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Nuclear magnetic resonance assignment 
strategy for pentacyclic triterpenes, using 
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proton‑to‑carbon schemes and DFT–GIAO 
approach
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Abstract 

The present work comprises a method to obtain full proton-to-carbon nuclear magnetic resonance chemical shift 
assignment of a C30H50 lup-20(29)-ene, for the first time obtained from the Mexican native mosses Pilotrichella flexilis, 
wherein said method consists in a combination of the following NMR schemes: 1D-13C (DEPT-135), 2D-{1H–13C} 
HMBC with a spectral filter for promoting only weak-c.a. 2 Hz-long-range scalar couplings, 2D-{1H–1H} EXSY with long 
mixing times to favour only weak H–H dipolar correlations and ultra-high resolution one- and two-dimensional 1H 
instant homodecoupling Psyche pure shift. Full set of assigned resonances were compared against the theoretical 
isotropic chemical shifts computed with a gauge invariant atomic orbital–density functional theory with self consist‑
ent reaction field calculation, retrieving accurate agreements, despite the intrinsic severe signal overlap that these C30 
hydrocarbon triterpenes experimentally present. Therefore, a 3D-structure supported by experimental NMR data of 
this type of important metabolite precursor in plants can be proposed.
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Introduction
Triterpenoids belong to a very important and abun-
dant class of naturally occurring compounds, with 

approximately 20,000 structures identified to date 
[1–5]. In nature, triterpenes are often found as acyclic 
or mono-, di-, tri-, tetra- and penta-cyclic structures 
amongst others [6]. The interests in both pharmacologi-
cal and biological activities of triterpenoids have con-
tinually increased in the last three decades [7]. The last 
is stressed by the constant increment of scientific reports 
demonstrating their biological and therapeutic poten-
tials. Special attention to pentacyclic triterpenes (PTs) 
is evidenced, due to their biological broad-spectrum 
activities [8], such as anti-inflammatory, antioxidant, 
anti-viral, anti-diabetic, anti-tumoral, hepato-protec-
tive and cardio-protective effects [9–12]. Based on their 
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structural backbone and therapeutically properties, PTs 
can be classified within three major categories: olean-
anes, ursanes and lupanes types. Structural elucidation 
of both naturally or synthetic pentacyclic triterpenes, has 
been carried out mainly by means of liquid-state high-
resolution NMR spectroscopy [13]. For complex PTs 
structural elucidation, combinations of one- and multi-
dimensional NMR methods allow an attractive assign-
ment strategy for hydrocarbon spin systems. However, 
despite enormous efforts in terms of finding accurate 
NMR multidimensional schemes for reaching complex 
assignments, complete proton/carbon NMR assignment 
of C30 triterpenes with standard experiments could be 
cumbersome and unintuitive, mostly for those tetra- or 
penta-cyclic triterpenes lacking of multiple bonds or 
O-based, N-based, S-based, halogen-based, amongst oth-
ers functional groups that conventional NMR assignment 
procedures use to anchor the connectivity pathways in 
complex spectra with intrinsic severe signal overlap in 
both proton and carbon chemical shift dimensions [14, 
15]. Even when robust quantum chemistry calculations 
are carried out [16] to disentangle resonances in crowded 
regions within the experimental data, ambiguities can 
still be present, even with the use of costly computational 
schemes like post Hartree–Fock methods [17].

As part of our ongoing research to identify bioactive 
substances from native mosses [18], we have recently 
isolated and identified for the first time a pentacyclic 
triterpene lup-20(29)-ene coming from Pilotrichella 
flexilis, which is a common species broadly distributed 
along Mexico [19], and barely one phytochemical study 
of an oversea species has been reported until now [20]. 
Structures related to this type of PTs mainly comprised 
in higher plants, have also been observed in other eco-
systems, including deep-sea fan, ancient sediments from 
high-moor peats as well as in several geological sources 
[21, 22].

Consequently, there is a need to propose a straightfor-
ward strategy for full unambiguous structure determina-
tion of PTs, possibly extended to general hydrocarbon 
aliphatic triterpenes in molecules present in natural 
product or geochemistry sciences. For that, the present 
study comprises a set of standard and recently proposed 
NMR experiments [23–26] for disentangling all spin sys-
tems—included proton shifts—of pentacyclic terpenoids.

