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Abstract
An efficient and general method for the synthesis of substituted 
3,4-dimethylisoxazolo[5,4-b]pyridine-5-carboxamide and benzo[b][1,8]naphthyri-
dine-3-carboxamide derivatives by using 2,2,6-trimethyl-4H-1,3-dioxin-4-one, ben-
zyl amine, aromatic aldehydes, 2-aminoquinoline, or 5-amino-3-methylisoxazole in 
the presence of a catalytic amount of p-toluenesulfonic acid or iodine is described. 
The formation of the products was investigated and the results obtained were also 
supported by theoretical calculations.
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Introduction

Heterocyclic compounds having pharmacological, pesticidal and antimicrobial 
features constitute biologically active groups. The origin of important biological 
activities of these types of heterocyclic organic compounds can be traced to the 
presence of their characteristic N–C–O groups.

Nitrogen heterocycles have received a great deal of attention in the literature 
due to their role as active pharmacophores of historical significance. Among 
these heterocyclic systems, 1,8-naphthyridine derivatives are especially important 
because of their diverse biological activities in pharmacological and immunologi-
cal systems as well as cancer treatment [1–3]. Johns and co-authors have reported 
oxadiazole- and triazole-substituted naphthyridines as HIV-1 integrase inhibi-
tors. They also investigated the use of a 1,3,4-oxadiazole in combination with 
an 8-hydroxy-1,6-naphthyridine ring system which has been shown to deliver 
potent enzyme and antiviral activity through inhibition of viral DNA integration 
[4, 5]. Besides, isoxazoles are an important class of heterocycles that are largely 
employed in the area of pharmaceuticals and therapeutics such as insecticidal, 
antibacterial, antibiotic, antitumor, antifungal, antituberculosis, anticancer and 
ulcerogenic activities. Isoxazole derivatives are used in the market as COX-2 
inhibitors and anti-inflammatory drugs. Isoxazole derivatives such as sulfameth-
oxazole, sulfisoxazole, oxacillin, cycloserine, and acivicin have been in commer-
cial use for many years [6]. In addition, pyridine rings are associated with diverse 
pharmacological properties such as anticancer, antimicrobial, anticonvulsant, 
antiviral, anti-HlV, antifungal and antimycobacterial activities [7–9].

Moreover, C–C and C–heteroatom bond-forming reactions are very important 
for organic synthesis. For the reasons mentioned above, we designed a multi-
component reaction (MCR) which has the requisite features of green chemistry 
due to its environmental friendliness, atom economy, and minimization of waste, 
labor, time and cost.

This report contributes to important classes of heterocyclic compounds and 
provides useful synthetic methodology to access these biologically active struc-
tures. In this study, we report the successful three-component reactions of N-ben-
zyl-3-oxobutanamide 3, aromatic aldehydes and aromatic amines in the presence 
of a catalytic amount of p-toluenesulfonic acid (p-TsOH·H2O) or iodine under 
mild reaction conditions. Because of their important structural features as well 
as the potential biological activities of the cyclization products, the mechanism 
of this reaction is also our concern. In the literature, there are a few mechanis-
tic proposals for similar MCRs [1, 8]. To the best of our knowledge, however, 
there exists no computational mechanistic study for similar MCRs. Our interest 
here is to elucidate the mechanism of this reaction based on theoretical calcula-
tions. Recently, three-component reactions with 5-amino-3-methylisoxazole were 
reported by Tkachenko et  al. [10] using N-phenyl-3-oxobutanamide in butanol 
without a catalyst which resulted in different positions of the aryl and methyl 
groups in their products with respect to our products.
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Results and discussion

Experimental results

2,2,6-Trimethyl-4H-1,3-dioxin-4-one (diketene-acetone adduct) (1) is an excellent 
acetoacetylation agent for a variety of nucleophiles, in particular for amides. It is 
also a useful synthetic building block for a variety of carbocycles and heterocy-
cles. Furthermore, dioxinone 1 is a commercially available liquid which is stable at 
room temperature but decomposes when heated above 100 °C to give acetylketene 2 
(Scheme 1) [11]. Reaction of 2 with benzylamine yields 3.

Under the optimized conditions, the treatment of 3 with various aromatic alde-
hydes and 5-amino-3-methylisoxazole in the presence of catalytic p-TsOH.H2O in 
CH2Cl2 gave 3,4-dimethylisoxazolo[5,4-b]pyridine-5-carboxamide derivatives 4a–d 
in good yields (Scheme 2, Table 1). 

We repeated the same reaction with 2-aminoquinoline, aromatic aldehydes 
and p-TsOH as the catalyst in dichloromethane. The spectroscopic analysis of the 
products validated that what we obtained were intermediate products 5a–c, not the 
final-ring closure products (Scheme 3). In fact, the formation of these intermediates 
(5a–c) as well as our computational study justifies the mechanism we proposed.

Compounds 5a–c were then refluxed with iodine at acetonitrile to obtain benzo[b]
[1,8]naphthyridine-3-carboxamides 6a–c (Scheme 4).

