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Abstract 

A series of functionalized C4-substituted coumarins were synthesized by exploring the reaction of activated 

and non-activated phenols and β-ketoesters under solvent-free conditions in the presence of sulfamic acid as 

a Br∅nsted acid catalyst. Fifteen examples were prepared with moderate to excellent yields (50% to 90%) 

using 10 mol % of the catalyst. Furthermore, it was possible from the proposed methodology to scale up the 

synthesis of coumarins to obtain up to 11 g of product. This work also provides a preliminary insight into the 

reaction mechanism using high-resolution mass spectrometry analysis. The key cinnamic acid derivative 

intermediate was detected, implying that under the evaluated conditions, the mechanistic pathway starts with 

an aromatic electrophilic substitution followed by dehydration reaction and intramolecular transesterification.  
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Introduction 

 

Two centuries after its first isolation in 1820, coumarin (α-benzopyrone) still is one of the most explored 

naturally occurring building blocks. Coumarin and derivatives are common and abundantly found in different 

parts of higher plants – with the highest concentration in fruits, seeds, roots, and leaves, and also found in 

fungi and bacteria.1 In addition, their synthesis is a subject of great interest to synthetic2 and medicinal 

chemists3,4 due to the extensive range of pharmacological activities. These activities include antimicrobial,5 

antileishmanial,6 scavenging of reactive oxygen species (ROS),7 anti-inflammatory, anticoagulant, 

antithrombotic, vasodilatory,8 antiviral,9 and anticancer.10–12 Some examples of coumarin derivatives that have 

made their way to the clinic include warfarin, novobiocin, and carbochromen (Figure 1).4 Besides, members of 

this group display a broad range of applications, such as fragrances, perfumes, food additives, cosmetics, 

agrochemicals, and also exhibit unique fluorescence properties that make them useful for several photonic 

applications. For instance, the Uvitex SWN (Figure 1) is an optical whitening agent used in light-emitting 

devices.13,14 

 

 
 

Figure 1. Examples of compounds of interest containing coumarin in their structure. 

 

Coumarins have been synthesized by several methods, including Pechmann condensation, Perkin, 

Knoevenagel, Reformatsky, and Wittig reactions.2 The Pechmann reaction15 is one of the most versatile and 

straightforward methods to prepare coumarins, which involves the acid-promoted condensation of a phenol 

with β-ketoesters, achieving good yields of 4-substituted coumarins. The progress and course of the reaction 

depend on the nature of the phenols, the β-ketoesters, and the catalyst.16 Since the seminal work from 

Pechmann, the use of this superior and practical protocol has been extensively studied, and it has found 

application as a central strategy for the synthesis of a broad range of coumarin derivatives.2,16 Among the 

modifications and improvements described through the years, a variety of catalytic systems have been 

successfully employed for this transformation.17–21 However, there are still significant limitations that need to 

be overcome, which include strong acidic conditions, low functional group tolerance, toxic solvents or 

catalysts, an excessive amount of expensive catalysts,21,22 and the difficulty in recovering/reusing the catalyst.  

Among the catalysts that have been proposed, sulfamic acid (SA, NH2SO3H) has emerged as a suitable 

Br∅nsted acid catalyst with the desired characteristic for a large-scale process. SA is a relatively strong 

zwitterionic inorganic acid, non-hygroscopic, easy to handle, non-corrosive, non-volatile, odorless, and 
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commercially available at low cost.23,24 These characteristics make sulfamic acid a reliable candidate to 

promote acid-catalyzed reactions, such as esterification,25 Biginelli condensation,26 hydrothiolation of terminal 

alkynes,27 and Michael addition.28 SA was also previously reported as a suitable catalyst for the Pechmann 

condensation between activated phenols and non-functionalized β-ketoesteres.29 However, the method was 

restricted to alkyl- and phenyl-substituted ketoesters, and involved the use of a large amount (50 mol %) of 

the solid acid. 

