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Stereoselective Palladium-Catalyzed C-F Bond Alkynylation of
Tetrasubstituted gem-Difluoroalkenes

Qiao Ma, Yanhui Wang and Gavin Chit Tsui*

Abstract: A stereoselective Pd(PPhs)s-catalyzed C-F bond
alkynylation of tetrasubstituted gem-difluoroalkenes with terminal
alkynes has been developed. The method gives access to a great
variety of conjugated monofluoroenynes bearing a tetrasubstituted
alkene moiety with well-defined stereochemistry. Chelation-assisted
oxidative addition of Pd to the C-F bond is proposed to account for the
high level of stereocontrol. X-ray structure of a key monofluorovinyl
Pd(ll) intermediate has been obtained for the first time as evidence for
the proposed mechanism.

Activation of the carbon-fluorine bond constitutes an
important area of research in modern organofluorine chemistry.'
In contrast to C-F bond formation,? selective cleavage and
functionalization of robust C-F bonds in abundant poly- or
perfluorinated compounds offers new opportunities for the
synthesis of value-added fluorinated molecules.® For instance,
selective transformation of one C-F bond of gem-difluoroalkenes*
leads to functionalized monofluoroalkenes. Monofluoroalkenes
have shown great potential as peptide bond isosteres in drug
discovery and as versatile fluorinated synthons in organic
synthesis (Scheme 1a).® Their preparation has been achieved by
efficient and selective transition metal-catalyzed (Cu,® Ni,” Rh,®
Co,° Mn," Ru," Ir,"2 Fe'®) C-F bond functionalization of
fluoroalkenes.™ High level of stereocontrol to functionalize a
single C-F bond is a key criterion in these reactions. Two factors
usually facilitate such control: (1) using trisubstituted gem-
difluoroalkenes that can be prepared from the corresponding
aldehydes;*? (2) the steric repulsion between R" and FG in the -
F elimination step (Scheme 1b).'"* However, the stereoselectivity
would be hampered with unsymmetrical tetrasubstituted gem-
difluoroalkenes (Scheme 1c), especially when R' and R? have
similar steric properties, resulting in a mixture of stereoisomers A
and B that are difficult to separate by conventional
chromatographic techniques.”™ Consequently, the scope of
current methods®'® is largely limited to the synthesis of
trisubstituted monofluoroalkenes. We hypothesize that a selective
oxidative addition of metal to the C-F bond would solve this
problem and afford a single diastereomer. The product profiles
can therefore be significantly expanded to include densely
functionalized tetrasubstituted monofluoroalkenes with well-
defined alkene geometry.'®

To the best of our knowledge, this approach has not been
reported to date, presumably due to the strong C-F bonds (120-
129 kcal/mol for aliphatic and olefinic C-F bonds)' and the
difficulty in identifying suitable substrates and catalytic systems.
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We herein describe the first Pd-catalyzed C-F bond alkynylation
of gem-difluoroalkenes involving a key stereoselective C-F bond
oxidative addition step. The method enables the stereoselective
synthesis of tetrasubstituted monofluoroenynes, which belong to
the class of conjugated 1,3-enynes that are prevalent in natural
products and pharmaceuticals.®
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Scheme 1. Transition metal-catalyzed stereoselective C-F bond activation of
gem-difluoroalkenes for the synthesis of functionalized monofluoroalkenes.

Despite being one of the most powerful catalysts for cross-
coupling reactions,'® palladium-catalyzed defluorinative coupling
of gem-difluoroalkenes has been underdeveloped. Heitz and co-
workers first reported the Pd-catalyzed coupling of 1,1-
difluoroethylene with aryl iodides in 1991.2°2 The stereoselective
version, a Pd-catalyzed coupling of difluorostyrenes with
arylboronic acids only appeared recently in 2016 by Toste and co-
workers.?% Both cases invoked the insertion of difluoroalkene into
the palladium-aryl bond followed by B-F elimination to generate
the monofluoroalkene product. Although there is no precedence
for the Pd-mediated oxidative addition of a C-F bond of gem-
difluoroalkenes, the pioneer work by Ogoshi and co-workers in
the Pd-catalyzed coupling reactions of tetrafluoroethylene (TFE)
with arylzinc reagents, arylboronates and arylsiloxanes provided
important evidence.?! They proposed that the oxidative addition
of C-F bond by Pd followed by transmetallation with
organometallic reagents is a viable mechanism, as supported by
the isolation and X-ray crystal data of the key
trifluorovinylpalladium complex.2'®  While these Pd-catalyzed
reactions allowed the Csp?-Csp? bond formation of fluoroalkenes
(e.g. for the synthesis of monofluorostilbenes)?® the
corresponding Csp?-Csp bond construction remains unknown.

