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Abstract: Thanks to the unique features of the fluorine atom and the fluorinated groups, fluorine-containing
molecules are essential. Therefore, the search for new fluorinated groups as well as straightforward and origi-
nal methodologies for their installation is of prime importance. Especially, the combination of organofluorine
chemistry with transition metal-catalyzed C-H bond functionalization reactions offered straightforward tools to
access original fluorinated scaffolds. In this context, over the last years, our group focused on the development
of original methodologies to synthesize fluorine-containing molecules with a special attention to emergent fluo-
rinated groups. The present account highlights our recent contributions to the synthesis of highly value-added
fluorine-containing compounds by transition metal-catalyzed C-H bond activation.
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1. Introduction

Organofluorine chemistry is a key research field, which has
experienced a tremendous interest from the scientific community
in the past decades.!'l Nowadays, fluorinated scaffolds are widely
found in pharmaceuticals, agrochemicals and materials.[?! Indeed,
the presence of a fluorine atom or a fluorinated group in a given
molecule can modulate its physico-chemical and biological prop-
erties and can have an impact on the conformational changes, the
metabolic stability and the physicochemical properties (pK, and
lipophilicity), for instance.B! In addition, transition metal-cata-
lyzed C-H bond functionalization has reshaped the field of or-
ganic chemistry providing modern, efficient and more sustainable
tools for the direct functionalization of molecules.[*] Since new
retro-disconnections are possible, a paradigm shift is observed in
the way chemists conceive the synthesis of compounds, offering
a formidable access to high molecular complexity.l> Therefore,
merging organofluorine chemistry with transition metal-cata-
lyzed C—H bond functionalization turned out to be a highly ap-
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pealing strategy.[! In recent years, our group has been focused on
the development of new methodologies based on this approach to
access original and relevant fluorinated scaffolds. In this account,
our latest contributions will be summarized.

2. An Approach to Trifluoromethylated Alkenes

The trifluoromethyl group is a key moiety in organofluo-
rine chemistry. Consequently, many efforts have been done for
its incorporation into molecular scaffolds.l”l Particularly, the
a-(trifluoromethyl)vinyl residue has received a lot of attention!!2
b.d.e.6ae7b.dn89] 35 it might act as o-amide bond isosterel!% and was
found in several compounds of interest.['!] Therefore, our group
focused on the design of two complementary strategies based on
transition metal-catalyzed C—H bond activation for the synthesis
of compounds containing a o-(trifluoromethyl)vinyl moiety.

2.1 Cu-mediated Trifluoromethylation of Acrylamides
In this context, much effort has been devoted towards the devel-
opment of new strategies for the construction of a C(sp?)-CF, bond
from a C—H bond by transition metal catalysis.!'2! Such approaches
generally led to a mixture of E/Z isomers or to the E-isomer selec-
tively.[9s12a.13] [n contrast, strategies for the trifluoromethylation of
olefins with a total control of the selectivity towards the Z-isomers
are much less reported.[®™14l Therefore, our group depicted a
methodology for the trifluoromethylation of acrylamides to access
the difficult-to-synthesize Z-isomers.!'S! Indeed, a Cu-mediated
B-trifluoromethylation of N,N-diethylacrylamides (1) was devel-
oped using the Umemoto reagent (I) in the presence of trifluo-
roacetic acid (TFA) and N-methylformamide under air (Scheme
1). With this approach, an array of o-aryl substituted acrylamides
was trifluoromethylated providing the corresponding products 2 as
single Z-diastereoisomers. Note that only the mono-trifluorometh-
ylation reaction occurred. o-Aryl-substituted acrylamides bearing
ahalogen (1b) as well as electron-donating groups (1c¢ and 1d) were
smoothly functionalized. Interestingly, an amide bearing an alkyl
chain at the o-position (1e) was trifluoromethylated in 19% yield,
due to a competitive isomerization of the double bond affording the
trifluoromethylated allylic compound as a side-product. Pleasingly,
acrylamides with different substitution patterns (1f and 1g) were
also functionalized, albeit in somehow lower yields, leading to
high-value-added tri- and tetrasubstituted olefins.

