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(Abstract: Transition-metal-catalyzed C—F activation, in com-
parison with C—H activation, is more difficult to achieve and
therefore less fully understood, mainly because carbon-fluo-
rine bonds are the strongest known single bonds to carbon
and have been very difficult to cleave. Transition-metal com-
plexes are often more effective at cleaving stronger bonds,
such as C(sp?)—X versus C(sp®)—X. Here, the iridium-catalyzed
C—F activation of fluorarenes was achieved through the use

-

\

of bis(pinacolato)diboron with the formation of the B—F
bond and self-coupling. This strategy provides a convenient
method with which to convert fluoride aromatic compounds
into symmetrical diaryl ether compounds. Moreover, the che-
moselective products of the C—F bond cleavage were ob-
tained at high yields with the C—Br and C—Cl bonds remain-
ing.

/

Introduction

The past decade has seen the extremely rapid growth of C—H
activation, which is considered to be an innovative, environ-
mentally benign synthetic tool. The reason for this acceptance
is that such procedures provide economical routes, achievable
in steps, to the desired or natural compounds from simple
starting materials."" Compared with C—H activation, transition-
metal-catalyzed C—F activation®” is more difficult to achieve
and less fully understood,” mainly because carbon—fluorine
bonds are the strongest known single bonds to carbon and
have been very difficult to cleave.” Scientists have devoted
great efforts to this matter.”’ Several kinds of transition-metal
complexes have proved to be effective with respect to C—F ac-
tivation.” Although some articles that describe C—F activation
that involves stoichiometric iridium complexes have been pub-
lished,” to our knowledge there have been few reports on cat-
alytic C—F activation with iridium as a catalyst. A typical exam-
ple is the Ir-catalyzed reduction of fluorobenzene with a silane
reagent by Brookhart and Yang.®® Other transition metals have
been reported for more complex transformations of C—F
bonds.®
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Symmetrical diaryl ether polymers are very important and in-
creasingly interesting on account of their application in the
aerospace and microelectronics industries, principally in the
form of films or moldings. This is attributable to their excellent
thermal stability, electric properties, and chemical resistance.””
Many synthetic methods thus far reported have shown that
symmetrical diaryl ethers are important building blocks for
large varieties of natural and artificial products (Scheme 1).

CFs CF3
O 0
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Scheme 1. Some typical natural and artificial diaryl ethers.

Transition-metal-catalyzed C—O bond coupling from C—X
bonds and phenolic derivatives has always been useful as
a method for the construction of diaryl ether molecules."” Re-
cently, scientists have made great efforts in this area. Various
transition metals (e.g., Fe, Cu, and Pd) have been shown to be
effective in regard to C—O coupling. Monnier, Taillefer, and
Man et al. reported the efficient and versatile sol-gel immobi-
lized copper catalyst for the Ullmann arylation of phenols."
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Yang and Xu et al. reported the coupling reaction with mag-
netic copper-ferrite nanoparticles as catalysts."? Bolm and co-
workers reported the FeCl;-catalyzed C—O coupling of phenols
with aryl iodides;"™ and later Buchwald and Bolm et al. studied
the iron-catalyzed C—O coupling reaction in the presence of
trace amounts of copper.'¥ Similar results have been described
by Likhar et al. using Fe;O, mesoporouspolyaniline as a cata-
lyst."™ Concurrently, several other groups (Singh, Olofsson, Zol-
figol, Obora, and so forth) have published their results in this
area." Despite the aforementioned excellent examples, these
reactions usually require high temperatures, harsh conditions,
or expensive starting materials (Scheme 2). Herein, we report
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Scheme 2. Several methods of synthesis of diaryl ethers.
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Scheme 3. The strategy of C—F bond activation by formation of the B—F
bond.