We found that the difluoroacrylate derivative 1a** underwent
smooth Sonogashira-type defluorinative coupling with terminal
alkyne 2a in the presence of catalytic
tetrakis(triphenylphosphine)palladium(0) and an additive sodium
iodide (eq 1). The tetrasubstituted monofluoroenyne product (E)-

1
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3a was isolated in 87% yield as a single diastereomer and the
alkene geometry (E) was confirmed by '°F-'H HOESY NMR
experiments.??> The complete stereocontrol in this reaction was
remarkable  since  reported syntheses (Pd-free) of
pharmaceutically relevant fluorinated 1,3-enynes by HWE
olefination®? or the use of alkynyllithium reagents®® only gave
mixtures of inseparable E/Z products.

Ph
Pz
FF Pd(PPha)s (5 mol %) S~
I + =—Ph ——————————> | 1)
P COEt  2a EtsN (3.0 equiv) Ph”” CO,E
1a (3.0 equiv) Nal (3.0 equiv) (E)-3a
toluene (0.067M) .
80 °C, argon, 24 h 87% yield
E/Z >99:1

Several trends were observed during the screening of
reaction parameters:?? (1) Phosphine ligands were needed to
ensure conversions. Pd(ll) catalysts including PdCl2(PPhs)2 and
PdCl2(dppf)-CH2Cl. were also effective under similar conditions
(72-93%). Other Pd(ll) pre-catalysts such as PdCl,
PdCl2(CH3CN)2and Pd(OAc)2 required the addition of PPhs (Pd:P
= 1:2) (74-99%, reactions were shut down without added ligand).
The Pd(0) complex Pd(PPhs)s was optimal for this reaction due to
its straightforward operation (no added ligand) and high reactivity.
Control experiment revealed no reaction without Pd catalyst. (2)
The additive sodium iodide was crucial for both reactivity and
selectivity. Removing Nal from the standard conditions resulted in
a low yield (41%). Compared with Nal, the yields decreased when
using NaBr, NaCl and Kl as additives. We investigated the
additive effects of more soluble tetrabutylammonium halides and
observed an intriguing anion effect (I > Br > CI") on the E/Z
selectivity (E/Z =>99:1, 94:6 and 91:9 for TBAI, TBAB and TBAC,
respectively).?* (3) More dilute concentration (0.067 M) and
excess of base and alkyne (3.0 equiv each) were necessary for
complete conversions. (4) Good yields and selectivities were also
obtained using solvents with different polarities (e.g. 1,4-dioxane,
DMF). (5) Reactions were sluggish at lower temperatures (23-60
°C) even with increased catalyst loading and longer time. (6) In
some cases, Pd(PPhs)s loading could be as low as 2 mol % for
comparable yields.

The developed method was successfully applied to the
synthesis of a great variety of novel monofluoroenynes 3 solely
as (E)-products (Scheme 2). Terminal alkynes 2 with different

substituted (hetero)arenes (R®) were investigated (products 3b-p).

Generally, electron-rich arenes gave higher yields than electron-
poor ones (compare 3c with 3g-i). Substituent groups were
tolerated at the para-, meta- and ortho-positions of the ring. The
bromo-substituted compound (3m) was low-yielding due to
unreacted starting materials. Thiophene (30) and pyridine (3p)
moieties were also tolerated. The TMS-substituted compound
(3q) is a useful precursor for terminal alkyne upon desilylation and
it can be obtained on gram-scale using only 2 mol % Pd catalyst.
Other alkyl-substituted products (3r-t) bearing primary, secondary
and tertiary carbons were also synthesized, including a natural
product derivative (3u) as a demonstration for late-stage
functionalization. Variation of the vinylic substituent group (R')
and the ester substituent group (R?) of difluoroalkenes 1 was
made to probe the reaction scope (products 3v-al). Electron-
withdrawing (4-CFs, 3x) aryl substituent gave higher yield than
electron-donating (4-OMe, 3w) group. Aryl chlorides (3ac, 3ad)
and bromide (3ae), which are known reaction partners in
Sonogashira couplings,’® were tolerated demonstrating the
preferential  C(vinyl)-F  bond over C(aryl)-Cl/Br bond
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functionalization. Polyaromatic (3af) and heteroaromatic (3ag)
substituents were also tolerated. We compared the effects of R?
in a series of products 3y-ab. The trend suggested that the steric
hinderance of the substituent group affected the reaction. While
ethyl (3y), benzyl (3z) and isopropyl (3aa) groups gave similarly
good vyields, the bulkier tert-butyl group (3ab) caused drastic
decrease in yield with significant amounts of unreacted starting

material.

