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The unprecedented copper-catalyzed asymmetric alkynylallylic
monofluoroalkylation reaction is described via the use of 1,3-
enynes and fluorinated malonates. A series of 1,4-enynes bearing
a monofluoroalkyl unit are achieved in high yields, excellent regio-
and enantioselectivity and high E/Z selectivity. The asymmetric
propargylic monofluoroalkylation is also developed. The reliability
and synthetic value of the work are highlighted by a gram-scale test
and a couple of downstream transformations. Preliminary mecha-
nistic studies unveil a negative nonlinear effect for the catalytic
process.

Copper-catalyzed asymmetric propargylic substitution reac-
tions have emerged as a reliable and valuable route to construct
stereogenic centers." A series of nucleophiles have been effi-
ciently introduced to the propargylic position to construct C-C,
C-N, C-S, and C-O bonds with high stereocontrol (Scheme 1(a),
left).> As the F-containing motif has been widely used in the
design of biologically active molecules,® the construction of
stereocenters bearing fluorine atoms via Cu-catalyzed propar-
gylation represents a novel route to achieve such optically active
skeletons but related studies are very limited. Zhang et al
sequentially developed efficient catalytic systems for the pre-
paration of propargylic CF;, RCF, and SCF; units.*® In addition,
Tang recently described an elegant protocol to introduce OCFs;-
based stereocenters via propargylic substitution.” However, the
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propargylic monofluoroalkylation and related processes remain
unexplored (Scheme 1(a), right).

Different from the typical propargylic substitution requiring
an o-leaving group to guarantee the formation of a critical Cu-
allenylidene intermediate, an alkyne bearing a remote leaving
group is usually not considered as a suitable substrate for
propargylation. In 2022, Fang’s group first reported a regiodiver-
gent but non-asymmetric Cu-catalyzed alkynylallylic substitution
model by using 1,3-enyne with a y-leaving group as the substrate.®
Then, we described a highly enantioselective process.” In our
work, various enantioenriched 1,4-enyne1° skeletons were
achieved in high yields and enantiocontrol. Later, Xu and Qi
developed an elegant in situ substitution route to prepare various
spirocycles in high enantioselectivity."* After these initial works,
we further established another type of remote stereocontrol model
via Cu-catalyzed dearomatic substitution."> Most recently, several
other related works on remote propargylic substitution have been
reported to show the synthetic power of this newly emerging
strategy." Thus, the development of new catalytic systems for the
seldoml studied remote propargylic substitution is highly desired.

We envisioned that with F-containing malonate as the
nucleophile, the unprecedented asymmetric remote propargylic
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Scheme 1 Cu-catalyzed propargylic substitutions.
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Table 1 Reaction development

OAc
th [(CuOTH),*Tol] (2.5 mol%) F. CO,Me
Me ta N L (12 mol%) Me “-CO,Me
N DIPEA (1.0 equiv) ph N
F—CH(COMe), MeOH/PhCF = 1/4 s
2a (1.2 equiv) T.12h
X L1,R=Me, X=H
\ L2, R=Bn,X=H

| L3, R=CH,0Ac, X =H
L4, R=Ph, X=H

N L5, R = Ph, X = Br

3/"‘ NJ_/ L6,R=Ph X=Cl

R R L7, R = Ph, X = OMe
Entry L T/°C Yield® (%) er’
1 L1 RT 30 95:5
2 L2 RT 24 68:32
3 L3 RT 23 82:18
4 L4 RT 24 97:3
5 L5 RT 28 95:5
6 L6 RT 30 94:6
7 L7 RT 29 75:25
8¢ L4 RT 63 96:4
994 L4 RT 44 95:5
10%¢ L4 RT 49 96:4
11 L4 RT 58 96:4
1298 L4 RT 55 96:4
13%" L4 0 70 97:3
14 L4 —20 82 98:2

“ The y1eld was determined by '"H NMR w1th CH,Br, as an internal
standard. ® Determined by HPLC ana1y51s 2a (2.5 equiv.) was used.
4 Cul (5 mol%) was used instead. ° CuCN (5 mol%) was used instead.

