C10

O

AcO

OAc

SelectfluorTM, MeCN, BnOH, rt, 12 h I (71), α:β = 0:1 210

O F

OAc
OAc

F

OHF
AcO

OAc

F

FAcO

OH

OR

RO

F

F OH

OR

O F

OAc
OAc

OMe

O F

OAc
OAc

OBn
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HO

CbzN
H

CO2Bn

43(55), α:β = 67:33

43(53), α:β = 80:20F-TEDA-OTf, MeNO2, 4 Å MS, rt, 6 h;

  then BnNH2, 100º, 1 h

F-TEDA-OTf, MeNO2, 4 Å MS, rt, 6 h;

  then

O (42), α:β = 55:45 43F-TEDA-OTf, MeNO2, rt, 6 h;

  then c-C6H11OH, 90º, 2 h

(48), α:β = 70:30 43F-TEDA-OTf, MeNO2, rt, 6 h;

  then t-BuOH, 90º, 2 h

SelectfluorTM, DMF, H2O, rt, 12 h (97), α:β = 1:1 210

(40), α:β = 1:2 2101,2:3,4-di-O-isopropylidene-α-D-galactose,

  SelectfluorTM, MeNO2, rt, 2 h

O

F
OAc

OAc

O
OBu-t

F
OAc

OAc

O
O

F
OAc

OAc

O
NHBn

F
OAc

OAc

O
OH

F
OAc

OAc

HNCbz

CO2Bn

O F
OAc

OAc

O
O O

O

O
O

, 100º, 1 h

O

AcO

OAc

F
SelectfluorTM, MeNO2, H2O, rt, 14 h;

  then reflux, 30 min

(65) 209O

F

FAcO

OH

AcO

483

Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 6. FLUORINATION OF GLYCALS (Continued)

O

AcO

OAc

F
SelectfluorTM, MeNO2, H2O, rt, 14 h;

  then reflux, 30 min

(75) 209

C10

O

OH

OH

O

OOMe

OH

O

O

R

Ac

Piv

Bz

F-TEDA-OTf, daunomycinone, 100º (60) 43

α:β
50:50

75:25

66:34

C10-20

O
O

O, 100º, 1 h
O

O

C12

43F-TEDA-OTf, MeNO2, 4 Å MS, rt, 6 h;

  then

I II
I + II (67), I:II = 45:55

O

RO

OR

O

AcO

OAc

AcO

O

F

F

OH

OAc
OAc

F
OR

OR

HO

OAc

AcO
AcO

F
O

O

O
O

O
O

OAc

AcO
AcO

O

F

43

I + II (75), I:II = 33:67

F-TEDA-OTf, MeNO2, 4 Å MS, rt, 6 h;

  then 1,2:3,4-di-O-isopropylidene-α-D-galactose,

  100º, 1 h

+

II

O O
O

O
O

O

OAc

AcO
AcO

F O

O O
O

O
O

O

OAc

AcO
AcO

F

O
O

O
O

+

I
α:β = 1:4

O

484



SelectfluorTM, potassium 2,4-dinitrophenolate,

  MeNO2, reflux, 1 h

445+

(19) (17)

SelectfluorTM, DMF, H2O, rt, 12 h (90), α:β = 1:1

(60), α:β = 1:2.5

210

210SelectfluorTM, 2,6-(t-Bu)2-4-MePy, MeCN,

  BnOH, 4 Å MS, rt, 12 h

SelectfluorTM, 1,2:3,4-di-O-isopropylidene-α-

D-galactose, 2,6-(t-Bu)2-4-MePy, MeCN

43(38)

43F-TEDA-OTf, MeNO2, 4 Å MS, rt, 6 h;

  then 4-methoxyphenol, 100º, 1 h

(60), α:β = 3:2

O

AcO

OAc

AcO

BF4
–

BF4
–SelectfluorTM, MeNO2, rt, overnight 207, 208+

+

(82)

O

OAc

AcO
AcO

F O
NO2

NO2

O

OAc

AcO
AcO

O
NO2

NO2

F

O

OAc

AcO
AcO

OH

F

O O
O

O
O

O

O

OAc

AcO
AcO

F
N

O

OAc

AcO
AcO

OBn

F

O
OAc

AcO
F OC6H4OMe-4

AcO

O
OAc

OAc

AcO

F

N

N Cl

SelectfluorTM, MeNO2, H2O, rt;

  then reflux

I  (79), α:β = (—)

SelectfluorTM, DMF, rt, 12 h I  (79), α:β = 1:1

O

OAc

AcO
OH

AcO

F

207, 208, 

448

210

485

Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 6. FLUORINATION OF GLYCALS (Continued)

C12

208(76)SelectfluorTM, MeNO2, MeOH, rt;

  then reflux

208(52)SelectfluorTM, MeNO2,  rt; then reflux

NFSI, MeCN, 80º, 24 h (30) 208

O

AcO

OAc

AcO
O

OAc

AcO
F OMe

AcO

O
OAc

AcO
F

AcO

O
OAc

AcO
F

AcO

F

N(SO2Ph)2

R1

Ac

Piv

Ac

Ac

Ac

Bn

Bz

I II

I:II

1:1

10:1

11:19

5:8

8:13

2:3

4:1

R2

Ac

Piv

α-D-Glc(Ac)

β-D-Glc(Ac)

β-D-Gal(Ac)

Bn

Bz

SelectfluorTM, MeNO2, rt; then 50º, 1 h 445+

I + II

(25-45)

(25-45)

(30)

(26)

(21)

(25-45)

(25-45)

C12-27

C13

1. SelectfluorTM, MeNO2, rt, overnight;

    then H2O, 75º, 75 min

2. Acetylation

445+(28) (25)

O

R2O

OR1

R1O

O

O

OH

O

Ph

O

OR1

R2O
R1O

F
F

O

OR1

R2O
R1O

F

F

O
OAc

AcO
F OAc

AcO O

OAc

AcO
OAc

AcO
F

486



C16

43(38)F-TEDA-OTf, MeNO2, 4 Å MS, rt, 6 h;

  then (PhO)2P(O)OH, 100º, 1 h

O

PivO

PivO

O O

OAc

OH

F-TEDA-OTf, oleandrigenin, 90º

(63), Fequatorial α:β = 60:40

         Faxial α:β = 100:0

43

449SelectfluorTM, MeCN, MeOH, 4 Å MS,

   2,6-(t-Bu)2-4-MePy, rt, 16 h

+ +

(14.7) (3.6)

(7)

O

PivO

PivO

O

N
H

OAc

AcO

O

(73)SelectfluorTM, DMF, H2O, rt, 12 h 210

C19

O

OP(O)(OPh)2

F
OPiv

PivO

O
F

OPiv
PivO

O

O

O

AcO

OAc

OMe

F

H
N

AcO
O

O

AcO

OAc

F

H
N

AcO

OMe

O

O

AcO

OAc

H
N

AcO

OMe

F

O

OBn

BnO

O

OBn

BnO
F OH

OAc

487

Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 6. FLUORINATION OF GLYCALS (Continued)

(80) 210, 450SelectfluorTM, DMF, H2O, 60º, 12 h

C20

I + II (25), I:II = 9:11

SelectfluorTM, MeNO2, AcOH, rt, 16 h;

  then reflux, 30 min

451+

I, α:β = 2:3 II, α:β = 9:1

P
O

HO
OBn

O

OBu-t, 100º, 1 h

(36)F-TEDA-OTf, MeNO2, 4 Å MS, rt, 6 h; then

43, 446(54), α:β = 40:60F-TEDA-OTf, MeNO2, 4 Å MS, rt, 6 h;

  then (BnO)2P(O)OH, 100º, 1 h

O

HO

OBn

BnO

O

BzO

BzO

(44) 43F-TEDA-OTf, MeNO2, 4 Å MS, rt, 6 h;

  then (PhO)2P(O)OH, 100º, 1 h

O
CO2Me

OAc
AcN

H

AcO

OAc

OAc

O

OAc
AcN

H

AcO

OAc

OAc OH

CO2Me

F

O

OAc

OBn

HO
BnO

F

O

OAc

OBn

HO
BnO

F

O
43

P

O

OBn

O

OBu-t

F
OBz

BzO

O

O
F

OBz
BzO

O
F

OBz
BzO

O
P

O

OPh

OPh

O
P

O

OBn

OBn
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C21

43

I + II (63), I:II = 9:1

207

I + II (85), I:II = 9:1

F-TEDA-OTf, MeNO2, 4 Å MS, rt, 6 h;

  then c-C6H11OH, 100º, 1 h

SelectfluorTM, H2O, rt

I, α:β = 63:37 II

+

+I II

43

I + II (71), I:II = 9:1

43(70)

F-TEDA-OTf, MeNO2, 4 Å MS, rt, 6 h;

  then (PhO)2P(O)OH, 100º, 1 h

F-TEDA-OTf, MeNO2, 4 Å MS, rt, 6 h;

  then (PhO)2P(O)OH, 100º, 1 h

+

I, α:β = 45:55 II

O

PivO

OPiv

PivO

O

PivO

OPiv

PivO

C24

207

I + II (75), I:II = 4:1

SelectfluorTM, MeNO2, H2O I

II

+

O

OAc

AcO

O

OPiv

PivO
PivO

F OC6H11-c

O

OPiv

PivO
PivO

F

OC6H11-c

O

OPiv

PivO
PivO

F OH

O

OPiv

PivO
PivO

F

OH

O

OPiv

PivO
PivO

F OP(O)(OPh)2

O

OPiv

PivO
PivO

F

OP(O)(OPh)2

O

OPiv

F

PivO

PivO

O
OO

OAc

AcO
AcO

AcO

OAc

AcO
F OH

O
OO

OAc

AcO
AcO

AcO

OAc

AcO
OH

F

OAcO
AcO

AcO

O

OAc

OP(O)(OPh)2
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TABLE 6. FLUORINATION OF GLYCALS (Continued)

C27

43

F-TEDA-OTf, MeNO2, 4 Å MS, rt, 6 h;

  then 1,2:3,4-di-O-isopropylidene-α-D-

  galactose, 100º, 1 h I, α:β = 61:39

II

I + II (68), I:II = 3:1

+

O

BzO

OBz

BzO

43(65), α:β = 79:21

F-TEDA-OTf, MeNO2, 4 Å MS, rt, 6 h;

   then

HO

O

O OH OH

OH

OH OH O

OH

CO2H

C62

SelectfluorTM, DMF/H2O (3:1), rt, 1 h

OH

OH OH O

OH

CO2H

OH

(30) 452

F

O

BzO

OBz

BzO

O O
O

O
O

O

OBz

BzO
BzO

F
O

O O
O

O
O

O

OBz

BzO
BzO

O

F

O

OH

O              , 100º, 1 h

O

O

O O

O

O

O

OBz

F
O

BzO

BzO

O
OH

NHFmoc
OH

O

O
OH

NHFmoc
OH

O
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 7. FLUORINATION OF CARBONYL COMPOUNDS

O
O

HO

O
O

EtO
HO F

F

O
O

HO Br

O
O

EtO
HO Br

F

C4

SelectfluorTM, EtOH, rt, 10 h 232(67)

SelectfluorTM, EtOH, rt, 10 h 232(87)

C4-7

R1 OR3

O

OR2

R1 OR3

O

OR2 F

213(CF3SO2)2NF, CHCl3, 22º, 18-27 h

R1

H

Me

Me

R2

Me

Et

Me

R3

H

H

Et

C4-11

(CF3SO2)2NF, AcOH, 20º, 10 min

N
H

N

O

O O

R1 R2

N
H

N

O

O O

R1
R2

F 453

R1

H

Me

OMe

Et

Me

Et

n-Bu

Ph

Ph

R2

H

H

H

H

Me

Me

H

H

Me

(82)

(92)

(90)

(89)

(92)

(83)

(90)

(91)

(91)

228

C5-8

O

NFTh, MeCN, 80º, 8 h

O

F

n

1

2

3

4

(70)

(84)

(78)

(78)

n n

(95)
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TABLE 7. FLUORINATION OF CARBONYL COMPOUNDS (Continued)

(CF3SO2)2NF, CHCl3, 22º, 1-6 hR1 R2

O O

R3
R1 R2

O O

R3 F

213

R1

Me

—NMeCH2NMe—

Me

OEt

Me

R2

Me

OEt

OEt

OEt

R3

Cl

H

Cl

NO2

OCOMe

(95)

(95)

(95)

(90)

(85)

C5-11

R1 R2

O O

R1 R2

O O

F F

219, 220(CF3SO2)2NF (2 eq), CH2Cl2, 22º,

   3-24 h

R1

Me

Me

Ph

Ph

R2

Me

OEt

Me

OEt

(54)

(80)

(90)

(96)

R1O OR1

O O

R2
R1O OR1

O O

R2 F

219, 2201. Formation of sodium enolate

2. (CF3SO2)2NF, THF, 22º

R1

Me

Et

R2

H

Ph

Time

5 h

3 h

(78)

(92)

C5-13

C5-8

R1

OMe

Me

Ph

Ph

R2

OMe

OEt

OEt

NMe2

(77)

(78)

(88)

(83)

SelectfluorTM (3 eq), TBAH, MeOH, 

  MeCN, microwaves, 82º, 10 min

O

R2

O

R1

F F

234

O O

HHO

HO

OH

H

O
O

O

HO H

HO F

C6

233SelectfluorTM, THF, rt, 30 h (66)

F
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O O

BrHO

HO

OH

H

O
O

O

HO H

HO F

O
O

O

HO H

HO Br

I II 233SelectfluorTM, THF, rt, 23 h

I + II (95), I:II = 4:1

+

230
S S

NFTh, MeOH, reflux, 5 h (71)

O O O O

F

1. NaH, THF, 0º

2. 2,4,6-Me3FP-OTf, THF, rt, 1 h

(44) 31

31
OEt

OO
2,4,6-Me3FP-OTf (x eq), ZnCl2

  (0.4 eq), DCE, 60º

x

1

2

Time

1 d

12 h

I + II

(81)

(96)

I:II

5.75:1

1:2
OEt

OO

OEt

OO

+

F F FI II

NFTh, MeCN,  80º, 8 h 228

O O

F (72)

Br F

O O

F

O

R2

O

R1

O

R2

O

R1SelectfluorTM (1 eq), MeCN, 

  microwaves, 82º, 10 min

R1

Me

Ph

Ph

Ph

R2

OEt

OEt

NMe2

Ph

(70)

(81)

(86)

(84)

F

234

C6-15
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TABLE 7. FLUORINATION OF CARBONYL COMPOUNDS (Continued)

(CF3SO2)2NF, 22º, 4-14 h

C6-11

R1 R3

O O

R2
R1 R3

O O

R2 F

219, 220

R1

Me

Me

Me

     —(CH2)3—

i-Pr

Ph

Ph

4-O2NC6H4

R2

H

Me

Me

H

H

H

H

R3

OEt

Me

OEt

OEt

OEt

Me

OEt

OEt

Solvent

CH2Cl2/H2O

CH2Cl2

CH2Cl2

CH2Cl2

CH2Cl2/H2O

CH2Cl2/H2O

CH2Cl2/H2O

CH2Cl2/H2O

Time

8 h

7 h

7 h

4 h

14 h

11 h

11 h

10 h

(86)

(91)

(83)

(100)

(91)

(93)

(86)

(94)
C6-16

R1

R3

O

R2

R1

R3

O

R2 F

1. LDA, THF, –80º

2. (CF3SO2)2NF, THF, –80º, 10 min

213

R1

Et

H

Ph

Ph

Ph

Ph

Ph

Ph

Ph

R2

H

H

H

Me

Et

H

Me

Ph

Et

R3

OEt

OBn

OEt

OEt

OEt

N(Pr-i)2

N(Pr-i)2

OMe

N(Pr-i)2

(63)

(76)

(71)

(83)

(70)

(87)

(85)

(81)

(70)C6-18

223

O

R1

R3

O

R2

O

R1

O

R2

F R3

R1

Me

—(CH2)3—

Ph

Ph

Ph

Ph

(—)

(84)

(87)

(22)

(84)

(80)

SelectfluorTM, MeCN, rt

R2

OEt

NMe2

OEt

Ph

N(Me)CH(Ph)Me

R3

H

Me

H

H

H

H

Time

120 h

19 h

3 h

54 h

5 h

67 h
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C7

NC
NEt2

O
NC

NEt2

O

454(62)1. LDA, TMSCl, THF

2. FP-OTf, CH2Cl2, 13 h F

O

O

O

O

FSelectfluorTM, MeCN, rt, 19 h (84) 134

CO2Et

CO2Et

1. NaH, THF, 0º

2. 2,4,6-Me3FP-OTf, THF, 0º, 6 min

CO2Et

CO2Et

F 31I  (73) II (0)
CO2Et

CO2Et

F

F
+

2,4,6-Me3FP-OTf (x eq), Lewis acid

   (0.4 eq), DCE

x

1

2

2

Lewis acid

ZnCl2

ZnCl2

AlCl3

Time

1 d

2 d

1 d

Temp

60º

60º

80º

I + II

(38)

(80)

(95)

31

I:II

100:0

100:0

20:80

971. NaH, toluene

2. , rt, 16 h
N O
F

I + II (14), I:II = 64:36

CO2Et

CO2Et

1. NaH, THF, 0º

2. 2,4,6-Me3FP-OTf, THF, 0º, 12 min

CO2Et

CO2EtF
31(86)Cl

Cl

I + II

OEt

O O

OEt

O O

F

1612,2'-bisFP-BF4, MeCN, reflux, 8 h (73)
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TABLE 7. FLUORINATION OF CARBONYL COMPOUNDS (Continued)

C7-13

R

CO2Et

R

214, 2151. LDA, LiCl, THF, –78º, 45 min

2. NFSI, THF, –78º, 5 min

R

H

1-cytosine

1-thymine

9-adenine

9-(2-amino-6-methoxy)purine

(62)

(49)

(71)

(68)

(19)

NO

O

C8

NO

O

F
F

I  (42) 4551. LDA, NFSI, THF, –78º

2. Repeat step 1

NO

O

F

I (—) 406LDA, NFSI, THF

OEt

O O

OEt

O O

F

NFOBS, CH2Cl2, rt, 8 h I  (32)

I  (91)NFSI, CH2Cl2, rt, 8 h

33

33

NFTh, MeCN,  80º, 10 h
O

O

F

(78) 228

177SelectfluorTM, sodium lauryl ether

  sulfate (0.05% aq), 60º, 2-4  h

O

CO2Et

O

CO2Et

F

I (87)

F CO2Et
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NFTh, ZnCl2 (0.4 eq), imidazole 

  (0.4 eq), MeCN, 50º, 24 h

I  (70) 235

O
SO2

NF, THF, rt, 30 min

O
1. NaH, THF, 0º

2.

I  (77) 100

I  (66) 100

1. Formation of sodium enolate

2. Perfluoropiperidine, THF

I (56) 106

I  (75) 122

1. Formation of sodium enolate

2.

    DMF/THF (1:1), –78º to rt, 1 h

1. NaH, THF, 0º to rt, 90 min

2. SelectfluorTM, THF, DMF, rt, 30 min

I  (95) 173

150

150

3,5-Cl2FP-OTf, CH2Cl2, reflux, 24 h

2,4,6-Me3FP-OTf, CH2Cl2, reflux, 

  48 h

I  (72)

I  (83)

1. NaH, THF, 0º

2. 2,4,6-Me3FP-OTf, THF, 0º, 0.17 h

I  (78) 150

2-SO3-4,6-(CF3)2FP, THF, rt, 46 h

2,4,6-Me3FP-OTf, ZnCl2 (0.4 eq), 

  DCE, 60º, 18 h

I  (84)

I  (67)

140

31

O
SO2

NF, n-hexane, 65º, 8 h

O

NNF F • 2BF4
–,

+ +
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TABLE 7. FLUORINATION OF CARBONYL COMPOUNDS (Continued)

O

CO2Et

O

CO2Et

F

C8

EtO OEt

O O

1. NaH, THF, 0º

2. 2,4,6-Me3FP-OTf, THF, 0º, 10 min
EtO OEt

O O

F

31, 150

1731. NaH, THF, 0º to rt, 90 min

2. SelectfluorTM, THF, DMF, rt, 30 min

I  (92)

122

1. Formation of sodium enolate

2.

    DMF, –60º to rt, 1 h

I  (64)

1. NaH, Et2O, –50º

2.

107

N
F

F

R2 R2

R1 R1, Et2O, –50º to rt

R1

F

F

Me

CF3

R2

F

CF3

CF3

CF3

(56)

(47)

(73)

(78)

421. KH

2.
S

NF, Et2O, 0º

I  (94)

1. Formation of sodium enolate

2. (CF3SO2)2NF, CCl4, –10º, 2 h

I  (96) 418

O O O

122

1. Formation of sodium enolate

2.

    DMF/THF (2:1), –60º to rt, 2.5 h

F

O

NNF F • 2BF4
–,

+ +

O O

NNF F • 2BF4
–,

+ +

I

(78)

I

(54)
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HCO2H, 20º, 30 min

I  (80) 122

158

158

158

161

161

161

161

140

2,2'-bisFP-OTf, MeCN, reflux, 5 min

2,2'-bisFP-BF4, MeCN, reflux, 3 h

2,2'-bisFP-BF4, NaOTf, MeCN, reflux, 

  10 min

2,4'-bisFP-OTf, MeCN, reflux, 2 h

3,3'-bisFP-OTf, MeCN, reflux, 5 h

4,4'-bisFP-OTf, MeCN, reflux, 5 h

FP-OTf, MeCN, reflux, 19 h

2-SO3-4,6-(CF3)2FP, THF, rt, 1 h

I  (85)

I  (71)

I  (82)

I  (78)

I  (70)

I  (87)

I  (79)

I  (83)

228NFTh, MeCN, 80º, 48 h

O O

F

1. LDA, THF, –80º

2. (CF3SO2)2NF, THF, –80º, 10 min

213, 246I  (86)

230NFTh, MeOH, reflux, 1.2 h

S

O

S

O

F (82)

O O

F
NFTh, MeOH, reflux, 0.5-3 h (84) 230

NNF F • 2BF4
–,

+ +

I

(23)499
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TABLE 7. FLUORINATION OF CARBONYL COMPOUNDS (Continued)

O O

F
NFTh, MeOH, reflux, 0.5-4 h 229

C8-9

R R

R

H

OH

OMe

(80)

(75-85)

(75-85)

CO2Et

CO2Et

R

R

Me

Ph

I

(53)

(81)

69
4-MeC6H4O2S

N F, NaH, THF, rt

C8-13

1. NaH, toluene

2.                  , rt

97

N O
F

R

Me

Ph

Bn

Time

1.7 h

16 h

16 h

I

(17)

(39)

(33)

I

I

406

C8-31

NO

R1

F

+

I II

NO

R1

F

LDA, NFSI, THF, –78º

F CO2Et

R CO2Et

NO

R1

OR2

OR2 OR2

t-Bu

R1

        —CMe2—

Boc

Bn

Boc

Bn

4-MeOC6H4CH2

Bn

Bn

Boc

Bn

R2

Me

Me

TBDMS

TBDMS

TBDMS

TIPS

TBDPS

Tr

Tr

I:II

55:45

63:37

85:15

62:38

85:15

83:17

83:17

77:23

100:0

—

I + II

(59)

(<38)

(70)

(40)

(68)

(64)

(>50)

(66)

(20)

(0)

C8-14
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O

O

C9
O

O

F

(69), 70% ee 4561.

2. NFSI, –78º, 30 min

Ph
H
N Ph, n-BuLi, LiCl, –78º

NFTh, MeCN,  80º, 12 h 228
O

O

F

(81)

OEt

O O

OEt

O O

F

NFOBS, CH2Cl2, rt, 8 h (30) 33

177

O

O

O

O

F

F
(74)SelectfluorTM, sodium lauryl ether

  sulfate (0.05% aq), 60º, 2-4 h

Ph CO2Me
Ph CO2Me

F F
(54) 457NFSI, KHMDS, MnBr2, THF, 

  –78º to 0º

1. Base, THF, –78º

2. NFOBS, –78º to rt, 2 h

Base

NaHMDS

LDA

KHMDS

I + II

(67)

(64)

(53)

I:II

18:1

18:1

16:1

33
Ph CO2Me Ph CO2Me

F F F
+

I II

Ph

O
1. NaHMDS, THF, –78º to rt, 2 h

2. NFOBS, rt, 2 h
Ph

O

F

33I  (87)
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TABLE 7. FLUORINATION OF CARBONYL COMPOUNDS (Continued)

Ph

O

Ph

O

F

33I  (85)1. NaHMDS, THF, –78º to rt, 2 h

2. NFSI, rt, 2 h

LDA, NFSI, THF, –78º to rt

NFTh, MeCN, 80º, 30 h

I  (85)

I  (80)

85

228

C9

1. NaH (2 eq), THF, rt

2. SelectfluorTM (2 eq), rt

O

CN

O

CN

F F

(60) 218

OEt

O O

2,2'-bisFP-BF4, MeCN, reflux, 8 h OEt

O O

F

I  (76) 161

2-SO3-4,6-(CF3)2FP, HFIP, rt, 30 min I  (98) 140

O

O

O

O

NFTh, MeOH, reflux, 70 min
F

(79) 230

O

O

OMe

NFTh, MeOH, reflux, 1.5 h
O

O

OMe

F (81) 230

O O

F
NFTh, MeOH, reflux, 0.5-4 h 229

OMe OMe

(75-85)
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70I  (21)

R

Me

n-Pr

t-BuCH2

I

(48)a

(43)a

(40)a

OBu-t

O O

OBu-t

O O

F

CO2Et

CO2Et

Et 1. Formation of sodium enolate

2. Perfluoropiperidine, THF

(58) 106

NFTh, MeCN, 80º

C9-10

228O
O

F
n

1

2

Time

1 h

0.5 h

(80)

(75)

70I

1. Base (2.4-3.6 eq), THF, –78º

2.

    THF, –78º to rt

76

R1

Ph

Me

Me

Me

R2

OMe

Ph

N(Pr-i)2

Bn

Base

KHMDS

KHMDS

KDA

KHMDS

I:II

2:98

5:95

54:46

33:67

II

(53)

(64)

(42)

(27)

R1

R2

O
R1

R2

O

R1

R2

O

F F F

+I  (—) II

F CO2Et

Et CO2Et

n
n

S
NF, LDA, THF, –78º

O O

4-MeC6H4O2S
N

R
F, LDA, THF, –78º

S
NF (2.6-3.6 eq),

O O

503
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TABLE 7. FLUORINATION OF CARBONYL COMPOUNDS (Continued)

C9-10

R1

R2

O

1. Base (1.2 eq), THF, –78º

2.

    THF, –78º to rt

R1

R2

O

R1

R2

O

F F F

+I II  (—) 76

R1

Ph

Ph

Ph

Ph

Me

Me

Me

Me

Me

Me

Me

Me

Me

Me

R2

OMe

OMe

OMe

OMe

Ph

Ph

Ph

Ph

N(Pr-i)2

N(Pr-i)2

Bn

Bn

Bn

Bn

Base

LDA

LiHMDS

NaHMDS

KHMDS

LDA

LiHMDS

NaHMDS

KHMDS

LDA

KDA

LDA

LiHMDS

NaHMDS

KHMDS

I:II

95:5

>98:2

70:30

53:47

97:3

95:5

78:22

50:50

>98:2

>98:2

—

>98:2

—

90:10

I

(40)

(33)

(36)

(27)

(53)

(66)

(56)

(40)

(20)

(47)

(<10)

(<10)

(<10)

(58)

228

C9-11

NFTh, MeCN, 80º, 8 h

n

1

2

3

(88)

(88)

(82)

O O

F

N
H

R

O
N
H

R

O

F R

 Me

(CH2)2CO2Me

C9-12

SelectfluorTM, MeCN, H2O, rt, 

  overnight

(48)

(25)

203

n n

S
NF (1.3-1.6 eq),

O O
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C10

O

N
S F,

O
Et

LiHMDS, THF, –78º to –20º

O

F

I  (79) 73

72

LDA, THF

N
S F,

Bu-t

I  (77)

O

OMe

NFTh, MeOH, reflux, 1 h

O

OMe

F (89) 230

228

O

NFTh, MeCN, 80º, 2 h

O

F

(85)a, cis:trans = 1:1.2

OEt

O

Pr-n

OEt

O

n-Pr F

(86) 4581. LDA, HMPA, THF, –78º

2. NFSI, –78º, 2 h

228NFTh, HF, MeCN, 80º, 12 h

O O

F (74)

O

NFTh, MeOH, reflux, 0.5-3 h

O

F
(84) 230

O O

O O
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TABLE 7. FLUORINATION OF CARBONYL COMPOUNDS (Continued)

Ph
OMe

O

Ph
OMe

O

F

70I  (55)

R

Me

n-Pr

t-BuCH2

I

(21)a

(33)a

(72)a

1. NaHMDS, THF, –78º to rt

2. NFOBS, rt

I  (65) 33

70I

O O

FFluorinating agent, reflux, 2 h 230

Fluorinating agent

2,6-Cl2FP-BF4

2,6-Cl2FP-BF4

NFSI

NFSI

SelectfluorTM

SelectfluorTM

NFTh

NFTh

Solvent

MeCN

MeOH

MeCN

MeOH

MeCN

MeOH

MeCN

MeOH

I

(70)

(40)

(0)

(90)

(18)

(73)

(54)

(98)

O

+ II  (0)

331. Base (x eq), THF, –78º

2. NFOBS, 0˚ to rt

Base

NaHMDS

LDA

KHMDS

NaHMDS

LDA

x

1.1

1.1

1.1

2.1

2.1

I + II

(80)

(77)

(51)

(80)

(100)

I:II

15:1

17:1

10:3

2:3

9:11

I

C10

F

F

S
NF, LDA, THF, –78º

O O

4-MeC6H4O2S
N

R
F, LDA, THF, –78º

I + II
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O
O

F

NFTh, MeCN, PhNO2, 80º, 0.5 h I  (81) 228

2,2'-bisFP-BF4, MeCN, reflux, 10 min 161I  (38)

OBn

O

OBn

O

F

(47)LDA, NFSI, THF, –78º to rt 85

(81) 69

NFOBS, rt, 2 h 33

I II

Solvent

CH2Cl2

CH2Cl2, H2O

I + II

(42)

(30)

I:II

0:1

1:>3N
NO

Ph

N
NO

Ph

N
NO

Ph

F F
F

+

Ph

O

Ph
F

O

C10-11
O

OR

NFTh, MeOH, reflux

O

OR

F

230

R

H

Me

Time

30 min

15 min

(77)

(84)

O
MeO

O
MeO

n

1

2

(75-85)

(90)
F

NFTh, MeOH, reflux, 0.5-4 h 229

n n

4-MeC6H4O2S
N

exo-2-norbornyl
F,

KH, toluene, THF, –50º

O O n

1

2

(75-85)

(75-85)
F

MeO MeO

NFTh, MeOH, reflux, 0.5-4 h 229

n n
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TABLE 7. FLUORINATION OF CARBONYL COMPOUNDS (Continued)

O

C11

O

F

217(84), α:β = 10:90KH, HMPA, Ph3B, NFSI

O
MeO

MeO

O
MeO

MeO

NFTh, MeOH, reflux, 30 min (71)
F

230

O

Et

O

Et

F

72(56)

MeN
O

CO2Et

MeN
O

CO2Et

NaH; then SelectfluorTM, DMF (26-39) 222

1. LDA, HMPA, THF, –78º to rt

2. t-BuLi, –78º, 1 h

3. NFSI, THF, –78º to 30º

(49) 459

70I (90)

O O

F

O

NH

O

ON
HOMeO2C O

NH

O

ON
OMeO2C

F

SPh

O
O

F

N
S F,

Bu-t

O O

S
NF, LDA, THF, –78º

O O

LDA, THF508



R

Me

n-Pr

t-BuCH2

I

(13)a

(20)a

(57)a

72

LDA, THF

base, THF, –78º to –20º

Base

LiHMDS

NaHMDS

(72)

(35)

I  (56)

73

I 70

I

331. NaHMDS, THF, –78º to rt

2. NFOBS, rt

I (95)

I (50) 331. NaHMDS, THF, –78º to rt

2. NFSI, rt

LDA, NFSI, THF, –95º to rt 85I  (50)

421. KH

2.

