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Abstract: Pd/Cu-catalyzed decarboxylative/direct C—H al-
kenylations of heteroarenes with a-fluoroacrylic acid is re-
ported. This method offers step-economical and stereo-
controlled access to valuable heteroarylated monofluor-
oalkenes as both Z and E isomers, which are known to be
useful in the synthesis of fluorinated biomolecules.

Transition metal-catalyzed C—C bond formation through direct
C—H functionalization of heterocycles has proven to be an effi-
cient modern alternative and complementary process to tradi-
tional cross-coupling methods.™ Within the direct functionali-
zation of ubiquitous C—H bonds, direct alkenylation,? an
emerging tool for the construction of alkenylated (hetero)ar-
enes, has recently received growing attention due to the sig-
nificance of this motif in biologically active natural products,
pharmaceuticals and organic materials.”

In recent years, current developments in the transition
metal-catalyzed direct C—H alkenylation of heteroaromatics
have been mainly focused on: (1) the Fujiwara-Moritani oxida-
tive Heck-type coupling with simple alkenes,” (2) the hydroar-
ylation of alkynes,” and (3) the direct C—H alkenylation with al-
kenyl halides or pseudohalides, more valuable coupling part-
ners than alkenes or alkynes for controlling both the regio-
and stereochemistry of this process.” Although prefunctional-
ized halo- or pseudohaloalkenes have been widely investigated
[Scheme 1, Equations (1) and (2)], we turn our attention to the
attractive acrylic acid derivatives due to their ready availability
and easy access to both substituted E and Z isomers. Recently,
the groups of Itami and Xu/Li have reported the first nickel
and rhodium-catalyzed decarbonylative/C—H alkenylations of
(hetero)arenes using acrylates as alkenylating reagent
[Scheme 1, Equation (3)1.”) Herein, we report the first investiga-
tion of decarboxylative C—H alkenylation of heterocycles with
acrylic acids [Scheme 1, Equation (4)], through a conventional
catalytic cross-coupling process that combines the generation
of an alkenylcopper intermediate as a transmetallating agent
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Scheme 1. Previous [(1)-(3)] and proposed [(4)] methodologies for direct C—
H alkenylations of heterocycles using prefunctionalized alkenes.

by copper-catalyzed extrusion of CO, with the catalytic C—H
palladation of the heterocycle (Scheme 1).5""

a-Fluoroacrylic acid has been especially selected to address
important challenges in catalytic decarboxylative cross-cou-
pling chemistry, as well as in the attractive field of fluorinated
biomolecules."? This choice originated indeed, from the fol-
lowing premises: 1) To establish a first proof of concept of
direct C—H/C—CO,H cross-coupling between heterocycles and
acrylic acids, we anticipated that a-fluoroacrylic acids would
be excellent candidates due to the electron-withdrawing effect
of the fluorine atom that may facilitate the ipso-decarboxyla-
tive metallation process;"® 2) Our recent successful use of
gem-bromofluoroalkenes as efficient coupling partners in Pd-
catalyzed direct C—H alkenylation of heteroarenes [Scheme 1,
Equation (2)] demonstrating that fluoroalkenes are stable
under such catalysis compared to their gem-dibromo-
(dichloro)alkene counterparts leading to alkynylated prod-
ucts;"¥ 3) importantly, the monofluoroalkenes™ are highly val-
uable organic compounds, which have found many applica-
tions as, for example, materials,”"® drugs,"” and peptidomimet-
ics."® Herein, we report the first decarboxylative/C—H alkenyla-
tion of heterocycles with various (E)- and (2)-a-fluoroacrylic
acids offering an innovative step-economical, eco-friendly and
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general stereocontrolled access to polysubstituted (E)- and (2)-
heteroaryl fluoroalkenes.

Inspired by recent Pd/Cu-catalyzed decarboxylative C—H ary-
lations,” we started to explore the decarboxylative coupling of
1,3,4-oxadiazole 1a with B-arylated a-fluoroacrylic acid 2 A pre-
pared as pure Z isomer. Although any reaction occurred under
the strictly Greaney's conditions (Table 1, entry 1),°* the use an

Table 1. Pd-catalyzed decarboxylative/C—H fluoroalkenylation under vari-
ous reaction conditions.”’

