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Palladium-catalyzed asymmetric carbofluorination of
difluorostyrenes with allylic acetates and CsF gives synthetically
versatile products with a trifluoromethyl, a vinyl and two different
aryl groups directly attached to a scaffold exhibiting vicinal chirality
centers in good vyields and with high stereoselectivities. The
synthetic usefulness is highlighted with the incorporation of
additional functionalities and the formation of products displaying

four adjacent chirality centers, a rarely reported accomplishment.

Chiral fluorinated organic compounds have found numerous
applications in the last 20 years and are nowadays routinely included
in drug and agrochemical development projects due to their unique
pharmacological and physicochemical properties which often
compare favorably with those of nonfluorinated analogs.l® The
general importance and the popularity of chiral organofluorines in
many academic and industrial laboratories continue to inspire the
search for catalytic asymmetric procedures that address the
unwavering call for efficient synthetic access to new scaffolds.** This
is typically achieved by stereoselective carbon-carbon bond
construction with commercially available fluorinated building blocks
or by the introduction of a carbon-fluoride bond into an existing
structure with the help of a fluorinating agent.®13 Carbofluorination
strategies that integrate both transformations into a single reaction
and thus allow concomitant C-C and C-F bond formation have also
surfaced although asymmetric methods have remained scarce. In
2014, Toste and coworkers showed an early example of a palladium-
catalyzed asymmetric fluoroarylation reaction with styrenes carrying
a directing group.® Since then, intra- and intermolecular variations
giving practical access to a variety of fluoroarylation products with
excellent regiocontrol and high enantioselectivities have been
reported by the same group?>1¢ and others.17.18

Despite these important advances, considerable challenges and
opportunities to uncover new chemical reaction space, in particular
with regard to catalytic asymmetric fluorinative alkylations, remain.
Regioselective carbofluorination of gem-difluorostyrenes has
received considerable attention,!® probably at least in part because
it can produce a trifluoromethyl group which is undoubtedly among
the most prominent organofluorine moieties in the pharmaceutical
development realm.2921 Several carbofluorination reactions with
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difluorostyrenes have been reported to date but they typically afford
racemic products or proceed with marginal enantioselectivity,
suggesting that this would not be possible by asymmetric palladium
catalysis.22-2

Pd-catalyzed asymmetric fluoroarylation (previous work, ref 30):
Csp?-Csp® bond formation & control of one chirality center

[C3HsCIPd],Pd
O/\( © chiral ligand
A AgF (1.2 eq.)

51-99% vyield

up to 98:2 er
|
Trip O cyclohexane R F
H g 70°C
N"""t-Bu
Me Trip = tript; |
P(t-Bu), 1P = triptyceny O = chirality center
chiral ligand

Pd-catalyzed asymmetric fluoroalkylation (this work):
Csp?-Csp® bond formation & control of two chirality centers

" [C3HsCIPdLPd . A
XX chiral ligand 53-88% yield
R F upto>99:1er
& MAF CsF(12eq) o ¢ F Epto7'1 dr
acetonitrile R~ F ’
FsC -40°C
X _P(tBu), Ar__OH
P™ Fe B
< HO
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FsC R

Scheme 1. Pd-catalyzed C-F and C-C bond formation with difluorostyrenes.

A noteworthy exception is Li’s and Zhang’s enantioselective
palladium(sulfinamide phosphine) catalyzed fluoroarylation
which utilizes aryl iodides and stoichiometric amounts of silver
fluoride in cyclohexane at 70 °C (Scheme 1).3° Two years ago,
our laboratory demonstrated regioconvergent substitution and
enantioselective asymmetric alkylation of allylic fluorides,3*
which was elegantly extended by Companyd’s group to
organocatalytic reactions with difluorostyrenes.3? This protocol
affords high stereoselectivities and gives moderate to good
yields but requires a threefold molar excess of the precious
difluoroalkene compound. We envisioned that atom-economic
asymmetric fluorinative alkylations of gem-difluorostyrenes should
be possible if mild homogeneous reaction conditions compatible
with nucleophilic fluoride addition and subsequent transition metal
catalyzed C-C bond construction could be identified. Herein, we
introduce a palladium catalyzed allylic alkylation procedure that
achieves this goal and generates two contiguous chirality centers at
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once with excellent enantioselectivity and good diastereoselectivity
by using cesium fluoride in acetonitrile at low temperatures.

