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Regioselective Synthesis of a-Fluorinated Cyclopentenones via

Organocatalytic Difluorocyclopropanation and FluoringRirected and -

Activated Nazarov Cyclization

Kohei Fuchibe,”” Ryo Takayama,™ Takaharu Yokoyama,” and Juniji |

Abstract: Silyl dienol ethers, prepared from o,f-unsaturated  group because of th of the flu
ketones, underwent proton sponge-catalyzed  ability, Figure 1c).
difluorocyclopropanation with trimethylsilyl 2,2-difluoro-2-
fluorosulfonylacetate (TFDA) in a regioselective manner, leading to
1,1-difluoro-2-siloxy-2-vinylcyclopropanes in good vyields. The
cyclopropanes thus obtained were in turn subjected to fluoride ion-

(0]
catalyzed ring opening to afford 1-fluorovinyl vinyl ketones (i.e., ‘)H[RZ LA
F{g'J R1

ion (leaving group

Nazarov precursors). Treatment of the precursors with Me;Si*
B(OTf), regioselectively promoted the Nazarov cyclization, whose
rate and regioselectivity were drastically enhanced by the fluorine
substituent, thereby facilitating efficient synthesis of biologically
promising a.-fluorocyclopentenone derivatives.

OLA
' 47 conr. £ R2
_—
Introduction RIy R
B
The Nazarov cyclizationm is one of the most versatile meth 0 0
for the construction of cyclopentenone frameworks. Bec _H+ , ,
cyclopentanoids are ubiquitously encountered in ura - R + R
21 . . . then H3O+

products,” the Nazarov cyclization have been extensively ; ;
studied within the last decades.”! However, the R® R R R
cyclization suffers from the lack of control in the po Major Minor
double bond introduced to products. In the Nazarg, Product Product

treatment of divinyl ketones with Lewis or Branste,
pentadienyl cation intermediates A (Scheme
electrocyclization of A proceeds to generate c
cation intermediates B. Deprotonation of B typically proc
afford the more substituted (thermodynamically more stab
isomers of cyclopentenone derivatives. With the ai
overcome the issue of substrate depenglency, stabilizing ch
localization of B by siIicon,W tin,
have been conducted.

Fluorine has a number of characteri
.7

me 1. Pathway of the Nazarov Cyclization.

We have previously reported two types of fluorine-directed
Nazarov cyclizations, in which the position of the introduced
e double bond was governed by the [3-cation destabilizing effect of
es fluorine. Thus, 2,2-difluorovinyl vinyl ketone 1 and 1-

(trifluoromethyl)vinyl  vinyl ketone 2 were treated with
ffects  trimethylsilyl trifluoromethanesulfonate (TMSOTf) in 1,1,1,3,3,3-
and properties (Figure 1) (i) uctively  hexafluoropropan-2-ol (HFIP)"%dichloromethane (Eqs 1 and 2).
destabilizes f-cation because, tivity (-I  The Nazarov cyclization proceeded in a regioselective manner
effect, Figure 1a), (ii) a fluori t stabilizes a-cation via  to afford 3-fluorocyclopent-2-en-1-one 3 and 5-
donation of its unshar cant 2p orbital (+R  (trifluoromethyl)cyclopent-2-en-1-one 4 in  high yields,
effect, Figure 1b), i s as a leaving  respectively. In the case of intermediary oxyallyl cations B1 and
B2, positive charges are localized mainly on the carbon 0 to the
fluorine substituents owing to the (3-cation destabilizing effect of
fluorine. Elimination of a proton adjacent to the less destabilized
0 cation proceeded with the subsequent regioselective formation
of the products. However, rate enhancement is not expected in
these systems because cationic B1 and B2 are destabilized by
inductive effect of fluorine.
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(a) p-Cation Destabilizing Effect stabilizing effect of fluorine, thereby promoting the rate-
determining ring closure and enpmnocing the reactivity of the
J\ @ Electron-withdrawing substrates (i.e., fluorine substituen s an activator). Their
E—TC\ Inductive Effect positive charge localized at the car to the fluorine
‘ (-1 effect) substituent in B3 would cause regio ation of 2-
fluorocyclopent-2-en-1-onesgiie., fluog substitueMt acting as a
(b) a-Cation Stabilizing Effect controller)."! Thus, the fluo and -activated Nazarov
cyclization has potential to provi -fluorocyclopentenones
QM‘@ Electron-donating as new candidates a i rmaceuticals and
F—Cl, Resonace Effect agrochemicals.!""

