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Abstract: A straightforward synthesis of optically
active trifluoromethyl dihydropyranones and spiro-
cyclic oxindole-dihydropyranones has been realized
by the chiral N-heterocyclic carbenes-catalyzed cy-ACHTUNGTRENNUNGclization of a,b-unsaturated b-methylacyl chlorides
with activated trifluoromethyl ketones or isatin de-
rivatives.
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Since Staudinger�s discovery of ketenes and the cyclo-
addition of ketene with imines to form b-lactams in
early 1900s,[1] the cycloaddition reactions of ketene
have become one of the powerful methodologies for
construction of cyclic compounds.[2] In last decades,
the catalytic enantioselective [2 +2] or [2+4] cycload-
dition of ketenes with aldehydes,[3] imines,[4] azo com-
pounds,[5] nitro compounds,[6] oxadienes,[7] and aza-
dienes[8] had been well established.

In 2008 and later, we,[9] independently with Smith
et al.,[10] have demonstrated that N-heterocyclic car-
benes (NHCs)[11] were efficient catalysts for the
formal cycloaddition reactions of ketenes. The eno-
lates I generated by the addition of NHC to ketenes
are considered as the key intermediate for these reac-
tion [Scheme 1, reaction (a)]. We conjecture that
vinyl enolates II will be generated if vinylketenes are
employed instead of ketenes, thus opening a new pos-
sibility of NHC-catalyzed reaction of vinylketenes
[Scheme 1, reaction (b)].

A literature survey revealed that Peters et al. re-
ported a pioneering asymmetric Cinchona alkaloids-
catalyzed cyclization of unsaturated acyl halides with
aldehydes (Scheme 2).[12] In this paper, we wish to

report an N-heterocyclic carbene-catalyzed cyclization
of unsaturated acyl chlorides with activated ketones,
which did not work when Cinchona alkaloids were
used as the catalysts.[13]

5,6-Dihydropyran-2-ones (a,b-unsaturated d-lac-
tones) are widely present in a number of natural and
unnatural compounds which possess potent biological

Scheme 1. NHC-catalyzed cycloadditions of ketenes and vi-
nylketenes.

Scheme 2. Cinchona alkaloids-catalyzed annulation of unsa-
turated acyl chlorides by Peters et al.
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activities.[14] Consequently, many approaches have
been developed for their construction.[15] However,
the enantioselective synthesis of optically active 5,6-
dihydropyran-2-ones is still limited.[16]

In view of the wide application of fluorinated com-
pounds in pharmaceuticals, agrochemistry, and mate-
rials,[17] trifluoromethyl ketones[18,19] were firstly ex-
plored as the substrates for the synthesis of 6-
trifluoroACHTUNGTRENNUNGmethyl-5,6-dihydropyran-2-ones. We are
happy to find that NHC 4a’,[20] generated in situ from
its precursor 4a in the presence of Cs2CO3, could cata-
lyze the reaction of acyl chloride 1a and trifluoro-
methyl ketone 2a in the presence of 5 equivalents of
Et3N to give the corresponding dihydropyranone 3aa
in 50% yield with 43% ee (Table 1, entry 1). However,
only a trace of dihydropyranone 3aa was observed for
the reaction catalyzed by the tertiary amines derived
from Cinchona alkaloids.[12,21]

Solvent screening revealed that THF was the best
choice, in which the reaction outcome was improved
to 68% yield and 79% ee (entries 1–5). Interestingly,
further improvement of the yield was realized when
more Cs2CO3 (20 mol% vs. 10 mol%) was employed,
which may be due to the facilitation of the formation
of free NHCs (entry 6 vs. 5).

