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Abstract: The synthesis of trifluoromethylselenolated aromatic
molecules is described via an auxiliary-assisted, palladium catalyzed,
C-H bonds functionalization with trifluoromethyl
tolueneselenosulfonate as reagent. The mono- or bis-products can be
preferentially formed. Some mechanistic investigations were realized
to better understand the reaction. This methodology was also
extended to fluoroalkylselenyl groups.

Introduction

Fluorinated compounds have gained these last decades a huge
interest making of them, nowadays, staples products in large
panel of various applications. Thus, fluorinated molecules can be
found in materials! (polymers, batteries, portable devices, ...) as
well as in life sciences® (agrochemicals, medicinal chemistry,
biologic applications, ...). This growing attention is mainly due to
the specific properties brought by fluorine to molecules.®! In the
objective to design specific compounds for dedicated applications,
various fluorinated groups have been developed these last years
in order to modulate conferred properties. In this quest, merging
of heteroatoms with fluorinated moieties gave valuable results.!
In particular, chalcogens have clearly distinguished themselves
over the past years. Nevertheless, if CF3O® and CF3S®! moieties
were well documented and studied, the next chalcogen, namely
selenium, is still little explored.["!

However, selenium is an essential trace element for human
physiology and biology.®®! Moreover, selenylated compounds find
promising applications in various fields from materials to drug
design.®l Consequently, consideration for CF3Se substituent
began to emerge these recent past years. Such an interest was
recently reinforced by the promising results of a CF3Se-subtituted
nonsteroidal antiinflammatory derivative as potential anticancer
agent.[%

This led to the recent emergence of CF3Se chemistry and more
particularly to the direct introduction of CF3Se group onto organic
substrates.[’® "'l Nevertheless, despite this growing interest, direct
trifluoromethylselenolations are still limited and development of

new reactions is always required. More specifically, aromatic
functionalization appears quite restricted to few strategies.
Coupling reactions, using transition metals, with aromatic boronic
acids,!"? halides!'® or diazoniums salts!'*! were well-documented.
Few nucleophilic aromatic substitutions of diazoniums salts or
diaryliodonium salts were also described.[' Reactions with
Grignard reagents and electrophilic trifluoromethylselenolating
reagent were performed.'® Finally, visible-light mediated
trifluoromethylselenolation of diazonium salts is also possible.[""]
Nevertheless, all these approaches required pre-functionalization
of the aromatic core to introduce the “leaving group”. The direct
C-H functionalization was less described and only through
electrophilic aromatic substitution reactions of electron-rich
arenes, with the regioselectivity issues of such reactions.['®l
Visible-light-induced trifluoromethylselenolation restricted to
nitrogen heteroarenes was also described.["”]

These last years, transition metals C-H activation to induce
aromatic functionalization was explored and well-documented.?%
Nevertheless, to this day no ftransition-metal catalyzed
trifluoromethylselenolation of aromatic C-H bonds were described.
Consequently, we decided to investigate such reactions.

Results and Discussion

We recently described the synthesis of a stable and easy-to-
handle reagent to perform various trifluoromethylselenolation
reactions, namely trifluoromethyl tolueneselenosulfonate 1a.l’@
1201 Consequently, this reagent was used in this study.

A 8-aminoquinoline auxiliary-assisted trifluoromethylthiolation
catalyzed with copper has been described in 2012 by Daugulis.?'!
Therefore, such conditions have been first investigated with 8-
aminoquinoline 4-t-butylbenzoic acid amide 2a as model
substrate (Table 1).

By using 8-amino-quinoline as a directing group (2a), only
trifluoromethylselenolation of the C5 position of the quinoline part
(4a’) was observed, in good yields, with CuBr and Cul (entries 1-
2), as previously observed with CF3SeCl and Pd(OAc)2.?2 With



Cu(OAc): as catalyst, 4a’ is always the lone obtained product, but
in lower yield (entry 3). By precluding this position with a methoxy
group (3a),”® small amount of bis-trifluoromethylselenolation (7a)
was formed in 15h or 24h (entries 4-5). In 48h, a mixture of mono-
(6a) and bis-trifluoromethylselenolated (7a) products is observed
with a slight better yield (entry 6). However, these compounds
were mixed with several other unidentified fluorinated species. In
view of these results, copper catalysis appeared to be not efficient
enough to perform the targeted C-H trifluoromethylselenolation.