(+R effect)

cation
(c) Leaving Group Ability

RO
VX

e S8 o ﬁ

Figure 1. Properties of Fluorine Substituents.
(Stabilized)

We revisited the fluorine-directed Nazarov cyclization, in
which a fluorine substituent would act not only as a controller but
also as an activator (Scheme 2). In the case of this fluorine-
directed and -activated Nazarov cyclization, we used 1-
fluorovinyl vinyl ketones as substrates. The predicted oxyallyl
cation intermediates B3 would be stabilized by the a-ca

heme 2. St?/ for Fluorine-Directed and -Activated Nazarov Cyclization.

Its and Discussion

of 1-Fluorovinyl Vinyl Ketones: Organocatalytic
opanation of Silyl Dienol Ethers
less destabilized cation

We envisioned that the synthesis of the required Nazarov
precursors (i.e., 1-fluorovinyl vinyl ketones) would be facilitated
Me,SiOT? MesSiO by the following difluorocyclopropanation/ring opening sequence

o (1 equiv) dienol ethers (Scheme 3):" silyl dienol ethers 5, readily
n-Bu mBu_______ . red from a,f-unsaturated ketones, would be subjected to
RT, 0.1 h . . .
’ orocarbene to ive 1,1-difluoro-2-siloxy-2-
CF2 HFIP/CH,CI, 9 Y

nylcyclopropanes 6. Ring opening of the siloxy cyclopropanes
(i.e., elimination of a fluorosilane) catalyzed by a fluoride ion
might afford the desired fluorovinyl ketones 7.1"°!

OSiR! F acin 0
)\: 3 :CF, F\I>(JE:R 3 cat. F- \H)j\’
—_— — > F
i —FSiR' !
TR IR SiR's TR
5 6 7

Scheme 3. Approach to the Nazarov Precursors.

However, difluorocyclopropanation of silyl enol ethers has
been quite limited until recently!" because of the instability of
these substrates under the harsh conditions required for
conventional difluorocarbene generation.“gl In  particular,
difluorocyclopropanation of silyl dienol ethers has remained
largely unexplored.'**? Meanwhile, we have developed
methods for the organocatalytic generation of difluorocarbene
under mild conditions and the O- and S-difluoromethylation of
aliphatic ketones, secondary amides, and thioamides."¥ We
thus used the generation of difluorocarbene from trimethylsilyl

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal

2,2-difluoro-2-fluorosulfonylacetate (TFDA)? for the
cyclopropanation of silyl dienol ethers (Scheme 4). Treatment of
TFDA with a suitable organic nucleophile as an organocatalyst
would release difluorocarbene at the rates required for
difluorocyclopropanation of silyl dienol ethers 5 under mild
conditions. This leads to efficient formation of 1,1-difluoro-2-
siloxy-2-vinylcyclopropanes 6.

