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Fluorinated, tetrasubstituted, carbon stereocenters are challenging to install enantioselectively.
gem-Chlorofluoro compounds contain a fluorinated, tetrasubstituted stereocenter, and are an entrée into
other such compounds. We report herein the first catalytic, enantioselective method to prepare
gem-chlorofluoro compounds from unfunctionalized aldehydes. This one-pot method precludes the
isolation of volatile and/or reactive a-haloaldehyde intermediates.

� 2015 Elsevier Ltd. All rights reserved.
The introduction of fluorinated stereocenters has garnered
much attention recently, owing to the increasing prevalence of flu-
orine-containing chiral drugs.1 Fluorinated, tetrasubstituted, stereo-
centers, as exist in the compounds in Figure 1, can be a particularly
challenging motif to access. Installation of this motif via asymmet-
ric carbon–fluorine bond-forming reactions often requires the use
of enantiopure starting materials or stoichiometric chiral fluorinat-
ing reagents, as in the synthesis of influenza antiviral 1 and
thalidomide analog 2, respectively.2,3 More often, however, stereo-
centers of this type are introduced in racemic form, necessitating a
resolution of the resulting enantio- or diastereomeric mixture, as
occurred in the Hoffmann-La Roche synthesis of 3.4

Chiral gem-chlorofluoro compounds (i.e., 8, Scheme 1) also pos-
sess a fluorinated, tetrasubstituted, stereocenter. They may also be
considered lynchpin intermediates, as SN2 displacement of
chlorine can potentially provide access to an array of compounds
containing other fluorinated stereocenters.5d

Within the past decade, several catalytic asymmetric methods
to produce enantiopure gem-chlorofluoro compounds have
emerged. The majority of these methods are limited to b-dicar-
bonyl substrates.5 Methods applicable to substrates other than b-
dicarbonyl compounds require that either the carbon–fluorine or
carbon–chlorine bond be in tact prior to the enantiodetermining
step.6

We have previously investigated organocascade reactions as
efficient methods to produce fluorinated substructures of
medicinal compounds.7 Building on these studies, we envisioned
that a cascade reaction combining successive enamine-catalyzed
a-halogenation reactions would be an effective means of generat-
ing enantiopure gem-chlorofluoro compounds in one-pot starting
from simple aldehyde substrates (Scheme 1). The advantages of
this strategy are that it does not necessitate prior installation of
one of the carbon–halogen bonds and it avoids isolation of volatile,
reactive, aldehyde intermediates.

At the outset, we were well aware that the merging of two cat-
alytic reactions into a cascade reaction poses non-trivial challenges
(vide infra). With this realization already in mind, the starting
point for the development of the cascade reaction was to assess
the compatibility of the two catalytic reactions, and the goal was
to develop the most operationally simple process possible. Thus,
both orders of successive halogenations were initially consid-
ered,8,9 as was the possibility of using a single catalyst/solvent
system for the entire transformation.10 Development of a cascade
reaction in which the chlorination reaction was first, followed by
the fluorination reaction, ultimately proved more fruitful.

Toward this end, starting with the reaction conditions reported
for the enamine-catalyzed a-fluorination of a-chloroaldehydes,6a

we examined the fluorination reaction in the presence of succin-
imide and pentachlorophenol, the byproducts of chlorination
using the electrophilic chlorine sources N-chlorosuccinimide (NCS)
and 2,2,3,4,5,6-hexachlorocyclohexanone,8a respectively (Table 1).
Whereas fluorination was hampered by the presence of
pentachlorophenol (18% conversion), it was unaffected by the
presence of succinimide (entries 2 and 3). This result dictated the
choice of NCS as the chlorine source, which, in turn, influenced the
choice of catalyst for the chlorination step.
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Figure 1. Medicinal compounds containing fluorinated, tetrasubstituted carbon stereocenters.
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Scheme 1. Proposed one-pot organocascade reaction.

