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TheMe3SiOTf-mediated condensationof 1-ethoxy-2-fluoro-
1,3-bis(trimethylsilyloxy) 1,3-dienes with 3-cyanochromones
afforded 3-cyano-2-(4-ethoxy-3-fluoro-2,4-dioxobutyl)-
chroman-4-ones. Their reaction with triethylamine afforded
fluorinated azaxanthones or biaryls. The product distribu-
tion depends on the structure of the diene. The formation of
the biaryls can be explained by an unprecedented domino
“retro-Michael/aldol/fragmentation” reaction.

Organofluorine compounds are of considerable importance
in medicinal chemistry.1 The fluorine atom combines a high
electronegativity with a small size which often results in an
improvement of drug-receptor interactions. Undesired meta-
bolic transformations are rare because of the chemical and
biological stability of the carbon-fluorine bond. The transport
of the drug is facilitated by the high lipophilicity of organo-
fluorine compounds. Fluorinated arenes and heteroarenes
are also versatile building blocks in transition-metal-catalyzed
cross-coupling reactions.2 Last but not least, organofluorine

compounds are used as ligands3 in catalytic reactions and as
organocatalysts.4

Aryl fluoridesareavailablebyreactionofareneswith fluorine,
xenon fluorides, or related strong electrophilic reagents.5 How-
ever, these methods are often not practical because the reagents
are difficult to handle, dangerous, or expensive. Selectfluor
represents a very useful, commercially available electrophilic
fluorination agent.6 However, direct fluorinations of arenes
using Selectfluor suffer from low o/p regioselectivity.6,7 In
addition, only highly reactive (electron-rich) arenes can be
successfully used as substrates.7 The synthesis of heavily sub-
stituted fluorinated arenes is particularly difficult because of the
low reactivity of sterically hindered starting materials which are
not readily available.

Analternative approach toaryl fluorides relies onabuilding
block strategy.8 In recent years, we studied the chemistry of
1,3-bis(silyloxy)-1,3-butadienes9 and their application to or-
ganofluorine chemistry.10We have also studied the reaction of
1,3-bis(silyloxy)-1,3-butadienes with chromone derivatives.11

In this context, we developed a new synthesis of azaxanthones
by condensation of 1,3-bis(silyloxy)-1,3-butadienes with 3-cy-
anochromones and the subsequent base-mediated domino12

“retro-Michael/nitrile-addition/heterocyclization” reaction.13

We have also reported a synthetic approach to biaryl lactones
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by condensation of 1,3-bis(silyloxy)-1,3-butadienes with chro-
mones and subsequent base-mediated domino “retro-Mi-
chael/aldol/lactonization” reaction.14 Herein, we report, for
the first time, the reaction of 3-cyanochromoneswith 2-fluoro-
1,3-bis(silyloxy) 1,3-dienes which give rise to the unexpected
formation of highly functionalized fluorinated biaryls. The
formation of the products can be explained by an hitherto
unprecedented domino “retro-Michael/aldol/fragmentation”
reaction. These reactions are preparatively useful as they
provide a convenient approach to highly substituted fluori-
natedbiarylswhich arenot readily available byothermethods.

For our studies, there was the need to develop a new and
generalmethod for the synthesis of various 2-fluoro-3-oxoesters.
The reaction of 1,3-dicarbonyl dianions with alkyl halides has
beenwidely used for the synthesis ofβ-ketoesters.15 The applica-
tion of this methodology to the synthesis of fluorinated deriva-
tiveshas, to thebest of ourknowledge, notbeen reported todate.
We were pleased to find that the reaction of the dianion of com-
mercially available ethyl 2-fluoroacetoacetate (1a) with benzyl
bromide and various alkyl iodides afforded the 2-fluoro-3-oxo
esters1b-i (Scheme1,Table1).Theyields (59-74%) are typical
for dianion reactions, and the experiments thus show that the
fluorine substituent is compatible with the reaction conditions.

The silylation of 1a-i afforded silyl enol ethers 2a-i. The
latter were transformed, by deprotonation (LDA) at-78 �C
and subsequent addition of trimethylchlorosilane, into the
1-ethoxy-2-fluoro-1,3-bis(trimethylsilyloxy) 1,3-dienes 3a-i

(Scheme 2, Table 2). The fluorine substituent again proved to
be compatible with the reaction conditions. The synthesis of
3a has been previously reported.16 Dienes 3a-i can be stored
at -20 �C under inert atmosphere for several weeks.