Organocatalyst

00 O Y/iNU (organic nucleophilies)

N4

S } CF;
F OSiMey —S0,, —CO,, —FSiMe3
F F
TFDA
Scheme 4. Organocatalytic Generation of Difluorocarbene.
Table 1. Catalyst Optimization.”
catalyst
OTBS FSO,CF,CO,SiMe3

(TFDA, 2.0 equiv)

L toluene
Ph

5a
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In order to achieve the required difluorocyclopropanation of
silyl dienol ethers, the organocata, was optimized (Table 1).
TFDA was originally designed to g difluorocarbene upon
treatment with fluoride ion at 105 ° ienol ether 5a,
prepared from methyl styryl ketone, wa with TFDA
ne at 80 °C.
ane 6a was obtained in
wer temperature (i.e.,
HC catalysts 10a
r yields (17% and

49%, respectively,

The catalytic a
to improve the
benzo[h]quingline

leophiles was examined
ough pyridine and
e as catalysts for the

(10 mol%) exhibited high catalytic
in 58% yield (entry 6). Aliphatic amines
N,N,N',N'-tetramethylethylenediamine

Recovery of

Entry Catalyst [mol%] Temp [°C] 6a [%] 8 [%] 9 [%] 5a [%] TFDA [equiv] ®
1 NaF (20) nd 40 37 0.91
2 10a-HCl (10) + Na,COs (20) nd 40 9 nd

3 10b-HBr (10) + Na,COj; (20) 8 20 26 nd

4 pyridine (20) nd 62 7 0.75
5 benzo[h]quinoline (10) nd 55 35 0.96
6 1,10-phenanthroline (10) 5 16 1 0.02
7 NEt; (20) 47 11 5 21 trace
8 TMEDA (16) 38 22 20 nd nd

9 11 (5) 75 11 16 nd trace
10 11 (5) 75 2 1 nd trace
11 11 (5) 77 (76)  trace 5 nd trace
12 11 (5) 10 74 trace 7 nd trace

[a] "°F NMR yield based
is shown in parentheses.
and TFDA) or "H NMR spectri

SMe =N =N N= MesN  NMe,
N=, D2, \ /
hN._,NPh Br- OO
10b-HBr benzo[h]quinoline 1,10-phenanthroline "

This article is protected by copyright. All rights reserved.
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(TMEDA) were found to be less effective (47% and 38% yields
of 6a, respectively, entries 7 and 8). Finally, silyl dienol ether 5a
afforded difluorocyclopropane 6a in the presence of 5 mol% of
1,8-bis(dimethylamino)naphthalene (i.e., proton sponge, 11) in
75% vyield (entry 9).°! It was also found that the proton sponge
catalyst 11 was active even at low temperatures (entries 10-12).
When TFDA (1.5 equiv) was added to a toluene solution of silyl
dienol ether 5a and 5 mol% of 11, the reaction was completed
within 10 min at 60 °C to afford difluorocyclopropane 6a in 76%
isolated yield (entry 11).

YF NMR analysis revealed that TFDA used for the
experiments contained 2 mol% (at maximum) of inseparable free
carboxylic acid FSO,CF,CO,H (not shown). Proton sponge 11
likely promoted removal of a proton from the free acid, followed
by elimination of CO,, difluorocarbene, and SO,, to generate the
HF salt of 11. The formed fluoride ion bearing a stable
ammonium ion exerted high nucleophilicity, thereby allowing
catalytic generation of difluorocarbene from TFDA even at low
temperatures.?"

Under the optimized conditions, additional 1,1-difluoro-2-
siloxy-2-vinylcyclopropanes were synthesized in a similar
manner (Table 2). Electron-donating and -withdrawing groups

Table 2. Difluorocyclopropanation of Silyl Dienol Ethers.”

10.1002/chem.201604578
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installed on the aromatic ring at the terminal position (R1) did not
affect the reaction, leading to the c sponding products 6b and
6¢c in 79% and 83% yields, res (entries 2 and 3).
Substrate 5d bearing an alkyl substitue jsopropyl group)
on the reacting alkene moiety (R®) aff i

opanation of these silyl
Kic manner, with 5d
leading to 6d and
ratios, respectively).??
(5f) and a bromine
%) afforded 6f and 6g in
respectively. Apart from
ethers also underwent

6e (82:18 and
Substrates beari
substituent (5g) at
92% and 96 %i
silyl  dienol
organocatalytic
derived enone, afforded the corresponding
yield (entry 8). Thus, the required
jlyl dienol ethers 5§ was successfully
achieved by the organo ytic difluorocarbene generation with

proton sponge 11.

