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Enantioenriched fluorinated molecules play an important
role as pharmaceutically active compounds with impressive
biological activities.!! The anti-HIV drug Efavirenz, for
example, contains a chiral C*—CF; unit, and the broad-
spectrum antibiotic Levofloxacin has a chiral C*—F moiety.
Fluorinated molecules also offer opportunities for creating
functional molecules with potential applications, such as
liquid crystals.”) Metal- and/or organocatalyzed asymmetric
transformations for the synthesis of organofluorine com-
pounds that make use of fluorinated building blocks and
direct enantioselective fluorination or trifluoromethylation
are among the most powerful means to access chiral
fluorinated synthons.”) However, these methods are not
always applicable to the synthesis of a desired compound,
and thus, the development of new approaches for the
synthesis of chiral organofluorine compounds remains an
area of great importance in modern organic chemistry.

Kinetic resolution is an alternative and complementary
strategy for the preparation of a wide range of enantioen-
riched organic compounds.! A possible drawback of this
approach is that with the exception of dynamic kinetic
resolution, a mixture of the product and unreacted starting
material is often obtained. We envisaged that if both these
compounds were potentially important fluorinated materials
and produced in high enantiomeric excess, kinetic resolution
would become a more attractive strategy, as it would allow the
synthesis of two chiral fluorinated targets by a single trans-
formation at the same time; we coined this process a “kill two
birds by one stone” strategy (TBOS strategy).

The activation or cleavage of C—F bonds has recently also
gained much attention.”® As C—F bonds are the strongest
bonds that carbon can form, the cleavage of C—F bonds
requires rather forced conditions, and therefore, the develop-
ment of mild and effective methods for the activation of C—F
bonds has become a crucial topic in general organic chemistry.
Gouverneur and co-workers investigated the activation of
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allylic C—F bonds and developed a palladium- or platinum-
catalyzed substitution reaction of allyl fluorides with carbon,
nitrogen, and oxygen nucleophiles.”! Paquin etal. also
described the activation of allylic C—F bonds by palladium
catalysis and hydrogen bonding.”®! Recently, we reported the
synthesis of a series of 2-fluoromethyl-oxazolidin-2-ones by
desymmetrization of non-activated aliphatic difluorides by
silicon-induced catalytic C—F bond cleavage.””! Our group also
investigated the cinchona-alkaloid-catalyzed asymmetric
allylic trifluoromethylation of Morita—Baylis—Hillman
(MBH) carbonates with the Ruppert-Prakash reagent
(Me;SiCF;) to deliver allylic trifluoromethylated com-
pounds.'”! As an application of the TBOS strategy and as
an extension of our research on C—F bond activation® and
the enantioselective construction of chiral C*—CF;! and
C*—F units,'” we herein disclose the first kinetic resolution of
allyl fluorides by catalytic asymmetric allylic trifluoromethy-
lation of MBH-type allyl fluorides 1. Racemic allyl fluorides 1
can be converted into enantioenriched 1 and trifluoromethy-
lated allyl compounds 2 with an excellent degree of enantio-
purity by a single transformation; both compounds are
potential chiral synthons for biologically important mole-
cules. Racemate 1 was also kinetically resolved by asymmetric
allylic pentafluoroethylation and pentafluorophenylation to
furnish enantioenriched allyl fluorides 1, along with penta-
fluoroethylated 3 and pentafluorophenylated 4 with 99 % ee
each. The key to these highly asymmetric transformations is
the silicon-induced cleavage of an allylic C—F bond, which is
assisted by Sy2'substitution with a bis(cinchona alkaloid),
namely (DHQD),PHAL (Scheme 1). Enantioenriched allyl
fluorides 1 are produced by kinetic resolution, while the
enantioenriched trifluoromethylated allyl compounds 2 are
simultaneously formed by enantioselective trifluoromethyla-
tion. The products can be transformed into the fluorine-
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Scheme 1. Kinetic resolution of MBH-type allyl fluorides 1 by enantio-
selective fluoroalkylation through C—F bond activation/cleavage.
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containing isoxazolines 5 and 6, which are interesting struc-
tures from an agrochemical point of view, in a single step.

