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Because of the widespread applications of optically active alkyl fluorides in medicinal and agro chem-
icals, enantioselective and even stereodivergent construction of alkyl fluorides remains highly desirable
but underdeveloped. Transition-metal-catalyzed asymmetric hydrofluoroalkylation of readily available di-
enes represents a novel route to achieve this goal, yet receives scarce study. Here we report an intrigu-
ing palladium-catalyzed enantioselective hydromonofluoroalkylation reaction of conjugated dienes. Both
monosubstituted and internal dienes proceed well with the transformation and furnish alkyl fluorides
in generally >80% yield and >90% ee. A stereodivergent hydromonofluoroalkylation protocol via Pd/Cu
co-catalysis is also established for the access to all four stereoisomers of corresponding moieties bear-
ing a fully-substituted F-stereogenic center and vicinal tertiary carbon center. In addition, asymmetric
migratory hydromonofluoroalkylation of skipped dienes is developed to realize the direct allylic C-H flu-
oroalkylation. A compound library of enantioenriched cyclic fluorides is thus built to highlight the trans-

formation potential of present methodology.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Due to the high electronegativity, lipophilicity and inertness of
fluorine atom, the incorporation of a F-containing unit into a target
compound represents a privileged and popular strategy in bioac-
tive molecule design, which is corroborated by the statistics that
approximately 30%—50% of new pharmaceuticals and agrochemi-
cals contain at least one F atom [1-5]. In especial, alkyl fluorides
with a fluorine atom attached to or vicinal to a sp® carbon stereo-
center are known to be very valuable (Scheme 1a) [6-10], because
such a unit is considered to enhance three-dimensional conforma-
tion, inhibit metabolic decomposition and elevate solubility and
bioavailability of a target molecule [1-5]. Despite related studies
have been widely carried out, stereoselective construction of alkyl
fluorides are still largely unaddressed [11]. Thus, facile protocols
for enantioselective preparations of such sites, and even stereodi-
vergent synthesis of all the F-containing isomers, are undoubtedly
challenging yet desirable.
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As a type of petroleum feedstocks and readily available
substrates, diene-involved stereoselective transformations have
attracted enormous interests. Among them, transition-metal-
catalyzed enantioselective hydrofunctionalization of dienes via
7-n3-allylmetal species has emerged as an efficient and atom-
economic pathway to build a variety of stereogenic centers
[12-24]. Nucleophiles such as amines, N-heteroarenes, stabilized
carbons, thiols, sulfinic acids, phosphine oxides, alcohols, oximes
etc. have been demonstrated to be suitable for corresponding
reactions [25-47]. However, the asymmetric hydromonofluoroalky-
lation of dienes as an efficient route to stereoselective preparation
of alkyl fluorides remains undeveloped (Scheme 1b), presumably
due to the reduced stability and nucleophilicity and also the in-
creased steric hindrance of F-containing carbon nucleophiles [48].
The more challenging diastereoselective process with a prochiral
fluorinated nucleophile is similarly unexplored. On the other hand,
it is a known fact that precise achievement of each stereoisomer of
a candidate molecule is crucial in medicinal chemistry, because dif-
ferent isomers might exhibit distinctive pharmacologic effects [49].
Stereodivergent synthesis via synergistic catalysis have provided
an efficient solution to access all of stereoisomers of a compound.
Since the pioneering work from Carreira, great advance has been
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(a) F-containing stereogenic centers in selected drug molecules
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Scheme 1. Asymmetric hydrofunctionalizations of dienes and our work.

achieved from a series of groups, such as Carreira, Zhang, Hartwig,
Dong, Wang, Zi, Xiao, Glorious, Lee, He, Gong, Guo et al. [17,34,50-
75]. Therefore, the development of stereodivergent hydromonoflu-
oroalkylation of dienes to access all four F-containing isomers is
undoubtedly important but has received no study. Finally, asym-
metric allylic C-H functionalization is a straightforward route to
create stereogenic centers [76-86]. New protocol to achieve allylic
monofluoroalkylation via asymmetric allylic C-H functionalization
is similarly of high value but has never been explored (Scheme 1b).

Herein, we provide multidimensional solutions to aforemen-
tioned longstanding issues (Scheme 1c). First, we describe Pd-
catalyzed asymmetric hydromonofluoroalkylation of mono- and
disubstituted 1,3-dienes, albeit very recently, an elegant Ni-
catalyzed asymmetric process of monosubstituted 1,3-dienes
[87] was reported in the course of our submission preparation.
Simultaneously, stereodivergent hydromonofluoroalkylation of con-
jugated dienes for the construction of all four stereoisomers of
moieties bearing quaternary F-containing center and vicinal car-
bon center are also established via synergistic Pd/Cu catalysis. The
present protocol is further extended to the realization of asymmet-
ric migratory hydromonofluoroalkylation with skipped dienes. All
these three types of transformations, to the best of our knowledge,
have not been reported.