OTBS F OTBS
R3 R2 1.5 equiv) : R2
toluene, 60 °C
R1
5 6
Entry 5 R' ) t [min] Yield [%] (dr), 6
1 5a Ph 10 76, 6a
2 5b CeHip-Me 15 79, 6b
3 5¢ CeHap-Cl 15 83, 6c
4 5d i-Pr (91:9) 25 78 (82:18), 6d
5 5e n-Bu (92:8) 15 75 (92:8), 6e
6 5f H 15 92, 6f
7 5g H 15 96, 6g
8 5h H 15 80, 6h

[a] Isolated yjeld, u

The Nazarov precurso
were prepared by

vinyl ketones 7)
ing of 1,1-difluoro-2-siloxy-2-

difluoro(vinyl)cyc

THF did not afford
In contrast, utilization
mol%) |
yield
diflu
TBAF at room temperature Ti

of 7a at room temperature in 70%
pration  of  tetrabutylammonium
n-BuyN* SiF,Phy7) instead of
ed in a higher yield of 7a (94%,

entry 3). While tris(dimethylamino)sulfonium
difluorotrimethylsilicate afforded a complex mixture (entry 4),
tetrabutylammonium difluorotriphenylstannate was inactive even
at 60 °C (97% recovery of 6a, entry 5).

Several 1-fluorovinyl vinyl ketones 7 were prepared by the
abovementioned method (Table 4). Cyclopropanes bearing
phenyl (6a), p-methylphenyl (6b) and p-chlorophenyl (6c) groups
underwent ring opening to afford the corresponding Nazarov
precursors 7a—c in 53-76% yields, respectively (entries 1-3).
Substrates 6d and 6e bearing an alkyl group on the cyclo-

This article is protected by copyright. All rights reserved.
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Table 3. Catalyst Optimization.”

F. otes 0
20 mol% F~ source Fﬁ
L THF, conditions L

Ph - FSit-BuMe, Ph
6a 7a
Entry F° S Conditi a[n)  ecoveryof
ntry ource onditions a [%] 6a [%)] b]
1 CsF M 60°C,30min  nd 72
2 n-Bu,N* F~ (TBAF)  rt, 15 min, 70 nd
3 n-Bu,N* SiF,Phy” rt, 20 min 94 nd
(TBAT)
4 (Me;N);S* SiF,Me;™  60°C, 20 min+~ nd @ nd @
5 n-BusN* SnF,Ph;” 60 °C, 20 min nd 97

[a] “F NMR yield based on an internal standard (CF;),C(C¢Hsp-Me),. TBS =
Sit-BuMe;. nd = not detected by F NMR spectroscopy. [b] Recovery. [c] 45
mol%. [d] Complex mixture.

Table 4. Preparation of 1-Fluorovinyl Vinyl Ketones.”!

F otes

Re 20 mol% TBAT

THF
=Y R3
6
Entry 6a (dr) ol Conditions
1 6a t,1h
2 6b rt, 20 min 53, 7b
3 6c rt, 20 min 59, 7c
4 6d (82:18) —-78°Ctort, 82h 74 (97:3), 7d
5 6e (91:9) —78t0-5°C, 17 61 (62:38), 7e
6 6f 50°C,1h
7 6g 50°C,1h

[a] Isotated yield, unless otherwise n
SiF,Ph;™. [b] Diastereomer ratio
fluoroalkene moiety. [d] 60
7 equiv. [f] "°F NMR yield

TBS = Sit-BuMe,, TB
ne moiety. [c] Geometry of

. [e] 20 mol% TBAF, H,O
H-CF,.

on an interna

10.1002/chem.201604578
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propane moiety were stable under the TBAT system at room
temperature and decomposed atgglevated temperatures (not
shown). Ring opening of 6d and
deactivated TBAF at controlled tempera
in 74% and 61% yields,
Methylated and brominat
afforded divinyl ketones 7
respectively (entries 6 and 7).