Considering the discussed above, and as part of our interest in environmentally desirable pathways to 

prepare natural and bioactive compounds, herein we describe the solvent-free synthesis of C4-substituted 

coumarins through the Pechmann condensation of activated and non-activated phenols with functionalized 

β-ketoesters. In this strategy, we investigate the possibility of using a low load of sulfamic acid while extending 

the reaction to differently functionalized β-ketoesters. Additionally, a detailed HRMS-based study was 

performed to prove the reaction mechanism. 

 

 

Results and Discussion 
 

For the synthesis of the C-4 substituted coumarin derivatives, we employed the phenols phloroglucinol (1a), 

resorcinol (1b), pyrogallol (1c), 1-naphthol (1d), 3-methoxyphenol (1e), m-cresol (1f), and phenol (1g) in 

reactions with the β-ketoesters ethyl acetoacetate (2a), ethyl 4-chloroacetoacetate (2b), ethyl 

4,4,4-trifluoroacetoacetate (2c), ethyl benzoylacetate (2d), and ethyl 4-azidoacetoacetate (2e). These phenols 

and β-ketoesters were commercially available, except for ethyl 4-azidoacetoacetate (2e), which was prepared 

according to a previously described procedure.30 

In order to evaluate and optimize the reaction conditions, we conducted an initial experiment using 

equimolar amounts of ethyl acetoacetate (2a) (1 mmol) with phloroglucinol (1a) (1 mmol) in the presence of 

SA (10 mol %) into a septum-sealed reaction vial. The experiment was carried out at 130 °C, for 40 minutes 

(Table 1, entry 1). Under this condition, coumarin 3a was produced in 20% isolated yield after ethanol-water 

recrystallization. Increasing the amount of the β-ketoester 2a to 1.2, 1.5, and 2 equivalents afforded 3a in 

40%, 84%, and 84% yield, respectively (Table 1 entries 2-4). 

We subsequently studied the catalyst amount effect on the yield of the reaction. The decrease of the 

catalyst amount to 5 mol %, relative to phloroglucinol, afforded 3a in only 38% yield (entry 5). No product was 

detected with 2 mol % (entry 6) or in the absence of the catalyst. Also, increasing the catalyst loading to 

20 mol % did not improve the yield of the desired product (entry 7). An attempt to decrease the temperature 

reaction also led to negative performance, decreasing the 3a yield (entries 8 and 9). Increasing the reaction 

time from 40 to 60 minutes allowed 3a in 88% yield (entry 10). However, increasing the reaction time did not 

show improvement in the yield (entry 11). 

 



Arkivoc 2021, x, 151-163   Moraes, M. C. et al. 

 

 Page 154  ©AUTHOR(S) 

Table 1. Reaction condition screening for the coumarin synthesisa 

 
 

entry 
molar ratio 

(1a:2a) 

NH2SO3H 

(mol %) 
temperature (°C) 

time 

(min) 

Yieldb 

(%) 

1 1:1 10 130 40 20 

2 1:1.2 10 130 40 40 

3 1:1.5 10 130 40 84 

4 1:2 10 130 40 84 

5 1:1.5 5 130 40 38 

6 1:1.5 2 130 40 -c  

7 1:1.5 20 130 40 80 

8 1:1.5 10 80 40 65 

9 1:1.5 10 100 40 74 

10 1:1.5 10 130 60 88 

11 1:1.5 10 130 120 80 

a Reaction conditions: A mixture of phloroglucinol 1a (1 mmol), β-ketoester 2a, and the 

catalyst was stirred in a sealed vial. b Isolated yield after purification by recrystallization 

using ethanol. c The starting materials were recovered. 

 

With the optimized condition in hands (Table 1, entry 10), the scope of the method was evaluated for 

activated and non-activated phenols and β-ketoesters, including ethyl 4-chloroacetoacetate, ethyl 

benzoylacetate, ethyl 4,4,4-trifluoroacetoacetate, and ethyl 4-azidoacetoacetate. As shown in Table 2, very 

good yields were achieved for the coumarins 3a-c derived from ethyl acetoacetate 2a and activated phenols. 

The coumarin 3c, derived from pyrogallol, required a longer reaction time, and it was obtained with 82% yield 

after 4 h. 