Result and Discussion

On the basis of our analysis, the reaction of para-cyanfluoro-
benzene was used to test this idea by using B,pin, as an addi-
tive. Interestingly, the self-coupling product was obtained, al-
though at a low yield. Next, the screening of reaction condi-
tions was performed to obtain a high yield. The experiments
showed that the reaction could be conducted smoothly. The
results are summarized in Table 1. In most cases, moderate to
excellent yields were obtained when [{Ir(cod)Cl},]/dppe (cod=
cyclooctadiene; dppe = 1,2-bis(diphenylphosphino)ethane) was
used as a catalyst in dimethylformamide (DMF) to give 95% of
the product (Table 1, entry 9). A control reaction showed that
the reaction could not occur without the iridium catalyst
(Table 1, entry 20).

Thus, having established the optimal conditions of [{Ir-
(cod)Cl},] (2 mol %), dppe (4.1 mol %), and Cs,CO; as the base,
and B,pin,, we explored the scope of the Ir-catalyzed etherifi-
cation reaction. The results were summarized in Table 2. The
reactions were carried out in DMF at 140°C in air. Generally,

that iridium-catalyzed C—F activation has been realiz- . . —
o ) R Table 1. Screening of reaction conditions.
ed through the use of bis(pinacolato)diboron (B,pin,) W Er o
i i | N F
as a reagen.t with the formatllon of .the B F.bond and C‘@ S TE R NC/©/ \©\CN
homocoupling of aryl fluorides with the incorpora- - 2
tion of an oxygen atom.

We have recently shown that the stoichiometric | Entry Catalyst" Solvent Yield [%]
C—F bond activation of a chloro-bridged iridium(lll) 1 [(PPh,),Ir(CO)H]/PPh, DMF 43
dimer, 2-(4,6-difluorophenyl)pyridyl (dfppy), leads to 2 [(PPh;)5Ir(CO)H]/P(C¢HsOCH;), DMF 32
the formation of a heteroleptic cyclometalated iridiu- | 3 [(PPh,),I(COHI/P(C,Hy); DMF 2

m lex "7 Th int of h ) 4 [(PPhs),Ir(CO)H]/dppe DMF 67
m(lll) complex. e point of concern, however, is | ; [(PPh,),Ir(CO)H}/X-Phos DME <5
whether the iridium complex could be applied effec- 6 [{Ir(cod)CI},}/PPh, DMF 48
tively as a chemoselective catalyst for C—F bond acti- | 7 [{Ir(cod)ClL1/P(CeHsOCH5)s DMF 34
vation. Based on careful consideration, we believe C— 2 E:TCOS;EHZ}Z(C‘H‘)S Bmi <9§

L . . r(cod)Cl},l/dppe
F bond activation can be achieved with the help of |, [{Ir(cod)CI},}/X-Phos DME <5
reagents that involve Si, P, or B elements." This is | 19 [ir(coe)CI},1/PPh, DMF 25
because the formation of the F—Si bond, F—P bond, 12 [{Ir(coe)Cl},)/P(CeHsOCH;); DMF 20
or B—F bond is much easier than that of MF (M= 12 [ﬂrgc°egg:izzz(c4Hg)3 Bmi <5:
19 . r(coe)Cl},)/dppe
metal)."™ Therefore, we have proposed a possible C— 15 [{ir(coe)Cl}1/X-Phos DME <5
F bond activation through the release of the B—F 16 [{Ir(cod)CI},)/dppe DMSO 47
bond (Scheme 3). The oxidative addition of fluoro- 17 [{Ir(cod)Cl},1/dppe dioxane <5
benzene to the iridium catalyst formed the complex | '8 [{Ir(cod)Cl};}/dppe to'ue’[‘d]e <>
B .o b il h . ith B.pin, t 19 [{Ir(cod)Cl},])/dppe DMA 62
species,”” subsequently exchanging wi ,pin, to 508 hone DMF <5
form C by releasing the B—F bond™®"” to complete the
C—F activation [a] Conditions: 1a (0.5 mmol), [Ir] (0.02 mmol, 4 mol%), ligand (0.0205 mmol,
: 4.1 mol %), B,pin, (0.55 mmol), Cs,CO; (0.55 mmol, 1.1 equiv), solvent (3 mL), 24 h,
140°C, in air. [b] dppe=1, 2-bis(diphenylphosphino)ethane. X-Phos = 2-dicyclohexyl-
phosphino-2',4',6'-triisopropylbiphenyl. coe = cyclooctene. [c] Isolated yields, separated
by column chromatography. [d] DMA =N,N-dimethylacetamide. [e] Catalyst was not
added.
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Table 2. Substrate expansion of simple fluorobenzene.”
=\ _ Hircod)Cil;]/ dppe O
RX_/ " TDMF,Bping, G500, L) (R
1 2
Entry Substrate Product Yield [%]®
F
O
1 0, e
NC CN
CN
F NO, NO,
NO. (0]
e eae o
o (o)
3 Phj‘/@/ \©\(Ph 88 (20)
F [¢] [¢]
o F Ph._O Og_Ph
4 e
F
(0]
O,N NO.
NO,
F
CN
© U Sae »en
[a] Conditions: 1 (0.5 mmol), [{Ir(cod)Cl},] (0.01 mmol, 2 mol%), dppe (0.0205 mmol,
4.1 mol%), B,pin, (0.55 mmol), Cs,CO; (0.55 mmol, 1.1 equiv), DMF (3 mL), 24h,
140°C, in air. [b] Isolated yields based on 1.

