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Nuclear Magnetic Resonance (NMR) is a powerful technique for elucidating the structure of organic 
molecules, and it is especially useful in determining the structure of natural products, including 
terpenes. 3-Oxo-γ-costic acid is an eudesmene-type sesquiterpene that has been isolated from different 
vegetable species of the Asteraceae and Lauraceae families. Its ¹H NMR has been reported with some 
discrepancies in the chemical shift assignments as well as in J values. In the present work, 3-oxo-γ-costic 
acid was isolated from the dichloromethane extract of the aerial parts of Ageratina glabrata by 
chromatographic means and the complete assignment of the ¹H NMR spectrum of 3-oxo-γ-costic acid is 
reported using a hybrid protocol that involves a DFT-calculated spectrum and the experimental ¹H 
spectrum. The calculated spectrum was constructed based on the DFT-calculated J values for each 
hydrogen, and the respective chemical shifts are those recorded by experimental means, which are 
supported by 2D NMR. Then, the completely calculated ¹H spectrum was simulated in the Mnova 
software and compared with the experimental spectrum. This methodology is especially useful for the 
detection of low magnitude NMR couplings (<2 Hz), which are complicated to measure experimentally; 
then, this hybrid protocol, experimental-DFT, could be applied to NMR determination of more complex 
sesquiterpenes. 
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1. Introduction 

Nuclear Magnetic Resonance technique provides information about 
functional groups, stereochemistry, and conformational preferences [1-3]. 
1H NMR determination in natural products, especially in terpenes, 
presents a challenge due to the complexity of their spectra, which typically 
exhibit intricate patterns that complicate the determination of 
multiplicities and J values. That spectral complexity also provides 
additional information on chemical microenvironments and spatial 
relationships [4,5]. In this context, quantum mechanics calculations and 
computational tools play an essential role in multi-spin system simulation, 
chemical shifts optimization, and the determination of coupling constant 
values, which allows confident assignment by comparison of the 
experimental spectra with those obtained by theoretical calculations [4,6-
9]. 3-Oxo-γ-costic acid is an eudesmene-type sesquiterpene isolated from 
different plant species, including Ageratina glabrata [10], Artemisia 
altaiensis [11], Crepis sancta [12], Chiliadenus montanus [13], Tessaria 
absinthioides [14], and Nectandra cissiflora [15]. This compound has 
demonstrated biological activities as antibacterial [16], allelochemical 
effect against Tribolium castaneum [14], moderate cytotoxic activity 
against mouse lymphoma (L5178Y) cells [12], as well as antiproliferative 
activity against colorectal adenocarcinoma Caco-2 cells [17]. Its structural 
elucidation has been achieved by NMR means, including 1H and 13C spectra, 
while the absolute configuration was reported by monocrystal X-ray 
diffraction in 1998 [11]. Although reports on its ¹H spectrum exist 
[10,12,15-17], discrepancies remain in the chemical shift assignments as 
well as the reported J values, particularly in the low-frequency region 
where the signals overlap. In the present work, the complete assignment 
of the 1H NMR spectrum of 3-oxo-γ-costic acid, isolated from Ageratina 
glabrata, was established by comparison of the experimental spectra with 
the data obtained by DFT-B3LYP/6-31G(d,p) uþ1s calculations. This work 
contributes to the literature on the complete assignment of the 1H NMR 
spectrum of this eudesmane sesquiterpenoid and suggests an applicable 
methodology for the characterization of other natural products of 
chemical and biological interest. 

2. Experimental Methods 

2.1 General Procedures 

Solvents were distilled prior to their use. The melting point was 
determined using a Fisher-Johns apparatus and is uncorrected. 1H, 13C 
NMR, and 2D NMR spectra were recorded in a Varian Mercury Plus 400 
spectrometer. The solvent was CDCl3, and TMS served as the internal 
reference. Chemical shift values (δ) are reported in parts per million, and 
coupling constants (J) are given in Hz. NMR spectra were processed using 
the Mnova software. 

 
 2.2 Plant Material 

Specimens of Ageratina glabrata were collected near km 4.5 of 
Pátzcuaro-Santa Clara del Cobre federal road, Michoacán State, México (N 
19°29.516′ W 101°35.273′). A specimen was deposited (voucher no. 
226133) at the Herbarium of the Instituto de Ecología, A.C., Centro 
Regional del Bajío, Pátzcuaro, Michoacán, Mexico. 

