Downloaded via KAOHSIUNG MEDICAL UNIV on August 30, 2018 at 01:58:52 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

[ 4
%&. Em O Cite This: org' Lett. XXX, XXX, XXX=XXX

pubs.acs.org/OrglLett

LiHMDS-Promoted Palladium or Iron-Catalyzed ipso-
Defluoroborylation of Aryl Fluorides

Xianghu Zhao, Mingsheng Wu, Yisen Liu, and Song Cao*

Shanghai Key Laboratory of Chemical Biology, School of Pharmacy, East China University of Science and Technology (ECUST),

Shanghai 200237, China

© Supporting Information

ABSTRACT: A novel and efficient method for the synthesis
of arylboronic acid pinacol esters via a palladium- or iron-
catalyzed cross-coupling reaction of aryl fluorides with
bis(pinacolato)diboron (B,pin,) in the presence of LIHMDS
was developed. The Pd-catalyzed defluoroborylation of
fluoroarenes is compatible with a variety of functional groups
such as primary and secondary amine, ketone, trifluoromethyl,
alkoxy, and boryl. Remarkably, no external ligand is required
for enhanced conversion efficiency.

Arylboronate esters are indispensable and versatile reagents
in organic synthesis due to their broad availability, high
stability, and ease of handling." They have found wide
applications in carbon—carbon bond formations, especially in
palladium-catalyzed Suzuki—Miyaura cross-coupling reactions.”
Therefore, the eflicient synthesis of arylboronate esters
continues to attract considerable attention from synthetic
chemists.” To date, numerous methods have been developed
for the synthesis of arylboronate esters.” Among the various
methodologies reported, the transition-metal-catalyzed boryla-
tion of aryl halides or triflates with bis(pinacolato)diboron
(B,pin,) is probably the most common and efficient synthetic
access to aryl boronic esters.” Typically, aryl iodides, bromides,
and even aryl chlorides could serve as effective coupling partners
in transition-metal-catalyzed borylation reactions,’ whereas
unreactive aryl fluorides are seldom used as coupling partners
due to the inertness of the aryl-F bond toward oxidative
addition to transition-metal complexes.”

The activation and functionalization of the strong carbon—
fluorine bond have gained growing interest during the past two
decades since they provide an alternative method for synthesis of
structurally diverse molecules from fluoroorganic compounds.®
The transition-metal-catalyzed borylation of the C—F bond in
polyfluorinated alkenes and arenes has become a hot topic in
organic chemistry.” For example, the group of Zhang reported
an ortho-selective C—F bond borylation of g)olyﬂuoroarenes
using [Rh(cod),]BF, as catalyst (Scheme 1a)."" In 2015, Martin
et al. described the first Ni-catalyzed borylation of mono-
fluoroarenes with B,nep, via C—F activation and C—B bond
formation (Scheme 1b)."" Almost at the same time, Niwa and
Hosoya developed a Ni-catalyzed defluoroborylation of
monofluoroarenes with B,pin, with the assistance of Cul
(Scheme 1c)."* Two years later, the same group reported Cu-
catalyzed ipso-borylation of polyfluoroarenes which enabled the
synthesis of di- and triborylated arenes from di- and
trifluoroarenes (Scheme 1d)."* In 2016, Radius, Marder, and
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co-workers disclosed a Ni(IMes),-catalyzed C—F bond
borylation of polyfluoroarenes using B,pin, as the boron source
(Scheme 1le).'* Although these reported methods for the
defluoroborylation of fluoroarenes are efficient and versatile,
these methodologies still suffer from one or more limitations,
such as the use of additional ligand, limited substrate scope, and
high catalyst loadings. Therefore, there is plenty of room for the
exploration of a new catalytic system that can display broad
substrate scope and high functional group compatibility.
Palladium-catalyzed cross-coupling reactions have emerged as
a tremendously valuable synthetic tool in organic synthesis and
pharmaceutical chemistry because a palladium catalyst exhibits
powerful catalytic ability.” Particularly, various palladium-
catalyzed methods have emerged for the transformation of aryl
iodides, bromides, chlorides, and triflates to the corresponding
pinacol boronate esters.’”“°* However, no examples of
defluoroborylation of fluoroarenes to arylboronate esters using
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palladium catalysts have been reported so far. Considering the
fact that palladium-catalyzed borylation of aryl halides methods
offer a higher degree of functional group tolerance, we envisaged
that defluoroborylation of unactivated fluoroarenes might be
feasible under palladium catalysis. In this letter, we reported a
novel and efficient method for the synthesis arylboronic acid
pinacol esters via Pd- or Fe-catalyzed borylation of fluoroarenes
with B,pin, in the presence of LIHMDS (Scheme 1f).