I  (80)

Ph

NC CO2Et NC CO2Et

FPh
SelectfluorTM, MeCN, 40º (92) 223

4-MeC6H4O2S
N

R
F, LDA, THF, –78º

N
S F,

Bu-t

O O

N
S F,

O
Et

O O

S
NF, THF, –78º

O O

Ph

CO2Me

CO2Me

KH, NFSI, Et2O, 0º to rt 85(47)
F CO2Me

CO2MePh
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TABLE 7. FLUORINATION OF CARBONYL COMPOUNDS (Continued)

OEt

O O

O2N

OEt

O O

O2N

OEt

O O

O2N
F F F

+

I II (0)

79CF3O2S
N

S
Rf S

N
SO2CF3,

F F

Na2CO3, CH2Cl2, 22º, 5 h
Rf

(CF2)4

(CF2)2O(CF2)2

I

(91)

(90)

N F, Na2CO3, CH2Cl2,

22º, 8 hRf
2O2S

Rf
1O2S

83

Rf
1

CF3

CF3

CF3

CF3

C4F9

Rf
2

CF3

C4F9

C6F13

C8F17

C4F9

I + II

(80)

(83)

(77)

(80)

(80)

I:II

93:7

89:11

93:7

93:7

91:9

O

Ph R

O
O

Ph R

O

F F

R

OEt

Ph

(67-85)

(67-85)

177

C11-15

SelectfluorTM, sodium lauryl ether 

  sulfate (0.05% aq), 60º, 3 h

223SelectfluorTM, MeCN

R

NMe2

Ph

(91)

(78)

Temp

40

rt

Time

647 h

192 h

223

O

Ph

O

R

F F

1. NaH, THF

2. SelectfluorTM, MeCN, rt

R

OEt

NMe2

(95)

(73)

O

Ph

F

O

R

Time

24 h

27 h

I

I

C12

230NFTh, MeOH, reflux, 0.5-3 h (83)

O

7

O

7

F

O

O O

O

I + II

C11
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O O

F

72

LDA, THF

(79)
MeO

MeO

MeO

MeO

72
Ph OEt

O O

Ph OEt

O O

F

I (46)

NaH, THF, 0º

I (52) 73

230NFTh, MeOH, reflux, 0.5-3 h

O O

(75)

MeO

MeO

O

MeO

MeO

O

NFTh, MeOH, reflux, 5 min (78)
F

230

LDA, THF

F

LiHMDS, THF, –78º to –20º

73

O O

F
(77)

O

CO2Me

NaH, THF, 0º

O

(100) 73
F

CO2Me

N
S F,

Bu-t

O O

N
S F,

Bu-t

O O

N
S F,

O
Et

O O

N
S F,

O
Et

O O

N
S F,

O
Et

O O
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TABLE 7. FLUORINATION OF CARBONYL COMPOUNDS (Continued)

NaH, THF, 0º

O

CO2Et

O

(95) 73

177

O O O O

F

(91)SelectfluorTM, sodium lauryl ether

   sulfate (0.05% aq), 60º, 2-4 h

NFTh, MeOH, reflux, 0.5-4 h (75-85) 229

O O
F

C12-19

O

R OBu-t

O

OEt

O
1. NaH, THF

2. SelectfluorTM, DMF, rt, 3.5 h

O

R OBu-t

O

OEt

O

R

Me

i-Bu

C6H11

Ph

Bn

CH2Bn

(91)

(97)

(94)

(83)

(95)

(87)

460

O

Et

LiHMDS, THF, –78º to –20º

C13

OMe

O

OMe

(81) 73

F

CO2Et

F

F

Et

N
S F,

O

O O

Et

N
S F,

O

O O

Et

C12

512



CO2Et

CO2Et

Ph 108I  (17)

1. Formation of sodium enolate

2.                , THF
F CO2Et

Ph CO2Et

N
F

F

n

FF F

I  (23) 108

I  (68) 106, 108

1. Formation of sodium enolate

2.                 , THF

1. Formation of sodium enolate

2. Perfluoropiperidine, THF

C6F10

n

FF F

N
F

F

I (93) 129

1. Formation of sodium enolate

2.

    THF, DMF, rt, 30 min

122

1. Formation of sodium enolate

2.

    DMF/THF (1:1), –78º to rt, 2.5 h

I (74)

1. Formation of sodium enolate

2. SelectfluorTM, THF, –10º to 20º

I  (—) 134, 416

NN F • 2TfO–,Me
++

NNF F • 2BF4
–,

+ +
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TABLE 7. FLUORINATION OF CARBONYL COMPOUNDS (Continued)

C13

CO2Et

CO2Et

Ph 1. NaH, THF, 0º

2. Fluorinating agent, rt

31

Fluorinating agent

FP-OTf

4-t-BuFP-OTf

2,6-Me2FP-OTf

2,4,6-Me3FP-OTf

2,4,6-Me3FP-OTf

2,4,6-Me3FP-OTf

2,4,6-(MeOCH2)3FP-OTf

Solvent

THF

THF

THF

THF

DMF

DMSO

DMSO

(2)

(8)

(43)

(83)

(85)

(82)

(87)

N

F

F F

F, NaH, THF 57, 61I  (93)a

I

NSO2CF3
F

F CO2Et

Ph CO2Et

96

1. NaH, THF

2. I (66)a

1. NaH, THF, 0º

2.
O

SO2, THF, rt, 30 min
NF

O
I  (86) 100

1. NaH, THF

2. NFQN-F, –10º to 20º

I  (56) 113, 115

1. NaH, THF

2. NFQN-OTf, –10º to 20º

I  (52) 114

N

F

F F

F, –10º to 20º
NCOCF3

F
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Solvent

MeCN

THF, DMF

Time

20 h

30 min

I

(93)

(94)

173, 2231. NaH, THF

2. SelectfluorTM, rt

I

NHPh

O O

NHPh

O O

F

NFOBS, rt, 4 h 33
NHPh

O O

F F

+I II

Solvent

CH2Cl2

CH2Cl2/H2O

I + II

(70)

(79)

I:II

6.4:1

16:1

Ph

O

NFTh, MeOH, reflux, 0.5-3 h Ph

O

230(71)
F

453

C13-19

O

OH R O

O O

O R O

O

F
(CF3SO2)2NF, CHCl3, H2O, 35º, 5 min

R

H

Ph

4-ClC6H4

(91)

(92)

(90)

C14

Ph CO2H

Ph 1.

    n-BuLi, toluene, THF, –50º

2. CH2N2

Ph CO2Me

Ph

69

F

(69)

(48) 459

1. LDA, HMPA, THF, –78º to rt

2. t-BuLi, –78º, 1 h

3. NFSI, THF, –78º to 0ºO

NH

O

ONt-BuO2C

OH

O

NH

O

ON

OSO2Ph

F

t-BuO2C

4-MeC6H4O2S
N

exo-2-norbornyl
F,

515
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TABLE 7. FLUORINATION OF CARBONYL COMPOUNDS (Continued)

OBn

O O

OBn

O O

F

SelectfluorTM, MeCN, rt, 20 h (80) 224

C14

C15

NH
O

TBDMSO

CO2Me

1. LDA, HMPA, THF, –78º

2.                                        –78º to rt
NH

O

TBDMSO

CO2Me 461

F

(35)

Ph Ph

O O

Ph Ph

O O

Ph Ph

O O

F F F

+

I II

33Fluorinating agent, rt, 2 h

Solvent

CH2Cl2

CH2Cl2

CH2Cl2/H2O

CH2Cl2/H2O

Fluorinating agent

NFOBS

NFSI

NFOBS

NFSI

I + II

(52)

(92)

(85)

(41)

I:II

3.5:1

3.4:1

17:1

7.2:1

161

140

140

234

2,2'-bisFP-BF4, TfOH, MeCN, reflux, 

  2 d

2-SO3-4,6-(CF3)2FP, THF, rt, 16 h

2-SO3-4,6-(CF3)2FP, HFIP, rt, 20 min

SelectfluorTM (3 eq),  MeCN, 

  microwaves, 82º, 10 min

235

x

1

2

Amine

imidazole (0.4 eq) 

collidine (1 eq)

Time

24 h

48 h

I + II

(92)

(68)

I:II

6.2:1

0:1

I + II (86), I:II = 5:38

I + II (71), I:II = 66:<5

I + II (63), I:II = 46:17

I + II (83), I:II = 1:40

NFTh (x eq), ZnCl2 (0.4 eq), amine,

  MeCN, 50º

I + II

4-MeC6H4O2S
N

exo-2-norbornyl
F,
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NFTh, MeOH, reflux, 0.5-3 h 230(82)

Ph CO2Me

Ph
KHMDS, NFSI, THF, –78º to rt

Ph CO2Me

Ph

F

(82) 85

H

CO2Me

O

H

CO2Me

O

F

H

CO2Me

O

F

+I II 221NaH, fluorinating agent, THF, rt

Fluorinating agent

NFSI

SelectfluorTM

I + II

(85)

(65)

I:II

100:0

75:25

CO2Ph

CO2Ph
31(88)2,4,6-Me3FP-OTf (2 eq), ZnCl2

  (0.4 eq), DCE, 60º, 18 h

O

O

Ph (CF3SO2)2NF, CHCl3, rt, 30 min

O

O

Ph

F
(93) 453

C16
O

O

O O

O

O
F

(84) 2252,4,6-Me3FP-OTf, NaH, THF

O

10

O

10

F

F CO2Ph

CO2Ph

F
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TABLE 7. FLUORINATION OF CARBONYL COMPOUNDS (Continued)

69
N

Me
N

Cl

Ph
O–

O

N

Me
N

Cl

Ph
O–

O

F (52)

O

Bn

LiHMDS, THF, –78º to –20º

O

Bn

F

(76) 73

O O

F

(75-85) 229NFTh, MeOH, reflux, 0.5-4 h

C16

OBn

OC17

1. KHMDS, THF, –78º

2. Fluorinating agent, –78º to rt

OBn

O

OBn

O

F FFI II 41+

Fluorinating agent

NFSI

NFQN-OTf

I + II

(52)

(63)

(61)

I:II

40:60

71:29

70:30

4-MeC6H4O2S
N

exo-2-norbornyl
F,

KH, toluene, THF, –50º

N
S F,

O

O O

Et

S
NF

O O

+ +
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O

ArN

O

O
Ar = 4-MeOC6H4

O

ArN

O

O
F

1. NaH, DMF, 0º

2. 2,4,6-Me3FP-OTf, –78º

462

Ph O

O

2,4,6-Me3FP-OTf, NaH, THF (54) 225
O

O

O

Ph O

O

O
O

O

F

N
O PMP

CO2Bu-t
O

N
O PMP

CO2Bu-t
O

NaH, NFSI, 1 h 463

F

N
O PMP

CO2Bu-t
O

F

+

I II

Temp

20º

–15º

I:II

85:15

95:5

Ph OMe

NHPh

O

O

Ph OMe

NHPh

O

O

F

+

I II

Ph OMe

NHPh

O

O

F

LDA, fluorinating agent, –78º, 6 h 464

Fluorinating agent

NFOBS

NFOBS

NFSI

Additive

—

LiCl

—

I + II

(82)

(94)

(65)

I:II

35:65

44:56

19:81

4651. LDA, THF, –78º

2. NFSI, –78ºN

O

Ts

N

O

Ts

F

(78)

I + II  (70)

(100)
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TABLE 7. FLUORINATION OF CARBONYL COMPOUNDS (Continued)

C17

N

O

Ts

4662,2'-bisFP-BF4, H2SO4, Me2SO4,

  MeCN, reflux, 72 h N

O

Ts

F
F

(77)

TBDMSO

N

O

NFSI, LDA, THF, –78º

TBDMSO

N

O

F

467(95), dr = 8:1

O

Bn

O

LiHMDS, THF, –78º to –20º

(96) 73

O

LiHMDS, THF, –78º to –20º

O

F

(96) 73

C17-26

N O

R

Boc

N O

R

Boc

F 468NFSI, KHMDS, THF, –78º

R

H

8-Cl

6-F

7-CH2OTBDMS

7-(CH2)2OTBDMS

7-(CH2)3OTBDMS

C6H4OMe-4

Bn

F

C6H4OMe-4

N
S F,

O

O O

Et

N
S F,

O

O O

Et

(—)

520



NPht
N

O

OO

t-BuO NPhtHN

F

O

O

469

C18

1. n-BuLi, THF, –78º, 20 min

2. NFSI, –78º to rt

3. EtOAc, HCl, 1 h

(10)

O

OBn

O

OBn

O O

F

SelectfluorTM, MeCN, rt, 19 h (69) 224

N

O

O

NBoc

O

O 469, 470NFSI, LiHMDS, THF

R

R

H

NO2

(20)

(—)

O

Bn

LiHMDS, THF, –78º to –20º

O

Bn

F

(64) 73
MeO

MeO

MeO

MeO

73

O
Bn

O
Bn

F (73)

OBn

CO2Bu-t

OBn

CO2Bu-t
NFSI, LDA, THF, –78º

F

(80), dr = 4:1 467

N

O

O

NBoc

O

O

R

F

N
S F,

O

O O

Et

LiHMDS, THF, –78º to –20º

N
S F,

O

O O

Et

521
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TABLE 7. FLUORINATION OF CARBONYL COMPOUNDS (Continued)

O

THPO O

OTBDMS

O

THPO O

OTBDMS
F

LiHMDS, NFSI, THF, –78º (61) 216

O

THPO O

OTBDMS

(70)

F F
1. KHMDS, ZnCl2, THF, toluene

2. NFSI, –78º

O

THPO O

OTBDMS
F

216

C19

C19-23

N

N

O

O

Ph

Ph

N

N R

O

O

Ph

Ph
F

(CF3SO2)2NF, rt, 30 min 453

R

Et

S(O)Ph

Solvent

AcOH

CHCl3

(95)

(90)

HO

H

H

H

H

O

NFTh, MeOH, reflux, 1.5 h 

HO

H

H

H

H

O

F
(72) 230

O O

MeO

OMe

OH

OMe

OMe

O O

MeO

OMe

OH

OMe

OMe
F

471NFSI, CH2Cl2, rt, 7 d (28)

R

212LiHMDS, NFSI, THF, –78º

C21

(70)
O O

TBDPSO
O O

TBDPSO

F
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O

Ph OBn

Ph

O

NaH, THF, 0º; then SelectfluorTM,

  DMF, rt, 20 h

O

Ph OBn

O

Ph F

(55) 224

C22

N
Cbz

Boc
NO

N
Cbz

Boc
N

O

1. LiHMDS, THF, –78º

2. NFSI, –78º, 3 h F
472(>74)

MeO

O

O

O

C23

MeO

O

225(78)2,4,6-Me3FP-OTf, NaH, THF

N
O TBDMS

O

TBDMSO

N
O TBDMS

O

TBDMSO

LiHMDS, NFSI, THF, –78º F 473, 474(95), dr = 70:30

O O

F

(77) 4751. KH, rt

2. NFSI, –78º to rt

F

O

OH H

H

H H

H
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 7. FLUORINATION OF CARBONYL COMPOUNDS (Continued)

C24

MeO

MeO

O

N

Bn

MeO

MeO

O

N

Bn

F

(76)1. LiHMDS, THF, –78º to –20º

2. NFSI, –78º to rt

476

C27

230NFTh, MeOH, reflux, 1.5 h

O

H

H

H

H
O

H

H

H

H

F (78)

O
O

F

O

F

+

I II

217

1. KH, HMPA

2. 2-Phenylbenzo[1,3,2]dioxaborole

3. NFSI

I + II (62), I:II = 89:11

+

I II

217

1. KH, HMPA

2. 2-Phenylbenzo[1,3,2]dioxaborole

3. NFSI

I + II (72), I:II = 81:19

O
O O

FF

H H
H H HH

H
H H

H H
H H H H

H
H H
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O
O

F

O

F

+

I I I

217

1. KH, HMPA

2. 2-Phenylbenzo[1,3,2]dioxaborole

3. NFSI

I + II (58), I:II = 88:12

O

F
KHMDS, ZnCl2, NFSI

O

F
F (46) 231

C27-33

PhtN
N
Me

OR

O

O

Ph

R

Me

Bn

(>98)a

(86)

% de

82

>98

339

Br

PhtN
N
Me

OR

O

O

Ph

Br

LiHMDS, NFSI, THF, –78º

F

*

C28

O

O
O

OTBDMS

MeO

OMe

OMe

O

O

O
O

OTBDMS

MeO

OMe

OMe

OF1. NaHMDS, THF

2. NFSI, –78º

(99) 477, 478

H H

H H

H H H H

H H

H
H H

H H
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TABLE 7. FLUORINATION OF CARBONYL COMPOUNDS (Continued)

O
O

F

O

F

+I

II

I + II (69), I:II = 91:9

217

1. KH, HMPA

2. 2-Phenylbenzo[1,3,2]dioxaborole

3. NFSI

C28

479, 480LiHMDS, NFSI, THF,  –78º, 5 h (16)

O
O

F

O

F

+I

II

I + II (82), I:II = 87:13

217

1. KH, HMPA

2. 2-Phenylbenzo[1,3,2]dioxaborole

3. NFSI

C29

O

OBn

O

N3

OTBDPS

O

OBn

O

N3

OTBDPS

F

H H
H H

H H

H
H

H

H H
H H

H H

H
H

H

526



O

O

H
N

O

O

O

OMe

O

O O

NMe2HO

C31

O

O

H
N

O

O

O

OMe

O

O O

NMe2HO

F

481, 482Base, NFSI (—)

O

O

O

O

NH2

O

O

OAc

NMe2

OO

N
O

O

O

O

O

O

NH2

O

O

OAc

NMe2

O

F

O

N
O

O

NaHMDS; then SelectfluorTM, THF (—)

C33

483

O

N

N

O

O

O

OMe

O

O O

NMe2HO

Base, NFSI

O

N

N

O

O
F

O

OMe

O

O O

NMe2HO

481, 482,

484

(—)

H H

527

Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 7. FLUORINATION OF CARBONYL COMPOUNDS (Continued)

O

N

O

O

NH2

O

O

OAc

NMe2

OO

N
O

O

O

N

O

O

NH2

O

O

OAc

NMe2

O

F

O

N
O

O

NaHMDS, SelectfluorTM, THF

OAc OAc

(99) 483

H H

C35

t-BuO
O

C35-36

O

t-BuO O
OR

NHFmoc

O

NFSI, NaHMDS, THF, –78º
t-BuO

O

O

t-BuO O
OR

NHFmoc

O

F

485

R

H

Me

(89)

486, 487

O

O

N

O

O

O

OMe

O

O

N3

O

NMe2AcO

O

O

N

O

O

O

OMe

O

O

N3

O

NMe2AcO

F

NaH, NFSI, THF (90)

C37
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O

O

O O

OMe
N

O

O

N

N
N

O

NMe2

OTMS

O O

O

O O

OMe
N

O

O

N

N
N

O

NMe2

OTMS

O

227, 488, 

489

C46

t-BuOK, NFSI, THF, –10º

F

(>83)

a The reported value is the percent conversion based on starting material.
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. FLUORINATION OF ENOL DERIVATIVES, ENAMINES, AND IMINES

C7

OTMSO
NFOBS, CDCl3, rt, 4 h

OO

F

I (31-40) 33

2,6-(MeOCH2)2FP-OTf, CH2Cl2, rt, 3 h

2,6-(MeOCH2)2FP-OTf, 2,6-(t-Bu)2Py

  (2 eq), CH2Cl2, rt, 5 h

2,4,6-Me3FP-OTf, 2,6-(t-Bu)2Py (2 eq), 

  CH2Cl2, rt, 12 h

31

31

31

I (50)a

I (70-80)a

I (30-40)a

OMe

FP-OTf, CH2Cl2, reflux, 25 min

OMe

F I (59) 150

FP-OTf, DCE, 60º, 30 min 31I (63)

FP-OTf, CH2Cl2, rt, 2-4 h 31
NMeO

F

+
OTf–

+

OMe

F(61) (22)

C8

OAc O

F 31Fluorinating agent, reflux

Fluorinating agent

FP-OTf

2,4,6-Me3FP-OTf

2,6-(MeOCH2)2FP-OTf

Solvent

MeCN

MeCN

DCE

Time

14 h

1 d

5 h

(30)

(<20)

(73)
I

530

FPPy-B2F7, MeCN, 0º, 1 h

NFSI, CH2Cl2, rt, 24 h

NFOBS, CH2Cl2, rt, 2.5 h

NFSI, CH2Cl2, rt, 2.5 h

I  (37)

I (46)

I (62-79)

I  (46)

157

85

33

33

C9
OTMS

FP-X, CH2Cl2 150

X

OTf

BF4

BF4

SbF6

ClO4

Temp

rt

rt

reflux

reflux

reflux

Time

7 h

72 h

6 h

8 h

19 h

(87)

(<5)

(41)

(23)

(0)

I

Fluorinating agent 31

Fluorinating agent

FP-OTf

FP-OTf

FP-OTf

FP-OSO2C4F9-n

FP-BF4

FP-BF4

FP-SbF6

FP-ClO4

Solvent

CH2Cl2

MeCN

THF

CH2Cl2

CH2Cl2

MeCN

MeCN

MeCN

Temp

rt

rt

rt

rt

reflux

rt

rt

rt

Time

7 h

15 h

24 h

5 h

6 h

15 h

20 h

20 h

(87)

(83)

(0)

(69)

(41)

(54)

(80)

(83)

I

OTMS

OEt

O

R

O

OEt

O

R

F

SelectfluorTM, MeCN, rt, 3.5-6 h

R

Me

CH2CO2Me

i-Pr

i-Bu

C5H11

Bn

(31)

(50)

(69)

(89)

(90)

(83)

C9-15

245
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. FLUORINATION OF ENOL DERIVATIVES, ENAMINES, AND IMINES (Continued)

N

Y

R1

O

R2

R1

Me

Me

Me

Ph

Ph

Ph

Ph

Ph

R2

Me

OEt

Ph

Me

OEt

i-Pr

Ph

3-ClC6H4

Y

CH2

CH2

CH2

OCH2

CH2

CH2

CH2

CH2

(50)

(47)

(71)

(89)

(88)

(97)

(81)

(95)

O

R1

O

R2

F F

SelectfluorTM (2 eq), Et3N, MeCN, 

  10º, 30 min

C9-19

247

N

O

O

FSelectfluorTM, CH2Cl2, –196º to 20º I (—) 134, 416

C10

108I (15)

, CH2Cl2

CH2Cl2, 20º, 16 h

133NN (CH2)3F NN F,
• 4TfO–

I (57)
++ + +

N

F

F F

F, CH2Cl2, 20º 96I  (72)a
NCOCF3

F

N
F

F

n

FF F

532

NFQN-X, CH2Cl2, –196º to 20º

X

F

OTf

CF3CO2

C3F7CO2

BF4

(43)

(58)a

(67)a

(88)a

(62)a

113, 114,

115

I (81) 129

NBu-n
SelectfluorTM, MeCN, reflux, 8 h 248

S

O

S

F
F

(76)

N O, CH2Cl2, reflux, 24 h
F

I  (44) 98

I

CH2Cl2, 20º

OAc

n

O

F
SelectfluorTM, sodium lauryl ether

  sulfate (0.05% aq), 60º, 1 h

n

1

2

(85-90)

(85-90)

177

C11-12

N

O

EtO2C

1.                                 ,

    n-BuLi, TMSCl, LiCl

2. SelectfluorTM

N

O

EtO2C

F
(55), 60% ee 490NH

Ph

HN
PhPh

Ph

n

NNF CH2CF3 • 2TfO–,
+ +
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. FLUORINATION OF ENOL DERIVATIVES, ENAMINES, AND IMINES (Continued)

C11-13

R1
R2

NR3

R1
R2

O

R1
R2

O

F F F

+ 246I II(CF3SO2)2NF (x eq), CH2Cl2, Na2CO3,

  22º, 5 h

R1

Ph

Ph

4-MeC6H4

4-MeC6H4

Ph

Ph

4-BrC6H4

4-BrC6H4

4-MeOC6H4

4-MeOC6H4

R2

H

H

H

H

Me

Me

H

H

H

H

R3

n-Pr

n-Pr

n-Pr

n-Pr

n-Pr

n-Pr

n-Bu

n-Bu

n-Bu

n-Bu

x

0.67

2.4

0.67

2.4

0.67

2.4

0.67

2.4

0.67

2.4

I

(33)

(0)

(36)

(0)

(38)

(0)

(30)

(0)

(26)

(0)

II

(15)

(82)

(16)

(83)

(17)

(58)

(16)

(78)

(17)

(70)

F
R

OTMS

F

SelectfluorTM, MeCN, CH2Cl2,

  –78º to 0º, 2 h F3C R

O R

Ph

4-ClC6H4

4-CF3C6H4

4-MeC6H4

(89)

(90)

(88)

(87)

491

C11-12

C12
OTMS

FP-OTf, CH2Cl2, reflux, 3 h

O

(58) 31

F

OTMS

FP-OTf, CH2Cl2, reflux, 10 h

O

F

(61) 31

534

O

OEt

TMSO O

OEt

O

F

492NFSI, CH2Cl2, rt, 16.5 h (84)

69

OAc O

F

MeLi, toluene, THF, –20º

4-MeC6H4O2S

N
exo-2-norbornyl

F, (35)

OAc

Bu-t

FPPy-B2F7, MeCN, 80º, 18 h

O

F

Bu-t

(62), cis:trans = 3:1 157

OAc

FPPy-B2F7, MeCN, 80º, 18 h

O

F (61) 157

NHCOMe

Bu-t

FPPy-B2F7, MeCN, rt, 2 d

O

F

Bu-t

(93), cis:trans = 4:1 157

OMe F

OMe

OMe

Fluorinating agent, MeNO2, MeOH, 

  4 Å MS

Fluorinating agent

F-TEDA-OTf

NFSI

(45)

(40)

43

535



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. FLUORINATION OF ENOL DERIVATIVES, ENAMINES, AND IMINES (Continued)

OR

Bu-t

O

Bu-t

F

NFTh, MeCN, rt, 5-6 h

cis:trans

  1:1.2

 12.8:1

  9.8:1

R

Ac

Et

TMS

(74)

(43)

(44)

235

C12-13

N

O

R

SelectfluorTM (2 eq), MeCN, 4 Å MS, 

  –10º, 8 h

O

R
F

F

R

NO2

H

MeO

CO2Et

I + II

(95)

(74)

(64)

(72)

247

NBu-n

R

SelectfluorTM, MeCN, reflux, 4 h

C12-20

O

R

F
F 248

R

H

Ph

Bn

C8H17

(77)

(73)

(85)

(76)

O

R

F
+

I II

I:II

1:0

11:1

2.8:1

1:0

C12-15

C13

OTMS

SelectfluorTM, DMF, 0º, 2 h

O

240, 493,

494

F
O

F

I II+

I + II (67), I:II = 51:49

536

OTMS

SelectfluorTM, DMF, 0º, 2 h

O
F

O
F

I II+

I + II (53), I:II = 54:46

238

OTMS

SelectfluorTM, DMF, 0º, 2 h

O
F

O
F

I II+

I + II (80), I:II = 43:57

240, 493

Cl Cl Cl

OTMS

NFOBS, CH2Cl2, rt, 4 h

O

F 33(67)

N

OTMS

N

O

F

SelectfluorTM, MeCN, rt, 1 h 490(63)

N
Boc

OTMS

N
Boc

O

F
SelectfluorTM, MeCN, rt (91) 241

n-C7H15

OTMS
FP-OTf, CH2Cl2, reflux, 3 h

n-C7H15

OF
(58) 150

CO2Et CO2Et

537



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. FLUORINATION OF ENOL DERIVATIVES, ENAMINES, AND IMINES (Continued)

