
Reaction Mechanism About Isomerization of Resin
Acids and Synthesis of Acrylopimaric Acid Based
on DFT Calculation
Wu-Ji Lai 

Guangxi University for Nationalities
Jia-Hao Lu 

Guangxi University for Nationalities
Rui Jiang 

Beijing Huadian Tiande Assets Management Co Ltd Beijing Key Laboratory of High Voltage and
Electromagnetic Compatibility
Lei Zeng 

Guangxi University for Nationalities
Ai-qun Wu 

Guangxi University for Nationalities
liqun shen  (  liqunshen@126.com )

Guangxi University for Nationalities

Research Article

Keywords: DFT, acrylopimaric acid, reaction mechanisms

Posted Date: December 21st, 2021

DOI: https://doi.org/10.21203/rs.3.rs-1108915/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1108915/v1
mailto:liqunshen@126.com
https://doi.org/10.21203/rs.3.rs-1108915/v1
https://creativecommons.org/licenses/by/4.0/


Reaction mechanism about isomerization of resin acids and synthesis 

of acrylopimaric acid based on DFT Calculation 

Wu-Ji Laia, Jia-Hao Lua, Rui Jiangc, Lei Zenga, Ai-qun Wua, Li-Qun Shena,b ⁎ 

(a College of Chemistry and Chemical Engineering, Guangxi University for Nationalities, Key Laboratory of 

Chemistry and Engineering of Forest Products, State Ethnic Affairs Commision, Guangxi Key Laboratory of 

Chemistry and Engineering of Forest Products, Guangxi Collaborative Innovation Center for Chemistry and 

Engineering of Forest Products, Nanning 530006, People’s Republic of China. 
bGuangXi Key Laboratory of Zhuang and Yao Ethnic Medicine, Nanning 530006, People’s Republic of China. 
cChina Huadian Group Guigang Power Co., Ltd, Guigang, 537100, People’s Republic of China.) 

Correspondence: Liqun Shen, College of Chemistry and Chemical Engineering, Guangxi University for Nationalities, 

Nanning 530006, People’s Republic of China. Email liqunshen@126.com 

 

 

 

ABSTRACT  

Acrylopimaric acid is considered one of the possible substitutes for petroleum-based polymeric monomers, 
which is an important industrial product. Resin acids were isomerized to form levopimaric acid(4), which reacted 
with acrylic acid to synthesize isomers of acrylopimaric acid. Density functional theory calculation was used to 
investigate the reaction mechanisms with seven reaction paths in five different solutions. The values of ΔG were 
sorted from highest to lowest by levopimaric acid(4), neoabietic acid(3), palustric acid(2), and bietic acid(1). From 
the perspective of dynamics, the energy barrier in the isomerization of palustric acid(2) to levopimaric acid(4) was 
the lowest, whereas the highest energy barrier was the isomerization of neoabietic acid(3) to levopimaric acid(4) in 
the same solution. The addition reaction of levopimaric acid(4) and acrylic acid(5) to acrylopimaric acid c(8) was 
the optimal reaction path dynamically. However, ΔG of acrylopimaric acid c(8) was higher than that of acrylopimaric 
acid d(9). In general, the rates of isomerization reactions for rosin resin acids and addition reaction for acrylopimaric 
acid in water were higher than those in other solvents. HOMO-LUMO and ESP were analyzed for 8 kinds of 
molecules. For acylpyimaric acid, the non-planar six-memed ring and the C-C double bonds were easily attacked 
by nucleophile, while the non-planar six-memed ring and the carboxyl group are easily reacted with electrophiles. 
The highest electrostatic potential of the eight molecules is located at H of the carboxyl group, while the highest 
electrostatic potential is located at C-O double bond of the carboxyl group. 
Keywords: DFT; acrylopimaric acid; reaction mechanisms 

 

 

 

 

 



 