Table 1. Optimization of the asymmetric fluoroalkylation of gem-difluorostyrenes.l!

E
A E OAc  [allylPdCl], (2.5%)
||gand (5%)
+ Ph/v\Ph
2a CsF (1.2 eq.)
1a 18-crown-6 (1.2 eq.)
MeCN, 25 °C aa

CO,Me
CO,Me 48h MeO,C

OO ", @\( Y@zpphz
PR, \ O
’t-Bu

O PPh,

(L5)

PPh, N
R=Ph (L1) 3
R = 3,5-Me,CqHs (L2)

tBu  Ph O
o, P
e s

S PR, R = 1-Naphthyl
O l::e , R' = 3,5-Me,CgHs (L15)
" R = 35 Mesats (L16)
R = Ph (L13) R = 4-(CF3)CeH,
R=Cy (L14) R' = t-Bu (L17)
Entry Ligand Conversion® 3aa: 4° dre eed
1 L1 100% 5:1 2.6:1 92%
2 L2 100% 2:1 4.9:1 n.d.
3e L3 67% 2:1 1.8:1 >99%
42 L4 66% 3:1 2.2:1 95%
5 L5 100% 3:1 2.0:1 n.d.
6 L6 100% 1:1 2.9:1 n.d.
7 L7 77% 1:1 1.5:1 n.d.
8 L8 89% 1:3 2.7:1 n.d.
9 L9 89% 1:1 2.6:1 n.d.
10 L10 100% 3:1 3.4:1 n.d.
11f L11 100% 10:1 3.0:1 n.d.
12 L12 100% 5:1 2.7:1 n.d.
138 L13 100% 12:1 4.4:1 80%
14¢ L14 100% 6:1 1.5:1 n.d.
158 L15 79% 1:1 3.0:1 n.d.
168 L16 100% 1:7 3.7:1 n.d.
178 L17 100% 24:1 3.5:1 n.d.
182 L17 100% 16:1 4.3:1 91%

[a] Reaction conditions: ligand (5 mol%), [allylPdCI]; (2.5 mol%), 1a (0.15 mmol),
2a (0.3 mmol), CsF (0.18 mmol), and 18-crown-6 (0.18 mmol) in 1.0 mL of
acetonitrile at 25 °C. [b] Conversion of 1a determined by °F NMR spectroscopy of
the crude reaction. [c] Determined by °F NMR spectroscopy. [d] Determined by
chiral HPLC using Chiralpak AD-H. [e] Reaction was run in 1.0 mL dichloromethane.
[f] Reaction was run at -40 °C. [g] Reaction was run for 24 h. n.d. = not determined.

We began our search for an efficient asymmetric
fluoroalkylation protocol by screening the reaction between
gemdifluorostyrene, 1a, and 1,3-diphenylallylacetate, 2a, in the
presence of 2.5 mol% of [allylPdCI],, 5% (R)-BINAP (L1), CsF, and
18-crown-6 at 25 °C (Table 1, entry 1). We were pleased to see