We initiated the hydromonofluoroalkylation with conjugated
diene 1a as the electrophile and diethyl 2-fluoromalonate 2a as
pronucleophile under palladium catalyst. A series of chiral lig-
ands were first evaluated (Scheme 2). As JosiPhos-type ligands per-
formed efficiently in prior asymmetric hydrofunctionalization pro-
cesses [20,34], L1 did facilitate the generation of 3a, albeit in a low
yield and moderate enantioselectivity (entry 1). When an electron-

rich ligand L2 was used, the enantioselectivity was elevated to 94%
but the reactivity was still low (entry 2). Other JosiPhos-type lig-
ands including L3-L5 and L8-L9 failed to provide promising stere-
ocontrol (entries 3-5, 8 and 9). However, when L6 or L7 was eval-
uated, 3a was observed in good yields and about 80% ee (entries
6 and 7). We also turned to checking more general biaryl-derived
bisphosphine ligands (entries 10-13). Unfortunately, both the effi-
ciency and enantiocontrol of corresponding hydromonofluoroalky-
lation process decreased heavily. By using Et3N as the solvent, 90%
yield and 93% ee of 3a were obtained with L6, while L7 delivered
3a in a slightly eroded enantioselectivity under similar conditions
(entries 14 and 15). Finally, with 1.1 equiv. of 1a and 1.0 equiv. of
2a adopted, the transformation proceeded smoothly and provided
3a in 92% isolated yield and 94% ee, and no regioisomer was ob-
served (entry 16). Thus, the optimal conditions for asymmetric hy-
dromonofluoroalkylation were determined as the combination of
1a (1.1 equiv.), 2a (1.0 equiv.) and [Pd]/L6/NaBArf, (5 mol%) in Et;N
at 60 °C for a suitable reaction time.

We first checked the substrate generality of conjugated dienes
and the results were summarized in Scheme 3. Various functional
groups located at different positions of aryl units in diene sub-
strates showed high reaction tolerance (Scheme 3a). For exam-
ple, aryl-substituted dienes bearing electron-rich alkoxyl, tertiary
amine, silyl and OTBS groups or electron-withdrawing CF3, halide
and ester units underwent the asymmetric hydrofluoroalkylation in
exclusively >20:1 rr, 87%—99% yields and 93%—95% ee (3a-3i). Het-
eroaryl such as furan and thiophene-derived dienes were also suit-
able for this transformation and delivered products 3j and 3k in
similarly high efficiency and stereocontrol. When other fluorinated
prochiral nucleophiles were adopted instead of 2a, the correspond-
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Scheme 2. Reaction development. The yield was determined by '"H NMR and the ee was determined by HPLC analysis.  2a (1.5 equiv.) and ‘BuONa (10 mol%) were used.
b Et3N as the solvent. ¢ 1a (1.1 equiv.) and 2a (1.0 equiv.) were used. 9 Isolated yield.
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Scheme 3. Enantioselective hydromonofluoroalkylation of conjugated dienes. Isolated yield. The ee was determined by HPLC analysis. For 3a-3m, L6 was used. For 3n-3s, 1
(1.0 equiv.), 2 (1.5 equiv.), [Pd(allyl)Cl], (2.5 mol%), L8 (5 mol%) as the chiral ligand, NaBArf4 (5 mol%, Arf =3,5-(CF;),CgHs), EtsN (3.0 equiv.) as the base and ‘BuONa (10
mol%) as additives in PhCF3 at 60 °C for 12-20h were adopted as the standard reaction conditions.
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Scheme 4. Stereodivergent hydromonofluoroalkylation of 1,3-dienes. Isolated yield. The rr and dr values were determined by 'H NMR. The ee was determined by HPLC
analysis. @ (S)-L16 and (S,S)-Ph-BPE were used. ® DBU (5 mol%) was used. ¢ Toluene as the solvent at —10 °C to 0 °C were adopted.

ing products 31 and 3m were prepared in excellent regioselectivi-
ties, high yields and enantioselectivities. The structure of 3m was
elucidated by X-ray crystal analysis.

Compared with monosubstituted 1,3-dienes, internal dienes
are more challenging substrates and typically not included in
most of transition-metal-catalyzed hydrofunctionalizations [12,13].
The present hydromonofluoroalkylation protocol was smoothly ex-
tended to cover various internal dienes bearing versatile ester
units as electrophiles, which greatly broadened the substrate scope
(Scheme 3b). For example, esters with alkyl or silyl groups in inter-
nal dienes tolerated well with the asymmetric transformation, and
good yields and stereocontrol were thus provided (3n-3p). Natural

products including nopol, amino alcohol and citronellol-derived di-
enes were also suitable substrates for present reactions and deliv-
ered corresponding hydromonofluoroalkylation products in 10:1-
17:1 rr, 63%—93% yield and >20:1 dr (3q-3s). This route also repre-
sents a unique umpolung 1,5-conjugate addition process with chal-
lenging fluorinated carbon nucleophiles [45].