Materials and methods
General experimental procedures
Melting points were determined with a Fisher-Johns 
apparatus without any further corrections. 1H and 13C 
NMR spectra were performed on a Bruker 600 AVANCE 
III HD in CDCl3 solution with tetramethylsilane (TMS) 
as internal standard (vide infra). Electronic Impact Mass 

Spectrometry (EIMS) and High-Resolution Electrospray 
Ionization Mass Spectrometry (HRESIMS) were acquired 
respectively on a JEOL SX102A and a JEOL TheAcc-
uTOF JMS-T100LC instruments. FT-IR spectroscopy 
was carried out in a Cary630 Agilent instrument. Silica 
gel 60 (Merck 70-230 Mesh ASTM) was used for column 
chromatography.

Plant material
The plant material was collected from locality “La Mojon-
era” (Municipality of Zacualtipán de Ángeles, Estado 
de Hidalgo, Mexico) on February 2017 and identified 
as Pilotrichella Flexilis by Mrs. Cinthía Mejía-Lara. A 
voucher was deposited in the herbarium (accession 
number 34591) of the Biology Facility of Departamento 
de Preparatoria Agricola de la Universidad Autónoma 
Chapingo.

Extraction and isolation
Dried plant material (211  g) was extracted by tripli-
cate with MeOH at room temperature. The methanolic 
extract was then evaporated at vacuum conditions, 
yielding a greenish residue, which was further sus-
pended in H2O and then extracted with n-hexane. 
Aqueous phase layer was further extracted with others 
solvents for additional studies out of the scope of the 
present work. Hexane extract (5.2  g) with full solvent 
removal, was chromatographed on a silica gel column 
with pentane and n-hexane as eluents. From the eluted 
fraction with pentane, lup-20(29)-ene was obtained with 
the following characteristics: white solid; Mp: 223  °C, 
IR (ATR, cm−1) Imax 2919, 2851, 1458, 1240, 1035, 885; 
EIMS (70 eV) m/z 410 [M· +] (20), 395 (17), 342 (8), 299 
(9), 218 (8), 189 (100), 161 (19), 123 (29); HRESIMS m/z 
411.39929 [M + H]+ (calculated for C30H51), Additional 
file 1: Figure S2.

Nuclear magnetic resonance spectroscopy
The following set of NMR experiments were conducted 
at a temperature of 298  K, stabilizing the temperature 
with a Bruker VCU flow unit:

1.	 1D-1H 90° pulse direct excitation: A total of 64 tran-
sients were collected into 22 K complex data points, 
with a spectral width of 7812  Hz, recovery delay of 
2 s and acquisition times of 1.4 s produces an experi-
mental time of 6′ 51″. No apodization function was 
used prior to Fourier Transformation.

2.	 1D-1H 90° real time instant homodecoupling pure 
shift: Homodecoupling was achieved with a Zang-
ger–Sterk element comprising a Gaussian Refocusing 
Shaped pulse of 10 ms and a power level of 0.5 mW. 
A total of 2 K transients were collected into 9374 K 



Page 3 of 12Herbert‑Pucheta et al. Appl Biol Chem           (2019) 62:28 

complex data points, with a spectral width of 13 ppm 
(7812 Hz), recovery delay of 2 s and acquisition times 
of 600 ms produced an experimental time of 3 h 10′ 
56″. No apodization function was used prior to Fou-
rier Transformation.

3.	 1D-13C 90° pulse direct excitation: A total of 2048 
transients were collected into 58  K complex data 
points, with a spectral width of 36,232 Hz and acqui-
sition times of 800 ms with a recovery delay of 20 s 
per scan, produces an experimental time of 11  h 
12′ 6″. Proton homonuclear broadband decoupling 
was carried out during 13C signal acquisition, with a 
standard Waltz16 scheme. No apodization function 
was used prior to Fourier Transformation.