For the reactions employing ethyl 4-chloroacetoacetate (2b), it was noticed that the reaction 

temperature of 100 oC led to better yields than the initially optimized temperature of 130 oC. For example, the 

reaction between ethyl 4-chloroacetoacetate (2b) and phloroglucinol (1a) at 130 °C yielded 3e in 75% yield. 

When the reaction temperature was at 100 °C, the product 3e was obtained in 86% yield in only 20 minutes. 

 

 

 

 

 

 

 

 

 

 



Arkivoc 2021, x, 151-163   Moraes, M. C. et al. 

 

 Page 155  ©AUTHOR(S) 

Table 2. Substrate scope for activated and deactivated phenols and β-ketoestersa 

 

aReaction conditions: A mixture of phenol (10 mmol), β-ketoester (15 

mmol), and the catalyst (0.097 g, 10 mol %) was stirred in a sealed vial 

at 130 oC for the specified reaction time. b Reactions carried out at 

100 oC. All the given yields were registered after purification by 

recrystallization using ethanol. 

 

When pyrogallol (1c) was employed as the phenol partner, the coumarin 3f was obtained in 70% yield 

after 1 h of reaction, while the condensation of 1-naphthol (1d) with 2b gave the corresponding coumarin 3g 

in 60% yield. 

A very good yield of 90% for the coumarin 3h, obtained from the condensation of 3-methoxyphenol 

(1e) and 2b was achieved, but after a longer reaction time of 4 h. It was noticed that sulfamic acid did not 

improve the yield for the condensation of the non-activated m-cresol (1f) and phenol (1g), which afforded the 

corresponding coumarins 3i and 3j in only 52% and 26% yield, respectively, after 24 h. Ethyl benzoylacetate 

(2d) was also evaluated as β-ketoester partner in reactions with resorcinol (1b) and phloroglucinol (1a) and, as 

expected due to the low electrophilicity of the carbonyl group, the respective coumarins 3k and 3l were 

obtained in moderate yields (up to 60%) using longer reaction times (18-24 h). When the reactions were 
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performed using 4,4,4-trifluoroacetoacetate (2d) as the β-ketoester partner, the 4-(trifluoromethyl)coumarins 

3m and 3n were obtained in moderate yields of 60% and 50%, respectively. The azido-containing coumarin 3o 

was prepared in a good yield of 64%, after 1.5 h by the condensation of ethyl 4-azidoacetoacetate (2e) and 

phloroglucinol (1a). This is an especially valuable compound once the presence of the azido group allows its 

transformation into amine, amide, triazole, or tetrazole derivatives, which could be applied as building blocks 

in the synthesis of drug candidates31 or fluorescent sensors.32 This compound is generally obtained by the 

nucleophilic substitution of the C4-substituted 4-(chloromethyl)coumarins.  

Sulfamic acid was described as a heterogeneous catalyst with a possibility for recovery and reuse. 

However, the attempt to recover the catalyst showed a catalyst mass loss of 20%, which is resulted from the 

slight solubility of sulfamic acid in ethanol employed in the extraction step. The mass of the recovered catalyst 

was applied in a subsequent reaction for the synthesis of coumarin 3a, and the amount of phloroglucinol (1a) 

and ethyl acetoacetate (2a) was adjusted to maintain the catalyst and phenol 1a molar ratio at 10 mol %. The 

coumarin 3a was obtained with 76% yield, which represents a decrease of 13.6%.  

Finally, to demonstrate the robustness and usefulness of the proposed method, we scaled up the 

synthesis of coumarin derivatives 3a and 3e from the condensation of phloroglucinol (1a) and ethyl 

acetoacetate (2a) or ethyl chloroacetate (2b), respectively. The reactions were carried out in an open vessel 

equipped with a condenser, following the optimized conditions shown in Table 1, entry 10. For both examples, 

a slight decrease in the coumarin yield was noticed, compared to the reaction in 10 mmol scale. The coumarin 

3a was obtained in 76% yield (11.4 g), while the coumarin 3e was obtained in 78% yield (3.5 g) after 

purification (Scheme 1). 

 

 
 

Scheme 1. Gram-scale synthesis of the coumarin derivatives 3a and 3e. 