Asymmetric reactions of MBH adducts have hitherto
been studied by many groups,"* including by ourselves.!"*!*l
Rios and co-workers described an organocatalyzed kinetic
resolution of MBH carbonates,'” as did several other
groups.'® The basic framework of MBH adducts contains
an OR group (acetate or carbonate) at the allylic position,
which can act as a leaving group. Therefore, we surmised that
MBH-type fluorides 1%7 could also behave as conventional
MBH starting materials for asymmetric allylic substitution;
C—F bond activation should be rendered possible by a silicon-
induced pathway. For a successful kinetic resolution, the C—F
bond of 1 must nevertheless be sufficiently stable under the
selected reaction conditions.

The kinetic resolution of racemic 1 with Me;SiCF; was
successfully carried out in the presence of a catalytic amount
of (DHQD),PHAL and molecular sieves (4 A), in 14-
dioxane/THF (5:1; 0.5M) at 0°C, thus providing the enan-
tioenriched allyl fluoride1l and trifluoromethylated 2
(Table 1).'%1 The allyl fluorides 1 were slowly consumed by
trifluoromethylation, and the reactions were stopped at about
50% conversion of 1. A series of allyl fluorides 1a-i with
a variety of substituents on the aromatic ring, including
methyl, methoxy, chloro, and bromo moieties, were converted
into the trifluoromethylated products (S)-2a—i with excellent

enantioselectivities of 87-96 % ee. The allyl fluorides (R)-1a—
i were then recovered with excellent enantioselectivities of up
t0 99 % ee, which corresponds to s factors of 24-64 (entries 1-
9). The kinetic resolution of nitro-activated allyl fluoride 1j
was performed with a lower amount of Me;SiCF; (0.7 equiv)
because of the high reactivity of 1j, and the reaction showed
good selectivity; (S)-2j was obtained in 89 % ee and 52%
yield, while (R)-1j was recovered in 90% ee and 44 % yield
(s=20; entry 10). The reaction of 1k with a sterically
demanding naphthyl moiety also gave the corresponding
product in good chemical yield and selectivity (s=22;
entry 11). We next attempted the reaction of an alkyl-
substituted compound; cyclohexyl-substituted allyl fluoride
11 was converted into the desired (S)-21, but the reaction was
very slow."” Increasing the amount of (DHQD),PHAL
(30 mol %) slightly improved the reactivity to afford (S)-21
in 82% ee and 22% yield after 120 h (s=18; entry 12). A
series of bulky zert-butyl esters 1 m—p were converted into the
corresponding products (S)-2m—p with good selectivity (87—
96 % ee, s =14-105; entries 13-16), even though the reactivity
was lower than for the methyl esters 1a-1. The reaction of
phenyl-substituted allyl fluoride 1m proceeded particularly
well; (S)-2m was obtained in 94 % ee and 48 % yield, and 1m
was recovered in 93 % ee and 42 % yield. The highest s factor
that was observed during this study was thus measured for 1m
(s=105; entry 13). We also succeeded in obtaining the

Table 1: Kinetic resolution of MBH-type allyl fluorides 1 by enantioselective trifluoromethylation.?

Me3SiCF3; (1.0 equiv.)