[Pd] (10 mol%)
Ligand (20 mol%)

HO,C CuCO04 (3.5 equiv) N E
/L >\H + = solvent/DMSO N
F S /ko \
140°C,12h  Ph o
1a @-2A (2)-3aA ©
OMe
Entry [Pd] Ligand 2A/1a ratio Solvent Conc [m] Yield [%]®
1 PdBr, dcpe  1.5:1 1,4-dioxane 0.2 n.r.
2 PdBr, dcpe  1.5:1 DMA 0.2 42
3 PdBr, dppe 1.5:1 DMA 0.2 55
4 [Pd(acac),] dppe 1.5:1 DMA 0.2 58
5 [Pd(acac),] dppe 2:1 DMA 0.1 81, 651
[a] Reaction conditions: [Pd] (10 mol%), ligand (20 mol %), 1a (0.2 mmol),
CuCO; (3.5 equiv), solvent/DMSO (8:3), MS4 A, 140°C, 12 h. [b] Yield

based on isolated product after flash chromatography. [c] Scale up on
1.0 mmol of 1a under optimized conditions. dcpe = bis(cyclohexylphos-
phino)ethane, dppe=bis(diphenylphosphino)ethane, DMSO = dimethyl
sulfoxide, DMA = dimethylacetamide.

8:3 mixture of dimethylacetamide (DMA) and DMSO allowed
us to obtain the desired product isolated in 42 % vyield (Table 1,
entry 2) along with protodecarboxylative product 4 (Scheme 3)
as side-product. Hopefully the hampering side process could
be significantly and kinetically reduced by using 1,2-bis(diphe-
nylphosphino)ethane (dppe) as ligand (Table 1, entry 3).
Common ligands of copper such as phenanthroline, BINAP and
2,2'-bipyridine did not have a beneficial effect on this competi-
tive reaction and the decarboxylative coupling failed with
monodentate phosphines.”” We then performed the reaction
with different palladium sources."? The best performance of
the reaction was thus attained by using Pd(acac), as a catalyst
alongside increasing both the reaction dilution (0.2m to
0.1 M)® and the amount of a-fluoroacrylic acid (1.5 to 2 equiv-
alents; Table 1, entries 4 and 5). Under these optimized reac-
tion conditions, the heteroarylated fluoroalkene 3aA was pro-
duced in 81% isolated yield as pure Z isomer, demonstrating
that the reaction proceeds with a complete retention of the
stereochemistry. Interestingly, the optimized protocol was also
easily scaled up from 0.2 to 1.0 mmol without a significant de-
crease in yields (Table 1, entry 5).

With these optimal reaction conditions in hand, we focused
on the substrate scope of various 1,3,4-oxadiazoles 1a-g with
a broad panel of B-arylated a-fluoroacrylic acids 2A-G. The
electronic effect and the position of the substituents on the ar-
omatic units of both coupling partners 1 and 2 invariably had
no influence on the success of the reaction, since the a-fluo-
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[Pd(acac),] (10 mol%)
dppe (20 mol%)
CuCOj4 (3.5 equiv), MS 4A

N-N HOLC, DMA/DMSO (8/3), 140°C, 12h  N-N F
3 S - (@/3), 140°C, b
R0 F R rR1707 N\ R2
1a-g (2)-2A-H (2)-3a-g
« Scope with various (Z)-a-fluoroacrylic acids
N-NOF N-NF
/l 2 { OMe /l N OMe
Ph” O Ph” "0 \
OMe
(2)-3aB, 65% (2)-3aC, 51%
NN F NN F R NN F
F’h/L o Ph/LO \ Ph/LO \
CN CFy
(Z)-3aD, 36% (2)-3aE, 56% (2)-3aF, 60%