 

Despite the importance of the Pechmann condensation, there are few studies that address the role of 

the catalyst, or of the nature of the phenols, or even of the β-ketoester in the reaction mechanism.16 Two 

plausible mechanisms have been proposed for the Pechmann condensation. The first was proposed by 

Robertson in 1932,33 which is initiated by an electrophilic aromatic substitution followed by an intramolecular 

transesterification and a dehydration reaction. However, the order of the last two steps has not yet been 

identified. The second plausible mechanism was proposed by Ahmed and Desai34 and involves a 

transesterification reaction as the first step, followed by an electrophilic aromatic substitution and 

dehydration reaction, or vice-versa. 
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Therefore, to gain some understanding on the role of sulfamic acid in the reaction mechanism, we 

performed a study employing high-resolution mass spectrometry (HRMS). Ethyl 4-chloroacetoacetate 2b was 

chosen due to the presence of the chlorine atom, which leads to a unique isotopic pattern, thus helping in the 

characterization of the intermediate(s). m-Cresol (1f) was chosen as the phenol partner due to the long 

reaction time to obtain the coumarin 3h, allowing the identification of possible intermediates.  

As the reaction took place, aliquots were collected, quickly solubilized in ethanol, filtered, and immediately 

direct-injected in the electrospray ionization (ESI) source. Along with the experiment, it was possible to detect 

the protonated molecule [M+H]+ with m/z 271.0740. The accurate mass and isotopic pattern suggest the 

molecular formula C13H15ClO4, which indicates the proposed intermediate II.  

To confirm the chemical identity of the intermediate II, it was performed a tandem mass spectrometry 

(ESI-MS/MS) experiment, in which the product-ions are consistent with II, excluding the possibility of assign 

the ion with m/z 271.0740 to the intermediate III (same m/z for [M+H]+). The detailed experimental procedure 

and HRMS spectra are provided in the supplementary material. 

 

 
 

Scheme 2. A plausive mechanism for the sulfamic acid-catalyzed Pechmann condensation of 1f and 2b. 

Involvement of the intermediate II identified by HRMS analysis. 

 

Unfortunately, the other expected intermediates could not be observed. To exclude the possibility that 

the intermediate II was formed in the ionization source, a reaction mixture of 1f and 2b was stirred for 30 

minutes at 25 oC. An aliquot was solubilized in ethanol, filtered, and direct-injected in the ESI source. Only the 

mass peaks assigned to 1f and 2b were observed in the negative and positive ion mode, respectively.  

According to the theoretical studies by Daru and Stirling,35 who evaluated three possible reaction 

pathways by DFT calculations using ethyl acetoacetate as β-ketoester and resorcinol as model substrates, the 

cinnamic ester derivative is very prone to be isolated due to the higher activation energy of this intermediate. 

In contrast, the Gibbs free energy profile for the other intermediates suggests a very short lifetime. The 

cinnamic ester derivative was also reported as a side product of the Pechmann condensation.20  
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Tyndall and coauthors36 monitored the reaction between resorcinol (1b) and ethyl 4,4,4-

trifluoroacetoacetate (2c) using 19F NMR and 1H NMR. In this study, iodine was used as catalyst and toluene as 

solvent. From the two intermediates observed in the pathway to 7-hydroxy-4- (trifluoromethyl)coumarin (3m), 

the first indicates the electrophilic aromatic substitution as the first step of the reaction mechanism. The 

second intermediate, however, indicates that the transesterification step occurs prior to the dehydration step.   

Thus, the observation of intermediate II indicates that SA catalyzes the Pechmann condensation by 

activating the β-ketoester and promoting an electrophilic aromatic substitution as the first step, followed by 

dehydration and finally the intermolecular transesterification reaction to give the expected product 3, as 

suggested in Scheme 2. 

Although the herein-discussed studies corroborated with the observed intermediate II and the 

proposed electrophilic aromatic substitution as the first step under the evaluated reaction conditions, the 

Pechmann condensation mechanism is still controversial. For instance, EL-Dafrawy and coauthors37 

investigated the kinetic parameters of the Pechmann condensation between resorcinol (1b) and ethyl 

acetoacetate (2a) under reflux conditions and in the presence of the zinc oxide supported on sulfated zirconia 

as catalyst. The experimental results showed that the transesterification step is the rate-determining step. 