1  INTRODUCTION 

As a kind of renewable biomass resource, rosin is a crucial forest chemical product[1,2]. However, rosin as a 
natural resin is used directly, and its additional value needs to be further improved[3]. Rosin resin acids are tricyclic 
diterpenoid isomers with various components, of which the main component is abietic resin acid[4]. Levopimaric 
acid(4) with conjugated double bond structure can be formed continuously through the isomerization of abietic 
acid(1), palustric acid(2), and neoabietic acid(3) under heating condition (Scheme 1)[5]. Levopimaric acid(4) can 
react with acrylic acid through the Diels–Alder reaction to form isomers of acrylopimaric acid c(8) and acrylopimaric 
acid d(9) under microwave heat (Scheme 2) [6,7]. As an important modification product of rosin, its additional value 
is greatly improved. Given that its structure is similar to that of petroleum-based aromatic dicarboxylic acids, such 
as isophthalic acid and terephthalic acid, acrylopimaric acid is considered one of the possible substitutes for 
petroleum-based polymeric monomers[8,9]. The modification and application of acrylopimaric acid have been 
reported in the literature[10]. For example, acrylopimaric acid is prepared into surfactants, UV-curable coatings, 
polyurethane, epoxy resin, and polyester[11,12]. However, the mechanisms underlying the isomerization of 
levopimaric acid and the Diels–Alder addition reaction of acrylpimaric acid have not been studied in detail.  

Quantum chemistry is one of the most reliable methods to study the mechanism of microscopic reactions[13]. 
Quantum chemistry theory, density functional theory (DFT), and molecular dynamics play an important role in the 
study of organic reactions[14]. DFT has become a reliable and powerful tool for studying the kinetics, byproduct 
formation, and mechanism of organic reactions at the molecular level[15-18]. DFT was used to investigate the 
formation of acrylopimaric acid, and the effects of different solutions on the reaction were discussed. The 
isomerization of the four resin acids and the addition mechanism of acrylopimaric acid should be revealed to provide 
a theoretical basis for the large-scale synthesis of acrylopimaric acid, the selection of appropriate solvents, and the 
optimization of related process parameters. 

2  EXPERIMENTAL 

2.1 DFT calculations 

Theoretical calculation was performed using Gaussian 09 software[19]. Geometric optimization of the reactants, 
products, and transition state (TS) [20] structures was performed at the M062X/ 6-31G (d) level using the SMD[21] 
solvent model, and the temperature was set at 453 K. All reactants and products had no imaginary frequency, and 
the TS had only one virtual frequency. Intrinsic reaction coordinate analysis was performed at the same level to 
verify the relationship among reactants, TSs, and products[22]. M062X/def2TZVP was used to calculate the single 
point energy and obtain more precise results with the SMD solvent model. Gibbs free energies were corrected[23,24].  

 According to the thermodynamic formula of TS theory (TST), the rate constant 𝑘𝑇𝑆𝑇   is calculated as 
follows[25,26]: 𝑘𝑇𝑆𝑇 = 𝜎 𝑘𝐵𝑇ℎ (𝑅𝑇𝑃0 )∆𝑛𝑒−𝐺≠(𝑇)𝑘𝐵𝑇                                                                    (1) 

σ = 𝜎𝑟𝑜𝑡,𝑅𝜎𝑟𝑜𝑡,𝑇𝑆                                                                                 (2) 

𝐺≠(𝑇) = 𝐺𝑇𝑆(𝑇) − 𝐺𝑅(𝑇)                                                                    (3) 𝜎𝑟𝑜𝑡,𝑅 and 𝜎𝑟𝑜𝑡,𝑇𝑆 are rotational symmetry of the reactants and TSs. h is Planck’s constant, 𝜎 and kB are the 
degeneracy of reaction and Boltzmann’s constant, respectively. 𝐺≠(𝑇) represents the standard Gibbs free energy 
of activation for the considered reaction and ∆n=n-1 for bimolecular or unimolecular reactions. 
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Scheme 2. Levopimaric Acid Reacts with the addition of Acrylic Acid 

