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Leibniz-Institut für Katalyse e.V. an der Universitaẗ Rostock, Albert-Einstein-Strasse 29a, 18059 Rostock, Germany

*S Supporting Information

ABSTRACT: Carbonylation reactions have been widely used in
organic synthesis. However, the manipulation of toxic and pressurized
carbon monoxide limited their applications in organic laboratories.
The search for alternative carbonyl sources as an important method
for carbonylative organic synthesis is spreading. Herein, a series of
substituted benzoxazinones were synthesized from N-(o-bromoaryl)amides by palladium-catalyzed carbonylation with
paraformaldehyde as the carbonyl source, which is inexpensive, stable, and easy to use. Notably, this is the first example of
using paraformaldehyde as the CO source in palladium-catalyzed carbonylative synthesis of heterocycles.

■ INTRODUCTION
Benzoxazinone derivatives are important skeletons for many
physiologically and pharmaceutically active molecules,1 and
their synthesis has attracted much interest from both organic
and pharmaceutical chemists.2 Until now, the cyclizations from
anthranilic acids,3 N-acylanthranilic acids,4 and isocyanate
derivatives5 are the most traditional methods for their synthesis.
Several other methods have also been reported; however, they
are still lacking in simplicity and generality.6

Palladium-catalyzed carbonylation facilitated the transforma-
tion of (hetero)aryl halides to various benzoic acid derivatives,7

which may combine with the subsequent intramolecular
condensation reactions to form many heterocyclic compounds.8

This strategy has been used in the synthesis of benzoxazinones
by several groups.9 Our group also reported the synthesis of 2-
alkyl- and aryl-substituted benzoxazinones from 2-bromoani-
lines by palladium-catalyzed carbonylations using CO gas.10

Although carbon monoxide (CO) is one of the most cheap and
readily available C1 sources, its toxicity and the need for high-
pressure equipment limited the synthetic applications. There-
fore, the search for some alternative sources of CO is an
effective supplement to the carbonylation reactions.11 For
example, Skrydstrup et al. reported a series of CO-free
carbonylation reactions using ex-generated carbon monoxide.12

We had recently made some progress in the utilization of CO
surrogates like aryl formates in carbonylation reactions.13 In
2013, we succeeded in obtaining the 2-aminobenzoxazinones
using [Mo(CO)6] as the solid carbonyl source; however, large
amounts of metal waste will be generated.14 Compared to many
other CO surrogates, paraformaldehyde is more desirable
because it is cheap and stable and exhibits low toxicity. The
employment of paraformaldehyde had been explored in several
Rh-catalyzed CO-free carbonylation reactions of alkynes,15 but
little success in palladium-catalyzed carbonylation of aryl
halides has been reported.16 Herein, we report the first example
of palladium-catalyzed carbonylation of N-(o-bromoaryl)amides

to form various benzoxazinone derivatives using paraformalde-
hyde as the CO source (Scheme 1).

■ RESULTS AND DISCUSSION
Initially, we tested the model reaction between N-(2-
bromophenyl)pivalamide (1a) and paraformaldehyde catalyzed
by Pd(OAc)2 and XantPhos. At 100 °C, with 1.5 equiv of
paraformaldehyde, only 11% conversion was detected (Table 1,
entry 1). Using 3 equiv of paraformaldehyde, the conversion of
1a was increased to 83% and the yield of 2a to 51% (Table 1,
entry 2). To further improve the conversion, the temperature
was increased to 110 °C and the yield was still moderate (Table
1, entry 3). In each case, the major side product was
debromination of starting material 1a, which was increased
when the temperature was elevated (Table 1, entry 4). To our
delight, the yield of 2a was increased to 91% when 5 equiv of
paraformaldehyde was used (Table 1, entry 5). The screening
of the ligands (see Table S2 of the Supporting Information for
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Scheme 1. Synthesis of Benzoxazinones by Palladium-
Catalyzed Carbonylative Transformations
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details) showed XantPhos was the best ligand for this
carbonylative cyclization (Table 1, entries 5−10). Notably,
bases played an important role in these reactions (Table 1,
entries 10−17, and Table S1 of the Supporting Information).
For example, when KOAc was replaced with NaOAc, the yield
of 2a decreased drastically from 91 to 3% (Table 1, entry 5 vs
entry 11). Organic bases were rather inefficient for this
reaction. After screening different solvents (Table S2 of the
Supporting Information, entries 8−13), we found that the yield
of 2a was better in o-xylene and the amount of debromination
product was lower than those with other solvents like 1,2-
dichloroethane, N,N-dimethylformamide, and 1,4-dioxane.
When using other palladium precursors like PdCl2, Pd-
(OCOCF3)2, Pd(MeCN)2Cl2, and Pd(dba)2, somewhat lower
yields were obtained (Table S3 of the Supporting Information,
entries 1−7). To illustrate the uniqueness of paraformaldehyde,
trioxin and formalin (37% aqueous solution) were also tested as
carbonyl sources, but the conversions of 1a were only 11 and
31%, respectively (Table S3 of the Supporting Information,
entries 8 and 9, respectively). On the basis of these results, the
optimized reaction conditions were specified as follows:
Pd(OAc)2 as the palladium source, XantPhos as the ligand,
KOAc as the base, and o-xylene as the solvent.
With the optimized reaction conditions in hand, we next

extended the reaction to other N-(o-bromoaryl)amides to
examine the scope of this method (Table 2). The acyl groups

