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ABSTRACT: Commercially available Fe(TTP)Cl catalyzes three-component dearomative formal cycloaddition reactions between 

pyridines, diazo compounds and coumalates. Diversely substituted annelated seven-membered N-heterocycles could be generated 

in less than ten minutes, in one step at room temperature. The reaction is compatible to gram scale. The extension to 

benzimidazoles in place of pyridines has been successfully demonstrated. The mechanism of this reaction has been carefully exam-

ined by computational studies that corroborate the observed regioselectivities. 

Organic chemists are continuously discovering and improving methodologies to build complex molecules. Some colleagues from 

the pharmaceutical industry recently stated: “Drug molecules typically contain amines and N-heterocycles as well as unprotected 

polar groups, which present significant synthesis challenges. More synthetic methods are needed which tolerate these functionali-

ties”.
1
 In the expending world of azaheterocyclic compounds,

2
 (polycyclic) seven-membered azepan and azepine derivatives are 

key structural fragments found in natural products isolated from fungi, plants and marine sponges (Figure 1).
3
 These motifs possess 

a wide range of biological activities leading to various applications in medicine and pharmacology.
4
 As a result, many approaches 

have been developed to construct the 7-membered core,
5
 among which nucleophilic substitution, lactamisation, ring reorganization, 

ring closing metathesis, cycloadditions, including the use of azomethine ylides.
6
 

 

Figure 1. Natural Products Containing Fused Azepine Moiety 

In comparison to other 7-membered N-heterocycles, dihydropyrido[1,2-α]azepines synthesis remains underexplored and efficient 

and general approaches are still to be discovered.
7
 

The first but unsuccessful approach toward pyrido[1,2-α]azepines was reported by Jones.
8
 In a more recent approach, Xia pre-

pared a pyridinium[1,2-α]azepine ruthenium complex that only led to the azepino-pyridinium salt after deprotection with 

tetrafluoroboric acid.
9
 Eberbach and co-workers reported and studied the 8-electrocyclization of conjugated butadienylpyridinium 

ylides into dihydropyrido[1,2-α]azepines (Figure 2a).
10
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Altogether, the existing methods require multiple steps to access the desired compounds, with moderate yields or difficulties to 

isolate intermediates. Therefore, searching for an efficient, easily adaptable method to synthesize dihydropyrido[1,2-α]azepines is 

still highly desirable. 

Azomethine ylides have been used as C-N-C partners to build N-heterocycles.
6,11

 Among others, dihydroazepines have also been 

synthesized from iminoesters and pyrones (Figure 2 b).
12

 Pyridinium ylides which are stable dipoles are known to be versatile part-

ners in [4+3] cycloadditions.
13

 The possible salt-free preparation of pyridinium ylides by in situ reaction of pyridines with diazo 

compounds in the presence of metal catalyst is even more interesting in terms of sustainability.
14

 

 

Figure 2. Pathways to Pyrido[1,2-α]azepines 

 

Methyl coumalate, a 4-carbomethoxy pyrone, has demonstrated a wide range of partner-dependent reactivities. In addition to 

photoinduced intramolecular [2+2] electrocyclization leading to cyclobutenyl synthons,
15

 it could deliver 2 π- or 4 π-electrons in 

cycloadditions with dienes, dienophiles, or dipoles.
16

 It is an excellent electrophile that participates in cascade reactions
17

 or can be 

converted into a nucleophilic species via the transient addition of organocatalysts.
18

 As a cherry on the cake, coumalic acid is pro-

duced from the dimerization of malic acid,
19

 providing a basis for sustainable synthesis of more complex molecules. 

In this context, we developed a simple and general method to access diversely functionalized annelated azepines in a one-step 

multicomponent reaction, starting from commercially available compounds (Figure 2c). 