4.	 1D-13C (DEPT): A DEPT polarization transfer 
scheme, with a {1H}-135 degree pulse at the middle 
of the final spin echo to produce CH/CH3 positive 
signals and CH2 negative signals was carried out with 
4 K transients that were collected into 58 K complex 
data points, with a spectral width of 36,232 Hz and 
acquisition times of 800 ms with a recovery delay of 
3  s per scan, produces an experimental time of 6  h 
4′ 25″. Proton homonuclear broadband decoupling 
was carried out during 13C signal acquisition, with a 
standard Waltz16 scheme. No apodization function 
was used prior to Fourier Transformation.

5.	 2D-{1H–13C} HMBC spectra were recorded by 
acquiring 7810 × 1024 points with 8 scans per tran-
sient. Heteronuclear 1H–13C spectral widths were 
setup respectively at 13,240  ppm. With acquisi-
tion times for the direct F2 dimension of 500  ms 
and a recovery delay of 2  s, both HMBC with dif-
ferent long-range evolution periods (τ) promoting 
only small (2  Hz, τ = 250  ms, Fig.  3 and Additional 
file  1: Figure S5, top) and small to medium (7  Hz, 
τ = 62.5  ms, Fig.  3 and Additional file  1: Figure S5, 
bottom) heteronuclear nJCH coupling constants, pro-
duced experimental times of respectively 6  h 6′ 49′ 
and 5 h 52′ 34″.

6.	 2D-{1H–13C} HSQC spectrum was recorded by 
acquiring 7810 × 1024 points with 8 scans per tran-
sient. Heteronuclear 1H–13C spectral widths were 
setup respectively at 13,180 ppm. An acquisition time 
for the direct F2 dimension of 500 ms and a recovery 
delay of 2 s produced an experimental time of 5 h 45′ 
44″.

7.	 2D-{1H–1H} EXSY spectrum was carried out by 
acquiring 12498 × 512 points with 4 scans per tran-
sient. Spectral widths were setup in both dimensions 
at 13  ppm. An acquisition time of 800  ms (F2), a 
recovery delay of 3 s and a long mixing time of 1.4 s, 
produced an experimental time of 2 h 59′ 37″.

8.	 2D-{1H–1H} TOCSY-Pureshift Yielded by Chirp 
Excitation (PSYCHE) experiment was carried out 
as follows: The homonuclear Hartman–Hahn trans-
fer was done with a DIPSI2 element during a mix-
ing time of 500  ms, whilst the Chirp Excitation to 
achieve homonuclear decoupling was done with the 
Crp psyche adiabatic shaped pulse, comprising 30 ms 
pulse-length and a 0.22  mW power level. Experi-
mental times of 4 h 19′ 12″ were recorded for experi-
ments with 3124 × 512 complex points with 8 scans 
per F1 increment, spectral width of 13 ppm, acquisi-
tion times of 200 ms and a recovery delay of 3  s. A 
spectral symmetrisation procedure was carried out 
for a double Fourier Transformed spectrum with 8 K 
zero-filling points per F1/F2 dimension.

9.	 2D-{1H–1H} TOCSY spectrum was carried out by 
acquiring 12498 × 512 points with 8 scans per tran-
sient. Spectral widths were setup in both dimen-
sions at 13 ppm. An acquisition time of 800 ms (F2), 
a recovery delay of 3  s and a DIPSI mixing time of 
500  ms, produced an experimental time of 3  h 49′ 
55″.

