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Abstract: Electron-rich and electron-deficient anilinomethylene
derivatives of Meldrum’s acid cyclize equally efficiently to quino-
lin-4-ones via imidoylketene intermediates under flash vacuum py-
rolysis (FVP) conditions.
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The synthesis of quinolin-4-ones 3 by pyrolysis of anili-
nomethylene derivatives of Meldrum’s acid 2 is well es-
tablished in solution1 and in the gas phase under flash
vacuum pyrolysis (FVP) conditions (Scheme 1).2–4 How-
ever, a paper in this journal5 recently reported only very
low NMR yields of quinolinones 3 for FVP reactions of
substituted derivatives of 2; side products included recov-
ery of the aniline starting material (up to 33%),5 and in
some cases the parent quinolinone was formed by loss of
the substituent (up to 9.6%).5 Very little selectivity was
observed when a meta-substituted starting material was
used.5 Finally, the mechanism proposed5 for the cycliza-
tion is at variance from the accepted view of this process
(Scheme 2)4 involving electrocyclization of an imi-
doylketene 4. Such intermediates have been identified by
matrix isolation studies carried out by the Wentrup
group.4,6

In this paper we present some of our FVP results7 in this
field. These show significantly improved yields of quino-
lin-4-ones 3 on a ‘preparative’ scale (0.3 g or above) com-
pared with those reported,5 and significantly improved
selectivity for meta-substituted examples, leading to rea-
sonable preparative routes to 7-substituted isomers. We
report deuterium labeling results which support the ac-
cepted mechanism (Scheme 2) and not that suggested in
ref. 5 and finally we back up these results by DFT calcu-
lations which complement those on imidoylketene cy-
clizations previously reported.8

We illustrate these points, first, by consideration of the
FVP reactions of the three methoxy compounds 2b–d.
The precursors 2 were made in high yield by reaction of
the appropriate aniline derivative with methoxymethylene
Meldrum’s acid (1) in acetonitrile at room temperature.9,10

In each case, the FVP reactions gave solid products and

the aromatic region of the 1H NMR spectra of the entire
crude pyrolysates are shown in Figures 1– 3. These spec-
tra demonstrate that, in our hands, the reactions proceed
exceptionally cleanly to a quinolinone 3 with minimal
byproducts. Thus, FVP of the p-methoxy derivative 2b
at 500 °C provides 6-methoxyquinolin-4-one (3b,
Figure 1);11 the isolated yield on a 0.5 g scale is 61% after
recrystallization.12 In contrast, the previous authors quote
an NMR yield of 3b of just 14.5% with some 5% p-anisi-
dine byproduct.5
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Figure 1 Aromatic region of the 1H NMR spectrum (360 MHz, DMSO-d6) of the entire pyrolysate from 2b (500 °C), showing formation of
a single product, 6-methoxyquinolin-4-one (3b)11,12

Figure 2 Aromatic region of the 1H NMR spectrum (360 MHz, DMSO-d6) of the entire pyrolysate of 2c (500 °C), showing 7-methoxyqui-
nolin-4-one (3cb) as the major product; minor peaks at d = 7.68, 7.48, 7.02, 6.73, 5.88 ppm are due to the 5-methoxy isomer
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The previous authors5 reported a mixture of 5- and 7-
methoxyquinolin-4-one [3ca (18.8%) and 3cb (17%), re-
spectively, i.e., the 5-isomer was marginally the major
product] by FVP of the m-methoxy derivative 2c. In our
hands, FVP of 2c at 500 °C provides the 7-isomer 3cb11 as
the major product (3cb/3ca = 93:7; Figure 2). Compound
3cb can be obtained pure by one recrystallization of the
crude pyrolysate (62%).12

FVP of the o-methoxy compound 2d at 500 °C gives the
8-methoxyquinolin-4-one 3da (99%) exclusively (Figure 3).12

At higher temperatures (650 °C) an impurity is formed
which was identified as the 8-hydroxy-compound 3db by
comparison with an authentic sample, and not 3a as
claimed by the previous authors.5 Homolysis of the Me–O
bond of aromatic methoxy compounds (and hydrogen
atom capture by the resultant phenoxyl radical) is well
known under FVP conditions, but not usually at such a
low temperature.14