 

Table 1. Optimization of the Reaction Conditions
a
 

 

Entry Catalyst (mol%) Temp. Time 4a (%)b 

1 Fe(TTP)Cl (1)c r.t 10 min 73 

2 Fe(TTP)Cl (1) r.t 10 min 61d 

3 Fe(TTPOMe)Cl (1)e r.t 10 min 73 

4 Fe(TTPF)Cl (1)f r.t 10 min 58 

5 Cu(OAc)2 (10) r.t 4 h 23 

6 Cu(OAc)2 (10) r.t 12h 27 

7 Cu(OAc)2 (10) 50 °C 4 h 22g 

a All reactions were carried out with pyridine 1a (1 mmol), 2a (1.2 mmol), 3a (1 mmol), Fe(TTP)Cl (1 mol%), DCM (3 mL), r.t. 10 min. 
b Yield after purification by flash-chromatography. c Fe(TTP)Cl : 5,10,15,20-Tetraphenyl-21H,23H-porphyrin iron (III) chloride d Reaction 

on 1 gram scale e Fe(TTPOMe)Cl : 5,10,15,20-Tetrakis(4-methoxyphenyl)-21H,23H-porphyrin iron (III) chloride f Fe(TTPF)Cl : 

5,10,15,20-Tetrakis(pentafluorophenyl)-21H,23H-porphyrin iron (III) chloride. g Reaction in dichloroethane 

To initiate the study, pyridine 1a, ethyl diazoacetate 2a and methyl coumalate 3a were mixed in DCM in the presence of 1 mol% 

of 5,10,15,20-Tetraphenyl-21H,23H-porphyrin iron (III) chloride (Fe(TTP)Cl) as catalyst. To our delight, the desired 

dihydropyridoazepine 4a, was isolated in 73% yield after 10 minutes (Table 1, entry 1). No other product was detected. A concen-

tration-dependance study was carried out and 0.33 M seems the optimal concentration. We also divided per two or doubled the 
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amount of catalyst without improvement (see SI, Table S1). Substitution of DCM by other solvents did not provide better results. 

Toluene or THF afforded compound 4a in yield reaching 70% whereas EtOH led to 63% of 4a. 

Different metal salts were investigated and selected results are summarized in Table 1 (see SI, Table S1). Various iron-based cat-

alysts such as 5,10,15,20-Tetrakis(4-methoxyphenyl)-21H,23H-porphyrin iron (III) chloride (Fe(TTPOMe)Cl) and 5,10,15,20-

Tetrakis(pentafluorophenyl)-21H,23H-porphyrin iron (III) chloride (Fe(TTPF)Cl) or FeCl3 were tested. While similar results were 

observed with Fe(TTP)Cl and Fe(TTPOMe)Cl, the use of Fe(TTPF)Cl reduced the yield in 4a down to 58% (Table 1, entries 1-4). 

Unfortunately, FeCl3 did not lead to the formation of 4a even with 1 h reaction time or increasing its quantity up to 10 mol% (see 

SI). Initial results with copper diacetate (II) were encouraging, giving 4a in a moderate 23% yield, however all attempts to improve 

the conversion were unsuccessful (Table 1, entries 5-7). The use of catalysts based on palladium, rhodium, silver or chromium did 

not allow the formation of the desired compound even with longer reaction time (See SI, Table S1).  

In summary, we chose the following conditions: pyridine, diazoacetate 2a (1 equiv), coumalate 3a (1.2 equiv.) and Fe(TTP)Cl (1 

mol %) in DCM and tested at the gram scale. It delivered 2.1 g (61% yield) of the desired dihydropyridoazepine 4a in less than 10 

min (Table 1, entry 2). 

Starting from commercially available benzyl 2-diazoacetate 2b and tert-butyl 2-diazoacetate 2c (Table 2), the desired 

dihydropyridoazepines 4b and 4c were obtained in moderate yield, whereas diazo amides 2d-f led to the expected fused azepines 

4d, 4e and 4f in yield up to 67%. 