 

 2.3 Extraction and Isolation of 3-Oxo-γ-Costic Acid 

3-Oxo-γ-costic acid was isolated from aerial parts of Ageratina glabrata 
following the phytochemical march as previously reported [10]. Colorless 
crystals, m.p. 155-157 °C Lit. 153 °C [10]. 1H NMR at 400 MHz in CDCl3, 
(Table 1). 13C NMR (100 MHz in CDCl3) agreed with data described (see 
Appendix) [16]. 2D NMR spectra are provided in Appendix (A3-A5).  

 

2.4 1H NMR Spin-Spin Analysis of 3-Oxo-γ-Costic Acid 

A molecular model of 3-oxo-γ-costic acid was constructed in silico and 
subjected to the Monte Carlo protocol using Merck Molecular Force Field 
(MMFF94) within an energy window of 0-5 kcal/mol. A total of 13 
conformers were obtained and then subjected to a geometry optimization 
using the DFT B3LYP/6-31G (d,p) level of theory in the Gaussian 16 
software. From this, the nine conformers within a gap energy of 0-3 
kcal/mol were obtained. The J values were calculated for each conformer 
at the DFT B3LYP/6-31G(d,p) uþ1s level of theory [18], and the 
Boltzmann-averaged data were used to compare with the experimental 1H 
spectrum. The calculated J values were analyzed using the SpinWorks 4 
program (Version 4.2.12.0), considering individual spin systems up to 8, 
according to the limitations of the software, with a maximum of 30 
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iterations, RMSD convergence of 0.200, and RMS for auto-assign of 0.1000. 
Spin simulation using the SpinWorks software, with iterative adjustments 
of δ and J values, allowed the isolation of the signals theoretically obtained. 
The chemical shift values to construct the calculated 1H spectrum were 
assigned based on the experimental 1H data using the HETCOR experiment 
as the reference (Appendix A4). Finally, a calculated 1H NMR spectrum was 
constructed using the Mnova software (Version 14.2.3-29241) using the 
prediction module with the spin simulation tool, considering a system of 
15 different spins, and compared with the experimental. Computational 
calculations were performed using a CPU ES-2680 v3 with 110 GB of RAM, 
operating at 2.5 GHz with 48 core processors. 
 

3. Results and Discussion 

Herein, 1D and 2D NMR experiments for 3-oxo-γ-costic acid were 
determined (see Appendix), which enabled the establishment of its 
chemical structure (Fig. 1). Several studies on the isolation and 
characterization of this sesquiterpene have been described [10,12,15-17]. 
In those reports, several variations were highlighted when comparing the 
1H NMR data, including a lack of multiplicities and J values. The 
experimental 1H NMR spectrum of 3-oxo-γ-costic acid (400 MHz in CDCl3) 
displayed the expected signal pattern, including the vinyl protons H13a 
and H13b at δ 6.42 and 5.76, respectively, the allylic methylene protons 
CH2-6 appeared at δ 2.88 and 2.05, the methyl protons CH3-14 and CH3-15 
at δ 1.78 and 1.25, as well as highly overlapped signals, particularly at δ 
2.67 - 2.30 and at δ 1.90-1.65 ranges. The direct interpretation of those 
highly populated regions proved ineffective for establishing a precise 
multiplicity assignment, but chemical shifts were secured by analyzing the 
HETCOR experiment. Thus, computational tools, including Mnova and 
SpinWorks, as well as Density Functional Theory (DFT) calculations, were 
employed to elucidate the complete ¹H assignments for 3-oxo-γ-costic acid 
(Fig. 2). These programs have been demonstrated to be key tools for NMR 
data analysis [19-21]. 
 

 
Fig. 1 Structure of 3-oxo-γ-costic acid 

 

 

Fig. 2 Calculated (blue) and experimental (black) 1H NMR spectra of 3-oxo-γ-costic 
acid in CDCl3 at 400 MHz 

It follows that the calculated 1H NMR spectrum of 3-oxo-γ-costic acid 
was pursued. A molecular model of 3-oxo-γ-costic acid was built, and its 
conformational distribution was explored using the Monte Carlo protocol. 
An energy gap of 0–5 kcal/mol was established as the conformer cutoff, 
providing 13 conformers. After, energy optimization of the whole 
conformers was achieved by density functional theory (DFT) at the 
B3LYP/6-31G(d), and those in the 0-3 kcal/mol energy window were used 
to calculate their respective theoretical J values using DFT B3LYP/6-
31G(d,p) uþ1s level of theory. These data were calculated following the 
Bally and Rablen protocol [18], which combines geometry optimization 
(B3LYP/6-31G(d)) with the calculation of Fermi contact terms and an 
empirical scale correction (~0.9155). The Boltzmann-averaged data were 
analyzed to establish the final J values and are listed in Table 1. After, the J 
values obtained were supported by spin simulations using the SpinWorks 
program. Finally, the J values were uploaded into the Mnova Program to 
get the whole simulated 1H spectra as observed in Fig. 2. 