The results are summarized in Table 1. Compounds 4a–d and 5a–c were stable 
solids and their structures were determined by infrared (IR), proton nuclear mag-
netic resonance 1H NMR, and 13C NMR spectroscopy and mass spectrometry 
(LCMSMS-QTOF). We also conducted ultraviolet (UV) studies to demonstrate 
that ring closure occurred in the reactions with 2-aminoquinoline  (Fig.  1). The 

Scheme 1   Preparation of 3 

Scheme 2   Synthesis of 4a–d 
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mechanism we propose for the formation of products 4a–d and 5a–c is illustrated 
in Scheme 5 using compound 4a. This mechanism was supported by the computa-
tional study using density functional theory. Experimental evidence for the proposed 
mechanism stems from the formation of compounds 5a–c under the same reaction 
conditions, which are the analogous intermediates 3-I3 of the 5-amino-3-methyl-
isoxazole in Scheme 5. The reason for not observing the cyclization of 5a–c can be 
attributed to the annelation effect of the fused benzene moiety in 2-aminoquinoline. 
Presumably, aromaticity of the benzene moiety will diminish the π-electron density 
of the pyridine C2–C3 bond which is required for the cyclization as shown in the 
TS3-N-1 step of the mechanism in Scheme 5.

It should be noted that products 4a–d were obtained as aromatic compounds via 
air oxidation. Oxygen was important for this aromatization step [12].

Scheme 3   Synthesis of 5a–c 

Scheme 4   Synthesis of 6a–c 

Table 1   The synthesized 
compounds and their yields

a Isolated yield

Entry Ar Product Time (days) Yielda (%)

1 4-FC6H4 4a 14 45
2 4-ClC6H4 4b 19 70
3 4-NO2C6H4 4c 15 72
4 4-CNC6H4 4d 20 37
5 4-FC6H4 5a 24 42
6 4-ClC6H4 5b 20 65
7 4-CNC6H4 5c 12 47
8 4- FC6H4 6a 2 36
9 4-ClC6H4 6b 2 34
10 4-CNC6H4 6c 3 30
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Fig. 1   UV spectra of 6a (red) and 5a (blue). (Color figure online)

Scheme 5   The proposed mechanism for the formation of 4a 
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Computational results

In the literature, several mechanistic paths are suggested for similar MCRs. Wang 
et al. [12] proposed the initial formation of the Schiff base followed by the addition 
of enol and then the intramolecular Friedel–Crafts cyclization. On the other hand, 
Shaabani et al. [1, 8] proposed initial condensation of N-alkylated-3-oxobutanamide 
with the aldehyde to give an intermediate analogous to 3-I1 in Scheme  5. In the 
next step, they postulate a Michael addition of the aromatic amine onto the viny-
logous amide followed by an intramolecular condensation. Initially, we attempted 
to model these previous mechanistic proposals for our three-component reaction. 
The activation energy barrier of the Schiff base formation mechanism was calcu-
lated to be extremely high, suggesting that this mechanism is not the preferred route 
for our reaction (Supplementary Material, Scheme S1, Figure S47). In order to fur-
ther check this mechanism, we synthesized the Schiff base and subjected it to the 
same reaction conditions. We did not observe the formation of the expected prod-
ucts. Based on this result together with the calculated high energy barrier obtained 
from our computational work, we excluded this mechanism. For the mechanism pro-
posed by Shaabani et  al. [1, 8], all our attempts to optimize the Michael addition 
intermediate were unsuccessful. Therefore, we report herein an alternative mecha-
nism in Scheme 5 which appears to be plausible based on density functional theory 
calculations.

The first reaction in Scheme 5 is a well-known Knoevenagel reaction which was 
also proposed by Shaabani et  al. [1, 8] It is expected that 3 undergoes keto-enol 
tautomerization. Then, the addition of enol to 4-fluorobenzaldehyde and subsequent 
water elimination generates intermediate 3-I1. Since this is a well-known reaction 
as well, our computational studies are focused on the remaining steps (addition and 
cyclization of 5-amino-3-methylisoxazole) of the mechanism covering 3-I1 to 3-I6 
in Scheme 5.

Calculated and relative Gibbs free energies of optimized structures are given in 
Table S1 (see the Supplementary Data). The Gibbs free energy profile relative to 
RC1, which is the reactant complex of intermediate 3-I1 and 5-amino-3-methyl-
isoxazole, is given in Fig.  2. Three-dimensional (3-D) views of all the optimized 
structures are shown in Figs. 3 and 4. After the formation of intermediate 3-I3, we 
assume two alternative paths: cyclization via the O atom of the isoxazole ring or 
via the N atom of the amine group. We were able to optimize the structures for the 
cyclization via the N path only by using the M06-2X/6-31+G(d,p) basis set. There-
fore, structures related to the previous crucial steps (TS1 and TS2) having rela-
tively higher energies were also optimized with the M06-2X/6-31+G(d,p) method 
in order to check the energy profile. The remaining structures were optimized with 
the M06-2X/6-31G(d,p) method and the energy comparison of the two paths was 
employed by energy calculations with implicit solvent effect at the PCM/M06-2X/6-
311++G(d,p) level.   

In the reaction profile graph, all steps except TS3 are common for both cycli-
zation mechanisms. Since the inclusion of diffuse function to the basis set in the 
geometry-optimization process did not remarkably change the energy profile (upper 
profile in Fig. 2), the energetic of the common steps will be discussed based on the 
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lower profile. Step 1 is the Michael addition of 5-amino-3-methylisoxazole to 3-I1 
which takes place via six-membered transition state TS1. This step starts with the 
nucleophilic attack of aromatic amine to the β-C atom of 3-I1. The activation energy 
barrier of this step is predicted to be 25.0 kcal/mol. When considering the intrinsic 
reaction coordinate (IRC) from RC1 to 3-I2, this process is slightly endergonic with 
an energy of 2.2 kcal/mol (Fig. 2).