Pyridines 1g-k with substituents in para position were first tested for their symmetry and low steric hindrance. Isopropyl or 

tertbutyl groups had no significant influence and the desired compounds 4g-h were obtained in yields around 65 %. The use of 4-

phenylpyridine 1i as substrate led to the corresponding dihydropyridoazepine 4i in 63%. However, the presence of the strongly 

electron-withdrawing trifluoromethyl group significantly decreased the reactivity of 1j. The same trend was observed with 4-cyano 

group as no reaction occurred. Gratifyingly, the dihydropyridoazepine 4k bearing a 4-methoxy group could be isolated in 83% yield 

after precipitation. Altogether, these results suggest that electronic density on the nitrogen atom of the nucleophilic pyridine has a 

strong influence on the overall reactivity and electron-neutral or donating substituents are preferred. Although the conversion of the 

reactants was sometimes almost quantitative, unfortunately the stability of the products should be mentioned as a drawback of this 

efficient dearomative reaction. For example, 4k degraded over silica or alumina column chromatography. 

 

Table 2. Scope and Limitations Varying Pyridines 1, Diazo Compounds 2 and Coumalates 3
a,b

 

 

 

a Reaction conditions : pyridines 1 (1 mmol), diazo compounds 2 (1.2 mmol), coumalates 3 (1 mmol), Fe(TTP)Cl (1 mol%), DCM (3 

mL), r.t., 10 min. b Isolated yields 
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Subsequently, we tested pyridines 1l-q substituted in meta position. Interestingly, products 4l-q were obtained as single 

regioisomers. Indeed, although positions 2 or 6 of pyridines 1l-q could be engaged to fuse the rings, the cyclization took place 

exclusively at position 2. Yields for products presenting a methyl or a methoxy group (4l-m) are comparable to the one of 4q bear-

ing a fluorine atom (60 to 71%). Electronic effects seem to be less pronounced than steric ones. Indeed, from iodide to fluoride 

(compare yields from 4n to 4q), the smaller the atomic radius of the halogen is, the higher the isolated yield. These results could be 

attributed to steric hindrance but may also be explained by the possible insertion of iron into the carbon-halogen bond. When 3-

(trifluoromethyl)pyridine was used, no bicyclic product could be isolated. To complete the study, we checked ortho-substituted 

pyridines. Unfortunately, 2-methyl- and 2-fluoro pyridine did not react at all, proving the strong steric influence appearing during 

the cyclisation.  

We turned our attention toward polysubstituted pyridines. We first investigated symmetrically disubstituted ones such as 3,5-

dimethyl- and 3,5-difluoropyridine. The corresponding dihydropyridoazepines 4r and 4s were isolated in low yields. These results 

were attributed to steric hindrance in the case of 1r and to a strong decrease of nucleophilicity for 1s. Positively, the 3-bromo-4-

methylpyridine 1t led to the formation of dihydropyridoazepine 4t in 65 % yield with a total regioselectivity. Finally, we varied 

both pyridines and diazo compounds, the desired dihydropyridoazepines 4bt to 4fm were isolated as expected. 

The third reactant of this three-component reaction, namely pyrone 3, could also be varied by changing the nature of the ester, 

introducing various alkyls or aryls instead of methyl group (see Table 2). As representatives, coumalates bearing allylic, 

propargylic or phenolic ester function were prepared from coumalic acid and the corresponding alcohols using EDC. The 

coumalates 3u-x reacted smoothly giving the expected dihydroazepines 4u-x in yields from 67 to 76%. The reaction supported the 

double functionalization on both pyridine 1 and coumalate 3 leading to 4uq and 4vm in 61 and 70% yields respectively. 

We also investigated the replacement of pyridine 1 by benzimidazole 5. Using the previously optimized conditions, compound 6a 

resulting from both N-H insertion and cyclization reaction was isolated with a modest 23% yield together with unreacted 3a. In 

order to fully consume starting materials, the quantity of ethyl diazoacetate 2a was increased to 2.5 equivalents. In these conditions, 

the tricyclic fused azepine 6a was isolated in 65% yield (Table 3). 

