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ABSTRACT: Modern structural studies of biologically relevant molecules require an 
exhaustive interplay between experiment and theory. In this work, we present two examples 
where a poor choice of the theoretical method led to a misinterpretation of experimental 

results. We do that by performing a rotational spectroscopy study on two large and flexible 
biomolecules: methyl jasmonate and zingerone. The results show the enormous potential of 
rotational spectroscopy as a benchmark to evaluate the performance of theoretical methods. 

 

 

n the past decade, structural studies on large, flexible organic 
molecules of biological interest moved into the focus of 

interest. The three-dimensional conformation that a biomole- 
cule adopts is intimately related to its function in the biological 

medium. Hence, a lot of effort is devoted to the 
structural determination of biomolecules of increasing size. 

Structural studies carried out in condensed media can 
provide an environment comparable to biological 

surroundings, but the solvent or crystal packing forces may 
mask some key interactions. High-resolution structural 

studies in a supersonic jet benefit from an interaction-free 
environment where biomolecules can be probed without any 

kind of interference. 

strategy in these studies employs an interplay between 
experimental results and theoretical calculations (molecular 
mechanics, molecular dynamics, and quantum chemistry). This 
symbiosis between theory and experiment is nowadays a 
cornerstone in structural studies. Because of the increasing 
size and degrees of freedom of the molecular systems targeted, 
there is a need for precise theoretical models that support the 
interpretation of experimental results. On the other hand, 
theoretical methods still require a strong and reliable 
experimental counterpart to safeguard the results of any 
implemented model. Especially the combination of rotational 
spectroscopy with highly accurate quantum chemistry is a 

The intrinsic properties of the molecule under study can be    

analyzed and separated from the eff ects arising from solvent 
or crystal packing. Regardless of the high-resolution 
spectroscopic technique (laser spectroscopy, microwave, 
etc..), the general 
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Scheme 1. Chemical Structures of Methyl Jasmonate and Zingerone 
 

powerful tool to study the molecular structures of large and 

flexible organic molecules. The efficiency of this strategy was 
previously shown in biologically relevant cases such as amino 

acids,1,2 sugars,3−6 nucleobases,7−9 odorants,10−12 and some 
drugs.13−15 

Recently, the unprecedented speed of rotational spectra 
acquisition obtained with broadband chirped-pulse Fourier 
transform microwave (CP-FTMW) spectrometers has opened 

new perspectives in structural chemistry.16−20 Hence, it is 

possible to study larger molecular systems (15−25 heavy atoms) 
such as biomolecules21 or large organic compounds,22,23 and 

their weakly bound molecular complexes.24−26 In addition, the 
implementation of laser vaporization sources allows one to study 
thermolabile systems, avoiding the undesirable thermal 
decomposition processes that occur when using conventional 
heating techniques.1,5 The experimental progress brought by 
CP-FTMW spectroscopy now demands the development of 

more accurate, faster and efficient theoretical methods to 

analyze and fit the experimental data. 
One of the crucial points in the predictive value of the key 

parameters (structure, energy, dipole moments, quadrupolar 
tensor, ...) of larger biomolecular systems is the choice of the 
theoretical method. There is a large array of quantum chemical 
methods for that purpose. For instance, B3LYP27,28 was 

historically very important, its cost-eff ectiveness making it 
very commonly used. However, the need to characterize 
weakly bound systems forced the inclusion of empirical 
parametriza- 

tions such as Grimme’s approach29−32 (D, D2, D3, D4 and its 
subvariants) in order to account for dispersive interactions. 
Minnesota functionals33 are more modern, more sophisticated, 

and highly parametrized, and Møller−Plesset perturbation 
theory34 is very reasonable for small-to-medium systems but 
not without limitations. Hence, the choice of method is usually 

subject to a trade-off  between accuracy and computational 
cost. Systems with only covalent interactions or relatively 

strong hydrogen bonds (e.g., O−H···O, O−H···N, N−H···O, 

15−25 kJ 
mol−1) can be described at almost any reasonable level of theory. 
However, systems stabilized by O−H···halogen, C−H···O, C− 
H···N, C−H···π, halogen−halogen, π···π, lone-pair···π, van der 
Waals,  or  London  dispersive  interactions   require   specific 
approaches to be modeled properly. In many cases, the choice 
of the theoretical method is done routinely without taking into 
account the key interactions of the system. In addition, it is well- 
known that some methods are able to describe very well some 
weak interactions but fail at characterizing others.35,36 

In the present study, we demonstrate that the choice of the 
appropriate quantum chemical method can be vital in the 
structural determination of biomolecules. In order to do so, we 
use the case studies of methyl jasmonate and zingerone, two of 

the main flavor components of jasmine and ginger, respectively 
(see Scheme 1 for chemical formulas).37,38 The results reported 

in this work clearly demonstrate the importance of carefully 
choosing the appropriate theoretical method for the molecular 
system under study. We can anticipate that a poor choice of the 
theoretical method may compromise the interpretation of the 
experimental results. 