had an obvious effect on the selectivity of the reaction. When
the R group was changed from tert-butyl (2a) to methyl (2b),
the yield decreased from 86 to 45%. The major side product
was the debrominated starting material, N-phenylacetamide,
which was obtained in 50% yield. For the trifluoromethyl
group-substituted substrate, debromination of the starting
material (1c) also dominated the reaction and the yield of 2c
was only 36%. However, in the case of 1d with a longer alkyl
chain, the yield was much higher (2d, 69%). A substrate with a
bulkier 1-adamantyl group (1j) could be cyclized to the product
(2j) in 76% yield. To our surprise, N-(2-bromophenyl)-
formamides (1t and 1u) are not suitable for this reaction. For
example, no conversion of 1t was observed at 110 °C. At 120
°C, the reaction became very unselective. The substituents on
the phenyl rings also influenced the reaction. On the whole, the
electron withdrawing groups increase the level of debromina-
tion of the starting materials and thus led to lower yields of the
target products (comparing 2a, 2e, and 2f). Under the same
conditions, 1h was converted to the benzoxazinone product in
59% yield (2h), while with its counterpart 1g, with an electron-
withdrawing ester group on the phenyl ring, no 2g was
obtained. Similarly, 1i with three electron-donating methoxy
groups gave 2i in 76% yield, while chloroaryl 1v led to
complete debromination product N-(4-chlorophenyl)-
cyclohexanecarboxamide (2v′).

Table 1. Optimization of the Reaction Conditionsa

yieldb (%)

entry ligand base T (°C) conversionb (%) 2a 2a′
1c XantPhos KOAc 100 11 2 −
2d XantPhos KOAc 100 83 51 30
3d XantPhos KOAc 110 100 66 28
4 XantPhos KOAc 120 100 32 59
5 XantPhos KOAc 110 100 91e 5
6 PPh3 KOAc 110 99 45 47
7 DPPP KOAc 110 99 47 63
8 BINAP KOAc 110 11 7 −
9 DPPF KOAc 110 18 <1 −
10 DPEPhos KOAc 110 38 6 −
11 XantPhos NaOAc 110 8 3 −
12 XantPhos K2CO3 110 100 39 51
13 XantPhos Cs2CO3 110 100 8 65
14 XantPhos Na2CO3 110 29 12 11
15 XantPhos K3PO4 110 100 39 48
16 XantPhos DABCO 110 15 2 −
17 XantPhos Et3N 110 14 <1 −
18f XantPhos KOAc 110 100 91 2

aUnless otherwise specified, all reactions were conducted with 0.25 mmol of substrates (64 mg) and 1.25 mmol (37.5 mg) of (CH2O)n in 2 mL of
toluene. bDetermined by GC using n-hexadecane as the internal standard. cWith 1.5 equiv of (CH2O)n.

dWith 3 equiv of (CH2O)n.
eCorresponding

to an isolated yield of 86%. fo-Xylene as the solvent.
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On the basis of the success in preparing various 2-alkyl-
substituted benzoxazinones described above, we tried the
reaction of arylacyl-protected o-bromoanilines under the same
conditions. The reactions became more difficult, and a higher
temperature (120 °C) was necessary for the full conversion of
the starting materials. The nature of the substituents on the
amidoaryl moiety had obvious effect on the yields of the
product. Specifically, the electron-withdrawing group depleted
the yield to a large extent (2l and 2m). For example, p-
fluorophenylamide 1o afforded only trace amounts of 2o as the
debromination product became dominant [4-fluoro-N-phenyl-
benzamide (2o′)]. Heteroaryl groups such as 2-furanoyl and
thienyl were also tolerated, and the yields of 2q and 2r were 78
and 74%, respectively. With 3-(2-bromophenyl)-1,1-diethylurea
(1s) as the starting product, 2-amino-substituted benzoxazi-
none could be obtained in 80% yield. On the whole, this
method showed good generality for many substrates.
To make it more convenient for practical use, we tried the

reaction with 2-bromoaniline, pivalic anhydride, and parafor-
maldehyde in one pot, but only 1a (6−20% yield) was detected
by GC. Additionally, using 13C-labeled paraformaldehyde as the
carbonyl source, a 4-13C-labeled benzoxazinone derivative can
also been prepared by this method (Scheme 2), which has
many important pharmaceutical and biological applications.17

Finally, a reaction pathway was proposed (Scheme 3) on the
basis of our observation that paraformaldehyde could be
decomposed to carbon monoxide (CO, by GC−MS) catalyzed
by a palladium catalyst.16 In the presence of in situ-generated
CO, the substrates 1 could be smoothly converted to product 2
through the same intermediates that we reported previously.10

Meanwhile, the side reaction could also been explained by this
process. If the hemiacetal anion D, which resulted from the
attack of the acetate anion on formaldehyde, undergoes ligand
exchange with A, then intermediate E will form. Elimination of
the β-hydride from E would lead to the hydroaryl palladium
complex F, which is unstable and easily eliminated to the
hydrodebromination product 2′. F is unstable and easily
eliminated to form hydrodebromination product 2′.18
In conclusion, a simple and general method for the synthesis

of benzoxazinone derivatives has been developed. The starting

Table 2. Substrate Scopea

aAll reactions were conducted with 0.25 mmol of substrates in 2 mL of o-xylene. For substrates in which R = alkyl (1a−i), the reactions were
conducted at 110 °C; for other substrates, the reactions were conducted at 120 °C. bThe lower yields were due to the debromination of the starting
material. cNo 2g was detected by GC−MS. dOnly 4-fluoro-N-phenylbenzamide was isolated.

Scheme 2. Synthesis of 13C-Labeled Benzoxazinone
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materials can been easily prepared from the 2-bromoanilines
and acid chlorides or anhydrides. Most importantly, paraf-
ormaldehyde was used as a solid, cheap, and easy-to-handle
carbonyl source. Therefore, this method provided a practical
pathway for the carbonylative synthesis of benzoxazinone
heterocycles.