In step 2, the conversion of 3-I2 to 3-I3 occurs with enol-keto tautomerization. 
Generally, in triad systems, the keto tautomer is favorable, as the heteroatom prefers 
π electrons instead of the proton. In parallel to this, we found that keto tautomer 3-I3 
was favored over enol tautomer 3-I2 by 11.1 kcal/mol. The calculated Gibbs free 
energy barrier of TS2 for enol-keto tautomerization is 15.7 kcal/mol and the reac-
tion is highly exergonic (Fig. 2) as expected.

Step 3 is the cyclization with a new C–C bond formation and can proceed either 
via O or N as shown in Scheme 5. In the case of cyclization via O, the intramolecu-
lar attack of isoxazole carbon (C39) to the carbonyl carbon (C19) of 3-I3 (Fig. 3) 

Fig. 2   Reaction profile and relative Gibbs free energies (kcal/mol) obtained from PCM/6-311++G(d,p) 
energies of M06-2X/6-31G(d,p) optimizations (lower profile) and M06-2X/6-31+G(d,p) optimizations 
(upper profile)
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is triggered by the lone pair electrons of isoxazole oxygen affording the transition 
state TS3-O. However, the assumed intermediate 3-I-O could not be obtained 
during the geometry optimizations owing to its unstable character with a positive 
charge on oxygen. Optimizations after the intrinsic reaction coordinate calculations 
directly gave rise to 3-I4 with activation energy of 18.5 kcal/mol relative to RC1 
(Fig. 2). On the other hand, the intrinsic activation energy of this step from 3-I3 to 
3-I4 (27.4 kcal/mol) is noticeably higher, implying that it is the rate-limiting step. 
According to calculated electronic charges, C39 (−  0.52) is greatly nucleophilic 
while C19 (0.44) is electrophilic, confirming the proposed attack. Moreover, this 

Fig. 3   3-D views of the optimized geometries along the reaction coordinate obtained from M06-2X/6-
31G(d,p) method. Distances are given in angstroms. (Color figure online)

Fig. 4   3-D views of the optimized geometries belonging to “cyclization via N path” obtained from M06-
2X/6-31+G(d,p) method. Distances are given in angstroms. (Color figure online)
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attack generates a stable six-membered ring structure, the precursor of the stable 
product 4a which was experimentally observed to be the main product. As a result, 
the reaction is exergonic by 8.2 kcal/mol. It is important to note that abstraction of 
the isoxazole proton by p-toluenesulfonic acid also facilitates the direct formation of 
3-I4.

The alternative path of step 3 is the cyclization via N where the attack of isoxa-
zole carbon to the carbonyl carbon of 3-I3 is triggered by the lone pair electrons of 
amine nitrogen giving rise to intermediate 3-I-N passing through TS3-N1. Then, 
hydrogen abstraction by p-toluenesulfonic acid results in the formation of intermedi-
ate 3-I4 via TS3-N2. The activation energies of these two steps (TS3-N1 and TS3-
N2) are relatively smaller (15.1 and 4.9 kcal/mol with respect to RC1, respectively) 
and both steps are exergonic. Moreover, starting from TS1 (with 24.2 kcal/mol acti-
vation energy), the energy profile of this mechanism is always downhill, verifying 
that it is a feasible mechanism. The intrinsic activation barrier of cyclization via the 
TS3-N1 step is 20.7 kcal/mol which is remarkably smaller than the one for cycli-
zation via TS3-O (27.4 kcal/mol), revealing that cyclization via the N path is the 
kinetically preferred mechanism.

The last two steps (steps 4 and 5) are also common steps for both cyclization 
paths. Because of the extremely smaller energies of these steps relative to RC1, the 
geometry optimizations of the structures from TS4 to 3-I6 were not repeated with 
M06-2X/6-31(d,p). Step 4 is an acid-catalyzed dehydration of the OH group at C19 
of intermediate 3-I4. The next step (TS5) is the proton abstraction at C24 of inter-
mediate 3-I5. Figure 2 shows that, due to the highly exergonic feature of the previ-
ous steps, both TS4 and TS5 have lower energies with respect to RC1 (− 3.8 kcal/
mol and − 1.3 kcal/mol, respectively). Intrinsic energy barriers for step 4 and step 5 
are notably small, 13.3 kcal/mol and 10.3 kcal/mol, respectively. The overall Gibbs 
free energy difference between the first RC1 and 3-I6 is − 9.7 kcal/mol and demon-
strates a quite exergonic process (Fig. 2). Although intermediate 3-I4 appears to be 
the minimum energy point in this reaction profile, the reaction does not terminate in 
3-I4, but proceeds via TS4, TS5 and end with aromatization via air oxygen. Since 
the energy barriers of TS4 and TS5 are noticeably small and lead to stable products 
as well, it is reasonable to assume that, under the reaction conditions (RT and long 
reaction time), a substantial amount of molecules will transform to 3-I6. Indeed, the 
extremely grater stability of the final aromatized product 4a (predicted to be about 
− 80 kcal/mol) is the driving force of the reaction.