Fluorine-Directed Nazarov

Regioselective S

Cyclization:

nyl vinyl ketones was
rate (Table 5). Treatment
| trifluoromethanesulfonate
in F|P/dichloromethane (1:1) led to
12e (i.e., a hydrolyzed product of the
-en-1-one 13e) in 57% yield (entry 1).
ysis was caused by trace amounts
of water present in HFIP."Although the reaction was conducted
in dichloromethane, no reaction was observed even under reflux
ause of the lack of cation-stabilizing effect of
P (entrf¥2). Thus, we examined other Lewis acids to
hently generate pentadienyl cations. Utilization of BF3-OEt; in
omethane was fruitless (entry 3), whereas SnCl, afforded
ired 13e in 41% yield (entry 4). Eventually, a strong
nt MesSi* B(OTH),~ ¥ successfully induced the
ov cyclization to afford 13e in 89% yield within 15

examined usi
of Z-7e with
(TMSOT)

desire
min (entry 5.

As expected, the Nazarov cyclization proceeded in a
regioselective manner (Table 6). 1-Fluorovinyl vinyl ketone 7a
a phenyl group at the terminal carbon (R') afforded the
ponding 13a in 51% yield (entry 1). It must be emphasized
the undesired isomer concerning the position of the double
nd was not observed by '°F NMR and GC-MS analyses.
lectron-donating (7b) and -withdrawing (7c) groups installed on
the aromatic ring at the terminal position (R") did not affect the
reaction, leading to 13b and 13c in 57% and 74% yields,
respectively (entries 2 and 3). Divinyl ketones 7d, Z-7e, and E-
7e bearing an alkyl substituent (i.e., isopropyl or butyl group) on
the fluoroalkene moiety readily underwent cyclization upon
increasing loadings of the Lewis acid to afford the products 13d
(88%, entry 4) and 13e (79% and 70% yields, entries 5 and 6),
respectively. The Nazarov cyclization of cyclohexenyl ketone
7i""¥ allowed the construction of a bicyclic structure, leading to
13iin 79% yield (entry 7).

The oxygenated cyclopentenone skeleton of 12e is found in
cyclotenes, which are used as food additives with a caramel-like
flavor.?4 Fluorovinyl ketone 7f bearing a methyl group at

This article is protected by copyright. All rights reserved.



10.1002/chem.201604578

WILEY-VCH

Chemistry - A European Journal

Table 5. Optimization of Lewis Acid for Regioselective Nazarov Cyclization.[a]

(0] O-LA
E Lewis Acid (LA) Fet
:H)HL solvent, conditions —H+, —-LA
n-Bu n-Bu n-Bu n-Bu
ZTe
Entry LA Equiv Solvent Conditions
1 Me;SiOTf 3 HFIP/CH,CI, (1:1) rt,5h
2 Me;SiOTf 3 CH,Cl, reflux, 3 h no reaction
3 BF;-OEt; 1 CH,Cl, reflux, 3 h
4 SnCl, 3 CH,Cl, reflux, 1 h nd
5 Me;Si” B(OTf),~ 1 CH,Cl, rt, 15 min nd

[a] F NMR yield based on an internal standard (CF3),C(CeHsp-Me)
hexafluoropropan-2-ol. nd = Not detected by F NMR spectroscopy (for 13e) or

Table 6. Regioselective Synthesis of o-Fluorocyclopentenones.”