A series of NHCs derived from l-pyroglutamic acid
was then screened for the reaction. NHCs 4b’, 4c’,
and 4d’ (Ar2 =Bn, PMP or 2-i-PrC6H4) gave compara-
ble good results (entries 6–9). NHC 4e’, with a very
bulky N-mesityl group, gave a dramatically decreased
yield and enantioselectivity (entry 10). NHC 4f’, with
a bulky diarylmethyl ether group (Ar1 =2-naphthyl),
afforded a good yield but low enantioselectivity
(entry 11). NHCs 4g and 4h’ with a free hydroxy
group led to the reaction without or with reversed but
very low enantioselectivity (entries 12 and 13).[9d]

The monocyclic imidazolium NHC 5’[22] also
worked for the cyclization reaction to give the desired
product in moderate yield but without enantioselec-
tivity (entry 14). The reaction catalyzed by tetracyclic
triazolium NHC 6’[23] afforded dihydropyranone 3aa
in good yield with promising enantioselectivity
(entry 15).

With the optimized reaction conditions in hand, the
scope of the NHC-catalyzed reaction was investigated
(Table 2). The acyl chlorides 1b and 1c with 4-chloro-
phenyl and 4-bromophenyl groups afforded the corre-
sponding cycloadducts in high yield with high enantio-
selectivity (entries 2 and 3), while acyl chloride 1d
with a 4-nitrophenyl group resulted in a decreased
yield (50%). The acyl chlorides 1e and 1f with an
electron-donating group (4-MeC6H4, 4-MeOC6H4)
gave the cycloadducts in good yields but with de-
creased enantioselectitvities (67% ee, 72% ee, respec-
tively). The higher the steric demands of the b-aryl
group (4-Cl, 3-Cl, 2-ClC6H4), the lower were the yield
and enantioselectivity observed (entries 2, 7 and 8).

The acyl chlorides with heteroaryl groups (Ar= 2-
furyl, 2-thienyl) also worked well (entries 9 and 10). It
is worthwhile to note that the reaction of acyl chlo-
ride 1k (R1 = i-Pr), which may generate two re-
gioisomers of vinylketenes, gave only one cycloadduct
in high yield with moderate enantioselectivity
(entry 11). However, the reaction of acyl chloride 1l
(R1 =Me) and 1m (R1 =Et) gave complex mixtures
with only trace or around 10% yield, respectively, of

Table 1. Screening of NHC catalysts and optimization of re-
action conditions.

Entry 4–6 Cs2CO3

(X mol%)
Solvent Yield

[%][b]
ee
[%][c]

1 4a 10 toluene 50 43
2 4a 10 benzene 35 32
3 4a 10 DCM 23 45
4 4a 10 ether 50 75
5 4a 10 THF 68 79
6 4a 20 THF 85 80
7 4b 20 THF 91 74
8 4c 20 THF 80 75
9 4d 20 THF 90 81
10 4e 20 THF 39 46
11 4f 20 THF 82 55
12 4g 20 THF 75 �13[d]

13 4h 20 THF 80 0
14 5 20 THF 43 0
15 6 20 THF 75 �50[d]

16 4d[e] 10 THF 78 68

[a] NHC 4’–6’ were generated from their precursors 4–6
(10 mol%) in the presence Cs2CO3 (10–20 mol%) in the
stated solvent at room temperature for 30 min.

[b] Isolated yield.
[c] Determined by HPLC.
[d] The minus ee value indicate that (+)-3aa was isolated as

the major isomer.
[e] 5 mol% of NHC precursor 4d was used.
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the desired cycloadduct under the current reaction
conditions.[24]

When other trifluoromethyl ketones 2b–e (R2 = 4-
ClC6H4, 4-MeC6H4, 3-MeC6H4, 2-thienyl) were em-
ployed, most of the investigated acyl chlorides with
different b-substituents, from a phenyl, 4- or 3-substi-
tuted phenyl to a 2-furyl group, worked well to give
the cycloadducts in good yields with good enantiose-
lectivities (entries 12–22), except that the acyl chlor-
ides 1h (R1 =2-chlorophenyl) and 1k (R1 = i-propyl)
afforded products in decreased enantioselectivities
(entries 17 and 19).