Table 1. Copper-catalyzed trifluoromethylselenolation of 2a.

R1
1
N R
I — X
N |
~
HN__O [Cu] N
1 equiv.
+ FCSe—Ts —LCOUN) HN.__0O
DMSO
1a 100°C R3 R2
15h
tBu
tBu
R'=H:2a
R' = OMe: 3a R'= H, R2= CF;Se, R3=H: 4a
R'=H, R?=R® = CF;Se: 5a
R'=CF;Se, R2=R3=H: 4a’
R'= OMe, R? = CF;Se, R®=H: 6a
R' = OMe, R? = R® = CF;Se: 7a
N° [Cu] R! R'=H: 4a/5a/4a’ (%)
R'=OMe: 6a/ 7a (%)&
1 CuBr H 0/0/90
2 Cul H 0/0/85
3 Cu(OAc)2 H 0/0/12
4 CuBr OMe 0/7
5 CuBr ! OMe 0/9
6 CuBr® OMe 8 /15

[a] Yields determined by '®F NMR with PhOCFs3 as internal standard, reported
to 2a or 3a. [b] 24h. [c] 48h. [d] in mixture with other unidentified fluorinated
products.

Due to these unsatisfactory results with copper, palladium
catalyzed conditions were then envisaged. Starting from 2a, a
complex mixture of products arising from the expected C-H
trifluoromethylselenolation, from the introduction of the CF3Se
group at the C5 position of the quinoline core and from both
reactions in same time was obtained. To circumvent this issue, 5-
methoxy-8-amino-quinoline (3a) was then again considered as a
directing group (Table 2).

Table 2. Palladium-catalyzed trifluoromethylselenolation of 2a.[

OMe
| X
N
N v i
T FaCSemTs — ditive
1a DMSO, T
3a tBu
N° Additive Conditions T (°C) t(h) 6a 7a
(x equiv.) (%) (%)

1 PivOH (10) N2 70 48 45 23
2l PivOH (10) N2 70 48 24 4
3 PivOH (10) N2 70 48 13 3
4 PivOH (10) N2 70 24 44 15
5 PivOH (10) N2 70 15 34 5
6 PivOH (1) N2 70 24 44 10
7 PivOH (1) N2 50 24 10 0
8 PivOH (1) N2 25 24 4 0
olel PivOH (1) N2 70 24 27 3
101 PivOH (1) N2 70 24 15 0
119 PivOH (1) N2 70 24 0 0
12 PivOH (1) Air 70 24 46 25
13 - Air 70 24 49 20
1400 - Air 70 24 45 15
15[ - Air 70 24 43 14
160 - Air 70 24 27 8
170 - Air 70 24 0 0
180 - Air 70 24 0 0

[a] Standard conditions: 1a (1 equiv., 0.1 mmol), 3a (1 equiv.), PA[CH3CN]2Cl2
(20 mol%), DMSO (1 mL). [b] Yields determined by '®F NMR with PhOCF3 as
internal standard, reported to 3a. [c] DME as solvent. [d] DMF as solvent. [e]
with Pd(OAc): as catalyst. [f] with Pd(acac): as catalyst. [g] with Co(OAc). as
catalyst. [h] with 10 mol% of [Pd]. [i] with 5 mol% of [Pd]. [j] with 2-
(methylthio)aniline as directing group. [k] with pentafluoroaniline as directing
group. [l] without catalyst. PivOH : pivalic acid.