0 @ e3 o]
E R2 MegSi* B(OTf) ;- Fot 5 F R2
ﬁ CHCly, rt
R3 R? R3 R
7 13
Entry 7 R' R Me,Si* B(OTf),” [equiv] t[h] Yield [%], 13
1 7a Ph H 1 51,13a
2 7b CeHp-Me H 1 57, 13b
3 7c CeHap-Cl H 0.5 74,13c
4 Z-7d Ph H 1 88, 13d
5 Z-Te n-Bu H 2 79, 13e
6 E-Te n-Bu H Bu 2.0 2 70, 13e
7 7i 1.0 0.25 79, 13i

an internal position (R?) also
cyclization (Eq 3). When me
TMSOTf (1.0 equiv) i
hydroxycyclopent-2-eff=
Thus, the fluorine-directe
a useful synthetic metho

12f 68%

ingle diastereomer. [d] Cyclohexenyl 1-fluorobut-1-en-1-yl ketone.

Effect of Fluorine Substituent and

Regioselectivity

on Reactivity

In order to elucidate the regioselectivity of the fluorine-directed
Nazarov cyclization, the structures of key oxyallyl cation
intermediates were analyzed by theoretical calculation. Figure 2
shows the calculated electrostatic potential maps and selected
charge values of the optimized model structures of oxyallyl
cation intermediates [(a) s-cis and (b) s-frans forms] and their
fluorine-free counterpart [(c) blank].

The theoretical calculation indicated that the carbons o to
the fluorine substituent (C') present strongly positive charges
li.e., +0.362 (s-cis) and +0.354 (s-trans)], whereas the C°
carbons have slightly negative charges [-0.032 (s-cis) and —
0.064 (s-trans)]. These charge distributions were not found in

This article is protected by copyright. All rights reserved.
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the blank structure, where the C' and C*® carbons showed
slightly negative and positive charges (-0.015 and +0.027,
respectively). Thus, positive charge was localized mainly on the
carbon a to the fluorine substituent. Differences in bond orders
were also observed. The Lowdin bond orders for C'~C? bonds in
s-cis and s-trans forms (1.28 and 1.26) were significantly lower
than those for C>~C? bonds (1.58 and 1.45), respectively. On the
other hand, the bond orders of C'-C? and C?>-C? bonds in the
blank structure were nearly equal (1.39 and 1.38). These
electronic and structural perturbations suggested that the
fluorinated oxyallyl cations have a localized allyl cation structure,
thereby leading to regioselective deprotonation and selective
formation of 2-fluorocyclopent-2-ene-1-ones.

H3Si\cl) ?/SiHs He,s;i\9
C2 C2 C2
Fudr s Fugi” N3 H-crrNgs

\/
Il I Il

535 kd/mol

/

(c) blank
ﬁ/mol
-

(a) s-cis
(0.00 kcal/mol)

(b) s-trans
(+0.58 kcal/mol)

electrostatic charge s-cis s-trans blank >
C! +0.362 +0.354

C? +0.250 +0.264

Cc? -0.032 -0.064

Lowdin bond order  s-cis s-trans

cl-c? 1.28 1.26

c-C? 1.58

Figure 2. Calculated Electronic and Structural
Intermediates (DFT, B3LYP/6-31G**).

The effect of fluorine s

investigated by using,
fluorine-free (14, X =
demonstrated the rate e
substituent. A 1:1 mixture o
equiv of MeXgim Tf),~
temperature. Flu
cyclization to affor
as a single produci

ncement effec? of the fluorine

i and 14 was treated with 1.0
dichloromethane at room
ly underwent the Nazarov
roduct 13j in 89% yield
hereas fluorine-free counterpart 14
the fluorine substituent activated the
cyclization via fluorine-stabilized

oxyallyl catio

10.1002/chem.201604578
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When fluorine-free divinyl ketone 14 was separately treated
with MesSi* B(OTf),~ (1.0 equi the Nazarov cyclization
proceeded, although very slowly 6). It required 20 h for
completion (i.e., 80 times slower than 7 a regioisomeric
mixture concerning the position of the 15 and 15’
in 24% and 65% yields, r calculation
cyclic intermediate C1,
d to phenyl-conjugated
Thus, the fluorine

lusively afford the
as a Kkinetic product,
orded 15’ as a major
her stability of phenyl-

C2 by 2.80 kcal/mol
substituent governe
non-conjugated c¢
whereas fluorine-
product under the
conjugated C

pentenone
substrate 14
luence of the

0 MeSi+ B(OTf),~
(1.0 equiv)
CH,Cl,, RT
15 min
7i 14
lLA o)
X - F + 14
B f Ph e’ Ph
orH 13j 89% 92%

Scheme 5. Effects of Fluorine Substituent (1): Activation.