The Me3SiOTf-mediated reaction of 3a with 3-cyanochro-
mone (4a) afforded 3-cyano-2-(4-ethoxy-3-fluoro-2,4-dioxo-
butyl)chroman-4-one 7a. The reaction of an ethanol solution
of the crude product of 7a with triethylamine afforded the
fluorinated azaxanthone 5a in 56% yield (Scheme 3). Its forma-
tion can be explained by a domino “retro-Michael/nitrile-addi-
tion/heterocyclization” reaction (path A). The retro-Michael

reaction gave intermediateA, whichunderwent a nitrile addition
to give intermediate C. Heterocyclization of the latter af-
forded 5a. A completely different product, fluorinated biaryl 6b
(72% yield), was obtained when 4a was reacted with diene 3b
(Scheme 3). The isomeric azaxanthone 5b was isolated in only
14% yield. The formation of 6b can be explained by a domino
“retro-Michael/aldol/1,5-ester-shift” reaction (path B). A pro-
ton shift of intermediate A afforded B, which underwent an
intramolecular aldol reaction to giveD. An intramolecular ester
shift (intermediateE) and subsequent aromatization gave rise to
the formation of 6b. This process is related to the formation of
biaryl lactones by condensation of 1,3-bis(silyloxy)-1,3-buta-
dienes with simple chromones and subsequent base-mediated
domino “retro-Michael/aldol/lactonization” reaction.14 In con-
trast to this process, a direct aromatization during the intramo-
lecular aldol reaction is not possible in the present reaction
because a quaternary carbon atom is involved. However, the
aromatization can take place because of the fragmentation.

The experiments described above suggest that the product
distribution depends on the chain length of the diene. To prove
this assumption, the substituents of the diene and of the
chromone were systematically varied (Scheme 4, Table 3). The
reactionofparent3-cyanochromone (4a) with substituteddienes
3c-i mainly afforded the biaryls 6b-h. Azaxanthones were
isolated as side products or not at all. The reaction of unsub-
stituted diene 3a with 3-cyanochromone 4c, containing two
electron-donating methyl groups, exclusively afforded azax-
anthone 5j. In contrast, biaryls 6k,l were the main products in
the reaction of 4c with substituted dienes 3d,g.

The reaction of 3a with 3-cyanochromones 4f and 4g,
containing electron-withdrawing halogen substituents, ex-
clusively afforded the azaxanthones 5w and 5ab. In contrast,
fluorinated biaryls were formed in the reaction of 4e-g with
substituted dienes. The structures of 5ab and 6d were in-
dependently confirmed by X-ray crystal structure analyses
(see the Supporting Information).

TABLE 1. Synthesis of 1b-i

1 R % yielda

b Bn 60
c Me 59
d n-Pr 59
e n-Bu 63
f n-Pent 74
g n-Hex 64
h n-Oct 62
i n-Dec 61

aYields of isolated products.

SCHEME 1. Synthesis of 1b-ia

aConditions: (i) 1) LDA (2.3 equiv), THF, -78 �C, 1 h; (2) BnBr or
R-I, -78 f þ20 �C, 14 h; (3) HCl (10%).

TABLE 2. Synthesis of 3a-f

2, 3 R 2a (%) 3a (%)

a H 81 94
b Bn 83 91
c Me 67 88
d n-Pr 82 90
e n-Bu 80 93
f n-Pent 65 89
g n-Hex 77 87
h n-Oct 84 94
i n-Dec 81 92
aYields of isolated products.

SCHEME 2. Synthesis of 3a-ia

aConditions: (i) Me3SiCl, NEt3, benzene, 20 �C, 48 h; (ii) (1) LDA,
THF, -78 �C, 1 h, (2) Me3SiCl, -78 f þ20 �C, 14 h.
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In conclusion, we have reported the Me3SiOTf-mediated
condensation of 1-ethoxy-2-fluoro-1,3-bis(trimethylsilyloxy)
1,3-dienes with 3-cyanochromones to give 3-cyano-2-(4-ethoxy-
3-fluoro-2,4-dioxobutyl)chroman-4-ones. Their reaction with
triethylamine afforded fluorinated azaxanthones or biaryls.
The use of unsubstituted 2-fluoro-1,3-bis(trimethylsilyloxy)-
1,3-butadiene 3a generally resulted in exclusive formation of
fluorinated azaxanthones 5 by a domino “retro-Michael/
nitrile-addition/heterocyclization” reaction. In contrast, the
employment of substituted homologues gave rise to the for-
mation of fluorinated biaryls as the main products. Their
formation can be explained by an unprecedented domino
“retro-Michael/aldol/fragmentation” reaction. In some reac-
tions, the corresponding azaxanthones were isolated as side
products. Thus, the product distribution is influenced by the
chain length of the diene. An influence of the structure of
the diene on the product distribution has been previously

