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Abstract: New reactivity of a [Cu(NHC)] (NHC = N-hetero-
cyclic carbene) catalyst is disclosed for the efficient C—H
allylation of polyfluoroarenes using allyl halides in benzene at
room temperature. The same catalyst system also promotes an
isomerization-induced alkenylation of initially the generated
allyl arenes when the reaction is run in tetrahydrofuran.
Significantly, not only electron-deficient but also electron-rich
(hetero)arenes undergo this double-bond migration process,
thus leading to alkenylated products. The present system
features mild reaction conditions, broad scope with respect to
the arene substrates and allyl halide reactants, good functional-
group tolerance, and high stereoselectivity.

The introduction of an allyl or vinyl group into organic
molecules is an important step for further transformations in
organic synthesis,'! polymer, and materials chemistry.”! As
a result, the development of selective catalytic systems is
highly desirable for the facile construction of the unsaturated
synthons. Transition metal catalyzed allylation of aryl electro-
philes represents a powerful tool for accessing allyl arenes.”!
In this context, direct C—H allylation of electron-deficient
arenes is noteworthy since conventional approaches, such as
Friedel-Crafts allylation or arylmetal coupling reactions, are
not effectively applicable for these substrates.**l Thus far,
only limited examples have been revealed for the direct
allylation of electron-deficient arenes (Scheme 1a).”! For
instance, Miura et al. employed allyl phosphates as the allyl
source under the [Cu(acac),]/Phen catalyst system.” Zhang
et al. reported a palladium-catalyzed allylation of polyfluoro-
benzenes with either allylcarbonates or allylchlorides under
rather harsh reaction conditions.”>! Meanwhile, an isomer-
ization-induced alkenylation can be envisaged to be an
attractive approach for the transformation of a pre-existing
allyl moiety into vinyl groups while leaving the other parts
intact.[®)

Considering the fact that polyfluoroarenes represent an
important structural motif in materials and medicinal chemis-
try owing to the unique property of fluorine atom,” the
development of efficient and selective functionalization of
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Scheme 1. Direct C—H allylation of polyfluoroarenes and isomerization-
induced alkenylation of heteroarenes.

fluoroarenes is highly valuable. In this regard, presented
herein is a new protocol for the C—H allylation of fluoro-
arenes by using a [Cu(NHC)] (NHC = N-heterocyclic car-
bene) catalyst under mild reaction conditions (Scheme 1b).
Interestingly, an isomerization pathway of the initially formed
allyl arenes was subsequently discovered to work efficiently
to deliver vinylarene compounds. Moreover, this catalytic
system was also successfully applied to the isomerization-
induced alkenylation of electron-rich heterocycles such as
(benzo)thiophenes and (benzo)furans. To the best of our
knowledge, this study represents the first example of direct
C—H allylation and alkenylation operating with both elec-
tron-deficient and electron-rich (hetero)arenes.

Recently, copper complexes bearing NHCs have been
fruitfully utilized in various catalytic reactions.’! In 2010,
Nolan et al. reported the use of [(IPr)Cu(OH)] [IPr=N,N'-
bis(2,6-diisopropylphenyl)-imidazol-2-ylidene] in the activa-
tion of C—H bonds of 1,2,4,5-tetrafluorobenzene in a stoichio-
metric manner.”) In line with this work, and given our
continuing efforts on NHC chemistry,'” it was envisaged that
[Cu(NHC)] complexes might be potent for the catalytic
allylation of polyfluorobenzenes.!"!