f[Ccu(MeCN), ]BF4 (5 mol%) was used instead. ¢ Cu(OTf), (5 mol%) was
used instead. ” The reaction time was 24 h. ‘ Isolated yield and the
reaction time was 60 h.

monofluoroalkylation might be feasible. However, this propo-
sal is not straightforward. First, a tertiary carbon nucleophile
might be less reactive than the widely adopted secondary and
primary carbon centers, due to the increased steric hindrance
of the former. Meanwhile, a-fluoro carbonyl compounds are
known to be less stable than the non-fluorinated ones.**'® In
addition, the elevated acidity of the carbon center in the fluoro
malonate nucleophile would also lower the corresponding
nucleophilicity and might inhibit the expected substitution
process.

We initiated the study by using 1,3-enyne 1a bearing a
tertiary OAc unit as the electrophile, fluorinated malonate 2a
as the nucleophile and DIPEA as the base under copper
catalysis (Table 1). A series of chiral PyBOx ligands were first
evaluated (entries 1-7), and L4 exhibited the highest enantio-
control, providing Sy2’ substitution product 3a in 97:3 er but
with only a 24% yield (entry 4). However, the elevation of the
amount of nucleophile 2a greatly increased the yield of 3a to
63% (entry 8). Next, various copper sources were checked but all
failed to furnish 3a in a higher yield and stereoselectivity
(entries 9-12). When the reaction temperature was lowered to
0 °C with an elongated reaction time, both the yield and
enantioselectivity were increased slightly (entry 13). Finally,
the optimal reaction conditions were determined as the combi-
nation of 1,3-enyne 1a (1.0 equiv.) and fluoro malonate 2a
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(2.5 equiv.) as the substrates, [(CuOTf), Tol]/L4 as the catalyst,
and DIPEA as the base in MeOH/PhCF; as the mixed solvent at
—20 °C for 60 h. In this case, 3a was prepared in 82% yield,
>20:1r1r, >20:1 E:Z and 98:2 er (entry 14).

With the established protocol in hand, the scope for the
asymmetric alkynylallylic monofluoroalkylation reaction was
evaluated and the results are summarized in Scheme 2. The
enynes bearing various substituted arenes exhibited high com-
patibility with the transformation. For example, the electro-
philes containing F, ether, cyano, CFj3, Cl, Br, ester, OCF; units
etc. in the aryl group proceeded smoothly with the stereo-
selective substitution, affording fluorinated 1,4-enynes (3a-3j,
31-3n) in 56-89% yields, 96:4->99:1 er, and generally >20:1
rr and >20:1 E:Z. It should be noted that the aryl iodide
motif, which is known to be sensitive to transition metals, was
also well tolerated in this process, and the corresponding 3k
was formed in 70% yield and 98:2 er, highlighting the broad
application scope of the protocol. In addition, other modifica-
tions of the substituent in the olefin groups or the nucleophiles
did not show obvious erosion of the efficiency and stereocon-
trol (30, 3p, and 3r). Alkyl-substituted 1,4-enyne product 3q was
also obtained in a similarly good yield and stereoselectivity.

OAc
. COR
Ty [(CuOTH),*Tol] (2.5 mol%) F_ CO,
R M L4 (12 mol%) R? Y-COR
X
@)1 DIPEA (3.0 equiv) R’ <
+ F—CH(CO,R), MeOH/PhCF = 1/4 s
2 (2.5 equiv) -20°C,60h
F. CO,Me F. CO,Me
RLOaMe N Me -CO,Me
Me “-CO,Me Me —COMe i :CO;
X N
X
Ph)\/\
F
3a 3c