We began our studies using the borylation of 4-fluoro-1,1'-
biphenyl (1a) with B,pin, as the model reaction to optimize the
reaction conditions (Table 1). Initially, different Pd catalysts

Table 1. Optimization of the Reaction Conditions”

F Bpin
) catalyst, base, solvent
* Bepin; °C, 12 h, A
Ph 80°C, 12 h, Ar Ph

1a 2 3a
entry catalyst (x mol %) base (x equiv) solvent  yield (%)
1 none LiHMDS (2.5) THF 0
2 Pd(PPh,), (5) LiHMDS (2.5) THF 15
3 Pd(0AC), (5) LiHMDS (2.5)  THF 25
4 PdCl, (5) LiHMDS (2.5) THF 35
s Pd,dba; (5) LiHMDS (2.5)  THE 41
6 Pd,dba; (5) CsF (2.5) THF 0
7 Pd,dba, (5) LiO#Bu (2.5) THF 0
8 Pd,dbas (5) NaOPh (2.5) THF 0
9 Pd,dba; (5) NaHMDS (2.5) THF 2
10 Pd,dba; (5) KHMDS (2.5) THE 12
11 Pd,dba; (5) LDA (2.5) THF 20
12 Pd,dba, (5) tBuLi (2.5) THF 0
13 Pd,dbas (5) LiHMDS (2.5) CH,CN 0
14 Pd,dba;, (5) LiHMDS (2.5) DMF 0
15 Pd,dba; (5) LiHMDS (2.5)  MTBE 12
16 Pd,dba, (5) LiHMDS (2.5) dioxane 27
17 Pd,dba; (5) LiHMDS (2.5) toluene 85
18 Pd,dba, (2) LiHMDS (2.5) toluene 84
19 Pd,dba, (0.5) LiHMDS (2.5) toluene 18
20 Pd,dba, (2) LiHMDS (2.0) toluene 95
21 Pd,dba, (2) LiHMDS (1.5) toluene 80

“Reaction conditions: la (Ol mmol), B,pin, (0.15 mmol), solvent
(1.0 mL), 80 °C, 12 h, Ar. ®Yields determined by GC analysis and
based on 1a.

were examined. Among the tested Pd catalysts, Pd,dba; proved
to be more suitable for the reaction (entries 2—S5). As
anticipated, no borylated product was observed in the absence
of a Pd catalyst (entry 1). Generally, the borylation reaction
could be achieved by using CsF, NaOPh and MOtBu (M = Na,
K, Li) as bases.”°“’* However, alkaline metal hexamethyldisi-
lazide (MHMDS, M = Na, K, Li) is scarcely used as bases or
additives in borylation reactions.15 The only successful example
of a borylation reaction of this type involved the Pd-catalyzed
ipso-borylation of aryl sulfides with B,pin, using hthlum
hexamethyldisilazide (LIHMDS or LiN(SiMe;),) as activator.
Subsequently, the influence of the base on the reaction was
examined (entries 5—12). The results indicate that LIHMDS
was uniquely effective for the transformation, affording the
expected product 3a in 41% yield (entry S), whereas the use of
other bases, such as NaHMDS, KHMDS, and LDA, resulted in
poor yields. Moreover, no reaction took place with CsF, NaOPh,
LiOtBu, and tBuLi, recovering the starting fluoroarene 1a.
Next, a brief screening of the solvents was carried out (entries
S and 13—17), and it revealed that toluene had a pronounced

effect on the reaction and the yield of 3a could be dramatically
increased to 85%. We were delighted to find that decreasing the
amount of Pd,dba; from 5 mol % to 2 mol % would also furnish
3a in good yield (entry 18). Further decreasing the amount of
Pd,dba; to 0.5 mol % led to a remarkable decrease in the yield
(entry 19). Finally, the effect of amount of LIHMDS on the
reaction was also studied (entries S and 20—21). The highest
yield (95%) of the borylation product 3a was achieved when 2.0
equiv of LIHMDS were used.

