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Chiral fluorinated molecules have attractive properties for
agricultural, medicinal, and material applications."! There-
fore, the introduction of carbon-fluorine bonds in an asym-
metric manner is of great importance in modern synthetic
chemistry, and the development of methodologies that ach-
ieve this transformation are in high demand. During the
past years, tremendous efforts have been made in develop-
ing methods for the asymmetric formation of carbon—fluo-
rine bonds;? many of these methods focus on the catalytic
asymmetric fluorination of 1,3-dicarbonyl compounds® and
carbonyl compounds.™ In contrast, very few methods involv-
ing the catalytic asymmetric fluorination of olefins have
been described.’*® There has been significant progress in
the development of addition reactions of olefins involving
the heavier halogen atoms (X=Br, Cl, and I), a series of
transformations that are some of the most powerful in or-
ganic chemistry;” the catalytic enantioselective fluorination
of olefins remains a challenge. The fluorination/semipinacol
rearrangement, which is initiated by fluorination of the
double bond,™ is a straightforward strategy for the prepara-
tion of B-fluorocarbonyl compounds, which are potentially
useful compounds for fluorine chemistry.”) Moreover, two
adjacent stereocenters, one of which is quaternary, are
formed simultaneously through this rearrangement, which
uses simple allylic alcohols as starting materials (Scheme 1).
In 2005, our research group reported a noncatalytic asym-

R ,0

OH . R
:,,.xﬂ)<Rz [E" ,—Xf‘\Rz
O O e
E=F,ClBr I X=CH,, O,NR

Scheme 1. Halogenation/semipinacol rearrangement reaction.
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metric fluorination/semipinacol rearrangement,'” however,
a suitable catalytic method has yet to be reported.

In the past years, cinchona alkaloids and their derivatives,
which are some of the most important organocatalysts, have
been extensively studied. Various enantioselective transfor-
mations promoted by these catalysts have been achieved.!"!
Recently, our research group and that of others have report-
ed some examples of asymmetric bromination/semipinacol
rearrangement reactions that are catalyzed by cinchona-al-
kaloid derivatives.'?! In light of our previous results, com-
bined with our long-standing interest in semipinacol-rear-
rangement reactions, !l we hypothesized that the fluorina-
tion/semipinacol rearrangement reaction could also be cata-
lyzed by cinchona-alkaloid derivatives in an asymmetric
manner (Scheme 2). Herein, we present our preliminary re-
sults on this reaction.
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Scheme 2. A design for a catalytic enantioselective fluorination/semipina-
col rearrangement reaction.

We began our investigation using 2-oxa allylic alcohol 1a
as a model substrate. A careful survey of cinchona-alkaloid-
derived catalysts was conducted for the fluorination/semipi-
nacol rearrangement reaction (Table 1). Among these cata-
lysts, hydroquinidine-2,5-diphenyl-4,6-pyrimidinediyl diether
((DHQD),PYR), 3¢) was the most effective catalyst and
gave 2a in 32% yield and with an ee value of 50 % (Table 1,
entries 1-4). Next, using 3¢ as the catalyst, various inor-
ganic bases, such as Na,CO;, Cs,CO;, and K,CO;, were in-
vestigated as additives (Table 1, entries 5-7). Remarkably, it
was found that the use of K,CO; led to a reaction of en-
hanced enantioselectivity (62% ee). More encouragingly,
when the reaction temperature was lowered to 0°C, the
enantioselectivity increased to value of 72% (Table1,
entry 8). To further improve the yield and the enantioselec-
tivity, we screened the solvent, the nature of which strongly
affected both the reactivity and the enantioselectivity. The
use of tetrahydrofuran (THF) as a solvent led to no reac-
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Table 1. Optimization of the asymmetric reaction.!
Ph i O
o OH N3F(S°|'(21e§l;w&iv) o PN i 3a:(DHQD)PHAL
i AR L 7" “Phi 3b: (DHQD),AQN
additive (1.2 equiv) E 3c: (DHQD),PYR

