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Formation of amides, their intramolecular reactions to the 

synthesis of N-heterocycles, and preparation of a marketed drug, 

Sildenafil: A comprehensive coverage 

Joydev K. Laha,*
 
Ketul V. Patel, K. S. Satyanarayana Tummalapalli, and Neetu Dayal

A unified approach to the tandem preparation of diverse nitrogen 

heterocycles via decarboxylative acylation of ortho-substituted 

amines with αααα-oxocarboxylic acids and subsequent intramolecular 

cyclizations has been developed. The key features of this work 

include: first example of transition-metal-free decarboxylative 

amidation of αααα-oxocarboxylic acids with ortho-substituted amines, 

realization of intramolecular cyclization of amides employing 

nucleophiles that have previously been unexplored, mechanistic 

investigation of an unprecedented K2S2O8 promoted amide 

formation and its subsequent intramolecular cyclizations, and 

application to the synthesis of a best-selling marketed drug. 

Benz-amidine/oxazine heterocyclic structures are privileged 

molecular scaffolds ubiquitously found in natural products, 

pharmaceuticals, and performance materials.
1
 Because of their 

wide prevalence in chemical entities that demonstrate heralds 

of pharmacological and biological activities, an impressive 

armory of diverse synthetic routes have been developed for 

the synthesis of these nitrogen heterocycles.
2
 Among the 

various tools executed for the synthesis of these heterocycles, 

intramolecular reactions of secondary aryl amides with 

another amide group juxtaposed to the original amide leading 

to the synthesis of quinazolin-4-ones is especially alluring.
3
 

Despite the great potential, as demonstrated in the 

preparation of a pharmaceutical drug Sildnafil,
4
 the 

intramolecular cyclization of amides is rarely practiced largely 

because of the difficulty in preparation of starting amides 

using classical approaches, poor reactivity of amides, and 

ineffective cyclizations with a variety of nucloephiles under 

basic conditions (Scheme 1). Remarkably, α-oxocarboxylic 

acids have been demonstrated to serve as acyl surrogates in 

contemporary amide synthesis
5
 via decarboxylative acylaton of 

hydroxylamines,
6a

 and aliphatic
6b

 or aromatic amines
6c

 under 

reagent-free conditions, I2, or visible-light mediated transition-

metal-catalysis. However, a strategy integrating amide 

preparation and subsequent intramolecular cyclizations to the 

synthesis of diverse benz-amidine/oxazine heterocycles is yet 

to be realized. 
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Scheme 1. Amide preparation and subsequent intramolecular cyclizations to 

benz-amidine/oxazine heterocycles. 

        A defined objective with a focus to develop a) amide 

formation from α-oxocarboxylic acids and amines, especially 

under transition-metal-free conditions, b) subsequent 

intramolecular cyclizations of amides with an internal 

nucleophile present at the appropriate position, c) a novel 

tandem approach involving both reactions in the presence of 

one set of reagents, and d) a general protocol for the synthesis 

of benz-amidine/oxazine while attractive would be a daunting 

challenge. Earlier, we demonstrated a tandem oxidative 

conversion of 10,11-dihydro-5H-dibenzo [b,e][1,4]diazepines 

to phenazines
7
 and an intramolecular oxidative 

nitrogenation/oxygenation of benzylic C(sp
3
)-H bond using 

cheap, environment-friendly oxidant K2S2O8.
8 

Leveraging our 

previous experiences on the synthesis of nitrogen 

heterocycles,
9
 we describe herein development of a unified 

tandem approach to the synthesis of nitrogen heterocycles via 

decarboxylative acylation of amines with α-oxocarboxylic acids 

and subsequent intramolecular cyclizations. The reactions of 

readily available ortho-substituted aryl or heteroaryl amines 

and α-oxocarboxylic acids occur in the presence of K2S2O8 

affording a diverse nitrogen heterocycles in good to excellent 
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yields. The distinctive features of this work include a) 

realization, for the first time, of a transition-metal-free 

decarboxylative amidation of α-oxocarboxylic acids with ortho-

substituted aromatic amines, b) event of intramolecular 

cyclization of amides without any requirement of additional 

reagents, c) K2S2O8 promoted unprecedented amide formation 

and subsequent intramolecular cyclizations appealing a 

mechanistic debate, and d) practical application to the 

synthesis of a top-selling marketed drug. 