Ph
OTMS

OEt
FP-OTf, CH2Cl2, rt, 2 h Ph

O

OEt

F

I (65) 150

Ph
OEt

OTMS
NFOBS, CH2Cl2, rt, 3 h I (71) 33

FP-OTf, CH2Cl2, rt, 2 h 31I (65)

2,4,6-Me3FP-OTf, CH2Cl2, rt, 2 h I (71) 31

N O, CH2Cl2, reflux, 61 h
F

98
N

O

F

(23)

O

C13

Ph

N (CF3SO2)2NF, Na2CO3, CH2Cl2, 22º Ph

O

Ph

O

+ 246

SelectfluorTM, MeCN, 4 Å MS, –10º, 8 h I (89) 247

I + II (60), I:II = 90:10

NBu-n

MeO

SelectfluorTM, MeCN, reflux, 4 h

O

MeO
F

F
(70) 248

O

F F F

I II

Ph
OEt

OTMS

538

NBu-n

SelectfluorTM, MeCN, reflux, 4 h

n

C13-15

O

F

F

n

1

3

(89)

(81)

248

n

C14

OTMS

NFOBS, CH2Cl2, rt, 2.5 h

O

33(86)

OTMS

SelectfluorTM, DMF, 0º

O

F

O
+

F

243I II

I + II (80), I:II = 95:5

Ph
OTMS

OTMS Ph CO2H

F
31(68)2,4,6-Me3FP-OTf, CH2Cl2, rt, 2 h

246

NBu-n O O

+I IIF
F

F
(CF3SO2)2NF (x eq), Na2CO3, CH2Cl2,

  22º, 5 h

x

0.67

2.4

I + II

(34)

(65)

I:II

65:35

0:100

F
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. FLUORINATION OF ENOL DERIVATIVES, ENAMINES, AND IMINES (Continued)

NR
C14-18

Fluorinating agent (2 eq), reflux, 4 h

Fluorinating agent

SelectfluorTM

NFTh

NFSI

2,6-Cl2FP-BF4

2,6-Cl2FP-BF4

SelectfluorTM

SelectfluorTM

SelectfluorTM

NFTh

NFTh

NFTh

NFSI

NFSI

NFSI

R

Bu-n

Bu-n

Bu-n

Bu-n

Bu-n

CHMePh

CHMePh

CHMePh

CHMePh

CHMePh

CHMePh

CHMePh

CHMePh

CHMePh

I + II

(95)

(91)

(89)

(67)

(65)

(88)

(92)

(93)

(87)

(92)

(88)

(84)

(94)

(90)

Solvent

MeCN

MeCN

MeCN

MeCN

CH2Cl2

MeOH

wet MeCN

MeCN

MeOH

wet MeCN

MeCN

MeOH

wet MeCN

MeCN

I:II

0:100

40:60

12:88

100:0

100:0

73:27

25:75

0:100

56:44

58:42

40:60

31:69

21:79

13:87

248

H

O

FH

OTMS

SelectfluorTM, DMF, 0º (81)

C15

OTMS

SelectfluorTM, DMF, 0º (92)

O

F

243

243

O O

+I IIF
F

F

H H

540

NBu-n

OMe

SelectfluorTM, MeCN, reflux, 4 h

O

OMe

F

F 248(80)

n-BuN

SelectfluorTM, MeCN, reflux, 12 h

O

(61) 248

F

F

C16

O
TMSO

O

OH

TBDMSO

OO

OH

TBDMSO
F

SelectfluorTM, DMF, rt (89) 495

O

NBu-n

SelectfluorTM, MeCN, reflux, 4 h

O

F

F (82) 248

C17

OTMS

SelectfluorTM, DMF, 0º, 2 h

O

493

F
O

F

I II+

I + II (92), I:II = 54:46

C18

OTMS

SelectfluorTM, DMF, 0º, 2 h

O
F

O
F

I II+

I + II (83), I:II = 28:72

493

Ph

Bn

Ph Ph

Bn Bn
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. FLUORINATION OF ENOL DERIVATIVES, ENAMINES, AND IMINES (Continued)

Ph
Ph

N

O

Ph
Ph

O

F

(33) 98N O, CH2Cl2, reflux, 49 h
F

C18

C19

OTMS

Bn

O

F

Bn

(66) 73

N

AcO

Ts

SelectfluorTM, MeCN, rt

N

O

Ts

F

N

AcO

Ts

F

N

O

Ts

F
F

SelectfluorTM, MeCN, rt (85)

(—) 244

244

O

O

OTHP

OTBDMS

O

O

OTHP

OTBDMS

F

(65) 31

1. LDA, TMSCl

2. 2,6-(MeOCH2)2FP-OTf, K2CO3,

    CH2Cl2, rt

N
S F,

O

O O

Et

C6H6, reflux, 9 h

542

OTMS O

F

SelectfluorTM, DMF, rt; 

  then Et3N, CH2Cl2,  rt

C20

222(65)

N

TMSO

Ts

SelectfluorTM, MeCN, rt

N

O

Ts

F

N

TMSO

Ts

F

N

O

Ts

F
F

SelectfluorTM, MeCN, rt I (91)

(—) 244

244

I (94) 465FP-OTf, CH2Cl2, reflux

OTMS

C21

O

O

F

F

+ 237I  (27) II  (9)FP-OTf, CH2Cl2, reflux

O

F

III  (14)

OTMS

237II  (16)  + III (27)FP-OTf, CH2Cl2, rt

H H
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. FLUORINATION OF ENOL DERIVATIVES, ENAMINES, AND IMINES (Continued)

OAc

MeO

H

H

H

O

MeO

H

H

H

F (68), α:β = 81:1FPPy-B2F7, MeCN, 40º, 3 d 157

O

AcO

O

O

F

Fluorinating agent, MeCN

Temp

40º

80º

0º

80º

Time

120 h

3 h

3 h

3 h

Fluorinating agent

FPPy-B2F7

FPPy-B2F7

SelectfluorTM

SelectfluorTM

α:β
38:37

45:34

56:43

45:21

415

O

HO

F

SelectfluorTM, MeCN, 6 h, 80º

F

(24) 415

C21

(—)

H
H

H

H
H

H

544

O

AcO

O

O

F

Fluorinating agent, MeCN

Temp

40º

80º

0º

80º

Time

120 h

3 h

3 h

3 h

Fluorinating agent

FPPy-B2F7

FPPy-B2F7

SelectfluorTM

SelectfluorTM

α:β
54:0

9:1

44:51

73:0

415

R2

R3

R1

C21-25 R2

R3

O

F

157FPPy-B2F7, MeCN

R1

OAc

OAc

OAc

OAc

OAc

OAc

OTMS

R2

OAc

OAc

Ac

Ac

OTMS

R3

H

H

H

H

H

Temp

80º

40º

80º

40º

80º

40º

rt

Time

18 h

4 d

5 d

2 d

6 h

3 d

18 h

(28)

(60)

(57)

(96)

(36)

(46)

(88)

α:β
6:1

1:2

4:1

1:1

1:0

1:2

1:3

OTMS

MeO

C22

O

MeO

F 22, 31(78)FP-OTf, CH2Cl2, rt, 16 h

(—)

H H
H H

H
H

H H

H H H H

H
H

H H
H H

O

O
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. FLUORINATION OF ENOL DERIVATIVES, ENAMINES, AND IMINES (Continued)

OTES

F

SelectfluorTM, DMF, rt O

F

F

C23

222(34-42)

236

OTMS

TBDMSO
H

CHO

TBDMSO
H

F

NFSI, CH2Cl2, rt (47)

OTES

F

SelectfluorTM, DMF, rt O

F
F

(33-48) 222

OAc

AcO

OAc

O

F

Fluorinating agent, MeCN

Temp

40º

80º

0º

80º

Time

120 h

3 h

3 h

3 h

Fluorinating agent

FPPy-B2F7

FPPy-B2F7

SelectfluorTM

SelectfluorTM

α:β
54:15

39:46

50:43

50:32

415

I

(<20)a

(<20)a

(>95)a

(>95)a

I

C22

H H
H H

H
H

546

SelectfluorTM, MeCN, rt, 15 min

2,2'-bisFP-BF4, NaHCO3, MeCN, 70º, 1 h

I (95), α:β = 1:1.4

I (82), α:β = 1:1.7

129

161

100I  (59), α:β = 1:2.5

O
SO2

NF, MeCN, rt, 24 h

O

150

31

I (71), α:β = 1:2

I (55), α:β = 1:8.5

FP-OTf, CH2Cl2, reflux, 10 h

2,4,6-Me3FP-OTf, CH2Cl2, reflux, 46 h

MeCN, –20º, 20 min

I (81), α:β = 1:1.5 122NNF F • 2BF4
–,

+ +

AcO

H H

H

OAc

O

H H

H

OAc

F

SelectfluorTM, MeCN, rt, 15 min (95), α:β = 42:58 173

O

HN

AcO

H

H

H

O

AcO

H

H

H

F 157FPPy-B2F7, MeCN, rt, 5 d (82), α:β = 15:1

AcO AcO

SelectfluorTM, MeCN, rt 173

C23-24
OR1 O

F

R1

Ac

TMS

Time

 2 h

15 min

(90)

(92)

α:β = 95:5H H

H H H H
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. FLUORINATION OF ENOL DERIVATIVES, ENAMINES, AND IMINES (Continued)

C23-24
OH

R

OH

O

F

31Fluorinating agent, CH2Cl2, MeCN, –15º

Fluorinating agent

FP-OTf

2,4,6-Me3FP-OTf

FP-OTf

2,4,6-Me3FP-OTf

FP-OTf

2,4,6-Me3FP-OTf

(46)

(54)

(7)

(13)

(22)

(31)

R

morpholinyl

morpholinyl

pyrrolidinyl

pyrrolidinyl

piperidinyl

piperidinyl

OTMS

TMSO

C24
O

HO

F 31(50)FP-OTf, CH2Cl2, reflux, 1 h

OTMS

AcO

FP-OTf, CH2Cl2, reflux, 1 h

O

AcO

F (54) 150

O
OAc

RO

O
OAc

O

F

NFTh, MeCN, rt

Time

6 h

15 min

α:β
1:2.4

1:2.2

R

Me

Ac

(72)

(89)

235

C24-25

H H
H H

H
H

H H H H

H H

H H H H

H H

H H
H H

H
H

548

OAc

RO

OAc

O

140

F

OAc

O

F

+

I II

C24-30

Fluorinating agent, rt

Fluorinating agent

2-SO3-4-EtFP

2-SO3-4-(t-Bu)FP

2-SO3-6-MeFP

2-SO3FP

FP-OTf

2-SO3-4-MeFP

2-SO3-4-MeFP

2-SO3-4-MeFP

2-SO3-4-MeFP

2-SO3-4-MeFP

2-SO3-4-MeFP

FP-OTf

Solvent

CH2Cl2

CH2Cl2

CH2Cl2

CH2Cl2

CH2Cl2

CH2Cl2

MeCN

DMF

CH2Cl2

CH2Cl2

CH2Cl2

CH2Cl2

Time

24 h

24 h

30 h

47 h

4 h

20 h

11 h

3.5 h

48 h

66 h

90 h

2.5 h

I + II

(72)a

(77)a

(35)a

(26)a

(51)a

(77)a

(94)a

(100)a

(93)a

(90)a

(93)a

(41)a

I (α:β):II

13 (1:3.8):1

10 (1:4):1

6 (1:5):1

12 (1:3.8):1

2.4 (1:1.8):1

14 (1:3.5):1

7.5 (1:3.4):1

8 (1:3.9):1

92 (1:3.8):1

>92 (1:3.5):1

100 (1:3.8):1

4.1 (1:1.5):1

OTMS

TMSO

31FP-OTf, CH2Cl2, reflux, 1 h

C25
O

HO

F (43)

TMSO HO

1. SelectfluorTM, DMF, rt, 15 min

2. TBAF, THF, 5 min; then H2O

173

OTMS O

F (70), α:β = 94:6

R

TMS

TMS

TMS

TMS

TMS

TMS

TMS

TMS

TBDMS

TES

TIPS

TIPS

H H
H H HH

H
H H

H H

H H

H H H H

H H H H
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. FLUORINATION OF ENOL DERIVATIVES, ENAMINES, AND IMINES (Continued)

OTMS

TMSO

OH

O

150

F

OH

O

F

+

I  (42)

α:β = 1:3

II  (18)

FP-OTf, CH2Cl2, rt, 1 h

AcO

H H

H SelectfluorTM, MeCN, rt, 15 min (90), α:β = 30:70 173

C25

SelectfluorTM, DMF, –5º to rt, 4 h 496

AcO

O H

H

C26

(—), α:β = 70:30

SelectfluorTM, MeCN, 1 h 498I (—)

AcO

O

OH

O

AcO

H

H

NFTh, MeCN, 0º, 12 h

O

O

OH

O

AcO

H

H

497I (73), α:β = 93.5:6.5

F

OAc O

O

H H

H

OAc O

F

OAc
MeO

O

O

O H

H

OAc
MeO

O

F

H H
H H H H

H
H H

550

OAc

TESO

C27

2,2'-bisFP-BF4, NaHCO3, MeCN, 

  rt, 30 min

OAc

O

161

I + II (65)a, I:II = 46:19

F

OAc

O

F

+

I

α:β = 1:1.4

II

α:β = 1:1.7

OTMS

TMSO
H

TMSO
O

O
H

O

FP-OTf, CH2Cl2, rt, 2 h (51) 31

F

C28

OH

O

BnO

H

H
O

OH

O

F

H

H

C29

499(96)SelectfluorTM, MeCN, H2O, 0º, 1 h

AcO

AcO

H H

H

O

AcO

H H

H

F

SelectfluorTM, MeCN, rt, 15 min (88), α:β = 47:53 173

MeO O
MeO O

OAc
OAc

O

OAc
O

OAc

H H

H H

H H

H
H H

H H H H
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. FLUORINATION OF ENOL DERIVATIVES, ENAMINES, AND IMINES (Continued)

AcO

AcO

H H

H

O
OAc

O

AcO

H H

H

O
OAc

F

SelectfluorTM, MeCN, rt, 15 min (88), α:β = 57:43 173

TMSO

C30

FP-OTf, CH2Cl2, reflux

O

F
(79) 231

CO2H

TMSO
H

OTMS

CO2H

TMSO
H

O

F

SelectfluorTM, MeCN, 20º, 6 h (93), α:β = 87:13 500

HH

C31

BzO

O

OH
O

OH

501

O

F

(11)SelectfluorTM, MeCN, Py, MeSO3H, 0-5º

C29

AcO
AcO

O

OAc
O

OAc

H H H H

H H

H H

H H

H
H

H
H

552

R2

O

OMe

TMSO

NHTr

R1

R2

O

OMe

O

NHTr

R1

R1

Bu-i

Bu-i

(CH2)2SMe

Me

Bn

Pr-i

CH2OBn

R2

Me

CH2C6H11-c

Bn

Bu-i

Pr-n

Me

Bu-i

SelectfluorTM, DMF; then TBAF, THF,

   rt, 45 min

(76)

(73)

(65)

(75)

(68)

(71)

(74)

F

% de

>95

>95

>95

>95

>95

9

28

239, 502

C32-40

TBDMSO

C33

FP-OTf, CH2Cl2, reflux, 5 h 231

O

F

O

F

O

F

+ +

  (38)   (34)   (14)

OTMS

H

OTBDMSTBDMSO

C37

CHO

H

OTBDMSTBDMSO

F

NFSI, CH2Cl2, rt 236(33)

H H

H
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 8. FLUORINATION OF ENOL DERIVATIVES, ENAMINES, AND IMINES (Continued)

I II

C42

242SelectfluorTM, DMF, rt, 15 min

I + II (89), I:II = 1:1

+
OTMS

TBDPSO

TBDPSO

O

TBDPSO

TBDPSO

O

TBDPSO

TBDPSO

F

F

a The reported value is the percent conversion based on starting material.
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 9. FLUORINATION OF ORGANOPHOSPHORUS COMPOUNDS

C5-17

R P(O)(OEt)2
R P(O)(OEt)2

F
1. LDA, t-BuOK, THF, –78º to –90º, 1 h

2. NFSI, –78º to rt

254

R

H

Me

n-Bu

NBoc
O

(11)

(45)

(48)

(54)

R P(O)(OEt)2

F
1. LDA, t-BuOK, THF, –78º to –90º, 1 h

2. NFSI, –78º to rt R P(O)(OEt)2

F F
254

R

Me

n-Bu

NBoc
O

(66)

(70)

(61)

C6

P(O)(OEt)2NC I (51) 5031. BuLi, THF, –78º

2. (CF3SO2)2NF, THF, –78º

2921. LDA, THF

2. SelectfluorTM

I (—)

P(O)(OEt)2NC

F

C6-17

C6-10

R P(O)(OEt)2
R P(O)(OEt)2

F
262

1. LDA, THF, –78º

2. TMSCl, –78º to 0º to –78º

3. NFSI, –78º to 0º, 15 min

4. EtOLi, EtOH, THF, 0º

R

Me

i-Pr

n-Bu

n-C5H11

(89)

(74)

(85)

(82)

P(O)(OEt)2EtO2C

F
NaH, SelectfluorTM, THF, rt

P(O)(OEt)2EtO2C

F F
(60)

C8

505

555

Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 9. FLUORINATION OF ORGANOPHOSPHORUS COMPOUNDS (Continued)

C8

P(O)(OEt)2EtO2C
P(O)(OEt)2EtO2C

F

P(O)(OEt)2EtO2C

F F
NaH (x eq), SelectfluorTM(y eq), THF, 

  0º to rt, 4 h

263+I II

x

1

2.5

y

1

3

I + II

(46)a

(69)

I:II

100:0

0:100

NFOBS, NaHMDS, –78º to 0º, 2 h I (78) 33

I (17) 5041. NaH, THF, 0º to rt

2. SelectfluorTM, DMF, rt, 140 min

P(O)(OEt)2EtO2C

C9

NaH (1.3 eq), SelectfluorTM (1.5 eq), THF, 

  0º to rt, 4 h P(O)(OEt)2EtO2C

F
(85) 263

(EtO)2(O)P P(O)(OEt)2
NaH, SelectfluorTM, THF, 0º

(EtO)2(O)P P(O)(OEt)2

F
(52) 506

C9-18

P(O)(OR2)2
R1 P(O)(OR2)2

R1
1. NaHMDS (2.2 eq), THF, –78º

2. NFSI (2.5 eq), THF, –78º

(63)

(74)

(82)

(79)

(81)

(80)

(59)

(60)

(46)

(79)

(72)

(70)

257

R1

H

4-NO2

4-NO2

4-Br

4-Br

4-OMe

4-Ph

3-Ph

2-Ph

3-CH2O(CH2)2TMS

4-CO2Bn

4-COPh

R2

Me

Me

Et

Me

Et

Me

Me

Me

Me

Me

Me

Et

F F
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Ph P(O)(OEt)2
Ph P(O)(OEt)2

F
1. Base (2.2 eq), THF, –78º

2. NFSI (2.5 eq), THF, –78º

C11

257

Base

KDA

LDA

NaHMDS

KHMDS

LiHMDS

(39)

(33)

(79)

(51)

(29)

259P

O
Ph

OEt
P

O
Ph

OEt

P

O
Ph

OEt

F F F

1. t-BuLi (2.2 eq), THF, –90º

2. NFSI (2.2 eq), THF, –90º to rt

(55) (5)

P

O
Ph

OEt

F

P

O
Ph

OEt

F F

(17) 2591. t-BuLi (1.1 eq), THF, –90º

2. NFSI (1.1 eq), THF, –90º to rt

+

C11-12

P(O)(OEt)2
R P(O)(OEt)2

R

F

260, 261

1. LiHMDS, THF, –78º to 0º

2. TMSCl, 20º

3. NFSI, –90º

4. LiOH, H2O, THF

R

H

2-F

4-F

4-Cl

4-Br

4-OMe

3-Me

4-Me

(97)

(68)

(68)

(74)

(76)

(79)

(83)

(90)

C12-16

1. NaHMDS, THF, –78º

2. NFSI, –78º to –20º

257, 258

R

Me

Et

(46)

(74)

(i-PrO)2(O)P P(O)(OPr-i)2

C13

(i-PrO)2(O)P P(O)(OPr-i)2

F F
507NFSI, NaHMDS, THF (81)

P(O)(OR)2

P(O)(OR)2

P(O)(OR)2

P(O)(OR)2

F

F

F F

557

Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 9. FLUORINATION OF ORGANOPHOSPHORUS COMPOUNDS (Continued)

508, 509(EtO)2(O)P O
OTBDMS s-BuLi, NFSI, –78º

(EtO)2(O)P O
OTBDMS

F

(EtO)2(O)P O
OTBDMS

EtO(O)P F

O
OTBDMS

+I

II I + II  (32), I:II = 84:16

C16

TIPS

P(O)(OEt)2
TIPS

P(O)(OEt)2

F
(63) 5101. NaHMDS (1.1 eq), THF, –80º

2. NFSI (1 eq), –80º to rt

1. NaHMDS (2.2 eq), THF, –60º

2. NFSI (2.4 eq), –60º to rt

TIPS

P(O)(OEt)2

F
F (79) 510

C16-20

2581. NaHMDS, THF, –78º

2. NFSI, –78º to –20º

C17

(PhO)2(O)P CN
1. NaH, THF

2. SelectfluorTM

(PhO)2(O)P CN 292(—)

F

(RO)2P(O)CH2 Substitution

2,7

2,6

1,5

1,3

1,6

2,7

2,6

1,5

1,7

R

Me

Me

Me

Me

Me

Et

Et

Et

Et

(57)

(23)

(46)

(55)

(51)

(49)

(23)

(48)

(46)

C13

CH2P(O)(OR)2

(RO)2P(O)CF2

CF2P(O)(OR)2

558



N

N
(EtO)2(O)P

R

OEt

OEt

N

N
(EtO)2(O)P

R

OEt

OEt

F N

N
(EtO)2(O)P

R

OEt

OEt

F

N

N
(EtO)2(O)P

R

OEt

OEt

FF

+

+

252

C17-18

R

H

Me

I II

III

1. LDA, THF, –78º, 15 min

2. NFSI, THF, –78º, 5 min

I + II + III

(72)

(75)

I:II:III

69:23:8

47:47:6

Y

P(O)(OMe)2 P(O)(OMe)2

C18-22

1. NaHMDS (5.5 eq), THF, –78º

2. NFSI (7.3 eq), THF, –78º
Y

P(O)(OMe)2 P(O)(OMe)2

257

Y

—

CH2

C=O

(CH2)4

(21)

(16)

(28)

(64)
C21

(EtO)2(O)P O
OTBDMS

OBn

(EtO)2(O)P O
OTBDMS

OBn
F

(29) 509n-BuLi, NFSI, THF, –78º

O

P(O)(OBn)2
NaH, THF, 0º; then SelectfluorTM, DMF,

  2 h, rt

511O
O

O

P(O)(OBn)2
O

O

(59)
F F

F

F

F

F

+ 2531. s-BuLi, THF, –70º, 2 h

2. NFSI, –70º to rt, 45 min
I I I

I + II (65), I:II = 60:40

O

OTBDMS

N

NH

(EtO)2(O)P

O

O
O

OTBDMS

N

NH

(EtO)2(O)P

O

O
O

OTBDMS

N

NH

(EtO)2(O)P

O

O

F F F
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 9. FLUORINATION OF ORGANOPHOSPHORUS COMPOUNDS (Continued)

RO

O

P(O)(OBn)2 RO

O

P(O)(OBn)2

F F

RO

O

P(O)(OBn)2

F

+NaH, THF, 0º; then SelectfluorTM, DMF,

  2 h, rt

R

THP

Tr

I

(55)

(48)

II

(5)

(5)

511

C23-37

I II

259

C26

P

O

OEt
1. NaHMDS (2.2 eq), THF, –80º

2. NFSI (2.2 eq), THF, –80º to rt

2591. NaHMDS  (1.1 eq), THF, –90º

2. NFSI (1.1 eq), THF, –90º to rt

NO2

O NPht

P

O

OEt

NO2

O NPht

P

O

OEt

NO2

O NPht

+(30) (35)

F FF

(70)
P

O

OEt

NO2

O NPht

F

P

O

OEt

NO2

O NPht

FF
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Ph3P
Ph

O

Ph

OAr

F

+I IIPh

O

F

Ar 512

Method A:

1. NFSI, THF

2. ArCHO, 40-57 h

Method B:

1. NFSI, THF, –20º to rt, 3 h

2. LDA

3. ArCHO, 27-40 h

Method

A

B

A

B

A

B

B

B

Ar

4-O2NC6H4

4-O2NC6H4

4-ClC6H4

4-ClC6H4

Ph

Ph

4-FC6H4

4-MeC6H4

I + II

(65)

(83)

(51)

(79)

(40)

(70)

(72)

(81)

I:II

95:5

90:10

100:0

100:0

98:2

95:5

100:0

98:2

RO

O

P(O)(OBn)2
RO

O

P(O)(OBn)2

F F

NaH, THF, 0º; then SelectfluorTM, DMF, 

  2 h, rt

R

EtO2C(CH2)2

THP

(90)

(73)

511

C28

OR OR

a The reported value is the percent conversion based on starting material.
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 10. FLUORINATION OF ORGANOSULFUR COMPOUNDS

C4

(81) 513(CF3SO2)2NF, K2CO3, CH2Cl2, rt, 12 h

C3

CF3 SO2

SO2CF3

(CF3SO2)2NF, K2CO3, CH2Cl2, rt, 8 h

CF3 SO2

SO2CF3

CF3 SO2

SO2CF3

F (45) (31) 513+

C5

MeS
OEt

O
2,4,6-Me3FP-OTf, CH2Cl2, rt, 8 h MeS

OEt

O

F

(46) 266

1731. SelectfluorTM, MeCN, rt; then Et3N

2. m-CPBA, CH2Cl2, rt, 6 h

(58)MeS
OEt

O

F

SelectfluorTM, MeCN, rt, 2 h

S

S S

S
O

S

S S

S
O

F

(30) 436

C7

Cl

SMe

Cl

S

2,4,6-Me3FP-OTf, CH2Cl2, rt, 8 h I (76) 266

266I (48)FP-OTf, CH2Cl2, rt, 7.5 h

F

F

F

O2S SO2

F

F

FFF

F O2S SO2

F

F

FF
F

F

F

O

O

562

SMe
S

2,4,6-Me3FP-OTf, CH2Cl2, rt, 4 h I (49) 266

266I (58)FP-OTf, CH2Cl2, rt, 6 h

F

1. SelectfluorTM, MeCN, rt; then Et3N

2. NBS, MeOH, H2O, CH2Cl2, rt, 30 min

SMe

R

S

R

R

Cl

H

Me

(51)

(48)

(61)

173

C7-8

Ph SMe

C8

2,4,6-Me3FP-OTf, CH2Cl2, rt, 30 min
Ph SMe

Ph S+ 266
F

F(44) (33)

MeS
OMe

O

NHCOCF3

S
OMe

O

NHCOCF3

2,4,6-Me3FP-OTf, CH2Cl2, rt, 7.5 h F (39) 266

N3
SPh N3

SPh

F
SelectfluorTM, Et3N, MeCN, rt, 40 min (48) 264

C8-13

Ph SO2NHR
Ph SO2NHR

1. n-BuLi (2.2 eq), THF, –78º to rt, 1 h

2. NFSI (2.5 eq), –78º to rt

270
F R

Me

Ph

(11)

(32)

PhS
OMe

O

C9

PhS
OMe

O

F

(38) 2662,4,6-Me3FP-OTf, CH2Cl2, rt, 23 h

F

O
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 10. FLUORINATION OF ORGANOSULFUR COMPOUNDS (Continued)

PhO2S CO2Me NaHMDS, NFOBS, –78º to 0º, 2 h I (86) 33

I (42) 33NaHMDS, NFSI, –78º to 0º, 2 h

C9

S

N
SEt

S

N
S

SelectfluorTM, Et3N, rt, 16 h

F

(35) 514

S

N
SO2Et 515(65)SelectfluorTM, CH2Cl2, rt, 16 h

SMe

F

F

O

Fluorinating agent (3 eq)

SMe

F

F

O
SMe

F

F

O

F F F

+ 515aI I I

Fluorinating agent

2,4,6-Me3FP-OTf

2-SO3-6-MeFP

2,4,6-Me3FP-OTf

Solvent

DCE

TCE

TCE

Additive

—

—

ZnBr2

Temp

rt

105º

105º

Time

12 h

1.5 h

2.5 h

I + II

(92)

(57)

(82)

I:II

100:0

0:100

0:100

273

I
I

NaHMDS, NFSI, THF, –78º

R

CH2CCl3

neopentyl

(71)

(90)

C9-12

PhO2S CO2Me

F

S
S

F FOR
OR

O O
O O

S

N
S

F

O

O

564

SR3

R2

R1

O
C9-12

SR3

R2

R1

O

F F

515a2,4,6-Me3FP-OTf (3 eq), ZnBr2, TCE,

  105º, 0.5-3 h

R1

H

Cl

F

F

F

MeO

CF3

R2

H

Cl

F

F

F

H

H

R3

Me

Me

Et

c-C3H5

(CH2)2OAc

Me

Me

(76)

(72)

(84)

(72)

(45)

(64)

(60)

C9-26

Ar SO2NR1R2

Ar SO2NR1R2

F F
NaHMDS, NFSI, THF, –78º to rt 270

Ar

Ph

Ph

Ph

Ph

Ph

Ph

Ph

Ph

4-BrC6H4

4-IC6H4

4-O2NC6H4

3-BrC6H4

4-MeC6H4

R1

Me

TBDMS

2,4-(MeO)2C6H3CH2

TBDMS

PhCH2

2,4-(MeO)2C6H3CH2

4-MeOC6H4CH2

2,4-(MeO)2C6H3CH2

2,4-(MeO)2C6H3CH2

2,4-(MeO)2C6H3CH2

2,4-(MeO)2C6H3CH2

2,4-(MeO)2C6H3CH2

2,4-(MeO)2C6H3CH2

R2

Me

Me

Me

Ph

PhCH2

Ph

4-MeOC6H4CH2

2,4-(MeO)2C6H3CH2

2,4-(MeO)2C6H3CH2

2,4-(MeO)2C6H3CH2

2,4-(MeO)2C6H3CH2

2,4-(MeO)2C6H3CH2

2,4-(MeO)2C6H3CH2

(69)