Me

Pd(PPhs)
(5 mol %) F.

EtN, Nal

toluene
80°C,24h

MeO.
j\//\i)
{

R?

R CO,R?
(E)-3

rZ S F
I I
Ph” CO,E COEL Ph” COEL Ph”CO,EL
3b 83% 3¢ 76% 3d89% 3e81% o
cN CFy ove
r r rF r
NHAG I I
Ph”CO,E CO,E COLEL Ph”COEL
3F71% 39 41% 3h 69% 3i 54%
F Cl Br
OMe
r i r r r
| | |
Ph” CO,E COE Ph” CO,EL COEL
3 71% 3K 70% 3158% 3m 29%
= z
s ]
~ N s
F A r FZ
| | |
Ph” ~CO,EL Ph” CO,Et Ph” COLE Ph”NCO,EL
3n70% 30 80% 3p 54% 39 91%, 90% (1.31g)°
0\
o~
r r A
| I I >
Ph” NCO,E Ph” “CO,E Ph” “CO,E NN
3r 95% 35 82% 3t72% Ph™ “COEt  3u 56%
Ph
Ph Ph > Ph
o F F A N7 A
| I |
MeO. COLEL CO,E COzE COLE
MeO FsC F
3v80% 3w 60% 3x90% 3y 90%
Ph Ph
P Ph Ph
F | Z r F F
o._Ph | I I
~ o\( o\’< COsEt
0
F F ° F © cl

3aa 89% 3ab 39% ("9F NMR) 3ac 91%

Ph Ph
3 r r
cl { { | |
COLEt CO,Et OO CO,Et a CO,Et
cl S

3ag 82%

e

3ae 72%

3ad 77%

3af 89%

X-ray structure of 3ah

Ph
Ph =
@J\/ X,
|
Ot COLEt P

CO,Me rZ
{

3ak 71%° 3a1 76%¢

Ph™ “COEt 3am 21%¢

aStandard conditions: 1 (0.2 mmol), 2 (0.6 mmol), EtsN (0.6 mmol), Nal (0.6
mmol), toluene (3.0 mL), under argon. Isolated yields of 3 (E/Z ratio >99:1). *5.0
mmol scale using 2 mol % Pd catalyst. °Conditions: Pd(PPhs)s (10 mol %),
DIPEA (3.0 equiv), Nal (3.0 equiv), toluene (0.2 M), 90 °C, argon, 24-36 h.
dConditions: diyne (0.2 mmol), 1a (0.4 mmol), Pd(PPhs)s (10 mol %), EtsN (0.4
mmol), Nal (1.2 mmol), toluene (3.0 mL), 80 °C, argon, 24 h.

Scheme 2. Scope of tetrasubstituted gem-difluoroalkenes and terminal alkynes
for the stereoselective synthesis of monofluoroenynes.?
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The structure and E-alkene configuration of the
monofluoroenynes 3 were unambiguously confirmed by X-ray
crystallography via the biphenyl product 3ah.?®> Remote
substituents such as nitrile (3ai) and methyl ester (3aj) on the
biphenyl framework were compatible. Benzyl-substituted
difluoroalkenes were not as reactive as their (hetero)aryl
counterparts under standard conditions. However, increasing Pd
loading (10 mol %) and changing base (DIPEA) could improve the
yield significantly (3ak). Even the sterically encumbering ortho-
ester group on the ring was tolerated (3al). Finally, reacting 1,4-
diethynylbenzene with 2.0 equiv of 1a afforded an intriguing
extensively conjugated product (3am) as a single isomer bearing
two monofluoroenyne units. Overall, the reaction conditions
displayed a broad functional group tolerability for both carbon-
based and heteroatom-containing (N, O, S, Si, halogen)
functionalities. More importantly, despite the differences in the
steric and electronic environments of R', R? and R® groups,
excellent E/Z-selectivities (>99:1) were obtained for all the
products 3. The reaction was unique for difluoroacrylate-type
substrates, the corresponding tetrasubstituted gem-
difluoroalkenes bearing amide (1s) and methyl (1t) groups were
unreactive under these conditions.