Subsequently, we explored the influence of the substituents on the regioselectivity and efficiency of the reaction. The 5-bromo-, 

and 5-methoxybenzimidazole 5b-c were tested as representatives. The reaction proceeded well leading to products 6b-c as an al-

most equimolar mixture of two regioisomers. Brominated tricyclic benzimidazolo azepine 6b was obtained with a slightly lower 

yield compared to the methoxy substituted product 6c (52 vs 76 % yields respectively). The N-methylbenzimidazole 5d required 

only one equivalent of 2a and reacted cleanly to provide the expected tricyclic fused azepine in 63% isolated yield (Table 3). 

 

Table 3. Scope and Limitations in Benzimidazole Series
a,b

 

 

a Reaction conditions : benzimidazoles 5 (1 mmol), 2a (2.5 equiv.), 3a (1 equiv.), Fe(TTP)Cl (1 mol%), r.t., DCM (3 mL). b Isolated 

yields. c mixture of regioisomers - 6b 2/3 ratio : 47/53 - 6c 2/3 ratio : 43/57. d 1 equiv. of 2a. 

Concerning the mechanism of the reaction, a pyridinium ylide is stated to be catalytically produced from the reaction between 1a 

and 2a in the presence of Fe(TPP)Cl.
43–48

 Then, two plausible pathways could be envisaged for the observed cyclization between 3a 

and the pyridinium ylide, i.e. a concerted [4+3] cycloaddition or a two-step asynchronous addition-cyclization. 

Based on previous reactivity observed for 3a, we privileged a two-step process. On the other hand, the total regioselectivity ob-

served with 3-substituted pyridines preferentially supported a concerted mechanism, or at least a pre-organized association between 

the two reactants. To discriminate these two pathways, we carried out DFT calculation (Figure 3, see also SI, Table S2).  

A preassociative dipole-dipole complex A linking the substrates was found to align the two separate polar molecules (+ 6.8 

kcal/mol to access A). The first C-C bond is created through a transition state lying at 20.7 kcal/mol above reactants. This 1,6-

addition leads to an enolate B in an endothermic reaction (8 kcal/mol). It rapidly undergoes an intramolecular endothermic C-C 

bond formation leading to the lactone-bridged nitrogen tricyclic compound C that presents a strain of 28.3 kcal/mol. 

Surprisingly, the concerted [4+2] retro Diels-Alder reaction that expulses CO2, requires the highest energy to convert C into 

azepine D but releases 22.4 kcal/mol by decongestion of the structure. Intermediate D stands at 0.9 kcal/mol lower than complex A. 

The last step is the formation of the highly conjugated dihydropyridoazepine 4a via a 1-5 hydrogen shift. This step which maximiz-

es -electrons conjugation is the driving force of the observed reaction which releases 9.5 kcal/mol. 

The total regioselectivity observed with 3-substituted pyridines, leading to products 4m-r, could be justified by the development 

of steric hindrance that appears during the initial approach of the two reacting molecules (see Figure S1 and S2). The absence of 

reactivity observed for substituted 2-pyridines could similarly be explained by the stronger steric interactions that appear for such 

substrates. 
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Figure 3. Computed Pathway for the Formation of 4a 

In summary, we have developed a multicomponent domino reaction to quickly access fused bicyclic [6+7] 

dihydropyridoazepines or tricyclic [6+5+7] fused benzimidazolo azepines starting from commercially available substrates, renewa-

ble feedstock and Fe(TTP)Cl as catalyst. A wide range of pyridines, benzimidazoles, diazo compounds and coumalates were used 

and more than 35 compounds were successfully synthesized. A total regioselectivity was observed for 3-substituted pyridines. The 

proposed mechanism was rationalized by DFT calculations. This dearomatization process leads to the formation of molecules pre-

viously reported as difficult to synthesize. The reaction appeared scalable up to the gram scale and releases only CO2 and N2 as by 

products. 

ASSOCIATED CONTENT  

Data Availability Statement 

The data underlying this study are available in the published article and its Supporting Information  

Supporting Information 

The Supporting Information is available free of charge on the ACS Publications website. It contains information regarding experimental 

procedures, optimization table, characterization of organic molecules, and mechanistic studies (PDF). 