We further performed aromaticity calculations in order to explain why cyclization 
products of 2-aminoquinoline (benzo[b][1,8]naphthyridine-3-carboxamides 6a–c) 
formed without aromatization, contrary to isoxazolopyridine in 4a. We calculated 
the aromaticity of the pyridine fragment of isoxazolopyridine in 4a as well as in the 
aromatized analog of 6a (Fig. 5) employing the nucleus-independent chemical shifts 
(NICS) method [13]. NICS values were computed at the ring center [NICS(0)] and 
1 Å above the ring [NICS(1)]. It is well-known that significantly negative NICS val-
ues indicate the diatropic ring currents confirming the aromatic character of the mol-
ecule, while the positive NICS values indicate the paratropic ring currents (antiaro-
maticity) and small values represent nonaromaticity [14]. It is apparent from Fig. 5 
that the pyridine fragment of benzonaphthyridine exhibits considerably smaller 
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negative NICS values than that of isoxazolopyridine revealing its weaker aromatic 
character. Besides, the calculated bond lengths in benzonaphthyridine denote signif-
icant bond length alternation [14] confirming the substantial decrease in aromatic-
ity relative to isoxazolopyridine. Thus, the formation of the unaromatized products 
6a–c can be attributed to the insufficient driving force for the aromatization.

Conclusion

In this study, the new isoxazole and naphthyridine derivatives of carboxamides have 
been synthesized. In the literature, there exists a wide variety of one-pot reactions 
giving rise to heterocyclic compounds. For similar multi-component, one-pot reac-
tions, several mechanistic pathways can be proposed. However, it is evident from 
our computational study that the mechanism we propose in Scheme 5 is a plausi-
ble one, cyclization via N being more feasible than cyclization via O. The highest 
energy step of the cyclization via the N mechanism is the first step which exhibits 
24.2 kcal/mol of Gibbs activation energy and can be exceeded under the reaction 
conditions. Moreover, the reaction is downhill and remarkably exergonic which is 
supposed to be the driving force of this one-pot reaction.

We propose the same mechanism up to step 3 for the reaction with 2-aminoqui-
noline (Scheme 3) because intermediate 3-I3 corresponds to the compounds 5a–c 
when 2-aminoquinoline is used instead of isoxazole. Interestingly, the reaction with 
2-aminoquinoline under the same conditions yields 5a–c without undergoing cycli-
zation. The facile ring closure observed in case of isoxazole can be ascribed to the 
fact that π-electron density at C–C bond of isoxazole ring is much more accessible 
for the cyclization when compared to the corresponding bond of 2-aminoquinoline 
which suffers from annelation of the fused benzene ring.

Isoxazole and naphthyridine derivatives are important compounds in drug discov-
ery because they are expected to show high biological activities. As a matter of fact, 
anti-cancer (HeLa and pancreas) activity studies of 4a, b and 4c were performed 
as an interdisciplinary study. Compound 4c is currently being further evaluated. In 
addition, due to their good UV absorptions, these compounds can be used for further 
studies in that area.

Fig. 5   Calculated bond lengths (Å) and the aromaticity values (ppm) at the ring center [NICS(0)] and 
1.0 Å above the ring [NICS(1)] for the pyridine fragments in isoxazolopyridine (red) and in benzonaph-
thyridine (yellow). (Color figure online)
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Experimental

General

Unless otherwise noted, all reagents and solvents were obtained commercially and 
used without further purification. The solvents were dried by standard procedures. 
All melting points are uncorrected and were determined on a Gallenkamp digital 
thermometer. IR spectra were obtained with a Perkin Elmer FT-IR system and are 
reported in the terms of frequency of absorption (cm− 1). 1H and 13C NMR spec-
tra were recorded on a Bruker Avance III-500 MHz NMR spectrometer with TMS 
as an internal standard. Chemical shifts are reported in parts per million (ppm). 
Mass spectra were measured either on an Agilent 6890  N/5973 GC/IMSD sys-
tem or an Agilent 6460 Triple Quad LC/MS system. High-resolution mass spectra 
were acquired in the positive ion mode using a Agilent G6530B TOF/QTOF mass 
spectrometer.

General procedures for 4a–d and 5a–c. A solution of 3 (0.191 g, 1 mmol) was 
stirred in 5 mL of dry CH2Cl2 for 5 min. Then, the aldehyde (1 mmol), the amine 
(1 mmol) and p-TsOH.H2O (0.019 g, 0.1 mmol) were added respectively. The reac-
tion mixture was allowed to stir until a precipitate appeared. After completion of the 
reaction, as indicated by TLC, the reaction mixture was filtered and the residue was 
washed with methanol and then with ethanol and dried in vacuo.

Procedure for the synthesis of compounds 6a–c. A solution of 5a (0.044  g, 
0.011 mmol) was stirred in 5 mL of dry CH3CN for 5 min at 82 °C. Then iodine 
(8.316 mg, 0.033 mmol) was added to the refluxing mixture and stirred 2 days. After 
completion of the reaction, as indicated by TLC, CH3CN was evaporated. The crude 
material was extracted with a solution of sodium thiosulfate and AcOEt. The organic 
layer was dried over MgSO4, filtered and concentrated. The residue was purified by 
column chromatography (5:1 AcOEt/n-hexane) to give 6a.

