
Clinical Research and Clinical Trials                                                                                                                                                                                               Copyrights@ Nan Lu, 

Auctores Publishing LLC – Volume 15(5)-329 www.auctoresonline.org 
ISSN: 2693-4779          Page 1 of 6          

     

 

Theoretical Investigation on Tf−Dmap/Dmap-Catalyzed 

Addition−Cyclization of Carboxylic Acid, Crotonate Sulfonium 

Salt, And Amine to Build 1,2,3-Trisubstituted Pyrrole 

Nan Lu  

College of Chemistry and Material Science, Shandong Agricultural University, Taian 271018, P. R. China. 

*Corresponding Author: Nan Lu, College of Chemistry and Material Science, Shandong Agricultural University, Taian 271018, P. R. China. 

Received date: June 19, 2026; Accepted date: July 03, 2026; Published date: July 10, 2026 

Citation: Nan Lu, (2026), Theoretical Investigation on Tf−Dmap/Dmap-Catalyzed Addition−Cyclization of Carboxylic Acid, Crotonate Sulfonium 

Salt, And Amine to Build 1,2,3-Trisubstituted Pyrrole, Clinical Research and Clinical Trials, 15(5); DOI:10.31579/2693-4779/329 

Copyright: © 2026, Nan Lu. This is an open access article distributed under the Creative Commons Attribution License, which permits 

unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. 

Abstract:  

The first theoretical investigation on Tf−DMAP/DMAP-catalyzed addition−cyclization of carboxylic acid, 

crotonate sulfonium and amine was provided by our DFT calculation. First, the deprotonation of allyl sulfonium 

salt forms its ylide assisted by DMAP. Concurrently, acylpyridinium salt was afforded upon activa-tion of 

carboxylic acid under the help of TfDMAP giving TfOH. Subsequently, the nucleophilic attack between the 

above two generates corresponding intermediate, which proceeds double bond shift followed by con-densation 

of keto function with amine. Finally, C−N bond formation undergoes via SN2 nucleophilic substitu-tion mode to 

complete aza five-membered ring, the aromatization of which yields desired product 1,2,3-trisubstituted pyrrole 

via conjugate transfer. Comparatively, the double bond shift in step 4 is deter-mined to be rate-limiting. 
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1.Introduction 

As privileged structural motifs, functionalized heterocycles are frequently 

encountered in pharmaceutical industry as biologically active molecules [1-

3]. In this field, pyrrole is a crucial class of five-membered, nitro-gen-

containing heterocycle well-known as Lipitor and dietary supplements [4,5]. 