AUTHOR INFORMATION 

Corresponding Author 

* Serge Thorimbert . serge.thorimbert@sorbonne-universite.fr 

Orcid : 0000-0002-0290-2820 

Authors 

Alexander Mamontov : Orcid :  0000-0002-5444-7778 

Benoit Bertrand Orcid : 0000-0003-0542-4454 

Luc Dechoux Orcid : 0000-0003-3806-1848 

Héloise Dossmann Orcid : 0000-0003-4844-229X 

Present Addresses 

† Liang Chang : 138 Xianlin Rd, Nanjing, Jiangsu, China, 210023. Orcid 0000-0001-9552-519X 

Author Contributions 

The manuscript was written through contributions of all authors. / All authors have given approval to the final version of the manuscript. / 

‡These authors contributed equally. 

ACKNOWLEDGMENT  

We thank Sorbonne Université and CNRS for funding, the Fédération de Recherche de Chimie Moléculaire de Paris Centre (FR2769) for 

providing technical access to analytical instruments. The calculation was granted access to the HPC resources of the SACADO MeSU 

platform at Sorbonne-Université. L.C. thanks the Chinese Scholarship Council (CSC) for a PhD grant. 

  

0.0

28.3

D
G

 (
k
c
a

l.
m

o
l-1

)

14.8

28.4

6.8

20.7

49.9

5.9

26.0

-9.5

CO2

N
H

EtO2C
O

O

O
O

Pyridinium ylide - MC 
Pre-association

N

EtO2C
O

O

N

EtO2C

H

N

EtO2C O

O

H

O
O O

O
O

O

N

EtO2C

O
O

reaction coordonates

A

B

C

D

mailto:serge.thorimbert@sorbonne-universite.fr


 

 

6 

REFERENCES 

(1) Blakemore, D. C.; Castro, L.; Churcher, I.; Rees, D. C.; Thomas, A. W.; Wilson, D. M.; Wood, A. Organic Synthesis Provides Opportunities 

to Transform Drug Discovery. Nat. Chem. 2018, 10, 383–394.  

(2) a) Katritzky, A. R.; Ramsden, C. A.; Scriven, E. F. V.; Taylor, R. J. K. Comprehensive Heterocyclic Chemistry III; Elsevier: Nether-

lands, 2008; Vol. 1, pp 1–13718. b) Tyrell, J. A.; Quin, L. D. Fundamentals of Heterocyclic Chemistry: Importance in Nature and in the Synthesis 

of Pharmaceuticals; John Wiley & Sons, 2010. c) Alvárez-Builla, J.; Barluenga, J. Heterocyclic Compounds: An Introduction. In Modern Hetero-

cyclic Chemistry; Wiley, 2011; pp 1–9. 

(3) Ryan, J. H.; Green, J. L.; Hyland, C.; Smith, J. A.; Williams, C. C. Chapter 7 - Seven-Membered Rings. In Progress in Heterocyclic 

Chemistry; Gribble, G. W., Joule, J. A., Eds.; Elsevier, 2011; Vol. 23, pp 465–504. 

(4) a) Heravi, M. M.; Zadsirjan, V. Prescribed Drugs Containing Nitrogen Heterocycles: An Overview. RSC Adv. 2020, 10, 44247–44311. 

b) Pellegrini, E.; Multari, G.; Gallo, F. R.; Vecchiotti, D.; Zazzeroni, F.; Condello, M.; Meschini, S. A Natural Product, Voacamine, Sensitizes 

Paclitaxel-Resistant Human Ovarian Cancer Cells. Toxicol. Appl. Pharmacol. 2022, 434, 115816. c) Köck, P.; Froelich, K.; Walter, M.; Lang, U.; 

Dürsteler, K. M. A Systematic Literature Review of Clinical Trials and Therapeutic Applications of Ibogaine. J. Subst. Abuse Treat. 2022, 138, 

108717. d) Iyer, R. N.; Favela, D.; Zhang, G.; Olson, D. E. The Iboga Enigma: The Chemistry and Neuropharmacology of Iboga Alkaloids and 

Related Analogs. Nat. Prod. Rep. 2021, 38, 307–329. e) Greger, H. Structural Classification and Biological Activities of Stemona Alkaloids. 