N‑Benzyl‑6‑(4‑fluorophenyl)‑3,4‑dimethylisoxazolo[5,4‑b]pyridine‑5‑carboxamide 
(4a)

Colorless solid; yield = 45%; mp. 222–224  °C; Rf = 0.60 (2:1, ethyl acetate/n-hex-
ane); FTIR (ATR): ν = 3315 (N–H), 3060, 3048, 2962, 2920, 2841, 1643 (C=O), 
1587, 1581, 1453, 1429, 1358, 1152, 837, 729, 697  cm−1; 1H NMR (500  MHz, 
DMSO-d6): δ = 1.87 (s, 3H, CH3), 2.72 (s, 3H, CH3), 4.21 (d, J = 6.25 Hz, 2H, CH2), 
6.77–6.79 (m, 2H, ArH), 7.04–7.12 (m, 5H, ArH), 7.34–7.38 (m, 2H, ArH), 7.77 
(brs, 1H, NH) ppm; 13C NMR (125 MHz, DMSO-d6): δ = 22.5 (CH3), 33.0 (CH3), 
53.5 (CH2), 125.7 (CAr), 125.9 (CAr), 137.5 (2xCAr), 138.1 (2xCAr), 138.9 (CAr), 
142.1 (2xCAr), 142.2 (CAr), 149.3 (2xCq), 154.5 (Cq), 167.6 [Cq, d, JCF = 279 Hz)], 
166.1 (2xCq), 177.2 (C=O) ppm; LCMS (ESI-QTOF) m/z: calcd. for C22H18FN3O2 
375.1379; found 376.1453 [M + H]+.
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N‑Benzyl‑6‑(4‑chlorophenyl)‑3,4‑dimethylisoxazolo[5,4‑b]pyridine‑5‑carboxamide 
(4b)

Colorless solid; yield = 70%; mp. 251–253  °C; Rf = 0.69 (2:1, ethyl acetate/n-hex-
ane); FTIR (ATR): ν = 3263 (N–H), 3086, 3060, 2993, 2971, 2926, 1631 (C=O), 
1604, 1581, 1554, 1492, 1453,1392, 1083, 829, 714, 691 cm−1; 1H NMR (400 MHz, 
DMSO-d6): δ = 1.97 (s, 3H, CH3), 2.58 (s, 3H, CH3), 4.24 (d, J = 5.99 Hz, 2H, CH2), 
6.76–6.78 (m, 2H, ArH), 7.17–7.20 (m, 3H, ArH), 7.41 (d, J = 8.59 Hz, 2H, ArH), 
7.51 (d, J = 8.59  Hz, 2H, ArH), 8.88 (brs, 1H, NH) ppm; 13C NMR (100  MHz, 
DMSO-d6): δ = 12.7 (CH3), 23.1 (CH3), 42.6 (CH2), 109.2 (Cq), 127.1 (2xCAr), 
127.3 (2xCAr), 128.4 (CAr), 128.6 (2xCAr), 130.4 (Cq), 131.3 (2xCAr), 132.3 
(Cq), 134.6 (Cq), 138.8 (Cq), 143.7 (Cq), 156.3 (Cq), 158.0 (Cq), 166.5 (Cq), 168.4 
(C=O) ppm; LCMS (ESI-QTOF) m/z: calcd. for C22H18ClN3O2 391.1088; found 
392.1159 [M + H]+.

N‑Benzyl‑6‑(4‑nitrophenyl)‑3,4‑dimethylisoxazolo[5,4‑b]pyridine‑5‑carboxamide 
(4c)

Colorless solid; yield = 72%; mp. 272–274  °C; Rf = 0.64 (2:1, ethyl acetate/n-hex-
ane); FTIR (ATR): ν = 3261 (N–H), 3082, 3020, 2922, 1633 (C=O), 1601, 1579, 
1556, 1518, 1494, 1453,1390, 1346, 1132, 846, 716, 686 cm−1; 1H NMR (500 MHz, 
CDCl3): δ = 2.04 (s, 3H, CH3), 2.74 (s, 3H, CH3), 4.37 (d, J = 5.69 Hz, 2H, CH2), 
5.29 (s, 1H, CH), 5.81 (brs, 1H, NH), 6.83 (dd, J = 2.20; 7.88  Hz, 2H, ArH), 
7.23–7.25 (m, 3H, ArH), 7.30 (d, J = 8.51 Hz, 2H, ArH), 7.41 (d, J = 8.51 Hz, 2H, 
ArH), 7.77 (brs, 1H, NH) ppm; 13C NMR (125 MHz, DMSO-d6): δ = 12.1 (CH3), 
22.6 (CH3), 42.3 (CH2), 67.1 (CH), 122.9 (CAr), 126.6 (CAr), 127.3 (2xCAr), 127.8 
(2xCAr), 129.3 (Cq), 129.4 (CAr), 129.6 (Cq), 130.5 (2xCAr), 138.3 (Cq), 142.3 
(Cq), 155.7 (2xCq), 157.7 (2xCq), 165.6 (C=O) ppm; LCMS (ESI-QTOF) m/z: 
calcd. for C22H18N4O4 402.1328; found 403.1400 [M + H]+.

N‑Benzyl‑6‑(4‑cyanophenyl)‑3,4‑dimethylisoxazolo[5,4‑b]pyridine‑5‑carboxamide 
(4d)

