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Trifluoroacetic anhydride-mediated tandem trifluoroa-
cetylation/cyclization of cyanoacetanilides proceeded
efficiently under mild conditions to give 4-hydroxy-3-
trifluoroacetylquinolin-2(1H)-ones in good yields. Isola-
tion and direct observation of the reaction intermediates
revealed that R-trifluoroacetylation resulted in the short-
ening of CtN bonds and that the electron density of CN
groups was high. A plausible reaction mechanism based
on the results is also described.

Benzene-fused cyclic ketones, such as 1-tetralone, chro-
mone, and 4-quinolinone, are key structural features of
numerous pharmaceuticals and biologically active natural
products.1,2 One of the general and convenient methods for
the synthesis of such ketones is the intramolecular Friedel-

Crafts reaction (eq 1),3 in which acid chlorides and car-
boxylic acid derivatives4,5 serve as cyclization precursors.
Compared with Friedel-Crafts reactions, the electrophilic
substitution of aromatic C-H bonds with intramolecular
nitriles6,7 (eq 2) has attracted less attention because of the
lower reactivity of nitriles. However, nitriles are generally
considered to be superior to acid chlorides and carboxy-
lic acids in terms of handling, preparation, and functionali-
zation. Therefore, the development of mild and efficient
methods for achieving electrophilic aromatic substitution
with intramolecular CN groups is highly desirable. We
envisioned that functionalization of the cyclization precur-
sor at the R-position of the CN group would be useful
not only to increase the reactivity of CN groups but also
to synthesize functionalized cyclic ketones from simple
precursors (eq 3). In fact, during the course of our efforts
to synthesize quinoline alkaloids, we recently reported the
tandem R-formylation/intramolecular electrophilic aro-
matic substitutionwithCN electrophiles.8 In these reactions,
we proposed that the electrophilic aromatic substitution
with nitriles was facilitated through an iminium cation
intermediate (eq 3, FG = -CdNþMe2).

We herein report the trifluoroacetylation-induced cycliza-
tion of cyanoacetanilide9 to give 4-hydroxy-3-trifluoroace-
tylquinolin-2(1H)-ones under mild conditions (eq 3, FG =
-COCF3). Introducing the CF3 group into organic mole-
cules would be expected to impart unique new physical
properties, chemical reactivity, and biological activity to
the molecules.10 Crystallographic analysis and IR spectra
measurement of the isolated reaction intermediates revealed
that R-trifluoroacetylation shortened the CN bond length
and increased the electron density. These properties resulted
in accelerating both the reaction of the CN group with a
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Vilsmeier-type reagent and the subsequent electrophilic aro-
matic substitution.

We first examined the reaction of cyanoacetanilide 1awith
trifluoroacetic anhydride (TFAA) in N,N-dimethylforma-
mide (DMF) (Table 1, entries 1-4).We found that 3 equiv of
TFAAwas required to obtain the desired quinolinone (3a) in
good yield (entry 3 versus entries 1 and 2). Quinolinone 3a
was isolated as a precipitate through a simple aqueous
workup, and therefore, the reaction could be easily per-
formed on a gram-scale (entry 4). The reaction was comple-
tely suppressed when no solvent was used (entry 5) or when
the solvent was changed to N,N-dimethylacetamide (DMA,
entry 6),11 suggesting the crucial role of DMF in this tandem
reaction. Furthermore, the presence of CN functionality in
the substrate was found to be essential for the formation of
3a (entry 3 versus entry 7).

Having identified the optimum conditions for the reac-
tion of 1a with TFAA, we examined the substrate scope
for the reaction between cyanoacetanilides 1a-f and
various acid anhydrides (Table 2). When secondary cyanoa-
cetanilide 1b was employed, annulation to afford 3b did not
occur (entry 1), most likely due to conformational con-
straints.12 The tandem reaction of 1c in which the para
position was substituted with a methyl group proceeded
smoothly to afford quinolinone 3c in 82% yield (entry 2).
The tandem reaction was successfully carried out with an
arene bearing an electron-withdrawing substituent (entry 3),
in contrast to the Houben-Hoesch reaction, which requires
electron-rich arene substrates to afford good yields of ke-
tones.6 The halogenated product 3d could, in principle, be
further functionalized through transition-metal-catalyzed
coupling reactions. The tandem reaction was sensitive to
steric hindrance, and the reaction of the ortho-substituted
cyanoacetanilide 1e required a higher temperature to pro-
ceed smoothly (entry 4). Applying the same methodology to
cyanoacetanilide 1f produced tricyclic compound 3f in 60%

yield (entry 5). Next, we examined several acid anhydrides in
place of TFAA (entries 6-10).