2.2 Pd-catalyzed Synthesis of o-(Trifluoromethyl)sty-
renes

Later in 2016, a complementary route was designed to build
up o-(trifluoromethyl)styryl derivatives using 2-bromo-3,3,3-tri-
fluoropropene (BTP, I)!%1as the source of the a-(trifluoromethyl)
vinyl moiety. Indeed, the BTP was selected as it is an inexpensive,
readily available and non-ozone depleting reagent, which was al-
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Scheme 1. Regio- and diastereoselective Cu(l)-mediated trifluoromethyl-
ation of acrylamides.

ready used as a fire suppressant agent,!'7! in several cross-coupling
reactions!!8! and in the synthesis of trifluoromethylated hetero-
cycles.l'l Hence, the first use of the BTP as a coupling partner
in a Pd-catalyzed C—H bond activation reaction was developed
for the synthesis of the o-(trifluoromethyl)styryl derivatives.[20]
In the presence of AgOTH, an array of N-pivaloylanilines 3 was ef-
ficiently functionalized under mild conditions, offering a selective
access to the mono-functionalized products 4 (up to 78% yield,
Scheme 2). This methodology was compatible with the anilide 3a
as well as with substrates substituted with electron-donating (3b
and 3e) and electron-withdrawing groups (3c and 3f) as well as
with a halogen (3d). Note that the substitution pattern of the ani-
lides did not have an impact on the outcome of the transformation
and the ortho-substituted anilide (3g) was smoothly functional-
ized in 72% yield. This methodology was successfully applied
to the functionalization of disubstituted anilines (3h and 3i), al-
though the product 4i was obtained with a lower yield. Pleasingly,
it is worth mentioning that the pivaloyl group might be easily
cleaved leading to the corresponding aniline.

PdBr, (15 mol %)

. . ) NHPiv
/ NHPiv Br CF, AgOTf (1.5 equiv) RL/ |
R—\ ‘ * T > BN CF3
H 1,4-dioxane, 70 °C

24 h, Ar

16 examples
up to 78% yield

Selected Examples

‘ X NHPiv R NHPiv

F F

R Z CF; CF3
4a,R=H, 74% 4e, R = Me, 78%

4b, R = OMe, 61% 4f, R = CO4Et, 61%
4c, R = CO,Et 42%

4d, R = Cl, 46%
Me NHPiv

4h, 63%

Ph

NHPiv
CF3

49, 72%

Me

NHPiv
CF
Me :

4i, 30%

Scheme 2. Synthesis of a-(trifluoromethyl)styrenes under palladium
catalysis.

2.3 Pd-catalyzed Synthesis of 3-Trifluoromethyl-
substituted 1,3-Butadienes

Over the years, 1,3-butadienes have received considerable atten-
tion owing to their abundance in natural products (e.g. retinoids)[2!]
and since they were successfully used to access molecular complex-
ity.22 In contrast, trifluoromethylated 1,3-butadienes are underex-
plored despite the interest of such building blocks. Therefore, the
development of a method to access Z-trifluoromethylated 1,3-di-
enes by a Pd-catalyzed C—H bond activation reaction is of para-
mount importance.!23! The challenge was not only to selectively get
the Z-isomer as a single product but also to favor the reaction be-
tween two similar coupling partners over any possible competitive
reactions. In 2017, the Pd-catalyzed C—H bond functionalization of
a-(hetero)aryl substituted acrylamides 5 with BTP in the presence of
AgOTf was reported, offering an efficient and stereoselective route
to the trifluoromethylated 1,3-dienes 6 (Scheme 3). Acrylamides
substituted at the o-position with a phenyl group (5a), electron-
rich arenes (Sb and Se) as well as arenes bearing a halogen (Sc, 5d
and 5f) were smoothly functionalized (up to 63% yield). In addi-
tion, the methodology was also compatible with the o-heteroaryl-
acrylamide 5g. In the case of simple N,N-diisopropyl acrylamide
5h and B-substituted 5i and 5j, only the E-isomers were selectively
obtained probably due to an in situ Pd-catalyzed isomerization of
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the products.?*! The methodology was extended to the synthesis
of the pentafluoroethylated dienes (7a—d) using 2-bromo-3,3,4,4,4-
pentafluorobutene (III) as the coupling partner. In order to get a bet-
ter understanding of the reaction mechanism involved in this trans-
formation, mechanistic studies along with DFT calculations were
conducted and it turned out that there was no H/D scrambling and
a KIE of 1.1 was measured. Hence, a plausible redox neutral Pd(1r)/
Pd(u) catalytic pathway was suggested. First, formation of the pal-
ladacycle intermediate A would occur followed by a BTP coordina-
tion affording the intermediate B. Subsequently, a carbopalladation
step would take place leading to the formation of intermediate C.
After a Ag-assisted bromide elimination step,!?! the desired product
6 would be released as a single Z-isomer. Note that thanks to DFT
calculations, a Pd(11)/Pd(1v) mechanism was ruled out.
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Scheme 3. Pd(i)-catalyzed synthesis of 3-trifluoromethyl-substituted
1,3-butadienes.