Phytochem Rev 2019, 18, 463–493. 

(5) a) Aloise Pilli, R.; da Conceição Ferreira de Oliveira, M. Recent Progress in the Chemistry of the Stemona Alkaloids. Nat. Prod. Rep. 

2000, 17, 117–127. b) Moonen, K.; Laureyn, I.; Stevens, C. V. Synthetic Methods for Azaheterocyclic Phosphonates and Their Biological Activity. 

Chem. Rev. 2004, 104, 6177–6216. c) Muylaert, K.; Jatczak, M.; Mangelinckx, S.; Stevens, V. C. Synthesis of Pyrido-Annelated Seven-Membered 

N-Containing Heterocycles. Curr. Med. Chem. 2015, 22, 1086–1125. d) Guizzetti, S.; Michaut, A.; Federspiel, G.; Eymard, J.; Caron, I.; 

Quatrevaux, S.; Daras, E.; Jolly, S.; Guillemont, J.; Lançois, D. A Fit-for-Purpose Synthesis of (R)-2-Methylazepane. Org. Process Res. Dev. 2020, 

24, 729–733. 

(6) Wei, L.; Chang, X.; Wang, C.-J. Catalytic Asymmetric Reactions with N-Metallated Azomethine Ylides. Acc. Chem. Res. 2020, 53, 

1084–1100. 

(7) Fischer, G. The Chemistry of Pyrido[1,2-a]Azepines and Their Hydro Derivatives. In Advances in Heterocyclic Chemistry; Elsevier, 

2011; Vol. 103, pp 61–174. 

(8) a) Fozard, A.; Jones, G. The Synthesis of a Pyrido[1,2-a]Azepine. A New Heterocyclic System1. J. Org. Chem. 1965, 30, 1523–1527. b) 

Jones, G.; Rafferty, P. Pyrido[1,2-a]Azepines. A Correction. J. Org. Chem. 1982, 47, 2792–2792 and references cited therein. 

(9) Zhou, X.; Huang, F.; Tang, C.; Zhuo, Q.; Chen, Z.; Zhang, H.; Xia, H. A Missing Member of Conjugated N-Heterocycles: Realizing 

Pyrido[1,2-α]Azepine by Reacting Ruthenium Alkenylcarbene Complex with Alkyne. Chem. Commun. 2018, 54, 4009–4012. 

(10) a) Maicr, W.; Eberbach, W.; Fritz, H. Zur Synthese von Derivaten des Pyrido[1,2-a]azepins. Helv. Chim. Acta 1991, 74, 1095–1101. b) 

Marx, K.; Eberbach, W. The First 1,7-Electrocyclizations of Butadienyi Pyridinium Ylides: Stereoselective Formation of 1,2-Annulated 2,3-

Dihydroazepines. Tetrahedron 1997, 53, 14687–14700. c) Marx, K.; Eberbach, W. 8‐ Phenyl‐ 10,10a‐ dihydropyrido[1,2‐  a ]Azepines by 

1,7‐ Electrocyclization of Conjugated Pyridinium Ylides—Rationalization of the Periselectivity. Chem. Eur. J. 2000, 6, 2063–2068 and references 

cited therein. 

(11) a) Guin, A.; Gaykar, R. N.; Deswal, S.; Biju, A. T. Three-Component, Diastereoselective [6 + 3] Annulation of Tropone, Imino Esters, 

and Arynes. Org. Lett. 2021, 23, 7456–7461. b) Yang, W.-L.; Ni, T.; Deng, W.-P. Iridium-Catalyzed Diastereo- and Enantioselective [4 + 3] 

Cycloaddition of 4-Indolyl Allylic Alcohols with Azomethine Ylides. Org. Lett. 2021, 23, 588–594. c) Dong, S.; Fu, X.; Xu, X. 