With Pd[CH3CN]2Cl2 (20 mol%) as catalyst, in DMSO at 70°C and
in presence of 10 equiv. of pivalic acid as additive, a good overall
yield of expected products was obtained, in 48 h, with a total
conversion of 1a (yield reported to 1a = 91%). A mixture (2:1) of
mono-(6a) and bis-trifluoromethylselenolation (7a) was observed
(entry 1). Use of DME (entry 2) or DMF (entry 3) as solvent
appeared to be deleterious to the reaction. In 24h, similar yield of
mono-adduct (6a) was formed but formation of the bis-adduct (7a)
was decreased (entry 4). In 15h an overall drop of yields was then
observed (entry 5). The use of only 1 equiv. of pivalic acid did not
affect the results of reaction (entries 4, 6). By diminishing the
temperature to 50°C or 25°C, a drastic drop of yields was noticed



(entries 7-8). The replacement of catalyst with Pd(OAc)2 or
Pd(acac)2 was also deleterious for the reaction (entries 9-10). The
change of metal by using Co(OAc): as catalyst totally precluded
the reaction (entry 11). An increase of the overall yield was
observed under not controlled inert conditions (entry 12); same
results as in first assay (entry 1) was achieved. Because the
presence of pivalic acid seemed to induce purification issues,
reaction was also carried out without additive and similar results
were obtained (entry 13). Smaller amounts of catalyst (10 and 5

mol%) induced only slight decreases of yields (entries 14-15).
Finally, two others directing group were also tested but with worse
to no results (entries 16-17).

In view of these results, PA[CH3CN]2Cl2 (20 mol %), without pivalic
acid, under air, at 70°C for 24h (entry 13) was selected as optimal
conditions, the best yields being obtained in this case.

These conditions in hand, the scope of the reaction was then
studied (Scheme 1).

OMe
S
|
N
HN. O Pd[CH3;CN],Cly
(20 mol%)
+  F,CSe—Ts
= DMSO, 70°C
g | 1a 24h
7 1 equiv.
R (1 equiv.)

tBu 6a
6a {7a}
49% (41%) {20% (17%)}
overall yield: 69% (58%); 71:29

6b {7b}

OMe

R' = CF3Se, R? = H: 6fa 90% (70%)
R'=H, R? = CF;Se: 6fb 0%
R'=RZ%=CF;Se: 7f 3%
overall yield: 93%; 97:0:3

R' = CF3Se, R? = H: 6ea 76% (69%)
R'=H, R? = CF;Se: 6eb 2%
R'=R?=CF;Se: 7e 13%
overall yield: 91%; 84:2:14

6 50% (40%) OMe
59% (359 o (40%
sl 67%" 80% (66%) (4%)
93% (80%)! 76% (66%)( Yool
6 (80%) (70%)d]

39% (26%) {26% (22%)}
overall yield: 65% (48%); 60:40

70% (59%)

OMe
6d {7d}
32% (24%) {14% (11%)}
overall yield: 46% (35%); 70:30

6c¢c {7c}
37% (30%) {28% (24%)}
overall yield: 65% (55%); 57:43

6g
86% (71%) 40%
(65%)[el 55% (43%)[!

51%!c] 6h

O R2

ocr, L)
R1
R' = CF;Se, R? = H: 6ma 65% (61%) 6n
6l R'=H, R? = CF3Se: 6mb 3% 55% (30%)

R'=R?=CF;Se: 7Tm 10%
overall yield: 78%; 83:4:13

Scheme 1. Scope of C-H trifluoromethylselenolation. Standard conditions: 1a (1 equiv., 0.2 mmol), 3 (1 equiv.), Pd[CH3CN]2Cl2 (20 mol%), DMSO (2 mL), 70°C,
24h. Yields determined by '®F NMR with PhOCF3 as internal standard, reported to 3. In parentheses, isolated yields. [a] scale-up to 1 mmol. [b] 48h. [c] 120h. [d]

scale-up to 1.5 mmol.

Similar results were obtained with methyl substituent (3b) or no
substituent (3c¢) in place of tert-butyl (3a). The ratio mono (6a-c) /
bis (7a-c) functionalization increases with the steric hindrance.
With the methyl group in meta position (3e), C6 mono substituted
product (6ea) is the main product, due to the steric hindrance of
C2 position. When methyl group occupies one of the ortho
position, only mono-trifluoromethylselenolation was performed

with excellent yield (6g). With methoxy group in para position,
lower yields were observed, because of the electron-withdrawing
effect of this substituent (6d, 7d). This was confirmed by the
dropped yield also obtained with OMe in ortho position (6h).
However, when methoxy group is in meta position, i.e. in para
position of C6, the mono-substituted product 6fa is nearly the
alone formed compound with excellent yield. This can be