Table 1
Compatibility of a-fluorination and a-chlorination stepsa
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10a R = OH
10b R = NH2

9a (3.3 mol %)

NFSI (0.33 equiv)
solvent

0 oC
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Cl F
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Ar
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9a Ar = (CF3)2C6H3

Entry Additive Solvent Time (h) Yieldb (%) eec (%)

1d — MTBE 20 37 85
2 Succinimide MTBE 19 100 87
3 C6Cl5OH MTBE 19 18 Nd
4 10a

(4 mol %)
MTBE 41 83 88

5 10b
(5 mol %)

MTBE 41 Trace —

6e,f — CH2Cl2 52 35 Nd
7g 10a

(5 mol %)
MTBE:CHCl3 1.4:1 23 86 84

8g 10a
(4 mol %), succinimide,
NCS (0.2 equiv)

MTBE:CHCl3 1.4:1 22 0 —

a Reaction conditions: 6a, 9a (0.033 equiv), N-fluorosulfonimide (NFSI,
0.33 equiv), additive (1 equiv unless indicated), solvent (0.75 M), 0 �C.

b 1H NMR yield using cyclohexene as internal standard.
c ee determined by chiral GC.
d Isolated yield of corresponding (volatile) alcohol after reduction with NaBH4.
e Pentanal (4a) used instead of 6a.
f Reaction concentration = 1.5 M.
g Reaction concentration = 0.45 M.
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Specifically, assessment of the fluorination in the presence of
catalysts reportedly effective in a-chlorinations using NCS revealed
L-proline, 10a,8a to be the top performing catalyst among those
evaluated (entry 4). Some catalysts, such as of L-prolinamide,
10b,8b failed to convert starting material into desired product
(entry 5). In addition, our prior investigations had eliminated
other catalysts from consideration for use in the a-chlorination
step of the cascade reaction, either because they failed to
produce 6a (i.e., catalyst 9a) or because they generated nontrivial
amounts of inseparable dichlorinated byproduct.10

Having determined that the reaction conditions for enamine-
catalyzed a-fluorinations were tolerant of NCS and L-proline, which
could be used in a preceding a-chlorination step, our attention
turned to establishing a solvent system for the one-pot cascade
reaction. The fluorination step was low yielding in CH2Cl2, the opti-
mal solvent for a-chlorinations of aldehydes with NCS (entry 6). It
did, however, proceed smoothly using a halogenated solvent as
cosolvent along with methyl tert-butyl ether (MTBE, entry 7).

Having established that the a-fluorination reaction was com-
patible with the electrophilic chlorine source, catalyst and solvent
for chlorination, the one-pot cascade reaction was attempted so
that optimizations of the one-pot process could commence.
While the first step of the cascade reaction proceeded as expected,
much to our dismay, no conversion was observed in the second
step. It was determined that, while the effect of succinimide, the
byproduct of chlorination using NCS, on the a-fluorination reaction
had already been studied, the effect of NCS itself on this reaction
had not. Moreover, since 1.2 equiv of NCS were used in the chlori-
nation step, one might expect unreacted NCS to remain during the
fluorination step. Upon reexamination of the fluorination reaction,
this time in the presence of NCS, indeed no a,a-chlorofluoroalde-
hyde was obtained (entry 8).

Thus, it seemed that use of substoichiometric quantities of NCS
would be required to ensure its complete consumption. Since sub-
stoichiometric quantities of NFSI were also being employed,6a,9b an
examination of the effect of the equivalents of these two reagents
on the cascade reaction was undertaken to maximize the absolute
and theoretical yield of a,a-chlorofluoroalcohol products.10 The
optimal amounts of NCS and NFSI were ultimately determined to
be 0.95 and 0.7 equiv, respectively (Table 2).

