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Abstract: Described is the first study on oxidative enantiose-
lective a-fluorination of simple aliphatic aldehydes enabled
by N-heterocyclic carbene catalysis. N-fluorobis(phenyl)-
sulfonimide serves as a an oxidant and as an “F” source. The
C—F bond formation occurs directly at the a position of simple
aliphatic aldehydes, thus overcoming nontrivial challenges,
such as competitive difluorination and nonfluorination, and
proceeds with high to excellent enantioselectivities.

Organoﬂuorine compounds display a wide range of distinct
physical properties which often render them valuable to the
pharmaceutical companies and agrochemical industries."! In
particular, fluorine atom incorporation has become an
effective tool for medicinal chemists to alter the bioactivity
of drug candidates.’”! Despite the broad-spectrum utility of
such C—F bond containing compounds, it is remarkable to
consider that only a few catalytic methods exist for the
asymmetric installation of fluorine onto carbogenic frame-
works"! and that most of these methods have focused on the
generation of non-enolizable products such as a-alkyl-f3-
ketoesters. Given that chiral a-fluoro carbonyl compounds
have been identified as high-value synthons for chemical
synthesis,'" great progress has been made by employing chiral
metal complexes for electrophilic fluorination of activated
ketones,***¢l nucleophilic fluorination of ketenes, and using
nucleophilic fluorine sources for enantioselective allylic
fluorination.®™™ Enamine catalysis has furnished a number
of protocols for highly enantioselective a-fluorination of
aldehydest* ¥ and ketones.” Cinchona alkaloids have been
effective for fluorination of carbon nucleophiles® and in
a dual catalysis mechanism to enable the fluorination of acyl
chlorides.”” Recently, a combination of chiral-anion phase-
transfer catalysis and enamine catalysis has been reported to
generate a-branched a-fluoroketones.® Surprisingly, despite
the availability of a variety of N-heterocyclic carbene (NHC)
catalysts (e.g., catalysts A—F in Table 1),”) the utility of simple
aldehydes in NHC-catalyzed a-fluorination reactions is still
comprehensively elusive. In contrast to the NHC-catalyzed
a-C—C bond formation reaction (Scheme 1a),' the disclo-
sure of enantioselective o-fluorination of simple aliphatic
aldehydes catalyzed by chiral NHC catalysts has not yet been
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Scheme 1. Oxidative NHC catalysis of aliphatic aldehydes.

reported.!"! Herein, we report the first example of oxidative
enantioselective a-fluorination of simple aliphatic aldehydes
catalyzed by an NHC catalyst. It is noteworthy that NFSI is
disclosed not only as an electrophilic fluorinating resource!'”
but also as an oxidant! in asymmetric organocatalysis
(Scheme 1b).

Key results on optimization of the reaction conditions are
summarized in Table 1. The reaction of the aliphatic aldehyde
1a (0.2 mmol) with cyclohexanol (2a; 0.6 mmol) was chosen
as a model reaction. Studies on chiral NHC catalysts revealed
that when the indanol-derived catalysts C and D, with an
N-246-trichloro- and N-24,6-tribromophenyl substituent,
respectively, were used, the desired o-fluorinated product
3aa was efficiently formed, albeit with a high enantioselec-
tivity (entry 3 and 4). Notably, only a trace amount of the
nonfluorinated ester 4 and difluorinated ester 5 was dectected
under these reaction conditions. To further improve the
enantiocontrol, we turned our attention to screening solvents
(entries 6-9). The results indicate that the use of 1,4-dioxane
consistently afforded the desired product with a reliable
chemical yield and a slightly enhanced ee value (entry 9). A
switch of base from K,CO; to NaOAc led to a slightly higher
ee value and comparable yield (entry 13). At last we con-
ducted experiments to test the effect of “F” resources.
Surprisingly, all other commonly used fluorinating reagents
(G1-G5) gave either no reaction (entries 14-16) or low
conversion (entry 17 and 18). The high reactivity of NFSI
(versus that of G1-GS5) can probably be attributed to two
factors: 1) NFSI has a higher oxidation potential (—0.78 V)
and 2) NFSI has a better solubility in organic solvents.*"
Consequently, NFSI was selected as the most efficient
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Table 1: Optimization of the reaction conditions.?