rationalized by the mesomeric electron-donor effect of this group
for the C6 position. Such a good result was confirmed with 3,4-
dimethoxy substrate which provided nearly exclusively mono-
trifluoromethylselenolated compound with good yield (6k). Ortho
substituted substrates with electron-withdrawing moieties gave
rise to lower yields (6h-j), compared to 6g. Nevertheless, by
increasing reaction times, higher yields were generally recovered
(6i-j). Noteworthy, the reaction is compatible with the presence of
a chlorine substituent (6i). Surprisingly, no significant kinetic
amelioration was observed in case of OMe group (6h). To explain
this fact, we assumed that a hydrogen bond between ortho-OMe
and NH could contribute to restrain the conformation into a non-
contributive form. This was consolidated by X-Rays structures
determination of starting substrate 3h and final product 6h, which
both confirmed the hydrogen bond (Figure 1), and by the
downfield shifts in "H NMR of NH signals (see SI).

In naphthyl series, good yields were obtained (6l-m). With C1-
substituted naphthyl, only mono-trifluoromethylselenolation was
performed (61). In contrast, with C2- substituted naphthyl, mono-
trifluoromethylselenolation in C3 position was the major observed
product (6ma), but few amounts of C1 functionalization (6mb) and
bis-trifluoromethylselenolation (7m) were also formed. Finally, a
heteroatomic substrate was also engaged (3n). Thus, furan
derivative was selectively trifluoromethylselenolated  with
satisfactory yield (6n).

The reaction was scaled-up for 6g (285 mg, 1 mmol scale) and
6k (500 mg, 1.5 mmol scale) with comparable results.

3h

Figure 1. X-Ray crystal structures of 3h and 6h.

When ester substrate 30 was engaged in this reaction, no
expected product 6o was obtained (Scheme 2). In this case, only
phtalimide 8o was formed with medium yield. This product arises
certainly from cyclization between ester and NH functions of
product 60. Cyclization of 30 in conditions of reaction was
demonstrated. The resulting phtalimide 120 was engaged in C-H
functionalization without success. Consequently, because 120
cannot be trifluoromethylselenolated in our conditions, this
cyclization constitutes an escape reaction consuming starting
substrate and explains the medium yield observed. The yield was

somewhat improved by using 2 equiv. of 1a to foster the C-H
functionalization.

MeO MeO
€ o) 0
0 e CF
H N
N without 1a N
" MeO,C Z7 0o
30 )

120 (72%
1a (1 equiv.) 1a (1 equiv.)
DMSO PA[CH,CN,Cl DMSO
PA[CH3CNL,Cly| e CNICl, K 2 0lE
(20 moleg) | 707G 24h (20 mol%)
MeO
MeO
€ (e} SeCF3 (6]
X N SeCF3
X N - |
| N H _N
Z " MeO,C 0 .
o
6o 40% (35%)
53%lel

Scheme 2. Formation of trifluoromethylselenolated phtalimide. Yields
determined by '°F NMR with PhOCF3 as internal standard, reported to 3o. In
parentheses, isolated yields. [a] with 2 equiv. of 1a.

In order to favor the selective formation of mono- or bis-
trifluoromethylselenolated product starting from non-ortho-
substituted substrate 3, the role of ratio 1a / 3a was investigated
(Scheme 3).

By increasing the amount of 3a, the formation of mono-
trifluoromethylselenolated product (6a) could be significantly
enhanced up to 81%. To favor the bis-trifluoromethylselenolated
compound (7a), the quantity of reagent 1a was also augmented.
With 2 equivalents of 1a, the yield of 7a was ameliorated but less
efficiently. However, with longer time reaction (72h instead of 24h),
the amount of 7a increases, letting suppose that the kinetic of bis-
trifluoromethylselenolation would be slower.