With conditions for the one-pot cascade reaction in hand, the
substrate scope of this transformation was explored. Aldehydes
with unbranched aliphatic R groups provided the corresponding
a-chloro-a-fluoro alcohols in high yield and good ee (entries 1
and 3). Aldehydes with branched aliphatic R groups, on the other
hand, resulted in higher ee’s (entries 4, 6, 11 and 13). Pleasingly,
the reaction was readily scaled ten-fold (entries 1 and 2).
Additionally, conversion could be improved by running the fluori-
nation step at room temperature, with only slight, if any, erosion of
ee and/or dr (entry 4 vs 5, 10 vs 11, 12 vs 13, 14). This transforma-
tion was tolerant of ether protecting groups (entry 8), other reac-
tive functional groups (entry 9), significant steric bulk, albeit



Table 2
Substrate scope of one-pot cascade reactiona

i) 4, 10a, NCS, CHCl3, 0 oC
ii) 9a, NFSI, MTBE, 0 oC

iii)NaBH4, CH2Cl2, MeOH, 0 oC
R

O

4

R

OH

11

F
Cl

Entry 11 R Yieldb (%) eec,d (%)

1e a nPr 87 81
2f a nPr 64 81
3 b Bn 71 86
4g c iPr 52 92
5ghi c iPr 70 89
6i,j,k,l d tBu 36 98
7i,j,k,m d tBu 54 92
8 e (CH2)2OBn 66 89
9k f (CH2)6CO2Me 72 85
10 g (S)-CH(Me)(CH2)3iPr 47 nd

(8.4:1.6)
11i g (S)-CH(Me)(CH2)3iPr 57 99

(8.4:1.6)
12 h (R)-CH(Me)(CH2)3iPr 44 nd

(1.6:8.4)
13i h (R)-CH(Me)(CH2)3iPr 67 97

(1.2:8.8)
14i,n i Ph 71 87

a Reaction conditions: (i) 4 (1 mmol), 10a (0.05 mmol), NCS (0.95 mmol), CHCl3

(1 mL), 0 �C, 19–25 h, (ii) 9a (0.033 mmol), NFSI (0.7 mmol), MTBE (1.4 mL), 0 �C,
30–143 h, (iii) NaBH4 (3.3 mmol), CH2Cl2/MeOH (2.35 mL, 3:1), 0 �C.

b Isolated yield.
c ee determined by chiral GC unless otherwise indicated.
d Number in parentheses is syn:anti dr determined by 19F NMR.
e Yield is 1H NMR yield prior to reduction using cyclohexene as internal standard.
f Reaction run on 10 mmol scale.
g Yield is 1H NMR yield of purified 11 using cyclohexene as internal standard.
h Yield and ee values are the average of duplicate reactions.
i Step ii run at rt.
j 11d is the corresponding 3,5-dinitrobenzoate derivative.
k ee determined by chiral phase HPLC.
l Using 0.3 mmol of catalyst 9a in step ii.

m Using 0.5 mmol of catalyst 9a in step ii.
n When step ii was run at 0 �C, ee of 11i was 73%.
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higher catalyst loadings were required in the fluorination step
(entries 6 and 7), and adjacent stereocenters (entries 10–13).
Evidently, asymmetric induction in the fluorination step is entirely
reagent controlled, as the dr was completely reversed upon sub-
jecting 4g to the cascade reaction conditions, followed by its enan-
tiomer, 4h (entry 10 vs 12). Even an aldehyde with an activated a-
carbon (i.e., R = Ph) led to product formation in high yield and ee.
The absolute configuration of 11d was established by X-ray crys-
tallography,11 and the configurations of all other cascade reaction
products were assigned by analogy.

In conclusion, we have developed a catalytic, enantioselective
method to produce gem-chlorofluoro compounds from unfunction-
alized aldehyde substrates in a single flask. This cascade reaction,
being a one-pot method, does not necessitate the isolation of vola-
tile a-haloaldehyde intermediates, and is thus an improved
method to produce gem-chlorofluoroaldehydes and -alcohols. The
products of this cascade reaction are representative of a challeng-
ing class of fluorinated compounds to access efficiently in enan-
tiopure form—those containing a fluorinated, tetrasubstituted,
chiral center—and can be considered lynchpin intermediates from
which to access other such fluorinated compounds. Cascade prod-
ucts were generated in up to 87% yield and in up to 98% ee.
Investigations into the application of this methodology in the syn-
thesis of fluorinated analogs of medicinal compounds are presently
underway in our laboratory.
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