Both substances are widely present in plants. Methyl 
jasmonate is a vital lipidic phytohormone produced by many 
plants in response to biotic stress (e.g., pathogens or pests) and 
abiotic stress (e.g., heat, cold, wind, precipitation). It is an 
important signaling molecule and plays a crucial role in the 
communication of plants.39,40 Zingerone is the main component 
of ginger and it is responsible for its pungent scent. It has been 
shown to exhibit diuretic and neuroprotective functions, which 
are still not fully understood at a molecular scale.41 Besides their 

interesting biological eff ects, these molecules represent 
limiting cases with respect to their size and molecular weights, 
for both the theoretical and the experimental studies 
presented in this work. 

Case Study 1: Methyl Jasmonate. Methyl jasmonate (MJ) 

consists of a cyclopentanone ring with two large flexible side 
chains (see Scheme 1). There are two chiral centers in the 
molecule, meaning that there are two diastereoisomers to 

consider (RR and RS). The corresponding enantiomers (SS and 

SR) would be equivalent by symmetry and therefore, they would 
give rise to the same rotational spectra. Furthermore, the double 

bond in one of the side chains may adopt Z or E configurations. 

Therefore, there are four diff erent structural isomers to 

consider (RR-Z, RR-E, RS-Z, and RS-E). Each one of them 

may adopt diff erent conformations arising from rotations 
along single bonds. Moreover, there could be attractive 
intramolecular interactions (such as hydrogen bonds) between 
the two chains. We can infer from these structural and 
conformational degrees of freedom that the conformational 
casuistry of methyl jasmonate is very broad and complex. 

The first step in this study was a fast conformational search 
with molecular mechanics (MM), using Merck’s molecular force 
field (MMFF). About 100 plausible structures for each system 

were found in an energy window of 20 kJ mol−1. Hence, 4 × 
∼100  ≈  400  structures  had  to  be  reoptimized  with more 
accurate theoretical calculations to predict the relevant rota- 
tional parameters (structures, energies, dipole moments, ...). At 
that stage, we chose the B3LYP method, a fast and reasonably 
accurate method, to guide the experiment and reoptimized all 
the structures. 

In the meantime, the rotational spectrum of methyl jasmonate 

was recorded in the frequency region of 6−18 GHz using the 
CP-FTMW spectrometer available at the University of the 
Basque Country (UPV/EHU), see Figure S1 in the Supporting 
Information. The sample was heated up to 200 °C in a 
customized  heating  nozzle  in  order  to  build  up  enough 
concentration of methyl jasmonate in the gas phase. Two set

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.8b02339/suppl_file/jz8b02339_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.8b02339/suppl_file/jz8b02339_si_001.pdf
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Table 1. Microwave Spectroscopic Results of the Most Abundant Conformers of Methyl Jasmonate (RR, Z conformation of the 
double bond) and Zingerone Observed in the Molecular Jet 
 

Methyl Jasmonate Zingerone 

const.a Units Conf. MJ1 Conf. MJ2 Conf. Z1 

A0 MHz 634.08213 (87) 562.186 (74) 1023.7533 (22) 

B0 MHz 370.027517 (80) 382.806 (23) 434.84931 (53) 

C0 MHz 264.431520 (73) 260.36873 (80) 352.90045 (32) 

ΔJ (DJ) kHz 0.009815 (62)b 0.355 (37)b 0.06592 (70)c 

ΔJK (DJK) kHz 0.3351 (21)b 3.55 (87)b 0.1088 (84)c 

ΔK (DK) kHz 

dJ (d1) kHz 

dK (d2) kHz 

V d cm−1
 

σe kHz 

Ntot 

NA/NE
g 

aThe microwave data set was fitted using the program XIAM.40,41 A, B, C: rotational constants. ΔJ (DJ), ΔJK (DJK), ΔK (DK), δJ (d1), δK (d2): 
centrifugal distortion constants for Watson’s A reduction for methyl jasmonate and (S) reduction for zingerone, Ir representation. Errors of the 
experimental data given in parentheses are in units of the last digit. bWatson’s A reduction ΔJ, ΔJK, ΔK, δJ, and δK are used for methyl jasmonate 

conformer 1 (Ray’s kappa = −0.43) and for conformer 2 (Ray’s kappa = −0.19). cWatson’s S reduction DJ, DJK, DK, d1 and d2 are used for 

zingerone (Ray’s kappa = −0.75). dBarrier to internal rotation of the methoxy methyl group and carbonyl methyl group in methyl jasmonate and 
zingerone, respectively. eStandard deviation of the fit. fTotal number of fitted lines. gNumber of fitted A and E species; hParameters set to zero. 

