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ABSTRACT

A new catalytic stereoselective tandem transformation via Nazarov cyclization/electrophilic fluorination has been accomplished. This sequence
is efficiently catalyzed by a Cu(II) complex to afford fluorine-containing 1-indanone derivatives with two new stereocenters with high
diastereoselectivity (trans/cis up to 49/1). Three examples of catalytic enantioselective tandem transformation are presented.

The unique properties of organofluorine molecules have
provided a major impetus for the development of efficient
methods for their construction.1,2 In general, the synthesis
approach to organofluorine compounds has usually focused
on a stepwise bond formation process. In contrast to this
“stop and go” sequence of individual reactions, tandem or
cascade transformation is a very appealing strategy as it
enables a rapid increase in molecular complexity from readily
available starting compounds.3 Furthermore, the advantage
of these transformations is the formation of several bonds

in one pot by using a single catalyst. However, a survey of
the literature reveals that catalytic tandem reactions for the
construction of organofluorine molecules are rare.4 Therefore,
development of catalytic tandem protocols applicable to the
synthesis of organofluorine compounds is in great demand
but still remains a challenging goal.

Indanone derivatives are useful compounds serving as
building blocks for the synthesis of natural products,
medicines, and agrochemicals.5 Although there have been a
few reports on the synthesis of fluorine-containing indanone
compounds by stepwise bond formation,6 there are no
examples of catalytic tandem reactions for their construction.
Currently, our interest focuses on the design of catalytic
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tandem processes for the synthesis of fluorine-containing
1-indanone derivatives with a single catalyst. It is well-known
that incorporation of cyclopentanone rings onto aromatic
compounds via Nazarov cyclization is one of the most direct
methods for the synthesis of indanone derivatives.7 However,
some shortcomings have limited the synthetic utility of
Nazarov cyclization: stoichiometric amounts of protic acid
or strong Lewis acid are necessary for best results, and the
poor regioselectivity of the elimination led to a mixture of
product isomers. Recently, a significant breakthrough was
achieved by several research groups by using polarized
enones as substrates under exceptionally mild catalytic
conditions.8 In this context, most of these transformations
involve coordination of a transition-metal catalyst to alkyl-
ideneâ-ketoesters via two-point binding to form the oxyallyl
cationA, followed by 4π-electrocyclization, deprotonation,

and reprotonation to afford the Nazarov products (Scheme
1). We envisioned that capture of the metal-bound enolate

intermediateB might be implemented by using an appropriate
electrophilic fluorinating agent to give the desired fluorinated
compounds in one pot. In this paper, we describe the
development of a highly stereoselective Lewis acid-catalyzed
tandem transformation of polarized enones into fluorine-
containing 1-indanone derivatives via Nazarov cyclization
and electrophilic fluorination reaction.

(5) (a) Lowe, J. A.; Hageman, D. L.; Drozda, S. E.; McLean, S.; Bryce,
D. K.; Crawford, R. T.; Zorn, S.; Morrone, J.; Bordner, J.J. Med. Chem.
1994,37, 3789. (b) Lago, M. A.; Luengo, J. I.; Peishoff, C. E.; Elliot, J. D.
In Annual Reports in Medicinal Chemistry; Bristol, J. A., Ed.; Academic
Press: San Diego, 1996; Vol. 31, p 81. (c) Nagle, D. G.; Zhou, Y.; Park,
P. U.; Paul, V. J.; Rajbhandari, I.; Duncan, C. J. G.; Pasco, D. S.J. Nat.
Prod. 2000,63, 1431. (d) Cossy, J.; Belotti, D.; Maguer, A.Synlett2003,
1515. (e) Yu, H.; Kim, I. J.; Folk, J. E.; Tian, X.; Rothman, R. B.; Baumann,
M. H.; Dersch, C. M.; Anderson, J. L. F.; Parrish, D.; Jacobson, A. E.;
Rice, K. C.J. Med. Chem.2004,47, 2624.