Computational methods
Geometry optimizations, electronic structure deter-
minations and Nuclear Magnetic Resonance chemi-
cal shift tensors were computed using the program 
Gaussian 09 [27]. C30H50 lup-20(29)-ene geometry was 
optimized by an energy minimization procedure with 
respect all geometrical parameters, without impos-
ing any molecular constraint. Restricted Hartree–Fock 
(RHF) was used as geometry pre-optimization scheme, 
taking as input the electronic structure of the Betulin-
diacetate C34H54O4 crystallographic data [28]. Density 
functional theory (DFT) procedure for energy minimi-
zation and orbital description was performed with the 
hybrid functional B3LYP [29, 30]. The standard 6-311G 
(2d,p) basis set was used for all H, C atoms. Harmonic 
vibrational frequency analysis of the most stable local 
minimum herein presented in Additional file  1: Fig-
ure S6 was carried out, with no observed imaginary 
frequencies. Gauge-Invariant Atomic Orbital (GIAO) 
scheme [31] was used to compute 1H and 13C chemical 
shift values, theoretically referenced to TMS/6-311G 
(d,p). Self-Consistent Reaction Field (SCRF) Tomasi’s 
Polarized Continuum (PCM) for solvation [32] was 
used in all calculations to describe implicitly chloro-
form as solvent.
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Results and discussion
The use of standard and recently proposed 1H–1H 
homodecoupling NMR schemes, in combination with 
DFT–GIAO–SCRF approach as an attractive method to 
propose valid 3D-structures of hydrocarbons by using 
lup-20(29)-ene PT as model is described. Full proton {1H} 
to carbon {13C} chemical shift assignments are done by 
even slight modifications of key parameters in standard 
schemes and by implementing NMR-pure shift technol-
ogy, that has recently shown its potential for studies in 
complex systems with important signal overlap [14, 16]. 
Advantages of the use of this set of NMR schemes for sig-
nal assignment are evaluated by agreements with respect 
calculated 1H and 13C chemical shifts of lup-20(29)-ene 
(C30H50), in turn obtained by gauge invariant atomic 
orbitals–density functional theory approach, considering 
the effect of solvation in predicted NMR observables [33, 
34].

Figure 1 (bottom) depicts a standard one-dimensional 
proton NMR spectrum (1D-1H NMR) of lup-20(29)-
ene, whereas a set of 47 different CH3 (21 protons), 
CH2 (22 protons) and CH (4 protons) spin systems of 
the C30H50 moiety, present chemical shifts between 0.73 
and 1.86  ppm. Such amount of homonuclear coupled 

resonances defined in a narrow spectral width, evidently 
complicates a direct assignment from the 1D-spectrum. 
Severe signal overlap can be partially alleviated with an 
instant-homodecoupling real time pure shift 1D-1H 
NMR scheme (Fig.  1, top). Collapse of short-to-long 
range scalar couplings (nJH–H)n=3, 4, 5 by homodecou-
pling, aids to partially resolve some of the 1H lup-20(29)-
ene resonances, like for instance the pure shift singlets 
appearing between 1.84  ppm (H15_1, H15_2); 1.697–
1.592 ppm (H22_1, H11_1, H3_1); 1.59–1.51 ppm (H2_1, 
H6_1); 1.50–1.45  ppm (H7_1, H11_2, H12_1); 1.43–
1.32 ppm (H1_1, H9, H12_2, H16_1, H18, H6_2, H2_2); 
1.30–1.17  ppm (H21_1, H21_2, H1_2, H13, H7_2) and 
1.16–0.7 ppm (H16_2, H3_2, H28, H26, H24, H25, H23, 
H22_2, H27 and H5). However, said assignment was con-
firmed by the pure shift method and previously done by 
the following NMR schemes.

Undoubtedly, 1H chemical shift assignments of com-
plex C30 triterpenes, limited by a poor chemical shift 
dispersion, have to be done by simultaneously assign-
ing their attached 13C spin systems, defined in a more 
dispersed frequency range [35]. For that, local chemi-
cal environments, hybridizations and type of carbons 
of lup-20(29)-ene, were characterized by stacking a 

H
(1

) H
(1

)

H
(2

)

H
(2

)

H
(3

)

H
(5

)

H
(6

)

H
(6

)

H
(7

)

H
(7

)H
(9

)H
(1

1)

H
(1

1)
H

(1
2)

H
(1

2)

H
(1

3)

H
(1

5)

H
(1

8)

H
(1

9)

H
(2

1)

H
(2

2)

H
(2

2)
H

(2
3)

H
(2

4)
H

(2
5)

H
(2

6)

H
(2

7)

H
(2

8)

H
(2

9)

H
(3

0)

H
(3

)

H
(1

6)

H
(1

6)

1H ω frequency (ppm)
Fig. 1  Full assignment of lup-20(29)-ene 1H NMR resonances depicted within the standard proton direct excitation spectrum (black, bottom) and 
the real-time 1H broadband instant-homodecoupling Zangger–Sterk pure shift experiment (blue, top)
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semi-quantitative one-dimensional carbon-13 NMR 
spectrum (1D-13C NMR) with a Distortionless Enhance-
ment by Polarization Transfer with a 135° pulse angle 
(DEPT-135) [36] 1D-13C NMR spectrum, schemed in 
Fig. 2, and Additional file 1: Figure S3.