the substrates were converted into the desired products, and
in most cases good to excellent yields were obtained (Table 2).
It should be noted that substrates that contain electron-donat-
ing groups produced disappointing results. Importantly, X-ray
spectrometry confirmed the structure of diaryl ether (2a,
a known compound; see the Supporting Information).”?

Numerous publications over the past several decades have
shown that the reaction reactivity of carbon-halogen bonds is
C—>CBr>C-Cl>C-F and that transition-metal catalysts
have produced all sorts of coupling reactions. Here, however,
we attempted the etherification reaction of multisubstituted,
halogenated benzene. The results are summarized in Table 3.
When bromo-substituted fluorobenzene was tried in this reac-
tion, the chemoselective product of C—F bond cleavage was
obtained in high yield (Table 3, entry 2). The same phenomen-
on was found with respect to chloro-substituted fluoroben-
zene (Table 3, entry 4). It is significant that the success in terms
of the high selectivity of C—F >C—Br and C—F >C—Cl provides
new evidence for the strategy of C—F bond activation by for-
mation of the B—F bond, because the bond energy of B—F
(613 kimol™") is much greater and easier to form than that of
the B—Br (377 kJmol™") and B—Cl (456 kJmol™") bonds. Accord-
ingly, this method provides an alternative method for C—F
bond activation by using a boron reagent as an activator.

The etherification reaction of chlorobenzene was also ex-
plored. The reaction could still proceed with moderate yields
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obtained. For example, when nitrochlorobenzene
was used in this reaction, the desired product was
separated with a yield of 82% (Scheme 4).

The diaryl ether compounds could easily be con-
verted into the biphenyl derivative in one step on
the basis of the Suzuki coupling. The reaction pro-
ceeded smoothly in toluene and gave the desired
product with a nearly quantitative yield (Scheme 5).

Fluorine-containing polymers are new types of
multifunctional materials. They have attracted consid-
erable attention on account of their unique proper-
ties, such as low surface energy, low refractive index,
oil and water repellence, and high chemical and ther-
mal stabilities.”® Thus, fluorinated polymers have
been exploited extensively. Their applications include
electronics, biomaterials, optical devices, and coat-
ings (Scheme 6). With the aforementioned methodol-
ogy, the product (4h) was reduced to the corre-
sponding diamine with a 90% vyield. Finally, fluorine-
containing polymers were easily obtained under the
known conditions.?*