[3+2]‐ Cycloaddition of Catalytically Generated Pyridinium Ylide: A General Access to Indolizine Derivatives. Asian J. Org. Chem. 2020, 9, 

1133–1143. 

(12) Liu, K.; Teng, H.-L.; Wang, C.-J. Et3N-Catalyzed Tandem Formal [4 + 3] Annulation/Decarboxylation/Isomerization of Methyl 

Coumalate with Imine Esters: Access to Functionalized Azepine Derivatives. Org. Lett. 2014, 16, 4508–4511.  

(13) a) Jacobs, J.; Van Hende, E.; Claessens, S.; De Kimpe, N. Pyridinium Ylids in Heterocyclic Synthesis. Curr. Org. Chem. 2011, 15, 

1340–1362. b) Allgäuer, D. S.; Mayer, P.; Mayr, H. Nucleophilicity Parameters of Pyridinium Ylides and Their Use in Mechanistic Analyses. J. 

Am. Chem. Soc. 2013, 135, 15216–15224. c) Zhang, Y.-F.; Duan, W.-D.; Chen, J.; Hu, Y. Base-Promoted Cascade Reactions of 3-(1-

Alkynyl)Chromones with Pyridinium Ylides to Chromeno[2,3-d]Azepine Derivatives. J. Org. Chem. 2019, 84, 4467–4472. d) Bertuzzi, G.; 

Bernardi, L.; Fochi, M. Nucleophilic Dearomatization of Activated Pyridines. Catalysts 2018, 8, 632. 

(14) a) Zhu, S.-F.; Zhou, Q.-L. Iron-Catalyzed Transformations of Diazo Compounds. Nat. Science Rev. 2014, 1, 580–603. b) Xiang, Y.; 

Wang, C.; Ding, Q.; Peng, Y. Diazo Compounds: Versatile Synthons for the Synthesis of Nitrogen Heterocycles via Transition Metal-Catalyzed 

Cascade C-H Activation/Carbene Insertion/Annulation Reactions. Adv. Synth. Catal. 2019, 361, 919–944. c) Batista, V. F.; G. A. Pinto, D. C.; 

Silva, A. M. S. Iron: A Worthy Contender in Metal Carbene Chemistry. ACS Catal. 2020, 10, 10096–10116. d) Carreras, V.; Tanbouza, N.; 

Ollevier, T. The Power of Iron Catalysis in Diazo Chemistry. Synthesis 2021, 53, 79–94. 

(15) a) Javaheripour, H.; Neckers, D. C. Solid Phase and Solution Photochemistry of Coumalate Esters. J. Org. Chem. 1977, 42, 1844–1850. 

b) Gutekunst, W. R.; Baran, P. S. Total Synthesis and Structural Revision of the Piperarborenines via Sequential Cyclobutane C–H Arylation. J. 

Am. Chem. Soc. 2011, 133, 19076–19079. c) Frébault, F.; Maulide, N. Total Synthesis and Structural Revision of the Piperarborenines: When 

Photochemistry Meets C-H Activation. Angew. Chem. Int. Ed. 2012, 51, 2815–2817 

(16) a) Imagawa, T.; Sueda, N.; Kawanisi, M. Diels-Alder Reaction of Methyl Coumalate with 1,3-Dienes. Tetrahedron 1974, 30, 2227–

2231. b) Lee, J. J.; Kraus, G. A. One-Pot Formal Synthesis of Biorenewable Terephthalic Acid from Methyl Coumalate and Methyl Pyruvate. 