Yellow solid; yield = 37%; mp. 231–233  °C; Rf = 0.61 (2:1, ethyl acetate/n-
hexane); FTIR (ATR): ν = 3265 (N–H), 3088, 3063, 3024, 2972, 2927, 2873, 
2227, 1630 (C=O), 1594, 1583, 1494, 1430, 1391, 1173, 879, 732, 696 cm−1; 1H 
NMR (500 MHz, DMSO-d6): δ = 1.95 (s, 3H, CH3), 2.62 (s, 3H, CH3), 4.24 (brd, 
J = 4.41  Hz, 2H, CH2), 6.81 (d, J = 6.94  Hz, 2H, ArH), 7.17–7.21 (m, 3H, ArH), 
7.59 (d, J = 7.88 Hz, 2H, ArH), 7.89 (d, J = 7.88 Hz, 2H, ArH), 8.92 (brs, 1H, NH) 
ppm; 13C NMR (125  MHz, DMSO-d6): δ = 12.0 (CH3), 22.6 (CH3), 42.3 (CH2), 
109.3 (Cq), 112.0 (Cq), 118.4 (2xCq), 126.7 (CAr), 127.1 (2xCAr), 128.0 (2xCAr), 
129.6 (Cq), 130.0 (2xCAr), 131.8 (CAr), 137.7 (CAr), 138.3 (Cq), 142.6 (Cq), 155.7 
(Cq), 157.7 (Cq), 165.7 (Cq), 167.9 (C=O) ppm; LCMS (ESI-QTOF) m/z: calcd. for 
C23H18N4O2 382.1417; found 383.1486 [M + H]+.
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N‑Benzyl‑2‑((4‑fluorophenyl)(quinolin‑2‑ylamino)methyl)‑3‑oxobutanamide 
(5a/5a′, diasteromeric mixture)

Yellow solid; yield = 42%; mp. 139–141 °C; Rf = 0.65 (2:1, ethyl acetate/n-hexane); 
FTIR (ATR): ν = 3378, 3277 (N–H), 3082, 3047, 2993, 2856, 1708 (C=O), 1645, 
1617, 1525, 1455, 1443, 1396, 1157, 816, 749, 697  cm−1; 1H NMR (500  MHz, 
DMSO-d6): δ = 2.24 (s, 3H, CH3), 3.92 (dd, J = 4.41; 15.4 Hz, 1H, CH2), 4.00 (d, 
J = 11.98 Hz, 1H, CH), 4.18 (d, J = 11.35 Hz, 1H, CH), 4.33 (dd, J = 7.25; 15.4 Hz, 
1H, CH2), 6.04 (brs, 1H, NH), 6.67 (d, J = 6.93 Hz, 1H, ArH), 6.74 (d, J = 9.14 Hz, 
1H, ArH), 7.08–7.19 (m, 6H, ArH), 7.45–7.49 (m, 1H, ArH), 7.51–7.56 (m, 3H, 
ArH), 7.60 (d, J = 7.25  Hz, 1H, ArH), 7.73 (d, J = 9.45  Hz, 1H, ArH), 7.83 (d, 
J = 8.82 Hz, 1H, ArH), 8.76 (brs, 1H, NH) ppm; 13C NMR (125 MHz, DMSO-d6, 
both diastereomers): δ = 27.9 (CH3), 41.9 (CH2), 52.8 (CH), 67.0 (CH), 114.5 (CAr), 
114.7 (CAr), 121.6 (CAr), 123.0 (Cq), 125.9 (CAr), 126.6 (2xCAr), 126.9 (CAr), 
127.4 (CAr), 127.9 (2xCAr), 128.1 (CAr), 129.1 (CAr), 129.8 (CAr), 129.9 (CAr), 
136.5 (CAr), 137.6 (Cq), 137.7 (Cq), 138.6 (Cq), 147.4 (Cq), 155.8 (Cq), 161.3 (Cq, 
JCF = 248  Hz), 165.6 (amide C=O), 202.8 (C=O) ppm; LCMS (ESI-QTOF) m/z: 
calcd. for C27H24FN3O2 441.1868; found 442.1935 [M + H]+.

N‑Benzyl‑2‑((4‑chlorophenyl)(quinolin‑2‑ylamino)methyl)‑3‑oxobutanamide (5b)

Colorless solid; yield = 65%; mp. 142–146  °C; Rf = 0.58 (2:1, ethyl acetate/n-hex-
ane); FTIR (ATR): ν = 3375, 3270 (N–H), 3077, 3072, 2997, 2948, 2913, 1711 
(C=O), 1644, 1618, 1609, 1563, 1489, 1479,1394, 1163, 817, 747, 698 cm−1; 1H 
NMR (500 MHz, CDCl3): δ = 2.09 (s, 3H, CH3), 3.98 (dd, J = 8.51; 20.8 Hz, 2H, 
CH2), 4.18 (d, J = 5.67 Hz, 1H, CH), 4.26 (d, J = 5.67 Hz, 1H, CH), 6.00 (brs, 1H, 
NH), 6.58 (d, J = 8.82  Hz, 1H, ArH), 6.88 (d, J = 6.93  Hz, 2H, ArH), 6.98–7.09 
(m, 3H, ArH), 7.15–7.21 (m, 3H, ArH), 7.32 (d, J = 8.51 Hz, 2H, ArH), 7.42–7.55 
(m, 3H, ArH), 7.71 (d, J = 8.82  Hz, 1H, ArH), 9.06 (s, 1H, NH) ppm; 13C NMR 
(125  MHz, DMSO-d6): δ = 31.3 (CH3), 46.8 (CH2), 58.1 (CH), 72.3 (CH), 117.1 
(CAr), 126.3 (CAr), 126.4 (Cq), 128.0 (2xCAr), 130.6 (CAr), 130.8 (CAr), 131.2 
(CAr), 131.4 (CAr), 131.8 (CAr), 132.4 (2xCAr), 133.4 (CAr), 134.0 (CAr), 134.2 
(CAr), 136.4 (CAr), 141.1 (Cq), 143.1 (Cq), 145.0 (Cq), 152.3 (Cq), 160.2 (Cq), 
170.3 (C=O), 189.6 (C=O) ppm; LCMS (ESI-QTOF) m/z: calcd. for C27H24ClN3O2 
457.1543; found 458.1604 [M + H]+.