Notably, cyanoacetanilides 1a did not react with either
acetic anhydride or benzoic anhydride (entries 6 and 7). In
contrast, fluorine-containing acid anhydrides, such as
(CF2ClCO)2O, (CF3CF2CO)2O, and (CF3CF2CF2CO)2O,
efficiently promoted the tandem reaction to furnish the
corresponding quinolinones 6a-8a in 84-86% yields
(entries 8-10). It is important to note that the isolation of
all products 3-8 could be easily accomplished by precipita-
tion and filtration.

In order to gain mechanistic insight into the tandem
reaction,we synthesized several plausible reaction intermedi-
ates (Table 3). Using 1.0 equiv of acid anhydride (or acid
chloride), 1.0 equiv of MgCl2, and 2.0 equiv of Et3N in
MeCN, the active methylene group of 1a was acylated to the
corresponding intermediates 9-15 in 11-85% yields
(Table 3). Interestingly, a comparison among the chemical
shifts (ppm) in the 13C NMR spectra of these intermediates
revealed that the CN carbon atoms of 12-15, having stron-
ger electron-withdrawing groups,were shielded (entries 4-7)
relative to those of 9-11 (entries 1-3).6c In addition, the
wavenumbers in the IR spectra of 12-15 were approxi-
mately 10 cm-1 higher than those of 9-11. These results
suggest that CN groups in 12-15 have higher electron
density and stronger CtN bonds.13 In fact, X-ray crystal-
lographic analysis of 9 and 15 (Figure 1) demonstrated that

TABLE 1. Survey and Optimization of Reaction Conditionsa,b

entry substrate (R) x (equiv) solventc yield of 3ad (%)

1 1a (CN) 1.0 DMF 14
2 1a 2.0 DMF 38
3 1a 3.0 DMF 84
4e 1a 3.0 DMF 89
5 1a 3.0 0 f

6 1a 3.0 DMA 0 f

7g 2 (CO2Et) 3.0 DMF 0 f

aUnless otherwise stated, all reactions were carried out with 3.0mmol
of each substrate. bTFAA = trifluoroacetic anhydride. cDMF = N,N-
dimethylformamide,DMA=N,N-dimethylacetamide. dIsolated yields.
e15mmol of 1awas employed. fNo reaction occurred. g1.0mmol of 2was
employed.

TABLE 2. Substrate Scope and Limitationsa

aAll reactions were carried out with 3.0 mmol of each substrate.
bIsolated yields. cThe reaction resulted in a complex mixture. dThe
reaction was carried out at 50 �C. eNo reaction occurred.
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Azumaya, I.; Shudo, K. Tetrahedron Lett. 1989, 30, 6177–6180.
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13CNMR 117.5 ppm, IR 2237 cm-1; R=H: 13CNMR 118.8
ppm, IR 2230 cm-1; R = OMe: 13C NMR 119.2 ppm, IR 2217 cm-1. See:
Hatsuda, M.; Seki, M. Tetrahedron 2005, 61, 9908–9917.
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the CN bond length of 15 (1.136(2) Å) was significantly
shorter than that of 9 (1.157(4) Å).14

We then compared the reactivity of the CN groups in
intermediates 9, 11, and 12 (Table 4). The TFAA-mediated
intramolecular electrophilic aromatic substitution of 9 and
11 did not occur (entries 1 and 2). However, treatment
of 12 with TFAA in DMF cleanly afforded 3a in 89% yield
(entry 3). These experimental results verified the reactivity of
theCNgroup of 12 and the lack of reactivity of those of 9 and
11. These results also indicate that the tandem reaction of 1a
proceeded via aC-trifluoroacetylation-cyclization sequence
(1af 12f 3a, vide infra).We found that 1.0 equiv of TFAA
was sufficient to mediate the cyclization of 12 in high yield
(entry 4). In the tandem reaction of 1a, it seems that the extra
equivalent of TFAAwas required for the efficient conversion
of 1a to 12 (Table 1, entry 2 versus 3). Although 12 did not
react with TFAA in the absence of solvent (entry 5), we did
observe the cyclization of 12 inDMAalbeit inmoderate yield
(entry 6). These findings suggest that DMF plays a crucial
role in theC-acylation step (1af 12) (Table 1, entry 3 versus
6) and that it plays a significant role for cyclization (12f 3a).
Subsequent experiments also indicated that TFAAplayed an
important role in the cyclization step. When 12 was treated
with trifluoroacetic acid (TFA) instead of TFAA, no reac-
tion occurred, and unreacted 12 was recovered (entry 7),

indicating that a Brønsted-acid-mediated Houben-Hoesch
reaction did not occur in the tandem reaction. Acetic anhy-
dride (Ac2O) also failed to mediate the cyclization of 12

(entry 8).
A plausible mechanism for the tandem C-acylation/

cyclization that is consistent with these results is shown in
Scheme 1. Reaction of the active methylene group of 1awith
the Vilsmeier-type intermediate A15 derived from DMF and
TFAA (RF=CF3)