(67)

(65)

(24)

(76)

(75)

(72)

(81)

(84)

(86)

(65)

(92)

(76)

565



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 10. FLUORINATION OF ORGANOSULFUR COMPOUNDS (Continued)

SO2

R2 P(O)(OR1)2

N N

KH, THF, 0º; then SelectfluorTM, DMF, 

  rt, 2 h

R1

Et

Et

Et

i-Pr

i-Pr

i-Pr

R2

H

Me

(CH2)3CH=CH2

Ph

2-BrC6H3OMe-5

2-naphthyl

(63)

(80)

(55)

(61-80)

(50)

(61-80)

256

C9-21

SO2

R2 P(O)(OR1)2

N N

F

C10

PhO2S CO2Et
PhO2S CO2Et

F

PhO2S CO2Et

F F
31(49) (4)1. NaH, THF, 0º

2. 2,4,6-Me3FP-OTf, THF, 0º, 12 min

1. SelectfluorTM, MeCN, rt; then Et3N

2. m-CPBA, CH2Cl2, rt, 6 h

173(35)S
C9H19

F

O

R2

S
p-Tol

O O

R2

S
p-Tol

O

FR1 R2

CH2F

CHF2

CF3

CF2Cl

Me

2-pyridyl

4-pyridyl

Ph

Ph

CF=CHPh

R1
R1

H

H

H

H

H

H

H

H

Me

H

(23)

(19)

(27)

(33)

(60)

(82)

(52)

(23)

(67)

(70)

NaH, THF, 0º; then SelectfluorTM, rt 268

C10-17

Time

5 h

12 h

1.5 h

12 h

48 h

1 h

1 h

15 h

0.5 h

2 h

+

Me
S

C9H19

O

O

566

O

R
S

p-Tol

O

FF

(27)

(41)

(38)

(32)

trace

trace

(17)

(20)

(15)

SelectfluorTM, rt 268

O

R
S

p-Tol

O

F

(61) 173

C11

P(O)(OEt)2PhO2S

1. KH

2. SelectfluorTM, t-BuOH, DMF, rt, 

    10 min P(O)(OEt)2PhO2S

F

5161. NaH, THF

2. SelectfluorTM, DMF P(O)(OEt)2PhO2S

F

P(O)(OEt)2PhO2S

F
+(60) (15)

F

P(O)(OEt)2PhO2S

NaH, 0º; then fluorinating agent, rt
P(O)(OEt)2PhO2S

(60)

(55)

(53)

(84)

(85)

R1

H

I

I

I

Br

Time

30 min

60 min

60 min

5 min

5 min

R1 R2F

R2

H

H

H

H

Br

Fluorinating agent

SelectfluorTM

2,4,6-Me3FP-OTf

NFSI

SelectfluorTM

SelectfluorTM

Solvent

THF/DMF

THF

THF

THF/DMF

THF/DMF

516

Ph SO2NHBu-t
Ph SO2NHBu-t

1. BuLi (2.2 eq), THF, 

    –78º to 0º to  –78º

2. NFSI (2.2 eq), THF, –78º to rt,

   10 h

F
271(68)

R

CH2F

CHF2

CF3

CF2Cl

Me

2-pyridyl

4-pyridyl

Ph

CF=CHPh
567



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 10. FLUORINATION OF ORGANOSULFUR COMPOUNDS (Continued)

N
Me

F

S F

O O

N
Me

F

S F

O O

F
(30) 5171. SelectfluorTM, MeCN, rt

2. Et3N

SO2

R2 P(O)(OR1)2

Y

KH, THF, 0º; then SelectfluorTM, DMF,

  rt, 2 h

R1

Et

i-Pr

i-Pr

R2

Me

Ph

Ph

Y

N

N

CH

256

C11-19

274

C12

S
Br

(87)NFSI, NaHMDS, THF, –78º to rt

OEt

SO2

O

Y N

OEt

O

Y

N

CH

KH, THF; then SelectfluorTM, DMF 255

C12-13

F

C12-18

R
1. Base, THF, –78º

2. NFSI, –78º

272

R

H

4-NO2

4-Br

4-Me

3-Ph

Base

t-BuLi

NaHMDS

LDA

LDA

t-BuLi

(81)

(86)

(79)

(76)

(59)

C11

SO2

R2 P(O)(OR1)2

Y

F

O

O O
S

Br O

O O

F F

Y N

SO2

S
O

O O R
S

O

O O

F F

(—)

(—)

568

C12-22

KH, THF, 0º to rt, 75 min;

  then SelectfluorTM, DMF, 2 h, rt
Y N

SO2

R

O

OEt Y

N

N

N

CH

N

N

N

N

R

n-Bu

CH2CH2CH=CH2

(CH2)3CH=CH2

n-Bu

n-C6H13

(CH2)4CH=CH2

(CH2)5CO2Et

(CH2)8OTBDMS

(92)

(86)

(88)

(91)

(81)

(74)

(85)

(72)

269

n-C12H25
S

C13

n-C12H25
S F 2662,4,6-Me3FP-OTf, CH2Cl2, rt, 17.5 h (48)

Ph S
NaHMDS, NFSI, THF, –78º (86) 518

C16

PhtN
SPh PhtN

SPh

F
SelectfluorTM, Et3N, MeCN

C17-23

PhtN
SPh PhtN

OH

F

SelectfluorTM, Et3N, MeCN
R

R

R

Me

i-Pr

Bn

264

264

(32)

(42)

(30)

(65)

(Boc)2N
SPh (Boc)2N

SPh

F
SelectfluorTM, Et3N, MeCN, rt, 25 min (20)

C18

264

Y N

SO2

R

O

OEt

F

Me

N
O

O

Ph S
N

O

O

F F569



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 10. FLUORINATION OF ORGANOSULFUR COMPOUNDS (Continued)

274NFSI, NaHMDS, THF, –78º to rt

ClCl

S

(87)

SelectfluorTM, MeCN; then Et3N, rt,

  25 min

265

I + II (45), I:II = 97:3

+

I II

C18

O

ClCl

S
O

F

F

C19

SelectfluorTM, MeCN; then Et3N, rt,

  25 min

265(42), dr = 60:40

C19-25

NaHMDS, NFSI, THF, –78º to rt 270

R

H

Ph

(18)

(90)

O

AcO

SAr

N

NH

O

O

O

AcO

SAr

N

NH

O

O

F
O

AcO

F

N

NH

O

O

SAr

Ar = C6H4OMe-4

O

PhS

AcO

N

NH

O

O

OAc

O

PhS

AcO

N

NH

O

O

OAc

F

dr

—

1.7:1

O

O O

O

SO2

N

R

Ph
C6H3(OMe)2-2,4

SO2

N
Ph

C6H3(OMe)2-2,4

R
F

570

C20

SelectfluorTM, MeCN; then Et3N, rt,

  25 min

265

I + II (52), I:II = 95:5

+

I II

SelectfluorTM, MeCN; then Et3N, rt,

  25 min

265(46), dr = 66:34

R1

SO2N(CH2C6H3(OMe)2-2,4)2

R2

1. n-BuLi (1.3 eq), HMPA, THF,

    –78º, 1 h

2. NFSI (1.5 eq), –78º to rt

270
R1

SO2N(CH2C6H3(OMe)2-2,4)2

R2
F

R1

Me

Et

Me

R2

H

H

Me

(60)

(69)

(41)

1. n-BuLi (1.3 eq), HMPA, THF,

    –78º, 1 h

2. NFSI (1.5 eq), –78º to rt

R

SO2N(CH2C6H3(OMe)2-2,4)2
F

R

SO2N(CH2C6H3(OMe)2-2,4)2

F

F 270

R

Me

Et

(33)

(50)

C20-21

O

274(88)NFSI, NaHMDS, THF, –78º to rt

O

AcO

AcO

N

NH

O

O

SAr

Ar = C6H4OMe-4

O

AcO

AcO

N

NH

O

O

F

ArS
O

AcO

AcO

N

NH

O

O

SAr

F

O

PhS

AcO OAc

N

N

N

NH

O

NH2

O

PhS

AcO OAc

N

N

N

NH

O

NH2F

O2
S

Br

(CH2)3OTBDMS

O

O2
S

Br

(CH2)3OTBDMS

F F

571



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 10. FLUORINATION OF ORGANOSULFUR COMPOUNDS (Continued)

SO2NBn2

R

C21

1. NaHMDS (1.1 eq), THF, –78º

2. NFSI (1.1 eq), THF, –78º
R

F

271

R

H

NO2

1. NaHMDS (2.2 eq), THF, –78º

2. NFSI (2.2 eq), THF, –78º

SO2NBn2

R

F R

H

NO2

F

271

SO2N(CH2C6H4OMe-4)2

C23

SO2N(CH2C6H4OMe-4)2
271

1. BuLi (1.1 eq), THF, –78º 

2. NFSI (1.1 eq), THF, –78º to rt,

    45 min

F

(82)

SO2NBn2

SO2N(CH2C6H4OMe-4)2

1. BuLi (1.1 eq), THF, –78º 

2. NFSI (1.1 eq), THF, –78º to rt,

    45 min

F

271(68)

P

Ph

Ph

Ph
SO2Ph NaH, THF, 0º; then SelectfluorTM,

  DMF, 0º to rt, 15 minI

(—) 516

C25

H
TESO

1. n-BuLi, –78º

2. NFSI, –78º to rt

3. Repeat steps 1 and 2

SO2Bu-t

H
TESO

SO2Bu-t

FF

(58) 519

SO2N(CH2C6H4OMe-4)2

F F

P

Ph

Ph

Ph
SO2Ph

F

(70)

(40)

572

C26

O

O

O2S

1. KHMDS, THF, –78º, 1 h

2. NFSI, –78º, 1 h

3. Repeat steps 1 and 2

(38) 275

O

O

SO2NR2

O

O

SO2NR2

518

F

F

R

allyl

CH2C6H3(OMe)2-2,4

(83)

(0)

NaHMDS, NFSI, THF, –78º

C27-30

1. KH, THF; then SelectfluorTM, DMF

2. NH3, MeOH

(47) 255

C29

O

SO2N(CH2C6H3(OMe)2-2,4)2

O

NFSI, NaHMDS, THF, –78º

O

SO2N(CH2C6H3(OMe)2-2,4)2

O

F

F

(53) 270

O

O

O

O2S
O

F
F

O

OO

N

N

O

O

Bz
(EtO)2(O)P

O2S

N
O

OO

N

HN

O

O

O2S

N

(EtO)2(O)P F

H H H H

H H

H H

H H H H

573



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 10. FLUORINATION OF ORGANOSULFUR COMPOUNDS (Continued)

O

TrO

O

SPh

O

O

TrO

O

SPh

F

C30

267(70)

1. NaH, THF, 0º

2. SelectfluorTM, DMF, 30 min;

    then rt, 3 h

C33-36

S
H

R1 OTBDMS

+I II

III IV
S

R1 OTBDMS

S

OTBDMS

+

5201. NFSI, HMPA, THF, –78º

2. Base, THF, 10 min

R1

OH

H

OMOM

OTMS

Base

LiHMDS

LiHMDS

LDA

LiHMDS

I + II + III + IV

(25)

(55)

(24)

(37)

I:II:III:IV

0:0:0:100

55:19:26:0

29:46:25:0

0:0:0:100

+O

O S
H

R1 OTBDMS

O

O S
H

R1 OTBDMS

O

O

F F

O
O

O
O

O

H H H

HH

574

C33-37

S

H

R2

R1 OTBDMS

S

H

R2

R1 OTBDMS

S

H

R2

R1 OTBDMS

F F

+I II

III

S

R2

R1 OTBDMS

520, 5211. NFSI, HMPA, THF, –78º

2. Base, THF, 10 min

R1

H

OMOM

OMOM

OMOM

OMOM

Base

LiHMDS

LiHMDS

LDA

n-BuLi

LiHMDS

I + II + III

(52)

(68)

(51)

(10)

(44)

I:II:III

52:16:32

52:0:48

65:0:35

100:0:0

48:0:52

R2

H

H

H

H

OMOM

+O
O O

O O

O

O
O

H H H

H575



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 11. FLUORODEMETALATIONS

C4

S S
1. Formation of 2-thienyllithium

2. NFQN-BF4, Et2O, 0-20º
F

(10)a 113

Tl

CO2Me

CO2Me

F

(35)

C5

 –41º to rt, 2.5 h

F

(18)

294

294CN

Cl

MeCN, 0º to rt, 3 h

294

F

(17)

CO2Me

294SelectfluorTM, 4-phenyl[1,2,4]triazole-3,5-

  dione, MeCN, rt, 4 h

(39)

C6

FMgBr

I (50)a 69

F

O

CO2Me,MeO2C

SelectfluorTM, 0º to rt, 3 h

H2C C(Cl)CN, SelectfluorTM,

H2C CHCO2Me, SelectfluorTM,

4-MeC6H4O2S
N

t-Bu
F, Et2O, rt

576

I (52) 100

I (15) 98N O, Et2O, CH2Cl2, rt, 16 h
F

O
SO2

NF, THF, rt, 4 h

O

SelectfluorTM, Et2O, rt, 16 h

NFOBS, C6D6, 0º to rt, 2 h

NFQN-F, Et2O, 20º

NFQN-OTf, Et2O, 20º

Perfluoropiperidine, Et2O

F-TEDA-OTf, Et2O, rt, 2 h

173

33

113, 115

114

106

129

I (61)

I (74)

I (26)a

I (26)a

I (29)

I (66)

2,4,6-Me3FP-OTf, THF, 0º, 0.17 h 150I (58)a

MgCl

MgBr F

(11) 98

MgCl F

NFQN-F, Et2O, 20º (20)a 113, 115

N O, Et2O, CH2Cl2, rt, 16 h
F

Li F

NFOBS, C6D6, 0º to rt, 2 h 33(70)

577



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 11. FLUORODEMETALATIONS (Continued)

SiCl3 F

NFQN-F, THF, –50º to 20º (22)a 113, 115

R2

R3 BF3
–K+

R1

SelectfluorTM, MeCN, rt, 24 h

R2

R3 F

R1

R1

H

H

H

H

H

Ph

R2

Bu

Ph

4-ClC6H4

Ph

4-MeC6H4

Ph

R3

H

H

H

Br

H

H

(58)

(89)

(78)

(65)

(87)

(71)

E:Z

50:50

50:50

50:50

50:50

50:50

85:15

C6-14

286

OMe
C7

OMe

n-BuLi, toluene, THF, rt

(24) 69

1. n-BuLi, Et2O, reflux, 1 d

2. (CF3SO2)2NF, Et2O, rt, 1 d

I (60) 522

522I (60)1. n-BuLi, Et2O, reflux, 1 d

2. NFQN-OTf, TMEDA, 1 d

F

C8

(5)N O, Et2O, CH2Cl2, rt, 16 h
F

98

4-MeC6H4O2S
N

exo-2-norbornyl
F,

CF3

OMe

CF3

OMe

F
(71)1. n-BuLi, TMEDA, Et2O, reflux, 4 h

2. NFQN-OTf, rt

522

n-C6H13 MgBr n-C6H13 F

C6

578

I F 75(—)

OMe

OMe

F

OMe

OMe

F

1. n-BuLi, THF, –78º, 1 h

2. NFSI, THF, –78º, 15 min

F

(57) 278

R1 R2

I

1. t-BuLi, THF, Et2O, pentane, –120º

2.                    , –120º to rtN F
t-Bu

PhO2S

R1 R2

F

R1 R2+I II 67, 283

R1

n-C6H13

Ph

n-Pr

i-C5H11

Me

i-Bu

Et

R2

H

H

n-Pr

Me

i-C5H11

Et

i-Bu

I

(71)

(76)

(85)

(75)

(75)

(88)

(83)

II

(15)

(10)

(3)

(12)

(12)

(7)

(7)

C8-C10

SO2R1

2761. n-BuLi, THF

2. Fluorinating agent

R1

NHMe

NMe2

NMe2

NEt2

Fluorinating agent

NFOBS

NFSI

NFOBS

NFSI

(71)

(55)

(47)

(52)

R2

SO2R1

R2 F

R2

Me

OMe

OMe

H

Temp

–40º

–40º

–40º

0º

S
NF, BuLi, THF, –78º

O O

579



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 11. FLUORODEMETALATIONS (Continued)

R2

BF3
–K+

R1

SelectfluorTM, H2O, rt, 48 h

R1

H

H

H

Me

Ph

R2

4-ClC6H4

Ph

4-MeC6H4

Ph

Ph

(67)

(69)

(71)

(75)

(58)

C8-14

286

SelectfluorTM, R3CN, rt, 48 h

R1

H

H

H

H

Ph

R2

Ph

Ph

4-ClC6H4

4-MeC6H4

Ph

(82)

(62)

(81)

(68)

(77)

286

R3

Me

Et

Me

Me

Me

C9

69

F

(31)

Ph
Li

NFSI, THF, Et2O, pentane, –105º to rt Ph
F

(17) 85

290

H
TMS

SelectfluorTM, MeCN, rt, 48 h
H

F

OO
OO

(100)a

NMe2

O

1. n-BuLi, TMEDA, THF, 0º, 30 min

2. NFQN-OTf, rt, 16 h
NMe2

OF

(85) 522

HO

R2 R1

F

F

NH

R2 R1

F

F

O

R3O

4-MeC6H4O2S
N

exo-2-norbornyl
F,

KH, toluene, THF, rt

580

N

N N
H

SnMe3
Cl

N

N N
H

FCl

SelectfluorTM, MeCN, rt, 7 h (21) 523

TMS F TMS

F 289SelectfluorTM, MeCN, reflux, 64 h +(19) (21)

C10

Li F

42I (72)

42I (17)

MgBr

OH OH

F (60) 69

C10-15

SOBu-t

276

R

SOBu-t

R

F

1. n-BuLi, THF, –78º

2. Fluorinating agent

R

H

H

CONEt2

CONEt2

Fluorinating agent

NFSI

NFOBS

NFSI

NFOBS

(74)

(70)

(26)

(31)

SO2Bu-t

276

R

SO2Bu-t

R

F

1. n-BuLi, THF, –78º

2. Fluorinating agent

R

H

H

CONEt2

CONEt2

Fluorinating agent

NFSI

NFOBS

NFSI

NFOBS

(74)

(30)

(58)

(31)

S
NF, THF, –75º

O O

S
NF, THF, Et2O, 0º

O O

4-MeC6H4O2S
N

t-Bu
F, KH, THF, rt

581



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 11. FLUORODEMETALATIONS (Continued)

R1

R2

TMS

F

R2

R1
SelectfluorTM, NaHCO3, acetone, rt, 48 h

C10-18
E:Z

—

—

2:1

2:1

—

2:1

2:1

2:1

3:1

293

C11

NEt2

O

I (75) 5221. s-BuLi, TMEDA, THF, –78º, 1 h

2. NFQN-OTf, rt, 16 h

O
s-BuLi, NFSI, TMEDA, THF, –78º I (62) 276

s-BuLi, NFOBS, TMEDA, THF, –78º I  (0) 276

s-BuLi, NFOBS, TMEDA, THF, –78º 276I (10)

F

NEt2

O

Br

t-BuHNO2S

Br

t-BuHNO2S

F

279(74)1. n-BuLi, THF, –40º to –30º, 2 h

2. NFSI, THF, 3 h

524

S S

Br Br
BuLi, NFSI, THF, –78º

S

NEt2 O

S

NEt2

F

OO

S S

F FOO

R1

H

H

n-C5H11

BnCH2

H

BnCH2

BnOCH2

n-C5H11

BnCH2

R2

CH2OAc

Ph

Me

H

CH2OBn

Me

Me

Ph

TMS

(23)

(99)

(37)

(45)

(79)

(64)

(89)

(66)

(11)a

(78)

582

SO2NHBu-t SO2NHBu-t

F

(55) 69

C11-12

O
N

EtO

R1

O
N

EtO

R1

F

R2

O
N

EtO

R1

F

R2

+I II 5251. R2Li, THF, –78º

2. NFSI, –78º to rt

R1

CH(OEt)2

Ph

Ph

R2

n-Bu

Ph

n-Bu

I + II

(58)

(73)

(44)

I:II

50:50

95:5

95:5

R1 TMS

SelectfluorTM, rt, 20 h

R1 F

R2 R2 R1

Ph

n-C6H13

Et

R2

H

H

Ph

(32)

(45)a

(57)

Z:E

65:35

80:20

58:42

287

R1

n-C6H13

Ph

Et

n-C6H13

(0)

(70)

(86)

(55)

R2

H

H

Ph

Et

SelectfluorTM, MeCN, rt, 80 h 287

C11-13

R1 TMS

R2

R1 F

R3O

R2

F R1

Ph

Ph

Et

Et

R3

Me

H

Me

H

(75)

(45)

(79)

(83)

R2

H

H

Ph

Ph

SelectfluorTM, R3OH, MeCN, rt, 5 d 287

R1 F

AcNH F

R2

4-MeC6H4O2S
N

exo-2-norbornyl
F,

n-BuLi, toluene, THF, rt
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 11. FLUORODEMETALATIONS (Continued)

n-C12H25MgBr

n-C12H25MgCl

n-C12H25F    (58)

n-C12H25F (75)a

173

31, 150

SelectfluorTM, Et2O, rt, 16 h

2,4,6-Me3FP-OTf, Et2O, 0º, 0.5 h

C12

CONHBu-t

OMe

CONHBu-t

OMe

F
n-BuLi, NFSI, THF, 0º (56) 276

MeO

N

O

MeO

N

O

F

s-BuLi, NFSI, THF, –78º I  (78) 276

I  (48)s-BuLi, NFOBS, TMEDA, THF, –78º 33

67, 283

O

I

1. t-BuLi, THF, Et2O, pentane, –120º

2.                    , –120º to rtN F
t-Bu

PhO2S

O

F

O
+

(74) (8)

C13

N

Br

TIPS

1. n-BuLi, THF, –78º

2. NFSI N

F

TIPS

(50) 526

N
Me

TMS
SelectfluorTM, MeCN, rt, 48 h 290

Boc N
Me

Boc

F
(52)

584

N

O

MeO

MeO

R1

R2

R3

N

O

MeO

MeO

F

H

F

1. n-BuLi, THF, –78º, 1 h

2. NFSI, THF, –78º, 15 min

278
N

O

MeO

MeO

H

F

F

N

O

MeO

MeO

F

H

H

N

O

MeO

MeO

F

F

F

I II

III IV

R1

H

H

F

F

R2

H

H

H

H

R3

F

H

H

F

I + II + III + IV

(33)

(65)

(57)

(57)

I:II:III:IV

75:25:0:0

0:0:100:0

100:0:0:0

0:0:0:100

C14

Br

Br

1. n-BuLi, Et2O

2.                   , –78º
PhO2S

N
t-Bu

F

F

F

(60) 68

Li

85NFSI, THF, Et2O, –78º to rt

F

(76)

toluene, Et2O, –78º

69n-C14H29MgBr n-C14H29F    (15)

+ +

++

BnO
TMS BnO

F
(71)SelectfluorTM, MeCN, rt, 48 h 290

4-MeC6H4O2S
N

exo-2-norbornyl
F,
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 11. FLUORODEMETALATIONS (Continued)

Ph TMS

HO

O
Ph

F

F

(62)SelectfluorTM, MeCN, rt, 48 h 287

O
TMS O

F

C14-17

SelectfluorTM, MeCN, rt, 48 h
O

Ph

O

Ph
n

n

1

4

(74)

(33)

TMS

F
C15

SelectfluorTM, MeCN, rt, 48 h
BnO BnO

O O
(69)

290

290

290PhtN
TMS SelectfluorTM, MeCN, rt, 48 h PhtN

F
(82)

Ph TMS

HO

OPh
F

F

(48)SelectfluorTM, MeCN, rt, 48 h 287

Br

CO2Bu-t

F

CO2Bu-t

n-BuLi, NFSI, THF, –78º (59) 527

O

OHTMS

Bn

SelectfluorTM, MeCN, rt

O

OH

Bn

O

OH

Bn

F F

+ 291

I + II (61), I:II = 1:1

I II

n

C14

586

1. n-BuLi, THF, –78º

2. NFSI

526
N

Br

CF3

CN

OEt
Cl

N

F

CF3

CN

OEt
Cl

(31)

290
TMS

SelectfluorTM, MeCN, rt, 48 h (79)
F

•

BnCH2 TMS

F

BnCH2NFSI, NaHCO3, acetone, 48 h (39) 293

STMS

Br

TMS STMS

F

TMS

(—) 5281. n-C6H13Li, Et2O, –78º

2. NFSI, –78º to rt, 16 h

292

C18

CN

TMS

SelectfluorTM, MeCN, rt, 12 h CN

F

(100)

N N
SelectfluorTM, MeCN, MeOH, rt, 12 h 205

Ts Ts

F
(40)

SnMe3

C16

N N

SelectfluorTM, MeCN, MeOH, rt, 12 h 205

Ts Ts

(21)

SnMe3 F

OPh

O

OPh

O
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 11. FLUORODEMETALATIONS (Continued)

O

NTMS

R
R

Me

Bn

SelectfluorTM, MeCN, rt +

I + II

(82)

(95)

I:II

1:1

1.2:1

C19-25

291I I I

Ph

B B

O
O O

O O

Ph
F

O

Ph
F

F

SelectfluorTM (x eq), MeCN, rt, 15 h

x

1

2

3

I

(30-40)

(0-10)

(0-5)

II

(50-60)

(85-95)

(95)

+

C20

288

I II

C20-21

N

R

TIPS

1. t-BuLi, Et2O, –78º

2. NFSI, THF, 0º to rt

R

H

MeO

(9)

(40)

281

Br F

529(75)1. t-BuLi, toluene, 0º

2. NFSI

FBu3Sn FF

SelectfluorTM, MeCN, 80º, 30 min 285

N N

CO2Et CO2Et

(45)

C21

O

O

Bn

O

N

R

O

O

Bn

F O

N

R

O

O

Bn

F

NMe2

N

R

TIPS

NMe2F

588

67, 2831. t-BuLi, THF, Et2O, pentane, –120º

2.                    , –120º to rt

I F

+(80) (13)

C22

NBoc

AcO

OMOM

NBoc

PhO2SO

OMOM

F

282(42)t-BuLi, NFSI, THF, –78º

O

O

SnMe3

O

O

F

SelectfluorTM, MeCN, rt, 12 h (52) 530

1. t-BuLi, THF, –78º

2. NFSI, 15 min

531

F

SnBu3

Ph

F

F

Ph

SelectfluorTM, MeCN, 80º, 30 min (35) 285

C23

(24)

PhO2S
N

t-Bu
F

H

H H

H

HH

H

H H

H H
H

H H

H H H H

NMe

N

TBDMS

Br

NMe

N

TBDMS

F

589



Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 11. FLUORODEMETALATIONS (Continued)

C24

532(85)NFSI, n-BuLi, THF, –78º, 1 h

FBu3Sn FF

SelectfluorTM, MeCN, 80º, 30 min (42) 285

OO OO

F

SnBu3
R1

R2

F

F
R1

R2

SelectfluorTM, MeCN, 80º, 30 min

R2

EtO2C

PhCO2

R1

Me

Me

(58)

(74)

C24-28

285

Ph

B B

Ph

O
O O

O

OH

Ph
F

Ph
F

O

Ph
F

Ph
F

SelectfluorTM, MeCN, N2, rt, 15 h (96)

SelectfluorTM, MeCN, air, rt, 15 h (84)

C26

288

288

I

OTBDPS
OO

F

OTBDPS
OO

PhPh

SnBu3

PhPh

F

(71)SelectfluorTM, MeCN, 80º, 30 min 285

590

OBz

O

SnMe3

OBz

O

F

SelectfluorTM, MeCN, rt, 12 h

C29

(50) 530

C32-44

1. NFSI, THF

2. n-BuLi, –78º

533, 534

R

Bn

Tr

(—)

(51)

OTHP

THPO

OAc

H

H

H

C35

1. s-BuLi, THF, –70º to 0º

2. NFSI, –70º to 0º, 30 min

F

OTHP

THPO

OSO2Ph

H

H

H

HO

F

OTHP

OSO2Ph

H

H

H
+ 280

(18) (3)

C37

1. n-BuLi, THF, –70º, 10 min

2. NFSI, 20 min

(52) 535

I

OTBDPS
OO

OR F

OTBDPS
OO

OR

Boc
N

OO

N

N

N

F

OBu-t
BnO

TBDMSO

Boc
N

OO

N

N

N

OBu-t
BnO

TBDMSO

a The reported value is the percent conversion based on starting material.