We commenced our study by optimizing the allylation of
pentafluorobenzene with trans-cinnamyl bromide by examin-
ing various copper catalyst systems (Scheme 2; see Table S1 in
the Supporting Information for details). It was observed that
the use of [(1iPr)CuCl] (3;"? 1iPr = 1,3-diisopropylimidazol-2-
ylidene; 2.0 mol %) in the presence of NaOrBu (1.5 equiv)
afforded an allylated product with excellent yield (5 min at
25°C) when using benzene as the solvent. However, the
copper species 1, bearing IPr, was totally ineffective and the
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Scheme 2. Catalyst screening for the C—H allylation of pentafluoroben-
zene.

activity of [(IMes)CuCl] (2; IMes = N,N'-bis(2,4,6-trimethyl-
phenyl)imidazol-2-ylidene) was only moderate.

With the optimized reaction conditions in hand, a range of
allyl halides were examined in reactions with pentafluoro-
benzene (see Table S2). It was found that allyl bromide and its
alkyl-substituted derivatives reacted smoothly to afford the
corresponding allyl(pentafluoro)benzenes in high yields. Sig-
nificantly, secondary allyl bromides were also facile reactants
under the present system and a similar range of allylation
efficiency was observed even with allyl chlorides, albeit under
slightly more demanding reaction conditions (5.0 mol % of 3;
20 h; 25°C).

We next examined the scope with respect to the poly-
fluoroarenes,™ in reaction with cinnamyl bromide as a rep-
resentative reactant (Table 1). Various types of polyfluoro-
arenes were allylated in good yields without difficulty (2a—j),
and more challenging substrates such as trifluoro- or difluoro-
benzenes also reacted under the present allylation protocol.
Interestingly, when two equivalent C—H bonds are present,
mono- and di-allylation could be controlled by changing the
stoichiometry of the allylating reagent and base (2c—f).

During the course of the allylation study, we observed an
intriguing phenomenon of double-bond isomerization of the

Table 1: Scope of polyfluoroarenes in allylation with cinnamyl bromide.

P on 3 (2.0 mol %) _pn
Fn—\O . —/=/ NaOtBu (1.5 equiv) 7\
Br CeHg, 25 °C Fii=

(R = trans-cinnamyl)

F F F F
MeO. F F Br F R F. R
F R R F F R F
F F F F
2a,1h,81% 2b, 1 h, 83% 2¢, 1h, 60% 2d, 5 h, 88%[°<
F F
F F F F
R R R
F F
2e, 1h, 69% 2f, 10 h, 65%[cd 29, 1h, 70%

!
KZR
F F

2h, 6 h, 68%!

F
F F MeO F
F R
F F
2i, 3 h, 77%9

2j, 12 h, 82%l4e) 2a, 20 h, 84%!1

[a] Reaction conditions: Cinnamyl bromide (1.0 mmol), fluoroarene
(1.05 equiv), NaOtBu (1.5 equiv), and 3 (2.0 mol %) in CgH; (3.0 mL) at
25°C. Yields are those of the isolated products. [b] 3 (5.0 mol %). [c] Base
(2.2 equiv), cinnamyl bromide (2.2 equiv). [d] 3 (10.0 mol %). [e] Meth-
allyl bromide was used. [f] Cinnamyl chloride was used.
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initially formed allyl arenes when the benzene solvent was
replaced by tetrahydrofuran (THF). A model reaction of
2,3,5,6-tetrafluoroanisole with methallyl bromide was moni-
tored by '"H NMR spectroscopy (see Figure S2). It was shown
that an alkenylated product was formed gradually over
10 hours in [Dg]THF at 60°C, a product arising from the
isomerization of the allylarene. Other solvents such as 1,4-
dioxane, tert-butanol, and 2,5-(Me),-THF displayed only
moderate efficiency. A fert-butoxide base with either a potas-
sium or lithium counter cation did not result in olefin
isomerization although the exact reason is not clear at
present.