3 RESULTS AND DISCUSSION 

3.1 Reaction mechanism and reaction paths 

The mechanism underlying the isomerization of acid resins is shown in Scheme 3, and the reaction of 
levopimaric acid with the addition of acrylic acid via four reaction paths is shown in Scheme 4. In all reactions, the 
structures of stationary points are shown in Fig. 1-3. H on C16 migrated to C18. Subsequently, H on C18 migrated 
to C14. The double bonds of C18-C19 and C11-C14 became single bonds, and the conjugated double bonds formed 
C16-C19 and C11-C18. Abietic acid(1) isomerized to levopimaric acid(4). During this process, the energy barrier of 
TS142 determined the reaction rate with increasing energy. H on C16 migrated to C5. The double bonds of C5-C11 
and C18-C19 became single bonds, and the conjugated double bonds formed C16-C19 and C11-C18. Palustric acid(2) 
isomerized to levopimaric acid(4). H on C16 migrated to C20. Neoabietic acid(3) isomerized to levopimaric acid(4). 

The C-C double bond of acrylic acid(5) gradually approached the C18-C19 single bond of levopimaric acid(4), 
and the six-membered ring of the conjugated double bond of levopimaric acid(4) became non-coplanar, forming a 
boat structure. The double bond between C18 and C19 became a single bond, and H was not migrated during this 



process. As a result of the different locations of the addition reaction between levopimaric acid(4) and acrylic acid(5), 
four different reaction paths were noted, and acrylopimaric acid with different structures formed.  
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Figure 1. Energy diagram of R1-3 
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Scheme 4. Four Reaction Paths Involved in the Reaction of Levopimaric Acid with the addition of Acrylic Acid 

 

 
Figure 2. Energy diagram of R4-6 
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Figure 3. Structures of stationary Points 

3.2 Thermodynamics and kinetics of reactions in different solvents 

From the perspective of thermodynamics, the isomerizations of bietic acid(1), palustric acid(2), and neoabietic 
acid(3) into levopimaric acid(4) exhibited an exothermic reaction (Table 1). The values of ΔG were sorted from 
highest to lowest by levopimaric acid(4), neoabietic acid(3), palustric acid(2), and bietic acid(1). ΔG of levopimaric 
acid(4) was 19.25 KJ/mol in the solvent-free reaction and 18.22 KJ/mol in acetic acid, which was higher than the 
value of bietic acid(1). From the perspective of dynamics, the energy barrier in the isomerization of palustric acid(2) 
to levopimaric acid(4) was the lowest, whereas the highest energy barrier was the isomerization of neoabietic acid(3) 
to levopimaric acid(4) in the same solution. In aqueous solution, the lowest energy barrier in the isomerization of 
bietic acid(1) to levopimaric acid(4) was 342.36 KJ/mol, and the lowest energy barrier in the isomerization of 
neoabietic acid(3) to levopimaric acid(4) was 369.50 KJ/mol. In DMSO solution, the lowest energy barrier in the 
isomerization of palustric acid(2) to levopimaric acid(4) was 209.28 KJ/mol. However, the energy barriers in the 
isomerization of the three resin acids to levopimaric acid(4) increased in varying degrees in DMF solution and acetic 
acid solution. The high energy barrier of the isomerization of the three resin acids into levopimaric acid(4) indicates 
that the hydrogen transfer in the reaction is harsh. In the experiment, the reactants are usually heated by microwave 
to a high temperature of 453-523 K, with long reaction time of 1.5-10 h. The calculation is verified with the 
experimental results[6]. 

From the perspective of thermodynamics, the Diels–Alder addition reaction of levopimaric acid(4) and acrylic 
acid(5) to acrylopimaric acid was exothermic (Table 2). The ΔG value of acrylopimaric acid d(9) was the lowest, 
and the addition reaction of levopimaric acid(4) and acrylic acid(5) to acrylopimaric acid d(9) was the optimal 
reaction path thermodynamically. However, from the perspective of dynamics, the energy barrier in the addition 
reaction of levopimaric acid(4) and acrylic acid(5) to acrylopimaric acid c(8) was the lowest (Table 3). The energy 
barrier of TS49 in the process of generating acrylopimaric acid d(9) was 13.99 KJ/mol higher than that of TS48, 
which was lower than that of TS46 and TS47. The addition reaction of levopimaric acid(4) and acrylic acid(5) to 
acrylopimaric acid c(8) was the optimal reaction path dynamically. The energy barriers generated by the addition of 
levopimaric acid(4) and acrylic acid(5) to acrylopimaric acid c(8) or acrylopimaric acid d(9) in aqueous solution 
were lower than those of other solvents.  