solvent (0.1 M) 3d: Quinine

1a T 2a

(DHQD),PYR
Entry Cat. T[°C] Solvent Additive Yield [%]® ee[%]"
1 3a RT CH,CN - 27 17
2 3b RT CH,CN - 25 10
3 3c RT CH,CN - 32 50
4 3d RT CH,CN - 20 16l
5 3c RT CH,CN  Na,CO, 30 54
6 3c RT CH,CN  Cs,CO; 35 54
7 3c RT CH,CN  K,CO, 36 62
8 3c 0 CH,CN  K,CO, 44 72
9 3c 0 THF K,CO; - -
10 3c 0 CHCl, K,CO; 28 81
11 3c 0 DCE K,CO; 48 86
12 3c -10 DCE K,CO; 52 90
131 3c -10 DCE K,CO; 56 93
140l 3c -10 DCE K,CO; 54 93

[a] All reactions, unless otherwise noted, were performed with 0.1 mmol
of 1a in 1 mL of solvent. [b] Yield of isolated product. [c] Determined by
HPLC analysis using a chiral stationary phase. [d] 1.2 equiv of NFSI was
added in six portions. [e] Using 6.0 equiv of K,CO;. [f] the sense of asym-
metric induction was opposite that observed in reactions associated with
other entries in this table.

tion, whereas the use of the chlorinated solvent, 1,2-di-
chloroethane (DCE), led to much improved enantioselectiv-
ity, 86 % ee (Table 1, entries 9-11). To our delight, when the
reaction temperature was further lowered to —10°C, the
enantioselectivity increased further (90% ee; Table 1,
entry 12). Considering that a background reaction might be
influencing the result, we added N-fluorobenzenesulfoni-
mide (NFSI) portionwise, a condition that further improved
the enantioselectivity (93 % ee; Table 1, entry 13). In addi-
tion, no improvement in enantioselectivity and yield was ob-
served when a large excess of K,CO; was used (Table 1,
entry 14).

With optimized reaction conditions established, various 2-
oxa allylic alcohols (1b-k) were subjected to the fluorina-
tion/semipinacol rearrangement reaction. All substrates af-
forded the desired chiral B-fluoroketone derivatives in mod-
erate to good yields with moderate to excellent levels of
enantioselectivity (Table 2). In comparison to the reaction
of model substrate 1a, the reaction of a substrate bearing a
halogen substituent at the para position of the phenyl
moiety showed lower levels of enantioselectivity (Table 2,
entries 3-5). When 4-fluorophenyl-substituted allylic alcohol
1b was used, a similarly high level of enantioselectivity was
observed (Table 2, entry 3). However, substrates containing
either 4-chlorophenyl or 4-bromophenyl substituents gave
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Table 2. Asymmetric fluorination reaction using catalyst
(DHQD),PYR."
;
o R OH  (DHQD),PYR (0.2 equiv) o §1O 1
, r R NFSI(12equv) R
RR2 . K,CO; (1.2 equiv) RRZ “E
1ak CICH,CH,CI, -10 °C 2a-k