(6) For reviews, see: (a) Ibrahim, H.; Togni, A.Chem. Commun.2004,
10, 1147. (b) Ma, J.-A.; Cahard, Q.Chem. ReV. 2004, 104, 6119. (c) Prakash,
G. K. S.; Beier, P.Angew. Chem., Int. Ed.2006,45, 2172 and references
therein. For recent examples, see: (d) Umemoto, T.; Fukami, S.; Tomizawa,
G.; Harasawa, K.; Kawada, K.; Tomita, K.J. Am. Chem. Soc.1990,112,
8563. (e) Hintermann, L.; Togni, A.Angew. Chem., Int. Ed.2000, 39, 4359.
(f) Hamashima, Y.; Yagi, K.; Takano, H.; Tamas, L.; Sodeoka, M.J. Am.
Chem. Soc.2002, 124, 14530. (g) Ma, J.-A.; Cahard D.Tetrahedron:
Asymmetry2004,14, 1007. (h) Shibata, N.; Ishimaru, T.; Nagai, T.; Kohno,
J.; Toru, T.Synlett2004, 1703. (i) Ma, J.-A.; Cahard, D.J. Fluorine Chem.
2004, 125, 1357. (j) Shibata, N.; Yasui, H.; Nakamura, S.; Toru, T.Synlett.
2007, 1153.

(7) For reviews of Nazarov cyclization, see: (a) Habermas, K. L.;
Denmark, S. E.; Jones, T. K.Org. React.1994,45, 1. (b) Pellissier, H.
Tetrahedron2005,61, 6479. (c) Frontier, A. J.; Collison, C.Tetrahedron
2005, 61, 7577. (d) Tius, M.Eur. J. Org. Chem.2005, 11, 2193. For recent
examples of Nazarov-type reactions forming indanone derivatives, see: (e)
Suzuki, T.; Ohwada, T.; Shudo, K.J. Am. Chem. Soc.1997,119, 6774. (f)
Ready, T. E.; Chien, J. C. W.; Rausch, M. D.J. Organomet. Chem.1999,
583, 11. (g) Clive, D. L. J.; Sannigrahi, M.; Hisaindee, S.J. Org. Chem.
2001,66, 954. (h) Kerr, D. J.; Metje, C.; Flynn, B. L.Chem. Commun.
2003, 1380.

Table 1. Catalytic Tandem Nazarov Cyclization/Sequential Fluorination Trappinga

entry catalyst (mol %) fluorinating reagent solvent yieldb (%) trans/cisc

1 Cu(OTf)2 (10) Selectfluor DCE <5
2 Cu(OTf)2 (10) NFPY-OTf DCE <5
3 Cu(OTf)2 (10) NFSI DCE 77 32/1
4 Mg(ClO4)2 (10) NFSI DCE 0
5 Zn(OTf)2 (10) NFSI DCE <5
6 Pd(OAc)2 (10) NFSI DCE 0
7 Cu(OTf)2 (10) NFSI THF 10
8 Cu(OTf)2 (10) NFSI toluene <5
9 Cu(OTf)2 (10) NFSI MeNO2 15

10d Cu(OTf)2 (10) NFSI CH2Cl2 30 32/1
11 Cu(OTf)2 (10) NFSI solvent-free 36 24/1
12d Cu(OTf)2 (10) NFSI DCE 42 32/1
13e Cu(OTf)2 (10) NFSI DCE 95 32/1
14e Cu(OTf)2 (5) NFSI DCE 74 32/1

a Catalyst, substrate, and fluorinating reagent were mixed in the solvent at 60°C for 24 h.b Yield of isolated product.c Determined by1H NMR or 19F
NMR. d Reaction temperature: 40°C for 72 h.e Reaction temperature: 80°C for 8 h.