The above isomerization-induced vinylation approach
was successfully applied to a wide range of polyfluoroarene
substrates in reactions with allyl bromides in good yields
(Table 2). It is worth mentioning that the newly isomerized
double bonds were exclusively in the E conformation. The

Table 2: Scope with respect to the fluoroarenes in the isomerization-
induced alkenylation "

3 (5.0 mol %) RZ R
. Z ] R? R' NaOfBu (1.5 equiv) @_/)—/
r . _
"N 7 THF Fii=

B
FF
Meo—é—//i
FOF

3a, 1 h, 80%°

RF F. ] F
/
4 N F
F F F

3d, 1 h, 78%[°d

F F FF
FF FoF

3b, 12 h, 92% 3c, 12 h, 96%!

3e, 1 h, 81%d

i
Fﬁll
F -

3h,12 h, 65%!1

E
3f, 12 h, 80%!

R F
el
F F

3i, 1 h, 56%9

F
[ ~
.N F

3k, 12 h, 90%

3g, 6 h, 87%

F
Fm
F

3,12 h, 84%

[a] Reaction conditions: allyl bromides (1.0 mmol), arenes (1.05 equiv),
NaOtBu (1.5 equiv), and 3 (5.0 mol %) in THF (3.0 mL) at 60°C. Yields
are those of isolated products. [b] 3 (2.0 mol %) at 25°C. [c] A mixture of
allyl and alkenyl isomers (1:1). [d] Allyl bromide (3.0 equiv) and base
(3.0 equiv). [e] Allyl bromide (5.0 equiv) and base (6.0 equiv). [f] 1,2,3,4-
Tetrafluorobenzene (3.0 equiv). [g] 1,2,4,5-Tetrafluorobenzene

(8.0 equiv).

isomerization efficiency was found to be affected to some
extent by the initially introduced allyl groups. For instance,
while the double-bond migration was smooth in acyclic allyl
arenes, a cyclic olefin was isomerized less efficiently (3c¢).
Fluoroarenes bearing multiple reactive C—H bonds were
alkenylated in a selective manner by controlling the stoichi-
ometry of the allyl halide. For instance, doubly vinylated
polyfluoroarenes were obtained in high yields (3d-f), and the
introduction of three 1-propenyl groups to 1,3,5-trifluoroben-
zene was also efficient (3g). In contrast, selective monoviny-
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lation among multiple reactive C—H bonds was readily
performed in moderate to good yields by using allyl bromides
as the limiting reactant (3h-k).

Next, we were curious about the applicability of the
present system for more challenging electron-rich hetero-
arenes. Introduction of alkenyl groups onto heteroarenes is
synthetically valuable because olefinated heteroarenes are
widely utilized in polymer and materials chemistry.™! For this
purpose, palladium catalyst systems were previously devel-
oped, including the Fujiwara—Moritani reaction.'!! More
recently, rhodium, iridium, and ruthenium catalysts have
been examined for the introduction of vinyl groups onto
heteroarenes.!'"”l In this context, the development of efficient
and selective catalytic systems based on the first-row tran-
sition metals is highly desirable.

Upon the screening of reaction parameters (see Table S8),
it was found that benzothiophene reacted smoothly with
methallyl chloride in the presence of NaOCEtMe, to give
excellent product yield (92 %) at 60°C in THF. As presented
in Table 3, benzothiophenes substituted with methyl or
a more labile bromo group at the 5-position underwent the
alkenylation in excellent yields (4a—c). 5-Chlorobenzo-
[b]thiophene, having a substituent at the 3-position, also
underwent the alkenylation efficiently (4d). Unsubstituted
allyl chloride could be employed without difficulty (4e). We

Table 3: Scope with respect to the heteroarenes in the C—H alkenyla-

tion.l?
. —Y cl 3 (10.0 mol%) . —Y
Ty - _>: NaOCEtMe, (20 equiv) R k/)\
X THF, 12h X

oo
S

4e, 60 °C, 80%

4k 25 °C, 66%

S

4a, R'=H, 60 °C, 90%
4b, R' = Me, 60 °C, 79%
4c, R'=Br, 60 °C, 96%

o
R' S

4f, R = Ph, 60 °C, 72%

49, R'=CN, 25 °C, 92%

4h, R' = COOMe, 25 °C, 59%!
4i, R' = CCPh, 60 °C, 69%

4j, R' = SiMe3, 60 °C, 45%

41,60 °C, 99%!