Macgregor and Braun etal., in 2010, synthesized
a useful, highly reactive rhodium(l)-boryl complex
through the reaction of the [Rh(PEt;);F] compound
with B,pin,, in which fluoroborane F—Bpin was
formed and easily removed [Eq. (1)].2"

We believe the reaction of an iridium compound
with B,pin, was also possible through formation of

F : Bpin
| B,pin 5P
EtsP-Rh-PEts e EtP-Rh-PE; (1)
PEt; i PEt;
F-BPin

F—Bpin. Therefore, we proposed a reaction mechanism for the
iridium-catalyzed C—F activation reaction (Scheme 7). Initially,
we proposed the oxidative addition of the iridium catalyst

cl
[ [r(cod)Cil) (2%)! dppe(d.1%) O/ \O
| DMF, Bypin, (1.1 equiv),
[ R
R Cs,CO3 (1.1 equiv),
140 °C, 24 h
6a: 82% 6b: 73%

Scheme 4. The etherification reaction of chlorobenzene.

O,N
; X
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O,N

O,N
Pd(OAC), (2 mol%) /
PPh; (10 mol%),

; Ph v )
Na,COs3 (1.5 equiv) 7a: X = Br, 93% yield

_MabOs(vequv) o
PhB(OH), (2.2 equiv)

, /©/Ph 7b: X = Cl, 86% yield
O,N

Toluene, 16 h, 120 °C

Scheme 5. The derivatization reaction of diaryl ether derivatives.
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Scheme 7. The proposed possible mechanism of Ir-catalyzed C—F activation.
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Scheme 6. The synthesis of fluorine-containing polymers.
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100°C

with fluorobenzene, using B,pin, to generate the cis-fac-Ir"

complex B species through the release of F—Bpin®"?! and then
by exchanging organic solvent molecules with water to give
the intermediate C. After reductive elimination, intermediate D
(ArOH) was released (this intermediate could be detected and
separated although resulted in a low yield; see the Supporting
Information). Following the transmetalation of complex B’ spe-
cies with intermediate D (complex B species is written as B for
the sake of clarity; Scheme 7B), the complex E species
was formed. After reductive elimination, intermediate E
gave the product diaryl ether to complete the catalytic
cycle.

B,pin, was tested in this reaction [Eq.(2)] to verify
the proposed reaction mechanism. It could not occur in
the absence of B,pin,.

e

1a

[{Ir(cod)Cl},]/ dppe
DMF, Cs,CO3

o}
NC CN

No Bypiny, 2a: <5% yield

Another key point here is the origin of the oxygen atom. Possi-
ble sources include dioxygen, water, the boron reagent, and
the solvent itself. First, the control experiments for air were
conducted. The results showed that the desired product still
could be separated with nearly the same yield even under a ni-

trogen atmosphere [Eq. (3)].
o]
N°< >4 iij/Wi:L @)
NC CN
2a
In air, 24 h: 95% yield

1a
In Ny, 24 h: 91% yield

[{Ir(cod)Cl},] / dppe
DMF, Bypiny, Cs,CO3

Chem. Asian J. 2014, 00, 0-0 www.chemasianj.org

NC‘@’F [{I(cod)Cl}2]
O

CHEMISTRY

An Asian Journal

Full Paper

Next, the control experiments for water were set up. Nothing
of the product was detected with dry DMF as a solvent. Subse-
quent experiments focused on the various ratios of DMF with
water. It was found that excessive or insufficient water wors-
ened the reaction. Thus we determined that the optimal ratio
of DMF with water for this reaction is 300:1 (Table 4, entry 4).

An isotopic labeling experiment was also conducted to sup-
port the hypothesis that water is the source of the oxygen
atom. The reaction of para-cyanofluorobenzene with H,'®0
was conducted under optimal conditions [Eq. (4)]. Upon com-
pletion of the reaction, the separated product was analyzed by
mass spectrometry and the 0 isotopic-labeled product was
found (see the Supporting Information). On the basis of these
experiments, we suggest that the oxygen of diaryl ether
comes from water.