Stacked 1D-13C NMR in Fig. 2 confirms chemical shift 
ranges of seven CH3 (sp3) eleven CH2 with sp3 hybrida-
tion, one CH2 with sp2, five CH (sp3), five C′ (sp3) and 
one vinylic C′. Deep inspection of both stacked 1D-13C 
plots confirms the presence of overlaid resonances in dif-
ferent ranges: 21.63–20.875  ppm [CH2 (11), CH3 (23), 
CH2 (2)]; 33.586–33.215  ppm [CH2 (1), CH3 (24), CH2 
(7)] and 42.071–41.83 [CH2 (16), C′ (14), C′ (8), C′ (10), 
CH2 (3)]. Once identified all types of carbons, even in 
severe overlap conditions, it becomes straightforward the 
full assignment of 1JC–H short range HSQC two-dimen-
sional experiment (Additional file 1: Figure S4), particu-
larly pointing out the easiness to discriminate non-trivial 
CH2 resonances: CH2 (6), CH2 (2), CH2 (11), CH2 (12), 
CH2 (15), CH2 (7), CH2 (1), CH2 (22), CH2 (3), CH2 (16), 
respectively at δ13C = 18.665, 20.875, 21.631, 23.995, 
27.357, 33.215, 33.586, 40.276, 41.863 and 42.071 ppm.

Next step comprises identification of seven methyl 
spin systems of lup-20(29)-ene. For instance, CH3 (30) 
was unambiguously assigned by isolated HSQC correla-
tions, respectively at (δ13C, δ1H) = (24.988, 1.776) ppm, 
with the aid of its specific proton shift. An analog con-
ception applies for CH3 (24), which with a carbon-to-
proton HSQC isolated correlation at 33.378, 0.8704 ppm, 
the specific carbon resonance of said moiety, allows an 
unambiguous assignment. CH3 (23) presents as well 
an isolated carbon-to-proton HSQC correlation at 
21.568, 0.818  ppm, with a carbon shift out of the range 
of 16.7–15.81 ppm, that allows its identification, despite 
its proton shift close to the rest of the methyl resonances. 
Interestingly, CH3 (23) and CH3 (24) carbon shifts are 
located in crowded CH2 chemical shift regions, but iden-
tified with the aim of the DEPT-135 experiment (Fig.  2 
and Additional file 1: Figure S3). In the other hand, iden-
tification of the rest of the methyl resonances [CH3 (25), 
CH3 (27), CH3 (28), CH3 (26)] comprises the use of addi-
tional NMR schemes.

The use of Heteronuclear Multiple Bond Coherence 
(HMBC) two-dimensional NMR experiment has shown 
its robustness for full assignment of terpenoids [13, 37], 
mostly in cases when functional groups like multiple 
bounds or heteroatoms within the hydrocarbon moiety 

are present. For the present C30H50 case, the use of the 
HMBC technique at standard conditions for promoting 
short-to-long range nJC–H(n=3–5) heteronuclear contacts 
[38], produces a spectrum with multiple overlays that dif-
ficult signal assignment, even for the isolated CH3 (25), 
CH3 (27), CH3 (28), CH3 (26) proton-to-carbon chemi-
cal shifts (Fig.  3, bottom). Thus, a proposed strategy to 
unambiguously assign methyls and their short-to-long 
range spin neighbors of lup-20(29)-ene, is to modify the 
long-range evolution period delay (d6, Additional file  1: 
Figure S5) associated to promote carbon-to-proton cor-
relation contacts different from the 1JCH value [38], 
located just after the 90° hard pulse in 1H channel in such 
a way to only promote the appearance of weak nJCH heter-
onuclear contacts of around 2 Hz (Fig. 3, top). By increas-
ing d6 from 62.5 ms (standard version, Fig. 3 bottom) to 
250 ms (Fig. 3, top) it becomes straightforward to assign 
the following correlations: [H27–C′ (8), C′ (17), CH (18) 
and CH (9)]; [H23–CH2 (7), CH2 (3), CH (5)]; [H25–C′ 
(4), CH (13), CH (5)]; [H(24)–CH2 (7), CH2 (3), CH (5)]; 
[H(26)–CH2 (1), C′ (8), CH (18)]; [H28–CH2 (16), C′ (14), 
CH (13)] and [H30–CH (19)] that served to discriminate 
all seven methyl spin systems within lup-20(29)-ene. A 
similar strategy was done for proton–proton through 
space assignments of lup-20(29)-ene with exchange 
spectroscopy spectra (EXSY, Fig.  4). As known, EXSY 
diagonal-to crosspeak buildup curves as a function of 
mixing time to retrieve internuclear distances [34] show 
minimum signal intensity values at longer mixing times. 
In consequence, EXSY experiments carried out at long 
mixing times, will produce two-dimensional experiments 
with cross-peaks of roughly weak dipolar H–H interac-
tions, such as contacts involving methyls.