-N '\’7N\ F
A\
°ﬂ~ Ph*O&L@
o 0,
(2)-3aG, 76% (2)-3aH, 36%

* Scope with highly electronically different 1,3,4 oxadiazoles

Beeates s aatven

(2)-3bF, 77% (2)-3¢cB, 68%

Neaatv NCagty

(2)-3dG, 99% (2)-3eE, 38%

F OMe

G oS

(2)-3fA: 52% (2)-39C, 42%

Scheme 2. Scope of decarboxylative/direct C—H monofluoroalkenylation of
1 with various (2)-a-fluoroacrylic acids (2)-2.

rooxadiazolylalkenes 3 a-f were isolated in fair to quantitative
yields (Scheme 2). In addition, the procedure was also success-
fully applied with the 5-alkylated 1,3,4-oxadiazole 1g or the f3-
alkylated a-fluoroacrylic acid 2H as coupling partners, indicat-
ing that the substituents of the azole and the a-fluoroacrylic
acid have little influence on the performance of the reaction.

Notably, heteroarylated fluoroalkenes 3 were cleanly ob-
tained without any other byproduct than the fluoroalkene 4
arising from the copper-catalyzed decarboxylative protonation
side reaction. At this stage, we investigated the ability of the
protodecarboxylative fluoroalkene product 4 to react with 1a
through a conventional Fujiwara—Moritani oxidative Heck-type
coupling (Scheme 3).?" To that purpose, the alkene 4 was gen-
erated from a-fluoroacrylic acid 2A®? and then either (a) al-
lowed to react with 1a [Scheme 3, Equation (1)] or (b) isolated
beforehand and subsequently subjected to an oxidative Heck-
type reaction [Scheme 3, Equation (2)]. Both scenarios failed,
precluding a two-step mechanism initially involving a protode-
carboxylation followed by a Fujiwara—Moritani oxidative Heck-
type coupling. These control experiments strongly support the
initial working hypothesis depicted in Scheme 1, namely that
decarboxylative direct C—H alkenylation reaction would pro-
ceed through the expected conventional Pd/Cu bimetallic cat-
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 In situ protodecarboxylation:
CuCOj; (3.5 equiv), MS 4A
" mCOzH DMA/DMSO (8/3), 140 °C WH
V4 19, 4
MeO F @ 100% by "°F NMR MeO F @
2a 4

[Pd(acac),] (10 mol%)
dppe (20 mol%), 1a (1 equiv)

N’N\ CuCOs (3.5 equiv), MS 4A
o /Qo « 5 | DMA/DMSO (8/3), 140 °C
OMe
(2)-3aA

no product by '°F NMR
 Direct oxidative Heck reaction (Fujiwara-Moritani reaction):

[Pd(acac),] (10 mol%)
H
MeO F @

CuCOj3 (3.5 equiv), MS 4A
DMA/DMSO (8/3), 140 °C Ph

dppe (20 mol%)
4

no product by "°F NMR

Scheme 3. Generation of a-fluoroalkene 4 by protodecarboxylation from 2a
and its evaluation in oxidative Heck-type alkenylation with 1a.

alysis, which is also in accord-
ance with the observation that
the reaction occurs with com-

N
) ) i
plete retention of stereochemis- Rﬂ(x\fH
try at the double bond. X=0,8
5-10

To extend the scope of the
methodology, we examined the
selective decarboxylative direct
C—H fluoroalkenylation of vari-
ous 1,3-diazoles that are less
acidic than the oxazodiazole
series (Scheme 4). Benzoxazoles
were first selected due to their
high acidity in the 1,3-diazoles
series. Although low yields were
obtained under the above opti-
mized conditions, switching the MeO
DMA/DMSO mixed solvent to
pure DMSO afforded the expect-
ed C-2 monofluoroalkenylated
benzoxazoles (2)-11aA, (2)-11bA
and (2)-11bF in fair yields, re-
gardless of the highly electronically-different a-fluoroacrylic
acids 2A and 2F used. Concerning the oxazole series, the acti-
vated 4-carboxyoxazole displayed a good reactivity with the
two highly electronically-different a-fluoroacrylic acids 2A and
2F under the optimized reaction conditions. However, the op-
timal result was obtained with 1,2-bis(dicyclohexylphosphino)-
ethane (dcpe) as a ligand in line with previous observations in
this heterocycle series by Greaney and co-workers.” The opti-
mized procedure remained effective for the direct C—H fluo-
roalkenylation of benzothiazole to produce (2)-12A and (2)-
12G in 49% and 43 % yields with CuBr as an additive, which is
often used to promote the palladium catalysis cycle
(Scheme 1).% In that case, the formation of benzothiazolylcop-
per as intermediate is thus suggested to generate the o-aryl-
palladium complex through transmetallation with Pd(acac),.
The less acidic 4,5-dimethylthiazole reacted with a-fluoroacrylic

