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Copper-mediated Fluorination of Aryl Trisiloxanes with

Nucleophilic Fluoride

Ruth Dorel,® Philip Boehm, Daniel P. Schwinger,® and John F. Hartwig*®

Abstract: A method for the nucleophilic fluorination of heptamethyl
aryl ftrisiloxanes to form fluoroarenes is reported. The reaction
proceeds in the presence of Cu(OTf)2 and KHF2 as the fluoride source
under mild conditions for a broad range of heptamethyltrisiloxyarenes
with high functional group tolerance. The combination of this method
with the silylation of aryl C-H bonds enables the regioselective
fluorination of non-activated arenes controlled by steric effects
following a two-step protocol.

The distinctive properties of aryl fluorides, which lead to
applications in pharmaceuticals,!"! agrochemicals,? and positron
emission tomography (PET) agents,® have prompted the
development of synthetic methodologies for the formation of Csp—
F bonds over the last decade.?! While classical methods for the
formation of bonds between an aryl group and fluorine involve the
reaction of highly electron-deficient aryl halides or aryl diazonium
reagents with fluoride salts,® the use of transition metals has
recently enabled the development of more general alternatives to
these methods starting from prefunctionalized substrates, such as
aryl halides,®! aryl ftriflates,/"l diaryl iodonium salts,®! and
phenols.®! The regioselective direct fluorination of aryl C—H bonds
has also been accomplished in the presence of transition metal
complexes.I" However, methods based on the functionalization
of C-H bonds are typically limited to the preparation of ortho-
fluorination products by coordination of the catalyst to a directing
group. The undirected, electrophilic fluorination of aromatic C-H
bonds has been realized with a palladium catalyst recently, but
mixtures of constitutional isomers are often obtained.!""!

The direct fluorination of main group organometallic species, such
as aryl stannanes, has been described with both electrophilic,!'?
and nucleophilic fluorinating agents.["® Nonetheless, the toxicity
of the required organotin reagents limits the general applicability
of these methods. The fluorination of boronic acid derivatives also
has been developed with electrophilic fluorinating reagents in the
presence of palladium,' silver,[' and copper complexes,!"® and
with nucleophilic fluorinating reagents in the presence of
copper(Il).'"1 Arylsilanes represent an attractive alternative to
arylboronic acid derivatives because they are derived from
inexpensive reagents, are nontoxic, and are more stable than
their organoboron counterparts. However, the direct fluorination
of arylsilanes is less developed. The first examples of fluorination
of arylsilanes were reported by Jolly in 1984 and Angelini in 1985,
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both with elemental fluorine for the labeling of arenes with '8F.['8l
In 2011, the fluorination of triethoxysilanes was described in the
presence of silver(l) (Scheme 1),l'® and the fluorination of simple
aryltrimethylsilanes was reported to occur, albeit with narrow
scope, with XeF2.2%

Ag-mediated fluorination of Ar-Si(OEt) 3 (ref. 19)

N Selectfluor (2.0 equiv) N
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= > =
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Si(OEt)3 F

Fluorination of Ar-TMS with XeF , (ref. 20)
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Cu-mediated fluorination of Ar-SiMe(OTMS) , (this work)
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Scheme 1. Fluorination of Arylsilanes.

Our group has developed Rh- and Ir-catalyzed silylations of
aromatic C—H bonds with the arene as limiting reagent,?"! and
developed methods for the trifluoromethylation?? and
amination®! of the resulting arylsilanes. If the fluorination of the
type of arylsilane that forms by the silylation of C-H bonds, with
common nucleophilic fluoride sources could be developed, then a
process for the fluorination of aryl C-H bonds via silylarenes would
result. Herein, we report a method for the fluorination of stable
aryl heptamethyl trisiloxanes, which are readily accessible by C—
H silylation. These Cu(OTf)2-mediated fluorinations occur with
KHF2 as the fluorine source under mild conditions (65 °C, 16 h)
and with a broad scope of aryl groups on the silane. When
combined with C—H bond silylation, this protocol gives access to
fluoroarenes directly from non-activated arenes in a
regioselective fashion.