PA[CH3CN],Cl,

(0 moi%)  {CFase
F,CSe—Ts DMSO
1a (x equiv.) 70°C, 24h
tBu
3a (y equiv.) 1a | 3a 6a {7a}

x=1 y=1 49% {20%}
x=1 | y=2 | 69% {12%}
x=1 y=3 81% {9%}
x=2 | y=1 42% {44%}
x=2 | y=1 | 21% {60%} [

Scheme 3. Role of ratio 1a / 3a on reaction. Yields determined by "°F NMR with
PhOCF; as internal standard. [a] 72h

Higher fluorinated homologs (1b-c) and sulfur analog (1d) of 1a
were also previously synthesized.['?® 24 Consequently, C-H
perfluoroalkylselenolation and trifluoromethythiolation reactions
were also investigated (Scheme 4).



PA[CH3CN],Cly
0,
v RE-Ts (20 mol%)
(1 equiv_) DMSO, 70°C
24h

ReE = C4F5Se (1b)
RrE = CF3(CF,)sSe (1c)
ReE = CF3S (1d)

(52%)

Scheme 4. Perfluoroalkylseleno(thio)lation. Yields determined by '®F NMR with
PhOCF; as internal standard, reported to 3. In parentheses, isolated yields.

If medium to low yields were obtained with pentafluoroethyl (9g)
derivative, maybe due to partial degradation of CF3CF2Se moiety,
tridecafluorohexylselenolated compounds 10g and 10k were
formed with satisfactory result. The reaction conditions were also
applied to sulfur analog (1d). The expected
trifluoromethylthiolated product 11k was obtained with
satisfactory yield, but lower than in Se series (6k).

Some investigations were performed to determine the reaction
mechanism. A control reaction, without Pd catalyst (Table 2; entry
18), confirmed that the process required a metal catalysis. During
our investigations to determine the optimal conditions, the
formation of CFsSeSeCFs dimer was regularly highlighted by '°F
NMR. In order to determine the origin of this dimer, the behavior
of 1a in DMSO at 70°C was monitored by '°F NMR (Figure 2).
Reagent 1a was rapidly degraded to quantitatively provide
CF3SeSeCFs. This led to envisage that this dimer could also act
as trifluoromethylselenolating reagent.

100+

CF;SeSeCF,

50

Fluorinated species (%)

CF;SeTs (1a)

=]

50 100 150 200
t (min)

Figure 2. Monitoring by '®F NMR of 1a in DMSO at 70°C. Symbols e and V¥ are
experimental points and lines are non-linear fits.

Monitoring of reaction by '°F NMR was also performed to see the
species evolution during the process (Figure 3).

1009 A)

80

CF;SeSeCF,

Fluorinated species (relative %)

20

CF;SeTs (1a)
0¥ T T 1
0 500 1000 1500
t (min)
B
100+ )
CF,SeTs (1a)
£ 80
[
2
5
o
2
- 60
2
[ CF,SeSeCF,
o
[
° ]
g 40 6a
©
£
=
S
2
L 209
7a
0 7 T URBEEEE S )
0 10 20 30 40 50
t (min)
1004 C)

80

58.880 - 50.993 exp(-0.0141t)
R?=0.9870 6a

Fluorinated species (relative %)

44,7900 - 43,8217 exp(-0.001613t)
20 R2 = 0.9994

0 500 1000 1500

t (min)

Figure 3. Monitoring by "*F NMR of reaction. A) Full monitoring. B) Zoom of first
50 minutes. C) Non-linear fits for 6a and 7a.

Degradation of 1a and formation of CF3SeSeCF3 appeared to be
more rapid than in the degradation experiment (Figure 3B and
Figure 2). As supposed previously, mono-
trifluoromethylselenolation  (6a) is faster than  bis-
trifluoromethylselenolation (7a). This was confirmed by the factor

of 10 between rate constants arising from non-linear fits (Figure
3C).



The fast formation of CF3SeSeCFs; led to suppose that this dimer
would be the real trifluoromethylselenolating reagent in place of
1a. Nevertheless, when dimer was preformed before the reaction,
slight lower yields were obtained (Scheme 5). This result could let
to suppose that 1a could also play a little role in C-H
trifluoromethylselenolation.

Pd[CH;CN],Cl,

(20 mol%)
DMSO
70°C, 24h
tBu
6a {7a}
32% {9%]}

Scheme 5. Trifluoromethylselenolation with CF;SeSeCFas. Yields determined by
9F NMR with PhOCF3 as internal standard, reported to 3a.