■ EXPERIMENTAL SECTION
General Considerations. NMR spectra were recorded on a 300

MHz spectrometer at 295 K in CDCl3 or DMSO. Chemical shifts
(parts per million) are given relative to solvent. References for CDCl3
were 7.26 ppm (1H NMR) and 77.00 ppm (13C NMR); references for
d6-DMSO were 2.50 ppm (1H NMR) and 40.00 ppm (13C NMR).
High-resolution mass spectrometry (HRMS) was performed using an
ESI-TOF/MS instrument. The products were isolated from the
reaction mixture by column chromatography on silica gel 60 (0.063−
0.2 mm, 70−230 mesh).
General Procedure for the Synthesis and Characterization

of the Starting N-(o-Bromoaryl)amides. 2-Bromoarylamine (10
mmol) and triethylamine (13 mmol) were dissolved in CH2Cl2 (25
mL) at 0 °C. Then the corresponding acyl chloride (11 mmol) was
added dropwise. After addition, the mixture was warmed to room
temperature and stirred for a certain amount of time until the 2-
bromoarylamine was consumed by TLC. Thirty milliliters of water was
added to the reaction mixture, and the organic phase was separated.
The aqueous phase was extracted with CH2Cl2 (3 × 10 mL), and the
combined organic phase was washed with brine and dried over
anhydrous Na2SO4. After evaporation of the solvent, the N-(o-
bromoaryl)amides were obtained as the crude products. Purifications
were conducted by the reported procedure through recrystallization or
column chromatography using a pentane (PE)/ethyl acetate (EA)
eluent.
N-(2-Bromophenyl)pivalamide (1a).19 Yellow solid, used directly

without further purification, 98% yield: 1H NMR (300 MHz, CDCl3)
δ 8.39 (dd, J = 8.3, 1.6 Hz, 1H), 8.00 (s, 1H), 7.52 (dd, J = 8.0, 1.5 Hz,
1H), 7.30 (dd, J = 8.6, 7.3, 1.5 Hz, 1H), 6.95 (dd, J = 8.0, 7.4, 1.6 Hz,
1H), 1.35 (s, 9H); 13C NMR (75 MHz, CDCl3) δ 176.6, 135.8, 132.0,
128.3, 124.8, 121.6, 113.6, 40.2, 27.6.
N-(2-Bromophenyl)acetamide (1b).19 White solid, purified by

recrystallization from ethanol, 65% yield: 1H NMR (300 MHz,
CDCl3) δ 8.25 (d, J = 8.3 Hz, 1H), 7.51 (d, J = 23.4 Hz, 1H), 7.49−
7.41 (m, 1H), 7.28−7.20 (m, 1H), 6.90 (t, J = 7.7, 1.6 Hz, 1H), 2.16
(s, 3H); 13C NMR (75 MHz, CDCl3) δ 168.2, 135.6, 132.2, 128.3,
125.1, 121.9, 113.2, 24.8.

N-(2-Bromophenyl)-2,2,2-trifluoroacetamide (1c).20 Yellow solid,
purified by sublimation, 55% yield: 1H NMR (300 MHz, CDCl3) δ
8.45 (s, 1H), 8.31 (dd, J = 8.3, 1.6 Hz, 1H), 7.61 (dd, J = 8.1, 1.5 Hz,
1H), 7.46−7.33 (m, 1H), 7.19−7.05 (m, 1H); 13C NMR (75 MHz,
CDCl3) δ 133.2, 132.6, 128.7, 127.2, 122.0, 117.5, 114.1; 19F NMR
(282 MHz, CDCl3) δ −75.5.

N-(2-Bromophenyl)hexanamide (1d).21 White solid, recrystallized
from ethanol and pentane, 77% yield: 1H NMR (300 MHz, CDCl3) δ
8.36 (d, J = 8.3 Hz, 1H), 7.62 (s, 1H), 7.53 (dd, J = 8.0, 1.5 Hz, 1H),
7.34−7.27 (m, 1H), 7.01−6.91 (m, 1H), 2.42 (t, J = 7.5 Hz, 2H),
1.81−1.68 (m, 2H), 1.47−1.26 (m, 4H), 0.98−0.84 (m, 3H); 13C
NMR (75 MHz, CDCl3) δ 171.4, 135.7, 132.1, 128.4, 125.0, 121.9,
113.2, 38.0, 31.3, 25.2, 22.4, 13.9.

N-(2-Bromo-5-methylphenyl)pivalamide (1e).22 Yellow solid, used
directly without further purification, 91% yield: 1H NMR (300 MHz,
CDCl3) δ 8.24 (dd, J = 2.1, 0.9 Hz, 1H), 7.96 (s, 1H), 7.36 (d, J = 8.1
Hz, 1H), 6.80−6.72 (m, 1H), 2.30 (s, 3H), 1.34 (s, 9H); 13C NMR
(75 MHz, CDCl3) δ 176.6, 138.5, 135.3, 131.5, 125.7, 122.1, 110.2,
40.1, 27.5, 21.2.

N-(2-Bromo-4,6-difluorophenyl)pivalamide (1f).23 Yellow solid,
further purified by column chromatography (PE:EA ratio of 15), 88%
yield: 1H NMR (300 MHz, CDCl3) δ 7.20 (s, 1H), 7.11 (ddd, J = 7.8,
2.8, 1.9 Hz, 1H), 6.82 (ddd, J = 9.4, 8.4, 2.8 Hz, 1H), 1.29 (s, 9H); 13C
NMR (75 MHz, CDCl3) δ 176.89, 162.23, 160.08, 159.90, 159.06,
158.89, 156.69, 156.51, 123.05, 123.00, 122.88, 122.84, 121.47, 121.41,
121.26, 121.20, 115.56, 115.51, 115.23, 115.17, 104.07, 103.73, 39.23,
27.37; 19F NMR (282 MHz, CDCl3) δ −109.8, −110.0.