Earlier reports on the reductive elimination from high valent Cu(lll)
species!fap82.126.16241 hrompted our search for copper reagents

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal

and fluoride sources that would enable the fluorination of
arylsilanes. For the development of such a reaction, we selected
3,5-substituted arylsilane 1a, due to its high stability and ease of
preparation on a multi-gram scale. A range of common fluoride
sources were initially tested at 120 °C in the presence of an
excess of Cu(OTf)2. While the use of alkali metal fluorides led
exclusively to the protodesilylation of 1a, trace amounts of the
fluorinated arene 2a were observed in the presence of KHF:2
(Table 1, entry 1). Reactions at lower temperatures resulted in
higher yields of 2a, which reached a maximum at 65 °C (Table 1,
entries 2-4). Reactions conducted with various copper(l) and
copper(ll) sources as well as additives including bases, oxidants,
or nitrogen-containing ligands occurred in the same or lower
yield,? and low yields of the aryl fluoride were obtained in any
solvent other than acetonitrile. In sharp contrast, reactions with
amounts of Cu(OTf)2 and KHF2 up to 6.0 equiv (Table 1, entries
6—7) gave higher yields of 2a (74%). Reactions conducted with
the same amount of other Cu(l) and Cu(ll) sources (Table 1, entry
8-9) or 6.0 equiv of other fluoride sources under the same
reaction conditions gave lower yields of the aryl fluoride 2a (Table
1, entries 10-11).2% Like prior work on the fluorination of
arylstannanes and boronates,'> '] superstoichiometric amounts
of Cu(OTf)2 and the fluoride source were necessary for the
fluorination of arylsilanes to proceed in satisfactory yields,
suggesting that a similar reaction mechanism is followed.?!

Table 1. Effect of Reaction Parameters on the Fluorination of Arylsilanes.!

Cl Cl Cl Cl
[Cul. [F] :
MeCN, T, 16 h
[Si] [Si] = SiMe(OTMS), F
1a 2a
Entry [Cu] (equiv) [F] (equiv) T[°C] Yield (%)®

1 Cu(OTf) (3.0) KHF> (4.0) 120 trace
2 Cu(OTf)2 (3.0) KHF> (4.0) 80 25
3 Cu(OTf)2 (3.0) KHF> (4.0) 65 40
4 Cu(OTf)2 (3.0) KHF> (4.0) 50 trace
5 Cu(OTf), (2.0) KHF> (4.0) 65 trace
6 Cu(OTf), (6.0) KHF2 (4.0) 65 60
7 Cu(OTf), (6.0) KHF2 (6.0) 65 74
8 CuF; (6.0) KHF2 (6.0) 65 0
9 (BUCN)CUOTf (6.0)  KHF2(6.0) 65 0
10 Cu(OTf), (6.0) AgF (6.0) 65 0
1 Cu(OTf), (6.0) CsF (6.0) 65 23

kel Reactions run on a 0.05 mmol scale. P! Determined by 'F NMR
spectroscopy with 1-fluoro-3-nitrobenzene as internal standard.

The scope of arylsilanes that form the corresponding fluoroarenes
under the developed reaction conditions is shown in Table 2. The
process tolerates variation in the electronic properties of the
arene; both electron-rich and electron-deficient arylsilanes
reacted to give the fluoroarene in moderate to good yields.
Substrates functionalized with halides (2a,c,n), esters (2e,k,m,q),

ketones (2f), aldehydes (2g), ethers (2h), nitriles (2j), sulfones (2I),

trifluoromethyl groups (2i,0) and imides (2p) converted to the
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corresponding fluoroarenes. In the case of non-volatile
fluoroarenes (2d-f, 2j-1, 2p), these products were isolated in pure
form in yields comparable to those calculated by NMR
spectroscopy using an internal standard. Furthermore, reactions
conducted at 0.10 and 1.00 mmol scale provided comparable
yields of the fluorinated arenes as illustrated for 2n. Unfortunately,
the fluorination of heteroaromatic substrates did not occur.

Table 2. Copper-mediated Fluorination of Arylsilanes.®

A . ’ A

RQ Cu(OTf), (6.0 equiv), KHF, (6.0 equiv) RQ

= =
MeCN, 65 °C, 16 h

1
!
81 [Si] = SiMe(OTMS). F
1 2
CI\©/CI Bu\©/t8u I\©/Br EO\Q/Ph
F F F F
2a, 74%) 2b, 65% P! 2c, 66%°] 2d, 41% (39%)°
o) OMe
\©/002Me \Q)k eo\Q)J\ ©/OM6
F F
2e, 65% (54%)d] 2f, 52% (47%)° 2g, 36%] 2h, 61%°]

@

T o
CO2Me

2%lb1 2j, 61% (45%)C 2k, 64% (54%)Lc]
\Q/SOZMe \Q/O\n/ BI’\Q/CI
F F
21, 71% (69%)°) 2m, 39%®! 2n, 40%,[°150%©]
o)
FiC ; CF; ~ ; D
O
F F

20, 56%!°! 2p, 27% (19%)°

il Reactions were performed with 0.1 mmol of 1 to determine yields by
9F NMR spectroscopy with fluorobenzene as an internal standard added after
the reaction. P! Yield represents an average of two runs. [ Isolated yield in
parentheses. [ Isolated with 4% of protodesilylated product. ¥ Reaction was
performed on 1.00 mmol scale.