that the presence of the crown ether allowed efficient fluoride

2| J. Name., 2012, 00, 1-3

addition at room temperature, and NMR andchiral HRLC
analysis revealed full consumption of 1aPahdFevAidtionof/the
desired product 3aain 92% ee and 2.6:1 dr. Screening of various
solvents showed that the highest conversions are achieved with
polar aprotic solvents such as acetonitrile, acetone, EtOAc,
benzonitrile, and DMF, which likely aid in the stabilization of the
intermediate carbanion formed in situ upon reversible fluoride
addition to the difluoroalkene (see Sl).2* The best results were
obtained using acetonitrile as solvent and we then continued
with screening a large group of ligands under these conditions
to further improve the diastereoselectivity and yield, which was
compromised by the formation of by-product 4. Unfortunately,
the amount of 4 increased when we applied L2-L10 in our
protocol (Table 1, entries 2-10). However, we noticed that the
palladium catalysis is accelerated by Segphos and
bis(phosphino)ferrocene ligands which allowed us to decrease
the temperature to -40 °C while the reactions were typically still
complete within 24 hours (entries 11-18). The formation of 4
was most successfully suppressed when we employed ligands
L11, L13, and L17 which we attribute to a faster consumption of
the fluorinated carbanion intermediate in the successive C-C
bond forming step. Ultimately, we were able to obtain the
highest yields and stereoselectivities using ligand L17 (entry 18).
Attempts to further improve the diastereoselectivity at -78 °C
were unsuccessful and resulted in increased formation of by-
product 4. The presence of one equivalent of the crown ether
in the final protocol proved important as we observed
incomplete conversion and significantly increased formation of
4 in its absence.

With an optimized procedure in hand, we continued with
the evaluation of the substrate scope. We first screened a
variety of  gem-difluorostyrenes la-m with 1,3-
diphenylallylacetate 2a (Scheme 2). As expected, 3aa was
isolated in 79% vyield, 91% ee and 4:1 dr. The presence of other
ester, ketone and aldehyde functions is perfectly tolerated and
3ba, 3ca and 3da were produced in 92-94% ee and up to 6:1 dr.
Similar results were obtained with nitro, nitrile, sulfone and
methyl derivatives, giving 3ea, 3fa, 3ga and 3ha in 67-79% yield
and with good diastereoselectivity and  excellent
enantioselectivity. We noticed that the rate of fluoride addition
to the difluorostyrene was strongly influenced by the electron-
withdrawing strength of its aromatic substituents, as evidenced
by an increase in the formation of by-product 4 and
overalkylation observed with the gem-difluorostyrenes 1e and
1f. However, optimal yields and excellent ee’s of 3da, 3ea, 3fa,
3ga and 3ma could still be obtained with slow addition of the
difluorostyrene, leading us to believe that the subsequent allylic
alkylation is the rate-limiting step in this case. Furthermore, we
found that the reaction is compatible with the placement of
various halides, a trifluoromethyl group as well as combinations
of several of the above-mentioned functionalities in the ortho-,
meta- or para-positions in difluorostyrene, and 3ia-3ma were
formed with the same protocol in 60-87% yield and comparable
ee’s and dr’s. It is noteworthy that fluoride addition under these
conditions did not occur with substrates lacking an electron-
withdrawing group, which is consistent with previous findings.?*
We were also able to expand the reaction scope by including

This journal is © The Royal Society of Chemistry 20xx
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various substituted allylic acetates 2b-c, producing 3cb, 3cc, and
3cd in 76-88% yield, 91-99% ee, and up to 5:1 dr (Scheme 2). A
single crystal was obtained by slow evaporation of a solution
containing 3ja in dichloromethane and crystallographic analysis
revealed (3S,4R)-configuration, thus providing important
insights into the sense of asymmetric induction provided by the
palladium catalyst derived from L17.