F (DHQD),PHAL (10 mol%) CFs F
R102c\(§ re M f4A) . R1OZC\’('\ 2 . R1ozcr w2
1,4-dioxane/THF (5:1), 0 °C MeO
rac-1 (S)-2 (R)1
(DHQD),PHAL

Entry 1 R' R? t [h] Conv.”! [9)] 2 recovered 1

eel (yield™) [%] eel (yield® [%] st
1 1a Me Ph 36 54 95 (51) 97 (41) 44
2 1b Me 4-MeCgH, 60 53 95 (48) 96 (40) 50
3 1c Me 3-MeCgH, 50 53 96 (50) 97 (41) 64
4 1d Me 3-MeOC¢H, 48 55 94 (50) 97 (40) 36
5 le Me 4-CICgH, 18 54 89 (51) 98 (43) 45
6 1f Me 3-CICH, 16 54 91 (50) 97 (41) 42
7 1g Me 4-BrC¢H, 20 56 89 (52) 96 (42) 26
8 1h Me 3-BrCeH, 19 55 90 (52) 99 (41) 50
9 1i Me 2-BrCeH, 108 52 87 (36) 85 (31) 24
101 1j Me 4-NO,C¢H, 3 55 89 (52) 90 (44) 20
1 1k Me 2-naphthyl 36 53 91 (48) 88 (42) 22
128l 11 Me Cy 120 23 82 (22) 26 (54) 18
13 Tm tBu Ph 120 50 94 (48) 93 (42) 105
14 1n tBu 3-MeCgH, 120 44 96 (37) 70 (47) 33
15 1o tBu 4-BrC¢H, 66 54 87 (51) 84 (42) 15
16 1p tBu 4-NO,C¢H, 5 55 90 (48) 84 (43) 14
17t 1a Me Ph 120 53 —62 (44) —77 (42) 12

[a] Reactions were carried out using rac-1 (0.1 mmol), Me;SiCF; (1.0 equiv), (DHQD),PHAL (10 mol %), and molecular sieves (4 A) in 1,4-dioxane/
THF (5:1; 0.2 mL, 0.5 m) unless otherwise noted. [b] The conversion of 1 was determined by '*F NMR spectroscopy with an internal standard.

[c] Determined by HPLC analysis. [d] Yield of isolated product. [e] The selectivity factor (s) based on recovered 1 was determined by the equation
s=ki(fast/slow) = In[(1—C) (1—ee)]/In[(1—C) (1+ee)] (C=conversion; ee =enantiomeric excess of recovered 1). [f] Me;SiCF; (0.7 equiv).

[g] (DHQD),PHAL (30 mol %). [h] (DHQ),PYR used instead of (DHQD),PHAL. Cy =cyclohexyl, (DHQ),PYR=hydroquinine 2,5-diphenyl-4,6-

pyrimidinediyl diether.
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opposite set of enantiomers, namely (R)-2a in 62% ee and
(5)-1ain 77 % ee, in the presence of (DHQ),PYR, rather than
(DHQD),PHAL, as the catalyst (s=12; entry 17). The
absolute configurations of the trifluoromethylated com-
pounds 2 were determined by a comparison with previously
reported HPLC retention times.'”! The absolute configura-
tion of recovered 1g was unambiguously assigned to be R by
X-ray crystallographic analysis'™”! of the isoxazoline derivative
(1R,2R)-5g (see below and Scheme 3); the absolute stereo-
chemistry of the other allyl fluorides was tentatively assumed
to be R by analogy.

Interestingly, a kinetic resolution of 1a was also achieved
by enantioselective allylic pentafluoroethylation and penta-
fluorophenylation. Both of the reactions proceeded smoothly
to provide the desired products, pentafluoroethylated 3 and
pentafluorophenylated 4, with excellent enantioselectivities
of 99 % ee and s factors of 52 and 37, respectively (Scheme 2).

Furthermore, the chiral allyl fluoride 1g was smoothly
converted into the biologically interesting heterocycle 5g by
a 1,3-dipolar cycloaddition (Scheme 3). The analogous trans-
formation of chiral trifluoromethylated allyl compounds 2
into the corresponding isoxazolines 6 by the same procedure
was previously reported by our group.!”