Methyl 4-Bromo-3-(2-ethylbutanamido)benzoate (1g). 1g was
prepared from 2-methyl 4-amino-3-bromobenzoate (prepared by the
bromination of methyl 4-aminobenzoate with NBS24 in chloroform,
98% yield) and 2-ethylbutanoyl chloride by the general procedure.
Purified by column chromatography (PE:EA ratio of 5) as a light
yellow solid, in 86% yield for two steps: mp 99−101 °C; 1H NMR
(300 MHz, CDCl3) δ 8.51 (d, J = 8.7 Hz, 1H), 8.21 (d, J = 1.9 Hz,
1H), 7.96 (dd, J = 8.6, 1.9 Hz, 1H), 7.82 (s, 1H), 3.89 (s, 3H), 2.22−
2.09 (m, 1H), 1.81−1.53 (m, 5H), 0.97 (t, J = 7.4 Hz, 6H); 13C NMR
(75 MHz, CDCl3) δ 174.4, 165.3, 139.5, 133.5, 129.9, 126.3, 120.5,
112.4, 52.6, 52.2, 25.7, 11.9; HRMS (ESI) calcd for C14H19BrO3N (M
+ H)+ 328.05428 (79Br) and 330.05328 (81Br), found 328.05456 and
330.05267, respectively.

N-[2-Bromo-5-(trifluoromethoxy)phenyl]-2-ethylbutanamide
(1h). White solid, purified by column chromatography (PE:EA ratio of
20), 68% yield: mp 109−110 °C; 1H NMR (300 MHz, CDCl3) δ 8.43
(d, J = 9.1 Hz, 1H), 7.64−7.52 (m, 1H), 7.46−7.42 (m, 1H), 7.24−
7.17 (m, 1H), 2.23−2.01 (m, 1H), 1.77−1.54 (m, 4H), 0.98 (t, J = 7.4
Hz, 6H); 13C NMR (75 MHz, CDCl3) δ 174.3, 134.6, 125.0, 122.5,

Scheme 3. Proposed Reaction Mechanism
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121.1, 118.6, 113.1, 52.6, 25.8, 12.0; 19F NMR (282 MHz, CDCl3) δ
−57.3; HRMS (ESI) calcd for C13H16BrF3O2N (M + H)+ 354.03110
(79Br) and 356.02917 (81Br), found 354.03129 and 356.02938,
respectively.
N-(2-Bromo-3,4,5-trimethoxyphenyl)cyclohexanecarboxamide

(1i). White solid, purified by column chromatography (PE:EA ratio of
6), 70% yield: mp 131−134 °C; 1H NMR (300 MHz, CDCl3) δ 7.97
(s, 1H), 7.70 (s, 1H), 3.87 (s, 3H), 3.85 (s, 3H), 3.81 (s, 3H), 2.34−
2.21 (m, 1H), 2.04−1.92 (m, 2H), 1.88−1.76 (m, 2H), 1.69−1.16 (m,
6H); 13C NMR (75 MHz, CDCl3) δ 174.3, 152.8, 150.4, 139.0, 132.0,
101.0, 99.5, 77.0, 61.1, 61.0, 56.0, 46.6, 29.6, 25.6, 25.5; HRMS (ESI)
calcd for C16H23BrO4N (M + H)+ 372.08050 (79Br) and 374.07864
(81Br), found 372.08065 and 374.07865, respectively.
N-(2-Bromophenyl)adamantane-1-carboxamide (1j).25 White

solid, purified by column chromatography (PE:EA ratio of 15), 83%
yield: 1H NMR (300 MHz, CDCl3) δ 8.33 (dd, J = 8.3, 1.6 Hz, 1H),
7.91 (s, 1H), 7.43 (dd, J = 8.0, 1.5 Hz, 1H), 7.25−7.15 (m, 1H), 6.92−
6.81 (m, 1H), 2.02 (d, J = 3.2 Hz, 3H), 1.92 (d, J = 2.9 Hz, 6H), 1.68
(t, J = 2.9 Hz, 6H); 13C NMR (75 MHz, CDCl3) δ 176.0, 135.7, 132.0,
128.3, 124.7, 121.6, 113.6, 42.0, 39.2, 36.3, 28.0.
N-(2-Bromophenyl)benzamide (1k).26 White solid, further purified

by column chromatography (PE:EA ratio of 20), 85% yield: 1H NMR
(300 MHz, CDCl3) δ 8.56 (dd, J = 8.3, 1.6 Hz, 1H), 8.47 (s, 1H),
8.02−7.85 (m, 2H), 7.62−7.47 (m, 4H), 7.42−7.32 (m, 1H), 7.09−
6.95 (m, 1H); 13C NMR (75 MHz, CDCl3) δ 155.8, 147.5, 144.6,
135.3, 132.2, 128.3, 125.1, 121.5, 115.6, 113.3, 112.6.
N-(2-Bromophenyl)-4-chlorobenzamide (1l).26 White solid, with-