In agrochemicals, flavors, and optoelectronic materials, pyrrole derivatives 

function as versatile building blocks. Czichy discovered elec-trochemical 

polymerization of pyrrole−perimidine hybrids: low-band-gap materials with 

high n-doping activity [6]. Zhao gave [3,4-c]pyrrole-4,6-dione-mediated 

crystallinity in large-band gap polymer donors directs charge transportation 

and recombination in efficient nonfullerene polymer solar cells [7]. Wang 

reported a DFT study on electroreduction NO to NH3 over single metal atom 

anchored on pyrrole type defective graph-eme [8]. The scaffold bearing aryl 

at 1-, 2-, 3-positions are particularly valuable just as Yousuf’s addi-

tion−annulation of arylboronic acid and substituted aliphatic nitriles in one-

pot synthesis of 3-substituted 2-arylpyrrole [9]. However, the regioselective 

synthesis of substituted pyrroles is still challenging despite Knorr, 

Paal−Knorr, and Hantzsc methods [10]. Hence, facile approach to 

polysubstituted pyrroles is useful in organic chemistry. The crotonate-

derived sulfur ylide is well-known to access carbo- and heterocyclic 

framework in cascade annulation. Chen researched formal [4 + 1] annulation 

in synthesis of carbocyclic and heterocyclic system [11]. Lu summarized 

recent advances in catalytic cyclization of sulfur ylides beyond sulfide-

centric catalysis [12]. Gouthami achieved syntheses of 2-aroyl benzofurans 

through cascade annulation on arynes [13]. In addition, Kaiser found bond-

forming and breaking reactions at sulfur(IV): sulfoxides, sulfonium salts, 

sulfur ylides, and sulfinate salts [14]. Aher gave Cp*Co(III)-catalyzed C 

amination/annulation cascade of sulfoxonium ylides with anthranils for the 

synthesis of indoloindolones [15]. Ushakov reviewed application of ylide-

like species in [4 + 1]-annulation reaction [16]. Chen obtained substrate-

directed divergent annulations of sulfur ylides in synthesis of functionalized 

bispirocyclopentane and bispirocyclopropane [17]. Thereby these building 

blocks combining α, β-unsaturated ester were proved to be versatile and 

exhibit dual reactivity [18-20]. Many progresses have been reported in this 

field such as rapid and scalable synthesis of oxazoles directly from 

carboxylic acids of Chavan group [21], triflylpyridinium enables controlled 

reduction of carboxylic acids to aldehydes using pinacolborane of Chen as 

well as coupling reagent in rapid amide and ester synthesis [22,23]. There’s 

also novel photoswitchable molecules derived from rimonabant to highly 

selective and na-nomolar “cis-on” CB1R antagonist [24]. The latest 

breakthrough was addition–cyclization of carboxylic acid, crotonate-derived 

sulfonium and amine [25]. Although 1,2,3-trisubstituted pyrrole was 

synthesized in regi-oselective mode, how acylpyridinium salt was afforded 

via activation of carboxylic acid? How allyl sulfonium was deprotonated 

assisted by DMAP to form ylide as C3 synthon? What’s the concrete process 

including subsequent nucleophilic attack, double bond shift, condensation, 

and C−N bond formation? 

  Open Access  Research Article  

          Clinical Research and Clinical Trials 
                                                                                                     Nan Lu * 

AUCTORES 
Globalize your   Research 



Clinical Research and Clinical Trials                                                                                                                                                                                               Copyrights@ Nan Lu, 

Auctores Publishing LLC – Volume 15(5)-329 www.auctoresonline.org 
ISSN: 2693-4779          Page 2 of 6          

2. Computational details 

Structures were optimized at M06-2X/6-31G(d) level with GAUSSIAN09 

[26]. Among various DFT methods [27], M06-2X functional has smaller 

deviation between experimental and calculated value than B3LYP hybrid 

functional [28,29]. With 6-31G(d) basis set, it can provide best compromise 

between time consumption and energy accuracy. It was also found to give 

accurate results for stepwise (2 + 2) cycloaddition, enantioselective (4 + 3) 

and Diels−Alder reaction [30,31]. Together with good performance on 

noncovalent interaction, it is suitable for this system [32-34]. To obtain zero-

point vibrational energy (ZPVE), harmonic frequency calculations were 

carried out at M06-2X/6-31G(d) level gaining thermodynamic corrections at 

298 K and 1 atm in Toluene. At M06-2X/6-311++G(d,p) level, the solvation-

corrected free energies were obtained using integral equation formalism 

polarizable continuum model (IEFPCM) [35-39] on M06-2X/6-31G(d)-

optimized geometries. NBO procedure was performed with Natural bond 

orbital (NBO3.1) obtaining lone pair and bond to characterize bonding 

orbital interaction and electronic properties [40-42]. Using 

Multiwfn_3.7_dev package [43]. 

3. Results and Discussion 

The mechanism was explored for Tf−DMAP/DMAP-catalyzed 

addition−cyclization of carboxylic acid 1, cro-tonate sulfonium salt 2, and 

amine 3 leading to 1,2,3-trisubstituted pyrrole 4 (Scheme 1). As illustrated 

by Scheme 2, first, the allyl sulfonium salt 2 was deprotonated assisted by 

DMAP to form its ylide A. Concurrently, acylpyridinium salt B was afforded 

upon activation of carboxylic acid 1 by TfDMAP. Subsequently, the nucleo-

philic attack of A to B generates corresponding intermediate C after removal 

of DMAP. C converts to interme-diate D via subsequent double bond shift 

followed by condensation of keto function with amine 3 furnishing 

intermediate E. Finally, E undergoes C−N bond formation giving five-

membered F, the aromatization of which yields desired 1,2,3-trisubstituted 

pyrrole 4. Figure 1 listed schematic structures of optimized TSs in Scheme 

2. Table 1 gave activation energy for all steps. 

 
Scheme 1: Tf−DMAP/DMAP-catalyzed addition−cyclization of carboxylic acid 1, crotonate sulfonium salt 2, and amine 3 leading to 1,2,3-trisubstituted 

pyrrole 4. 

 

Scheme 2: Proposed reaction mechanism of Tf−DMAP/DMAP-catalyzed addition−cyclization of 1, 2, 3 leading to 4. TS is named according to the two 

intermediates it connects. 

3.1 deprotonation of allyl sulfonium/activation of carboxylic acid 

Binding DMAP and allyl sulfonium salt, the first complex i1 is formed as 

starting point of step 1 (black dash line of Figure 1). 2 was deprotonated 

under the help of DMAP via ts-i12 with the activation energy of 16.1 kcal 

mol−1 endothermic by 11.4 kcal mol−1 producing reactive i2. The transition 

vector corresponds to proton transferring from C1 of 2 to N1 of DMAP as 

C1···H1···N1 (1.45, 1.26 Å) (Figure S1a). After proton capture by base 

DMAP, the ylide A of 2 was afforded along with its resonance-stabilized 

zwitterionic intermediate, of which the negative charge is located on C3 

ready for nucleophilic attack.   