Mechanistic studies were conducted to probe the reaction
pathway and origin of stereoselectivity (Scheme S1, see
Supporting Information). We tested a range of commonly used
difluorostyrene (trisubstituted) derivatives 4'* containing electron-
donating/-withdrawing groups at various positions of the ring
under standard conditions (Scheme S1a). However, no reaction
took place with these substrates showing the necessity of the
difluoroacrylate-type system. Alkene 1a was susceptible to
nucleophilic  addition-elimination by in situ generated
alkynyllithium reagent resulting in a mixture of stereoisomeric
products 3a (E/Z = 1:1) (Scheme S1b). This shows that 1a has no
intrinsic bias to influence the E/Z-selectivity (sterically or
electronically), therefore, the stereocontrol should be exerted by
the Pd catalytic system.? A side product, the a-trifluoromethyl
ester s1, was obtained in an appreciable amount (37% yield)
when the reaction was conducted without the additive Nal
(Scheme S1c). Adding water to 1a in the presence of Pd led to a
protodefluorinated product s2 (48% yield, E/Z >99:1) (Scheme
S1d), hinting the presence of a vinylpalladium intermediate that
was protodemetallated by H20 to give s2.

Stoichiometric reaction between 1a and Pd(PPhs)s in the
presence of Nal was conducted (Scheme 3a). We were able to
isolate and characterize a novel monofluorovinylpalladium(ll)
iodide intermediate Int-1 as a single diastereomer. Its structure
was unambiguously confirmed by X-ray crystallography,?®
showing that the Pd adopts a square-planar geometry with two
PPhs ligands in a trans manner. To the best of our knowledge, this
is the first report of a Pd complex derived from gem-
difluoroalkenes. Furthermore, the Pd complex Int-1 reacted with
terminal alkyne 2a to afford desired product (E)-3a in good yield,
proving its intermediacy in the catalytic cycle (Scheme 3b). A
catalytic amount of Int-1 was also efficient in producing (E)-3a
under standard conditions, demonstrating its turnover capability
(Scheme 3c).
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Scheme 3. Preparation and reaction of the monofluorovinylpalladium(ll) iodide
complex.

Based on the above evidence and literature supports,?” we
proposed the following plausible catalytic cycle (Scheme 4). First,
oxidative addition of Pd(0) to one of the C-F bonds of gem-
difluoroalkene 1 takes place selectively generating R-Pd(Il)-F
complex A. We believe this stereodifferentiating step occurs
through the chelation of the ester group to Pd centre.?’2 Esters as
directing groups (DGs) in Pd-catalyzed C-H functionalization has
been well-documented.?’® Examples of metal-catalyzed DG-
assisted C-F bond activation of polyflucroarenes also exist." The
ester group of 1 is not only important for stereoselectivity, but also
for reactivity, possibly due to two reasons: (1) the a,B-unsaturated
ester system 1 (electron-deficient alkene) is more reactive than
the difluorostyrene system 4; (2) the chelation effect enhances the
oxidative addition of Pd to the C-F bond by bringing the metal
centre in close proximity.

While complex A is capable of reacting with terminal alkynes
to give the desired products to certain extent, it can also undergo
migratory insertion with another molecule of 1 to deliver a fluorine
atom resulting in the major side product s1. However, this side
reaction is inhibited by halide exchange with Nal generating R-
Pd(ll)-I complex B and eliminating NaF. The elimination of NaF
could actually be the driving force for the C-F bond cleavage due
to the stronger NaF bond and poorer solubility of NaF in the
solvent system.?® We have direct proof for the existence of
complex B (X-ray structure) and its reactivity downstream in the
catalytic cycle. Next, complexation of terminal alkyne 2 to Pd
centre leads to complex C.?’° Increased acidity of acetylenic
proton of alkyne 2 due to complexation allows deprotonation by a
weak base (e.g. NEts), then ligand exchange with iodide (overall
eliminating a molecule of HI) affords R-Pd(ll)-alkyne complex D.
Finally, reductive elimination provides monofluoroenyne product
3 and regenerates Pd(0) to complete the catalytic cycle.
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Scheme 4. Proposed catalytic cycle for stereoselective C-F bond alkynylation.

In conclusion, a highly stereoselective Pd-catalyzed C-F
bond alkynylation of tetrasubstituted gem-difluoroalkenes has
been developed. The origin of stereoselectivity presumably stems
from a chelation-assisted oxidative addition of Pd to the C-F bond.
X-ray structure of the monofluorovinyl Pd(ll) intermediate has
been obtained for the first time as proof. This method gives
access to a great variety of novel conjugated monofluoroenynes
bearing a tetrasubstituted alkene unit with well-defined geometry.
Their pharmaceutical and materials applications are under
investigation. We are currently exploring other C-C and C-X bond
formations through Pd-catalyzed C-F bond activation involving a
stereoselective oxidative addition process.
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