82% yield, 98:2 er
>20:1 E/Z,>20:1 rr

56% yleld 97:3 er
>20:1 E/Z,>20:1

80% yield, 98:2 er
>20:1 E/Z,>20:1 rr

|: COZMe 3d, R = OMe, 79% vyield, 98:2 er, >20:1 E/Z, >20:1 rr
¥ COzMe 3e, R=Me, 73% yield, 98:2 er, >20:1 E/Z, >20:1 rr
3f, R = F, 80% yield, 97:3 er, >20:1 E/Z, >20:1 rr
39, R =CN, 74% vyield, 97:3 er, >20:1 E/Z, >20:1 rr
3h, R = CF3, 89% yield, 98:2 er, >20:1 E/Z, 14:1 rr
3i, R = Cl, 86% yield, 97:3 er, >20:1 E/Z, >20:1 rr
3j, R = Br, 84% vyield, 97:3 er, >20:1 E/Z, 16:1 rr
F. CO,Me
Me \_LCOZMe 3k, R =1, 70% yield, 98:2 er, >20:1 E/Z, >20:1 rr
A 31, R = Ph, 85% vyield, >99:1 er, >20:1 E/Z, >20:1 rr
% 3m, R = CO,Me, 70% vield, 97:3 er, >20:1 E/Z, >20:1 rr
R 3n, R = OCF3, 77% yield, 96:4 er, >20:1 E/Z, >20:1 rr
CO,Et
F\:chzo“:;e Me \LcozEt
S FsC S S
Ph \\ A
30 3p

73% vyield, 98:2 er
6:1 E/Z, >20:1 rr

72% yield, 98:2 er
>20:1 E/Z, >20:1 rr

o_0O

F
CO,Me
Me \LC(Z)ZMe MeO/\/\OMO/\/\OMe
3CI Ph™ "Me 3

61% yield, 97:3 er
>20:1 r?

55% yield, 98:2 er
>20:1 E/Z, >20:1 rr

Scheme 2 Scope for the asymmetric alkynylallylic monofluoroalkylation.
Isolated yields. 120 h.
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Next, we continued to explore the feasibility of the undeve-
loped asymmetric propargylic monofluoroalkylation reaction
(Scheme 3). With the use of L11 instead of L4 as the chiral
ligand, the transformation proceeded smoothly, providing 5a in
an 84% yield and 94:6 er (see ESIT for the detailed optimiza-
tion process). A series of substituted aryl-derived alkynes were
further evaluated and all showed high compatibility with the
reaction. For example, substituents including Cl, Br, I, CF;,
cyclopropyl, F, an ether unit etc. in the electrophile reacted with
2a well and generated the corresponding products 5b-5j in 50—
80% yields and with 92:8-94:6 er. In addition, the trial to
prepare a quaternary stereocenter failed, presumably due to the
high steric hindrance for the construction of vicinal quaternary
carbon centers.

To highlight the robustness and practical use of the present
protocol, a gram-scale test was carried out (Scheme 4(a)). When
5.6 mmol of racemic 1g was used, 3g was prepared in 1.4 g in a
76% yield, 97:3 er, >20:1 rr and >20:1 E: Z, comparable to
that in 0.1 mmol scale. A set of downstream transformations of
3g were easily conducted and various chiral skeletons were
obtained efficiently with high enantioselectivity (6-9). For
example, enantioenriched fluoroalkyl-tethered isoxazole 8 was
conveniently prepared from 3g via [3+2] cyclization in 79% yield
and 96:4 er. The absolute configuration of 5b was determined
to be R by the conversion of 5b to a known compound 10 via
controlled hydrogenation.'®

To probe the possible reaction mechanism, nonlinear rela-
tionship experiments were conducted (Scheme 5(a)) and a
negative nonlinear effect was observed, indicating that multiple
ligands might be involved in the enantio-determining step and
the heterochiral metal-ligand complex might be more reactive
than the homochiral combination.'” Kinetic studies showed
that the reaction was first order on the copper catalyst
(Scheme 5(b)), suggesting that a monocopper catalyst might
be involved in the rate-limiting step.

[(CuOTf), *Tol] (2.5 mol%) CO,Me
OBoc L11 (12 mol%) F Y—CO,Me
+ F—CH(CO,Me), : H
Ar A DIPEA (3.0 equiv) Ar/\
. MeOH/PhCF3 = 1/4
(+)-4 2a (2.5 equiv) 20°C. 60 h 5
- COMe F_LCOMe S
~£-CO,Me TCoMe N7 !
PN D/\ S’“ \J
5a cl 5b LBy L1 “Bu!