With the optimized conditions in hand (Table 1, entry 20), we
next examined the scope of the Pd-catalyzed borylation of
various fluoroarenes with B,pin, (2) (Scheme 2). In most cases,

Scheme 2. Pd-Catalyzed Defluoroborylation of Various
Fluoroarenes”

N F Pd,dbag (2 mol %), LIHMDS (2.0 equiv) "Xy
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“Reaction conditions: 1 (0.5 mmol), 2 (0.7S mmol), Pd,dba, (0.01
mmol), LIHMDS (1.0 mmol), toluene (2.5 mL), 80 °C, 12 h, Ar.
Isolated yields. “1w = 4,4'-difluoro-1,1"-biphenyl, 1w’ = 4-chloro-4'-
fluoro-1,1'-biphenyl, 1w” = 4-bromo-4’-fluoro-1,1'-biphenyl, 3w =
3w’ = 3w".

the defluoroborylation reaction proceeded smoothly to give the
corresponding borylation products 3 in moderate to good yields
under the optimal conditions. Generally, fluoroarenes bearing
electron-neutral (1b), weak (such as 1d, 1f, and 1h) or strong
electron-donating groups (1lc) gave the desired products in
higher yields than substrates bearing electron-withdrawing
groups (1k). However, the fluoroarenes having strong
electron-withdrawing groups such as NO, and CN (e.g, 1-
fluoro-4-nitrobenzene and 4-fluorobenzonitrile) were unfavor-
able for the reaction and gave complex mixtures. Notably,
fluoroacetophenones (1k and 11) are suitable substrates for this
transformation, leaving the keto group intact. Unfortunately,
substrates containing ester and amide groups (e.g, ethyl 4-
fluorobenzoate and N-(4-fluorophenyl)acetamide) could not
work well and only small amounts of borylated products were
detected (GC-MS, ~30%). Importantly, when ortho-, meta-, or
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para-fluoroanilines were used as the substrates, the reactions
proceeded efficiently to furnish the borylation products in high
yields (GC-MS, above 80%). Although the reaction itself
proceeded well, borylated anilines are not very stable, only para-
and meta-borylated anilines (3m and 3n) could be isolated in
moderate yields. The ortho-borylated aniline was presumably
lost in the workup procedure. In addition, secondary anilines are
compatible with this new Pd-based catalytic system (30). The
position of the substituent on the benzene ring of fluoroarenes
has an obvious influence on the yield of the desired product. For
example, fluoroarenes possessing a phenyl group in the para-
position afforded the expected product in excellent yield (3a),
whereas the shift of the phenyl group to the meta- or ortho-
positions gave reduced reaction yields (3f and 3g). However,
when difluorobenzene or 1,2,3,4,5-pentafluorobenzene were
used as substrates, only small or trace amounts of borylated
products were detected and no diborylated products were
observed.

It was reported that fluoroarenes with an extended -
conjugated system exhibited high reactivity in Ni or Cu-
catalyzed defluoroborylation reaction.'' Thus, Niwa, Hosoya,
and Martin have extensively investigated borylation of
fluorobiaryls."'~'* For comparison purposes, we also applied
this Pd-catalyzed borylation to a variety of substituted 4-
fluorobiaryls. The results indicate that both electron-rich and
-poor biaryl fluorides could be efficiently transformed to the
desired products in moderate to high yields. Functional groups
such as amino, methoxy, dioxole, tert-butyl, trifluoromethyl,
boryl, and fluoro groups were compatible with the borylation
process. The tolerance of amino and existing boryl groups was
particularly useful, which offers an opportunity for further
synthetic transformation. Compared to fluoroarenes, fluoro-
biaryls had no obvious impact on the reaction efficiency. Finally,
when 4-chloro- or 4-bromo-4'-fluoro-1,1’-biphenyl were used as
coupling partners, the borylation reaction took place selectively
at the C—Cl or C—Br bond in preference to the C—F bond and
the C—F bond remained intact (3w = 3w’ = 3w”). The results
suggest that aryl bromides and aryl chlorides are also suitable for
this Pd-catalyzed borylation reaction system.

Gratifyingly, the procedure could be scaled up to a gram scale
(1j, 7.0 mmol). Without further optimization, the borylation of
1j could produce the desired arylboronate product 3j in
moderate yield with 1.0 mol % of catalyst loading (Scheme 3).

Scheme 3. Borylation of 1-Fluoronaphthalene on a 7.0 mmol
Scale

F Pd,dbas (1.0 mol %) Bpin
. LiHMDS (2.0 equiv)
+ Boping———
POR a0
toluene
1j,1.02g (1.5 equiv) 3j, 75% (GC)
(7.0 mmol) 1.15 g, 65% (isolated yield)

According to our experimental results and the reported
literature studies,”'® a plausible reaction mechanism for Pd-
catalyzed defluoroborylation of fluoroarenes is proposed in
Scheme 4. Initially, one of the boron atoms of the B,pin, is
coordinated to strong base LiN(SiMe;), to give the Lewis
adduct of sp>—sp® diborane compound L.'” The B—B bond of
diborane compound could be activated and then cleaved
heterolytically. The oxidative addition of the C—F bond in
fluoroarenes at Pd(0) complex gives LArPd(II)F adduct IIL
Subsequently, transmetalation of III with intermediate I results
the formation of LArPd(II) Bpin IV and intermediate IL Finally,