However, no intermediate was isolated or spectroscopically characterized. 

 

 

Conclusions 
 

We presented in this study the catalytic activity of sulfamic acid (SA) for the synthesis of C4-functionalized 

coumarins with activated and non-activated phenols and β-ketoesters. The coumarins were prepared in 

moderate to excellent yields, and the optimized and feasible methodology allows the synthesis on a gram 

scale under solvent-free conditions. Also, the preliminary insight into the possible intermediates using HRMS 

experiments contributes to an increased understanding of the mechanism of Pechmann’s condensation. The 

detection of the cinnamic ester derivative suggests that SA promotes an electrophilic aromatic substitution as 

the first step, followed by dehydration and the intermolecular transesterification reaction as the last step. 

 

 

Experimental Section 
 

General. Unless otherwise indicated, all common reagents and solvents were used as obtained from 

commercial suppliers without further purification. The NMR experiments were performed on a Bruker Fourier 

300 FT-NMR spectrometer (7.05 T, 300 MHz for 1H, 75.48 MHz for 13C). The chemical shifts (δ) are expressed in 

part per million (ppm), and the coupling constants are reported in Hz. The spectra were acquired at a 

temperature of 293 K, using 5 mm quartz tubes. For the NMR data acquisition and processing, the TopSpin™ 

software (Bruker) was used. The high-resolution electrospray ionization mass spectrometry (ESI-QTOF) 

analyses were performed on a Bruker Daltonics micrOTOF-Q II instrument in positive mode, under the 

following conditions: capillary and cone voltages were set to +3500 V and +40 V, respectively, with a de-

solvation temperature of 200 °C. The samples were solubilized in HPLC-grade methanol, containing 0.1% 

formic acid, and injected into the ESI source by means of a syringe pump at a flow rate of 5.0 µL min–1. Melting 

points were recorded on a Fisatom capillary melting point apparatus, model 431, with a measurement range 

from 50° C to 350 °C and are uncorrected. 

 



Arkivoc 2021, x, 151-163   Moraes, M. C. et al. 

 

 Page 159  ©AUTHOR(S) 

Synthetic procedures and characterization data for products 3a-o. A mixture of the phenol (1a-g) (1 mmol) 

with the β-ketoester (2a-e) (1.5 mmol) was added to a sealed reaction vial in the presence of sulfamic acid 

(0.097 g, 10 mol %), and then the reaction mixture was heated to 130 °C or 100 °C (depending on the β-

ketoester employed) and the appropriated reaction time (see Table 2). After completion, the reaction mixture 

was cooled to room temperature and dissolved in 5 mL of hot ethanol. Sulfamic acid is partially soluble in 

ethanol and is filtered off and recovered. Afterward, ice water and crushed ice were added until the product 

precipitated. The compound was then filtered, washed with water, and dried under lyophilization given the 

final product. The products 3d, 3f, 3l, 3n were further purified by flash column chromatography to yield the 

pure products (hexane/ethyl acetate 7:3). 

5,7-Dihydroxy-4-methyl-2H-chromen-2-one (3a). White solid; mp 286‒288 oC (288-290 oC38). 1H NMR (300 

MHz, acetone-d6) δ 2.55 (d, J 1.2 Hz, 3H), 5.84 (q, J 1.2 Hz, 1H), 6.27 (d, J 2.4 Hz, 1H), 6.35 (d, J 2.4 Hz, 1H), 9.29 

(s, 1H, OH), 9.55 (s, 1H, OH). 13C NMR (75 MHz, DMSO-d6) δ 23.49, 94.64, 99.11, 102.18, 108.94, 155.10, 

156.57, 158.02, 160.22, 161.13.  HRMS (ESI+) calcd. mass for C10H9O4 [M+H]+ 193.0495, found: 193.0496. 