Concurrently, the intermediate i3 binding carboxylic acid 1 and additional 

TfDMAP is taken as new starting point of next step (red dash line of Figure 
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1). Upon activation of TfDMAP, 1 lost hydroxyl group via ts-i34 with 

increased activation energy of 20.8 kcal mol−1 in step 2 endothermic slightly 

by 1.0 kcal mol−1 leading to i4. The transition vector is complicated involving 

breaking of C4···O1, linkage of O1···S and resultant cleavage of DMAP N2 

from S to acyl C4 as S···N2···C4 (2.56, 1.8, 2.6, 2.47 Å) (Figure S1b). Once 

typical C4-N2 single bond is available in i4, the positive acylpyridinium salt 

B bonded to DMAP was generated in addition to TfOH.  

TS ΔG≠
gas ΔG≠

sol 

ts-i12  15.1  16.1  

ts-i34  23.5  20.8  

ts-i56 11.3  3.6  

ts-CD  28.4  26.1  

ts-EF  16.1  13.2  

 

Table 1: The activation energy (in kcal mol−1) of all reactions in gas and solvent 

 

Figure 1: Relative Gibbs free energy profile in solvent phase starting from complex i1, i3, i5, C, E (Bond lengths of optimized TSs in Å). 

3.2 nucleophilic attack/double bond shift/C−N bond formation 

Subsequently, with A and B in hand, the complex i5 was starting point of 

step 3 (blue dash line of Figure 1). The nucleophilic attack of A to B takes 

place via ts-i56 with small activation energy of 3.6 kcal mol−1 exothermic by 

-1.1 kcal mol−1 giving i6. The transition vector of C3···C4···N2 denotes 

positive acyl group C4 was leaving from DMAP N2 and bonding to negative 

C3 (1.76, 1.9 Å). After removal of recovered DMAP, the corresponding 

intermediate C was generated with sp3 hybrid C3 and typical C1=C2 double 

bond. 

Next, C converts to intermediate D via ts-CD to complete double bond shift 

with activation energy of 26.1 kcal mol−1 exothermic by -8.3 kcal mol−1 in 

step 4 (magenta dash line of Figure 1). According to the transition vector, 

this was achieved through proton H2 transfer from C3 to C1 as C3···H2···C1 

along with shortening of C2···C3 and elongation of C1···C2 (1.75, 1.64, 

1.43, 1.4 Å) (Figure S1c). The resulting D is stable owing to its conjugated 

structure involving carbonyl C4=O and new C2=C3 double bond. 

With amine 3, the condensation of keto function of D furnishes intermediate 

E, in which the carbonyl C4=O turns to be C4=N3 imine group. Finally, E 

undergoes C−N bond formation via ts-EF with decreased activation energy 

of 13.2 kcal mol−1 exothermic huge by -35.3 kcal mol−1 in step 5 (olive dash 

line of Figure 1). The transition vector suggests typical SN2 nucleophilic 

substitution mode including approaching of N3 to C1 and concerted breaking 

down of C1-S via N3···C1···S (2.12, 2.21 Å) (Figure S1d). The C1-N3 

single bond indicates aza five-membered ring is completed in last 

intermediate F. After leaving of SMe2 and one proton, C1 becomes sp2 

achieving aromatization and yielding 1,2,3-trisubstituted pyrrole 4 with 

conjugated C1=C2, C3=C4 double bond. Comparatively, the double bond 

shift in step 4 is determined to be rate-limiting for Tf−DMAP/DMAP-

catalyzed addition−cyclization of carboxylic acid, crotonate sulfonium and 

amine. 
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4. Conclusions 

In summary, the first theoretical investigation was provided by our DFT 

calculation on Tf−DMAP/DMAP-catalyzed addition−cyclization of 

carboxylic acid, crotonate sulfonium and amine. First, the deprotonation of 

allyl sulfonium salt forms its ylide assisted by DMAP. Concurrently, 

acylpyridinium salt was afforded upon activation of carboxylic acid under 

the help of TfDMAP giving TfOH. Subsequently, the nucleophilic attack 

between the above two generates corresponding intermediate, which 

proceeds double bond shift followed by condensation of keto function with 

amine. Finally, C−N bond formation undergoes via SN2 nucleophilic 

substitution mode to complete aza five-membered ring, the aromatization of 

which yields desired 1,2,3-trisubstituted pyrrole product via conjugate 

transfer. Comparatively, the double bond shift in step 4 is determined to be 

rate-limiting for Tf−DMAP/DMAP-catalyzed addition−cyclization of 

carboxylic acid, crotonate sulfonium and amine. 
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