From these observations and literature,?d
mechanism can be proposed (Scheme 6A).

the following

A) MeO o
N
[_n H)n
Z" F4CSe tBu
6a
HCI or TsH
I
MeO Pd}

MeO

3a
HCl {
o)
N-Pd'y, tBu
A

(0]

N
g
tBu

B

Neo

F;CSe—Ts (1a) |
or

\
F3CSe—SeCF; FSCSe/ Y ¢C

Y =Ts or SeCF;

Scheme 6. Mechanism proposal.

Coordination of Pd(ll) with bidendate directing-group amino-
quinoline leads to intermediate A. This first species forms the
palladacycle B which undergoes oxidative addition of
trifluoromethylselenolating reagent 1a or CF3SeSeCF3 to afford
the Pd(IV) species C. Reductive elimination affords the
intermediate D with C-SeCF3 bond formation. The palladium
trifluoromethylselenide species (D, Y = CF3Se) reacts with HCI to
provide the chloropalladium intermediate E and CF3SeH. This
step was confirmed by X-ray characterization of the species F
(Scheme 6B). After acidification, the expected products 6a is
obtained and Pd(ll) catalyst is regenerated.
Trifluoromethylselenol (CF3SeH) is readily oxidized to regenerate
diselenide CF3SeSeCF3.?® This is consolidated by good yields
achieved whereas only 0.5 equiv. of CF3SeSeCF3; can be formally
formed from 1 equiv. of 1a during the reaction. This oxidation step
may be favored by the presence of air, which could explain the
better results observed under air.

Finally, a non-optimized removal of the 5-methoxy-8-
amoinoquinoline directing group was performed in mild
conditions?] to provide the corresponding
trifluoromethylselenolated acid 13k (Scheme 7).

OMe
‘ X
N HO.___O
HN.__O
NaOH (5 equiv.) FsCSe
F
3Cse Dioxane / MeOH (9:1) OMe
. ovte 80°C, 24h Ovte
OMe 13k (35%)

Scheme 7. Removal of directing group.

Conclusion

With this work, trifluoromethyl tolueneselenosulfonate 1a confirms
its high efficiency as trifluoromethylselenolating reagent. After
electrophilic, nucleophilic and radical reactions, it also shows its
ability to easily perform palladium-catalyzed  C-H
trifluoromethylselenolation. The mono- and bis-functionalization
can be favored depending on the conditions. These results open
the way to the access of various trifluoromethylselenolated
products for further applications. Furthermore, with this method,
perfluoroalkylselenolation can also be realized, allowing, for
instance, an access to unusual tridecafluorohexylselenolated
compounds. No doubt that these reagents should find their place
in the toolbox of emerging fluorinated groups.

Experimental Section

Typical procedure for the C-H trifluoromethylselenolation. Toa 10 mL
tube equipped with a magnetic stir bar are added TsSeCF3 (0.2 mmol, 1
equiv.), benzamide (0.2 mmol, 1 equiv.) and Pd catalyst (0.04 mmol, 0.2
equiv.) in dry DMSO (2 mL, 0.1 M). The tube is sealed, and the mixture is
stirred at 70°C for 24h. Conversion is checked by '°F NMR with PhOCF3
as internal standard. The reaction mixture is partitioned between DCM and
water, the combined organic layers are washed with water then brine, dried
over MgSOsu, filtered, and concentrated under moderate vacuum. The



crude residue is then purified by flash chromatography to afford the desired
product.

<url
href="https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/ch
em.202##HH#HH#">Deposition Number(s) 2060429 (for 3h), 2060430 (for
6a), 2065526 (for 6h), 2065527 (for F) </url> contain(s) the supplementary
crystallographic data for this paper. These data are provided free of charge
by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service <url
href="https://www.ccdc.cam.ac.uk/structures/?">www.ccdc.cam.ac.uk/str
uctures</url>
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Trifluoromethylselenolation of arenes was performed through a metal-catalyzed C-H functionalization. This pallado-catalyzed reaction
was based on the use of 5-methoxy-8-amino-quinoline as directing group and trifluoromethyl tolueneselenosulfonate as
trifluoromethylselenolating reagent. This method was also extended to fluoroalkylselenolation reactions.
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