7-Hydroxy-4-methyl-2H-chromen-2-one (3b). Light yellow solid; mp 180‒182 oC (183-185 oC38). 1H NMR (300 

MHz, acetone-d6) δ 2.41 (d, J 1.2 Hz, 3H), 6.08 (q, J 1.2 Hz, 1H), 6.74 (d, J 2.4 Hz, 1H), 6.86 (dd, J 8.7 and J 2.4 

Hz, 1H), 7.61 (d, J 8.7 Hz, 1H), 9.47 (s, 1H, OH). 13C NMR (75 MHz, DMSO-d6) δ 18.14, 102.21, 110.31, 112.02, 

112.86, 126.52, 153.46, 154.86, 160.34, 161.19. HRMS (ESI+) calcd. mass for C10H9O3 [M+H]+ 177.0546, found: 

177.0548. 

7,8-Dihydroxy-4-methyl-2H-chromen-2-one (3c). White solid; mp 235‒237 oC (240-242 oC38). 1H NMR (300 

MHz, DMSO-d6) δ 2.34 (d, J 1.2 Hz, 3H), 6.12 (q, J 1.2 Hz, 1H), 6.80 (d, J 8.7 Hz, 1H), 7.08 (d, J 8.7Hz, 1H), 9.32 

(s, 1H, OH), 10.08 (s, 1H, OH). 13C NMR (75 MHz, DMSO-d6) δ 18.31, 110.26, 112.18, 112.83, 115.52, 132.22, 

143.37, 149.45, 153.98, 160.30. HRMS (ESI+) calcd. Mass for C10H9O4 [M+H]+ 193.0495, found: 193.0495. 

4-(Chloromethyl)-7-hydroxy-2H-chromen-2-one (3d). Light yellow solid; mp 182‒184 oC (184-185 oC39). 1H 

NMR (300 MHz, DMSO-d6) δ 4.95 (d, J 1.2 Hz, 2H), 6.41 (s, 1H), 6.75 (d, J 2.4 Hz), 6.84 (dd, J 8.7 and J 2.4 Hz), 

7.67 (d, J 8.7 Hz), 10.67 (s, 1H, OH). 13C NMR (75 MHz, DMSO-d6) δ 41.42, 102.57, 109.39, 111.09, 113.14, 

126.57, 151.00, 155.34, 160.23, 161.51. HRMS (ESI+) calcd. mass for C10H8ClO3 [M+H]+ 211.0156, found: 

211.0154. 

4-(Chloromethyl)-5,7-dihydroxy-2H-chromen-2-one (3e). White solid; mp 231‒233 oC (240-242 oC40). 1H NMR 

(300 MHz, acetone-d6) δ 5.07 (d, J 1.2 Hz, 2H), 6.28 (t, J 1.2 Hz, 1H), 6.32 (d, J 2.4 Hz, 1H), 6.38 (d, J 2.4 Hz, 1H), 

9.35 (s, 1H, OH), 9.85 (s, 1H, OH). 13C NMR (75 MHz, DMSO-d6) δ 45.11, 94.89, 99.32, 99.88, 108.84, 152.15, 

156.59, 157.25, 160.19, 161.63. HRMS (ESI+) calcd. mass for C10H8ClO4 [M+H]+ 227.0105, found: 227.0101. 

4-(Chloromethyl)-7,8-dihydroxy-2H-chromen-2-one (3f). Light yellow solid; mp 194‒196 oC (196-198 oC39). 1H 

NMR (300 MHz, DMSO-d6) δ 4.93 (s, 2H), 6.41 (s, 1H), 6.84 (d, J 8.7 Hz, 1H), 7.17 (d, J 8.7 Hz, 1H), 9.41 (s, 1H, 

OH), 10.21 (s, 1H, OH). 13C NMR (75 MHz, DMSO-d6) δ 41.56, 110.17, 111.01, 112.38, 115.54, 132.52, 143.73, 

149.82, 151.46, 160.18. HRMS (ESI+) calcd. Mass for C10H8ClO4 [M+H]+ 227.0105, found: 227.0105. 