out further purification, 86% yield: 1H NMR (300 MHz, CDCl3) δ
8.49 (dd, J = 8.1, 1.6 Hz, 1H), 8.39 (s, 1H), 7.92−7.72 (m, 2H), 7.63−
7.28 (m, 4H), 7.09−6.94 (m, 1H); 13C NMR (75 MHz, CDCl3) δ
164.1, 138.5, 135.5, 132.8, 132.2, 129.2, 128.5, 128.5, 125.5, 121.8,
113.8.
N-(2-Bromophenyl)-4-methoxybenzamide (1m).26 White solid,

without further purification, 87% yield: 1H NMR (300 MHz, CDCl3)
δ 8.54 (dd, J = 8.3, 1.6 Hz, 1H), 8.39 (s, 1H), 7.94−7.86 (m, 2H), 7.57
(dd, J = 8.0, 1.5 Hz, 1H), 7.41−7.32 (m, 1H), 7.04−6.95 (m, 3H),
3.88 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 164.7, 162.7, 136.0,
132.2, 129.0, 128.5, 126.8, 125.0, 121.6, 114.1, 113.6, 55.5.
N-(2-Bromophenyl)-4-(tert-butyl)benzamide (1n).27 White solid,

further purified by column chromatography (PE:EA ratio of 15), 80%
yield: 1H NMR (300 MHz, CDCl3) δ 8.60−8.52 (m, 1H), 8.47 (s,
1H), 7.92−7.84 (m, 2H), 7.61−7.50 (m, 3H), 7.41−7.31 (m, 1H),
7.05−6.96 (m, 1H), 1.37 (s, 9H); 13C NMR (75 MHz, CDCl3) δ
165.1, 155.8, 135.9, 132.2, 131.7, 128.5, 126.9, 125.9, 125.0, 121.6,
113.6, 35.0, 31.1.
N-(2-Bromophenyl)-4-fluorobenzamide (1o).26 White solid, fur-

ther purified by column chromatography (PE:EA ratio of 20), 78%
yield: 1H NMR (300 MHz, CDCl3) δ 8.50 (dd, J = 8.2, 1.6 Hz, 1H),
8.39 (s, 1H), 8.03−7.86 (m, 2H), 7.57 (dd, J = 8.0, 1.5 Hz, 1H), 7.43−
7.30 (m, 1H), 7.25−7.11 (m, 2H), 7.08−6.95 (m, 1H). 13C NMR (75
MHz, CDCl3) δ 166.7, 164.1, 163.4, 135.6, 132.2, 130.7 (d, J = 3.3
Hz), 129.5 (d, J = 9.0 Hz), 128.5, 125.4, 121.8, 116.1, 115.9, 113.8.
130.7.
N-(2-Bromophenyl)-2,4,6-trimethylbenzamide (1p). White solid,

purified by column chromatography (PE:EA ratio of 20), 85% yield:
mp 107−109 °C; 1H NMR (300 MHz, CDCl3) δ 8.52 (dd, J = 8.2, 1.6
Hz, 1H), 7.76 (s, 1H), 7.57 (dd, J = 8.0, 1.5 Hz, 1H), 7.44−7.34 (m,
1H), 7.08−7.00 (m, 1H), 6.95−6.88 (m, 2H), 2.40 (s, 6H), 2.33 (s,
3H); 13C NMR (75 MHz, CDCl3) δ 168.7, 139.0, 135.5, 134.6, 134.3,
132.3, 128.4, 128.4, 125.5, 122.4, 113.7, 21.1,19.2; HRMS (ESI) calcd
for C16H17BrON (M + Na)+ 340.03075 (79Br) and 342.02884 (81Br),
found 340.03083 and 340.02890, respectively.
N-(2-Bromophenyl)furan-2-carboxamide (1q).28 1H NMR (300

MHz, CDCl3) δ 8.60 (s, 1H), 8.41 (dd, J = 8.3, 1.6 Hz, 1H), 7.51−
7.38 (m, 2H), 7.24 (t, J = 8.9, 1H), 7.16 (dd, J = 3.6, 0.8 Hz, 1H), 6.89
(ddd, J = 8.0, 7.4, 1.6 Hz, 1H), 6.47 (dd, J = 3.5, 1.8 Hz, 1H); 13C
NMR (75 MHz, CDCl3) δ 155.8, 147.5, 144.6, 135.3, 132.2, 128.3,
125.1, 121.5, 115.6, 113.3, 112.6.
N-(2-Bromophenyl)thiophene-2-carboxamide (1r).29 White solid,

further purified by column chromatography (PE:EA ratio of 15), 84%

yield: 1H NMR (300 MHz, CDCl3) δ 7.76−7.64 (m, 1H), 7.64−7.48
(m, 4H), 7.38−7.22 (m, 3H), 7.01 (dd, J = 5.0, 3.8 Hz, 2H); 13C NMR
(75 MHz, CDCl3) δ 165.4, 139.2, 137.8, 133.9, 133.8, 133.4, 131.0,
130.2, 128.7, 127.7, 123.3.

3-(2-Bromophenyl)-1,1-diethylurea (1s). Prepared by the reaction
with 2-bromophenyl isocynate (1 g, 5 mmol) and diethylamine (0.58
mL, 5.6 mmol) in toluene at 80 °C for 6 h; purified by column
chromatography (PE:EA ratio of 8) that gave the product in 94% yield
as a colorless liquid: 1H NMR (300 MHz, CDCl3) δ 8.2 (dd, J = 8.3,
1.6 Hz, 1H), 7.4 (dd, J = 8.0, 1.5 Hz, 1H), 7.3−7.1 (m, 1H), 7.0 (s,
1H), 6.9−6.7 (m, 1H), 3.3 (q, J = 7.2 Hz, 4H), 1.2 (t, J = 7.6, 6H); 13C
NMR (75 MHz, CDCl3) δ 153.6, 136.9, 131.5, 127.9, 122.9, 120.6,
112.6, 112.6, 41.5, 13.6.