onc  [alyIPACIL; (5%) Ara X Ar
AN F+ /V\ L17 (10%)
RO F ' Ar CsF (1.2 eq.) R\.\ CF3
1 2 18-crown-6 (1.2 eq.) L J 3
ACN,-40°C,24h
1a:R=4-COMe  4p. R=4.CcN 1 FsC tBu
10:R=4-COEt 4. Roy cF, 2a: Ar=Ph, 3 \©\ b :
1c: R=4-Ac 1j: R=2,4-Cl, 2b: Ar=4-BrCgHg- | PTE -,,//\t-Bu ;
1d:R=4-COOH  qi:R=p.C|, 4-Br  2¢: Ar=3-BrCgHs- ! 2 H :
le: R=4-NO, 11: R=2,6-Fp, 4-Br  2d: Ar=2-CqgH7- >N '
1f: R=4-80;Me _ qm: R=3-NO,, 4-Br
1g: R=3-Me, 4-NO, ! FsC L7
. . Ph o Ph Pha__Ph
/@IV /@f CF3
MeO,C EtO,C
3aa 3ba 3ca 3da
79% yield 75% yield 64% (65%) yield 53% yield
dr=4:1 dr=5:1 dr=6:1(7:1) dr=5:1
ee=91% ee =92% 6e = 93% (93%) ee =94%

(half gram scale)

X . Ph . Ph Ph - Ph
/@I\/ /@r/ CF3
MeO,S

3ea 3fa 3ha
67% yield 4% yield 71% yleld 79% yield
dr=4:1 =311 dr=4:1 dr=4:1
ee =95% ee= >99% ee=91% ee = 88%
Ph X Ph Ph X Ph Ph X Ph
CF3 CF3 CF3
FsC Cl Br Cl
3ia 3ja 3ka
60% yield 71% yield 79% yield
dr=3:1 dr=3:1 dr=3:1
ee =96% ee =93% ee =93%
Pha_~_Ph Phi~Ph
3la 3ma
87% yield® CFs  72% yield
CFs  ar=3:1 ° =3
Br F ee =90% Br ee=87%
NO,

O OO
= Br X Br
O CFs O CFs

3cb 3cc
¢ 79% yield o 88% yield® o 76% yield
dr= 51 dr=3:1 dr=3:1
ee=91% ee = >99% ee = >99%

Scheme 2. Reaction scope. See Sl for details. 248 h. The absolute configuration
of 3ja was determined by X-ray analysis. The stereochemistry of all other
products is assigned by analogy.

Literature reports and our own findings are in agreement with
the mechanism of the asymmetric carbofluorination shown in
Scheme 3.3336 Coordination of the allylic acetate 2 to the palladium
catalyst A gives species B which undergoes oxidative addition to form
the n3-allyl palladium complex C. Fluoride addition to the
difluorostyrene 1 affords nucleophile D which then attacks C to form
the alkyl-alkyl bond in structure E. Dissociation of the m-complex
finally regenerates A and yields product 3. The challenges of the
asymmetric carbofluorination are not only to control the
simultaneous formation of two adjacent chirality centers but also to

This journal is © The Royal Society of Chemistry 20xx
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minimize competitive side reactions. In fact, we foungd.thatthe hy:
product 4 can be generated from unconsuni&d! D WRER/THE FeCtidh
is quenched too early, which suggests that the fluorination with
cesium fluoride is faster than the asymmetric C-C bond forming step.
Alternatively, 4 can be formed from intermediate D via
deprotonation of 3 thus generating F which undergoes overalkylation
to G, a problem that we observed in particular with styrenes carrying
strong electron-withdrawing groups. We found that this can be
effectively mitigated by slow addition of 1 to the reaction mixture
which is expected to limit the concentration of D and thus favors the
desired reaction between the anionic nucleophile and the cationic
allyl-loaded palladium catalyst. The stereochemical outcome of the
reaction is in agreement with an outer-sphere mechanism in which
the n3-allyl palladium complex C is preferentially attacked by the Re-
face of the intermediate carbanion D. This pathway yields the major
(R,S,E)-diastereomer of 3, while the attack from the Si-face of D
results in the formation of the minor (S,S,E)-diastereomer.

Scheme 3. Proposed mechanism of the asymmetric carbofluorination.