The reaction rates k of isomerizations in order from fast to slow were palustric acid(2), abietic acid(1), and 
neoabietic acid(3) as shown in Table 4. The reaction rates k of the isomerizations of abietic acid(1) and neoabietic 
acid(3) in aqueous solution were faster than those of other solvents. However, the reaction rate k of the isomerization 
of palustric acid(2) to levopimaric acid(4) in DMSO solution was faster than that of other solvents. The reaction 
rates k of the addition reaction of levopimaric acid(4) and acrylic acid(5) to acrylopimaric acid in aqueous solution 



were faster than those of other solvents. However, the reaction rates k were lower in varying degrees in DMF solution 
and acetic acid solution. Therefore, water is a better solvent for the reactions than the other solvents. 

Table 1 Energy of the isomerization of abietic acid resins in different solutions 

solvent 

 

ΔG(KJ/mol) 

solvent-free water DMSO DMF acetic acid 

1 0 0 0 0 0 

2 7.22 7.07 6.34 5.61 5.28 

3 9.80 11.16 11.17 10.45 9.91 

4 19.25 19.39 19.89 18.95 18.22 

TS141 338.18 335.32 332.75 308.61 316.48 

TS142 350.50 342.36 342.62 377.08 379.21 

TS24 216.15 216.17 215.62 222.98 222.98 

TS34 382.53 380.66 380.87 414.87 416.11 

 

Table 2 Energy of the reaction of levopimaric acid with acrylic acid in different solutions 

solvent 

 

ΔG(KJ/mol) 

solvent-free water DMSO DMF acetic acid 

     

4+5 154.10 156.74 148.38 134.88 151.36 

6 20.11 18.33 18.35 19.26 20.46 

7 8.88 8.13 7.80 7.96 8.93 

8 9.40 8.83 8.76 9.89 10.52 

9 0 0 0 0 0 

TS46 232.57 225.21 232.75 233.74 227.68 

TS47 234.32 225.10 231.47 234.70 230.57 

TS48 206.60 198.53 206.88 206.68 200.73 

TS49 220.59 213.76 219.79 222.74 218.78 

 

Table 3 Activation energy Ea in the isomerization of abietic resin acids and addition of levopimaric acid with acrylic acid 

solvent 

 

Ea(KJ/mol) 

solvent-free water DMSO DMF acetic acid 

1 4 350.50 342.36 342.62 377.08 379.21 

2 4 208.93 209.1 209.28 217.37 217.7 

3 4 372.73 369.5 369.70 404.87 406.2 

4+5 6 78.47 68.47 84.37 98.86 76.32 

4+5 7 80.22 68.36 83.09 99.82 79.21 

4+5 8 52.50 47.79 58.50 71.8 49.37 

4+5 9 66.49 57.02 71.41 87.86 67.42 



 

Table 4 Reaction Rates k in the Isomerization of Abietic resin acids and addition of Levopimaric Acid with Acrylic Acid 

 

solvent 

k(s-1) 

solvent-free water DMSO DMF acetic acid 

1 4 1.87x10-28 1.63x10-27 1.52x10-27 1.61x10-31 9.16x10-32 

2 4 3.95x10-12 3.77x10-12 3.60x10-12 4.20x10-13 3.84x10-13 

3 4 5.12x10-31 1.21x10-30 1.14x10-30 1.01x10-34 7.07x10-35 

4+5 6 4.35x103 6.19x104 9.09x102 1.94x101 7.70x103 

4+5 7 2.74x103 6.38x104 1.28x103 1.50x101 1.72x102 

4+5 8 4.30x106 1.50x107 8.74x105 2.56x104 9.87x106 

4+5 9 1.05x105 1.30x106 2.60x104 3.60x102 8.18x104 

 