84% yield, 94:6 er 63% vyield, 93:7 er

CO,Me 5¢, R = Br, 57% yield, 93:7 er
:-COMe 5d, R = |, 66% yield, 93:7 er
% 5e, R = CF3, 50% vyield, 92:8 er
R 5f, R = cyclopropyl, 73% yield, 94:6 er
CO,Me
F. 2 = : B
\;1 CO,Me 59, R = F, 63% yield, 93:7 er

R 5h, R = OBn, 80% yield, 92:8 er
\©/\ 5i, R = OMe, 78% yield, 92:8 e/
5j, R = Me, 72% yield, 93:7 er
Scheme 3 Asymmetric propargylic monofluoroalkylations. Isolated
yields. The er values were determined by HPLC analysis. “When 1.0 gram
of electrophile was used, 1.0 gram of 5i was obtained (88% yield, 92: 8 er).
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E. CO,Me
Me -CO,Me
F. CO,Me L NG
Me \:LCOzMe Me : CO;Me Ar

Ar A | Ar

s
— \©\ PMPO
6 7 Me

73% yield, 97:3 er 80% yield, 97:3 er

99% yield, 16:1 dr
RhCI(PPh3)s RhCI(PPhg); ’ T CuTc
Ph,POH ArSH | R-N;
OA N CO,M:
C e
F. CO,Me | F, 2
\~ Me “-CO,Me
Afm standard condition Me 1-COMe Ph)\CI : 2
Me N — N —_— A o}
(Ar = m-NCPh) 149 A N cu LN
19 76% yield, 97:3 er 8
>20:1 E/Z, >20:1 rr 3 : 5
(5.6 mmol) 9 79% yield, 96:4 er Ph
CO,Me E CO,Me
F L Come ~Z-co,Me
H 2 Lindlar cat. B
: . heeres N =
N
/O/\\ Ha ‘ =
cl cl 10
5b 61% yield, 93:7 er

Scheme 4 Gram-scale test and transformations.

These facts indicated that the observed nonlinear effect
might arise from the existence of both an inactive homo dimer

a. Nonlinear relationship experiments
100%

(2]
(=]
°
=

ee of product 3a

0% 20% 40% 60% 80%

ee of L4

100%

b. Kinetic order on [cat]

912 Kinetic order for [Cu] . .
L I Pt
g 8'5 o .
S g y=1.1335x - 1.5925
1
7.5 R® = 0.0883
7
8.5 9 o5 -Ln[Cu] 10

c. Proposed mechanism

OAc Me ®
AcO
/ —
Prl]\/lj\/\ Phﬁ\/\ [Cu] Ph)\/\
1a Me \ int-2 [Cul
int-1
Me i
PhMC\\
[Cu] S[Cu]
int-3
F—CH(CO,Me), I
F. CO,Me 2a Me
Me “-CO,Me P §
X (3
Ph SRS int4 Y

Scheme 5 Proposed mechanism.
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of ligands and active mono-Cu(L4) species in the enantio-
determining step. Based on this fact and prior work,” a
potential mechanism is described in Scheme 5(c). The copper
catalyst reacted with the terminal alkyne first to provide alkynyl
copper complex int-1, which was converted to the critical
electrophilic olefin-conjugated Cu-allenylidene intermediate
int-3 and other tautomers int-2 and int-4. A subsequent nucleo-
philic attack then occurred on int-3 by 2a to provide fluorinated
1,4-enyne 3a and regenerate the catalyst.

In conclusion, the first copper-catalyzed asymmetric mono-
fluoroalkylation protocol was developed via alkynylallylic sub-
stitutions. The related propargylic monofluoroalkylation
process is also established. A series of optically active 1,4-
enynes bearing a fluoroalkyl unit were prepared in high yields,
good regio- and enantioselectivity and excellent E/Z selectivity.
The products were conveniently transformed into various pri-
vileged chiral skeletons. The preliminary mechanistic studies
uncovered a rare negative nonlinear effect.
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