Scheme 1. Catalytic Nazarov Cyclization of Polarized Enone
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Initially, we conducted a tandem reaction of alkylidene
â-ketoester1a in the presence of 10 mol % Cu(OTf)2 and
Selectfluor as fluorinating reagent in dichloroethane (DCE)
at 60 °C (Table 1, entry 1). The19F NMR analysis of the
crude reaction mixture revealed that only a trace amount of
fluorinated product2a was detected, and most of the
fluorinating reagent was not consumed. The use ofN-
fluoropyridinium triflate (NFPY-OTf) gave the similar result
(entry 2). It is noteworthy that treatment of1a with the
neutral fluorinating reagentN-fluorobenzenesulfonimide
(NFSI) gave the single regioselective tandem product2a in
good yield with high diastereoselectivity (trans/cis: 32/1)
(entry 3). Other metals such as Mg(II), Zn(II), and Pd(II)
complexes did not display reactivity in this tandem trans-
formation (entries 4-6). A substantial change of the solvent
had a significant effect on the yield (entries 3 and 7-10).
Good results were attained when dichloroethane was used
as solvent in the tandem reaction. Interestingly, under
solvent-free conditions the tandem transformation also
proceeded in moderate product yield with high diastereo-
selectivity (entry 11, trans/cis 24/1). In addition, higher
temperature accelerated the reaction considerably (entries 12
and 13). Last, the effect of catalyst loading was examined,
and reducing the amount of catalyst from 10 to 5 mol %
caused a drop in yield (95% to 74%), although without any
influence on the stereoselectivity (entry 14).

Gratifyingly, the single regio- and stereoisomer was
isolated from the tandem product2a by fractional recrys-
tallization using ethyl acetate/petroleum. X-ray structure
analysis revealed the trans relationship between the F-atom
andâ-substituent R2 (4-MeOPh) of the ketoester (Figure 1).9

The stereochemical assignment of the major isomer indicated
that the trans-product was predominantly formed, and the
cis attack of the subsequent fluorination to Nazarov cycliza-
tion intermediateB was sterically restricted byâ-aromatic
group of R2.

To determine the scope of the tandem reaction, we
subjected a series of alkylideneâ-ketoesters to the optimized
reaction conditions (Scheme 2). It appears that the position
and the electronic property of the substituents on the phenyl
ring of alkylidene moiety have a very limited effect on the

stereoselection of tandem transformation. No matter whether
electron-donating, -neutral, or -withdrawing substituents on
the phenyl ring were used, the tandem reactions proceeded
to give excellent stereoselectivity in moderate to high yields
(2a-j). While this reaction can also be applied to aliphatic
alkylideneâ-ketoesters (derived from aliphatic aldehyde and
â-ketoesters) in high stereoselectivity, the low yield obtained
appears to reflect formation of large amounts of insoluble
polymeric material (2h). A variation of aromaticâ-ketoesters
was probed next. The corresponding fluorinated indanone
derivatives were obtained with good to high stereoselectivi-
ties (2i-m). Additionally, in the case of the tandem reaction
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Figure 1. ORTEP illustration for the trans isomer of2a.

Scheme 2. Catalytic Tandem Reaction Scope
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using 1-naphthalene-derived ketoester, high stereoselectivity
was also obseved (2n).

Preliminary attempts to extend this protocol to a catalytic
enantioselective tandem transformation were promising
(Scheme 3). The use of Cu(OTf)2/(R)-Ph-bis(oxazoline) with

alkylidene â-ketoester1b afforded the tandem product in
good yield with moderate enantioselectivity. Improved
enantioselectivities were observed with substrates1gand1m
bearing a bulky group at R2 (95.5% ee for2g and 71% ee
for 2m, respectively). Interestingly, compared with the
previous examples of Nazarov cyclizations that have em-
ployed stoichiometric amounts of chiral Lewis acid,8f the new
electrophilic fluorination trapping as a terminating step for

Nazarov cyclization may facilitate catalyst turnover. To the
best of our knowledge, this is the first example of catalytic
enantioselective tandem transformation for synthesis of
organofluorine compounds with adjacent carbon- and fluorine-
substituted quaternary and tertiary stereocenters.6,10

In conclusion, the new catalytic tandem Nazarov cycliza-
tion-fluorination transformation described above serves as
an efficient method for preparation of fluorine-containing
1-indanone derivatives. This process proceeds with excellent
diastereoselectivity and creates two new stereocenters. The
stereocenters of tandem products can be controlled by a chiral
catalyst. Further extension of the tandem reaction by using
other halogenation reagents and different substrates, as well
as full development of the enantioselective Cu (II)-catalyzed
reaction are underway and will be reported in due course.
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Scheme 3. Catalytic Enantioselective Tandem Transformation

3056 Org. Lett., Vol. 9, No. 16, 2007