observed in our study related to the reaction of 1,3-bis(silyloxy)
1,3-dienes with 3-cyanochromones.13 For specific dienes,
containing a substituent located at carbon atom C-4 but no
substituent at C-2, the formation of biaryl lactones by domino
“retro-Michael/aldol/lactonization” reactions was observed.
But this transformation was not general, and in most cases,
azaxanthones were formed. Therefore, the fluorine atom at-
tached to carbon atomC-2 of dienes 3must have an important
influence on the mechanism and biaryl formation. The steric
influence of the fluorine atom and of the substituent R1 may
result in a conformation which facilitates the intramolecular
aldol reaction at the expense of the nitrile addition. Preliminary

SCHEME 3. Possible Mechanisms of the Formation of 5a and 6b SCHEME 4. Synthesis of 5a-ai and 6a-aia

aKey: (i) (1)Me3SiOTf, 1 h, 20 �C, (2)CH2Cl2, 0f 20 �C, 12 h, (3)HCl
(10%); (ii) (1) NEt3, EtOH, 20 �C, 12 h, (2) HCl (10%).

TABLE 3. Synthesis of 5a-ai and 6a-ai

3 4 5, 6 R1 R2 R3 R4 5a (%) 6a (%)

a a a H H H H 56 0
c a b Me H H H 14 72
d a c n-Pr H H H 17 71
e a d n-Bu H H H 0 71
f a e n-Pent H H H 13 72
g a f n-Hex H H H 11 69
h a g n-Oct H H H 20 63
i a h n-Dec H H H 13 76
g b i n-Hex Me H H 13 70
a c j H Me Me H 46 0
d c k n-Pr Me Me H 14 71
g c l n-Hex Me Me H 9 73
f d m n-Pent Me H Me 12 70
g d n n-Hex Me H Me 10 66
i d o n-Dec Me H Me 18 63
b e p Bn Cl H H 0 68
c e q Me Cl H H 14 77
d e r n-Pr Cl H H 13 73
e e s n-Bu Cl H H 0 72
f e t n-Pen Cl H H 12 70
g e u n-Hex Cl H H 10 70
h e v n-Oct Cl H H 0 77
a f w H Cl H Cl 35 0
c f x Me Cl H Cl 9 79
d f y n-Pr Cl H Cl 13 73
h f z n-Oct Cl H Cl 21 63
i f aa n-Dec Cl H Cl 0 76
a g ab H F H H 33 0
c g ac Me F H H 11 73
d g ad n-Pr F H H 16 75
f g ae n-Pent F H H 11 77
g g af n-Hex F H H 7 73
i g ag n-Dec F H H 0 77
c h ah Me Et H H 10 72
g h ai n-Hex Et H H 12 70

aYields of isolated products.
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results suggest that reactions of dienes containing a chlorine
instead of a fluorine atom exclusively afford azaxanthones and
not chlorinated biaryls.

From a preparative viewpoint, the reactions reported are
useful as they allow for a convenient approach to highly
substituted fluorinated biaryls which are not readily avail-
able by other methods.

Experimental Section

General Procedure for the Synthesis of Azaxanthones 5 and
Biaryls 6. To neat 3-cyanochromone 4 (1.0 equiv) were added
Me3SiOTf (1.3 equiv) and CH2Cl2 (1 mL) at 20 �C. After the mix-
ture was stirred for 1 h, CH2Cl2 (10 mL) and 1,3-bis(trimethyl-
silyloxy)-1,3-butadiene3 (1.3 equiv) were addedat 0 �C.Themixture
was stirred for 12 h at 20 �C and subsequently poured into hydro-
chloric acid (10%). The organic and the aqueous layer were sepa-
rated, and the latter was extracted with CH2Cl2 (3� 100 mL). The
combined organic layers were washed with water, dried (Na2SO4),
and filtered, and the filtrate was concentrated in vacuo. The residue
was dissolved in ethanol (10 mL), NEt3 (2.0 equiv) was added, and
the solution was stirred for 12 h at 20 �C. To the solution were sub-
sequently added an aqueous solutionof hydrochloric acid (1M) and
ether (50 mL). The organic and the aqueous layer were separated,
and the latter was extracted with ether (3� 100mL). The combined
organic layerswerewashedwithwater, dried (Na2SO4), and filtered,
and the filtrate was concentrated in vacuo. The residue was purified
by column chromatography (silica gel, EtOAc/hexane).