Figure  4 presents the proton–proton through-space 
EXSY experiment of lup-20(29)-ene with a mixing time 
of 1.4  s. Full set of retrieved correlations are schema-
tized within the spatial representation of lup-20(29)-ene 
at the top of the figure. With said experimental condi-
tions, through space correlations of methyl spin systems 
have been fully characterized, such as previously done 
with the HMBC experiment, optimized for weak through 
bond heteronuclear correlations.

Assignment strategy concludes with the use of a short-
to-long range through bond homonuclear proton–proton 
scheme: Total Correlation Spectroscopy (TOCSY). As 
continuously highlighted within the present communica-
tion, the use of standard schemes to assign terpenes with 

Fig. 2  Full assignment of lup-20(29)-ene 13C NMR resonances shown within an overlay between a 13C-direct excitation semi-quantitative 
experiment and a DEPT-13C spectrum, wherein the later was used to disentangle all lupene’s carbon spin systems. Relative integration of all 13C 
resonances was done with respect the vinylic CH2 (29) resonance

(See figure on next page.)
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lack of multiple bonds and/or heteroatoms, produces 
spectra with severe signal overlap. TOCSY standard 
spectrum of the C30H50 lup-20(29)-ene (500 ms of mixing 
time) is depicted in Fig. 5, bottom. Assignment compli-
cations with the use of said conditions are self-explained 
within the figure. To alleviate said complications, the use 
of broadband proton homodecoupling using a Psyche 
element in F1 to produce a TOCSY pure shift experiment 
is proposed (Fig. 5, top).

To the best of our knowledge, Fig. 5 presents for the 
first time the advantages of using a two-dimensional 
TOCSY pure shift NMR experiment in PTs composed 
by only a hydrocarbon core. 2D-TOCSY pure shift not 
only allows a straightforward confirmation of short-to-
long range through bond correlations of isolated spin 
systems like methyls, but mostly allows a broad assign-
ment of spin correlations located close to the auto-cor-
relation diagonal. Full setup of 2D-TOCSY broadband 
homodecoupling with a Psyche module comprises a 
further spectra symmetrization in order to produce 
pure shift signals in the direct F2 dimension.

Once confirmed full assignment of C30H50 lup-20(29)-
ene’s chemical shifts with the combination of 1D-13C 
(DEPT), 2D-{1H–13C} HMBC (d6 = 250 ms), 2D-{1H–1H} 
EXSY (τmix = 1400  ms), 2D-{1H–1H} TOCSY-pure shift 
(τmix = 500 ms) and 1D-1H instant homodecoupling pure 
shift, validation of the full set of assigned proton-to-car-
bon chemical shifts was carried out by comparing agree-
ments between experimental NMR data and calculated 
shifts of an optimized electronic structure by means of 
the DFT–GIAO approach.

Additional file  1: Figure S6 presents the three-dimen-
sional atomic coordinates of lup-20(29)-ene, whereas 
optimized electronic structure of the present PT was 
obtained by considering the effects of chloroform 
implicit solvation, likewise the used solvent in the NMR 
experiments.

The single point DFT–GIAO calculation of chemical 
shift tensors from a stable local minimum, derived in 
turn into theoretical isotropic shifts, compared with the 
experimental data are shown in Fig.  6. Excellent agree-
ments were found for the full set of experimental—pre-
dicted thirty carbon chemical shifts (R2 = 0.9842) of 
lup-20(29)-ene. In a lesser extent, it is reported as well 
the experimental –theoretical proton chemical shift 
agreements (R2 = 0.9283), whereas disagreements are 
most probably due to known challenges to predict the 

full set of contributions that describe methylenes’ pro-
ton local chemical environments, with DFT–GIAO 
approaches [39].