4-(Chloromethyl)-2H-benzo[h]chromen-2-one (3g). Light brown solid; mp 154‒156 oC (159-161 oC40). 1H NMR 

(300 MHz, DMSO-d6) δ 5.12 (s, 2H, CH2), 6.80 (s, 1H, CH), 7.76–7.69 (m, 2H), 7.91–7.83 (m, 2H), 8.06–8.03 (m, 

1H), 8.37–8.34 (m, 1H). 13C NMR (75 MHz, DMSO-d6) δ 41.67, 112.80, 114.87, 120.92, 121.62, 122.24, 124.09, 

127.55, 128.00, 128.99, 134.37, 150.34, 151.447 159.53. HRMS (ESI+) calcd. mass for C14H10ClO2 [M+H]+ 

245.0364, found: 245.0369. 

4-(Chloromethyl)-7-methoxy-2H-chromen-2-one (3h). White solid; mp 195‒197 oC (198-201 oC41). 1H NMR 

(300 MHz, DMSO-d6) δ 3.86 (s, 3H, OCH3), 4.98 (s, 2H, CH2), 6.49 (s, 1H), 7.01 (dd, J 2.4 Hz and J 8.7 Hz, 1H), 

7.04 (d, J 2.4 Hz, 1H), 7.77 (d, J 8.7 Hz, 1H). 13C NMR (75 MHz, DMSO-d6) δ 41.37, 55.98, 101.06, 110.46, 
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112.02, 112.36, 126.38, 150.86, 155.28, 160.04, 162.62. HRMS (ESI+) calcd. mass for C11H10ClO3 [M+H]+ 

225.0313, found: 225.0309. 

4-(Chloromethyl)-7-methyl-2H-chromen-2-one (3i). White solid; mp 215‒217 oC (215-216 oC39). 1H NMR (300 

MHz, CDCl3) δ 2.46 (s, 3H), 4.65 (d, J 1.2 Hz, 2H), 6.51 (s, 1H), 7.13-7.18 (m, 2H), 7.54 (d, J 8.4 Hz, 1H). 13C NMR 

(75 MHz, CDCl3) δ 21.85, 41.64, 114.93, 117.73, 117.99, 123.92, 125.84, 143.79, 149.64, 154.08, 160.75. HRMS 

(ESI+) calcd. Mass for C11H10ClO2 [M+H]+ 209.0364, found: 209.0364. 

4-(Chloromethyl)-2H-chromen-2-one (3j). White solid; mp 144‒145 oC (144-145 oC39). 1H NMR (300 MHz, 

CDCl3) δ 4.68 (s, 2H), 6.58 (s, 1H), 7.31–7.40 (m, 2H), 7.58 (td, J 1.4 Hz and J 7.24 Hz, 1H), 7.68 (dd, J 1.4 Hz and 

J 8.1 Hz, 1H). 13C NMR (75 MHz, CDCl3) δ. 41.45, 116.14, 117.47, 117.70, 124.34, 124.73, 132.51, 149.65, 

154.02, 160.45. HRMS (ESI+) calcd. mass for C10H8ClO2 [M+H]+ 195.0207, found: 195.0200. 

7-Hydroxy-4-phenyl-2H-chromen-2-one (3k). White solid; mp 233‒235 oC (242-244 oC42). 1H NMR (300 MHz, 

DMSO-d6) δ 6.15 (s, 1H), 6.76–6.81 (m, 2H), 7.27 (d, J 8.7 Hz, 1H), 7.50–7.57 (m, 5H), 10.67 (s, 1H, OH). 13C 

NMR (75 MHz, DMSO-d6) δ 102.74, 110.41, 110.7, 113.24, 128.16, 128.45, 128.86, 129.62, 135.22, 155.45, 

155.60, 160.18, 161.45. HRMS (ESI+) calcd. mass for C15H11O3 [M+H]+ 239.0702, found: 239.0704. 

5,7-Dihydroxy-4-phenyl-2H-chromen-2-one (3l). White solid; mp 232‒234 oC (242-244 oC42). 1H NMR (300 

MHz, DMSO-d6) δ 5.74 (s, 1H), 6.15 (d, J 2.4 Hz, 1 H), 6.26 (d, J 2.4 Hz, 1 H), 7.31-7.37 (m, 5H), 10.13 (s, 1H, 

OH), 10.42 (s, 1H, OH). 13C NMR (75 MHz, DMSO-d6) δ 94.72, 99.18, 100.64, 110.25, 127.31, 127.46, 127.83, 

139.64, 156.07, 156.83, 157.16, 159.98, 161.78. HRMS (ESI+) calcd. mass for C15H11O4 [M+H]+ 255.0651, found: 

255.0645. 