With a procedure identified to convert aryl disiloxymethylsilanes
to aryl fluorides, we considered that a tandem silylation-
fluorination sequence could enable the overall fluorination of C—H
bonds. To illustrate the potential of this two-step protocol, the
fluorination of the natural product O-methylmellenine (3) was
conducted. The reaction of this arene with heptamethyl trisiloxane
in the presence of the recently reported?® iridium catalyst
containing 2,9-dimethyl phenanthroline in an open system for the
silylation of more electron-rich arenes gave the silylarene
intermediate, and treatment with KHF2 and Cu(OTf). formed the
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previously unreported fluorinated derivative 2q (Scheme 2a).?’]
No purification of the arylsilane was required in this sequence. A
similar two-step protocol for the fluorination of dimethyl
naphthalene-2,3-dicarboxylate (1k), but with the first-generation
iridium catalyst, gave the fluoroarene 2k in a yield over two steps
that was comparable to that obtained for the individual steps
combined (Scheme 2b). This sequence therefore represents a
simple strategy for a sequential meta-selective fluorination of aryl
C-H bonds.

(a) fluorination of natural product O-methylmellenine (3)@!

1) HSiMe(OTMS), (1.5 equiv)
[Ir(cod)OMe] ; (2.5 mol%)
2,4,7-Me zphen (5.0 mol%)
dioxane, 100 °C, 24 h

OMe O
OMe O (71%)[01
o) (0]
2) KHF, (6.0 equiv) .
Cu(OTf), (6.0 equiv)
O-methylmellenine (3) MeCN, 65 °C, 16 h 2q

(37%)M

(b) silylation-fluorination sequence for the fluorination of non-activated arene 1kP

1) HSiMe(OTMS), (1.5 equiv)
cyclohexene (1.1 equiv)
[Ir(cod)OMe] , (1.5 mol%)
2,4,7-Mephen (3.1 mol%)
THF, 100 °C, 24 h

F\“:! E COoMe
CO,Me

2k, 48%!9]

2) KHF; (6.0 equiv)

“:E!COZMG
CO,Me
Cu(OTf)2 (6.0 equiv)

1k MeCN, 65 °C, 16 h

l[Reaction was performed with 0.1 mmol of 1q. P! Reaction sequence was
performed with 0.3 mmol of dimethyl naphthalene-2,3-dicarboxylate. °lIsolated
yield in parentheses.  yields determined by '°F NMR spectroscopy with
fluorobenzene as an internal standard.

Scheme 2. Fluorination of C-H bonds by a combination of iridium-catalyzed
arene silylation and fluorination of the arylsilane.

In summary, we have developed an operationally simple and
direct method for the copper-mediated fluorination of arylsilanes
to fluoroarenes with KHF2. This reaction occurs with readily
available reagents under mild conditions. Electron-rich, electron-
deficient and diversely functionalized arylsilanes undergo
fluorination in moderate to good yield. A sequential process allows
the regioselective fluorination of aryl C—H bonds via the arylsilane
with exquisite regioselectivity, which we also showed in the
context of natural product derivatization. Methods for a related
fluorination of heteroaryl silanes will be part of future studies.

Experimental Section

Inside a glovebox filled with N2, a 4 mL vial was charged with anhydrous
KHF2 (46.9 mg, 0.600 mmol, 6.00 equiv), anhydrous MeCN (1.0 mL),
arylsilane (0.1 mmol, 1 equiv), and anhydrous Cu(OTf). (217 mg, 0.600
mmol, 6.00 equiv). The vial was sealed with a Teflon-lined cap, and the
suspension was heated at 65 °C for 16 h. The resulting mixture was
allowed to cool to room temperature. 1-Fluoro-3-nitrobenzene was added
as internal standard, and the reaction was analyzed by 'F NMR
spectroscopy. For volatile products, the identity was confirmed by GC-MS.
The reaction mixture of non-volatile products was diluted with Et2O (2 mL)
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and washed with a saturated solution of NHsOH (4 mL). The aqueous layer
was extracted with CH2Clz (3 mL), and the combined organic layers were
dried over NazSOs. The organic layers were filtered through a short pad of
SiO2, the SiO2 was flushed with CH2Cl2, and the resulting solution was
concentrated under reduced pressure. The product was purified by
preparative thin layer chromatography.
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