Me;SiRs (1.0 equiv)
F (DHQD),PHAL (10 mol%) R¢

MeO,C o M.S. (4 A) MeOzCTﬁkph + (R)-1a
1,4-dioxane/THF (5:1), 0 °C

rac-1a 3or4

CF,CF3 CgsFs

ﬁph Meozcjr*kph

40 h, 52% conv. 33 h, 47% conv.
(+)-3; 99% ee (46%) (-)-4; 99% ee (40%)
(R)-1a; 94% ee (45%), s =52 (R)-1a; 79% ee (46%), s =37

MeO,C

Scheme 2. Kinetic resolution of 1a by enantioselective pentafluoro-
ethylation or pentafluorophenylation.
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(R)-1g (96% ee) CH,Cl, 0°C, 6 h Ph 5g

73%, d.r. =64
major (1R,2R); 96% ee
minor (1S,2R); 96% ee

Scheme 3. Conversion of allyl fluoride (R)-1g into isoxazoline 5g.

To understand the high efficiency of the kinetic resolution
of 1 by trifluoromethylation, the postulated mechanism must
be considered. Kinetic resolution/trifluoromethylation begins
with C—F bond activation of 1 by coordination to the silicon
atom of Me;SiCF;;* this is followed by the addition of
(DHQD),PHAL to the alkene moiety through the quinucli-
dine nitrogen atom in an Sy2’ process that involves the loss of
the fluoride as Me;SiF to provide the ammonium salt I. This
step is believed to be rate-determining. The catalyst
(DHQD),PHAL preferentially attacks (S)-1, while (R)-
1 remains intact; kinetic resolution of 1 has therefore
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© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
itermationalediion. CHEIMIIE

occurred. The product 2 is formed by a second Sy2'
substitution reaction of E-configured I, which was generated
from (S)-1, with CF;~ as the nucleophile (Figure 1).1%14201 A
thorough investigation of the ee values of 1a and 2a at
different conversions revealed that the enantiopurity of 2a is
not related to the conversion (Figure 2). Excellent enantio-
selectivities were persistently observed and found to be
independent of the conversion and the ee of 1a. Therefore, 2a
was produced by enantioselective trifluoromethylation. On

1) C-F bond
(|3F3 activation (‘3F3
Me~Si“ig Me~Si“pg
B MessicF ; ;
Me0,C es5™T3 Meo,C + MeO,C._ A
R " R R
N(R")3 |
rac-1 NJast N(R1)359W/‘
Me;SiF 2) kinetic
resolution

3) enantioselective
trifluoromethylation

CF
CFs MeO,C B . £
MeO,C -~ ~ R MeO,C.__~
R ~N(R)s RL* WR
N
(R)-1

(S)y2 R
I
Figure 1. Proposed mechanism consisting of three steps: 1) C—F bond
activation, 2) kinetic resolution, and 3) enantioselective trifluoro-
methylation. N(R'), = (DHQD),PHAL.

W) 6 606 o %006 %00
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__ 60 Y S
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Figure 2. Kinetic resolution of 1a (@) and enantioselective formation
of 2a (e; see Table S2).

the other hand, the enantiopurity of 1a constantly increased
from 0 to 97% ee with increasing conversion. These data
strongly support the idea that the enantioenriched allyl
fluoride 1a is generated by kinetic resolution through
enantioselective trifluoromethylation.

In conclusion, the first kinetic resolution of allyl fluorides
was realized by an enantioselective allylic trifluoromethyla-
tion of MBH-type allyl fluorides 1 under organocatalysis. The
key for success was the cleavage of the strong C—F bond of
(5)-1 by a cooperative system that includes the bis(cinchona
alkaloid) and the silicon atom of the trifluoromethylating
reagent, while (R)-1 remains intact. The features of the
overall transformation include: 1) asymmetric synthesis of
allyl fluorides,” 2) enantioselective trifluoromethylation,
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3) C—F bond activation by a cooperative system, 4) kinetic
resolution, and 5) allylic trifluoromethylation.'?%?2 Two
chiral fluorinated compounds with C*—F and C*—CF; units,
respectively can be accessed at the same time by the TBOS
strategy. Further developments of this transformation to
include different nucleophiles are currently under investiga-
tion.
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