On the basis of poor results of the pyrolyses of the elec-
tron-deficient nitro compounds, e.g., 2h and 2i, the earlier
authors have proposed the mechanism shown in Scheme 3
in which nucleophilic attack on the methyleneketene in-
termediate is the key step.5 We now show15 that FVP of
the cyano derivatives 2e–g provide the quinolinones 3e
(94%), 3fa, and 3fb (94% combined, 3fb/3fa = ca. 75:25),
and 3g (64%), respectively, as efficiently as the methoxy
analogues. The electronic nature of the aromatic ring is
therefore not a defining feature of the cyclization mecha-
nism.

The especially poor results noted5 for the nitro derivatives
(e.g., 2h and 2i), are not due to the electron-withdrawing

nature of the substituent, but instead a combination of fac-
tors is involved. First, the substrates are poorly volatile
and may decompose at the sublimation stage if the tem-
perature of the inlet is not well controlled. Second, the ni-
tro group has a well-documented pyrolysis chemistry;19

indeed, FVP of the o-nitro compound 2i leads to quinolin-
4-one (2a, 31%), quinoxaline-N-oxide 6 (12%; by attack
of the imidoylketene on the nitro group and loss of CO2)
and 2-nitroaniline (3%) as the main products. Pyrolysis of
the p-nitro compound 2h gives 6-nitroquinolin-4-one (3h)
as the sole isolated product (66%).20

Scheme 3

The bonding around C2 and C3 in the zwitterion interme-
diate 5 is unclear in the mechanism (Scheme 3) proposed
by the authors of ref. 5, but the NH appears to remain in
place throughout. By FVP of the deuteriated compound
2a¢ (Figure 4), we have shown that this mechanism must
be in error, since some label is clearly observed at the 3-
position of the product, as expected for the 1,3-shift which
provides the imidoylketene 4 in Scheme 2. Our experi-
ments are therefore in full agreement with the earlier
matrix-isolation work.3,6

Figure 3 Aromatic region of the 1H NMR spectrum (360 MHz, DMSO-d6) of the entire pyrolysate from 2d showing exclusive formation of
8-methoxyquinolin-4-one (3d) at 500 °C
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With the mechanism of Scheme 2 reasonably established,
we have employed DFT calculations (at B3LYP/6-31G**
level)22 which rationalize that the 7-isomers are favored,
both kinetically and thermodynamically, from the pyroly-
sis of both the m-methoxy and m-cyano compounds 2c
and 2f, respectively, in agreement with our experimental
results (Figure 5, Figure 6). Figures 5 and 6 are in general
accord with previous calculations of imidoylketene ener-
gy surfaces.8

Figure 6 Energy profile for the formation of 5/7-cyanoquinolin-4-
one (3fb and 3fa).

According to the previous authors, FVP of the benzimida-
zole derivative 7 (Figure 7) gave no products due to its in-
volatility.5 However, in our hands, the pyrolysis cleanly
yielded the cyclized product 8, with a small amount of 2-
aminobenzimidazole. Pure 1H-benzo[4,5]imidazo[1,2-
a]pyrimidin-4-one (8) could be obtained in 62% yield
(300 mg scale) by recrystallization from methanol.23

Figure 7

In summary, our investigations of typical reactions report-
ed in ref. 5 have revealed significant discrepancies. First,
we have shown that the efficiency of the cyclization to
quinolin-4-ones is independent of the electronic nature of
the aromatic ring. Second, the results of deuterium-label-
ing studies have implied the formation of an imi-
doylketene intermediate, as expected from earlier matrix-
isolation work.3,6 Third, in our hands the preparative
yields of quinolin-4-ones under FVP conditions are in-
variably much higher than the NMR yields reported;5 the
method can be recommended as a synthetic route to quin-
olin-4-ones which avoids high-boiling solvents. Finally,
there is significant regioselectivity in the cyclization of
the m-substituted compounds, such as 2c and 2f, in both
cases favoring the less sterically hindered 7-substituted
isomer. Further examples of these reactions, including
cases which are highly selective for 5-substituted quino-
lin-4-ones, will be reported in a future paper.