3. Pd-catalyzed Direct Trifluoromethylthiolation of
C(sp?-H and C(sp®-H Bonds

In recent years, special attention has been paid to the SCF,
group.2¢l This emergent fluorinated motif exhibits very inter-
esting properties such as high electron-withdrawing character
and lipophilicity (Hansch hydrophobic parameter: © = 1.44).127]
Consequently, many transformations were developed to introduce
this moiety in different classes of molecules.[26:28-311 Moreover,
trifluoromethylthiolated compounds can be found in marketed ag-
rochemical products such as Toltaxuril (coccidiostatic drug) and
Fipronil (insecticide), for instance. Nevertheless, despite these ad-
vances, the quest for original straightforward methodologies for
the preparation of trifluoromethylthiolated compounds is a still
challenging research topic.

3.1 Pd(n)-catalyzed Directed Trifluoromethylthiolation
of Unsaturated Compounds

In the past years, different approaches were developed for
the preparation of vinyl trifluoromethylthioethers. One synthetic
pathway relied on the use of a prefunctionalized vinylic starting
material such as vinyl boronic acids,[28abh.i.321 vinyl halides or
pseudo halides, 28331 and cinnamic acids[?8d! through transition
metal-promoted reactions. Moreover, trifluoromethylthiolated
alkenes could be also obtained from alkynes.34! In contrast, only
few examples dealt with the direct trifluoromethylthiolation of al-
kenes starting either from terminal olefins3%-cl or enamines.[302.d]
In most cases, the E-products or E/Z mixture of products
were generally obtained. Thus, the selective preparation of
Z-trifluoromethylthiolated olefins remained elusive. Therefore,
this synthetic challenge was tackled with the Pd-catalyzed dia-
stereoselective trifluoromethylthiolation of acrylamides (Scheme
4).3536] Indeed, a methodology was developed for the function-
alization of different o-substituted and o, B-disubstituted acryl-
amides 8 derived from the 8-aminoquinoline. The use of the elec-
trophilic SCF, source IV (Munavalli reagent) at 80 °C under an
air atmosphere allowed the preparation of the trifluoromethylthi-
olated compounds 9 in up to 89% yield with exclusive obtention
of Z-alkenes. First, an array of o-aryl-substituted acrylamides
8a—h was used as substrates, demonstrating that the reaction was
tolerant to electron-donating (fBu, OMe, 8b, 8e and 8g) and elec-
tron-withdrawing groups (CF,, 8f). Moreover, the substitution
pattern on the aromatic ring did not have a strong influence on the
yields (9e vs 9g). Remarkably, the transformation was compatible
with substrates containing a halogen on the aromatic ring (8c,
8d and 8h), even with the more reactive aryl iodide 8c, allowing
possible post-functionalization reactions. Then, acrylamides sub-
stituted with naphthyl, 1,3-benzodioxol-5-yl and pyridyl groups
at the oi-position were engaged, furnishing the corresponding tri-
fluoromethylthiolated products 9i-k in moderate to high yields.
Finally, a-methyl and o,-dimethyl acrylamides were tested (81
and 8m), providing the Z-trifluoromethylthiolated product (91)
and the challenging tetrasubstituted alkene (9m). Note that the
use of the amide derived from 5-methoxy-8-aminoquinoline as
a directing group (8n) was also possible in this transformation
(9n). In order to gain some insight into the reaction mechanism,
scrambling experiments were carried out, showing that H/D ex-
changes occurred during the reaction and a KIE of 2.4 was deter-
mined. These experiments denoted that the C—H activation step
was reversible and probably the rate-determining one. Taking
into consideration these observations, the following mechanism
was suggested (Scheme 4): coordination of the Pd-catalyst to
the bidentate directing group (intermediate A) followed by the
reversible formation of the palladacycle B. This latter would un-
dergo an oxidative addition with the Munavalli reagent to afford
a putative Pd(1v) intermediate C and after a reductive elimination
and protonation steps, the target compounds 9 would be obtained,
and the catalyst would be regenerated.
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Scheme 4. Pd(i)-catalyzed C(sp?)-H trifluoromethylthiolation of acryl-
amide derivatives. a: Using 20 mol% of PdCl, and 2 equiv. of IV (36 h).
b: Using 30 mol% of PdCI, and 2 equiv. of IV.