After establishing the NHC-catalyzed reaction of
acyl chlorides with trifluoromethyl ketones, we were
interested to expand the reaction to the activated ke-
tones of isatin, which will lead to the corresponding
spirocyclic oxindole-dihydropyranone 8 (Table 3).[25]

Indoles are regarded as one of the privileged skele-
tons in bioactive compounds, thus the combination of

an indole and a dihydropyranone motif in one mole-
cule will be interesting not only to synthetic but also
to medicinal chemists.[26]

It was found that the reaction conditions of tri-ACHTUNGTRENNUNGfluoromethyl ketones were also good for isatins,
except that 1.5 equivalents of acyl chloride were re-
quired for full consumption of isatins 7, and a reac-
tion temperature of �40 8C instead of �78 8C was ap-
plied to make the reaction go smoothly in most cases.
The reaction of isatin 7a reacted well with acyl chlor-
ides 1a, 1c, 1e, 1f, 1g and lj, with either phenyl, 4-bro-
mophenyl, 4-methylphenyl, 4-methoxylphenyl, 3-
chlorophenyl or 2-thienyl substituents, to give the spi-
rocyclic product 8 in moderate to good yield with
good to high enantioselectivity (entries 1–6). Isatins
with electron-withdrawing groups (7b and 7c) reacted
well with acyl chlorides to give the products in good
yields with high enantioselectivities (entries 7–9).
Isatin 7d with an electron-donating group recated
slowly at �40 8C but well at �20 8C (entries 10 and
11). All the isatins 7e–7g with an N-benzyl group re-
acted smoothly with acyl chlorides to afford the spiro-
cyclic oxindole-dihydropyranones in good yields and
high enantioselectivities (entries 12–17).

Table 2. Enantioselective synthesis of 6-trifluoromethyl-5,6-
dihydropyran-2-ones.

Entry 1 R1 2 (�)-3 Yield [%][a] ee [%][b]

1 1a Ph 2a 3aa 90 81
2 1b 4-ClC6H4 2a 3ba 90 89
3 1c 4-BrC6H4 2a 3ca 90 93
4 1d 4-NO2C6H4 2a 3da 50 79
5 1e 4-MeC6H4 2a 3ea 81 67
6 1f 4-MeOC6H4 2a 3fa 76 72
7 1g 3-ClC6H4 2a 3ga 86 86
8 1h 2-ClC6H4 2a 3ha 79 65
9 1i 2-furyl 2a 3ia 83 86
10 1j 2-thienyl 2a 3ja 83 82
11 1k i-Pr 2a 3ka 80 57
12 1a Ph 2b 3ab 91 75
13 1b 4-ClC6H4 2b 3bb 90 75
14 1c 4-BrC6H4 2b 3cb 92 84
15 1e 4-MeC6H4 2b 3eb 84 67
16 1g 3-ClC6H4 2b 3gb 82 71
17 1h 2-ClC6H4 2b 3hb 80 55
18 1i 2-furyl 2b 3ib 89 83
19 1k i-Pr 2b 3kb 82 57
20 1c 4-BrC6H4 2c 3cc 81 91
21 1c 4-BrC6H4 2d 3cd 78 84
22 1c 4-BrC6H4 2e 3ce 94 85

[a] Isolated yield.
[b] Determined by HPLC.

Table 3. Enantioselective synthesis of spirocyclic oxindole-
5,6-dihydropyran-2-ones.

Entry 1 R1 7 8 Yield [%] ee [%]

1 1a Ph 7a 8aa 55 81
2 1c 4-BrC6H4 7a 8ca 78 77
3 1e 4-MeC6H4 7a 8ea 75 89
4 1f 4-MeOC6H4 7a 8fa 84 87
5 1g 3-ClC6H4 7a 8ga 82 85
6 1j 2-thienyl 7a 8ja 80 91
7 1f 4-MeOC6H4 7b 8fb 78 81
8 1c 4-BrC6H4 7c 8cc 80 93
9 1f 4-MeOC6H4 7c 8fc 80 91
10[a] 1c 4-BrC6H4 7d 8cd 80 91
11[a] 1f 4-MeOC6H4 7d 8fd 71 71
12 1c 4-BrC6H4 7e 8ce 79 95
13 1d 4-NO2C6H4 7e 8de 78 nd[b]