Table 2. Comparison of the Experimental Values of Ae, Be, and Ce with the Theoretical Values Calculated with 
Diff erent Theoretical Methods (Basis Set: 6-311++G(d,p)) for Conf. MJ1 (a) and Conf. MJ2 (b) of Methyl 
Jasmonatea 

 
aNote that the experimental values of Be are calculated such that Be = B0 − ΔBvib, and the anharmonic correction ΔBvib is estimated for each 
conformer separately at the B97D3/def2-SVP level of theory. Values shaded in orange correspond to Conf. MJ1' (part a) and Conf. MJ2' (part b). 

 

 

of rotational transitions were spotted in the spectrum. They were 
first fitted separately to two semirigid asymmetric rotor 
Hamiltonians using Watson’s A reduction.42 The rotational 

transitions in the spectrum displayed splittings due to tunneling 
eff ects from internal rotation of a methyl top. Those 
splittings have to be accounted for in the fit by appropriate 

f 

0.1388 (16)b 

0h 

0h 

−15.97 (2.51)b 
0.171 (19)b 

2.76 (45)b 

0h 

−0.00648 (55)c 
−0.00173 (34)c 

446.03 (1.67) 427.88 (83) 336.474 (81) 

17.1 18.7 22.2 

580 215 183 

299/281 114/101 105/78 
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Figure 1. Steps of the optimization of Conf. MJ2′ and Conf. MJ2 of methyl jasmonate (RR, Z conformation of the double bond) using the B3LYP and 
B3LYP-D3BJ DFT methods, respectively, from the same starting geometry (basis set: 6-311++G(d,p)). 

Hamiltonian, allowing for the estimation of the barrier for 
internal rotation of the methyl top (V3). We used two 

diff erent publicly available software programs (XIAM43,44 and 
BELGI45) for fitting the experimental results. A number of 
previous studies have shown that the XIAM code and the 
BELGI code are 

complementary.46−48 As described in the Supporting Informa- 
tion (eff ective Hamiltonian section), the XIAM code takes 
into 
account one torsional state at a time, and has a limited number of 
high order Hamiltonian terms implemented, whereas the 
BELGI-C1 code treats all torsional states together in one matrix 

and has many higher order terms. While XIAM benefits from the 
advantages of its ease of use and speed, in cases with rather low 
barriers, E species transitions are not always satisfactorily 
predicted because the interactions between torsional states can 
be large. Considering the importance of carefully deriving 

experimental rotational constants to compare with ab initio 
methods, we decided to use both methods in this work. In the 
present case, the results were similar (see Tables S1−S3), and in 
the following, we will only refer to the XIAM fits, which are 
summarized in Table 1. The experimental values of rotational 
and torsional parameters for the two conformers of MJ are 
presented in full in Table S1 of the Supporting Information. 

The common strategy used in the microwave spectroscopy 
community to assign a molecular conformation to a given set of 
experimental rotational constants is to compare them to a 
predicted spectrum generated with the values arising from 
quantum chemical calculations. However, all attempts to assign 

the spectrum based on diff erent structural models of methyl 
jasmonate failed. This spectrum did not correspond to any of the 
predicted conformations for methyl jasmonate using the B3LYP 
method. Finally, we considered the possibility of sample 

fragmentation resulting in decomposition products or internal 

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.8b02339/suppl_file/jz8b02339_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.8b02339/suppl_file/jz8b02339_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.8b02339/suppl_file/jz8b02339_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.8b02339/suppl_file/jz8b02339_si_001.pdf


  

 

 

 

reactions, but the considered species did not match the 
spectrum either. By this point, we had carried out more 
than 1000 calculations but none of them reproduced the 
experiment. Obviously, the B3LYP method failed to 
provide accurate structures of the most abundant 
conformers of methyl jasmonate. Therefore, we decided 
to redo the optimizations of methyl jasmonate using the 

MP2 ab initio method, which finally led to structures that 
were in agreement with our experimental results. Its lowest 
lying energy conformers (Conf. MJ1 and Conf. MJ2) had not 
been detected by the B3LYP method, and these two were 
the structures that reproduced the experimental data. 
Although optimizations at the B3LYP level may be largely 

sufficient for average sized systems, there is a limit, when 
intramolecular interactions become too important and 
cannot be described properly by this method. Indeed, for 

methyl jasmonate the B3LYP method was insufficient to 
provide accurate structures that are consistent with the 
highly accurate experimental results. 