H H H H

H H
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 12. MISCELLANEOUS FLUORINATIONS

NO2

C3

69

TBAH, toluene, C6H6, –20º

I (83)a

1. Formation of 2-lithio-2-nitropropane

2. NFQN-X, MeOH, 0º

113, 114,

115

X

F

OTf

CF3CO2

C3F7CO2

BF4

I

(47)

(72)a

(56)a

(61)a

(50)a

Perfluoropiperidine, MeONa, MeOH,

  0-20º

I  (54) 103, 106

NO2

F4-MeC6H4O2S
N

t-Bu
F,

R NO2
SelectfluorTM, base, MeCN, H2O, 12 h

R NO2

F

R NO2

+
FF

I:II

37:1

13:1

5.2:1

7:1

12.4:1

1:0

33:1

1:0

1:0

I

(88)

(81)

(64)

(83)

(79)

(40)

(89)

(30)

(98)

C5-12

218I II  (—)

R

MeCO(CH2)2

Ph

4-BrC6H4

4-O2NC6H4

4-MeOC6H4

Bz

Bn

PhCHOH

C11H23

Base

TBAH

KOH

KOH

KOH

KOH

KOH

TBAH

KOH

TBAH

I

592

N N CH2F

246(20)a(CF3SO2)2NF, Na2CO3, CH2Cl2, rt, 12 h

N N

246(72)(CF3SO2)2NF, Na2CO3, CH2Cl2, rt, 12 h

CH2F

NO2

F

NO2

FF

SelectfluorTM, KOH, MeCN, H2O (73) 218

C7

C6

171Cl SelectfluorTM, MeCN, 82º, 16 h

171

Cl

Cl

Cl

Cl

F

F

F

F

+ +

+

(2) (4)

(8) (16)

OMe

O
SelectfluorTM, MeCN, 82º, 16 h

OMe

O

OMe

O
F

F

+ 171

(11) (9)

Br SelectfluorTM, MeCN, 82º, 16 h
Br

Br

Br

F

F

F

+ +

(3) (5)

(14)
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 12. MISCELLANEOUS FLUORINATIONS (Continued)

NO2
(SelectfluorTM, KOH, MeCN, H2O, rt, 

  5-12 h) x 2

NO2

F

NO2 +

FF
I:II

1:0

1:0

10:1

5:1

R

H

Br

O2N

MeO

I

(47)

(28)

(66)

(41)

R
RR

C7-8

218

I II  (—)

C8

n-BuO
NO2

O

n-BuO
NO2

O

F

SelectfluorTM, NaH, DMF, 12 h (70) 218

O

OMe
SelectfluorTM, MeCN, 82º, 16 h

O

OMe
171

O

OMe

O

OMe

O

OMe

F

F

F

F

+ +

+

(4) (5)

(5) (13)

N N CH2F

246(52)(CF3SO2)2NF, Na2CO3, CH2Cl2, rt, 12 h

C8-14

R
R

1. Base, THF, –78º

2. NFSI, –78º

272

R

4-O2N

4-Br

4-Me

2-Me

4-MeO

3-MeO

3-Ph

Base

NaHMDS

LDA

t-BuLi

t-BuLi

t-BuLi

t-BuLi

t-BuLi

(34)

(19)

(44)

(37)

(34)

(56)

(47)

CN
CN

F F

594

CN
1. BuLi, THF, –78º

2. SelectfluorTM, –78º to rt
CN

F

(35)

C9

218

1. NaH, THF, 0º

2. 2,4,6-Me3FP-OTf, THF, 0º to rt, 12 min

(71) 31

1. NaHMDS, THF, –78º to 0º

2. NFOBS, 0º, 2 h

33

OMe

CN

OMe

CN

F

(67)

Ar

OH

R
Ar

OH

RSelectfluorTM, MeCN, reflux

Ar

Ph

Ph

Ph

Ph

2-fluorenyl

2-phenanthryl

R

Me

Ph

4-MeOC6H4

3-CF3C6H4

Me

Me

(85)

(89)

(77)

(90)

(68)

(55)

295

C9-17

Ph

OH
Ph

OH
I + II (87), I:II = 1.8:1Ph

OH

+ 295

C10

SelectfluorTM, MeCN, reflux

I, erythro:threo = 1:6 II
F F

S

N NaHMDS, NFOBS, –78º to rt, 2 h

S

N 33(45), exo:endo = 54:46
F

Ph CN

CN

Ph CN

F CN

F

O O O O
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 12. MISCELLANEOUS FLUORINATIONS (Continued)

C12
CH2CN CHFCN CF2CN

I + II 2721. t-BuLi (x eq), THF, –78º

2. NFSI (y eq), –78º

x

2.2

2.2

1.1

y

2.5

2.5

1.3

Substrate

1-naphthyl

2-naphthyl

2-naphthyl

HO HO

SelectfluorTM, MeCN, reflux (85) 295

C14

F

Ph

OH

Ph
Ph

OH

Ph

F
(85), erythro:threo = 1:6 295

C16

SelectfluorTM, MeCN, reflux

N N

N
N

Bu-t

N N

N
N

Bu-t

N N

N
N

Bu-t

F

FF

I

II

+ 2721. t-BuLi (x eq), THF, –78º

2. NFSI (y eq), –78º

x

2.2

1.1

y

2.5

1.3

II

(56)

(0)

I

(0)

(61)

NSO2Ph

NaHMDS, NFOBS, –78º to rt, 2 h

NSO2Ph

F (65), exo:endo = 10:90 33

I

(0)

(0)

(60)

II

(46)

(50)

(0)

596

C18

O

O

O

O

N

N

O2N

OMe

OMe

(20) 5361. KDA, THF, –90º

2. NFSI, –78º to rt

CN

275t-BuLi, NFSI, THF, –78º

C22

(56)

C22-34

+I II 537

R1

4-MeC6H4CO

Bz

Bz

R2

H

OBz

OBz

R3

Ac

Bz

Bz

R4

H

H

Me

I + II

(65)

(60)

(67)

SelectfluorTM, DMF, –45º

N
Me

N
Me

C23

1. NFSI, THF, –5º to rt

2. NaClO4

538(45)

N
Me

N
Me

F
+

ClO4
–

O

O

O

O

N

N

O2N

OMe

OMe

F

O

O

CN

O

O

F

F

O

R1O

R2 OR3

R4
N

N
CO2Me

CN

O

R1O

R2 OR3

R4
N

N
CO2Me

CN

O

R1O

R2 OR3

R4
N

N
CO2Me

CN

F F

I:II = 1:1

H H H H

H H
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Substrate Refs.Conditions Product(s) and Yield(s) (%)

TABLE 12. MISCELLANEOUS FLUORINATIONS (Continued)

NFSI, CH2Cl2, reflux, 3 d

C23

538(41)

C25

CN

F

OPh

Cl
CN

F

OPh

Cl
F

(33) 539

539

1. LiHMDS, –78º to 0º, 1 h

2. NFSI, –78º

CN

F

OPh

Cl

1. LiHMDS, –78º to 0º, 1 h

2. NFSI, –78º CN

F

OPh

Cl

(—)

F

5391. LiHMDS, –78º to 0º, 1 h

2. NFSI, –78ºCN

F

OPh

Cl
CN

F

OPh

Cl

(—)

F

N
Me

N
Me

F
+

ClO4
–

N
Me

N
Me

+

BF4
–

a The reported value is the percent conversion based on starting material.
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Substrate Refs.Conditions Product(s), Yield(s) (%), and Diastereomeric Ratio (dr)

TABLE 13. AUXILIARY-CONTROLLED DIASTEREOSELECTIVE ELECTROPHILIC FLUORINATIONS

312

C6-13

R1
CO2R2

1.

2. NFSI, THF, –78º

Ph N
Li

Ph, THF, –78º
Ph N Ph

R1
CO2R2

F

I

R1

Me

Ph

R2

Et

t-Bu

I + II

(39)

(100)

I:II

83:17

82:18

Ph N Ph

R1
CO2R2

F

II+

C11-18

R1 R2

TBDMS

O

R1 R2

TBDMS

O

F

R1 R2

TBDMS

O

F+I II1. Base, THF, 0º, 4 h

2. NFSI, –78º

314

I + II

(53)

(65)

(81)

(70)

(79)

(80)

(85)

(46)

(81)

(75)

(69)

(84)

I:II

77.5:22.5

12:88

1:>99

12:88

89.5:10.5

5.5:94.5

1:>99

68.5:31.5

82.5:17.5

9:91

1:>99

6.5:93.5

R1

Me

Me

      —(CH2)3—

      —(CH2)3—

Et

Et

     —(CH2)4—

     —(CH2)4—

n-Pr

n-Pr

—CH2N(Bn)CH2—

—CH2N(Bn)CH2—

R2

Me

Me

Et

Et

n-Pr

n-Pr

Base

LDA

LiHMDS

LDA

LiHMDS

LDA

LiHMDS

LDA

LiHMDS

LDA

LiHMDS

LDA

LiHMDS
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Substrate Refs.Conditions Product(s), Yield(s) (%), and Diastereomeric Ratio (dr)

TABLE 13. AUXILIARY-CONTROLLED DIASTEREOSELECTIVE ELECTROPHILIC FLUORINATIONS (Continued)

C12-19

O N
R3

OO

LDA, NFOBS, THF, –78º to rt O N
R3

OO

R1 R2
F
I

297

I + II

(85)

(80)

(88)

(86)

(86)

(84)

I:II

98:2

98.5:1.5

98.5:1.5

98:2

93:7

94.5:5.5

O N
R3

OO

R1 R2
F
II

+

C13-19

R1 R2

TBDMS

O

R1 R2

TBDMS

O

F

R1 R2

TBDMS

O

F+

I II

1. Base, THF, 0º, 4 h

2. NFSI, –78º

314

Base

LDA

LiHMDS

LDA

LiHMDS

LDA

LiHMDS

LDA

LiHMDS

LDA

LiHMDS

LDA

LiHMDS

I + II

(57)

(68)

(50)

(79)

(77)

(85)

(74)

(77)

(59)

(70)

(66)

(90)

I:II

17.5:82.5

81.5:18.5

7:93

69:31

16:84

72:28

16.5:83.5

93.5:6.5

16.5:83.5

89:11

31.5:68.5

77:23

R1 R2

R1

H

H

Ph

Ph

Ph

Ph

R2

i-Pr

i-Pr

Me

Me

Me

Me

R3

n-Bu

t-Bu

n-Bu

t-Bu

Ph

Bn

R1

Me

Me

Me

Me

Me

Me

Me

Me

Et

Et

Bn

Bn

R2

n-Pr

n-Pr

i-Pr

i-Pr

t-Bu

t-Bu

Bn

Bn

Bn

Bn

n-Pr

n-Pr
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NaHMDS, NFSI (inverse addition), 

  THF, –78º

O N

OO

Ph

R
O N

OO

Ph

R

F

I

C13-18

R

Me

CH=CH2

Ph

I + II

(77)

(69)

(85)

I:II

93:7

92:8

>98.5:1.5

O N

OO

Ph

R

F

II+

C14

O

O O

Cl

O

O O

Cl F

O O

O
1-napht

1-napht
O

1-napht

1-napht

Ti
MeCN NCMe

Cl

SelectfluorTM, MeCN, rt

309(—), dr = 79.5:20.5
*

C15

O N

OO

Ph

O N

OO

Ph
F

297

I + II (85), I:II = 95:5

NaHMDS, NFOBS, THF, –78º to rt O N

OO

Ph
FI II

+

O N

OO

LiHMDS, NFSI, THF

Bn

O N

OO

Bn
F

(91) 540

Cl

298
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Substrate Refs.Conditions Product(s), Yield(s) (%), and Diastereomeric Ratio (dr)

TABLE 13. AUXILIARY-CONTROLLED DIASTEREOSELECTIVE ELECTROPHILIC FLUORINATIONS (Continued)

C15

TBDMS

OTMS

TBDMS

O

F I

III
TBDMS

O
F

+ 314

SelectfluorTM, MeCN, 0º to rt

TBDMS

O

F II+NFSI, THF, –78º to rt

314

I + II + III (73), I:II = 95:5,

(I + II):III = 72:28

I + II + III (49), I:II = 83:17, (I + II):III = 94:6

C17

O N

OO

Bn

LiHMDS, NFSI, THF, –78º O N

OO

Bn
F

I + II (78), I:II = >99:1

300O N

OO

Bn
F

+

I II

C17-23

I

+

II

3151. Base, THF, –78º

2. NFSI, –78º

Ar

Ph

2-naphthyl

2-naphthyl

2-naphthyl

2-naphthyl

2-naphthyl

2-naphthyl

2-PhC6H4

Base

NaHMDS

LiHMDS

NaHMDS

KHMDS

LDA

n-BuLi

t-BuLi

NaHMDS

I + II

(44)

(29)

(54)

(41)

(44)

(33)

(24)

(68)

I:II

66.5:33.5

51:49

79:21

68:32

54:46

62:38

60:40

62.5:37.5

N

O

Ph
P

Me
O

Ar

N

O

Ph
P

Me
O

Ar
F H

N

O

Ph
P

Me
O

Ar
H F
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I + II 3151. Base, THF, –78º

2. NFSI, –78º

Ar

Ph

2-naphthyl

2-naphthyl

2-naphthyl

2-naphthyl

2-naphthyl

2-naphthyl

2-PhC6H4

Base

NaHMDS

LiHMDS

NaHMDS

KHMDS

LDA

n-BuLi

t-BuLi

NaHMDS

I + II

(47)

(46)

(75)

(62)

(66)

(38)

(31)

(85)

I:II

64.5:35.5

51:49

77:23

70:30

48.5:51.5

41:59

42:58

63:37

O N

OO

Ph

C18

O
O O N

OO

Ph
O

O
F

2991. NaHMDS, THF, –78º

2. NFSI, THF, –78º

I + II (56), I:II = >99.5:0.5

O N

OO

Ph
O

O
F

+

I II

315

C19
Me
N

P
N
Me

2-napht
O

Me
N

P
N
Me

2-napht
O

F

*1. Base, THF, –78º, 2 h

2. NFSI, –78º, 2 h

Base

n-BuLi

LiHMDS

NaHMDS

KHMDS

(68)

(81)

(69)

(71)

dr

84:16

85:15

59:41

31.5:68.5

C20

O N

OO

Ph

OBn O N

OO

Ph

OBn

F

296NaHMDS, THF, 1 h; then

  NFSI (inverse addition), –78º, 2 h

I + II (78), I:II = 97:3

I

O N

OO

Ph

OBn

F II

+

N

O

Ph
Me

P

O

Ar N

O

Ph
Me

P

O

Ar

FH
N

O

Ph
Me

P

O

Ar

HF
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Substrate Refs.Conditions Product(s), Yield(s) (%), and Diastereomeric Ratio (dr)

TABLE 13. AUXILIARY-CONTROLLED DIASTEREOSELECTIVE ELECTROPHILIC FLUORINATIONS (Continued)

C20 O

O

O

O

O

O

F

* 310
O

N N

O

Ph PhM

2+

• 2X–, NFSI, THF

M

Cu

Ni

Cu

Ni

Cu

X

OTf

ClO4

OTf

ClO4

OTf

Temp

–10º

–10º

–40º

–40º

20º

(99)

(88)

(94)

(95)

(86)

dr

77:23

16.5:83.5

58.5:41.5

11.5:88.5

77.5:22.5

Ni(ClO4)2 • 6H2O, NFSI, CH2Cl2,

4 Å MS, rt, 2 h

O
O

N N
O,

Ph Ph

311

I

I  (66), 99% ee

541

O

OO

O

OO

F

*
NaH, SelectfluorTM, DMF, –50º to rt (94), dr = (—)

C21

462

1. NaH, DMF, 0º

2. 2,4,6-Me3FP-OTf, HMPA, THF, 

    –78ºN
Ar

O

O

O

R

i-Pr

N
Ar

O

O

O

i-Pr

N
Ar

O

O

O

i-Pr

R F

F RI II+

Ar = 4-MeOC6H4
R

Me

Et

Bn

I + II

(>91)

(>90)

(>90)

I:II

94.5:5.5

95:5

95:5

C21-27

604



305, 306
MeO O

OO

Ph
R

MeO O

OO

Ph
FR

I

+

II

MeO O

OO

Ph
RF

LiHMDS, 2,4,6-Me3FP-OTf, THF, 

  –78º to rt

R

Me

Et

n-Pr

Bn

I + II

(87)

(96)

(96)

(88)

I:II

79:21

33:67

33:67

38:62
C22

O N

OO

Ph

OBn
O N

OO

Ph

OBn

F

302, 303

IE:Z = 3:1

LiHMDS, THF, 1 h; then NFOBS, 

  –78º, 2 h

LiHMDS, THF, –78˚, 1 h; then NFSI, 

  –78º, 2 h

I + II (80), I:II = 94:6

I + II (76), I:II = >98.5:1.5

O N

OO

Ph

OBn

F II

+

C27

N O

O O

Ph

(73) 304NaHMDS, NFSI, THF, –78º, 2 h

P(O)(OBu-t)2

N O

O O

Ph
P(O)(OBu-t)2

F

O
PhS

O

Ph

2,4,6-Me3FP-OTf, CH2Cl2, rt, 30 h
O

PhS

O

Ph

542(30), dr = 73:27

F

C24

NaHMDS, THF, 1 h; then NFOBS, 

  –78º, 2 h

I + II (78), I:II = 91:9

302, 303

302, 303
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Substrate Refs.Conditions Product(s), Yield(s) (%), and Diastereomeric Ratio (dr)

TABLE 13. AUXILIARY-CONTROLLED DIASTEREOSELECTIVE ELECTROPHILIC FLUORINATIONS (Continued)

N
Ar

O

O

O

Bn

Pr-i

N
Ar

O

O

O

Pr-i

N
Ar

O

O

O

Pr-i

+I I II

Bn F

F Bn

I + II  (>90), I:II = 83.5:16.5

1. NaH, DMF, 0º

2. 2,4,6-Me3FP-OTf, HMPA, THF, –78º

462

Ar = 4-MeOC6H4

C27-33

PhtN
N
Me

OR

O

O

Ph

4-BrC6H4

1. LiHMDS, THF, –78º

2. NFSI, –78º

R

Me

Bn

(>98)a

(86)

% de

82

98

PhtN
N
Me

OR

O

O

Ph

4-BrC6H4

F

* 339

C27

R

O O

R

O O

F

*

SelectfluorTM, MeCN, rt

I  (≥80), dr = 60:40 308

O O

O
Ph

Ph
O,

Ph

Ph

Ti
MeO OMe

Cl

Cl

O O

O
1-napht

1-napht
O

1-napht

1-napht,

Ti
MeCN NCMe

Cl

SelectfluorTM, MeCN, rt

I

I  (≥80), dr = 80:20 308

C32

R =

O

Cl

a The reported value is the percent conversion based on starting material.

H H

H
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Refs.

TABLE 14. ENANTIOSELECTIVE ELECTROPHILIC FLUORINATIONS

Substrate Conditions Product(s) and Yield(s) (%), % eeFluorinating Agent or Catalyst

C5-10

O
368

NMe

N
H

NFSI, DMF, 4º
R

O

Ph

O

R

F

*

R

i-Pr

n-Bu

n-C6H13

Bn

n-C8H17

oct-2-enyl

(74), 96

(40), 92

(94), 86

(97), 88

(90), 88

(59), 93

See Chart 2 at the beginning of the Tabular Survey for catalyst structures that are indicated by bold numbers.

C5-12

N
H

Ar

Ar

Ar = 3,5-(CF3)2C6H3

1. NFSI, MTBE, rt

2. NaBH4, MeOH, rt

OH

366

OTMS

R

i-Pr

n-Bu

t-Bu

n-C6H13

c-C6H11

Bn

1-adamantyl

BnO(CH2)3

Time

6 h

28 h

2 h

4 h

5 h

2 h

2 h

2 h

(>95)a, 96

(>90)a, 91

(>90)a, 97

(55), 96

(69), 96

(74), 93

(75), 96

(64), 91

R

F

O

R

C6

SelectfluorTM, MeCN, rt

O

365

O

F
*

N
H

R2

R1

R1

CO2H

CONH2

CH2OMe

CO2H

CO2H

C(OH)Ph2

R2

H

H

H

OH

OTBDMS

H

(43)b, 29

(42)b, 17

(56)b, 3

(56)b, 34

(60)b, 32

(10)b, 2

(100 mol%)
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Refs.

TABLE 14. ENANTIOSELECTIVE ELECTROPHILIC FLUORINATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%), % eeFluorinating Agent or Catalyst

N
H

CO2Bn
(16)b, 7

I  (35)b, 9
N
H

CO2H

365

365

(31), ≤ 10LiH, Et2O, rt

C7

321
OEt

O O

S

N F OEt

O O

F

*

CO2Et

O

CO2Et

O
FNaH, Et2O, 0º to rt

C8

321(63), 70

I

*

SelectfluorTM, MeCN, rt

SelectfluorTM, MeCN, rt

C6 O

S

N F
321KH, toluene, THF, 

  0º to rt

I  (≤5), ≤10

323I (41), 10

S

N F

Cl

Cl NaHMDS, THF, 

  –78º to rt

O

F
*

I

O O

S

N F

O O

O O

O O

" NaH, Et2O, –78º to rt I (59), 34 323
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323NaH, Et2O, –78º I  (57), ≤ 5

S

N F

OMe

OMe

325NaH, THF, 0º
Ts

N
OAc

F

Ph

I  (23), 6

NaH, THF, 0ºMs
N

F

Ph

325I  (6), 30

F-CD-BF4 NaH, THF, MeCN, 

  –40º to 20º

332I  (98), 40

Ts
N

F

Ph

NaH, THF, 0º to rt 325I  (20), 14

NFSI, EtOH, 40º (57), 94 360
P
Ar2

Ar2
P

Pd
2+

• 2TfO–

Ar = 3,5-Me2C6H3

O

O

O

O
P(OEt)2

OO O

P(OEt)2

O

F

*

O

MeN

N
H2

O

Ph

N
H

CO2H

F

O

c-C6H11 * 367

367

I (79)b, 26

I  (96)b, 63

NFSI, THF, i-PrOH,

  –10º, 4 h

NFSI, THF, i-PrOH,

  –10º, 0.3 h
+ CCl3CO2

–

O O

OH2

OH2

c-C6H11

609

Refs.

TABLE 14. ENANTIOSELECTIVE ELECTROPHILIC FLUORINATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%), % eeFluorinating Agent or Catalyst

C8-12

O

F

OH

R 367
MeN

N
H2

O

Ph

R

c-C6H11

Ph

Bn

EtO2C(CH2)4

Z-oct-5-enyl

n-C9H19

non-8-enyl

N-Boc 4-piperidinyl

1-adamantyl

(96), 99

(54), 99

(71), 96

(77), 91

(81), 94

(70), 94

(79), 94

(85), 92

(82), 98

1. NFSI, THF, i-PrOH,

    –10º

2. NaBH4, CH2Cl2

*+ CHCl2CO2
–

*

*

323NaHMDS, THF, 

  –78º to rtPh

O

Ph

O

FS

N F

Cl

Cl (41), 0

OBu-t

O O

OBu-t

O O

F

351(49), 91NFSI, EtOH, 20º

N
H

O

N
H

O

F

334(DHQD)2PYR, SelectfluorTM I (94), 67

1

C9

Ph

O

N
H

Ar

Ar

Ar = 3,5-(CF3)2C6H3

1. NFSI, toluene, 60º

2. NaBH4, MeOH, rt Ph

OH
F

(78), 48 366

R

O O

(DHQN)2AQN, SelectfluorTM MeCN, 0º, 2 d

MeCN, 0º, 2 d

I (56), 52 334
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NMe

N
H

O

Ph NFSI, THF, rt, 24 h I  (77), 16 368

368NFSI, THF, rt, 24 h I  (75), 28
S

N
H

CO2H

O

*

368NFSI, THF, rt, 24 h

R1

CO2H

CO2Bu-t

morpholinylcarbonyl

CO2Bn

CH2OH

CH2OMe

CH2OTIPS

CH2NH2

CH2NHBu-n

pyrrolidinylmethyl

pyrrolidinylmethyl, TFA

morpholinylmethyl

CH2NHPh

5-1H-tetrazolyl

CO2H

CO2H

C(OH)Ph2

Me

CH2OMe

R2

H

H

H

H

H

H

H

H

H

H

H

H

H

H

OH

OBu-t

H

H

H

R3

H

H

H

H

H

H

H

H

H

H

H

H

H

H

H

H

H

Me

CH2OMe

(94), 23

(90), 13

(63), 8

(73), 28

(70), 24

(83), 24

(90), 44

(99), 12

(30), 12

(84), 12

(85), 16

(66), 16

(88), 0

(98), 38

(93), 22

(65), 27

(34), 24

(19), 18

(42), 14

N
H

R2

R3 R1
I

Ph

F

(30 mol%)
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Refs.

TABLE 14. ENANTIOSELECTIVE ELECTROPHILIC FLUORINATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%), % eeFluorinating Agent or Catalyst

NFSI, DMF, 4º 368
N
H

R

R

CH2OTIPS

5-1H-tetrazolyl

CO2H

I

(92), 40

(99), 45

(93), 28
Ph

O
C9

O

*

Ph

F

(17)b, 48

Bn

O

N
H

Ph Ph NFSI, CH2Cl2, rt, 1 h

Bn

O

F 366

NFSI, CH2Cl2, rt, 1 h 366
N
H

COR

R

OH

NH2

(<10)b, 30

(24)b, 40

I

O

NFSI, EtOH, rt

O

P(OEt)2

O

F*
(82), 95 360

P
Ar2

Ar2
P

Pd • 2TfO–

Ar = 3,5-Me2C6H3

358I (38), 91
O

O
N N

O, Zn(ClO4)2

Ph Ph

NFSI, CH2Cl2, rt

P(OEt)2

O OH2

OH2

I

I

I

(100 mol%)

2+
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C9-19

P(OEt)2

O

NFSI, rt 362

Ar = 3,5-Me2C6H3

R1

R2

O

P
Ar2

Ar2
P

Pd
2+

• 2BF4
–

P(OEt)2

O

R1

R2

O

F

*

R1

     —(CH2)3—

Et

     —(CH2)4—

MeCH=CH—

Ph

4-ClC6H4

4-O2NC6H4

4-MeOC6H4

Ph

R2

Me

Me

Me

Me

Me

Me

Bn

Solvent

MeOH

THF

MeOH

THF

THF

THF

THF

THF

THF

Time

45 h

90 h

86 h

58 h

94 h

94 h

90 h

78 h

86 h

(67), 95

(65), 87

(73), 95

(79), 93

(62), 91

(68), 91

(78), 87

(61), 91

(50), 91

(54), 54 326LDA, THF, –40º

C10

NF
S

C6H11-c

O O

F

I

327NF
S

Bu-t

LiHMDS, THF, –50º I  (74), 52
O2N

LiHMDS, THF, –40º 328I  (76), 40

NF
S Pr-i

NF
S

c-C6H11

LDA, THF, –40º (62), 48 326

O

F

OH2

NCMe

O
O

O O

O O

O
O

2+
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Refs.

TABLE 14. ENANTIOSELECTIVE ELECTROPHILIC FLUORINATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%), % eeFluorinating Agent or Catalyst

C10

O

F

NF
S

Pr-i

LiHMDS, THF, –40º (69), 13 328

CO2Bu-t

O

NFSI, EtOH, 20º

CO2Bu-t

O
F (90), 92 351

NFSI, [bmim][BF4], rt

FP-BF4, THF, HFIP, rt

FP-BF4, THF, rt

NFSI, Et2O, rt

I

I  (94), 91

I  (58), 67

I  (65), 50

I  (92), 36

352

359

359

359

1

2

4

4

5 • ZnEt2

*

Ru

Cl

L

+
I (69), 92 347N N

P
Ph2

P
Ph2

H H

L = OEt2

PF6
–

O

311I (84), 93
O

O
N N

O,

Ph Ph

NFSI, CH2Cl2, 4 Å MS, 

  rt, 2 h

O O

NFSI, CH2Cl2, rt

Ni(ClO4)2 • 6H2O
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CO2Bu-t

O
F

*

C10

O

N N

O

R R
M

2+

• 2X–
357

R

(R)-Ph

(R)-Ph

(R)-Ph

(R)-Ph

(R)-Ph

(R)-Ph

(R)-Ph

(R)-Ph

(R)-Ph

(R)-Ph

(R)-Ph

(R)-Ph

(R)-Ph

(R)-Ph

(R)-Ph

(R)-Bn

(S)-t-Bu

(R)-Ph

(R)-Ph

(R)-Ph

(R)-Ph

(R)-Ph

(R)-Ph

M

Cu

Cu

Cu

Cu

Cu

Cu

Mg

Zn

Zn

Sc

La

Cu

Cu

Cu

Cu

Cu

Cu

Cu

Cu

Cu

Cu

Cu

Cu

X

OTf

OTf

OTf

OTf

OTf

OTf

ClO4

OTf

OTf

OTf

OTf

OTf

OTf

OTf

OTf

OTf

OTf

OTf

OTf

OTf

OTf

OTf

OTf

Fluorine donor

SelectfluorTM

FP-OTf

NFSI

NFSI

NFSI

NFSI

NFSI

NFSI

NFSI

NFSI

NFSI

NFSI

NFSI

NFSI

NFSI

NFSI

NFSI

NFSI

NFSI

NFSI

NFSI

NFSI

NFSI

Additive

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

none

i-Pr2NEt

2,6-lutidine

t-BuOK

3 Å MS

HFIP

HFIP

Solvent

CH2Cl2

CH2Cl2

CH2Cl2

THF

toluene

Et2O

Et2O

Et2O

toluene

Et2O

Et2O

Et2O

Et2O

Et2O

Et2O

Et2O

Et2O

Et2O

Et2O

Et2O

Et2O

Et2O

Et2O

Time

16 h

3 h

3 h

0.5 h

2 h

0.5 h

48 h

12 h

48 h

2.5 h

48 h

0.5 h

0.5 h

4 h

48 h

2 h

2 h

12 h

12 h

4 h

36 h

0.5 h

0.5 h

Temp

rt

rt

rt

rt

rt

rt

rt

rt

rt

rt

rt

rt

rt

0º

–20º

rt

rt

rt

rt

rt

rt

rt

0º

(97), 36

(98), 35

(84). 47

(96), 57

(90), 73

(95), 74

(80), 7

(84), 74

(74), 47

(86), 17

(84), 14

(96), 73

(89), 72

(86), 69

(82), 72

(87), 5

(91), 20

(90), 70

(89), 70

(94), 4

(72), 70

(96), 85

(94), 82

Fluorine donor, additive
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TABLE 14. ENANTIOSELECTIVE ELECTROPHILIC FLUORINATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%), % eeFluorinating Agent or Catalyst

334

OBu-t

Et

O O

I (90), 58

2 NFSI, [bmim][BF4], rt

OBu-t

Et

O O

F

*

I (80), 85

352

N
H

Et

O

(DHQN)2AQN, SelectfluorTM MeCN, 0º, 2 d

N
H

Et

O

F

*

I

I

C10

Ph

N
H

O

Ph

O

F

NMe

N
H2

O

Bu-t
369

1. Catalyst (20 mol%), 

    CHCl3, –20º

2.                       , 24 h

                       E = CO2Bu-t

3. NFSI, THF/i-PrOH (9:1)

(60), 99, dr = 3:1

NMe

N
H2

O

Ph

1.