16 is a probable initial step. The electronic
density and nucleophilicity of the CN group were increased
by introduction of a trifluoroacetyl substituent into the

TABLE 3. Comparison among 13CNMRand IR Spectra of CNGroups

entry product (R) yielda (%) 13C NMRb (ppm) IRc (cm-1)

1 9 (CH3) 75 115.2 2211
2 10 (C6H5) 53 116.1 2212
3 11 (4-NO2C6H4) 85 115.1 2213
4 12 (CF3) 58 110.8 2223

5 13 (CF2Cl) 20 111.2 2222

6 14 (CF3CF2) 40 110.6 2224

7 15 (CF3CF2CF2) 11 110.6 2224
aIsolated yields. bChemical shifts of CN groups observed in CDCl3.

cWavenumbers of CtN absorption bands.

FIGURE 1. ORTEP diagrams of 9 (left) and 15 (right). Selected
bond length and angles (deg) of 9 (Å): C(10)-N(2) 1.157(4); C(9)-
C(10)-N(2) 175.0(3). Selected bond length (Å) and angles (deg) of
15: C(1)-N(1) 1.136(2); C(2)-C(1)-N(1) 176.70(18).

TABLE 4. Control Experimentsa

entry substrate (R) reagent solvent product, yieldb (%)

1 9 (CH3) TFAA DMF 4a, 0c

2 11 (4-NO2C6H4) TFAA DMF 16a, 0c

3d 12 (CF3) TFAA DMF 3a, 89
4d,e 12 TFAA DMF 3a, 80
5 12 TFAA 3a, 0c

6 12 TFAA DMA 3a, 50
7 12 TFA DMF 3a, 0c

8 12 Ac2O DMF 3a, 0c

aUnless otherwise specified, all reactions were carried out with 0.3
mmol of each substrate. bIsolated yields. cNo reaction occurred. d1.0
mmol of 12 was employed. e1.0 equiv of TFAA was used.

SCHEME 1. Plausible Mechanism for Perfluoroacylationin-

duced Cyclization of Cyanoacetanilides

(14) CCDC 763341 (9) and CCDC 763342 (15) contain the supplemen-
tary crystallographic data for this paper. These data can be obtained free of
charge from the Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/data_request/cif.

(15) (a) Lamarre, C.; Stella, L. Synlett 1999, 725–726. (b) Mekhalfia, A.;
Mutter, R.; Heal, W.; Chen, B. Tetrahedron 2006, 62, 5617–5625.

(16) It was also reported that DMF remained unchanged when it reacted
with Ac2O; see ref 15b.
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geminal position (C-perfluoroacylation). This reactive CN
group would be subject to electrophilic attack17 by A or
TFAA (N-perfluoroacylation), thus promoting the subse-
quent cyclization of the activated intermediate B to give
quinolinones 3-8.

In conclusion, we have developed a practical perfluoroa-
cylation-induced cyclization of cyanoacetanilides. We found
that (i) fluorine-containing anhydrides were activated by
DMF to form reactive acylation reagents and (ii) introduc-
tion of the perfluoroacyl substituent in the geminal position
of the CN group greatly influenced the physical properties
and chemical reactivity of the CN group. Further synthetic
applications based on the results of this study are currently
under investigation and will be reported in due course.

Experimental Section

General Procedure for the Synthesis of 3. To a solution of
cyanoacetanilide 1a (523 mg, 3.0 mmol) in DMF (3.0 mL) was

added TFAA (1.25 mL, 9.0 mmol) at room temperature. The
mixture was stirred at rt for 24 h, when TLC indicated the
reaction was complete. The reaction mixture was then poured
into ice-cold water (100 mL). The precipitate was collected by
filtration andwashed with water (three times). Recrystallization
from CHCl3/n-hexane gave pure 3a (683 mg, 84%). The mother
and washing liquors are acidic. They were treated with solid
NaHCO3 before disposal.

4-Hydroxy-1-methyl-3-(2,2,2-trifluoroacetyl)quinolin-2(1H)-
one (3a): yellow solid; mp 172-173 �C (CHCl3/n-hexane);

1H
NMR (CDCl3, 50 �C) δ 14.31 (br, 1H), 8.19 (dd, 1H, J=8.0, 1.6
Hz), 7.74 (ddd, 1H, J = 8.0, 8.0, 1.6 Hz), 7.31-7.25 (m, 2H),
3.62 (s, 3H); 13CNMR (CDCl3, 50 �C) δ 185.6 (q, J=37.0 Hz),
175.4, 158.9, 142.9, 136.4, 126.5, 122.5, 116.7 (q, J = 284 Hz),
114.5, 114.3 (q, J = 3.0 Hz), 103.8, 29.2; HRMS (ESI-TOF)
calcd for C12H7F3NNa2O3 ([M - H þ 2Na]þ) 316.0168, found
316.0170.
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