3.3 HOMO–LUMO analysis 

 

The energies of HOMO and LUMO are calculated to obtain an overall description of the reaction[27,28]. The gap 
between HOMO and LUMO is determined by the chemical reactivity, kinetic stability, and electronic properties of 
the molecule[29]. The HOMO of the molecule has a relatively loose bond to its electrons and has an electron donor 
property, whereas the LUMO has a strong affinity for electrons and has an electron acceptor property. I (–EHOMO) 
and A (–ELUMO) are the vertical ionization energy and vertical electron affinity, respectively. The chemical potential 
and global hardness are concepts of molecular structure stability and reactivity that are calculated using the equations 
μ = −(I + A)/2 and η = (I − A)/2. ω is the electrophilicity index that is calculated using the equation ω = μ2/2η. 
B3LYP-D3(BJ)/6-311G* is calculated about HOMO–LUMO gaps. The lower hardness, chemical potential and 
energy gap facilitate charge transfer and indicates enhancement in the species, reactivity. 

As shown in figure 4, the active sites of the four isomeric resin acids were the C-C double bonds where the six-
member ring is located, and both C-C double bonds are easily attacked by both electrophiles and nucleophiles. For 
acylpyimaric acid, the non-planar six-memed ring (C53 and C55) and the C-C double bonds were easily attacked by 
nucleophile, while the non-planar six-memed ring (C9 and C15) and the carboxyl group (O1 and O2) are easily 
reacted with electrophiles. Given the similar structure of isomers, the greater the gap of HOMO–LUMO, the higher 
the chemical stability of the molecule. The gap of abietic acid(1) was 0.2111 eV higher than that of palustric acid(2), 
whereas the gap was 0.1859 eV higher than that of neoabietic acid(3) (Table 5). Combined with the previous 
calculation of TS, neoabietic acid(3) was the easiest to be isomerized into levopimaric acid(4), followed by palustric 
acid(2); the isomerization rate of abietic acid(1) was the slowest. The gap of HOMO–LUMO and TS of 
acrylopimaric acid reveled that acrylopimaric acid c(8) was the most easily formed by the addition reaction of 
levopimaric acid(4) and acrylic acid(5). Combined with the previous calculation of TS, the gap had a certain positive 
correlation with potential barrier, which verified the correctness of the calculated results. The higher electrophilicity 
index of levopimaric acid(4), it is more likely to partially interact with molecular electronegativity. HOMO and 
LUMO orbitals of four resin acids overlap, and the two conjugated C=C double bonds of six-membered rings are 
the main active sites, which can undergo isomerization and addition reactions. Due to the presence of isopropyl 
substituents at the reaction site of levopimaric acid, the addition product propimaric acid has two structural isomers, 
affected by the steric hindrance of the six-member ring of the product. Levopimaric acid(4) is dienes, and two C=C 
conjugated double bonds of the six-membered ring are HOMO orbital regions with electron-donor properties. 
Acrylic acid(5) is the dienophile, and its C=C double bond is in the LUMO orbital region with electron-philic. 
Orbitals have electron donor properties. This is conducive for Diels-Alder reaction.  
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Figure 4. Frontier molecular orbitals of HOMO and LUMO 

 