Entry  Substrate Yield [% ]! ee [%]*
1 la:n=1, R'=C¢Hs, R?=H 56 93

20 la:n=1, R'=CH;, R?=H 53 92

3 1b:n=1, R'=4-F-CH,, R”*=H 41 92

4lel lc:n=1, R'=4-CI-CH,, R®=H 34 79

5lel 1d: n=1, R'=4-Br-CiH,, R®*=H 39 71

6Ll le:n=1, R'=3-F-C¢H,, R>=H 41 93

7tel 1f:n=1, R'=35-(CH;),CiH;, R®?=H 76 66

8 1g: n=1, R'=2-naphthyl, R*=H 54 71

9lel 1h: n=1, R'=2-thienyl, R?=H 76 38

10 1i:n=1, R'=C¢H; R*=Me 47 86

11 1j: n=0, R'=C¢H,, R>=H 66 85

12 1k: n=0, R'=4-F-CH,, R”*=H 48 81

[a] All reactions, unless noted otherwise, were performed with 0.1 mmol
of 1, 0.12 mmol of K,CO;, and 0.02 mmol of (DHQD),PYR in 1 mL of
1,2-dichloroethane at —10°C. NFSI (0.12 mmol) was added in six por-
tions. [b] Yield of isolated product. [c] Determined by HPLC analysis
using a chiral stationary phase. [d] Using 0.1 equiv of (DHQD),PYR.
[e] The reaction was carried out at 0°C.

products with lower ee values (Table 2, entries 4 and 5). The
use of 3-fluorophenyl-substituted allylic alcohol 1e led to
enantioselectivity that was similar to that of the-4-fluoro-
phenyl substituted substrate (Table 2, entry 6). It was found
that the presence of more than one substituent on the
phenyl group adversely affected the enantioselectivity
(Table 2, entry 7). Additionally, the sterically demanding 2-
naphthyl-substituted substrate also gave moderate enantio-
selectivity (Table 2, entry 8). Unfortunately, heterocycle-sub-
stituted allylic alcohols were not good substrates for the cat-
alytic asymmetric reaction (Table?2, entry9). To further
expand the substrate scope, a substrate with a gem-dimethyl
substituted C5 position within the dihydropyranyl ring was
also examined and when used in the reaction it led to the
corresponding product in moderate yield with a high ee val-
ue (Table 2, entry 10). Finally, the reaction of two substrates
containing dihydrofuranyl moieties also gave the desired
products with high ee values (Table 2, entries 11 and 12).
Notably, the absolute configuration of the product 2a was
determined by X-ray crystallography analysis of its deriva-
tive, 4a (see the Supporting Information for further de-
tails).*!

Because enantiomers generally have disparate biological
activities, convenient access to both enantiomers is distinctly
important in asymmetric catalysis. To our delight, the reac-
tion of 1a with 20 mol % hydroquinine 2,5-diphenyl-4,6-pyri-
midinediyl diether (DHQ),PYR) and NFSI in the presence
of K,CO; in 1,2-dichloroethane at —10°C gave 2a’ (ent-2a)
in 46 % yield with 89 % ee (Table 3, entry 1). Next, the same
substrates that were used above with (DHQD),PYR (3¢) as
the catalyst were subjected to the standard reaction condi-
tions using (DHQ),PYR, thus giving the products 2a’-k’,
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Table 3. Asymmetric fluorination reaction using catalyst (DHQ),PYR.[

.
o R OH (DHQ),PYR (0.2 equiv) o R! 0
| R’ NFSI (1.2 equiv) , R’
R;z n K,CO3 (1.2 equiv) RR2 w F
1a-k CICH,CH,CI, -10 °C 22K
Entry  Substrate Yield [% ] ee [%]
1 la:n=1, R'=CH;, R>=H 46 89
21l la:n=1, R'=CH;, R>=H 46 90
3l la:n=1, R'=CH;, R>=H 42 90
4 1b: n=1, R'=4-F-CH,, R>=H 38 86
5t 1c:n=1,R'=4-CI-C¢H,, R>=H 31 77
o 1d: n=1, R'=4-Br-CH,, R>=H 29 70
7t le:n=1, R'=3-F-C;H,, R>=H 35 87
glfl 1f: n=1, R'=3,5-(CH;),-C;H;, R”*=H 73 63
9 1g: n=1, R'=2-naphthyl, R*=H 44 68
101 1h: n=1, R'=2-thienyl, R?=H 58 36
11 li: n=1, R'=CH; R*=Me 42 77
12 1j: n=0,R'=CH;, R”*=H 54 86
13 1k: n=0, R'=4-F-CH,, R>=H 33 84