                       E = CO2Bu-t

    CHCl3, –20º, 10 min

2. A (7.5 mol%), 30 h

3. NFSI, B (30 mol%), 

    THF/i-PrOH (9:1), 

    –10º, 12 h

369I (62), 99, dr = 9:1

CCl3CO2
–

+

+ CHCl2CO2
–

EE

A

B

NMe

N
H2

O

Bu-t
CCl3CO2

–
+

2 NFSI, EtOH, 20º (88), 87 351

(DHQD)2PYR, SelectfluorTM MeCN, 0º, 2 d (79), 76 334

N
H

EE

I
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NMe

N
H2

O

Ph

1.

                       E = CO2Bu-t

    CHCl3, –20º, 10 min

2. A (7.5 mol%), 30 h

3. NFSI, B (30 mol%), 

    THF/i-PrOH (9:1), 

    –10º, 12 h
+ CHCl2CO2

–

A

B

NMe

N
H2

O

Bu-t
CCl3CO2

–
+

N
H

EE

Ph

O

F

369(81), 99, dr = 16:1

Ph CO2Me

CN

N

R1O

N
R2

+ Br–

Bu-tt-Bu
OMe

Bu-tt-Bu

A

B

NFSI, base, toluene, rt

R1

allyl

allyl

allyl

allyl

propargyl

propargyl

propargyl

propargyl

allyl

R2

A

A

A

A

A

A

A

A

B

Base

K2CO3

KOH

Cs2CO3

CsOH

K2CO3

KOH

Cs2CO3

CsOH

Cs2CO3

(52), 25

(64), 26

(71), 45

(47), 35

(49), 15

(52), 25

(76), 50

(72), 15

(46), 16

364
*

368NFSI, DMF, 4º
N
H

R

CHO
CHO

F

*

R

CH2OTIPS

5-1H-tetrazolyl

CO2H

(98), 66

(98), 55

(93), 44

Ph CO2Me

NC F

R2 =

R2 =
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TABLE 14. ENANTIOSELECTIVE ELECTROPHILIC FLUORINATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%), % eeFluorinating Agent or Catalyst

N
H

R2 NFSI, DMF, 4º
O

n-C8H17
R1

O

n-C8H17

F

* 368

R1

H

H

H

H

H

H

CH2OMe

R2

CO2H

CONH2

CH2OMe

CH2OTIPS

5-1H-tetrazolyl

C(OH)Ph2

CH2OMe

(29)b, 29

(50)b, 22

(30)b, 32

(30)b, 37

(32)b, 30

(9)b, 50

(21)b, 46

P(OEt)2

O

NFSI, EtOH, rt

O

P(OEt)2

O

F*
(93), 96 360

P
Ar2

Ar2
P

Pd • 2TfO–

Ar = 3,5-Me2C6H3

O

P
Ph2

Ph2
P

Pd NFSI, MeOH, rt

• 2PF6
–

C10-22

Ph CN

CO2R

Ph CN

CO2RF

*
354

R

Me

Et

Bn

CH2C6H4NO2-4

CHPh2

Time

12.5 h

13.5 h

12.5 h

12 h

10 h

(56), 67

(79), 79

(75), 81

(75), 75

(62), 83

OH2

OH2

OH2

NCMe

C10

(30 mol%)

2+

2+
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S

N F

C11

321LDA, THF, –78º to rt

321

323

NaHMDS, THF, –78º

I  (34), ≤ 10

S

N F

Cl

Cl

S

N F

OMe

OMe

S

N F

323I  (55), <5

Ph CO2Et

LDA, THF, –78º to rt

LDA, THF, –78º to rt

Ph CO2Et

F

I

(27), 35

I (62), 29

O O
F

321

323

(<5), 35LDA, THF, –78º to rt

LDA, THF, –78º I (31), 10

O O

O
O

O O

O
O

S

N F

O O

S

N F

Cl

Cl

O O

"

"

NaHMDS, THF, –78º I (54), 33 323

NaH, Et2O, 0º to rt I (28), 25 323

I
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TABLE 14. ENANTIOSELECTIVE ELECTROPHILIC FLUORINATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%), % eeFluorinating Agent or Catalyst

O O
F

C11

S

N F

OMe

OMe NaHMDS, –78º to rt I (61), <5 323

I (12), 2 325LDA, THF, –40º to 0ºTs
N

OAc

F

Ph

I (16), 46Ts
N

F

Ph

LDA, THF, –40º to 0º 325

LDA, THF, –40º to 0º I (11), 20Ms
N

F

Ph

325

323

S

N F

Cl

Cl NaHMDS, THF, 

  –78º to 0º

I (41), 67

O O

" KHMDS, THF, –40º to 0º I (8), 8 325

KHMDS, THF, –40º to 0º

LiHMDS, THF, –40º to 0º

NaHMDS, THF, 

  –40º to 0º

I (46), 46

I (3), 46

I (16), 32

325

325

325

NaHMDS, Et2O, –78º

NaHMDS, –78º

NaHMDS, HMPA, –78º

LDA, ZnCl2, THF, 

  –78º to rt

I (51), 6

I (53), 76

I (24), 70

I (33), 10

323

323

323

323

"

"

"

"

"

"

"

O O
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I (67), 74 326

326

LDA, THF, –40ºNF
S

C6H11-c

O
O

LDA, HMPA, THF, –40º I (65), 14"

LiHMDS, THF, –40º I (65), 70 328

NF
S Pr-i

F-CN-BF4

F-QD-BF4

NaH, THF, MeCN, 

  –40º to 20º

NaH, THF, MeCN, 

  –40º to 20º

I (70), 40

I (87), 27

332

332

323

S
N

F

Cl

Cl
NaHMDS, THF, –78º 

  (inverse addition)

I (40), 75

(79), 62 327NF
SO2N

Bu-t

LiHMDS, THF, –50º

O

F

F-CD-BF4

F-CD-BF4

F-QN-BF4

NaH, THF, MeCN, 

  –40º to 20º

NaH, THF, MeCN, 

  –60º to 20º

NaH, THF, MeCN, 

  –40º to 20º

I (98), 50

I (80), 56

I (98), 20

332

332

332

I

O O

O O

O
O

323

" NaHMDS, THF, 

  –78º to rt

I (50), 65
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TABLE 14. ENANTIOSELECTIVE ELECTROPHILIC FLUORINATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%), % eeFluorinating Agent or Catalyst

O

Et
NF

S

C6H11-c

LDA, THF, –40º

O

F

Et

(73), 20 326

O

N N

O

Ph Ph
Cu

2+

• 2TfO– NFSI, Et2O, HFIP, 20º I  (92), 63 357

O

NFSI, EtOH, –10º I  (91), 94 351CO2Bu-t

O
CO2Bu-t

F*
3

O
O

N N
O,

Ph Ph

NFSI, CH2Cl2, 4 Å MS, 

  rt, 2 h

I (86), 99 311

309
O O

O
1-napht

1-napht
O

1-napht

1-napht

Ti
MeCN NCMe

Cl
SelectfluorTM, MeCN, rtc (53), 33Ph OEt

O O

Cl

Ph OEt

O O

Cl F

*

C11
O

O

Cl

Ni(ClO4)2 • 6H2O

622



CO2Me

O

CO2Me

O

F

NFSI, base, toluene, rt 363

N

R1O

N
R2

+
Br–

Bu-tt-Bu
OMe

Bu-tt-Bu

A

B

C

R1

H

allyl

allyl

allyl

allyl
allyl

benzyl
propargyl
propargyl

propargyl

propargyl

propargyl

propargyl

propargyl

propargyl

propargyl

propargyl

allyl

allyl

allyl

benzyl

H

allyl

allyl

allyl

allyl

allyl

benzyl

R2

A

A

A

A

A
A

A
A
A

A

A

A

A

A

A

A

A

B

B

B

B

C

C

C

C

C

C

C

Base

K2CO3

K2CO3

KOH

Cs2CO3

RbOH
Rb2CO3

K2CO3

K2CO3

KOH

KHCO3

Cs2CO3

RbOH

Rb2CO3

K2CO3
d

K2CO3
e

K2CO3
f

K2CO3
g

K2CO3

KOH

RbOH

K2CO3

K2CO3

K2CO3

KOH

Cs2CO3

RbOH

Rb2CO3

K2CO3

(87), 20

(91), 55

(84), 58

(82), 21

(80), 20
(81), 41

(81), 28
(92), 69
(89), 37

(82), 15

(94), 60

(82), 27

(83), 36

(81), 36

(87), 68

(88), 6

(82), 13

(84), 56

(83), 65

(85), 60

(88), 20

(82), 6

(90), 66

(85), 60

(87), 61

(83), 38

(86), 31

(83), 7

R2 =

*

R2 =

R2 =

(10 mol%)
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TABLE 14. ENANTIOSELECTIVE ELECTROPHILIC FLUORINATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%), % eeFluorinating Agent or Catalyst

CO2Me

O

CO2Me

O

F
*

C11

F-CD-BF4 NaH, THF, MeCN, 

  –40º to 20º

(95), 36 332

AcDHQD, SelectfluorTM
CO2Et

CN

MeCN, CH2Cl2, –80º, 

  3-6 h

CO2Et

CN

F
I  (81), 83 334

*

N

O

N
+ Br–

Bu-t

OMe

Bu-t

NFSI, Cs2CO3, toluene, rt I  (65), 42 364

AcDHQD, SelectfluorTMCO2Et

CN

MeCN, CH2Cl2, –80º, 

  3-6 h

CO2Et

CN

F
(56), 68 334

Cl Cl

AcDHQD, SelectfluorTM MeCN, CH2Cl2, –80º, 

  3-6 h

(92), 80 334

O
CO2Et

O

O

CO2Et

O

F

N
H

O

Pr-i

N
H

O

Pr-iF

334(DHQN)2PHAL, SelectfluorTM MeCN, 0º, 2 d (12), 40

*

*

*
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N
H

O

CO2Et

N
H

O

CO2EtF

334(DHQD)2PYR, SelectfluorTM MeCN, 0º, 2 d (93), 37*

P(OMe)2

O

Ph

O O
O

N N
O, Zn(ClO4)2

Ph Ph

NFSI, CH2Cl2, rt 358(46), 70

O

P(OMe)2

O

F

*Ph

I

O

CO2Me

323I (75), 25

(8), 14

S

N F
323NaHMDS, THF, 

  –78º to rt

S

N F

Cl

Cl NaHMDS, THF, –78º

I

C12

NF
SO2N

Bu-t

LiHMDS, THF, –50º

CO2Me

O
F

I (73), 43 327

*

O O

O O

O O

(DHQN)2AQN, SelectfluorTM MeCN, 0º, 2 d I (91), 23

I

" NFSI, CH2Cl2, reflux I (77), 70 358

"

"

"

LDA, THF, –78º

KHMDS, THF, –78º 

  (inverse addition)

LDA, THF, –78º 

  (inverse addition)

I (25), 26

I (90), 41

I (87), 17

323

323

323

334
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TABLE 14. ENANTIOSELECTIVE ELECTROPHILIC FLUORINATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%), % eeFluorinating Agent or Catalyst

O

CO2Me

C12

CO2Me

O
F

*

N

O

N
+ Br–

Bu-t

OMe

Bu-t

NFSI, RbOH, toluene, rt (87), 40 363

AcDHQD, SelectfluorTM

DHQD, SelectfluorTM

MeCN, CH2Cl2, –80º, 

  3-6 h

MeCN, CH2Cl2, –80º, 

  3-6 h

I (26), 2

I (79), 59

334

334

I

NFSI, Cs2CO3, toluene, rt I (88), 48 363"

Ts
N

OAc

F

Ph

Ts
N

F

Ph

Ms
N

F

Ph

325

325

325

NaH, THF, 0º (4), 8

NaH, THF, 0º I (21), 18

NaH, THF, 0º I (21), 6

Ph OEt

O O

Ph OEt

O O

F
I

308
O O

O
1-napht

1-napht
O

1-napht

1-napht

Ti
MeCN NCMe

SelectfluorTM, MeCN, rt I (71), 62
Cl

Cl
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N

O

N
+ Br–

Bu-t

OMe

Bu-t

NFSI, NaH, toluene, rt I (89), 40 363

(≥80), 28SelectfluorTM, MeCN, rt

O O

O
Ph

Ph
O

Ph

Ph

Ti
MeO OMe

Cl

308
Ph OEt

O O

F

I (76), 44

(70), 72 326LDA, THF, –40º

327

NF
S

C6H11-c

NF
SO2N

Bu-t

Et

O O
F

Et

LiHMDS, THF, –50º

309Et OBn

O O

Cl

O O

O
1-napht

1-napht
O

1-napht

1-napht

Ti
MeCN NCMe

SelectfluorTM, MeCN, rtc (60), 57
Et OBn

O O

Cl F

*

Cl

O
O

O O

Cl

Cl

I
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TABLE 14. ENANTIOSELECTIVE ELECTROPHILIC FLUORINATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%), % eeFluorinating Agent or Catalyst

Et SPh

O O O O

O
1-napht

1-napht
O

1-napht

1-napht

Ti
MeCN NCMe

SelectfluorTM, MeCN, rt
Et SPh

O O

F

(78), 91 347

C12

347
O O

O
1-napht

1-napht
O

1-napht

1-napht

Ti
MeCN NCMe

SelectfluorTM, MeCN, rt (50), 88
Et OPh

O O

Et OPh

O O

F

O O

O
1-napht

1-napht
O

1-napht

1-napht

Ti
MeCN NCMe

SelectfluorTM, MeCN, rt (63), 51 347
O

Ph

O O

O
Ph

O O

F

347
O O

O
1-napht

1-napht
O

1-napht

1-napht

Ti
MeCN NCMe

SelectfluorTM, MeCN, rt (85), 62

Et

O

O

N

Et

O

O

N

F

*

*

Cl

Cl

Cl

Cl

Cl

Cl

Cl

Cl
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CO2Et

CN

Alkaloid, SelectfluorTM CO2Et

CN

F
MeCN, CH2Cl2, –80º, 

  3-6 h

334

Alkaloid

QN

BzDHQD

(4-O2NC6H4CO)DHQD

(4-ClC6H4CO)DHQD

(2-anthraquinoyl)DHQD

(1-naphthoyl)DHQD

(4-MeOC6H4CO)DHQD

(C6F5CO)DHQD

AcDHQD

(C2H5CO)DHQD

(DHQD)2PHAL

CN

DHCN

AcDHCN

BzDHCN

AcDHCD

BzDHCD

(95), 20

(83), 79

(78), 67

(97), 73

(36), 78

(88), 64

(27), 79

(54), 47

(80), 87

(100), 72

(76), 58

(83), 4

(93), 1

(84), 7

(86), 5

(90), 12

(82), 5
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TABLE 14. ENANTIOSELECTIVE ELECTROPHILIC FLUORINATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%), % eeFluorinating Agent or Catalyst

CO2Et

CN

Alkaloid, SelectfluorTM F

CN

CO2Et
MeCN, CH2Cl2, –80º, 

  3-6 h

334

Alkaloid

(4-ClC6H4CO)DHQN

AcDHQN

(C6F5CO)DHQN

(C6H5CO)DHQN

(2-anthraquinoyl)DHQN

(DHQN)2PHAL

(DHQN)2PYR

QD

DHQD

CD

DHCD

(100), 51

(89), 31

(91), 11

(82), 40

(34), 33

(93), 11

(85), 48

(84), 23

(55), 29

(87), 9

(63), 3

O

CO2Et

O

CO2Et

F

N

O

N
+ Br–

Bu-t

OMe

Bu-t

NFSI, Cs2CO3, toluene, rt I (91), 63

363

AcDHQD, SelectfluorTM MeCN, CH2Cl2, –80º, 

  3-6 h

I  (89), 78 334

*

C12

NFSI, K2CO3, toluene, rt I (92), 50

363"
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C12-16

NFSI, MeOH, rt 362

Ar = 3,5-Me2C6H3

P
Ar2

Ar2
P

Pd

• 2BF4
–

R1

H

H

H

6-MeO

5,6-(MeO)2

H

5,7-Me2

R2

Me

Et

Et

Et

Et

i-Pr

Et

n

2

1

2

2

1

2

2

Time

6 h

3 h

8 h

10 h

11 h

23 h

12 h

(89), 93

(91), 97

(93), 97

(92), 95

(86), 95

(91), 95

(84), 95
C13

O
Et

O
Et

F

326(48), 43LDA, THF, –40ºNF
S

C6H11-c

*

SelectfluorTM, MeCN, rt I (82), 71 308
O O

O
1-napht

1-napht
O

1-napht

1-napht

Ti
MeCN NCMe

SelectfluorTM, MeCN, rt

O O

O
Ph

Ph
O

Ph

Ph

Ti
MeO OMe

I (≥80), 48 308

Et OBn

O O

Et OBn

O O

F

*

O

P(OR2)2R1

O

n

O

R1

n
F

P(OR2)2

O

*

OH2

NCMe

O
O

Cl

Cl

Cl

Cl

2+
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TABLE 14. ENANTIOSELECTIVE ELECTROPHILIC FLUORINATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%), % eeFluorinating Agent or Catalyst

N

O

N
+ Br–

Bu-t

OMe

Bu-t

NFSI, CsOH, toluene, rt (78), 52

363

CO2Et

O O

F

CO2Et

*

TMS

F

(>95)b, 28

(>95)b, 32

(>95)b, 48

(>95)b, 60

(>95)b, 53

MeCN, –20º, 24 h

MeCN, –20º, 24 h

MeCN, –20º, 24 h

MeCN, –20º, 24 h

CH2Cl2, –20º, 24 h

(4-ClC6H4CO)DHQN,

  SelectfluorTM

MQE-DHQN, SelectfluorTM

PE-DHQN, SelectfluorTM

(DHQN)2PYR, SelectfluorTM

(DHQN)2PYR, SelectfluorTM

*

OTMS

MeCN, –40º

[bmim][PF6], rt

MeCN, –40º

[bmim][PF6], rt

[bmim][PF6], rt

[bmim][PF6], rt

MeCN, –20º, 12 h

O

F

(97), 67

(89), 64

(91), 62

(94), 65

(82), 60

(99), 43

(93), 54

336

344

336

344

344

344

335

F-(4-ClC6H4CO)QN-BF4

F-(4-ClC6H4CO)QN-BF4

F-(4-ClC6H4CO)QN-N(SO2Ph)2

F-(4-O2NC6H4CO)QN-BF4

F-(4-MeOC6H4CO)QN-BF4

F-(4-ClC6H4CO)CD-BF4

(4-ClC6H4CO)DHQN,

  SelectfluorTM

C13

NFSI, K2CO3, toluene, rt (74), 41

363

370

"
632



O

F

F-(4-ClC6H4CO)QD-BF4 [bmim][PF6], rt I (96), 53 344

I

O

CO2Bn

DHQN, SelectfluorTM MeCN, CH2Cl2, –80º, 

  3-6 h

O

CO2Bn

F

I (55), 43

334

(59), 60 327LiHMDS, THF, –50º

Et

O O
Et

F

OMe OMe

NF
SO2N

Bu-t

*

I

N
O

Boc
N

O

Boc

F

* 5436 (2.5 mol%) NFSI, rt

Solvent

THF

THF/MeOH (5:1)

THF/MeOH (1:1)

DCE/MeOH (1:1)

Time

43 h

60 h

18 h

18 h

(29), 21 

(55), 60

(51), 84

(53), 93

O O

F-(4-ClC6H4CO)CN-BF4 [bmim][PF6], rt (91), 24 344

AcDHQD, SelectfluorTM MeCN, CH2Cl2, –80º, 

  3-6 h

(28), 25

334

633

Refs.

TABLE 14. ENANTIOSELECTIVE ELECTROPHILIC FLUORINATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%), % eeFluorinating Agent or Catalyst

NFSI, EtOH, rt (84), 95 360
P
Ar2

Ar2
P

Pd • 2TfO–

Ar = 3,5-Me2C6H3

O

P(OEt)2

O
O

F
*

NFSI, EtOH, 40º I (38), 95 360
P
Ar2

Ar2
P

Pd • 2TfO–

O

O

O

O
P(OEt)2

O

Ph

O O

P(OEt)2

O

F

*Ph

NFSI, CH2Cl2, reflux I (86), 88

358
O

O
N N

O, Zn(ClO4)2

Ph Ph

C13-17

R3

R2

OH R1

QN, SelectfluorTM MeCN, K2CO3, rt, 6 d

F

OHC R3

R2

R1

373

C13

P(OEt)2

OOH2

OH2

OH2

OH2

Ar = 3,5-Me2C6H3

NFSI, CH2Cl2, rt I (59), 89

358"

2+

2+
634



R1

H

H

OMe

H

H

H

H

—CH=CH—CH=CH—

R2

H

   —OCH2O—

H

H

OMe

H

OMe

R3

H

H

OMe

H

Me

OMe

H

(33), 67

(39), 74

(50), 71

(41), 76

(48), 54

(35), 70

(42), 73

(45), 82

P
Ph2

Ph2
P

Pd
2+

NFSI, MeOH, 0º

• 2PF6
–

C13-21

R CN

CO2Bu-t

R CN

CO2Bu-tF

*
354

R

Ph

4-ClC6H4

4-MeC6H4

4-MeOC6H4

2-naphthyl

9-anthryl

Time

60 h

17 h

60 h

72 h

60 h

52 h

(83), 99

(94), 85

(85), 93

(85), 99

(88), 93

(42), 91
C14

347
O O

O
1-napht

1-napht
O

1-napht

1-napht

Ti
MeCN NCMe

(40), 24OBn

O O

Pr-i

SelectfluorTM, MeCN, rt
OBn

O O

Pr-iF

*

323

O

CO2Me

OMe

OMe

O
F

CO2Me

OMe

OMe
S

N
NaH, Et2O, 0º to rt (28), 25*

OH2

NCMe

Cl

Cl

O O

F

2+

635

Refs.

TABLE 14. ENANTIOSELECTIVE ELECTROPHILIC FLUORINATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%), % eeFluorinating Agent or Catalyst

O

CO2Me

OMe

OMe

O
F

CO2Me

OMe

OMe

*

C14

NaHMDS, THF, 0º to rt

NaHMDS, Et2O,

  –78º to rt

NaH, Et2O, 0º to rt

NaH, Et2O, 0º to rt 

  (inverse addition)

KHMDS, THF, –78º

S

N

OMe

OMe NaHMDS,  –78º

S

N

Cl

Cl

I

323

I (57), 26

I (85), 37

I (95), 46

I (95), 40

I (28), 20

323I (83), 14

(85), 83 351
CO2Bu-t

O

NFSI, EtOH, –20º CO2Bu-t

O

F

2

O O

O O

NaHMDS, THF, 

  –78º to rt

(22), 34

323

323

323

323

323

323

"

"

"

"

"

" LDA, THF, –78º to 0º I (76), 14

I

O

N N

O

Ph Ph
Ni

2+

• 2ClO4
– NFSI 310

Solvent

THF

CH2Cl2

CH2Cl2

CH2Cl2

CH2Cl2
h

Temp

–10º

–10º

–25º

20º

20º

(65), 1

(72), 71

(83), 51

(92), 76

(87), 93

I

F

F

636



O

N N

O

Ph Ph
Cu

2+

• 2TfO– CO2Bu-t

O

F

310NFSI

Solvent

THF

CH2Cl2

THF

Et2O

MTBE

Et2Oh

Temp

–10º

–10º

30º

20º

20º

20º

I

(89), 46

(50), 39

(77), 51

(72), 69

(94),60

(81), 70

I

I (93), 99 311
O

O
N N

O,

Ph Ph

NFSI, CH2Cl2, 4 Å MS, 

  rt, 6 h

Ph OBu-t

O O

NFSI, Et2O, HFIP, 20º
Ph OBu-t

O O

F

(56), 43 357

Ph OBu-t

O O

F

NFSI, EtOH, 20º I (92), 91 3513

O

N N

O

Ph Ph
Cu

2+

• 2TfO–

NFSI, [bmim][BF4], rt

NFSI, [bmim][OTf], rt

NFSI, [hmim][BF4], rt

I (68), 91

I (88), 92

I (93), 92

352

352

352

2

2

2

Ni(ClO4)2 • 6H2O

637

Refs.

TABLE 14. ENANTIOSELECTIVE ELECTROPHILIC FLUORINATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%), % eeFluorinating Agent or Catalyst

Ph OBu-t

O O

Ph OBu-t

O O

F

C14

P
Ar2

Ar2
P

Pd • 2TfO–

Ar = 3,5-Me2C6H3

O

O

O

O
NFSI, EtOH, 20º (96), 91 351

P(OEt)2

O

NFSI, EtOH, rt

O

P(OEt)2

O

F*
(97), 94 360

P
Ar2

Ar2
P

Pd • 2TfO–

Ar = 3,5-Me2C6H3

O

370

I (>95)b, 22

I (>95)b, 30

MeCN, –20º, 24 h

MeCN, –20º, 24 h

(DHQN)2PYR, SelectfluorTM

MQE-DHQN, SelectfluorTM

TMS

F
(4-ClC6H4CO)DHQN, SelectfluorTM MeCN, –20º, 24 h (>95)b, 9

370

370

I

OTMS

Et

F-(2-naphthoyl)QN-BF4

(4-ClC6H4CO)DHQN, SelectfluorTM

[bmim][PF6], rt

MeCN, –20º, 12 h

I (98), 93

I  (99), 73

344

O

Et

F

F-(4-ClC6H4CO)QN-BF4 [bmim][PF6], rt (82), 82

344

335

OH2

OH2

OH2

OH2

I

2+

2+

638



OTMS O

F
NaOH, THF, –40º (93), 61 332F-CD-BF4

MeCN, –20º, 12 h(4-ClC6H4CO)DHQN, SelectfluorTM I (94), 42 335

F-(4-ClC6H4CO)QD-BF4

F-(4-ClC6H4CO)QD-BF4

[bmim][PF6], rt

[hmim][PF6], rt

O
F

I (91), 34

I (75), 34

344

I

I

AcDHQD, SelectfluorTMCO2Et

CN

MeCN, CH2Cl2, –80º, 

  3-6 h

CO2Et

CN

F
(82), 87 334

i-Pr i-Pr

*

N
H

O

Ph

NFSI, THF, rt, 60 h

N
H

O

Ph
F

* 543(20), 5
P
Ar2

Ar2
P

Pd • 2TfO–

Ar = 3,5-Me2C6H3

N
O

Boc

R

N
O

Boc

R

C14-19

O
O

N N
O,

Ph Ph

Ni(OAc2)2 • 4H2O

NFSI, CH2Cl2,

  4 Å MS, rt

F

*
R

Me

Ph

Time

35 h

5 h

(73), 93

(72), 96

311

OH2

OH2

F-(4-ClC6H4CO)QD-BF4 [emim][BF4], rt (83), 22

344

344

2+

639

Refs.

TABLE 14. ENANTIOSELECTIVE ELECTROPHILIC FLUORINATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%), % eeFluorinating Agent or Catalyst

C14-21

N
O

Boc

N
O

Boc

F

* 5436 (2.5 mol%) NFSI, i-PrOH

Time

5 h

18 h

10 h

2 h

2 h

18 h

3 h

3 h

18 h

4 h

3 h

(86), 95

(85), 96

(85), 92

(85), 86

(85), 75

(96), 90

(94), 84

(97), 86

(92), 88

(72), 80

(80), 75

R1

R2 R2

R1

R1

Me

Me

Et

MeC(O)CH2

i-Bu

Ph

4-FC6H4

4-MeC6H4

4-MeC6H4

Bn

2-MeOC6H4

R2

H

H

H

H

H

H

H

H

H

H

CF3

Temp

rt

0º

rt

rt

rt

0º

rt

rt

0º

rt

rt

C15

O
O

N N
O, Zn(ClO4)2

Ph Ph

NFSI, CH2Cl2, reflux

P(OEt)2

O

Ph

O

I (91), 90

358

O

P(OEt)2

O

*Ph

F

I (41), 91

O

O

OH

QN, SelectfluorTM K2CO3, MeCN, rt, 6 d

F

OHC

373(34), 65O

O

NFSI, CH2Cl2, rt

" 358

640



N
H

O

Ph

N
H

O

PhF

334Alkaloid, SelectfluorTM MeCN, 0º, 2 d

Alkaloid

AcDHQD

(4-ClC6H4CO)DHQN

DHQD

(4-ClC6H4CO)DHQD

DHCN

DHCD

AcDHCD

AcDHCN

(DHQN)2AQN

(DHQD)2PYR

(DHQD)2AQN

(DHQN)2PYR

(DHQN)2PHAL

(DHQD)2PHAL

AcDHQDi

(4-ClC6H4CO)DHQD

(27), 37

(60), 7

(17), 18

(46), 38

(19), 0

(26), 7

(32), 18

(34), 9

(100), 78

(91), 72

(88), 10

(94), 42

(74), 23

(99), 62

(53), 44

(77), 55

*

370

I (>95)b, 45

I (>95)b, 21

MeCN, –20º, 24 h

MeCN, –20º, 24 h

(DHQN)2PYR, SelectfluorTM

PE-DHQN, SelectfluorTM

TMS

F

OTMS

Et MeCN, CH2Cl2, –50º, 

  12 h

(4-ClC6H4CO)DHQN, SelectfluorTM

O
F

Et
(71), 67 335

(4-ClC6H4CO)DHQN, SelectfluorTM MeCN, –20º, 24 h I (>95)b, 8

370

370

641

Refs.