Importantly, the reaction is amenable to scaling, and we
were able to prepare more than half a gram of 3ca which was
isolated in 65% vyield, 7:1 dr and 93% ee. As mentioned above,
the trifluoromethyl group is of particular importance due to its
prominence in many pharmaceuticals, and we anticipated that
the incorporation of an allylic group into the gem-
difluorostyrene scaffold would facilitate further
transformations with the possibility of introducing additional
chiral centers. To this end, we carried out a variety of
transformations at the double-bond of compound (3S5,4R)-3ca
(Scheme 4). We were pleased to find that Sharpless asymmetric
dihydroxylation with AD-mix-a yielded 5 in 78% vyield and 94%
ee thus establishing four contiguous chirality centers along the
alkyl sidechain. We previously established that the sense of
asymmetric induction of the dihydroxylation of similar
structures is controlled by the AD catalyst used and not by the
substrate chirality and we can therefore assign the structure as
(2R,35,45,55)-5.37 Additionally, the epoxidation of 3ca can be
carried out efficiently with m-CPBA and we obtained 6 in 77%
yield. A single crystal of the major diastereomer was obtained
by slow evaporation of a dichloromethane solution. The

J. Name., 2013, 00, 1-3 | 3
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crystallographic analysis identified 6 as 1-(4-((2R,3S)-1,1,1-
trifluoro-3-phenyl-3-((2S,3S)-3-phenyloxiran-2-yl)propan-2-
yl)phenyl)ethan-1-one, providing another example with four
adjacent chirality centers (see Sl). Dihydroxylation of (3S,4R)-
3ba with osmium tetroxide and N-methylmorpholine N-oxide
(NMMO) followed by diol cleavage with sodium periodate gave
aldehyde 7 in 34% overall yield. Finally, we applied (3S,4R)-3la
cross-coupling procedure with 4-
methoxyphenylboronic acid and obtained 8 in 89% yield.

in a Suzuki

a) Sharpless asymmetric dihydroxylation
Ph €)_Ph
A AD-mix-ot

CF3 M 78% yield

1:1 H,O:t-BuOH (>99% brsm)
0°C 94% ee
O 3ca dr=12:1

6
77% yield
>95% ee
O dr=41

¢) Oxidative cleavage

X ~E_Ph 1.0s0, (7.5%)
(R) NMMO (2 eq.) (S) H
CF3; ACN/HZO 25°C
EtO,C 2.NalOy4 (2 eq.)
3ba ACN/H,0 EtO,C
25°C 34% overall yield

d) Suzuki cross-coupling

Scheme 4. Transformations with fluoroalkylated products 3ca, 3ba and 3la.

Pd(PPh3)4 (5%)
KyCOy (126q)

89% yield

In summary, we have developed a catalytic asymmetric
fluoroalkylation method that allows efficient C-F and C-C bond
formation across an electron-deficient double bond, producing a
variety of multifunctional products in 53-79% yield, 88-99% ee, and
up to 7:1 dr. This reaction has several noteworthy features. Two
contiguous chirality centers are installed at once and with high
stereoselectivity, the initiating C-F bond formation proceeds under
mild conditions with stoichiometric amounts of inexpensive cesium
fluoride which replaces AgF required in asymmetric fluoroarylations,
the palladium-catalyzed reaction is accelerated by a commercially
available chiral bis(phosphino)ferrocene ligand and can be scaled up
without compromising the stereochemical outcome and yield. The
synthetic utility of the products exhibiting a unique arrangement of
a trifluoromethyl, a vinyl and two different aryl groups directly
attached to a scaffold of vicinal chirality centers is demonstrated by
the introduction of additional functionalities either at the aryl ring or
at the alkene moiety. This allows stereocontrolled introduction of
four adjacent chirality centers via asymmetric dihydroxylation and
epoxidation reactions as well as other modifications. We believe that
these results will be of broad interest to synthetic and medicinal
chemists and attract increasing attention to the development of
other asymmetric fluoroalkylation reactions.
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