@@f
(o]

40, 60 °C, 67%

Q2 @ﬁ@@f

4r, X = 0, 60 °C, 89%!°!
4s, X =S, 25°C, 85%

60 °C, 76%

single-crystal X-ray of 4k
W
S 4n

AC(I)} /\ Y
4n'

4m, 60 °C, 92%[°!

Q

4p, 60 °C, 70%

70 °C, 4n (82%), 4n' (18%)!!
§ %

4q, 25 °C, 78%I"!

4t, 25°C, 70% 4u, 60 °C, 0%

[a] Reaction conditions: heteroarene (0.20 mmol), methallyl chloride
(1.5 equiv), base (2.0 equiv) and catalyst 3 (10.0 mol%) in THF

(0.5 mL). Yields are those of isolated products. [b] Methallyl chloride
(0.20 mmol), heteroarene (2.0 equiv), base (1.2 equiv). [c] Methallyl
chloride (5.0 equiv), base (5.0 equiv). [d] GC-MS yield. [e] NaOtBu
(1.5 equiv) used as the base.
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were delighted to see that thiophenes reacted to give
alkenylated products. For instance, 2-phenylthiophene was
alkenylated in high yield (4f). Moreover, various functional
groups such as cyano, ester, alkynyl, silyl, and amide
substituents were all compatible with the present catalytic
system (4g-k).'® An X-ray crystallographic structure of 4k
was obtained.

It is worthwhile noting that whereas thiophene carboxyl-
ate ester was previously employed for the ruthenium-cata-
lyzed alkenylation using ester as a directing group,'’ the
current copper catalyst system enabled C5-olefination (4h;
Table 3). Interestingly, 2,2-bithiophene underwent the olefi-
nation twice at the 5,5'-position in quantitative yield when
using excess amounts of both methallyl chloride and
NaOCEtMe, (41). Similarly, alkenylation of thieno[3,2-
b]thiophene proceeded with excellent efficiency and selectiv-
ity (4m). Unsubstituted thiophene was also alkenylated
without difficulty (4n and 4n’). Furan and benzofuran
derivatives were also reacted to afford C2 alkenylated
products (40—q). Azole heterocycles were observed to
undergo olefination in high yields (4r-t). However, the
system was not applicable for an indole derivative, presum-
ably because of its high pK, value (pK,=237.7).1%

To shed light on the reaction pathway, a series of
mechanistic studies were designed (see the Supporting
Information for details). When [(IiPr)CuCl] (3) was treated
with a stoichiometric amount of NaOrBu and then penta-
fluorobenzene, a C—H activated aryl copper species,
[(TiPr)Cu-C¢Fs] (I), was observed.'” Although an X-ray
crystallographic analysis of I failed, its structure was con-
firmed by NMR spectroscopy. The isolated copper complex I
was readily reacted with methallyl bromide to give
[(NHC)Cu-Br]| and an allylated product (1¢) quantitatively,
thus strongly suggesting that I is involved in the catalytic
cycle. In addition, the observation that the stereochemistry of
the double bond of allyl bromide was transferred to the
allylated products led us to postulate that the double-bond
insertion into I most likely proceeds via a tightly bound
transition state.”"

In addition, kinetic isotope effects (KIE) were not
measured (ky/kp =1.0) and imply that the C—H cleavage of
polyfluoroarenes may not be connected to the turnover-
limiting stage. When the allylated arene compound 2k was
isomerized, catalytic amounts of both copper and NaOrBu
were essential to bring about the olefin isomerization, thus
leading to the vinyl arene compound 3b. For the alkenylation
of electron-rich heteroarenes, a base-promoted electron
transfer pathway can also be considered,” but it turned out
to be unlikely since the addition of TEMPO or 1,1-diphenyl-
ethene did not affect the reaction progress.