Ox-H Ph O H Ph O H
\HLO)@ + %0)%
Ph 1a  NHC cat. (10 mol%) F 2aa HH 4
"F"-reagent (2.5 equiv)
+ -
HO base (2.0 equiv)

solvent, RT Ph Q H
A St
F F s

2a
NHC cat. [e] Fluorinating reagent
""<\\>\N BF,4
©\\-’ N\;N~ 4<:i
+R N BF, <:<<
-F
A:R'=Mes
B:R'=C4F5
C: R" = 2,4 6-trichlorophenyl
D: R = 2,4,6-tribromophenyl
(\ (\ F SOzF'h
FF::%\\,. N\;:: BF, \72 BF, [sz BF, £ so Ph
OTBS  *+R? £ al (NFSI)
E: R?=C¢Fs5 G4 G5 G6
F: R2 = 2,4,6-trichlorophenyl
Entry NHC Base Solvent “F” 3aa 3aa 4 59
rea- Yield ee Yield
gent (%" [%]" [%]")
1 A K,CO, toluene G6 nrfl B B trace
2 B K,CO, toluene G6 66 74 10 trace
3 C K,CO,4 toluene G6 84 92 <5 trace
4 D K,COs toluene G6 86 92 <5 trace
5 E K,CO, toluene G6 <5 L 12 trace
6 F K,CO, toluene G6 - B 20 trace
7 D  KCO, CH,, G6 56 93 <10 trace
8 D K,CO, THF Gé6 46 86 <10 trace
9 D K,COs 1,4-dioxane G6 72 94 <5 trace
10 D PhCO,Na 1,4-dioxane G6 50 92 <5 trace
11 D K;PO, 1,4-dioxane G6 77 94 <5 trace
12 D NaOAc 1,4-dioxane G6 78 96 <5 trace
136 D NaOAc 1,4-dioxane G6 84 96 <5 trace
14 D NaOAc  1,4-dioxane G1 n.rfl & _&8  _E
15 D NaOAc  14-dioxane G2 nrlt & & i
16 D NaOAc  14-dioxane G3 nrlt &8 & i
17 D NaOAc  1,4-dioxane G4 <5 &8 &8 _I
18 D NaOAc 1,4-dioxane G5 31 g3 & _

[a] Reactions were carried out with aldehyde Ta (0.2 mmol), alcohol 2a
(0.6 mmol), cat. A-F (0.02 mmol), NFSI (0.5 mmol) and base

(0.4 mmol) in 1,4-dioxane (2 mL) for 24 h at RT. [b] Enantiomeric excess
(ee) was determined by chiral HPLC analysis. [c] Yields determined by
"H NMR spectroscopy of the crude product. [d] Determined by GC-MS.
[e] NaOAc (0.8 mmol, 4 equiv). [f] No reaction. [g] Not determined.
TBS =tert-butyldimethylsilyl.

electrophilic fluorinating reagent and oxidant for next
evaluation.

With the optimal reaction conditions in hand, we turned
our attention to examining the scope of alcohols. As indicated
in Table 2, the oxidative enantioselective o-fluorination
reaction is not limited to the synthesis of cyclohexyl esters
(3aa). It can also be applied to construct a diverse set of alkyl
esters in the presence of various alcohols, such as 4-phenyl-1-
butanol (2b), 2-indinol (2¢), allylic alcohol (2d), propargyl
alcohol (2e), mesitylmethanol (2 f), as well as N-(2-hydroxy-
ethyl)phthalimide (2g), in good yields and good to excellent
enantioselectivities.
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Table 2: Scope with respect to the alcohol.*™

) H

cat. D (10 mol%) Ph O
?H NFSI (2.5 equiv) K‘)k R
" .
R NaOAG (4.0 equiv) 0
Ph 1,4-dioxane, RT F

1a 2b-g 3ab-ag

K‘/KA/\/Q Jj? %o/v

90% es 78%

Ph O P
K‘/LO/\//
F

3ae
79% ee, 92%

91 % ee 71% 73%

{ap e QRSN =L

91% ee 86%

ee 89%

5% ee, 90%

[a] Reactions were carried out with aldehyde 1a (0.2 mmol), alcohol 2b—
g (0.4 mmol), cat. D (0.02 mmol), NFSI (0.5 mmol), and NaOAc

(0.8 mmol) in 1,4-dioxane (2 mL) for 24 h at RT. [b] Yield is that of
product isolated after column chromatography. [c] MeOH and EtOH
gave a trace amount of a-fluoroester determined by GC-MS.

[d] Unfortunately, tBuOH gave no desired a-fluoroester.

However, methanol and ethanol only gave trace amounts
of the desired products. We speculated that less sterically
hindered alcohols prefer to react with the intermediate III
rather than intermediate V (Scheme 3) thus preventing the
reaction and generating the nonfluorinated ester. However,
tert-butanol is too sterically inaccessible for nucleophilic
attack in this process and thus caused no reaction.