Et0.C__N
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acid (2)-2A with somewhat more difficulty leading to the ex-
pected (2)-monofluoroathiazolylalkene (2)-14A (isolated in
18 % yield) with Pd(TFA), catalyst whereas no reaction occurred
with 5-phenyloxazole. Moreover, the use of harder bases such
as Cs,CO; or tBuOLi," extensively used in direct C—H coupling
of less acidic 1,3-diazoles,>** are not tolerated heightening the
protodecarboxylation side-reaction of a-fluoroacrylic acids.

As a final part of the study, we turned our attention to the
formation of the monofluoro(hetero)arylalkene as E isomers
from an enriched mixture of (E)-a-fluoroacrylic acids
(Scheme 5). Despite the inherent difficulty of the steric hin-
drance, we found that the optimized procedure for decarboxy-
lative direct C—H alkenylation of 1,3,4-oxadiazoles with (2)-a-
fluoroacrylic acids (Scheme 2) remained highly effective with
(E)-a-fluoroacrylic acids.

In conclusion, we have demonstrated that a-fluoroacrylic
acids could be used as coupling partners in Pd/Cu-catalyzed
decarboxylative direct C—H alkenylation with a wide range of

[Pd(acac),] (10 mol%)
dppe (20 mol%)
CuCOs; (3.5 equiv), MS 4A

N F
DMA/DMSO (8/3), 140 °C  g1_fC N R?
o -COH N\ /

(2)-11-15

7)-11bA, 54%/° 2)-11bF, 48%F!

Et0,C

Ly o @EMQIW

(2)-12A, 49%!

i@“s I W@we I W@

(2)-13F, 60%°

(2)-12G, 43%  MeO (2)-13A, 74%c]

(2)-14A, 18% 2)-15A, n.d.%

Scheme 4. Scope of decarboxylative/direct C—H monofluoroalkenylation of various heterocycles (5-10) with vari-
ous (2)-a-fluoroacrylic acids (2)-2. [a] DMSO (0.1 m). [b] CuBr (10 mol %) was added. [c] dcpe instead of dppe.
[d] PA(TFA), (10 mol %), 1,4-dioxane/DMSO.

[Pd(acac),] (10 mol%)
dppe (20 mol%)
CuCO; (3.5 equiv), MS 4A

N o N
NN DMA/DMSO (8/3), 140 °C, 12h  N-N,
L p—H AN B
170 = N RO
R2— | (E)-2
< CO.H e
1a: Ph R2 = 4-MeO, (E)-2A, E/Z 99:1 \

1d: 4-CF3CeHs R? = 2-Naph, (E)-2G, E/Z 8:2

(E)-3dG, 85%

(E)-3aA, 87% (ratio (E)/(Z) 8:2)

Scheme 5. Decarboxylative direct C—H monofluoroalkenylation of 1,3,4-oxa-
diazoles 1a,d with (E)-a-fluoroacrylic acids (£)-2A,G.
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heteroarenes. This innovative methodology is functional-group
tolerant, step-economical and proceeds in moderate to good
yields. It also proposes an innovative stereo- and regiocontrol-
led access to (2)- and (E)-a-heteroaryl monofluoroalkenes, ver-
satile molecules for further fast and step-economical prepara-
tion of fluorinated biomolecules. This work extends the boun-
daries of the current highly attractive field of catalytic C—H
functionalization of molecules since it involves for the first
time the acrylic acid series as coupling partners in direct C—H
alkenylation.
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