18

[{Ir(cod)Cl},] o)
B,pin, NC CN

1a Cs,CO;3 2a

Finally, we propose that the reaction can proceed by means of
a phenol intermediate. Fortunately, the intermediate signal
was tracked in this reaction by means of mass spectrometry.
Importantly, the key intermediate (ArOH) could be separated
by column chromatography on silica gel with a very low yield,
which was characterized by 'H and *C NMR spectroscopy and
mass spectrometry (see the Supporting Information). There-
fore, this is very important proof that is sufficient to support
the proposed idea.

A reaction of para-cyanofluorobenzene with phenol was
conducted under optimal conditions [Eq. (5)] to affirm the pro-

QO ST O

2a: 82% yield; 2a": 11% yield

dppe DMF

sz|n2
Cs,CO3

+

posed intermediate. The results showed that the mixture of
two products was obtained and compound 2a was the major
product, which is very important proof of the phenol inter-
mediate (D) proposed.

Conclusion

In conclusion, the iridium-catalyzed C—F activation was ach-
ieved with the help of B,pin,. This strategy has provided a con-
venient method for the conversion of fluoride aromatic com-
pounds into symmetrical diaryl ether compounds. Additionally,
some natural diaryl ether compounds and valuable polymers
could be obtained through this methodology. Moreover, the
chemoselective products of C—F bond cleavage were obtained
with high yields with the C—Br and C—Cl bonds remaining.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. Substrate expansion of multisubstituted halogenated benzene.” Experlmental Section
1 2 .
X\/b/f(z [{Ir(cod)Cl},] X N 0\(%2 General Procedure for the Reaction of Fluoroben-
ﬂ/ P DMF, B,piny, Cs,CO3, ﬂ/g/ |/ ) zene
R R R
3 X'=F. X2=F,Cl, Br 4 [{Ir(cod)Cl},], dppe, Cs,CO;, and B,pin, were added into
a 50 mL Schlenk tube in air. Then a solution of fluoro-
Entry Substrate Product Yield %] | benzene in DMF (3 mL) was added in air. The mixture
CN E F was stirred for 24 h at 140°C. Upon completion, the re-
o action mixture was dissolved in water, then extracted
1 86 (4a) with ethyl acetate (3x15 mL), dried with (MgSO,), and
E F NC CN evaporated to give the residue. The residue was then
CN purified by column chromatography on silica gel (di-
Br ° Br chloromethane/n-hexane 1:1-1:2) to provide the corre-
2 /©/ \©\ 90 (4b) sponding product.
Br
¢ NC CN
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5 /©/ \©\ 82 (4e) State Administration of Foreign Experts Affairs for the
I Br 0N NO, 111 Project (B13025).
NO2 cl cl
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cl chemoselectivity - homogeneous catalysis - iridium
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7 75 (49) Chem. Rev. 2011, 111, 1293-1314; b) T. W. Lyons, M. S. San-
F £ E ford, Chem. Rev. 2010, 110, 1147 -1169; c) P. B. Arockiam, C.
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F [2] For selected reviews, see: a) H. Amii, K. Uneyama, Chem. Rev.
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[3] For selected examples, see: a) K. Fuchibe, T. Kaneko, K. Mori,

Table 4. The control experiments of DMF with water.”

[Ir]/ L/ Base 0
O
NC CN

Solvent, B,ping, H,O

1a 2a
Entry DMF/H,0 (v/v) Yield [%]"™
1 dry <5
2 1000:1 26
3 500:1 58
4 300:1 92
5 100:1 40
6 10:1 13

[a] Conditions: 1a (0.5 mmol), [{Ir(cod)Cl},] (0.01 mmol, 2 mol%), dppe
(0.0205 mmol, 4.1 mol%), B,pin, (0.55 mmol), Cs,CO; (0.55 mmol,
1.1 equiv), DMF (3 mL), 24 h, 140°C, in air. [b] Isolated yields, separated
by column chromatography.
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