Formation of 2
The appropriate aniline derivative (10 mmol) was added to a soln of
methoxymethylene Meldrum’s acid 1 (10 mmol) in the minimum
volume of MeCN. After 15 min, the solvent was removed to leave
the anilinomethylene derivatives 2 in almost quantitative yield.

Preparation of Quinolin-4-ones 3 by FVP
FVP reactions were carried out by sublimation of the precursor 2
under reduced pressure through an empty silica tube (35 × 2.5 cm)
heated by an electrical tube furnace. The products were collected at
the exit point of the furnace. Upon completion of the pyrolysis the
trap was allowed to warm to r.t. under an atmosphere of dry nitro-
gen. The product was dissolved in DMSO-d6 for NMR studies or
suspended in acetone and recrystallized (preparative studies). Py-
rolysis conditions are reported in the form: precursor (quantity), fur-
nace temperature (Tf), inlet temperature (Ti), pressure (Prange) and
pyrolysis time (t).

FVP of the Labeled Substrate 2a¢
The substrate 2a (0.06 g) was recrystallized from MeOD within the
inlet tube of the pyrolysis apparatus. The solvent was removed and
the residue was pyrolyzed in the usual way (Tf = 500 °C, Ti =
170 °C, t = 20 min, P = 2.3·10–5 bar). The 1H NMR spectrum of the
product showed ca. 72% deuterium incorporation at the 3-position.
The isotopic incorporation is not 100% because of the 1,5-hydrogen
shift step8 (shown in Scheme 2) and because of a possible isotope
effect in the final tautomerization.
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4-one (3cb and 3ca)

N
H

H

O

O

O

O

N

N
H

7

NH

N

N

8

O

D
ow

nl
oa

de
d 

by
: U

ni
ve

rs
ity

 o
f S

ou
th

er
n 

C
al

ifo
rn

ia
. C

op
yr

ig
ht

ed
 m

at
er

ia
l.



LETTER Quinolin-4-ones 1851

Synlett 2009, No. 11, 1847–1851 © Thieme Stuttgart · New York

References and Notes

(1) (a)  Sterling Drug Inc. Brit.; 1,147,760 Chem. Abstr. 1969, 
71, 49967a. (b) Cassis, R.; Tapia, R.; Valderrama, J. A. 
Synth. Commun. 1985, 15, 125. (c) Rotzoll, S.; Reinke, H.; 
Fischer, C.; Langer, P. Synthesis 2009, 69.

(2) Gordon, H. J.; Martin, J. C.; McNab, H. J. Chem. Soc., 
Chem. Commun. 1983, 957.

(3) Briehl, H.; Lukosch, A.; Wentrup, C. J. Org. Chem. 1984, 
49, 2772.

(4) Review: Gaber, A. M.; McNab, H. Synthesis 2001, 2059.
(5) Al-Awadi, N. A.; Abdelhamid, I. A.; Al-Etaibi, A. M.; 

Elnagdi, M. H. Synlett 2007, 2205.
(6) Ramana Rao, V. V.; Wentrup, C. J. Chem. Soc., Perkin 

Trans. 1 1998, 2583.
(7) McNab, H. Aldrichimica Acta 2004, 37, 19.
(8) George, L.; Netsch, K.-P.; Penn, G.; Kollenz, G.; Wentrup, 

C. Org. Biomol. Chem. 2006, 4, 558.
(9) McNab, H.; Monahan, L. C. J. Chem. Soc., Perkin Trans. 1 

1988, 863.
(10) Prior isolation of 1 provides much cleaner products 2 (≥ 95% 

yield) than the one-pot method reported in ref. 5.
(11) Hirano, J.; Hamase, K.; Zaitsu, K. Tetrahedron 2006, 62, 