Green Chem. 2014, 16, 2111–2116. c) Pfennig, T.; Chemburkar, A.; Cakolli, S.; Neurock, M.; Shanks, B. H. Improving Selectivity of Toluic Acid 

from Biomass-Derived Coumalic Acid. ACS Sustain. Chem. Eng. 2018, 6, 12855–12864. d) Cole, C. J. F.; Fuentes, L.; Snyder, S. A. Asymmetric 

Pyrone Diels–Alder Reactions Enabled by Dienamine Catalysis. Chem. Sci. 2020, 11, 2175–2180. e) Saktura, M.; Grzelak, P.; Dybowska, J.; 

Albrecht, Ł. Asymmetric Synthesis of [2.2.2]-Bicyclic Lactones via All-Carbon Inverse-Electron-Demand Diels–Alder Reaction. Org. Lett. 2020, 

22, 1813–1817. f) Trost, B. M.; Schneider, S. Pyrones as Substrates for Palladium-Catalyzed [4 + 3] Cycloadditions. Angew. Chem. Int. Ed. Engl. 

1989, 28, 213–215. g) Trost, B. M.; Wang, Y. A Deprotonation Approach to the Unprecedented Amino‐ Trimethylenemethane Chemistry: 

Regio‐ , Diastereo‐ , and Enantioselective Synthesis of Complex Amino Cycles. Angew. Chem. Int. Ed. 2018, 57, 11025–11029. h) Gao, X.; Xia, 

M.; Yuan, C.; Zhou, L.; Sun, W.; Li, C.; Wu, B.; Zhu, D.; Zhang, C.; Zheng, B.; Wang, D.; Guo, H. Enantioselective Synthesis of Chiral Medium-

Sized Cyclic Compounds via Tandem Cycloaddition/Cope Rearrangement Strategy. ACS Catal. 2019, 9, 1645–1654 

(17) a) Kramer, W.; Fuchs, L. Robotic Orchestration of Organic Reactions: Yield Optimization via an Automated System with Operator-

Specified Reaction Sequences. J. Am. Chem. Soc. 1984, 106, 7143–7145. b) Plevová, K.; Chang, L.; Martin, E.; Llopis, Q.; Dechoux, L.; 

Thorimbert, S. Regio- and Stereoselective Preparation of β,γ-Unsaturated Carboxylic Acids by One-Pot Sequential Double 1,6-Addition of Gri-

gnard Reagents to Methyl Coumalate. Adv. Synth. Catal. 2016, 358, 3293–3297. c) Chang, L.; Plevová, K.; Thorimbert, S.; Dechoux, L. Prepara-



 

 

7 

tion of Substituted 2 H -Pyrans via a Cascade Reaction from Methyl Coumalate and Activated Methylene Nucleophiles. J. Org. Chem. 2017, 82, 

5499–5505. d) Chang, L.; Klipfel, N.; Dechoux, L.; Thorimbert, S. A Solvent-Free, Base-Catalyzed Domino Reaction towards Trifluoromethylated 

Benzenes from Bio-Based Methyl Coumalate. Green Chem. 2018, 20, 1491–1498. e) Chang, L.; Fischer-Durand, N.; Gontard, G.; Bertrand, B.; 

Thorimbert, S.; Dechoux, L. A Solvent-Free, Catalyst-Free Formal [3+3] Cycloaddition Dearomatization Strategy: Towards New Fluorophores for 

Biomolecules Labelling. ChemSusChem 2021, 14, 1821–1824. 

(18) a) Liu, Q.; Zu, L. Organocatalytic Enantioselective Cross-Vinylogous Rauhut-Currier Reaction of Methyl Coumalate with Enals. Angew. 

Chem. Int. Ed. 2018, 57, 9505–9509. b) Chang, L.; Thorimbert, S.; Dechoux, L. The Bio-Based Methyl Coumalate Involved Morita–Baylis–

Hillman Reaction. Org. Biomol. Chem. 2019, 17, 2784–2791. 

(19) a) von Pechmann, H. Ueber Die Spaltungsproducte Der α-Oxysäuren. Justus Liebigs Ann. Chem. 1891, 264, 261–309. b) Smith, L. K.; 

Baxendale, I. R. Flow Synthesis of Coumalic Acid and Its Derivatization. React. Chem. Eng. 2018, 3, 722–732. 