Having demonstrated the value of this method to introduce
the SCF, group into acrylamide derivatives, we aimed at devel-
oping a general approach for the functionalization of C(sp*)-H
bonds by transition metal catalysis. Benzamides 10 derived from
5-methoxy-8-aminoquinoline were used as starting materials
and by using slightly modified reaction conditions, the trifluo-
romethylthiolation proceeded with yields up to 71% (Scheme
5).1301 Amides having a substituent at their ortho- or meta-posi-
tion afforded the corresponding mono-trifluoromethylthiolated
products 11a—e. When unsubstituted and para-substituted ben-
zamides were used, di-trifluoromethylthiolation occurred at both
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NNseFy TN

12 examples
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Scheme 5. Pd(i)-catalyzed trifluoromethylthiolation of benzamides.
a: 2.2 equiv of IV were used.

ortho-positions when 2.2 equivalents of VI were used (11f and
11g) and no mono-trifluoromethylthiolated product was detected.
Pleasingly, the directing group could be smoothly removed under
oxidative conditions to afford the corresponding primary amide.
Inspired by the general approach we have developed for the
synthesis of trifluoromethylthiolated compounds by Pd-catalyzed
C-H bond activation, we sought to access biologically relevant
compounds and particularly to high-value-added organosulfur
compounds.[371 Taking benefit from our expertise in the elaboration
of new methodologies to build up C-S bonds by transition metal-
catalyzed C—H bond activation, the synthesis of 4-aryl and 4,5-di-
substituted isothiazolone derivatives 13 was achieved starting from
simple acrylamides 12 in the presence of N-thiocyanatophthalimide

under palladium catalysis (Scheme 6).138]
o [o]
R! . A N
Ly - e <:
R2H S o)
12 \'
20 examples

up to 71% yield

PdCl (20 mol %)

DMF, 100 °C, 16 h, air

Scheme 6. Application to the synthesis of compounds of interest: an ac-
cess to isothiazolone derivatives from acrylamides by Pd(i)-catalyzed
C-H bond activation.

3.2 Pd(n)-catalyzed Directed Trifluoromethylthiolation
of Unactivated C(sp®)-H Bonds

The trifluoromethylthiolation of unactivated C(sp*)-H bonds
remains highly challenging and only a handful of examples have
been described since 2014. Several reports dealt with the trifluo-
romethylthiolation of benzylic positions,3!2l secondary and ter-
tiary C(sp®)-H bonds either via Ag-mediated reactions!3-#!1 or
photoredox catalysis.[*?] In this context, our group reported for
the first time, in 2015, the Pd-catalyzed trifluoromethylthiola-
tion of unactivated primary C(sp?) centers by C—H bond activa-
tion.[3] Using the combination of an electrophilic SCF, reagent
(Munavalli reagent IV or Billard— Lang101s reagent VI) w1th pival-
ic acid, the functionalization of primary and secondary C(sp*)-H
bonds on aliphatic amides at the -position was achieved (Scheme
7). Note that the use of an amide derived from 8-aminoquinoline
as a bidentate directing group was necessary for this transforma-
tion. Several amides bearing a a-quaternary center (14a—i) were
trifluoromethylthiolated. Remarkably in the case of o, c-dimethyl
hydrocinnamic acid derivatives 14b—f, the selective functionaliza-
tion of the primary C(sp’)-H bonds involving a five-membered
palladacycle intermediate occurred and no reaction on the more
reactive benzylic or aromatic C—H bonds was observed. The reac-
tion proved to be tolerant to derivatives substituted with an arene
bearing electron-donating (OMe, 14¢) and electron-withdraw-
ing groups (CF,, CN, 14d and 14e) as well as a halogen (14f).
Different phenyl acetic derivatives 14g—i were also suitable sub-
strates, furnishing the corresponding trifluoromethylthiolated
products in moderated yields. Furthermore, the methodology was
applied to the synthesis of trifluoromethylthiolated analogues of
biorelevant molecules such as ibuprofen and naproxen (15j and
15k), showcasing that the transformation was also possible with
amides bearing an o-C—H bond. It is worth mentioning that even
the trifluoromethylthiolation of secondary C(sp*)-H bonds was
possible with this approach as illustrated with the product 15I,
which was obtained in a lower yield. Pleasingly, this transforma-
tion was successfully performed in continuous flow, offering ac-
cess to the trifluoromethylthiolated products in similar yields with
a faster process compared to the batch reaction.[44]