Table 5 Quantum Molecular Descriptors (eV) for optimized Geometries 

Species HOMO LUMO Gap I A μ η ω 

1 -6.7408  0.9090 7.6498 6.7408  -0.9090 -2.9159 3.8249 1.1115 

2 -6.6524  0.7860 7.4384 6.6524  -0.7860 -2.9332 3.7192 1.1567 

3 -6.6155  0.8484 7.4639 6.6155  -0.8484 -2.8836 3.7320 1.1140 

4 -6.6304  0.6340 7.2644 6.6304  -0.6340 -2.9982 3.6322 1.2374 

6 -7.5576  1.6462 9.2038 7.5576  -1.6462 -2.9557 4.6019 0.9492 

7 -7.6936  1.5541 9.2477 7.6936  -1.5541 -3.0698 4.6239 1.0190 

8 -7.5289 1.6797 9.2086 7.5289  -1.6797 -2.9246 4.6043 0.9288 

9 -7.6518 1.5877 9.2395 7.6518  -1.5877 -3.0321 4.6198 0.9950 

3.4 ESP analysis 

The ESP V(r) is generated by the nuclei and electrons of the molecule in the surrounding space and is defined 

as follows[30]: 

𝑉𝑡𝑜𝑡(𝑟) = 𝑉𝑛𝑢𝑐(𝑟) + 𝑉𝑒𝑙𝑒(𝑟) = ∑ 𝑍𝐴|𝑟−𝑅𝐴|𝐴 − ∫ 𝑟(𝑟′)|𝑟−𝑟′| 𝑑𝑟′                                               (4) 

ZA is the nuclear charge at the RA distance of molecule A, and r(r') is the electron density. Multiwfn 3.4.7 

software was used to analyze the vander surfaces of molecules[31]. The molecule was analyzed by ESP at the 

M062X/def2TZVP level. Based on the output file of Multiwfn program, the molecular surface ESP isosurface was 

rendered by VMD 1.9.3 program[32].  

ESP analysis of molecules is not related to reactivity, but it can provide theoretical basis for discussing 



molecular interactions. From Fig. 5, the red and blue grid surfaces are positive and negative potentials, respectively. 

The yellow and green spheres represent extremely high and low points, respectively[33]. The areas are colored in 

white with potential close to zero. The highest electrostatic potential of the eight molecules is located at H of the 

carboxyl group, while the highest electrostatic potential is located at C-O double bond of the carboxyl group. The 

C-C double bond potentials of the four isomeric resinic acids are negative, and the C-C potentials of the allimaric 

acid are slightly positive. Regions with high electrostatic potential of molecules may interact with highly 

electronegative parts of other molecules, including solvent molecules. 
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Figure 5. ESP of molecules 

4  CONCLUSION  

Under the protection of nitrogen atmosphere, the resin acids were isomerized to form levopimaric acid(4). 
Levopimaric acid(4) reacted with acrylic acid through the Diels–Alder reaction to synthesize isomers of 
acrylopimaric acid. The values of ΔG were sorted from highest to lowest by levopimaric acid(4), neoabietic acid(3), 
palustric acid(2), and bietic acid(1). The addition reaction of levopimaric acid(4) and acrylic acid(5) to acrylopimaric 
acid c(8) was the optimal reaction path dynamically. However, ΔG of acrylopimaric acid c(8) was higher than that 
of acrylopimaric acid d(9). It revealed the reason that levopimaric acid(4) can react with acrylic acid through the 



Diels–Alder reaction to form isomers of acrylopimaric acid c(8) and acrylopimaric acid d(9) under microwave heat[6]. 
The reaction rates k in the addition reaction of levopimaric acid(4) and acrylic acid(5) to acrylopimaric acid in 
aqueous solution were faster than those of other solvents. Therefore, water is a better solvent for the reactions 
compared with the other solvents. The active sites of the four isomeric resin acids were the C-C double bonds where 
the six-member ring is located, and both C-C double bonds are easily attacked by both electrophiles and nucleophiles. 
For acylpyimaric acid, the non-planar six-memed ring (C53 and C55) and the C-C double bonds were easily attacked 
by nucleophile, while the non-planar six-memed ring (C9 and C15) and the carboxyl group (O1 and O2) are easily 
reacted with electrophiles. The highest electrostatic potential of the eight molecules is located at H of the carboxyl 
group, while the highest electrostatic potential is located at C-O double bond of the carboxyl group. The C-C double 
bond potentials of the four isomeric resinic acids are negative, and the C-C potentials of the allimaric acid are slightly 
positive. 
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