As conclusion, this work presents a strategy for a full 
unambiguous NMR chemical shift assignment of a key 
triterpene precursor of important metabolites in plants: 
the hydrocarbon PT C30H50 lup-20(29)-ene. Its chemi-
cal nature imposes restrictions for structural studies, 
for instance standard NMR or X-Ray diffraction spec-
troscopy. For that, it is proposed a set of standard and 
recently proposed NMR schemes at specific acquisition 
conditions, combined with robust quantum chemistry 
calculations to propose a 3D-structure of lup-20(29)-
ene, in agreement with experimental observables. Said 
strategy allows to disentangle keen differences in severe 
signal overlap situations of similar type of hydrocar-
bons: carbon hybridization, proton diaesterotopic 
effects and long-range through-bound or through-
space vicinities of identified spin systems. To the best of 
our knowledge this work presents for the first time the 
advantages of using pure shift proton homodecoupling 
schemes for PTs. Correlations between experimental 
and theoretical NMR chemical shifts strongly suggest 
the agreement of the 3D-carbon skeleton of lup-20(29)-
ene herein proposed. Limitations of the proposed 
assignment workflow for full assignment of PTs is in 
terms of NMR sensitivity as a function of sample con-
centration. For the present study, approximately 30 mg 
of lup-20(29)-ene were dissolved in 0.5  mL of CDCl3. 
As a reference, said concentration allowed to have 1H 
and 13C direct detection NMR experimental times of 
respectively 6′ 51″ and 11  h 12′ 6″. For heteronuclear 
transfer experiments, sensitivity enhancement with 
respect 13C direct detection experiments, allowed to 
acquired DEPT (signal to noise enhancement factor of 
4 respect 13C direct detection), HSQC and HMBC (sig-
nal to noise enhancement factor of 32 respect 13C direct 
detection in both cases) in reasonable experimental 
times [38]. Finally, Zangger–Sterk broadband homode-
coupling pure shift schemes present a typical sensitivity 
of 0.5–2.0% with respect an arbitrary 100% sensitivity 
of a 1H direct detection experiment [23, 25], produc-
ing in our case an experimental time of 3 h 10′ 56″ in 
order to have comparable signal to noise ratios (Fig. 1). 
For that, the present method would produce forbid-
den NMR experimental times for both heteronuclear 

(See figure on next page.)
Fig. 3  Two-dimensional 1H–13C HMBC correlation spectra of lup-20(29)-ene promoting; top: long range heteronuclear coupling contacts of around 
2 Hz (d6 = 250 ms) and bottom: promotion of 3, 4, 5JH–X short-to long range heteronuclear contacts of around 7 Hz (d6 = 62.5 ms as the standard 
condition)
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Fig. 4  Two-dimensional 1H–1H homonuclear correlation spectrum via dipolar coupling (EXSY) of lup-20(29)-ene, with 1.4 s of mixing time. Key 
inter-nuclear correlations between resonances involving methyls are shown in the spectrum, as well as in the molecular formula

(See figure on next page.)
Fig. 5  Two-dimensional TOCSY proton–proton homonuclear correlation spectra, using a Hartman–Hahn transfer with a DIPSI element, promoting 
1H–1H long range through bound contacts with 500 ms of mixing time. Top: Broadband proton homodecoupling using Psyche element in F1 and 
further spectral symmetrization. Bottom: Standard scheme with no pure shift Proton homodecoupling
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transfer and pure shift methods for diluted samples 
with below or close to 10 mg of available PTs.

Additional file

Additional file 1. Electronic impact and high-resolution Electrospray 
Ionization mass spectrometry characterization, full chemical shift window 
of 1D-13C (DEPT), HMBC modified parameter schemed within the pulse 
sequence, optimized 3D-electronic structure of lup-20(29)-ene and NMR 
workflow for full assignment of a C30H50 PT, with chemical shift and struc‑
tural cross-check validation with the DFT-GIAO approach are described.
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