Ethyl 2-Fluoro-2-(5-oxo-3-propyl-5H-chromeno[2,3-b]pyridine-
2-yl)acetate (5c) and 6-Cyano-2-fluoro-3-hydroxy-4-propyl-20-ethox-
ycarbonyloxybiphenyl (6c). Starting with 3-cyanochromone 4a

(171 mg, 1.0 mmol), Me3SiOTf (288 mg, 0.23 mL, 1.3 mmol), 3d
(435mg, 1.3mmol), CH2Cl2 (9.0mL), EtOH (10mL), and triethyl-
amine (202mg,0.28mL,2.0mmol),5c (244mg,17%) and6c (58mg,
71%) were isolated as slightly yellow solids. 5c: mp 97-99 �C; 1H
NMR (300 MHz, CDCl3) δ=0.97 (t, 3J=7.3 Hz, 3H), 1.23 (t,
3J=6.9 Hz, 3H), 1.60-1.77 (m, 2H), 2.70-2.86 (m, 2H), 4.19-
4.35 (m, 3J=6.9Hz, 2H), 6.07 (d, 2JFH=47.7Hz), 7.36 (t,J=7.5Hz,

1H), 7.53 (d, J=8.1Hz, 1H), 7.72 (dt, J=7.8Hz, 1.7 Hz, 1H), 8.24
(d, J=8.1Hz, 1H), 8.53 (s, 1H); 13CNMR(62.90MHz,CDCl3) δ=
13.2, 14.1, 24.6, 32.5, 62.3, 87.9 (d, 1JFC=188 Hz), 117.0 (d, 4J=
1.8 Hz), 118.5, 121.5, 124.7, 126.7, 135.1, 135.8, 138.9, 155.6 (d,
2JF,C=18.8 Hz), 155.8, 157.8, 167.0 (d, 2JF,C=25.6 Hz), 177.3; 19F
NMR (282 MHz, CDCl3) δ=-182.15; IR (ATR, cm-1) ν=3359
(w), 3054 (w), 3071 (w), 2964 (w), 2920 (w), 2850 (w), 1762 (s), 1663
(s), 1601 (s), 1562 (w), 1469 (m), 1438 (m), 1423 (s), 1374 (m), 1312
(m), 1201 (m), 1099 (m), 1054 (s), 1014 (m), 754 (s), 665 (m), 595
(w);MS (GC, 70 eV)m/z 345 (Mþþ 2, 2), 344 (Mþ þ 1), 343 (Mþ,
75), 328 (100), 315 (15), 294 (7), 270 (17), 254 (39), 210 (7), 139 (3),
121 (3), 76 (4), 51 (1); HRMS (EI) calcd for C19H18FNO4 [M

þ]
343.12144, found 343.121662. 6c: mp 110-112 �C; 1H NMR (300
MHz,CDCl3) δ=0.90 (t, 3J=7.5Hz, 3H), 1.13 (t, 3J=7.0Hz, 3H),
1.52-1.64 (m, 2H), 2.57 (dt, 3JHH=7.5Hz, 4JFH=1.5Hz, 2H), 4.08
(q, 3J=7.1 Hz, 2H), 7.25 (s, 1H), 7.27-7.35 (m, 3H), 7.41 (dt, 3J=
7.2Hz, 4J=2.1Hz, 1H); 13CNMR(62.90MHz,CDCl3) δ=13.8,
13.9, 22.8, 31.4 (d, 4JFC=2.3 Hz), 65.0, 104.2 (d, 3JF,C=4.6 Hz),
117.4 (d, 4JC,F=3.7Hz), 122.3, 124.0, 126.0 (d, 2JF,C=18Hz), 126.3,
130.3 (d, 4JF,C=3.0), 130.7, 131.4, 132.2 (d, 4JF,C=2.7Hz), 146.1
(d, 2JF,C=15.8 Hz), 149.8, 150.7 (d, 1JC,F=260 Hz); IR (ATR,
cm-1) ν=3305 (b), 2962 (w), 2932 (w), 2872 (w), 2225 (w), 1762 (m),
1617 (m), 1480 (s), 1433 (m), 1369 (m), 1242 (s), 1203 (s), 1152 (m),
1094 (m), 996 (m), 900 (w), 767 (m), 665 (w), 579 (w); MS (GC,
70 eV)m/z 343 (Mþ, 2), 326 (1), 299 (5), 284 (35), 271 (35), 254 (7),
243 (26), 242 (100), 228 (7), 207 (6), 177 (3), 158 (3), 139 (3), 94 (1),
44 (7), 32 (32);HRMS (EI) calcd forC19H18FNO4 [M

þ] 343.12144,
found 343.12230.
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