Next, we examined the scope of simple aliphatic alde-
hydes. Examples of aliphatic aldehydes and cyclohexanol
which worked effectively under the optimal reaction con-
ditions (Table 1, entry 13) are illustrated in Table 3. With 2a
as the model alcohol substrate, aliphatic aldehydes derived
from o-(hetero)aryl aldehydes bearing various substituents all
worked well, thus affording the corresponding a-fluorinated
esters 3ba-ha with good yields and excellent ee values (93—
96% ee). Both electron-donating (3ca) and electron-with-
drawing (3ba and 3da) substituents on the $-phenyl unit were
tolerated. Notably, aliphatic aldehydes containing different
aryl (3ia-la) substituents at the a-position also reacted well,
thus leading to the desired a-fluorinated products with good
yields and excellent ee values (92-98 % ee). Pleasingly, sub-
strates (1g and 1h) containing F-sensitive atoms (S and N)
could be tolerated without any loss of yield and enantiose-
lectivity (3ga and 3ha). Furthermore, more bulky o-substi-
tuted aliphatic aldehydes required a longer reaction time than
less sterically hindered a-substituted aliphatic aldehydes (72 h
versus 24 h). With respect to the above aliphatic aldehydes,
a-functionalized aldehydes (1m and 1m) were also tolerated
in this reaction (3ma and 3na). When long alkyl chain based
aldehydes were used, the enantioselectivity still maintained at
high to excellent levels (30a—qa). Pleasingly, the a,a-disub-
stituted aldehyde 1r reacted well with 2a and afforded the
tertiary a-fluoroester 3ra in the presence of 20 mol % cat. D
(77 % ee and 78 % yield).

The enantioenriched a-fluoroesters can be transformed
into a variety of other chiral secondary fluorinated derivatives
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Table 3: Scope with respect to the aldehyde.?!
H cat. D (10 mol%)

O NFSI(25equ|v)
+ HO/‘m

NaOAc (4.0 equiv)
R 1,4- dloxane RT

1b-s 2a

H/U%

3ba-ra

D Y D

96% ee 88%

95% ee 78%

Q(U@MM

4% ee 84% 94% ee 83% 95% ee 83%

%)r?l s o

98% ee, 73%"’1

95% ee 84%

96% ee 79% 92% ee 74%[b1

O H ‘ o H OBn O H
N o\ '\Hko)%
F 3k F 3l F 3ma

95% ee, 76%!°! 88% ee, 80%!

OBn
o H
o)ﬁ

3pa
92% ee, 75%

96% ee, 71%

Ii%n
0. /OO H
0)%

3o0a
80% ee, 82%

=0
N O H
N
F 3na
85% ee, 87%!°!

q\:m Q%&A

8% ee, 81%"’] 77% ee, 78%[°]

[a] Reaction conditions as in Table 2. [b] 72 h. [c] 20 mol% D, 72 h.
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Scheme 2. Transformations of a-fluorinated esters. Reaction condi-
tions: a) LiOH, aq. H,0,, THF, 0°C—RT, overnight, 86 % yield;

b) LiAIH,, THF, —20°C, 30 min, 91% yield; c) 1. DIBAL-H, CH,Cl,,
—78°C, 20 min; 2. BnNH,, NaBH(OAc);, DCE, RT, overnight, 81%
yield (2 steps); d) PhB(OH),, [Pd(PPh;),], K,CO;, toluene, 90°C, 2 h,
94 % yield. DCE=1,2-dichloroethane, DIBAL-H =diisobutylaluminum
hydride, THF =tetrahydrofuran.

(Scheme 2). The absolute configuration of 7 was determined
by optical rotation, which is comparable to the literature
value,™ and the other products were assigned by its analogy.
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Scheme 3. Postulated mechanism.

A postulated mechanism of this reaction process is
depicted in Scheme 3. Reaction of 2a with the NHC catalyst
D in the presence of NaOAc forms the Breslow intermediate
I. Nucleophilic addition of Breslow intermediate to NFSI
converts I into the NHC-bound fluorinated intermediate II.
Then conversion of II into III is accelerated by NaOAc
through the elimination of HF. To prove the potential
formation of III, we conducted an experiment using 10 as
the starting material and catalyst D [Eq. (1)]. Pleasingly, this

cat. D (10 mol%)

F NFSI (1.1 equiv)
+ HO/& NaOAc (4.0 equiv) H)k
PH 1,4- dloxane RT
10 2a 3aa 96% ee, 90%

in situ formed III could react with NFSI (only 1.1 equiv) to
afford 3aa as expected (90% yield and 96% ee). The
subsequent deprotonation allows III and the enolate IV to
reach a rapid equilibrium (Scheme 3). Finally, I'V behaves as
a nucleophile to interact with the second NFSI to eventually
form the a-fluoroester product 3aa along with the regener-
ation of NHC catalyst D.

In summary, the first study of an NHC-catalyzed oxidative
enantioselective o-fluorination of simple aliphatic aldehydes
using NFSI, which plays two roles, is presented. In the
presence of an appropriate combination of a NHC precata-
lyst, a base, an oxidant (NFSI), and a “F” resource (NFSI), the
C—F bond formation occurs directly at the o position of
simple aliphatic aldehydes and proceeds with high to excel-
lent enantioselectivities.
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