7-Hydroxy-4-(trifluoromethyl)-2H-chromen-2-one (3m). White solid; mp 186‒188 oC (183-184 oC42). 1H NMR 

(300 MHz, DMSO-d6) δ 6.75 (s, 1H), 6.84 (d, J 2.4 Hz, 1H), 6.90 (dd, J 8.7 and J 2.4 Hz, 1H), 7.53–7.57 (m, 1H), 

10.98 (s, 1H, OH). 13C NMR (75 MHz, DMSO-d6) δ 103.19, 105.26, 112.02 (q, 3JC-F 5.77 Hz), 114.11, 121.82 (q, 
1JC-F 275.5 Hz), 126.19, 139.76 (q, 2JC-F 31.96 Hz), 155.96, 158.94, 162.23. HRMS (ESI+) calcd. mass for C10H6F3O3 

[M+H]+ 231.0263, found: 231.0268. 

7,8-Dihydroxy-4-(trifluoromethyl)-2H-chromen-2-one (3n). White solid; mp 203‒205 oC (202-203 oC42). 
1H NMR (300 MHz, DMSO-d6) δ 6.73 (s, 1H), 6.90 (d, J 9 Hz, 1H), 7.02-7.09 (m, 1H). 13C NMR (75 MHz, 

DMSO-d6) δ 106.04, 111.81 (q, 3JC-F 5.7 Hz), 113.20, 115.29, 121.98 (q, 1JC-F 275.6 Hz), 133.01, 140.27 (q, 2JC-F 

31.85 Hz), 144.13, 150.64, 158.92. HRMS (ESI+) calcd. Mass for C10H6F3O4 [M+H]+ 247.0212, found: 247.0212. 

4-(Azidomethyl)-5,7-dihydroxy-2H-chromen-2-one (3o). White solid; mp 215‒217 oC (220-221 oC39). 1H NMR 

(300 MHz, DMSO-d6) δ 4.88 (d, J 1.2 Hz, 2H), 6.05 (t, J 1.2 Hz, 1H), 6.20 (d, J 2.4 Hz, 1H), 6.28 (d, J 2.4 Hz, 1H). 
13C NMR (75 MHz, DMSO-d6) δ 52.90, 94.83, 99.11, 100.07, 106.72, 151.77, 156.53, 157.31, 160.09, 161.56. 

HRMS (ESI+) calcd. mass for C10H7N3O4Na [M+Na]+ 256.0328, found: 256.0325. 

Catalyst recovery and reuse  

The sulfamic acid recovered by filtration after the reaction between the phenol (1a) and the β-ketoester (2a), 

under the conditions described in the synthetic procedure, was dried at 80 oC for 2 h. The resulting mass of 

0,078 g was used without the addition of sulfamic acid, and the amounts of 1a and 2a were adjusted (0,8 

mmol and 1,2 mmol, respectively) to keep the catalyst and phenol 1a molar ratio at 10 mol %. The reaction 

was carried out as mentioned in the synthetic procedure. The coumarin 3a was obtained with 76% yield.  

Mechanistic investigation by identification of intermediates by HRMS (ESI+) and Tandem mass spectrometry 

(ESI-MS/MS). For mechanistic investigation, aliquots were taken directly from the reaction mixture, 

immediately solubilized in MeOH, and inject into the ESI source at a constant flow rate of 3 µL min–1. The 

experiments were performed using a Bruker Daltonics micrOTOF-Q II instrument equipped with an ESI source 

operating in positive mode. The Acquisition parameters were: capillary: 4000 V, endplate offset: –500 V, 
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nebulizer: 0.4 bar, dry gas: 4.0 L min–1, and dry heater: 180 oC. The collision cell energy was set to 20.0 eV. The 

spectra analyses and simulate pattern was performed with Bruker Compass Data Analysis 4.3 software. 
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