TABLE 14. ENANTIOSELECTIVE ELECTROPHILIC FLUORINATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%), % eeFluorinating Agent or Catalyst

*
AcDHQD, SelectfluorTM CO2Et

CN

F
334CO2Et

CN

MeCN, CH2Cl2, –80º, 

  3-6 h

(87), 76

C16

R1

CO2R2

CN

N

O

N
+ Br–

Bu-t

OMe

Bu-t

NFSI, Cs2CO3, toluene, rt 364
R1

CO2R2

CN
F

*

R1

Ph

Ph

4-FC6H4

4-ClC6H4

R2

CH2C6H5

CH2C6H4NO2-4

CH2C6H4NO2-4

CH2C6H4NO2-4

(77), 61

(76), 73

(76), 73

(72), 76

(63), 54 326LDA, THF, –40ºNF
S

C6H11-c

O

Bn

O

F

Bn

LiHMDS, THF, –40º I (59), 54 328

NF
S Pr-i

O

Bn

F
I

(40), 57 327NF
SO2N

Bu-t

LiHMDS, THF, –50º

C15

O
O

O O

O O

I

642



328

NF
S Pr-i

LiHMDS, THF, –40º I (42), 24

NPht

CN

NPht

CN
F

338LiHMDS, THF, –78º
*

Fluorinating agent

F-CD-BF4

F-AcCD-BF4

F-AcQN-BF4

F-(4-ClC6H4CO)QN-BF4

F-(4-ClC6H4CO)DHQN-BF4

F-(4-MeOC6H4CO)QN-BF4

F-(4-O2NC6H4CO)QN-BF4

F-CN-BF4

F-(4-ClC6H4CO)CN-BF4

F-AcDHQD-BF4

F-(4-ClC6H4CO)DHQD-BF4

(48), 36

(91), 52

(88), 80

(70), 91

(65), 92

(56), 94

(58), 90

(68), 48

(70), 66

(72), 75

(64), 82

O O

Fluorinating agent

308
O O

O
1-napht

1-napht
O

1-napht

1-napht

Ti
MeCN NCMe

SelectfluorTM, MeCN, rt (≥80), 68
O

O O

O

O O

F
Cl

Cl

*

643

Refs.

TABLE 14. ENANTIOSELECTIVE ELECTROPHILIC FLUORINATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%), % eeFluorinating Agent or Catalyst

(≥80), 51SelectfluorTM, MeCN, rt

O O

O
Ph

Ph
O

Ph

Ph

Ti
MeO OMe

308Cl

Cl

O

O O

O

O O

F

*

C16

N
H

O
N
H

O

F
334(DHQD)2PYR, SelectfluorTM MeCN, 0º, 2 d

OMe OMe

(79), 82
*

H
NCF3

O

OMe

Cl

H
NCF3

O

F

F-(4-ClC6H4CO)QN-BF4

F-(4-ClC6H4CO)QN-BF4

F-(4-ClC6H4CO)QN-BF4

F-(2-naphthoyl)QN-BF4

F-(2-naphthoyl)QN-BF4

F-(2-naphthoyl)QN-BF4

Quinuclidine, THF, 

  MeCN, CH2Cl2, –78º

DABCO, THF, MeCN, 

  CH2Cl2, –78º

Cs2CO3, THF, MeCN, 

  CH2Cl2, –78º

Quinuclidine, THF, 

  MeCN, CH2Cl2, –78º

DABCO, THF, MeCN, 

  CH2Cl2, –78º

Cs2CO3, THF, MeCN, 

  CH2Cl2, –78º

(>98)b, 66

(>98)b, 57

(>98)b, 84

(>98)b, 84

(96), 88

(>98)b, 81

OMe

Cl
340

340

340

340

340

340

644



341

341

341

341

341

341

341

341

341

341

341

341

341

EtOH, 0º, 1-2 h

MeCN, CH2Cl2, –80º, 

  12 h

MeCN, CH2Cl2, –80º, 

  12 h

MeCN, 0º, 1-2 h

MeCN, 0º, 1-2 h

MeCN, 0º, 1-2 h

MeCN, 0º, 1-2 h

MeCN, 0º, 1-2 h

MeCN, 0º, 1-2 h

MeCN, 0º, 1-2 h

MeCN, 0º, 1-2 h

MeCN, 0º, 1-2 h

MeCN, 0º, 1-2 h

(DHQN)2AQN, SelectfluorTM

(DHQN)2AQN, SelectfluorTM

(DHQN)2PHAL, SelectfluorTM

BzDHQN, SelectfluorTM

QN, SelectfluorTM

CD, SelectfluorTM

MQE-DHQN, SelectfluorTM

AcDHQN, SelectfluorTM

PE-DHQN, SelectfluorTM

BzDHCD, SelectfluorTM

(DHQN)2PYR, SelectfluorTM

(DHQN)2PHAL, SelectfluorTM

(DHQN)2AQN, SelectfluorTM

(89), 8

(94), 84

(75), 78

(94), 18

(91), 25

(90), 13

(93), 24

(93), 16

(90), 2

(97), 11

(90), 14

(89), 53

(89), 74

H
NCF3

O

F
OMe

Cl

F-(4-ClC6H4CO)QD-BF4

F-(DHQD)2PHAL-BF4

QD, SelectfluorTM

(DHQD)2PHAL, SelectfluorTM

QD, SelectfluorTM

(DHQD)2PYR, SelectfluorTM

Quinuclidine, THF, 

  MeCN, CH2Cl2, –78º

DABCO, THF, MeCN, 

  CH2Cl2, –78º

EtOH, 0º, 1-2 h

MeCN, CH2Cl2, –80º, 

  12 h

MeCN, CH2Cl2, –80º, 

  12 h

MeCN, 0º, 1-2 h

(>98)b, 66

(90), 88

(81), 18

(93), 38

(96), 68

(93), 7

340

340

341

341

341

341

645

Refs.

TABLE 14. ENANTIOSELECTIVE ELECTROPHILIC FLUORINATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%), % eeFluorinating Agent or Catalyst

H
NCF3

O

OMe

Cl

C16 H
NCF3

O

F
OMe

Cl

341MeCN, 0º, 1-2 h
I

AcDHQD, SelectfluorTM

I (98), 52

I (94), 37

I (88), 20

I (97), 38

I (92), 3

I (98), 54
C17

O

Bn
Ts

N
OAc

F

Ph

Ts
N

F

Ph

Ms
N

F

Ph

O
F

Bn

I

325

325

325

LDA, THF, –40º to –20º (6), 9

LDA, THF, –40º to –20º I (26), 54

LDA, THF, –40º to –20º I (8), 6

*

(79), 88 326LDA, THF, –40ºNF
S

C6H11-c

O
Bn

F

I

QD, SelectfluorTM

CN, SelectfluorTM

BzDHCN, SelectfluorTM

BzDHQD, SelectfluorTM

(DHQD)2AQN, SelectfluorTM

(DHQD)2PHAL, SelectfluorTM

(82), 32

MeCN, 0º, 1-2 h

MeCN, 0º, 1-2 h

MeCN, 0º, 1-2 h

MeCN, 0º, 1-2 h

MeCN, 0º, 1-2 h

MeCN, 0º, 1-2 h

341

341

341

341

341

341

" KHMDS, THF, 

  –40º to –20º

I (53) 48 325

O
O
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LiHMDS, THF, –40º I (61), 56 328

NF
S Pr-i

(55), 49 327NF
SO2N

Bu-t

LiHMDS, THF, –50º

O
F

Bn

F-CD-BF4 NaH, THF, MeCN, 

  –40º to 20º

I (96), 42 332

I

O O

F 327(70), 69NF
SO2N

Bu-t

LiHMDS, THF, –50º

LiHMDS, THF, –40º

NF
S Pr-i

I

I (52), 51 328

C6H4OMe-4
*

CO2CH2C6H4NO2-4

CN

N

O

N
+ Br–

Bu-t

OMe

Bu-t

NFSI, Cs2CO3, toluene, rt (64), 72 364

CO2CH2C6H4NO2-4

CN
F

*

O O

O O

O O

O O

C6H4OMe-4

647

Refs.

TABLE 14. ENANTIOSELECTIVE ELECTROPHILIC FLUORINATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%), % eeFluorinating Agent or Catalyst

*

O

N N

O

Ph Ph
Cu

2+

• 2TfO– NFSI, Et2O, HFIP, 20º (94), 35 357

O

CO2Bn

O

CO2Bn

F

O

O

OH

QN, SelectfluorTM MeCN, K2CO3, rt, 6 d

F

OHC

373(37), 61O

O

(71), 89
O

O
N N

O, Zn(ClO4)2

Ph Ph

NFSI, CH2Cl2, rtP(OEt)2

OO

358

O

P(OEt)2

O

F

*

I (61), 33

I (56), 60 327

328

C18

NF
SO2N

Bu-t

LiHMDS, THF, –50º

LiHMDS, THF, –40º

O

Bn

O

F

Bn

NF
S Pr-i

MeO

MeO

MeO

MeO

*

C17

O O

O O

648



*

*

*

O
Bn

O
Bn

F

326(39), 18LDA, THF, –40ºNF
S

C6H11-c

Et NPh2

O O O O

O
1-napht

1-napht
O

1-napht

1-napht

Ti
MeCN NCMe

SelectfluorTM, MeCN, rt Et NPh2

O O

F

(75), 55 347

O

N N

O

Ph Ph
Cu

2+

• 2TfO– NFSI, Et2O, HFIP, 20º (92), 38 357CO2Bn

O
CO2Bn

O

F

SiMe2Ph

370

I (>95)b, 35

I (>95)b, 73

MeCN, –20º, 24 h

MeCN, –20º, 24 h

MQE-DHQN, SelectfluorTM

(DHQN)2PYR, SelectfluorTM

F*
(4-ClC6H4CO)DHQN, SelectfluorTM MeCN, –20º, 24 h I (>95)b, 35

O
O

Cl

Cl

370

370

649

Refs.

TABLE 14. ENANTIOSELECTIVE ELECTROPHILIC FLUORINATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%), % eeFluorinating Agent or Catalyst

NPht

CO2Et LiHMDS, THF, –78º

NPht

CO2Et
F

338

Fluorinating agent

F-CD-BF4

F-AcCD-BF4

F-AcQN-BF4

F-(4-ClC6H4CO)QN-BF4

F-(4-ClC6H4CO)DHQN-BF4

F-(4-MeOC6H4CO)QN-BF4

F-(4-O2NC6H4CO)QN-BF4

F-CN-BF4

F-(4-ClC6H4CO)CN-BF4

F-AcDHQD-BF4

F-(4-ClC6H4CO)DHQD-BF4

(65), 8

(87), 42

(79), 76

(73), 68

(86), 76

(64), 66

(60), 60

(62), 26

(67), 28

(60), 50

(65), 38

*

C19

I (75), 83
Et

O

Et

O

F

* 311NFSI, CH2Cl2, 4 Å MS, 

  0º, 18 h

O
O

N N
O,

Ph Ph

Fluorinating agent

C18

308
O O

O
1-napht

1-napht
O

1-napht

1-napht

Ti
MeCN NCMe

SelectfluorTM, MeCN, rt I (≥80), 81

O

O

Ph

Ph

O

O

Ph

Ph

Cl

Cl

Ni(ClO4)2 • 6H2O

650



I (≥80), 58SelectfluorTM, MeCN, rt

O O

O
Ph

Ph
O

Ph

Ph

Ti
MeO OMe

Cl

308

OTMS

Bn

O

F

Bn

QD, SelectfluorTM

CN, SelectfluorTM

MeCN, 0º, 3-6 h

MeCN, 0º, 3-6 h

THF, MeCN, –40º, 18 h

(84), 35

(94), 23

(98), 85

334

334

345

BF4
–

N

OMe

O

N
F

+

O

n

O

Bn

F

(4-ClC6H4CO)DHQN, SelectfluorTM

(4-ClC6H4CO)DHQN, SelectfluorTM

QN, SelectfluorTM

DHQN, SelectfluorTM

(4-ClC6H4CO)DHQN, SelectfluorTM

PE-DHQN, SelectfluorTM

(99), 89

(86), 91

(63), 44

(67), 54

(83), 81

(61), 72

Cl

MeCN, –20º, 12 h

MeCN, CH2Cl2, –80º, 

  48 h

MeCN, 0º, 3-6 h

MeCN, 0º, 3-6 h

MeCN, 0º, 3-6 h

MeCN, 0º, 3-6 h

334, 335
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Refs.

TABLE 14. ENANTIOSELECTIVE ELECTROPHILIC FLUORINATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%), % eeFluorinating Agent or Catalyst

OTMS

Bn

O

Bn

F

MQE-DHQN, SelectfluorTM

CD, SelectfluorTM

(DHQN)2PHAL, SelectfluorTM

(DHQN)2PYR, SelectfluorTM

(DHQN)2AQN, SelectfluorTM

BzDHQN, SelectfluorTM

(4-O2NC6H4CO)DHQN,

  SelectfluorTM

(4-MeOC6H4CO)DHQN,

  SelectfluorTM

AcDHQN, SelectfluorTM

(1-naphthoyl)DHQN, SelectfluorTM

(2-anthraquinoyl)DHQN,  

  SelectfluorTM

TrifluoroacetylDHQN, SelectfluorTM

F-(4-ClC6H4CO)QN-BF4

F-(4-ClC6H4CO)QN-OTf

F-(4-ClC6H4CO)QN-N(SO2Ph)2

F-(4-ClC6H4CO)QN-BF4

F-(4-MeOC6H4CO)QN-BF4

F-MQEQN-BF4

F-PEQN-BF4

F-(1-naphthoyl)QN-BF4

F-(2-naphthoyl)QN-BF4

F-(4-ClC6H4CO)CD-BF4

MeCN, 0º, 3-6 h

MeCN, 0º, 3-6 h

MeCN, 0º, 3-6 h

MeCN, 0º, 3-6 h

MeCN, 0º, 3-6 h

MeCN, –20º, 12 h

MeCN, –20º, 12 h

MeCN, –20º, 12 h

MeCN, –20º, 12 h

MeCN, –20º, 12 h

MeCN, –20º, 12 h

MeCN, –20º, 12 h

MeCN, –40º

MeCN, –40º

MeCN, –40º

[hmim][PF6], rt

[hmim][PF6], rt

[hmim][PF6], rt

[hmim][PF6], rt

[hmim][PF6], rt

[hmim][PF6], rt

[hmim][PF6], rt

(100), 70

(88), 42

(100), 82

(100), 70

(98), 70

(82), 90

(61), 91

(80), 87

(67), 86

(61), 87

(100), 86

(43), 31

(98), 84

(88), 81

(94), 85

(89), 86

(74), 84

(65), 66

(91), 74

(93), 86

(87), 84

(61), 73

334, 335

334, 335

334, 335

334, 335

334, 335

334, 335

334, 335

334, 335

334, 335

334, 335

334, 335

334, 335

336

336

336

344

344

344

344

344

344

344

C19
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N
O

Ph

NFSI, rt

N
O

Ph
F

* 543

Boc Boc

Solvent

THF

i-PrOH

acetone

Time

12 h

3 h

3 h

I

(53), 81

(66), 88

(58), 89

6 (5 mol%) NFSI, i-PrOH, rt, 5 h

I

I  (90), 88

335

*
O

O
O

O

F

O

N N

O

Ph Ph
M

2+

• 2X– NFSI 310

M

Cu

Ni

Cu

Cu

Ni

Cu

Ni

X

OTf

ClO4

OTf

OTf

ClO4

OTf

ClO4

Solvent

THF

CH2Cl2

THF

Et2O

CH2Cl2

MTBE

CH2Cl2
h

Temp

–10º

–10º

20º

20º

20º

20º

20º

I

(81), 60 (–)

(99), 68 (+)

(86), 72 (–)

(85), 81 (–)

(88), 71 (+)

(79), 84 (–)

(74), 79 (+)

C20 OTMS

Bn (4-ClC6H4CO)DHQN, SelectfluorTM MeCN, –20º, 12 h

O
F

Bn
(95), 71

543

O
O

N N
O,

Ph Ph

NFSI, CH2Cl2, 4 Å MS, 

  rt, 2 h

311I (71), 99

I

P
Ar2

Ar2
P

Pd
2+

• 2TfO–
OH2

OH2

Ar = 3,5-Me2C6H3

O

O

2+

Ni(ClO4)2 • 6H2O

653

Refs.

TABLE 14. ENANTIOSELECTIVE ELECTROPHILIC FLUORINATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%), % eeFluorinating Agent or Catalyst

TMS

F 370

(>95)b, 85

(>95)b, 96

(>95)b, 84

(>95)b, 93

Alkaloid

(4-ClC6H4CO)DHQN

(DHQN)2PYR

PE-DHQN

MQE-DHQN

Bn
Bn

CN

N

O

N
+ Br–

Bu-t

OMe

Bu-t

NFSI, Cs2CO3, toluene, rt (71), 76 364

N
O

543

Boc

6 (5 mol%)

N
O

Boc

OMeF

*
(89), 76NFSI, acetone, rt, 18 hOMe

C20

MeCN, –20º, 24 hAlkaloid, SelectfluorTM

O O Ar

Ar = C6H4NO2-4

CN

O O Ar

*

F
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N

N

O

O

O

N

N

O

O

OF

Alkaloid, SelectfluorTM 343

Alkaloid

QD

QD

QD

QD

CN

DHQD

AcDHQD

(4-ClC6H4CO)DHQD

(4-ClC6H4CO)DHQN

(4-ClC6H4CO)DHCD

(DHQD)2AQN

(DHQD)2PHAL

(DHQN)2PYR

Solvent

MeCN

MeCN/CHCl3

CHCl3

CH2Cl2

CH2Cl2

CH2Cl2
CH2Cl2
CH2Cl2

CH2Cl2

CH2Cl2

CH2Cl2

CH2Cl2

CH2Cl2

(49), 6

(70), 15

(48), 21

(81), 32

(84), 27

(60), 19

(77), 34

(99), 7

(81), 6

(99), 9

(87), 21

(87), 88

(63), 22

rt, 1-2 d

N

N

O

O

OF

343

Alkaloid

QN

CD

AcDHQN

(4-ClC6H4CO)CN

(DHQN)2AQN

(DHQN)2PHAL

(DHQD)2PYR

(64), 14

(99), 32

(70), 23

(51), 25

(89), 8

(98), 81

(63), 23

CH2Cl2, rt, 1-2 dAlkaloid, SelectfluorTM
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Refs.

TABLE 14. ENANTIOSELECTIVE ELECTROPHILIC FLUORINATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%), % eeFluorinating Agent or Catalyst

C21

NCF3

O

OMe

Cl

NCF3

O

F
OMe

Cl

Boc Boc

5436 (2.5 mol%) NFSI, acetone, 0º, 18 h I (90), 71

O
O

N N
O,

Ph Ph

Ni(OAc2)2 • 4H2O

NFSI, CH2Cl2, 4 Å MS, 

  rt, 14 h

311

NFSI, CH2Cl2, 4 Å MS, 

  rt, 3 h

311
O

O
N N

O,

Ph Ph

O O

O

O O

O
F*

(88), 95

I (71), 93

370

I (>95)b, 83

I (>95)b, 64

MeCN, –20º, 24 h

MeCN, –20º, 24 h

(DHQN)2PYR, SelectfluorTM

PE-DHQN, SelectfluorTM

TMS

F
Bn

Bn
I (>95)b, 53(4-ClC6H4CO)DHQN, SelectfluorTM MeCN, –20º, 24 h

370

370

Ni(ClO4)2 • 6H2O
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O

N N

O

Ph Ph
Cu

2+

• 2TfO– NFSI, Et2O, HFIP, 20º
Ph O

O O

Ph O

O O

F

(88), 40 357*

C22

SelectfluorTM, MeCN, rt I (89), 90 308
O O

O
1-napht

1-napht
O

1-napht

1-napht

Ti
MeCN NCMe

SelectfluorTM, MeCN, rt

O O

O
Ph

Ph
O

Ph

Ph

Ti
MeO OMe

I (≥80), 55 308

Et O

O O Pr-i

Pr-ii-Pr

Et O

O O Pr-i

Pr-ii-Pr
F

*

C22-30

PhtN
N
Me

OR3

O

O

Ph

R2R1

PhtN
N
Me

OR3

O

O

Ph

R2R1

F

*LiHMDS, THF, –78º

Fluorinating agent

F-(4-ClC6H4CO)QN-BF4

F-(4-ClC6H4CO)QN-BF4

F-(4-ClC6H4CO)QD-BF4

F-(4-ClC6H4CO)CN-BF4

F-(4-ClC6H4CO)CD-BF4

F-(4-ClC6H4CO)QN-BF4

F-(4-ClC6H4CO)QN-BF4

R1

Me

—(CH2)4—

—(CH2)4—

—(CH2)4—

—(CH2)4—

Me

—(CH2)4—

R3

Me

Me

Me

Me

Me

Bn

Bn

(>98)b, 32

(>98)b, 34

(>98)b, 28

(95), 6

(95), 16

(88), 44

(92), 46

339

R2

Me

Me

Cl

Cl

Cl

Cl

Fluorinating agent

657

Refs.

TABLE 14. ENANTIOSELECTIVE ELECTROPHILIC FLUORINATIONS (Continued)

Substrate Conditions Product(s) and Yield(s) (%), % eeFluorinating Agent or Catalyst

C23

Ph O

O O Ph

Ph Ph O

O O Ph

Ph

F

SelectfluorTM, MeCN, rt I (≥80), 82 308
O O

O
1-napht

1-napht
O

1-napht

1-napht

Ti
MeCN NCMe

*

SelectfluorTM, MeCN, rt

O O

O
Ph

Ph
O

Ph

Ph

Ti
MeO OMe

I (≥80), 59 308

O

N N

O

Ph Ph
Cu

2+

• 2TfO– NFSI, Et2O, HFIP, 20º I (72), 52 357

C28

SiPh3

(>95)b, 87MeCN, –20º, 24 h(DHQN)2PYR, SelectfluorTM
F

370
*

Cl

Cl

Cl

Cl

658



543

N
O

OMe

C29

NFSI, acetone, rt, 12 h6 (5 mol%) * (95), 81

O
O

Ph

Ph N
O

OMe

O
O

Ph

Ph

F

N
O

Fmoc

OMe

C30

NFSI, acetone, rt, 5 h6 (5 mol%)

N
O

Fmoc

OMe 543
F

*
(93), 73

a The yield reported is that of the aldehyde intermediate.
b The reported value is the percent conversion based on starting material.
c The substrate was generated in situ from the corresponding nonchlorinated molecule with the aid of N-chlorosuccinimide.
d The reaction was carried out at –78º.
e A 30 mol% concentration of catalyst was used.
f The reaction was carried out in CH2Cl2.
g The reaction was carried out in THF.
h The reaction was performed in the presence of 4 Å molecular sieves.
i The reaction was carried out with 3 equivalents of cinchona alkaloid and 1.5 equivalents of SelectfluorTM .
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CHAPTER AND TOPIC INDEX, VOLUMES 1–69

Many chapters contain brief discussions of reactions and comparisons of alter-
native synthetic methods related to the reaction that is the subject of the chapter.
These related reactions and alternative methods are not usually listed in this
index. In this index, the volume number is in boldface, the chapter number is in
ordinary type.

Acetoacetic ester condensation, 1, 9
Acetylenes:

cotrimerizations of, 68, 1
oxidation by dioxirane, 69, 1
synthesis of, 5, 1; 23, 3; 32, 2

Acid halides:
reactions with esters, 1, 9
reactions with organometallic

compounds, 8, 2
α-Acylamino acid mixed anhydrides,

12, 4
α-Acylamino acids, azlactonization of,

3, 5
Acylation:

of esters with acid chlorides, 1, 9
intramolecular, to form cyclic ketones,

2, 4; 23, 2
of ketones to form diketones, 8, 3

Acyl fluorides, synthesis of, 21, 1; 34, 2;
35, 3

Acyl hypohalites, reactions of, 9, 5
Acyloins, 4, 4; 15, 1; 23, 2
Alcohols:

conversion to fluorides, 21, 1, 2; 34, 2;
35, 3

conversion to olefins, 12, 2
oxidation of, 6, 5; 39, 3; 53, 1
replacement of hydroxy group by

nucleophiles, 29, 1; 42, 2
resolution of, 2, 9

Alcohols, synthesis:
by allylstannane addition to aldehydes,

64, 1
by base-promoted isomerization of

epoxides, 29, 3
by hydroboration, 13, 1
by hydroxylation of ethylenic

compounds, 7, 7
by organochromium reagents to

carbonyl compounds, 64, 3
by reduction, 6, 10; 8, 1
from organoboranes, 33, 1

Aldehydes, additions of allyl, allenyl,
propargyl stannanes, 64, 1

Aldehydes, catalyzed addition to double
bonds, 40, 4

Aldehydes, synthesis of, 4, 7; 5, 10; 8, 4,
5; 9, 2; 33, 1

Aldol condensation, 16; 67, 1
catalytic, enantioselective, 67, 1
directed, 28, 3
with boron enolates, 51, 1

Aliphatic fluorides, 2, 2; 21, 1, 2; 34, 2;
35, 3

Alkanes, by reduction of alkyl halides
with organochromium reagents, 64, 3

oxidation of, 69, 1
Alkenes:

arylation of, 11, 3; 24, 3; 27, 2
asymmetric dihydroxylation, 66, 2
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Alkenes: (Continued )
cyclopropanes from, 20, 1
cyclization in intramolecular Heck

reactions, 60, 2
from carbonyl compounds with

organochromium reagents, 64, 3
dioxirane epoxidation of, 61, 2
epoxidation and hydroxylation of, 7, 7
free-radical additions to, 13, 3, 4
hydroboration of, 13, 1
hydrogenation with homogeneous

catalysts, 24, 1
reactions with diazoacetic esters, 18, 3
reactions with nitrones, 36, 1
reduction by alkoxyaluminum hydrides,

34, 1
Alkenes, synthesis:

from amines, 11, 5
from aryl and vinyl halides, 27, 2
by Bamford-Stevens reaction, 23, 3
by Claisen and Cope rearrangements,

22, 1
by dehydrocyanation of nitriles, 31
by deoxygenation of vicinal diols, 30, 2
from α-halosulfones, 25, 1; 62, 2
by palladium-catalyzed vinylation,

27, 2
from phosphoryl-stabilized anions,

25, 2
by pyrolysis of xanthates, 12, 2
from silicon-stabilized anions, 38, 1
from tosylhydrazones, 23, 3; 39, 1
by Wittig reaction, 14, 3

Alkene reduction by diimide, 40, 2
Alkenyl- and alkynylaluminum reagents,

32, 2
Alkenyllithiums, formation of, 39, 1
Alkoxyaluminum hydride reductions,

34, 1; 36, 3
Alkoxyphosphonium cations, nucleophilic

displacements on, 29, 1
Alkylation:

of allylic and benzylic carbanions,
27, 1

with amines and ammonium salts, 7, 3
of aromatic compounds, 3, 1
of esters and nitriles, 9, 4
γ -, of dianions of β-dicarbonyl

compounds, 17, 2

of metallic acetylides, 5, 1
of nitrile-stabilized carbanions, 31
with organopalladium complexes, 27, 2

Alkylidenation by titanium-based reagents,
43, 1

Alkylidenesuccinic acids, synthesis and
reactions of, 6, 1

Alkylidene triphenylphosphoranes,
synthesis and reactions of, 14, 3

Allenylsilanes, electrophilic substitution
reactions of, 37, 2

Allylic alcohols, synthesis:
from epoxides, 29, 3
by Wittig rearrangement, 46, 2

Allylic and benzylic carbanions,
heteroatom-substituted, 27, 1

Allylic hydroperoxides, in
photooxygenations, 20, 2

Allylic rearrangements, transformation of
glycols into 2,3-unsaturated glycosyl
derivatives, 62, 4

Allylic rearrangements, trihaloacetimidate,
66, 1

π-Allylnickel complexes, 19, 2
Allylphenols, synthesis by Claisen

rearrangement, 2, 1; 22, 1
Allylsilanes, electrophilic substitution

reactions of, 37, 2
Aluminum alkoxides:

in Meerwein-Ponndorf-Verley
reduction, 2, 5

in Oppenauer oxidation, 6, 5
Amide formation by oxime rearrangement,

35, 1
α-Amidoalkylations at carbon, 14, 2
Amination:

of heterocyclic bases by alkali amides,
1, 4

of hydroxy compounds by Bucherer
reaction, 1, 5

Amine oxides:
Polonovski reaction of, 39, 2
pyrolysis of, 11, 5

Amines:
from allylstannane addition to imines,

64, 1
oxidation of, 69, 1
synthesis from organoboranes, 33, 1
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synthesis by reductive alkylation, 4, 3;
5, 7

synthesis by Zinin reaction, 20, 4
reactions with cyanogen bromide, 7, 4

α-Aminoalkylation of activated olefins,
51, 2

Aminophenols from anilines, 35, 2
Anhydrides of aliphatic dibasic acids,

Friedel-Crafts reaction with, 5, 5
Anion-assisted sigmatropic

rearrangements, 43, 2
Anthracene homologs, synthesis of, 1, 6
Anti-Markownikoff hydration of alkenes,

13, 1
π-Arenechromium tricarbonyls, reaction

with nitrile-stabilized carbanions, 31
η6-(Arene)chromium complexes, 67, 2
Arndt-Eistert reaction, 1, 2
Aromatic aldehydes, synthesis of, 5, 6; 28,

1
Aromatic compounds, chloromethylation

of, 1, 3
Aromatic fluorides, synthesis of, 5, 4
Aromatic hydrocarbons, synthesis of, 1, 6;

30, 1
Aromatic substitution by the SRN1

reaction, 54, 1
Arsinic acids, 2, 10
Arsonic acids, 2, 10
Arylacetic acids, synthesis of, 1, 2; 22, 4
β-Arylacrylic acids, synthesis of, 1, 8
Arylamines, synthesis and reactions of,

1, 5
Arylation:

by aryl halides, 27, 2
by diazonium salts, 11, 3; 24, 3
γ -, of dianions of β-dicarbonyl

compounds, 17, 2
of nitrile-stabilized carbanions, 31
of alkenes, 11, 3; 24, 3; 27, 2

Arylglyoxals, condensation with aromatic
hydrocarbons, 4, 5

Arylsulfonic acids, synthesis of, 3, 4
Aryl halides, homocoupling of, 63, 3
Aryl thiocyanates, 3, 6
Asymmetric aldol reactions using boron

enolates, 51, 1
Asymmetric cyclopropanation, 57, 1
Asymmetric dihydroxylation, 66, 2