Regarding the mechanism of the transformation, a similar
pathway to the one described in Scheme 4 was suggested involv-
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ing a putative Pd(1v) intermediate. The presence of the pivalic
acid was crucial in this reaction, presumably for the regeneration
of the catalyst.[43]
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Scheme 7. Pd(i)-catalyzed trifluoromethythiolation of aliphatic amides by
C-H bond activation. a: VI was used instead of IV.

Pleasingly, when other electrophilic sources were used un-
der similar reaction conditions, an access to other highly ap-
pealing compounds was possible. Hence, in the presence of the
N-chlorosuccinimide (VII), a Pd-catalyzed chlorination of unac-
tivated C(sp®)-H bond was developed at room temperature, offer-
ing an access to interesting building blocks for chemical industry
(Scheme 8).[46] Starting from aliphatic amides 16, a panel of chlo-
rinated derivatives 17 was synthetized and by slightly tuning the
reaction conditions, the di-chlorination reaction was also possible
leading selectively to the corresponding products 18.

Pd(CHsCN),Cl or Pd(TFA)

(10 mol %) |/§ o |/§
TFA (10 equiv.
%J\ Q a ) % J\%\” and/or %N 7 i
N
e T ladoxane.25°C o Nas ¢y N
2 or 16h, Ar ’

up to 54% yield up to 54% yield

Scheme 8. Pd(i1)-catalyzed chlorination of unactivated C(sp®-H bond us-
ing the N-chlorosuccinimide as the coupling partner.

Despite the advances made in the blossoming C(sp*)-H bond
activation research field, the functionalization of C(sp?) centers
by C-H bond activation at a remote position from a functional
group remains still in its infancy. Among the different strate-
gies developed to tackle this synthetic issue, solutions based
on radical processes involving a 1,5-Hydrogen-Atom Transfer
(HAT) emerged.l*”l From the pioneered works from Studerl*8]
and Cook,*91 our group described, for the first time in 2020, a
photoinduced remote §-trifluoromethylthiolation of primary, even
secondary and tertiary alcohols 19 using the S-(trifluoromethyl)-
4-methylbenzenesulfonothioate (VIII) as the SCF, source in the
presence of PIDA (Scheme 9).150]

R2 R! ) R? R
1) PIDA (2.3 equiv.) 3
SCF.
R? )<OH . SO,SCF;3 RY\ )QOAC
R4 R*
H CH,Cly, 20 °C, 16 h, Ar SCF;
Me Blue LED (450-455 nm)
19 Vi
2) MeCOClI, 20 °C, 10 min, Ar 0
16 examples
up to 51% yield

Scheme 9. 3-Trifluoromethylthiolation of alcohols under visible light.

4. Conclusion

In this account, an overview of our recent contributions towards
innovative methodologies for the synthesis of fluorinated mole-
cules was given. Indeed, the combination of organofluorine chem-
istry and transition metal-catalyzed C—H bond activation proved to
be a powerful tool to access original fluorinated scaffolds. Novel
methodologies were developed, offering unprecedented transfor-
mations for the introduction of a CF, group, the emergent SCF,
one and even the o-(trifluoromethyl)vinyl moiety by C—H bond
activation. These efficient strategies opened new perspectives for
the synthesis of high-value added fluorinated scaffolds and we do
believe that they will be inspiring to the scientific community.
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