Undoubtedly, the ideal goal of asymmetric catalysis is the con-
venient access to all stereoisomers of a target molecule simulta-
neously under similar reaction conditions. This is true especially
when a tertiary F-containing stereocenter exists, considering that
the construction of a fully-substituted enantioenriched fluoride is
viewed as the most synthetically challenging process [88]. Af-
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ter the establishment of enantioselective hydromonofluoroalkyla-
tion of dienes, an unprecedented stereodivergent coupling of di-
enes and F-substituted prochiral nucleophiles were developed, in-
spired by the pioneering work involving Pd-catalyzed stereodiver-
gent hydrofunctionalization by Zi et al. (Scheme 4) [34]. A variety
of moieties bearing a fully-substituted fluoride and tertiary carbon
stereocenter were constructed in high efficiency and stereoselec-
tivity (Scheme 4a). When 1,3-dienes containing functional groups
such as CFs, F, ester, OTBS, Cl, etc. were used, the hydromonofluo-
roalkylation proceeded in up to 99% yield, >20:1 dr and >99% ee
(5a-5g). A multi-substituted aryl diene also underwent the trans-
formation in 98% yield, 11:1 dr and 98% ee (5h). The absolute
configuration of compound 5c¢ was uncovered via single crystal
X-ray diffraction analysis. On the other hand, a couple of fluo-
roesters bearing pyridine, pyrazine and quinoline units as nucle-
ophiles showed good compatibility with present protocol (5i-5k).
«-Fluoroketone also worked as a suitable nucleophile for the di-
astereoselective hydromonofluoroalkylation (51). Finally, stereodi-
vergent synthesis all four stereoisomers of 5¢ was carried out to
show the power of present methodology (Scheme 4b). With L17
instead of L16 as the chiral ligand for palladium catalyst, the di-
astereoisomer of (S,R)-5c, ie., (5,5)-5¢ was furnished in excel-
lent yield, enantioselectivity and reasonable diastereoselectivity.
The other two stereoisomers were similarly constructed in high ef-
ficiency and stereocontrol by simply adjusting the absolute config-
uration of corresponding chiral ligands.

N—= _F
X ‘Me
MeO
19
BnNH, 86% vyield
92% ee
OTs
TsO X
NaZS 9H,0
87% yleld 94% ee
MeO
S
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© F
X ""Me X,
Me
MeO 16 MeO' 17

Scheme 6. A small library construction of enantioenriched F-containing rings.
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Comparing with traditional allylic monofluoroalkylations with
the requirement of prestored leaving groups in the substrates
[11,89-92], asymmetric allylic C-H functionalization represents a
more straightforward and efficient pathway. Due to the absence
of this type of valuable transformation, we moved on to solve
this enduring challenge through the development of stereoselec-
tive migratory hydromonofluoroalkylation of remote dienes. With
the use of 10 mol% Pd(MeCN)4(BF4), as palladium source under
extended reaction time, the novel migratory hydromonofluoroalky-
lation reaction performed well (Scheme 5). Diverse skipped di-
enes 6 as electrophiles reacted with 2a in high stereoselectivity.
For example, aryl groups containing alkyl, ether and CF; units
as substituents of skipped dienes were suitable for the migratory
coupling (7a-7e). Naphthyl and heteroaryl-derived 1,5-dienes also
worked smoothly, furnishing corresponding products in 62%—66%
yields and 92%-93% ee (7f-7g). However, when a skipped diene
possessing a longer carbon chain between the two olefin units was
used, the migratory hydrofunctionalization proceeded in an eroded
yield and enantioselectivity (7h). These products above were gen-
erally observed with over 20:1 regioselectivity.

The reliability of the developed hydromonofluoroalkylation was
elaborated by a gram-scale test. When 11 mmol of 1a was utilized,
2.6 g of 3m was prepared in 84% yield and 93% ee (Scheme 6). The
synthetic value of present methodology was further highlighted
by the readily library building of optically active cyclic fluorides.
A series of enantioenriched fluorocycles derived from thiourea,
boronic acid, carbonate, carbonothioate, sulfite, ketal and phos-
phonate were constructed with consistently high levels of enan-
tioselectivity (8, 10-12, 14-16). An intriguing fluorinated spirocy-
cle 17 was achieved conveniently from the diol intermediate 9 in
95% yield and 92% ee. In addition, valuable F-substituted small
rings, such as oxetane, azetidine and thietane skeletons (13, 19,
20) were also prepared easily in 1-2 steps from 9. All these struc-
turally diverse enantioenriched fluorocycles might provide new
chemical space to medicinal chemistry, considering the abun-
dance of fluorine atom, heterocycles and small rings in bioactive
molecules.

In conclusion, we have provided a feasible protocol for
palladium-catalyzed enantioselective hydromonofluoroalkylation of
monosubstituted and internal conjugated dienes. A series of
optically active alkyl fluorides are constructed in high yields,
regio- and enantioselectivities. Stereodivergent hydromonofluo-
roalkylation of 1,3-dienes via Pd/Cu dual catalysis is also de-
veloped to access all four stereoisomers of alkyl fluorides bear-
ing two vicinal stereogenic centers. Moreover, asymmetric migra-
tory hydromonofluoroalkylation of skipped dienes is established
to achieve the straightforward allylic C-H fluoroalkylation. Diverse
transformations to build a small library of enantioenriched fluo-
rinated rings show the application potential of these novel hy-
dromonofluoroalkylation methodologies.
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