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One-pot synthesis of aryl fluorides by [3+3] cyclization of
1,3-bis(silyl enol ethers) with 2-fluoro-3-silyloxy-2-en-1-ones
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Abstract—Functionalized aryl fluorides were regioselectively prepared by [3+3] cyclization of 1,3-bis(silyl enol ethers) with 2-fluoro-
3-silyloxy-2-en-1-ones.
� 2007 Elsevier Ltd. All rights reserved.
Aryl fluorides are of considerable relevance in medicinal
chemistry and also represent important synthetic build-
ing blocks.1 The fluoro group strongly increases the lipo-
philicity of arenes and heterocycles.1 In fact, a wide
range of important pharmaceutical lead structures con-
tain a functionalized aryl fluoride moiety. Organic fluo-
rides are, in principle, available by fluorination of
suitable substrates (‘fluorination method’) or by syn-
thetic transformation of fluorinated compounds (‘build-
ing block method’) or by combination of these
methods.2 To date, aryl fluorides have been prepared
mainly by fluorination of arenes using strong electro-
philic fluorination agents (such as fluorine or xenon flu-
orides).2 However, these reagents are difficult to obtain
or handle, dangerous or (in some cases) very expensive.
Selectfluor represents an ‘easy-to-handle’, commercially
available electrophilic fluorination agent.3 However,
the fluorination of non-activated arenes was reported
to be unsuccessful (low conversion).3,4 The fluorination
of (activated) anisol has been reported to proceed with
72% conversion. However, a 1:1 regioisomeric mixture
of 2- and 4-fluoromethoxyphenol was formed.4 The
reaction of Selectfluor with phenols has been reported
to give 4-fluorocyclohexadienones.5 Therefore, the
development of new strategies for the regioselective syn-
thesis of functionalized aryl fluorides is of considerable
current interest. Some years ago, Chan and Brown-
0040-4039/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tetlet.2007.02.057

Keywords: Arenes; Cyclizations; Organic fluorides; Silyl enol ethers.
* Corresponding author. Tel.: +49 381 4986410; fax: +49 381

4986412; e-mail: peter.langer@uni-rostock.de
bridge reported6 an elegant approach to salicylates by
cyclization of 1,3-bis(silyl enol ethers)7 with 3-(silyl-
oxy)alk-2-en-1-ones.8 Herein, we report a new synthesis
of aryl fluorides by formal [3+3] cyclizations of 1,3-bis-
(silyl enol ethers) with 2-fluoro-3-silyloxy-2-en-1-ones.
From a preparative viewpoint, these transformations of-
fer a convenient and regioselective approach to func-
tionalized and sterically encumbered aryl fluorides
which are not readily available by other methods. The
starting materials—2-fluoro-1,3-diones—are readily
available.

2-Fluoro-1,3-diones are available by reaction of 1,3-di-
ketones with, for example, fluorine9 or N-fluorobis(triflu-
oromethyl)sulfonimide.10 Recently, a practical method
based on the use of Selectfluor has been reported.11

The microwave mediated reaction of Selectfluor with
heptane-3,5-dione (1a), 1,3-diphenylpropane-1,3-dione
(1b), and benzoylacetone (1c) afforded 2-fluoro-1,3-
diones 2a–c (method A). The reaction of Selectfluor with
2-(methoxybenzoyl)acetone (1d)—carried out at 75 �C
(4 h)—gave 2d (method B). The synthesis of 2-fluoro-
1,3-dione 2c has been previously reported (by a different
method).9 The synthesis of 2a, 2b and 2d has, to the best
of our knowledge, not yet been reported. The reaction of
2a–d with Me3SiCl/NEt3 afforded 2-fluoro-3-silyloxy-2-
en-1-ones 3a–d (Scheme 1, Table 1).

The TiCl4 mediated formal [3+3] cyclization of 3a–d
with 1,3-bis(silyl enol ethers) 4a–g—prepared from the
corresponding 1,3-dicarbonyl compounds in one or
two steps12—afforded 4-fluorophenols 5a–o in moderate
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Scheme 1. Synthesis of 3-silyloxy-2-fluoro-2-en-1-ones 3a–d, (i)
method A: Selectfluor, microwave, 10 min, 82 �C, CH3CN; method
B: Selectfluor, CH3CN, 75 �C, 4 h; (ii) Me3SiCl, NEt3, C6H6, 20 �C.

Table 1. Products and yields

2, 3 R1 R2 % (2)a % (3)a

a Et Et 71b 98
b Ph Ph 77b 89
c Me Ph 88b 98
d Me 2-(MeO)C6H4 72c 99

a Isolated yields.
b Method A.
c Method B.

Table 2. Products and yields

3 4 5 R1 R2 R3 R4 % (5)a

a a a Et Et H OMe 32
a b b Et Et H OEt 42
a c c Et Et H O(CH2)2OMe 51
a d d Et Et H Me 50
a e e Et Et H Ph 52
b a f Ph Ph H OMe 82
b b g Ph Ph H OEt 68
b d h Ph Ph H Me 30
c a i Me Ph H OMe 40
c c j Me Ph H O(CH2)2OMe 42
c d k Me Ph H Me 31
c e l Me Ph H Ph 40
d a m Me 2-(MeO)C6H4 H OMe 44
d f n Me 2-(MeO)C6H4 Me OMe 54
d g o Me 2-(MeO)C6H4 Et OEt 44

a Isolated yields.
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to good yields (Scheme 2, Table 2).13 During optimiza-
tion of this reaction, the (high) concentration and the
temperature played an important role. The cyclization
of 4 with 3 proceeds by TiCl4 mediated isomerization
of 3 by shift of the silyl group (intermediate A), TiCl4
OSiMe3Me3SiO
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Scheme 2. Synthesis of aryl fluorides 5a–o, (i) TiCl4, CH2Cl2,
�78!20 �C.
mediated attack of the terminal carbon atom of 4 onto
the carbon located next to substituent R1 to give inter-
mediate B (conjugate addition), cyclization (intermedi-
ate C), and subsequent aromatization.6,8 Notably, aryl
fluorides 5i–o were formed with very good
regioselectivity.

The structure of aryl fluorides 5 was established by spec-
troscopic methods. The structure of 5f was indepen-
dently confirmed by X-ray crystal structure analysis
(Fig. 1).14 The structure of 5i–o was confirmed by
NOESY measurements or—for 5i–m—by inspection of
the 4J couplings between the methyl group attached to
the benzene moiety and the neighboured aromatic pro-
ton. An independent proof was obtained by BBr3 med-
iated lactonization of 5m,n. Treatment of 5m and 5n
Figure 1. ORTEP plot of 5f.
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Scheme 3. Synthesis of dibenzo[b,d]pyran-6-ones 6a,b, (i) (1) BBr3

(4.0 equiv), CH2Cl2, 0!20 �C, 18 h; (2) KOtBu, H2O, 15 min, 20 �C.
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with BBr3 and subsequent addition of an aqueous solu-
tion of potassium tert-butanolate afforded the novel
fluorinated dibenzo[b,d]pyran-6-ones 6a and 6b in good
yields, respectively (Scheme 3).

We have reported a new and regioselective synthesis of
functionalized 4-fluorophenols based on [3+3] cycliza-
tions of 1,3-bis(silyl enol ethers) with novel 2-fluoro-3-
silyloxy-2-en-1-ones.
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