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ABSTRACT: A general method for the enantioselective synthesis of carbo- and heterocyclic carbonyl compounds bearing
fluorinated a-tetrasubstituted stereocenters using palladium-catalyzed decarboxylative allylic alkylation is described. The

stereoselective Cy,»—C,,

3 cross-coupling reaction delivers five- and six-membered ketone and lactam products bearing

(poly)fluorinated tetrasubstituted chiral centers in high yields and enantioselectivities. These fluorinated, stereochemically rich
building blocks hold potential value in medicinal chemistry and are prepared using an orthogonal and enantioselective approach
into such chiral moieties compared to traditional approaches, often without the use of electrophilic fluorinating reagents.

rganofluorine compounds often play a critical role in the

lead optimization phase of drug discovery, due to their
impact on various physicochemical properties such as
absorption, distribution, metabolitic stability, and excretion.
Consequently, more than 20% of marketed pharmaceuticals
contain C—F motifs, despite the fact that organofluorinated
compounds are exceedingly rare in nature." Recently,
molecules with tetrasubstituted stereocenters have attracted
the interest of medicinal chemists aiming to incorporate three-
dimensionality and added novelty.” Importantly, there are
many successful marketed pharmaceuticals bearing fluorinated
tetrasubstituted stereocenters (1—3, Figure 1). For these
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Figure 1. Marketed active pharmaceutical ingredients bearing
fluorinated tetrasubstituted stereocenters.

reasons, there has been renewed interest in the synthesis of
fluorinated tetrasubstituted stereocenters for use in drug
discovery and, in particular, access to new classes of fluorinated
analogs. Therefore, we believe that a general method for the
construction of fluorine-containing tetrasubstituted stereo-
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centers will be of particular interest to chemists in the area
of drug discovery and development.

Methods to construct fluorine-containing a-tetrasubstituted
ketones have been the subject of intense investigation over the
past decade. The most prevalent strategy for fluorine
incorporation is intermolecular catalytic asymmetric electro-
philic fluorination (or trifluoromethylation) of enolates
(Scheme 1A).> Despite their potential utility in organic
synthesis, the relatively low abundance of cheap, commercially
available electrophilic fluorinating and trifluoromethylating
reagents prohibits their widespread usage. As far back as 2005,
the Stoltz and Nakamura groups independently reported the
intramolecular asymmetric allylic alkylation of prochiral
enolates derived from the decarboxylation of 1,3-dicarbonyl
substrates (Scheme 1B)."* Using this strategy, several optically
active a-fluoro a-tetrasubstitued cyclic carbonyl derivatives
have been synthesized in high yield and enantioselectivity.

While stereogenic C—F moieties have been previously
investigated, the compatibility of fluoroalkyl groups in
palladium-catalyzed asymmetric allylic alkylation has remained
unknown until recently. In 2011, Shibata and co-workers
reported the first example of the construction of trifluor-
omethyl-bearing quaternary centers by intramolecular decar-
boxylative allylic alkylation of a-trifluoromethyl B-ketoesters
(Scheme 1C).° Unfortunately, attempts to render their
reaction enantioselective were unsuccessful. Due to our
interest in the field of asymmetric allylic alkylation, we
endeavored to build on these previous reports and investigate
a number of fluoroalkyl and fluoroallyl derivatives in
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Scheme 1. Asymmetric Construction of Fluorine-
Containing a-Tetrasubstituted Ketones
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asymmetric allylic alkylation reactions. Herein, we report the
first general method for the construction of carbo- and
heterocyclic carbonyl derivatives bearing a-fluoro-, a-fluo-
roalkyl-, or a-(2-fluoro)allyl substituents using palladium-
catalyzed enantioselective decarboxylative allylic alkylation
(Scheme 1D).