Protons H-13a and H-13b are typically described without defined 
couplings and fall within the ranges of δ 5.28-5.76 and 6.34-6.41 [10,15]. 
Herein, we established the H-13a and H-13b resonances as a doublet each 
(J = 0.65 Hz) at δ 5.766 and 6.423. Methyl groups CH3-14 and CH3-15 (δ 
1.25) were previously described as singlets; however, spin-spin 
simulation and DFT validation suggested that CH3-14 (δ 1.784) displayed 
long-distance coupling of J = 1.60 Hz with H-6α. This type of coupling has 
been previously evidenced through the analysis of methyl motifs at the 
H−Csp3 −Csp2 = Csp2 dihedral angle (θ) level from aromatic compounds 
[22], thus suggesting planarity in this section of the molecule. 
Notwithstanding, the B ring revealed a chair conformational preference, 
as is didactically illustrated in Fig. 3, by the measured dihedrals in the 
global minimum conformer. By its part, ring A revealed a half-chair 
conformational preference. 

According to our results, H-6α resonance is assigned at δ 2.876 as 
double of doublets of quadruplets (J = –14.70, 3.40, 1.60), while H-6β is 
observed at δ 2.056 as double of doublets of doublets (J = –14.70, 13.10, 
2.00). In this case, the H-6α proton can be electronically influenced by the 
α,β-unsaturated ketone motif, thereby resulting in a chemical shift at 
significantly higher frequencies compared to H-6β [23]. The H-7 resonance 
was observed at δ 2.602 (dddd, J = 13.10, 12.17, 3.50, 3.40). According to 
these results, notable discrepancies were detected concerning previous 
reports. While Bohlmann et al [10] reported CH2-6 and CH-7 resonances 
as doublets of doublets each, Garcez and coworkers [15] described H-6α 
as a doublet, H-6β as a triplet, and H-7 as a multiplet signal. 
 
Table 1. 1H chemical shifts (ppm), coupling orders, and coupling constants (Hz) of 3-
oxo-γ-costic acid 
 

H δ 1Η J in Hz 

1α  1.836 2J1α, 1β = –13.08, 3J1α, 2β = 14.69, 3J1α, 2α = 4.08 

1β 1.764 2J1β, 1α = –13.08, 3J1β, 2β = 4.63, 3J 1β, 2α = 3.53 

2α 2.434 2J2α, 2β = –16.40, 3J2α, 1α = 4.08, 3J2α, 1β = 3.53 

2β 2.535 2J2β, 2α = –16.40, 3J2β, 1α = 14.69, 3J2β, 1β = 4.63 

6α 2.876 2J6α, 6β = –14.70, 3J6α, 7 = 3.40, 4J6α, 14 = 1.60 

6β 2.056 2J 6β, 6α = –14.70, 3J6β, 7 = 13.10, 5J6β, 8α = 2.00 

7 2.602 3J7, 6β = 13.10, 3J7, 8β = 12.17, 3J7, 8α = 3.50, 3J7, 6α = 3.40 

8α 1.719 2J8α, 8β = –13.22, 3J8α, 9α = 3.91, 3J8α, 7 = 3.50, 3J8α, 9β = 2.85, 4J8α, 6β = 2.00 

8β 1.778 2J8β, 8α = –13.22, 3J8β, 9α = 13.56, 3J8β, 7 = 12.17, 3J8β, 9β = 3.65 

9α 1.516 2J9α, 9β = –13.00, 3J9α, 8β = 13.56, 3J9α, 8α = 3.91 

9β 1.729 2J9β, 9α = –13.00, 3J9β, 8β = 3.65, 3J9β, 8α = 2.85 

13a 5.766 2J13a, 13b = 0.65 

13b 6.423 2J13b, 13a = 0.65 

14 1.784 5J14, 6α = 1.60 

 