Table 1. Optimization of the reaction conditions
a
 

O

OK

ONH2

O

NH2

+

Oxidant

Solvent, 80 oC, 8 h

Additive (if any)

NH

O

N

1 2 3  

Entry Oxidant (equiv) Additive Solvent Yield
b
 (%) 

1 K2S2O8 (3)  MeCN/H2O 35 

2 K2S2O8 (3)  MeOH 30 

3 K2S2O8 (3)  MeCN 95 

4 K2S2O8 (1)  MeCN 80 

5   MeCN 0 

6 Na2S2O8 (3)  MeCN 73 

7 Oxone (3)  MeCN 67 

8
c
 K2S2O8 (3)  MeCN 64 

9
 

K2S2O8 (3)  DMF 81 

10
d
 K2S2O8 (3) AgNO3 MeCN 77 

11
e
 K2S2O8 (3) BHT MeCN 76 

12
e
 K2S2O8 (3) TEMPO MeCN 78 

a 
Reaction conditions: 1 (0.3 mmol), 2 (0.36 mmol), oxidant (3 equiv), solvent (2 

mL) 80 °C, 8 h. 
b
 Isolated yield. 

c 
Solvent (4 mL) used. 

d
AgNO3 (20 mol%) used. 

e 

BHT or TEMPO (10 equiv) used. 

       Our initial investigations on the reactions of 2-

aminobenzamide 1 and salt of α-oxocarboxylic acid 2 were 

largely focused on exploring a condition that could promote a 

tandem amide formation and intramolecular cyclizations to 

yield 2-aryl-quinazolinone 3. Heating a solution of 1 and 2 in a 

mixture of solvents [CH3CN/H2O (1:1)] in the presence of 3 

equiv of K2S2O8 at 80 °C gave 3 in 35% yield (Table 1, entry 1). 

Changing the solvent to MeOH gave 3 in a comparable yield 

(entry 2). However, a substantial improvement in the yield was 

observed in the absence of any polar protic solvent [H2O or 

MeOH]. Thus, an optimized reaction conditions entailed 

heating 1 and 2 in CH3CN in the presence of K2S2O8 at 80 °C for 

8 h, which afforded 3 in 95% yield (entry 3). A subordinate 

amount of K2S2O8 was somewhat detrimental (entry 4). 

Without K2S2O8, the reaction did not give even a trace amount 

of 3 suggesting the crucial role of K2S2O8 in this tandem 

reaction (entry 5). Other oxidants, such as Na2S2O8 or oxone 

had adverse effects on the tandem reaction (entries 6-7). The 

tandem reaction conducted at higher dilution proved 

deleterious (entry 8). The effect of a polar aprotic solvent DMF 

is comparable to that of CH3CN (entry 9). Interestingly, a Ag-

catalyzed condition produced inferior results (entry 10). 

Remarkably, a free radical quencher, such as BHT or TEMPO 

did not affect the yield of 3 significantly (entries 11-12). 

Central to this investigation was to identify K2S2O8 as the sole 

reagent that could promote tandem amide formation and 

subsequent intramolecular cyclizations. 

        Next, we investigated the scope of both substrates that 

could participate in tandem decarboxylative 

amidation/intramolecular cyclizations for the synthesis of 

quinazolin-4-ones (Scheme 2). An α-oxocarboxylic acid with an 

electron-donating group at 2-position delivered quinazolin-4-

one 15 in 82% yield. An α-oxocarboxylic acid containing an 

OMe group at 3-position also worked well affording 17 in 86% 

yield. The α-oxocarboxylic acids containing an electron-

donating group at 4-postion worked eventfully affording 

quinazolin-4-ones 18-19 in 84-89% yield. The tandem 

transformation also exhibited tolerance for halogen groups at 

2- or 4-positions. 4-Fluorophenyl glyoxylate also reacted with 1 

under the optimized conditions affording 20 in 87% yield. 