Me;Si* B(OTf) 4~ OSiMe3
(1.0 equiv) X
CH,Cl,, RT
LF>h B 4 Ph
7i (X =F)
14 (X =H)
OSiMeg OSiMeg

> X\ﬁ and/or X\Q
Et Ph Et Ph

C1 2.80 kcal/mol
C3 3.16 kcal/mol

(0] (0]
> X\ﬁ and/or X\ﬁ
Et Ph Et Ph

13j' -
15' 65%

C2 0.00 kcal/mol
C4 0.00 kcal/mol

x X
non
I T

X=F t=15 min
X=H,t=20h

13j 89%
15 24%

Scheme 6. Effects of Fluorine Substituent (2): Direction.
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Conclusions

We developed a synthetic sequence for 2-fluorocyclopent-2-ene-
1-ones (a-flurocyclopentenones) via (i) organocatalyzed
difluorocyclopropanation of silyl dienol ethers and (ii) fluorine-
directed and -activated Nazarov cyclization. The synthesis of the
Nazarov precursors (i.e., 1-fluorovinyl vinyl ketones) was
facilitated via proton sponge-catalyzed generation of
difluorocarbene. The mild reaction conditions allowed efficient
preparation of 1,1-difluoro-2-siloxy-2-vinylcyclopropanes, whose
ring opening afforded the required precursors in good yields.
Regioselective synthesis of 2-fluorocyclopent-2-en-1-ones was
achieved by the Nazarov cyclization enhanced and directed
through a-cation stabilizing effect of fluorine. The treatment of
the precursors with Me;Si* B(OTf),™ readily induced the Nazarov
cyclization allowing the efficient synthesis of biologically
promising oa-fluorocyclopentenone derivatives.

Experimental Section

General Statements. Tetrahydrofuran (THF), toluene, and CH,Cl, were
dried by passing through a column of activated alumina followed by a
column of Q-5 scavenger (Engelhard). HFIP supplied by Central Glass
Co., Ltd (purity 99.9%) was distilled from and stored over molecular
sieves 3A. HFIP can be also purchased from commercial suppliers such
as Sigma—Aldrich Co. LLC. TFDA was prepared according to
literature.?* TBAT was purchased from Sigma-Aldrich Co. LL
used as received. MesSi® B(OTf),” was prepared according to the
literature.** 1,1,1,3,3,3-Hexafluoro-2,2-di(p-tolyl)propane, angi
standard for '°F NMR yields, were purchased from Toky
Industry Co., Ltd. and used as received.

Column chromatography and preparative thin layer cl
(PTLC) were conducted on silica gel (Silica Gel 60 N,
Co., Inc. for column chromatography and Wakogel
Chemical Industries, Ltd. for PTLC) or alumina (Al
Active Basic, Merck KGaA for column chromatography).

on Bruker Avance 500, Jeol Alpha 500, or Jeol JNM EC
spectrometers in CDCl; at 500, 500, or 400 )Hz ('H NMR), at 126,

respectively. Chemical shifts were given j
(for '"H NMR: § = 0.00), CDCl; (for *C NMR:
NMR: § = 0.0). High-resolution mass spectro

analyses (EA) were performed
apparatus.