Importantly, with this strategy, a number of fluorinated alkyl
and allyl groups are introduced into the substrate via standard
1,3-dicarbonyl chemistry (thermal, acidic or basic conditions)
to produce racemic mixtures of compounds that serve as
substrates for the mild and neutral asymmetric allylic alkylation
reaction. In some cases, these fluorinated substrates are
synthesized without the use of electrophilic fluorinating
reagents. Furthermore, this allows for the nonasymmetric
formation of the C—F or C—CF; bonds, which are significantly
more developed than their asymmetric equivalents. For
example, 1,1,1,-trifluoropropyl groups can be installed using
standard f-keto ester alkylation conditions utilizing 1,1,1-
trifluoropropyl iodide and base in moderate yields (Scheme
2A). The synthesis of 1,1,1-trifluoroethyl substituted f-keto
esters proceeded smoothly with the use of 2,2,2-trifluoroethyl
(mesityl)iodonium trifluoromethanesulfonate” (available in 2
steps from commercial materials) in the presence of LIHMDS
(Scheme 2B). During the preparation of this manuscript, a
report using 2,2,2-trifluoroethyl(mesityl) iodonium trifluoro-
methanesulfonate for the alkylation of 1,3-dicarbonyls was
disclosed using similar conditions.”

In addition to a-fluoroalkyl groups, a number of 2-fluoro
allyl substrates were prepared without the use of electrophilic
fluorinating reagents. Starting from commercially available
methyl 2-fluoroacrylate, reduction of the ester to the alcohol
occurred, followed by treatment with 1,1’-carbonyldiimidazole
resulting in the formation of an acylating reagent (Scheme
2C). This reagent could then be used as previously reported”
to form a pf-keto ester (Scheme 2D), which can be
subsequently alkylated or fluorinated.”> Additionally, using
known chemistry, a-fluoro f-keto esters can be synthesized
using Selectfluor’ and a-trifluoromethyl f-keto esters can be

Scheme 2. Synthesis of Fluorinated f-Ketoesters
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synthesized using Umemoto’s Reagent,” both of which are
commercially available.

Initial reaction optimization started with trifluoroethyl
substituted f-ketoester 4a using catalytic Pd,(dba), at 23 °C
in diethyl ether in the presence of a chiral PHOX ligand
toward the synthesis of ketone Sa (Table 1)." Employing the

Table 1. Optimization of Conditions for Enantioselective
Palladium-Catalyzed Allyllic Alkylation”

o o 0 _CFR

Pd;(dba); (5 mol %)
/\/
CF.

ligand (12.5 mol %)

solvent (0.033 M)

3 23°C,24h
4a 5a
entry ligand solvent yield (%) ee (%)°
1 (S)-+-BuPHOX Et,0 88 85
2 (S)-(CF3)5-t-BuPHOX Et,0 99 90
3 (S)-(CF3)5-t-BuPHOX THF 93 86
4 (S)-(CF3)5-t-BuPHOX TBME 95 90
5 (S)-(CF3)3-t-BuPHOX toluene 99 90

“Conditions: fS-ketoester 4a (0.1 mmol), Pd,(dba); (5.0 mol %),
ligand (12.5 mol %), solvent (3 mL). “Determined by analytical chiral
SEC.
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classic (S)-t+-BuPHOX ligand, the desired product was formed
in 88% yield and 85% ee (entry 1). By switching to the
electron-deficient (S)-(CF;);-+-BuPHOX ligand, the desired
product was furnished in an improved 99% yield and 90% ee
(entry 2). Solvent effects were not very significant (entries 3—
5); however, THF gave a decreased ee of 86% (entry 3), while
the less polar TBME and nonpolar toluene performed similarly
to diethyl ether. Based on these results, we determined that
using Pd,(dba); (5.0 mol %) with (S)-(CF;);-+-BuPHOX in
toluene (0.033 M) at room temperature proved optimal.'’
Subsequently, we explored the substrate scope of the
enantioselective allylic alkylation of fluorine-containing 1,3-
dicarbonyl compounds (Scheme 3). We found that our