N‑Benzyl‑2‑((4‑cyanophenyl)(quinolin‑2‑ylamino)methyl)‑3‑oxobutanamide (5c)

Colorless solid; yield = 47%; mp. 178–181  °C; Rf = 0.60 (2:1, ethyl acetate/n-hex-
ane); FTIR (ATR): ν = 3386, 3261 (N–H), 3064, 1717 (C=O), 1650, 1619, 1530, 
1482, 1401, 1357, 1164, 823, 757, 697  cm−1; 1H NMR (500  MHz, DMSO-d6): 
δ = 2.25 (s, 3H, CH3), 3.90 (dd, J = 4.41, 15.44 Hz, 1H, CH2), 4.06 (d, J = 11.66 Hz, 
1H, CH), 4.23 (d, J = 7.56 Hz, 1H, CH), 4.31 (dd, J = 6.93, 15.13 Hz, 1H, CH2), 6.03 
(brs, 1H, NH), 6.66 (d, J = 6.93 Hz, 1H, ArH), 6.75 (d, J = 8.82 Hz, 1H, ArH), 7.01 
(dd, J = 2.20; 5.99 Hz, 1H, ArH), 7.12–7.19 (m, 4H, ArH), 7.46 (ddd, J = 1.57; 8.19; 
15.1 Hz, 1H, ArH), 7.53 (d, J = 8.19 Hz, 1H, ArH), 7.59 (d, J = 8.19 Hz, 1H, ArH), 
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7.66–7.70 (m, 3H, ArH), 7.83 (t, J = 8.19 Hz, 2H, ArH), 8.80 (brs, 1H, NH) ppm; 
13C NMR (125 MHz, DMSO-d6): δ = 28.1 (CH3), 41.8 (CH2), 53.3 (CH), 66.1 (CH), 
109.7 (Cq), 118.8 (Cq), 121.7 (CAr), 123.1 (Cq), 125.7 (CAr), 125.8 (CAr), 126.6 
(2xCAr), 126.8 (Ar), 127.4 (CAr), 127.9 (CAr), 128.0 (CAr), 128.3 (CAr), 129.0 
(CAr), 129.1 (CAr), 131.8 (CAr), 131.9 (CAr), 136.6 (CAr), 138.5 (Cq), 147.2 (Cq), 
147.6 (Cq), 155.6 (Cq), 165.1 (C=O), 202.1 (C=O) ppm; LCMS (ESI-QTOF) m/z: 
calcd. for C28H24N4O2 446.1744; found 447.1815 [M + H]+.

N‑Benzyl‑2‑(4‑fluorophenyl)‑4‑methyl‑1,2‑dihydrobenzo[b][1,8]
naphthyridine‑3‑carboxamide (6a/6a′, cis–trans amide isomers)

Yellow oil; yield = 36%; Rf = 0.32 (5:1, ethyl acetate/n-hexane); FTIR (ATR): 
ν = 3356 (N–H), 3068, 3044, 2962, 2923, 2851, 1704 (C=O), 1673, 1605, 1579, 
1453, 1410, 1353, 1156, 839, 748, 698 cm−1; 1H NMR (500 MHz, CDCl3): δ = 2.43 
(s, 3H, CH3), 3.70 (dd, J = 5.35; 14.50 Hz, 1H, CH2), 4.07 (dd, J = 5.35; 14.50 Hz, 
1H, CH2), 5.41 (s, 1H, CH), 6.27 (d, J = 8.19 Hz, 1H, ArH), 6.74 (d, J = 9.77 Hz, 
1H, ArH), 6.90–6.92 (m, 2H, ArH), 6.94–6.97 (m, 2H, ArH), 6.98–7.03 (m, 2H, 
ArH), 7.22–7.25 (m, 4H, ArH and NH), 7.37–7.40 (m, 3H, ArH), 7.99 (brs, 1H, 
NH) ppm; 13C NMR (125  MHz, CDCl3, both cis–trans isomers): δ = 26.0, 29.7 
(CH3), 43.7, 44.1 (CH2), 79.2, 82.0 (CH), 111.89, 111.95 (CAr), 114.98, 115.1 
(CAr), 115.3, 115.5(CAr), 116.9, 117.1 (CAr), 121.6, 121.7 (CAr), 121.5, 121.6 
(Cq), 127.5, 127.8, (CAr), 127.9, 128.1 (CAr), 128.6, 128.9.0 (CAr), 129.16, 129.18 
(CAr), 129.7, 129.8 (CAr), 130.4, 130.5 (CAr), 130.7, 130.8 (CAr), 133.1, 133.3 
(Cq), 137.3, 137.9 (Cq), 138.1, 138.4 (Cq), 138.3 (CAr), 157.9, 158.5 (Cq), 162.7 
(Cq, JCF = 246  Hz), 162.9 (Cq, JCF = 246  Hz) 168.1 (C=O amide), 209.3 (C=O) 
ppm; LCMS (ESI-QTOF) m/z: calcd. for C27H22FN3O 423.1768; found 423.1763 
[M]+.