jenol Ethers: to
n sponge (11, 3° 0.017 mmol) and
mmol) as a stan®ard was added silyl
ol) at rt. The reaction mixture was
DA (120 uL, 0.609 mmol) was
ise over 10 min, hexane (5 mL)
to quench the reaction at rt.
ne four times. Combined
anhydrous Na,SO,, filtered, and then
concentr; e residue was purified by column
to give difluoro(vinyl)cyclopropane 6a

Organocatalytic Difluo
a toluene solution (4 mL) of
(CF3)2C(CeHasp-Me), (21 mg, 01
dienol ether 5a (104 mg, 0.398
stirred and heat
added to the soluti
and aqueous NaHC
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TBAT-Catalyzed Ring Opening of Difluoro(vinyl)cyclopropanes: to a
solid TBAT (83 mg, 0.15 mmol) was gdded a THF solution (5 mL) of
difluoro(vinyl)cyclopropane 6a (240 4 mmol) at rt. After the
reaction mixture was stirred for 1 h, CH,Cl, d aqueous NaHCO;
(5 mL) were added to quench the reaction a ic materials were
extracted with CH,Cl, four times. Combin e dried over
anhydrous Na,SO,, filtered, an
was purified by column chroma
50:1) to give fluorovinyl viny ketone
crystals.

O,, hexane/AcOEt 100:1 to
, 76% yield) as colorless

The Nazarov Cycliza
solution (2 mL) of M
CH_ClI, solution (4
mmol) at rt. After
NaHCO; (4 m
materials were

Vinyl Ketones: to a CH,Cl;
, 0.57 mmol) was added a
etone 7a (101 mg, 0.573
stirred for 1 h, aqueous
he reaction at rt. Organic
ee times. Combined extracts
3, dried over anhydrous Na,SO,,
trated in vacuo. The residue was purified by
atography (SiO,, hexane/AcOEt 5:1) to give
g, 51% yield) as a colorless oil.

B(OTf), (0.29
of fluorovinyl vin
action mixture
d to que

The Defluorinative Cyclization of 1-Fluorovinyl Vinyl
Ketones: to a HFIP/CH,CI, solution (4 mL, 1:1) of fluorovinyl vinyl ketone
(65 mg, O?‘nol) was added TMSOTY (54.0 uL, 0.30 mmol) at 0 C.

er the rea mixture was stirred for 15 min, aqueous NaHCO; (3
was ad to quench the reaction at 0 °C. Organic materials were
ted with CHClI, three times. Combined extracts were washed with
s NaHCOg3 and brine, dried over anhydrous Na,SO,, filtered, and
centrated in vacuo. The residue was purified by preparative thin
atography (SiO;, hexane/AcOEt 5:1 to 1:1) to give
enone 12f (38 mg, 68% yield) as a pale yellow oil.
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9 F
OTBS 5 mol% proton sponge oTBS O

F. .
R3 R2 TFDA (1.5 equiv) R3 R2 i) 20 mol % TBAT = R2
toluene, 60 °C, 15 min i) Me3Si+ B(OTf) 4~
R1 (1.1 equiv) 3 1
TBS = Sit-BuMe, R R R
TFDA = FSO,CF,CO,SiMeg TBAT = n-BuyN* SiFPhg~

Silyl dienol ethers, prepared from ao,f-unsaturated ketones, underwent proton
sponge-catalyzed difluorocyclopropanation  with trimethylsilyl  2,2-difluoro-
fluorosulfonylacetate (TFDA) in a regioselective manner, leading to 1,1-difluoro-2
siloxy-2-vinylcyclopropanes in good yields. The cyclopropanes thus obtained were
in turn subjected to fluoride ion-catalyzed ring opening to afford 1-fluorovinyl V|nyI
ketones (i.e., Nazarov precursors). Treatment of the precursors with
B(OTf)s~ regioselectively promoted the Nazarov cyclization, whose rate
regioselectivity were drastically enhanced by the fluorine substituent, thereby
facﬂltatlng efficient synthesis of biologically promising oc-fluorocyclopentenon

S
\
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