Scheme 4. Proposed Reaction Mechanism
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reductive elimination from the Pd complex IV furnishes the
desired arylboronic esters along with the regeneration of the
active catalytic species Pd(0) to close the catalytic cycle. In
addition, the resulting intermediate II may readily dissociate
into fluoroborane (FBpin) and LiN(TMS), which seem to be
unstable under the reaction conditions and convert into
pinBN(TMS), and LiF because of the strong Li—F
interaction.'® Furthermore, a considerable amount of byproduct
pinBN(TMS), could be detected by GC-MS. It should be
mentioned that when replacing LIHMDS with NaHMDS or
performing the reaction at room temperature, only small or trace
amounts of pinBN(TMS), could be observed.

Iron is one of the most abundant metals in nature.
Consequently, iron has attracted considerable attention in the
field of cross-coupling reactions. Compared to the expensive
palladium and relatively toxic nickel catalysts, iron catalysts are
inexpensive, readily available, and environmentally friendly."’
Although various iron-catalyzed borylations of alkyl, allyl, and
aryl halides have been realized,”® the borylation of fluoroarenes
with Fe catalysts remains unexplored. Encouraged by the above
results obtained from the borylation of fluoroarenes with Pd
catalyst, we turned our attention to the iron-catalyzed cross-
coupling reaction of fluoroarenes with B,pin,. After careful
screening of iron catalysts, solvents, and reaction temperatures,
we found that the borylation of fluoroarenes could proceed
smoothly in the presence of 20 mol % FeCl, and 3.2 equiv of
LiHMDS using toluene and HMPA as the solvent (2:1 in
volume) at 110 °C for 12 h. Subsequently, we applied the
optimized conditions to a variety of fluoroarenes and biaryl
fluorides (Scheme S). It was found that only biaryl fluorides
proceeded well, affording the borylation products in moderate to
good yields, whereas fluoroarenes without a z-conjugated
system such as 1b—1le gave the expected products in poor
yields (~20%, GC). The scope of this Fe-catalyzed borylation
reaction was still limited, and the reaction efliciency was
relatively low. However, considering ready availability, low cost,
high earth abundance, and nontoxicity of the iron catalyst, this
new Fe-catalyzed borylation might be an alternative method for
the synthesis of arylboronate esters from biaryl fluorides.

In summary, we have developed a novel and efficient method
for the synthesis of arylboronate esters via Pd- or Fe-catalyzed
cross-coupling reaction of aryl fluorides with bis(pinacolato)-
diboron (B,pin,) in the presence of LIHMDS without any
additional ligand. In comparison with the earlier Ni- and Cu-
catalyzed defluoroborylation, the newly developed Pd-catalyzed
reaction systems can tolerate primary and secondary amine and
ketone groups. Notably, the Pd-catalyzed reaction could be
performed on a gram scale with lower catalyst loading.
Importantly, LIHMDS plays a particularly key role in the
transformation, which might be attributed to the strong Li—F
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Scheme S. Fe-Catalyzed Defluoroborylation of Biaryl
Fluorides®”

F ) . Bpin
X . FeCl;, (20 mol %), LiIHMDS (3.2 equiv) 7
R + Bypin, R
= toluene:HMPA = 2:1, 110 °C, 12 h, Ar =
1 2
Bpin Bpin
SO O O ,‘
3a, 73% 3f, 62% 3j, 60% 39, 57%
Bpin Bpin Bpin Bpin
c OO c F3CO
o <} tBu
3r, 64%" 3s, 81%" 3t, 72% 3u, 45%
e L O [
3w, 45% 3x, 70%" 3y, 63% 3z, 50%

“Reaction conditions: 1 (0.2 mmol), 2 (0.56 mmol), FeCl, (0.04
mmol), LIHMDS (0.64 mmol), toluene/HMPA = 0.8 mL/0.4 mL,
110 °C, 12 h, Ar. Isolated yields. 20 mol % TMEDA (N,N,N’,N’-
tetramethylethylene diamine) was added, 0.5 h.

interaction. Despite the low catalytic activity of the Fe catalyst
for borylation, it is much cheaper and more easily available than
Ni- and Pd-based catalysts. Therefore, we anticipate that the
current protocol may provide a scalable, cost-effective, and
complementary method of accessing valuable arylboronate
esters from various fluoroarenes and biaryl fluorides.
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