N‑Benzyl‑2‑(4‑chlorophenyl)‑4‑methyl‑1,2‑dihydrobenzo[b][1,8]
naphthyridine‑3‑carboxamide (6b)

Yellow oil; yield = 34%; Rf = 0.46 (5:1, ethyl acetate/n-hexane); FTIR (ATR): 
ν = 3335 (N–H), 3062, 3030, 2956, 2923, 2851, 1706 (C=O), 1640, 1614, 1581, 
1453, 1410, 1354, 1139, 811, 748, 698 cm−1; 1H NMR (500 MHz, CDCl3): δ = 2.43 
(s, 3H, CH3), 3.73 (dd, J = 5.35; 14.50 Hz, 1H, CH2), 4.05 (dd, J = 5.35; 14.50 Hz, 
1H, CH2), 5.43 (s, 1H, CH), 6.31 (d, J = 8.19 Hz, 1H, ArH), 6.83 (d, J = 9.45 Hz, 
1H, ArH), 6.89–6.90 (m, 2H, ArH), 7.05 (d, J = 7.25 Hz, 1H, ArH), 7.17–7.29 (m, 
5H, ArH and NH), 7.36–7.38 (m, 2H, ArH), 7.42–7.45 (m, 2H, ArH), 7.47 (m, 1H, 
ArH), 7.97 (brs, 1H, NH) ppm; 13C NMR (125 MHz, CDCl3): δ = 29.7 (CH3), 43.8 
(CH2), 78.0 (CH), 112.0 (CAr), 121.6 (Cq), 121.7 (Cq), 121.9 (CAr), 127.5 (CAr), 
127.8 (CAr), 128.0 (CAr), 128.3 (CAr), 128.5 (CAr), 128.7 (CAr), 128.8 (CAr), 
129.2 (CAr), 129.9 (CAr), 130.9 (CAr), 131.0 (CAr), 134.6 (Cq), 135.5 (Cq), 137.0 
(Cq), 137.5 (Cq), 138.0 (Cq), 138.8 (CAr), 158.6 (Cq), 162.6 (Cq), 167.7 (C=O) 
ppm; LCMS (ESI-QTOF) m/z: calcd. for C27H22ClN3O 437.1275; found 438.1350 
[M + H]+.
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N‑Benzyl‑2‑(4‑cyanophenyl)‑4‑methyl‑1,2‑dihydrobenzo[b][1,8]
naphthyridine‑3‑carboxamide (6c)

Yellow oil; yield = 30%; Rf = 0.32 (3:1, ethyl acetate/n-hexane); FTIR (ATR): 
ν = 3343 (N–H), 3063, 3032, 2955, 2921, 2850, 2226, 1705 (C=O), 1640, 1609, 
1580, 1453, 1411, 1354, 1138, 841, 748, 698 cm−1; 1H NMR (500 MHz, CDCl3): 
δ = 2.44 (s, 3H, CH3), 3.78 (dd, J = 5.86; 14.67  Hz, 1H, CH2), 3.99 (dd, J = 5.86; 
14.67  Hz, 1H, CH2), 5.43 (s, 1H, CH), 6.28 (d, J = 7.82  Hz, 1H, ArH), 6.75 (d, 
J = 9.29 Hz, 1H, ArH), 6.90 (dd, J = 2.44; 7.82 Hz, 2H, ArH), 7.04 (t, J = 7.82 Hz, 
1H, ArH), 7.27–7.29 (m, 3H, ArH ve NH), 7.37 (t, J = 7.82 Hz, 2H, ArH), 7.42 (d, 
J = 9.29  Hz, 2H, ArH), 7.47 (d, J = 8.31  Hz, 2H, ArH), 7.57 (d, J = 8.31  Hz, 1H, 
ArH), 8.12 (brs, 1H, NH) ppm; 13C NMR (125 MHz, CDCl3): δ = 26.9 (CH3), 43.6 
(CH2), 78.8 (CH), 111.7 (CAr), 112.2 (Cq), 116.6 (CAr), 118.7 (2xCq), 121.5 
(2xCq), 121.7 (CAr), 127.7 (CAr), 127.9 (CAr), 128.1 (CAr), 128.6 (CAr), 128.7 
(CAr), 128.9 (CAr), 129.3 (CAr), 130.8 (CAr), 131.6 (CAr), 132.1 (CAr), 136.9 
(Cq), 138.0 (Cq), 138.4 (Cq), 138.6 (CAr), 142.5 (Cq), 153.9 (Cq), 162.6 (C=O) 
ppm; LCMS (ESI-QTOF) m/z: calcd. for C28H22N4O 434.2118; found 452.2457 
[M + NH4]+.

Theoretical calculations

Geometrical parameters of reactants, intermediates (I), transition states (TS) and 
products were fully optimized in the gas phase with the density functional theory 
with the M06-2X [15] functional using the 6-31G(d,p) and 6-31+G(d,p) basis sets 
implemented in Gaussian 09 [16] for cyclization via O and cyclization via N paths, 
respectively. M06-2X is known to show good performance in accounting for the 
weak hydrophobic forces’ so-called dispersion effect. Recently, we have success-
fully applied the same method to different reaction mechanisms [17–19]. All station-
ary points were characterized by frequency calculations with only one imaginary 
frequency for the transition states. Intrinsic reaction coordinate (IRC) [20–22] was 
also searched to verify each step of the mechanism. To take into account the sol-
vent effect, single-point energy calculations with the polarizable continuum model 
(PCM) [23, 24] were carried out at the M06-2X/6-311++G(d,p) level with dichlo-
romethane (CH2Cl2) as the solvent, since this solvent was used in the experimen-
tal study. NICS values were calculated using the gauge-independent atomic orbital 
(GIAO) theory [25] at the M06-2X/6-311++G(d,p)//M06-2X/6-31+G(d,p) level.
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