Based on the above results and literature prece-
dents,**2 3 proposed pathway of the present [Cu(NHC)]-
catalyzed allylation is shown in Scheme 3. A ligand exchange
of [(NHC)Cu-Cl] (A) with the base (NaOrBu) leads to
[(NHC)Cu-OrBu] (B), which is believed to react with
(hetero)arenes to form a copper-aryl intermediate (E). An
oxidative insertion of allyl halides into E is then assumed to
occur, thus giving rise to an m-allyl Cu™ complex (G),
presumably through a tightly bound transition state, thus
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Scheme 3. Possible mechanism for the reactions.

enabling the stereochemistry of allyl halides being transferred
to allyl arene products.”” As the final stage, a reductive
elimination of the G affords the allylated product H with the
regeneration of catalyst [(NHC)Cu-X].

Although more comprehensive studies are required to
delineate the isomerization of the initially generated allyl
arenes to a vinyl group in THF, we assume that it is initiated

mainly by the copper-mediated allyl C—H bond activation of

allyl arenes to form a m-allyl/Cu™ species, which undergoes

protonolysis by rBuOH (major pathway). This proposal is
based on the fact that allyl arenes bear an allyl C—H bond with
pK, values lower than 349 and is therefore readily depro-
tonated by [(NHC)Cu-OrBu]. However, this isomerization
was observed to take place also by NaOrBu alone, albeit with
much lower efficiency (minor pathway).

Synthetic utility of the present protocol was demonstrated
by examining several interesting reactants. Double arylation
of trans-1,4-dibromo-2-butene occurred smoothly and selec-
tively (Scheme 4a). Given that geranyl and farnesyl groups
are valuable synthons in organic synthesis, their facile trans-
formations are highly desirable.”” In our case, geranyl and

a) 3 (2 mol %)
CofsH + g~ Br NaOBUB0eau) o ANCefs 52 (69%)
CgHg, RT, 3 h
b) 3 (5 mol %)
NaOtBu (1.5 equiv) )\/\)\/\
CgFsH + )\/\/I\A N X X
s Br CeHe, RT, 3h CoFs
5b (69%)
c) CeFsH
3 (10 mol %)
NaOtBu (1.5 equiv) )\/\)\/\/k/\
X X A B _— X Y 2
" CgHe, RT,4h CeFs
5¢ (77%)
d) 3 (10 mol %)
A NaOCEtMe, (2.0 equiv) =
D%S"V'% + P N \
s’ al THF, 60°C, 12 h
5d (95%)

Scheme 4. Synthetic applications.
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farnesyl bromide were readily reacted to afford the corre-
sponding products stereoselectively in high yields (Scheme 4b
and c). Despite the fact that highly conjugated thiophene
derivatives have been widely employed in synthetic and
materials chemistry,?! preparative routes to these motifs are
mainly limited to tedious stepwise approaches. In this context,
the direct vinylation of an alkyne-substituted thiophene is
especially noteworthy (5d), in which the trimethylsilyl moiety
also reacts with the copper species presumably to form
a copper acetylene species,*! which then undergoes allylation
followed by double-bond isomerization.

In summary, we have developed the [Cu(NHC)]-catalyzed
C—H allylation of polyfluoroarenes by using allyl halides as
the reactants. The same catalyst system was found to also be
effective for the double-bond migration of the initially
generated allyl arenes by changing the solvent, thus leading
to vinyl arene products. This system was successfully utilized
for the alkenylation of various types of electron-rich hetero-
cycles such as (benzo)thiophenes and (benzo)furans. This
procedure features high efficiency, mild reaction conditions,
controllable selectivity, broad scope, and high functional-
group tolerance, and is thus anticipated to find utility in
synthetic, polymer, and materials chemistry.
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