14 1f 4-MeOC6H4 7e 8fe 76 83
15 1c 4-BrC6H4 7f 8cf 82 77
16 1f 4-MeOC6H4 7f 8ff 75 93
17 1c 4-BrC6H4 7g 8cg 83 91

[a] The reaction was carried out at �20 8C.
[b] Not determined.
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The absolute structures of trifluoromethyldihydro-
pyranone (�)-3ca and spirocyclic indole-dihydropyra-
none (�)-8ce were unambiguous established by X-ray
analysis of their crystals.[27]

In addition to their potential bioactivities, the
highly functionalized dihydropyranones provided
many opportunities for chemical transformations
(Scheme 3). For example, the trifluoromethyl dihydro-
pyranone 3ca could be aminated to give the corre-
sponding ring-opened amide 9, and reduced by
LiAlH4 to give the corresponding allylic alcohol 10.
Interestingly, the Pd/C-catalyzed hydrogenation of
3ca did not work at normal pressure, and hydrogena-
tion plus alcoholysis occurred when 50 atm of hydro-
gen were applied, furnishing the corresponding ester
11 in quantitative yield with 2.5:1 diastereoselectivity.
The C=C double bond in 3ca could also be oxidized
by hydroperoxide to give the corresponding epoxide
12 in high yield with high enantiopurity. Aminolysis
of spirocyclic oxindole 8ea with pyrrolidine also gave
the 3-hydroxyoxindole 13 in high yield with high
enantiopurity.

Similar to Peters� report,[12] the catalytic cycle of
this NHC-catalyzed reaction is possibly initiated by
the addition of the NHC to the vinyl ketene 1’, which
is generated from the acyl chloride 1 in the presence
of base, to give the intermediate of diene A
(Scheme 4). The diene A reacts with ketone 2 or 7 in
a hetero-Diels–Alder reaction mode or a stepwise vi-
nylogous aldol reaction followed by intramolecular
cyclization to give the zwitterionic B. The collapse of
zwitterionic B furnishes the dihydropyranone 3 or 8
and regenerates the NHC catalyst. Currently, we

cannot rule out another possibility that the intermedi-
ate A is generated by reaction of NHC with the acyl
chloride first, followed by deprotonation.

In summary, N-heterocyclic carbenes were found to
be efficient catalysts for the cyclization reaction of
a,b-unsaturated b-methylacyl chloride with activated
ketones to give the corresponding 5,6-dihydropyran-2-
ones (a,b-unsaturated d-lactones) in good yield with
good to high enantioselectivity. Two typical activated
ketone systems, trifluoromethyl ketones and isatins
have been successfully utilized, which provided a
straightforward approach to the optically active and
biologically interesting trifluoromethyldihydropyra-
nones and spirocyclic oxindole-dihydropyranones.

Experimental Section

General Procedure for NHC-Catalyzed Annulation of
Acyl chlorides and Ketones (Table 2 and Table 3)

An oven-dried 25-mL Schlenk tube equipped with a stir bar
was charged with triazolium salt 4d (15.3 mg, 0.025 mmol)
and anhydrous Cs2CO3 (16.3 mg, 0.05 mmol). This tube was
closed with a septum, evacuated, and back-filled with argon.
To this mixture was added freshly distilled THF (1.5 mL)
and the whole was stirred for 30 min at room temperature.
Subsequently triethylamine (0.17 mL, 1.25 mmol) and
ketone 2 or 7 (0.25 mmol) were successively added. Then
the mixture was cooled down to �78 8C or the specific tem-
perature given in Table 3, a solution of the corresponding
acyl chloride 1 (0.25 mmol, or 0.375 mmol) in THF (1 mL)
was added in 1 min. The reaction mixture was stirred for
around 8 h (Table 2) or 20 h (Table 3) until full consumption
of ketone 2 or 7. The mixture was diluted with ethyl acetate
and passed through a short pad of silica gel. The solvent was
removed under reduced pressure and the residue was puri-

Scheme 3. Chemical transformations of dihydropyranones
3ca and 8ea.

Scheme 4. Possible catalytic cycle.
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fied by chromatography on silica gel to give the desired an-
nulation product 3 or 8.
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