Scheme 3. Substrate Scope of Fluorine-Containing
compounds in Enantioselective Allylic Alkylation”
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“Unless otherwise noted, all reported yields are isolated yields.
Enantiomeric excess (ee) was determined by chiral SFC. Standard
conditions: f-ketoester 5 (0.1 mmol), Pd,(dba); (5 mol %), (S)-
(CF,);-+BuPHOX (12.5 mol %), toluene (3 mL), 23 °C, 24 h.
Reaction performed at 40 °C. “Reaction performed in the presence
of Pd,(pmdba); instead of Pd,(dba);. 9Reaction performed at 60 °C.
“Reaction performed at 23 °C for 70 h.

reaction was tolerant of a variety of a-fluoro-, a-fluoroalkyl-,
and a-fluoroallyl substituents to deliver five- and six-membered
ketone and lactam products bearing fluorinated tetrasubsti-
tuted stereocenters in high yields and enantioselectivities.
Trifluoropropyl substituted 4b exhibited similar enantioinduc-
tion as 4a to furnish Sb in 92% ee and an extremely high yield.
a-Fluoro tetrasubstituted compounds, which are usually
introduced by direct fluorination with fluorine reagents and
chiral catalysts,” were prepared in a very efficient manner with
high enantioselectivity (Sc, 5d), even in the presence of a
chloroallyl substituent (Sd). Surprisingly, 2-fluoroallyl groups

survived the palladium-catalyzed allylic alkylation even at
elevated temperatures (40 °C),"” albeit with slightly decreased
enantioselectivity (Se). Recently, Shibata and co-workers
described that enantioenriched indanone a-trifluoromethyl j-
ketoesters lost their optical activity under the palladium-
catalyzed allylic alkylation reaction conditions in the presence
of achiral ligands to deliver a racemic a-quaternary ketone, and
when they tried to render the transformation enantioselective,
they were unsuccessful.” However, we were pleased to see that
a-trifluoromethyl substituted tetralone substrate 4f reacted to
furnish Sf with a moderate level of enantioselectivity.
Generally, five-membered cyclic f-ketoesters have performed
worse than the corresponding six-membered ring substrates,
often providing the a-tetrasubstituted ketone products in
comparatively low ee.”* Under these conditions, alkylation of
the five-membered indanone substrates 4g and 4h occurred
with levels of enantioinduction similar to those observed for
the tetralone substrates, with only a slightly diminished 87% ee
for trifluoropropyl-substituted indanone Sh. Indanone sub-
strates bearing a 2-fluoroallyl substituent proceeded in high
yield, but with only moderate enantioselectivity, to form
products Si and §j, following the trend of the 2-fluoroallyl
tetralone substrates. Gratifyingly, lactam substrates were also
well tolerated in the reaction. Trifluoropropyl-substituted N-
benzoyl &-valero-lactam (Sk) was obtained in 94% yield and
89% ee. Surprisingly, in contrast to the negative influence of
the 2-fluoroallyl substituent on substrates Se, Si, and §j, the
fluorine on the allyl group of N-benzoyl J-valerolactam 41
enhanced the enantioselectivity, providing Sl in 97% ee.
Additionally, trifluoropropyl-substituted N-benzyloxy glutari-
mide Sm was furnished in 89% ee with high yield. Finally, N-
benzoyl pyrrolidinone Sn was obtained in diminished yield and
ee.

In conclusion, we have developed a general method to
construct fluorine-containing tetrasubstitued stereocenters by
enantioselective palladium-catalyzed decarboxylative allylic
alkylation. A strategy was adopted with the preintroduction
of fluorine on racemic substrates, which could be used as an
orthogonal approach to the traditional fluorination and
trifluoromethylation strategies. The reaction manifold demon-
strated significant substitution tolerance to furnish a wide
range of five- and six-membered ketone and lactam products
bearing fluorinated tetrasubstituted stereocenters in high yields
and enantioselectivities. Furthermore, we provide the first
examples demonstrating that 2-fluoroallyl substituents can
survive in the presence of certain palladium sources and deliver
related fluoroalkylated products in elevated enantiopurity.
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