N-(2-Bromo-4-chlorophenyl)cyclohexanecarboxamide (1v). Yel-
low solid, further purified by column chromatography (PE:EA ratio of
10), 76% yield: 1H NMR (300 MHz, CDCl3) δ 8.26 (d, J = 8.9 Hz,
1H), 7.59 (s, 1H), 7.45 (d, J = 2.4 Hz, 1H), 7.24−7.16 (m, 1H), 2.30−
2.17 (m, 1H), 2.00−1.87 (m, 2H), 1.84−1.72 (m, 2H), 1.70−1.60 (m,
1H), 1.54−1.37 (m, 2H), 1.34−1.14 (m, 3H); 13C NMR (75 MHz,
CDCl3) δ 174.2, 134.5, 131.5, 129.1, 128.4, 122.4, 113.4, 46.5, 29.6,
25.6; HRMS (ESI) calcd for C13H16BrClON (M + H)+ 316.00983
(79Br) and 318.00764 (81Br), found 316.0099 and 318.00781,
respectively.

General Procedure (GP) for the Carbonylative Cyclization of
1 To Form 2. To an oven-dried Schlenk (10 mL) tube were added 1
(0.25 mmol), Pd(OAc)2 (2.24 mg, 10 μmol), XantPhos (8.67 mg, 15
μmol), paraformaldehyde (37.5 mg, 1.25 mmol), and KOAc (49 mg,
0.5 mmol). Then the Schlenk tube was vacuumed and purged with
argon three times before 1 mL of toluene was added. After being
stirred at 110 or 120 °C for 18 h, the mixture was cooled to room
temperature.

2-(tert-Butyl)-4H-benzo[d][1,3]oxazin-4-one (2a).10b Prepared
according to the GP and purified as a white solid in 86% yield (43.6
mg): 1H NMR (300 MHz, CDCl3) δ 8.19−8.11 (m, 1H), 7.79−7.71
(m, 1H), 7.59−7.53 (m, 1H), 7.50−7.42 (m, 1H), 1.38 (s, 9H); 13C
NMR (75 MHz, CDCl3) δ 168.1, 160.0, 146.5, 136.2, 128.2, 127.9,
126.8, 116.7, 37.9, 27.6.

2-Methyl-4H-benzo[d][1,3]oxazin-4-one (2b).10b Prepared accord-
ing to the GP and purified by column chromatography (PE:EA ratio of
30) as a colorless thick oil in 45% yield (18.2 mg): 1H NMR (300
MHz, CDCl3) δ 8.18 (dd, J = 7.9, 1.6 Hz, 1H), 7.79 (dd, J = 8.1, 7.3,
1.6 Hz, 1H), 7.57−7.45 (m, 2H), 2.47 (s, 3H).

2-(Trifluoromethyl)-4H-benzo[d][1,3]oxazin-4-one (2c).10b Pre-
pared according to the GP and purified by column chromatography
(PE:EA ratio of 40) as a colorless thick oil in 36% yield (19.6 mg): 1H
NMR (300 MHz, CDCl3) δ 8.29 (dd, J = 7.9, 1.5, 0.6 Hz, 1H), 7.94
(dd, J = 8.1, 1.5 Hz, 1H), 7.79 (d, J = 8.1, 0.8 Hz, 1H), 7.74−7.65 (m,
1H).

2-Pentyl-4H-benzo[d][1,3]oxazin-4-one (2d).10b Prepared accord-
ing to the GP and purified by column chromatography (PE:EA ratio of
40) as a colorless oil in 69% yield (37.6 mg): 1H NMR (300 MHz,
CDCl3) δ 8.22−8.13 (m, 1H), 7.83−7.72 (m, 1H), 7.60−7.43 (m,
2H), 2.74−2.59 (m, 2H), 1.83 (t, J = 7.6 Hz, 2H), 1.48−1.26 (m, 4H),
0.98−0.79 (m, 3H); 13C NMR (75 MHz, CDCl3) δ 163.3, 159.9,
146.5, 136.4, 128.4, 128.1, 126.5, 116.8, 34.8, 31.2, 25.8, 22.3, 13.9.

2-(tert-Butyl)-7-methyl-4H-benzo[d][1,3]oxazin-4-one (2e). Pre-
pared according to the GP and purified by column chromatography
(PE:EA ratio of 30) as a white solid in 84% yield (45.6 mg): 1H NMR
(300 MHz, CDCl3) δ 8.06 (d, J = 8.1 Hz, 1H), 7.39 (dt, J = 1.6, 0.8
Hz, 1H), 7.29 (dd, J = 8.1, 1.8, 0.7 Hz, 1H), 2.48 (s, 3H), 1.39 (s, 9H);
13C NMR (75 MHz, CDCl3) δ 168.4, 160.2, 147.8, 146.6, 129.3, 128.1,
126.9, 126.9, 114.2, 37.9, 27.7, 22.0; HRMS (ESI) calcd for
C13H16O2N (M + H)+ 218.11756, found 218.11758.