[a] All reactions, unless noted otherwise, were performed with 0.1 mmol
of 1, 0.12 mmol of K,COj;, and 0.02 mmol of (DHQ),PYR in 1 mL of 1,2-
dichloroethane at —10°C. NFSI (0.12 mmol) was added in six portions.
[b] Yield of isolated product. [c] Determined by HPLC analysis using a
chiral stationary phase. [d] Cs,CO; was added instead of K,COs;.
[e] Using 0.1 equiv of (DHQ),PYR. [f] The reaction was carried out at
0°C.

which are the enantiomers of 2a-k, in moderate yields and
with moderate to high levels of enantioselectivity. In com-
parison to the products 2a-i, the products 2a’-i’ were ob-
tained with slightly lower ee values (Table 3, entries 1-11),
although, two substrates containing dihydrofuranyl moieties
were obtained with slightly higher ee values (Table 3, en-
tries 12 and 13). In addition, we also examined the effect of
Cs,CO; as an additive (instead of K,COj;), which was also
examined in our initial optimization studies, and found that
the enantioselectivity was slightly higher in the reaction of
1a (90% ee; Table 3, entry 2). However, the use of Cs,CO;
instead of K,CO; had a negative effect on the enantioselec-
tivity for other substrates.

Chiral B-fluoroketones are potentially useful synthons for
fluorine chemistry, and therefore, the investigation of a
large-scale reaction would be necessary to evaluate the syn-
thetic utility of the reaction. Accordingly, the rearrangement
of substrate 1a was carried out on a 1 mmol scale with cata-
lyst loading of 10 mol % and the desired product 2a was ob-
tained in 43 % yield with an ee value of 90 % (Scheme 3).

In summary, a novel asymmetric fluorination/semipinacol
rearrangement reaction that is catalyzed by cinchona-alka-
loid derivatives was developed. This reaction is valuable be-

Phon  (DHQD)PYR (0.1 equiv)

0.2l
Cj/kph NFSI (1.2 equiv) lerh
F

K>CO3 (1.2 equiv)
CICH,CH,CI, -10 °C
1a 2a
90% ee

1.0 mmol, 266 mg

Scheme 3. Asymmetric fluorination reaction on a 1 mmol scale.
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cause a series of chiral p-fluoroketones, which contain vari-
ous substituents and oxygen-containing rings of various size,
can be prepared from simple allylic alcohols. Moreover,
both enantiomers of the products were readily obtained
with moderate to excellent ee values. Further investigations
are underway to determine the mechanism.

Experimental Section

General procedure: A mixture of (DHQD),PYR (20mol%) or
(DHQ),PYR (20 mol%) and NFSI (0.02 mmol) in 1,2-dichloroethane
(0.5 mL) was stirred under argon at RT for 10 min. K,CO; (0.12 mmol)
was then added to the solution, and the reaction mixture was stirred for
10 min at —10°C. A solution of the 2-oxa allylic alcohol 1a (0.1 mmol) in
1,2-dichloroethane (0.5 mL) was added to the mixture and the resulting
mixture was stirred at the same temperature. NFSI (0.1 mmol) was added
in five portions (0.02 mmol every 8 h). After the substrate was complete-
ly consumed (as detected using thin-layer chromatography), the reaction
mixture was directly subjected to column chromatography using silica gel
as the stationary phase and petroleum ether/ethyl acetate (125:1) as the
eluent to give the desired product.
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[15] We also examined the reaction of 1a with quinine (1.4 equiv) and The Cambridge Crystallographic Data Centre via www. ccdc.cam.
Selectfluor (1.4 equiv) in the presence of K,CO; (0.6 equiv) in ac.uk/data request/cif.
CH;CN at RT (the standard reaction conditions used in Ref. [10])
and found that the desired p-fluoroketone was not obtained.

[16] CCDC 881661 (4a) contains the supplementary crystallographic Received: July 9, 2012
data for this paper. These data can be obtained free of charge from Published online: August 31, 2012
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