Asymmetric epoxidation, 48, 1; 61, 2
Atom transfer preparation of radicals,

48, 2
Aza-Payne rearrangements, 60, 1
Azaphenanthrenes, synthesis by

photocyclization, 30, 1
Azides, synthesis and rearrangement of,

3, 9
Azlactones, 3, 5

Baeyer-Villiger reaction, 9, 3; 43, 3
Bamford-Stevens reaction, 23, 3
Barbier Reaction, 58, 2
Bart reaction, 2, 10
Barton fragmentation reaction, 48, 2
Béchamp reaction, 2, 10
Beckmann rearrangement, 11, 1; 35, 1
Benzils, reduction of, 4, 5
Benzoin condensation, 4, 5
Benzoquinones:

acetoxylation of, 19, 3
in Nenitzescu reaction, 20, 3
synthesis of, 4, 6

Benzylic carbanions, 27, 1; 67, 2
Biaryls, synthesis of, 2, 6; 63, 3
Bicyclobutanes, from cyclopropenes, 18, 3
Biginelli dihydropyrimidine synthesis,

63, 1
Birch reaction, 23, 1; 42, 1
Bischler-Napieralski reaction, 6, 2
Bis(chloromethyl) ether, 1, 3; 19, warning
Borane reduction, chiral, 52, 2
Borohydride reduction, chiral, 52, 2

in reductive amination, 59, 1
Boron enolates, 51, 1
Boyland-Sims oxidation, 35, 2
Bucherer reaction, 1, 5

Cannizzaro reaction, 2, 3
Carbenes, 13, 2; 26, 2; 28, 1
Carbenoid cyclopropanation, 57, 1; 58, 1
Carbohydrates, deoxy, synthesis of, 30, 2
Carbo/metallocupration, 41, 2
Carbon-carbon bond formation:

by acetoacetic ester condensation, 1, 9
by acyloin condensation, 23, 2
by aldol condensation, 16; 28, 3; 46, 1;

67, 1
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Carbon-carbon bond formation:
(Continued )

by alkylation with amines and
ammonium salts, 7, 3

by γ -alkylation and arylation, 17, 2
by allylic and benzylic carbanions,

27, 1
by amidoalkylation, 14, 2
by Cannizzaro reaction, 2, 3
by Claisen rearrangement, 2, 1; 22, 1
by Cope rearrangement, 22, 1
by cyclopropanation reaction, 13, 2;

20, 1
by Darzens condensation, 5, 10
by diazonium salt coupling, 10, 1;

11, 3; 24, 3
by Dieckmann condensation, 15, 1
by Diels-Alder reaction, 4, 1, 2; 5, 3;

32, 1
by free-radical additions to alkenes,

13, 3
by Friedel-Crafts reaction, 3, 1; 5, 5
by Knoevenagel condensation, 15, 2
by Mannich reaction, 1, 10; 7, 3
by Michael addition, 10, 3
by nitrile-stabilized carbanions, 31
by organoboranes and organoborates,

33, 1
by organocopper reagents, 19, 1; 38, 2;

41, 2
by organopalladium complexes, 27, 2
by organozinc reagents, 20, 1
by rearrangement of α-halosulfones,

25, 1; 62, 2
by Reformatsky reaction, 1, 1; 28, 3
by trivalent manganese, 49, 3
by Vilsmeier reaction, 49, 1; 56, 2
by vinylcyclopropane-cyclopentene

rearrangement, 33, 2
Carbon-fluorine bond formation, 21, 1;

34, 2; 35, 3; 69, 2
Carbon-halogen bond formation,

by replacement of hydroxy groups,
29, 1

Carbon-heteroatom bond formation:
by free-radical chain additions to

carbon-carbon multiple bonds,
13, 4

by organoboranes and organoborates,
33, 1

Carbon-nitrogen bond formation,
by reductive amination, 59, 1

Carbon-phosphorus bond formation, 36, 2
Carbonyl compounds, addition of

organochromium reagents, 64, 3
Carbonyl compounds, α,β-unsaturated:

formation by selenoxide elimination,
44, 1

vicinal difunctionalization of, 38, 2
Carbonyl compounds, from nitro

compounds, 38, 3
in the Passerini Reaction, 65, 1
oxidation with hypervalent iodine

reagents, 54, 2
reductive amination of, 59, 1

Carbonylation as part of intramolecular
Heck reaction, 60, 2

Carboxylic acid derivatives, conversion to
fluorides, 21, 1, 2; 34, 2; 35, 3

Carboxylic acids:
synthesis from organoboranes, 33, 1
reaction with organolithium reagents,

18, 1
Catalytic enantioselective aldol addition,

67, 1
Chapman rearrangement, 14, 1; 18, 2
Chloromethylation of aromatic

compounds, 2, 3; 9, warning
Cholanthrenes, synthesis of, 1, 6
Chromium reagents, 64, 3; 67, 2
Chugaev reaction, 12, 2
Claisen condensation, 1, 8
Claisen rearrangement, 2, 1; 22, 1
Cleavage:

of benzyl-oxygen, benzyl-nitrogen, and
benzyl-sulfur bonds, 7, 5

of carbon-carbon bonds by periodic
acid, 2, 8

of esters via SN2-type dealkylation,
24, 2

of non-enolizable ketones with sodium
amide, 9, 1

in sensitized photooxidation, 20, 2
Clemmensen reduction, 1, 7; 22, 3
Collins reagent, 53, 1
Condensation:

acetoacetic ester, 1, 9
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acyloin, 4, 4; 23, 2
aldol, 16
benzoin, 4, 5
Biginelli, 63, 1
Claisen, 1, 8
Darzens, 5, 10; 31
Dieckmann, 1, 9; 6, 9; 15, 1
directed aldol, 28, 3
Knoevenagel, 1, 8; 15, 2
Stobbe, 6, 1
Thorpe-Ziegler, 15, 1; 31

Conjugate addition:
of hydrogen cyanide, 25, 3
of organocopper reagents, 19, 1; 41, 2

Cope rearrangement, 22, 1; 41, 1; 43, 2
Copper-Grignard complexes, conjugate

additions of, 19, 1; 41, 2
Corey-Winter reaction, 30, 2
Coumarins, synthesis of, 7, 1; 20, 3
Coupling reaction of organostannanes,

50, 1
Cuprate reagents, 19, 1; 38, 2; 41, 2
Curtius rearrangement, 3, 7, 9
Cyanoborohydride, in reductive

aminations, 59, 1
Cyanoethylation, 5, 2
Cyanogen bromide, reactions with tertiary

amines, 7, 4
Cyclic ketones, formation by

intramolecular acylation, 2, 4; 23, 2
Cyclization:

of alkyl dihalides, 19, 2
of aryl-substituted aliphatic acids, acid

chlorides, and anhydrides, 2, 4;
23, 2

of α-carbonyl carbenes and carbenoids,
26, 2

cycloheptenones from α-bromoketones,
29, 2

of diesters and dinitriles, 15, 1
Fischer indole, 10, 2
intramolecular by acylation, 2, 4
intramolecular by acyloin

condensation, 4, 4
intramolecular by Diels-Alder reaction,

32, 1
intramolecular by Heck reaction, 60, 2
intramolecular by Michael reaction,

47, 2

Nazarov, 45, 1
by radical reactions, 48, 2
of stilbenes, 30, 1
tandem cyclization by Heck reaction,

60, 2
Cycloaddition reactions,

of cyclenones and quinones, 5, 3
cyclobutanes, synthesis of, 12, 1;

44, 2
cyclotrimerization of acetylenes, 68, 1
Diels-Alder, acetylenes and alkenes,

4, 2
Diels-Alder, imino dienophiles, 65, 2
Diels-Alder, intramolecular, 32, 1
Diels-Alder, maleic anhydride, 4, 1
of enones, 44, 2
of ketenes, 45, 2
of nitrones and alkenes, 36, 1
Pauson-Khand, 40, 1
photochemical, 44, 2
retro-Diels-Alder reaction, 52, 1; 53, 2
[6 + 4], 49, 2
[4 + 3], 51, 3
[3 + 2], 61, 1

Cyclobutanes, synthesis:
from nitrile-stabilized carbanions, 31
by thermal cycloaddition reactions,

12, 1
Cycloheptadienes, from

divinylcyclopropanes, 41, 1
polyhalo ketones, 29, 2

π-Cyclopentadienyl transition metal
carbonyls, 17, 1

Cyclopentenones:
annulation, 45, 1
synthesis, 40, 1; 45, 1

Cyclopropane carboxylates, from
diazoacetic esters, 18, 3

Cyclopropanes:
from α-diazocarbonyl compounds,

26, 2
from metal-catalyzed decomposition of

diazo compounds, 57, 1
from nitrile-stabilized carbanions, 31
from tosylhydrazones, 23, 3
from unsaturated compounds,

methylene iodide, and zinc-copper
couple, 20, 1; 58, 1; 58, 2

Cyclopropenes, synthesis of, 18, 3
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Darzens glycidic ester condensation, 5, 10;
31

DAST, 34, 2; 35, 3
Deamination of aromatic primary amines,

2, 7
Debenzylation, 7, 5; 18, 4
Decarboxylation of acids, 9, 5; 19, 4
Dehalogenation of α-haloacyl halides, 3, 3
Dehydrogenation:

in synthesis of ketenes, 3, 3
in synthesis of acetylenes, 5, 1

Demjanov reaction, 11, 2
Deoxygenation of vicinal diols, 30, 2
Desoxybenzoins, conversion to benzoins,

4, 5
Dess-Martin Oxidation, 53, 1
Desulfurization:

of α-(alkylthio)nitriles, 31
in alkene synthesis, 30, 2
with Raney nickel, 12, 5

Diazo compounds, carbenoids derived
from, 57, 1

Diazoacetic esters, reactions with alkenes,
alkynes, heterocyclic and aromatic
compounds, 18, 3; 26, 2

α-Diazocarbonyl compounds, insertion
and addition reactions, 26, 2

Diazomethane:
in Arndt-Eistert reaction, 1, 2
reactions with aldehydes and ketones,

8, 8
Diazonium fluoroborates, synthesis and

decomposition, 5, 4
Diazonium salts:

coupling with aliphatic compounds, 10,
1, 2

in deamination of aromatic primary
amines, 2, 7

in Meerwein arylation reaction, 11, 3;
24, 3

in ring closure reactions, 9, 7
in synthesis of biaryls and aryl

quinones, 2, 6
Dieckmann condensation, 1, 9; 15, 1

for synthesis of tetrahydrothiophenes,
6, 9

Diels-Alder reaction:
intramolecular, 32, 1
retro-Diels-Alder reaction, 52, 1; 53, 2

with alkynyl and alkenyl dienophiles,
4, 2

with cyclenones and quinones, 5, 3
with imines, 65, 2
with maleic anhydride, 4, 1

Dihydrodiols, 63, 2
Dihydropyrimidine synthesis, 63, 1
Dihydroxylation of alkenes, asymmetric,

66, 2
Diimide, 40, 2
Diketones:

pyrolysis of diaryl, 1, 6
reduction by acid in organic solvents,

22, 3
synthesis by acylation of ketones, 8, 3
synthesis by alkylation of β-diketone

anions, 17, 2
Dimethyl sulfide, in oxidation reactions,

39, 3
Dimethyl sulfoxide, in oxidation reactions,

39, 3
Diols:

deoxygenation of, 30, 2
oxidation of, 2, 8

Dioxetanes, 20, 2
Dioxiranes, 61, 2; 69, 1
Dioxygenases, 63, 2
Divinyl-aziridines, -cyclopropanes,

-oxiranes, and -thiiranes,
rearrangements of, 41, 1

Doebner reaction, 1, 8

Eastwood reaction, 30, 2
Elbs reaction, 1, 6; 35, 2
Electrophilic fluorination, 69, 2
Enamines, reaction with quinones, 20, 3
Enantioselective aldol reactions, 67, 1
Ene reaction, in photosensitized

oxygenation, 20, 2
Enolates:

Fluorination of, 69, 2
α-Hydroxylation of, 62, 1
in directed aldol reactions, 28, 3; 46, 1;

51, 1
Enone cycloadditions, 44, 2
Enzymatic reduction, 52, 2
Enzymatic resolution, 37, 1
Epoxidation:

of alkenes, 61, 2
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of allylic alcohols, 48, 1
with organic peracids, 7, 7

Epoxide isomerizations, 29, 3
Epoxide

formation, 61, 2
migration, 60, 1

Esters:
acylation with acid chlorides, 1, 9
alkylation of, 9, 4
alkylidenation of, 43, 1
cleavage via SN2-type dealkylation,

24, 2
dimerization, 23, 2
glycidic, synthesis of, 5, 10
hydrolysis, catalyzed by pig liver

esterase, 37, 1
β-hydroxy, synthesis of, 1, 1; 22, 4
β-keto, synthesis of, 15, 1

reaction with organolithium reagents,
18, 1

reduction of, 8, 1
synthesis from diazoacetic esters, 18, 3
synthesis by Mitsunobu reaction, 42, 2

Ethers, synthesis by Mitsunobu reaction,
42, 2

Exhaustive methylation, Hofmann, 11, 5

Favorskii rearrangement, 11, 4
Ferrocenes, 17, 1
Fischer indole cyclization, 10, 2
Fluorinating agents, electrophilic, 69, 2
Fluorination of aliphatic compounds, 2, 2;

21, 1, 2; 34, 2; 35, 3; 69, 2
of carbonyl compounds, 69, 2
of heterocycles, 69, 2

Fluorination:
by DAST, 35, 3
by N-F reagents, 69, 2
by sulfur tetrafluoride, 21, 1; 34, 2

Formylation:
by hydroformylation, 56, 1
of alkylphenols, 28, 1
of aromatic hydrocarbons, 5, 6
of aromatic compounds, 49, 1
of non-aromatic compounds, 56, 2

Free radical additions:
to alkenes and alkynes to form

carbon-heteroatom bonds, 13, 4

to alkenes to form carbon-carbon
bonds, 13, 3

Freidel-Crafts catalysts, in nucleoside
synthesis, 55, 1

Friedel-Crafts reaction, 2, 4; 3, 1; 5, 5;
18, 1

Friedländer synthesis of quinolines, 28, 2
Fries reaction, 1, 11

Gattermann aldehyde synthesis, 9, 2
Gattermann-Koch reaction, 5, 6
Germanes, addition to alkenes and

alkynes, 13, 4
Glycals,

fluorination of, 69, 2
transformation in glycosyl derivatives,

62, 4
Glycosides, synthesis of, 64, 2
Glycosylating Agents, 68, 2
Glycosylation on polymer supports, 68, 2
Glycosylation, with sulfoxides and

sulfinates, 64, 2
Glycidic esters, synthesis and reactions of,

5, 10
Gomberg-Bachmann reaction, 2, 6; 9, 7
Grundmann synthesis of aldehydes, 8, 5

Halides, displacement reactions of, 22, 2;
27, 2

Halide-metal exchange, 58, 2
Halides, synthesis:

from alcohols, 34, 2
by chloromethylation, 1, 3
from organoboranes, 33, 1
from primary and secondary alcohols,

29, 1
Haller-Bauer reaction, 9, 1
Halocarbenes, synthesis and reactions of,

13, 2
Halocyclopropanes, reactions of, 13, 2
Halogen-metal interconversion reactions,

6, 7
α-Haloketones, rearrangement of, 11, 4
α-Halosulfones, synthesis and reactions

of, 25, 1; 62, 2
Heck reaction, intramolecular, 60, 2
Helicenes, synthesis by photocyclization,

30, 1
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Heterocyclic aromatic systems, lithiation
of, 26, 1

Heterocyclic bases, amination of, 1, 4
in nucleosides, 55, 1

Heterodienophiles, 53, 2
Hilbert-Johnson method, 55, 1
Hoesch reaction, 5, 9
Hofmann elimination reaction, 11, 5; 18, 4
Hofmann reaction of amides, 3, 7, 9
Homocouplings mediated by Cu, Ni, and

Pd, 63, 3
Homogeneous hydrogenation catalysts,

24, 1
Hunsdiecker reaction, 9, 5; 19, 4
Hydration of alkenes, dienes, and alkynes,

13, 1
Hydrazoic acid, reactions and generation

of, 3, 8
Hydroboration, 13, 1
Hydrocyanation of conjugated carbonyl

compounds, 25, 3
Hydroformylation, 56, 1
Hydrogenation catalysts, homogeneous,

24, 1
Hydrogenation of esters, with copper

chromite and Raney nickel, 8, 1
Hydrohalogenation, 13, 4
Hydroxyaldehydes, aromatic, 28, 1
α-Hydroxyalkylation of activated olefins,

51, 2
α-Hydroxyketones,

rearrangement, 62, 3
synthesis of, 23, 2

Hydroxylation:
of enolates, 62, 1
of ethylenic compounds with organic

peracids, 7, 7
Hypervalent iodine reagents, 54, 2; 57, 2

Imidates, rearrangement of, 14, 1
Imines, additions of allyl, allenyl,

propargyl stannanes, 64, 1
as dienophiles, 65, 2

Iminium ions, 39, 2; 65, 2
Imino Diels-Alder reactions, 65, 2
Indoles, by Nenitzescu reaction, 20, 3

by reaction with TosMIC, 57, 3
Isocyanides, in the Passerini reaction,

65, 1

sulfonylmethyl, reactions of, 57, 3
Isoquinolines, synthesis of, 6, 2, 3, 4;

20, 3

Jacobsen reaction, 1, 12
Japp-Klingemann reaction, 10, 2

Katsuki-Sharpless epoxidation, 48, 1
Ketene cycloadditions, 45, 2
Ketenes and ketene dimers, synthesis of,

3, 3; 45, 2
α-Ketol rearrangement, 62, 3
Ketones:

acylation of, 8, 3
alkylidenation of, 43, 1
Baeyer-Villiger oxidation of, 9, 3;

43, 3
cleavage of non-enolizable, 9, 1
comparison of synthetic methods, 18, 1
conversion to amides, 3, 8; 11, 1
conversion to fluorides, 34, 2; 35, 3
cyclic, synthesis of, 2, 4; 23, 2
cyclization of divinyl ketones, 45, 1
synthesis from acid chlorides and

organo-metallic compounds, 8, 2;
18, 1

synthesis from organoboranes, 33, 1
synthesis from α,β-unsaturated

carbonyl compounds and metals
in liquid ammonia, 23, 1

reaction with diazomethane, 8, 8
reduction to aliphatic compounds, 4, 8
reduction by alkoxyaluminum hydrides,

34, 1
reduction in anhydrous organic

solvents, 22, 3
synthesis from organolithium reagents

and carboxylic acids, 18, 1
synthesis by oxidation of alcohols,

6, 5; 39, 3
Kindler modification of Willgerodt

reaction, 3, 2
Knoevenagel condensation, 1, 8; 15, 2;

57, 3
Koch-Haaf reaction, 17, 3
Kornblum oxidation, 39, 3
Kostaneki synthesis of chromanes,

flavones, and isoflavones, 8, 3
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β-Lactams, synthesis of, 9, 6; 26, 2
β-Lactones, synthesis and reactions of,

8, 7
Leuckart reaction, 5, 7
Lithiation:

of allylic and benzylic systems, 27, 1
by halogen-metal exchange, 6, 7
heteroatom facilitated, 26, 1; 47, 1
of heterocyclic and olefinic

compounds, 26, 1
Lithioorganocuprates, 19, 1; 22, 2; 41, 2
Lithium aluminum hydride reductions,

6, 2
chirally modified, 52, 2

Lossen rearrangement, 3, 7, 9

Mannich reaction, 1, 10; 7, 3
Meerwein arylation reaction, 11, 3; 24, 3
Meerwein-Ponndorf-Verley reduction, 2, 5
Mercury hydride method to prepare

radicals, 48, 2
Metalations with organolithium

compounds, 8, 6; 26, 1; 27, 1
Methylenation of carbonyl groups, 43, 1
Methylenecyclopropane, in cycloaddition

reactions, 61, 1
Methylene-transfer reactions, 18, 3; 20, 1;

58, 1
Michael reaction, 10, 3; 15, 1, 2; 19, 1;

20, 3; 46, 1; 47, 2
Microbiological oxygenations, 63, 2
Mitsunobu reaction, 42, 2
Moffatt oxidation, 39, 3; 53, 1
Morita-Baylis-Hillman reaction, 51, 2

Nazarov cyclization, 45, 1
Nef reaction, 38, 3
Nenitzescu reaction, 20, 3
Nitriles:

formation from oximes, 35, 2
synthesis from organoboranes, 33, 1
α,β-unsaturated:

by elimination of selenoxides, 44, 1
Nitrile-stabilized carbanions:

alkylation and arylation of, 31
Nitroamines, 20, 4
Nitro compounds, conversion to carbonyl

compounds, 38, 3

Nitro compounds, synthesis of, 12, 3
Nitrone-olefin cycloadditions, 36, 1
Nitrosation, 2, 6; 7, 6
Nucleosides, synthesis of, 55, 1

Olefins, hydroformylation of, 56, 1
Oligomerization of 1,3-dienes, 19, 2
Oligosaccharide synthesis on polymer

support, 68, 2
Oppenauer oxidation, 6, 5
Organoboranes:

formation of carbon-carbon and
carbon-heteroatom bonds from,
33, 1

isomerization and oxidation of, 13, 1
reaction with anions of

α-chloronitriles, 31, 1
Organochromium reagents:

addition to carbonyl compounds, 64, 3;
67, 2

addition to imines, 67, 2
Organohypervalent iodine reagents, 54, 2;

57, 2
Organometallic compounds:

of aluminum, 25, 3
of chromium, 64, 3; 67, 2
of copper, 19, 1; 22, 2; 38, 2; 41, 2
of lithium, 6, 7; 8, 6; 18, 1; 27, 1
of magnesium, zinc, and cadmium,

8, 2;
of palladium, 27, 2
of tin, 50, 1; 64, 1
of zinc, 1, 1; 20, 1; 22, 4; 58, 2

Osmium tetroxide asymmetric
dihydroxylation, 66, 2

Overman rearrangement of allylic
imidates, 66, 1

Oxidation:
by dioxiranes, 61, 2; 69, 1
of alcohols and polyhydroxy

compounds, 6, 5; 39, 3; 53, 1
of aldehydes and ketones,

Baeyer-Villiger reaction, 9, 3;
43, 3

of amines, phenols, aminophenols,
diamines, hydroquinones, and
halophenols, 4, 6; 35, 2

of enolates and silyl enol ethers, 62, 1
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Oxidation: (Continued )
of α-glycols, α-amino alcohols, and

polyhydroxy compounds by
periodic acid, 2, 8

with hypervalent iodine reagents, 54, 2
of organoboranes, 13, 1
of phenolic compounds, 57, 2
with peracids, 7, 7
by photooxygenation, 20, 2
with selenium dioxide, 5, 8; 24, 4

Oxidative decarboxylation, 19, 4
Oximes, formation by nitrosation, 7, 6
Oxochromium(VI)-amine complexes, 53, 1
Oxo process, 56, 1
Oxygenation of arenes by dioxygenases,

63, 2

Palladium-catalyzed vinylic substitution,
27, 2

Palladium-catalyzed coupling of
organostannanes, 50, 1

Palladium intermediates in Heck reactions,
60, 2

Passerini Reaction, 65, 1
Pauson-Khand reaction to prepare

cyclopentenones, 40, 1
Payne rearrangement, 60, 1
Pechmann reaction, 7, 1
Peptides, synthesis of, 3, 5; 12, 4
Peracids, epoxidation and hydroxylation

with, 7, 7
in Baeyer-Villiger oxidation, 9, 3; 43, 3

Periodic acid oxidation, 2, 8
Perkin reaction, 1, 8
Persulfate oxidation, 35, 2
Peterson olefination, 38, 1
Phenanthrenes, synthesis by

photocyclization, 30, 1
Phenols, dihydric from phenols, 35, 2

oxidation of, 57, 2
Phosphinic acids, synthesis of, 6, 6
Phosphonic acids, synthesis of, 6, 6
Phosphonium salts:

halide synthesis, use in, 29, 1
synthesis and reactions of, 14, 3

Phosphorus compounds, addition to
carbonyl group, 6, 6; 14, 3; 25, 2;
36, 2

addition reactions at imine carbon,
36, 2

Phosphoryl-stabilized anions, 25, 2
Photochemical cycloadditions, 44, 2
Photocyclization of stilbenes, 30, 1
Photooxygenation of olefins, 20, 2
Photosensitizers, 20, 2
Pictet-Spengler reaction, 6, 3
Pig liver esterase, 37, 1
Polonovski reaction, 39, 2
Polyalkylbenzenes, in Jacobsen reaction,

1, 12
Polycyclic aromatic compounds, synthesis

by photocyclization of stilbenes,
30, 1

Polyhalo ketones, reductive
dehalogenation of, 29, 2

Pomeranz-Fritsch reaction, 6, 4
Prévost reaction, 9, 5
Pschorr synthesis, 2, 6; 9, 7
Pummerer reaction, 40, 3
Pyrazolines, intermediates in diazoacetic

ester reactions, 18, 3
Pyridinium chlorochromate, 53, 1
Pyrolysis:

of amine oxides, phosphates, and acyl
derivatives, 11, 5

of ketones and diketones, 1, 6
for synthesis of ketenes, 3, 3
of xanthates, 12, 2

Quaternary ammonium
N-F reagents, 69, 2
salts, rearrangements of, 18, 4

Quinolines, synthesis of,
by Friedländer synthesis, 28, 2
by Skraup synthesis, 7, 2

Quinones:
acetoxylation of, 19, 3
diene additions to, 5, 3
synthesis of, 4, 6
in synthesis of 5-hydroxyindoles, 20, 3

Ramberg-Bäcklund rearrangement, 25, 1;
62, 2

Radical formation and cyclization, 48, 2
Rearrangements:

allylic trihaloacetamidate, 66, 1
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anion-assisted sigmatropic, 43, 2
Beckmann, 11, 1; 35, 1
Chapman, 14, 1; 18, 2
Claisen, 2, 1; 22, 1
Cope, 22, 1; 41, 1, 43, 2
Curtius, 3, 7, 9
divinylcyclopropane, 41, 1
Favorskii, 11, 4
Lossen, 3, 7, 9
Ramberg-Bäcklund, 25, 1; 62, 2
Smiles, 18, 2
Sommelet-Hauser, 18, 4
Stevens, 18, 4
[2,3] Wittig, 46, 2
vinylcyclopropane-cyclopentene, 33, 2

Reduction:
of acid chlorides to aldehydes, 4, 7;

8, 5
of aromatic compounds, 42, 1
of benzils, 4, 5
of ketones, enantioselective, 52, 2
Clemmensen, 1, 7; 22, 3
desulfurization, 12, 5
with diimide, 40, 2
by dissolving metal, 42, 1
by homogeneous hydrogenation

catalysts, 24, 1
by hydrogenation of esters with copper

chromite and Raney nickel, 8, 1
hydrogenolysis of benzyl groups, 7, 5
by lithium aluminum hydride, 6, 10
by Meerwein-Ponndorf-Verley reaction,

2, 5
chiral, 52, 2

by metal alkoxyaluminum hydrides,
34, 1; 36, 3

of mono- and polynitroarenes, 20, 4
of olefins by diimide, 40, 2
of α,β-unsaturated carbonyl

compounds, 23, 1
by samarium(II) iodide, 46, 3
by Wolff-Kishner reaction, 4, 8

Reductive alkylation, synthesis of amines,
4, 3; 5, 7

Reductive amination of carbonyl
compounds, 59, 1

Reductive cyanation, 57, 3
Reductive desulfurization of thiol esters,

8, 5

Reformatsky reaction, 1, 1; 22, 4
Reimer-Tiemann reaction, 13, 2; 28, 1
Resolution of alcohols, 2, 9
Retro-Diels-Alder reaction, 52, 1; 53, 2
Ritter reaction, 17, 3
Rosenmund reaction for synthesis of

arsonic acids, 2, 10
Rosenmund reduction, 4, 7

Samarium(II) iodide, 46, 3
Sandmeyer reaction, 2, 7
Schiemann reaction, 5, 4
Schmidt reaction, 3, 8, 9
Selenium dioxide oxidation, 5, 8; 24, 4
Seleno-Pummerer reaction, 40, 3
Selenoxide elimination, 44, 1
Shapiro reaction, 23, 3; 39, 1
Silanes:

addition to olefins and acetylenes,
13, 4

electrophilic substitution reactions,
37, 2

oxidation of, 69, 1
Sila-Pummerer reaction, 40, 3
Silyl carbanions, 38, 1
Silyl enol ether, α-hydroxylation, 62, 1
Simmons-Smith reaction, 20, 1; 58, 1
Simonini reaction, 9, 5
Singlet oxygen, 20, 2
Skraup synthesis, 7, 2; 28, 2
Smiles rearrangement, 18, 2
Sommelet-Hauser rearrangement, 18, 4
SRN1 reactions of aromatic systems,

54, 1
Sommelet reaction, 8, 4
Stevens rearrangement, 18, 4
Stetter reaction of aldehydes with olefins,

40, 4
Stilbenes, photocyclization of, 30, 1
Stille reaction, 50, 1
Stobbe condensation, 6, 1
Substitution reactions using organocopper

reagents, 22, 2; 41, 2
Sugars, synthesis by glycosylation with

sulfoxides and sulfinates, 64, 2
Sulfide reduction of nitroarenes, 20, 4
Sulfonation of aromatic hydrocarbons and

aryl halides, 3, 4
Swern oxidation, 39, 3; 53, 1
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Tetrahydroisoquinolines, synthesis of,
6, 3

Tetrahydrothiophenes, synthesis of,
6, 9

Thia-Payne rearrangement, 60, 1
Thiazoles, synthesis of, 6, 8
Thiele-Winter acetoxylation of quinones,

19, 3
Thiocarbonates, synthesis of, 17, 3
Thiocyanation of aromatic amines,

phenols, and polynuclear
hydrocarbons, 3, 6

Thiophenes, synthesis of, 6, 9
Thorpe-Ziegler condensation, 15, 1; 31
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