10065.
(12) FVP of 2b (0.600 g, Tf = 600 °C, Ti = 170 °C, t = 50 min, 

P = 2.3·10–5 bar) gave a yellow solid (0.403 g, quant.), 
recrystallization from MeOH gave 6-methoxy-1H-quinolin-
4-one (3b, 0.234 g, 61%); mp 243–246 °C (from MeOH; 
lit.11 251–252 °C). 1H NMR (360 MHz, DMSO-d6): 
d = 11.78 (1 H, br s), 7.87 (1 H, d, 3J = 7.2 Hz), 7.53–7.52 (2 
H, m), 7.30 (1 H, dd, 3J = 9.1 Hz, 4J = 2.1 Hz), 6.03 (1 H, d, 
3J = 7.2 Hz), 3.85 (3 H, s), see Figure 1.
FVP of 2c (0.704 g, Tf = 600 °C, Ti = 160 °C, t = 1 h, P = 
1.9·10–5 bar) gave a yellow solid (0.414 g, 93%), in which 
the ratio 3ca/3cb was 7:93 by 1H NMR spectroscopy, and 
which provided pure 7-methoxy-1H-quinolin-4-one (3cb, 
0.277 g, 62%), after recrystallization from MeOH, mp 210–
212 °C (from MeOH; lit.11 219–220 °C). 1H NMR (360 
MHz, DMSO-d6): d = 11.62 (1 H, br s), 8.00 (1 H, dd, 
3J = 7.6 Hz, 4J = 2.5 Hz), 7.84 (1 H, d, 3J = 7.6 Hz), 6.94–
6.90 (2 H, m), 5.97 (1 H, d, 3J = 7.6 Hz), 3.86 (3 H, s), see 
Figure 2.
FVP of 2d (0.850 g, Tf = 500 °C, Ti = 160 °C, t = 25 min, 
P = 3.6·10–5 bar) gave 8-methoxy-1H-quinolin-4-one (3da, 
0.535 g, 99%); mp 124–126 °C [from EtOH; lit.13 134–
135 °C(hydrate)]. 1H NMR (360 MHz, DMSO-d6): d = 7.82 
(1 H, d, 3J = 7.2 Hz), 7.70 (1 H, dd, 3J = 6.5 Hz, 4J = 2.9 Hz), 
7.30–7.28 (2 H, m), 6.12 (1 H, d, 3J = 7.6 Hz), 4.30 (3 H, s), 
see Figure 3.

(13) Lauer, W. M.; Arnold, R. T.; Tiffany, B.; Tinker, J. J. Am. 
Chem. Soc. 1946, 68, 1268.

(14) For example, see: Harrison, A. G.; Honnen, L. R.; Dauben, 
H. J. Jr.; Lossing, F. P. J. Am. Chem. Soc. 1960, 82, 5593.

(15) FVP of 2e (0.610 g, Tf = 600 °C, Ti = 200 °C, t = 1.25 h, P = 
3.1·10–5 bar) gave 6-cyano-1H-quinolin-4-one16 (3e) as an 
orange solid (0.358 g, 94%); mp 186 °C (from MeOH). 1H 
NMR (250 MHz, DMSO-d6): d = 8.47 (1 H, dd, 4J = 1.9 Hz, 
5J = 0.5 Hz), 8.06 (1 H, d, 3J = 7.6 Hz), 8.02 (1 H, dd, 
3J = 8.7 Hz, 4J = 1.9 Hz), 7.72 (1 H, dd, 3J = 8.7 Hz, 5J = 0.5 
Hz), 6.20 (1 H, d, 3J = 7.6 Hz).
FVP of 2f (0.306 g, Tf = 650 °C, Ti = 210 °C, t = 25 min, 
P = 4.0·10–5 bar) gave a ca. 25:75 mixture of 5- and 7-cyano-