2-(tert-Butyl)-6,8-difluoro-4H-benzo[d][1,3]oxazin-4-one (2f).
Yellowish white solid, prepared according to the GP and purified by
column chromatography (PE:/EA ratio of 20) in 66% yield (39.5 mg):
mp 81−82 °C; 1H NMR (300 MHz, CDCl3) δ 7.59 (ddd, J = 7.6, 2.8,
1.6 Hz, 1H), 7.27−7.18 (m, 1H), 1.34 (s, 9H); 13C NMR (75 MHz,
CDCl3) δ 168.4 (d, J = 2.5 Hz), 162.2 (d, J = 10.8 Hz), 158.8 (dd, J =
11.2, 3.4 Hz), 155.3 (d, J = 11.8 Hz), 111.7 (q, J = 27.0, 22.6 Hz),
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109.4 (dd, J = 23.8, 4.6 Hz); 19F NMR (282 MHz, CDCl3) δ −106.6
(q, J = 15.5, 8.1 Hz), −117.7 (t, J = 16.6, 9.5 Hz); HRMS (ESI) calcd
for C12H12O2NF2 (M + H)+ 239.07524, found 239.07525.
Methyl 4-(2-Ethylbutanamido)benzoate (2g′). White solid,

prepared according to the GP and isolated as a byproduct by column
chromatography (PE:EA ratio of 5) in 67% yield (41.7 mg): mp 139−
140 °C; 1H NMR (300 MHz, CDCl3) δ 7.98 (d, J = 8.6 Hz, 2H), 7.65
(d, J = 8.8 Hz, 2H), 7.60 (s, 1H), 3.89 (s, 3H), 2.15−2.02 (m, 1H),
1.82−1.48 (m, 4H), 0.94 (t, J = 7.4 Hz, 6H); 13C NMR (75 MHz,
CDCl3) δ 174.7, 166.6, 142.2, 130.7, 125.4, 118.9, 52.3, 52.0, 52.0,
25.7, 12.0; HRMS (ESI) calcd for C14H20O3N (M + H)+ 250.14377,
found 250.14403.
2-(Pentan-3-yl)-6-(trifluoromethoxy)-4H-benzo[d][1,3]oxazin-4-

one (2h). Prepared according to the GP and purified by column
chromatography (PE:EA ratio of 20) as a yellowish oil in 66% yield
(49.7 mg): 1H NMR (300 MHz, CDCl3) δ 8.04−7.98 (m, 1H), 7.66−
7.58 (m, 2H), 2.61−2.39 (m, 1H), 1.91−1.66 (m, 4H), 0.94 (t, J = 7.4
Hz, 6H); 13C NMR (75 MHz, CDCl3) δ 165.9, 159.0, 148.0, 144.9,
129.4 (d, JF−C = 1.6 Hz), 128.8, 119.7, 119.6, 118.0, 48.9, 25.5, 11.8;
19F NMR (282 MHz, CDCl3) δ −57.7; HRMS (ESI) calcd for
C14H15O3NF3 (M + H)+ 301.09203, found 301.09186.
2-Cyclohexyl-5,6,7-trimethoxy-4H-benzo[d][1,3]oxazin-4-one

(2i). Prepared according to the GP and purified by column
chromatography (PE:EA ratio of 5) as a white solid in 76% yield
(66.1 mg): 1H NMR (300 MHz, CDCl3) δ 6.80 (s, 1H), 3.97 (s, 3H),
3.94 (s, 3H), 3.87 (s, 3H), 2.60−2.47 (m, 1H), 2.08−1.96 (m, 2H),
1.88−1.77 (m, 2H), 1.71−1.49 (m, 3H), 1.39−1.20 (m, 3H); 13C
NMR (75 MHz, CDCl3) δ 166.3, 160.1, 156.2, 154.2, 145.1, 142.2,
104.5, 104.3, 61.9, 61.3, 56.3, 43.2, 29.7, 25.6, 25.5; HRMS (ESI) calcd
for C17H22O5N (M + H)+ 320.14925, found 320.14918.
2-(1-Adamantyl)-4H-benzo[d][1,3]oxazin-4-one (2j).4e White

solid, prepared according to the GP and purified by column
chromatography (PE:EA ratio of 50) as a white solid in 74% yield
(52.1 mg): mp 161−163 °C; 1H NMR (300 MHz, CDCl3) δ 8.16 (dd,
J = 7.9, 1.5 Hz, 1H), 7.82−7.70 (m, 1H), 7.62−7.52 (m, 1H), 7.52−
7.40 (m, 1H), 2.09 (d, J = 2.9 Hz, 2H), 2.07 (d, J = 2.8 Hz, 6H), 1.77
(d, J = 3.0 Hz, 6H); 13C NMR (75 MHz, CDCl3) δ 167.6, 160.2,
146.7, 136.2, 128.2, 127.9, 126.8, 116.9, 39.6, 39.2, 39.2, 36.4, 27.9.
2-(4-Phenyl)-4H-benzo[d][1,3]oxazin-4-one (2k).30 Prepared ac-

cording to the GP and purified by column chromatography (PE:EA
ratio of 15) as a white solid in 75% yield (42.1 mg): 1H NMR (300
MHz, CDCl3) δ 8.27−8.09 (m, 3H), 7.78−7.66 (m, 1H), 7.64−7.55
(m, 1H), 7.52−7.34 (m, 4H); 13C NMR (75 MHz, CDCl3) δ 159.5,
157.0, 146.9, 136.5, 132.6, 130.2, 128.7, 128.5, 128.3, 128.2, 127.2,
117.0.
2-(4-Chlorophenyl)-4H-benzo[d][1,3]oxazin-4-one (2l).10a Pre-

pared according to the GP and purified by column chromatography
(PE:EA ratio of 10) as a white solid in 63% yield (40.6 mg): 1H NMR
(300 MHz, CDCl3) δ 8.34−8.14 (m, 3H), 7.89−7.74 (m, 1H), 7.73−
7.61 (m, 1H), 7.58−7.41 (m, 3H); 13C NMR (75 MHz, CDCl3) δ
159.2, 156.2, 146.7, 139.0, 136.6, 129.6, 129.1, 128.7, 128.6, 128.4,
127.2, 116.9.
2-(4-Methoxyphenyl)-4H-benzo[d][1,3]oxazin-4-one (2m).10a