Furthermore, extended substrate scope was explored with 

heterocycles containing an α-oxocarboxylic acid group. Thus, 

thiophene or furan 12-13 was compatible under the reaction 

conditions yielding 23-24 in 78-82% yield. 5-Chloro-2-

aminobenzamide 14 is also a viable substrate yielding 6-

chloro-2-phenylquinazolin-4-one 25 in 76% yield. The chloro 

substituent in the product could be a synthetic handle for 

further functionalizations. 
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Scheme 2. Substrate scope to quinazolin-4-ones synthesis. 

        To demonstrate the general applicability of our protocol 

to the synthesis of diverse benz-amidine/oxazine heterocycles, 

we next investigated the tandem reactions of α-oxocarboxylic 

acids and different ortho-substituted amines under the 

optimized conditions. Intriguingly, 2-aminothiophenol 26 gave 

2-arylbenzo[d]thiazoles 30-34 in good 56-75% yields (Scheme 

3). To our delight, 2-aminophenol 27 gave benzoxazole 35 in 

50% yield. o-Phenylenediamine 28 reacted with 

phenylglyoxylate to give mono-acylated product, which upon 

subsequent intramolecular cyclization gave (NH)-

benzimidazole 36 in 40% yield. 2-Aminobenzoic acid 29 
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reacted similarly with phenylglyoxylate to give benzoxazine 37 

in 30% yield. Pivotal to this investigation was to uncover 

intramolecular cyclizations of amides with a variety of 

nucleophiles including NH2, SH, OH, and CO2H, which have 

previously been unexplored. 

O

OK

O

NH2

+

K2S2O8 (2 equiv)

MeCN, 80 oC, 8 h
XH

N

X

R

30 R = H, X = S (75%)
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Scheme 3. Substrate scope to 2-aryl benzazoles. 

      Interestingly, reactions of ortho-substituted amines and 

benzaldehyde also gave the corresponding nitrogen 

heterocycles under the optimized conditions (Scheme 4). A 

comparison of the reactivity of phenylglyoxylate and 

benzaldehyde towards reaction with amines is apparent. 
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Scheme 4. Comparative study with aldehyde. 

While the yields for the formation of quinazolinone 3, 

benzothiazole 30, or benzimidazole 36 were comparable, 

benzaldehyde reacted very sluggishly with 2-aminophenol and 

2-aminobenzoic acid affording benzoxazole 35 and 

benzoxazine 37 only in 12% and 14% yields, respectively. 

Perhaps most importantly, the reaction of phenylglyxolate and 

aniline only gave benzamide 39. Conclusively, these 

experiments do not support the formation of aldehydes from 

α-oxocarboxylic acids in our study. Thus, our tandem protocol 

is clearly distinct from the approach, which involves imine 

formation and subsequent intramolecular cyclization, 

commonly used for the synthesis of benz-amidine/oxazine 

heterocycles. 

       The possible reaction pathways of the tandem reaction are 

shown in Scheme 5. Initially, homolytic cleavage of K2S2O8 

under thermal conditions could generate a sulfate radical 

anion (SO4˙ˉ),
10

 which upon reaction with phenylglyoxylate 

could produce acyl radical 40 via decarboxylation. The 

formation of amide 43 could occur via two pathways. The acyl 

radical 40 could react with 2-aminobenzamide 1 to form amide 

43 via a radical pathway.
6c

 Upon capture of a sulfate radical 

anion (SO4˙ˉ), the acyl radical 40 could form benzoyl sulfate 42, 

which could undergo nucleophilic substitution with 1 to give 

43 via anionic pathway. In the case of TEMPO as additive, the 

compound 43 could also form via nucleophilic substituion of a 

TEMPO adduct 41 with 1 (see ESI for a detailed discussion). 