The signals in the δ 2.6-1.6 range presented an interesting challenge due 
to the overlapping signal levels. Decomposition in spin systems using 
SpinWorks, with iterative adjustments of δ and J values, allowed us to 
isolate the signals theoretically and model the complex couplings 
predicted by DFT using the SpinWorks and Mnova programs. It follows 
that the methodology allows for the precise assignment of protons H-1α 
and H-1β at δ 1.836 (ddd, J = –13.08, 14.69, 4.08 Hz) and δ 1.764 (ddd, J = 
–13.08, 4.63, 3.53 Hz), respectively. On the other hand, H-2β was shifted to 
δ 2.535 (ddd, J = –16.40, 14.69, 4.63 Hz) and H-2α was found at δ 2.434 
(ddd, J = –16.40, 4.08, 3.53 Hz). The geminal coupling value (J = –16.40 Hz) 
and vicinal couplings are directly related to the rigid geometry of the 
bicyclic skeleton [24]. In this range, H-9β (δ 1.729), H-8β (δ 1.778), and H-
8α (δ 1.719) signals were also assigned. Vicinal coupling of H-9β with H-
8β, and H-8α (J = 3.65 and 2.85 Hz, respectively), as well as geminal 
coupling (J = –13.00 Hz) was determined. The H-8β proton revealed a 
higher level of coupling as expected, including geminal (J = –13.22 Hz), 
vicinal H-8β/H-7 (J = 12.17 Hz), H-8β/H-9α (J = 13.56 Hz), and H-8β/H-9β 
(J = 3.65 Hz) couplings. In addition to the above-mentioned J couplings 
related to H-8α, this proton also revealed the vicinal coupling H-8α/H-7 (J 
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= 3.50 Hz) and H-8α/H-9α (J = 3.91 Hz), as well as the W-type coupling H-
8α/H-6β (J = 2.00 Hz). Finally, H-9α resonance was observed at δ 1.516 
with the expected couplings with H-9β, H-8β, and H-8α. 
 

 
Fig. 3 Global minimum conformer obtained at the DFT B3LYP/6-31G(d,p) level of 
theory. Calculated dihedrals are depicted in the figure in degrees as follows: H1α-C1-
C2-H2α; H1β-C1-C2-H2α; H1β-C1-C2-H2β; H7-C7-C6-H6α; H7-C7-C8-H8α; H9α-C9-
C8-H8α; H9β-C9-C8-H8α. In addition, measured trans-diaxial dihedrals are: H1α-C1-
C2-H2β = −176.45°; H7-C7-C6-H6β = 174.59°; H7-C7-C8-H8β = −175.27°; H9α-C9-C8-
H8β = 174.85° 

 

4. Conclusion 

The complete assignment of the 1H NMR spectrum of the 3-oxo-γ-costic 
acid was established by comparison of both the experimental and the 
simulated spectra. The hybrid protocol included the Gaussian, SpinWorks, 
and Mnova programs. According to the results, this methodology could be 
applied as an alternative to 1H NMR assignment of terpenoid compounds 
in a facile and computationally economical manner. This methodology 
proved to be especially useful for the detection of low-magnitude NMR 
couplings (<2 Hz), which are challenging to measure experimentally. This 
analysis avoids speculations in assignments and offers a reproducible 
methodology that could become a routine in advanced structural 
elucidation. Also, the integration of experimental NMR, together with 
simulation tools and quantum chemical validation, could overcome 
limitations inherent to experimentation, such as the resolution of 
magnetically equivalent protons or the overlap in the aliphatic region of 
the spectra. 
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A4. HECTCOR spectrum of 3-oxo-γ-costic acid in CDCl3 
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A6. Calculated conformers of 3-oxo-γ-costic acid (a-i) at the DFT B3LYP/6-31G(d,p) basis set 

 
 
 

A7. Thermochemical analysis of 3-oxo-γ-costic acid 

Conformer ∆EMMFF
a %MMFF

b ∆GOPT
c %OPT

d 

a 0.000 0.601 0.000 0.503 

b 0.463 0.275 0.312 0.297 

c 1.322 0.065 1.134 0.074 

d 2.008 0.020 1.389 0.048 

e 1.777 0.030 1.421 0.046 

f 2.756 0.006 1.972 0.018 

g 3.663 0.001 2.789 0.005 

h 3.725 0.001 2.809 0.004 

i 4.690 0.000 2.930 0.004 
 

a Molecular mechanics energies relative to a with EMMFF = 15.9725 kcal/mol. 
b Population in % calculated from the MMFF energies according to ∆EMMFF ≈ RT ln K. 
c Gibbs free energies relative to a for B3LYP/6-31G(d,p)= −507746.04351005645kcal/mol. 
d Population in % calculated from Gibbs free energies according to ∆G = −RT ln K. 
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