1H-quinolin-4-ones17 (3fa and 3fb; 0.176 g, 94%). 1H NMR 
(250 MHz, DMSO-d6): d (7-isomer, 250 MHz) = 8.28 (1 H, 
dd, 3J = 8.3 Hz, 4J = 0.4 Hz), 8.06 (1 H, m), 7.81 (1 H, m), 
7.71 (1 H, dd, 3J = 8.3 Hz, 4J = 1.5 Hz), 6.21 (1 H, d, 3J = 7.5 
Hz).
FVP of 2g (0.604 g, Tf = 600 °C, Ti = 180 °C, t = 20 min, 
P = 3.7·10–5 bar) gave 8-cyano-1H-quinolin-4-one (3g, 
0.242 g, 64%); mp 234–236 °C (from MeOH; lit.18 260–
262 °C). 1H NMR (250 MHz, DMSO-d6): d = 8.43 (1 H, dd, 
3J = 8.0 Hz, 4J = 1.7 Hz), 8.25 (1 H, dd, 3J = 7.4 Hz, 4J = 1.7 
Hz), 8.00 (1 H, d,  3J = 7.2 Hz), 7.51 (1 H, dd, 3J = 8.0, 7.4 
Hz), 6.32 (1 H, d, 3J = 7.2 Hz).

(16) Reported by: Margolis, B. J.; Long, K. A.; Laird, D. L. T.; 
Ruble, J. C.; Pulley, S. R. J. Org. Chem. 2007, 72, 2232.

(17) Reported by: Price, C. C.; Snyder, H. R.; Bullitt, O. H. Jr.; 
Kovacic, P. J. Am. Chem. Soc. 1947, 69, 374.

(18) Sashida, H.; Kaname, M.; Tsuchiya, T. Chem. Pharm. Bull. 
1990, 38, 2919.

(19) For example, see: Fields, E. K.; Meyerson, S. Acc. Chem. 
Res. 1969, 2, 273.

(20) FVP of 2h (0.664 g, Tf = 600 °C, Ti = 200 °C, t = 1 h, P = 
3.2·10–5 bar) gave 6-nitro-1H-quinolin-4-one (3h, 0.283 g, 
66%); mp >320 °C (from MeOH; lit.21 337–342 °C). 1H 
NMR (250 MHz, DMSO-d6): d = 8.88 (1 H, d, 3J = 2.8 Hz), 
8.46 (1 H, dd, 3J = 9.2 Hz, 4J = 2.8 Hz), 8.09 (1 H, d, 3J = 7.9 
Hz), 7.76 (1 H, dd, 3J = 9.2 Hz, 5J = 0.5 Hz), 6.24 (1 H, d, 
3J = 7.9 Hz).

(21) Heindel, N. D.; Kennewell, P. D.; Fish, V. B. J. Heterocycl. 
Chem. 1969, 6, 77.

(22) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; 
Robb, M. A.; Cheeseman, J. R.; Montgomery, J. A. Jr.; 
Vreven, T.; Kudin, K. N.; Burant, J. C.; Millam, J. M.; 
Iyengar, S. S.; Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, 
M.; Scalmani, G.; Rega, N.; Petersson, G. A.; Nakatsuji, H.; 
Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; 
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; 
Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; 
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; 
Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; 
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; 
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, 
V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas, 
O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; 
Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; 
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; 
Liashenko, A.; Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, 
D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; 
Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, 
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A. 
Gaussian 03; Gaussian, Inc.: Wallingford CT, 2004.

(23) FVP of 7 (0.323 g, Tf = 600 °C, Ti = 200 °C, t = 1 h, P = 
3.3·10–5 bar) gave a yellow solid (0.182 g) and recrystalli-
zation from MeOH provided 1H-benzo[4,5]imidazo[1,2-
a]pyrimidin-4-one (8, 0.129 g, 62%); mp 285–287 °C (from 
MeOH; lit.24 290 °C). 1H NMR (250 MHz, DMSO-d6): 
d = 8.45 (1 H, d, 3J = 8.0 Hz), 8.00 (1 H, d, 3J = 6.9 Hz), 7.58 
(1 H, d, 3J = 7.6 Hz), 7.50 (1 H, td, 3J = 7.6 Hz, 4J = 1.3 Hz), 
7.34 (1 H, td, 3J = 8.0 Hz, 4J = 1.3 Hz), 5.99 (1 H, d, 3J = 6.9 
Hz).

(24) Dunwell, D. W.; Evans, D. J. Chem. Soc., Perkin Trans. 1 
1973, 1588.

D
ow

nl
oa

de
d 

by
: U

ni
ve

rs
ity

 o
f S

ou
th

er
n 

C
al

ifo
rn

ia
. C

op
yr

ig
ht

ed
 m

at
er

ia
l.