Furthermore, intramolecular nucleophilic addition of the 

primary amide group to the secondary amide in amide 43 in 

the presence of bases (HSO4
-
, SO4

-2
) generated in situ could 

give quinazolinone 3. 
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Scheme 5. Possible reaction pathways. 

        Some control experiments were performed to gain 

insights into the reaction mechanism (Scheme 6). To 

understand whether a regioselective decarboxylative acylation 

takes place in 2-aminobenzamides, we carried out two 

reactions involving phenylglyoxylate and aniline or benzamide 

under the optimized conditions. While the reaction of 

benzamide and phenylglyoxylate did not afford any product, 

the reaction of aniline and phenylglyoxylate gave the 

corresponding amide 39 in 48% yield. These experiments may 

rule out the possibility of decarboxylative N-acylation of the 

amide group in 2-aminobenzamides. Furthermore, attempted 

decarboxylative acylations of thiophenol, phenol, or benzoic 

acids under the optimized conditions were not successful. 

These experiments suggest that regioselective mono-acylation 

of amino group occur in the presence of another nucleophile 

present at the ortho-position (vide supra, Scheme 3). 

Collectively, these experiments support the formation of an 

amide compound in our tandem reaction. Further evidence 

was conceived from the experiments carried out with isolated 

pure sample of 2-(benzoylamino)benzamide 43 prepared 
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independently. When 43 was exposed to our optimized 

conditions, the desired compound 3 was not obtained. 

However, compound 43 when subjected to heating in the 

presence of KHSO4 and K2SO4, the desired product 3 was 

obtained. This experiment suggests that HSO4
-
 and SO4

-2
 

anions, generated in situ from K2S2O8, could facilitate the 

intramolecular cyclizations of amide to give quinazolinone 3. 

O

OK

O

XH

+

K2S2O8 (3 equiv)

MeCN, 80 oC, 24 h

X
H

O

38, 44-47 2

XH = NH2, CONH2, SH, OH, COOH

48

NH2

O

NH

O

K2S2O8 (3 equiv)

MeCN, 80 oC, 8 h NH2

O

NH

O

MeCN, 80 oC, 8 h

KHSO4 (3 equiv)
K2SO4 (3 equiv)

3

43 43

XH = NH (48%)
XH = CONH (0%)
XH = S (0%)
XH = O (0%)
XH = COO (0%)

 
Scheme 6. Control experiments. 

        To demonstrate a translational application of our 

laboratory concept, we prepared a marketed drug, Sildenafil 

(Viagra
TM

).
11

 Sildenafil is a selective inhibitor of cyclic 

guanosine monophosphate (cGMP) specific phosphodiesterase 

type 5 (PDE5) used in the treatment of male erectile 

dysfunction.
12 
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N
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2. N -methyl piperazine

49 50 51
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Scheme 7. Synthesis of sildenafil. 

        Treatment of 2-ethoxy phenylglyoxylate 49 with the 

commercially available pyrrazole 50 under the optimized 

conditions gave quinazolin-4-one 51 in 81% yield. In the 

commercial production of the drug, quinazolin-4-one 51 is 

prepared by coupling of 2-ethoxybenzoic acid and pyrrazole 50 

in the presence of CDI followed by intramolecular cyclization 

of the amide in the presence of t-BuOK. Distinct from the 

commercial preparation, our protocol delivers the quinazolin-

4-one 51 in a single step using K2S2O8 as the only reagent in a 

comparable yield. Chlorosulfonation of 51 followed by reaction 

with N-methylpiperazine gave sildenafil
 
(Scheme 7).

13 

       In conclusion, the study described herein includes a 

comprehensive package of new amide formation, their 

unexplored intramolecular reactions to the synthesis of 

diverse nitrogen heterocycles, and applications to the 

synthesis of a marketed drug. A detailed understanding of the 

mechanism, preparation of new analogues of sildenafil, and 

process development of sildenafil citrate encompassing the 

key quinazolin-4-one preparation are currently underway. 
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