Prepared according to the GP and purified by column chromatography
(PE:EA ratio of 8) as a white solid in 74% yield (46.8 mg): 1H NMR
(300 MHz, CDCl3) δ 8.27−8.14 (m, 3H), 7.77 (dd, J = 8.6, 7.3 Hz,
1H), 7.66−7.57 (m, 1H), 7.50−7.39 (m, 1H), 7.03−6.91 (m, 2H),
3.87 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 163.2, 159.7, 157.0,
147.3, 136.4, 130.2, 128.5, 127.6, 126.8, 122.5, 116.6, 114.1, 55.4.
2-[4-(tert-Butyl)phenyl]-4H-benzo[d][1,3]oxazin-4-one (2n).10a

Prepared according to the GP and purified by column chromatography
(PE:EA ratio of 20) as a white solid in 71% yield (49.6 mg): 1H NMR
(300 MHz, CDCl3) δ 8.26−8.18 (m, 3H), 7.84−7.76 (m, 1H), 7.71−
7.64 (m, 1H), 7.56−7.44 (m, 3H), 1.37 (s, 9H); 13C NMR (75 MHz,
CDCl3) δ 159.7, 157.2, 156.4, 147.1, 136.4, 128.5, 128.1, 127.9, 127.4,
127.1, 125.7, 116.9, 35.1, 31.1.
2-Mesityl-4H-benzo[d][1,3]oxazin-4-one (2p).31 White solid, pre-

pared according to the GP and purified by column chromatography
(PE:EA ratio of 10) in 53% yield (35.1 mg): mp 139−141 °C; 1H
NMR (300 MHz, CDCl3) δ 8.28 (dd, J = 7.8, 1.5 Hz, 1H), 7.89−7.81

(m, 1H), 7.71−7.66 (m, 1H), 7.62−7.54 (m, 1H), 6.94 (s, 2H), 2.33
(s, 9H); 13C NMR (75 MHz, CDCl3) δ 160.0, 159.4, 146.4, 140.1,
136.6, 129.0, 128.7, 128.6, 128.5, 127.1, 116.8, 21.2, 19.8.

2-(Furan-2-yl)-4H-benzo[d][1,3]oxazin-4-one (2q).4e Prepared
according to the GP and purified by column chromatography
(PE:EA ratio of 15) as a white solid in 78% yield (41.7 mg): 1H
NMR (300 MHz, CDCl3) δ 8.21 (d, J = 8.0 Hz, 1H), 7.81 (t, J = 7.2,
1.4 Hz, 1H), 7.75−7.62 (m, 2H), 7.55−7.43 (m, 1H), 7.39−7.30 (m,
1H), 6.66−6.56 (m, 1H); 13C NMR (75 MHz, CDCl3) δ 158.5, 149.7,
147.1, 147.0, 146.6, 144.4, 136.8, 128.7, 128.2, 127.1, 117.2, 116.9,
112.5.

2-(Thiophen-2-yl)-4H-benzo[d][1,3]oxazin-4-one (2r).4e Prepared
according to the GP and purified by column chromatography (PE:EA
ratio of 15) as a white solid in 74% yield (42.5 mg): 1H NMR (300
MHz, CDCl3) δ 8.20 (dd, J = 7.9, 1.6, 0.6 Hz, 1H), 7.95 (dd, J = 3.8,
1.3 Hz, 1H), 7.79 (dd, J = 8.1, 7.3, 1.6 Hz, 1H), 7.67−7.56 (m, 2H),
7.47 (dd, J = 7.8, 7.3, 1.2 Hz, 1H), 7.16 (dd, J = 5.0, 3.8 Hz, 1H); 13C
NMR (75 MHz, CDCl3) δ 159.0, 153.6, 147.0, 136.6, 134.1, 132.3,
131.7, 128.7, 128.3, 127.9, 126.8, 116.7.

2-(Diethylamino)-4H-benzo[d][1,3]oxazin-4-one (2s).32 Prepared
according to the GP and purified by column chromatography (PE:EA
ratio of 8) as a yellow thick oil in 80% yield (43.7 mg): 1H NMR (300
MHz, CDCl3) δ 7.99 (dd, J = 8.0, 1.6 Hz, 1H), 7.63−7.53 (m, 1H),
7.24−7.18 (m, 1H), 7.14−7.04 (m, 1H), 3.56 (q, J = 7.1 Hz, 4H), 1.25
(t, J = 7.1 Hz, 6H); 13C NMR (75 MHz, CDCl3) δ 160.3, 153.5, 151.4,
136.5, 128.6, 124.1, 122.7, 112.1, 42.2, 13.4.

N-(4-Chlorophenyl)cyclohexanecarboxamide (2v′). Prepared ac-
cording to the GP and purified by column chromatography (PE:EA
ratio of 20) as a white solid in 51% yield (30.3 mg): 1H NMR (300
MHz, CDCl3) δ 7.49 (d, J = 8.8 Hz, 2H), 7.28 (dd, J = 4.2, 2.5 Hz,
2H), 2.30−2.14 (m, 1H), 2.02−1.79 (m, 4H), 1.65−1.50 (m, 2H),
1.42−1.15 (m, 4H); 13C NMR (75 MHz, DMSO) δ 174.9, 138.9,
129.0, 126.8, 121.0, 45.3, 29.6, 25.9, 25.7; HRMS (ESI) calcd for
C13H17ClON (M + H)+ 238.09932, found 238.09913.
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