Finally, we carried out numerous calculations with diff erent 
methods to compare their performance in reproducing 
experimental values. We always used the same basis set (6- 
311++G(d,p)). Theoretical methods yield the rotational 
constants at the bottom of the potential well (commonly 

known as Be equilibrium structure) while the experimental 
rotational  constants refer  to the  structure at the   
vibrational 

ground state v = 0 (B0). We estimated ΔBvib = B0 − Be with 
anharmonic calculations at the B97D3/def2-SVP level of theory 
and subtracted it from the experimental rotational 

constants in order to obtain the semiempirical values of Be. 
The latter are directly comparable to the rotational 
constants obtained from quantum chemical 
calculations.22,49 The results are summarized in Table 2 for 
the two observed conformers of methyl jasmonate. 
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Figure 2. Two experimentally observed conformations of methyl jasmonate (RR, Z conformation of the double bond) (Conf. MJ1 and Conf. MJ2) as 

optimized at the B3LYP-D3BJ/6-311++G(d,p) level of theory, as well as the corresponding conformations Conf. MJ1′ and Conf. MJ2′ calculated at 
the B3LYP/6-311++G(d,p) level of theory. For Conf. MJ1, we also show the principal axes of inertia a, b, and c. 

It is noteworthy that the B3LYP method, which does not 

account for dispersion eff ects, fails at reproducing the 

experimental structure (relative errors in A around 15%). This 
is also the case for other methods such as PBE, TPSS or B2PLYP 

(although B2PLYP provides significantly better results, with 

∼6% error in the A rotational constant). Only ab initio and DFT 
methods that considered dispersion eff ects (either 
intrinsically 
or by adding a correction) were successful at reproducing 

experimental values. In this case, the Minnesota functional M06- 

2X gives worse results (relative errors in A around 4−5%) than 
DFT methods corrected by Grimme’s corrections (relative 

errors 0−2%). Figure 1 displays the steps of the optimization of 
Conf. MJ2 with the B3LYP and B3LYP-D3BJ methods starting 
from the same geometry. We can clearly see that with B3LYP, as 
the optimization progresses, the two arms move away from each 

other, the final distance CH···O being 4.1 Å (conformer Conf. 

MJ2′). Hence, the CH···O interaction is not accounted for by 

the B3LYP method. On the contrary, using B3LYP-D3BJ, the 

two arms remain close to each other, held together by the CH··· 
O weak interaction (final distance 2.8 Å, Conf. MJ2). We infer 

that the dispersion correction D3BJ has a dramatic eff ect on 

the rotational constants. In particular, the A rotational 

constant is strongly influenced by dispersion in the case of 

methyl jasmonate because the principal axis a lies along the 

two side chains. Hence, the moment of inertia Ia (to which A is 
inversely proportional) is very sensitive to the coordinates of 
the atoms in the side chains (see Figure 2 for the principal 

axes of inertia). The eff ect of dispersion is so pronounced in 
this molecule that the assignment to the molecular 
conformations was not possible with the B3LYP 

methodology. 
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To summarize, the two experimental conformations are 
assigned to Conf. MJ1 and Conf. MJ2: both of them are 
RR diasteroisomers (or SS), the configuration of the double 
bond in the side chain is Z and both conformations are 

stabilized by a C− H···O weak hydrogen bond (WHB). 
The corresponding 3D 
structures are depicted in Figure 2, along with the 

structures of Conf. MJ1′ and Conf. MJ2′, i.e., the 
conformations predicted from calculations where no 
dispersion is included. 

Case Study 2: Zingerone. Zingerone (see Scheme 1) 

consists of an o-methoxyphenol moiety with a flexible chain in 

para position with respect to the hydroxy group. In order to 
guide the spectral search, we predicted the most favorable 
structures employing the same strategy as described above 
and commonly used in the 
literature: we performed MM to have an initial screening of 
the conformational scope (14 structures were found in 15 kJ 

mol−1) and then we reoptimized all of them with the MP2 
robust method. 

Later, the rotational spectrum of zingerone in the 6−18 
GHz frequency region was recorded using the FTMW and 
CP- 
FTMW spectrometers at the University of the Basque 
Country (UPV/EHU) see Figure S2 of the Supporting 

Information. The sample was heated to 200 °C in a 
customized heating nozzle in order to bring it into the gas 
phase. A set of rotational transitions corresponding to the A 
species of one conformation of the molecule was assigned 
and fitted to a semirigid asymmetric rotor Hamiltonian in 

Watson’s S-reduction. Splittings between A and E species 

due to the internal rotation were accounted for in the fit by 
appropriate operators in the Hamiltonian. The results of 

the fit are summarized in Table 1. 
Surprisingly, there was no correspondence between 

experi- ment and theory. The discrepancy in the rotational 
constants 

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.8b02339/suppl_file/jz8b02339_si_001.pdf


 

  

 

 

 

was remarkable. Diff erences of ∼17% indicated that the 
predicted structure was not the experimentally observed 
structure, despite having used a method as reliable as MP2 
theory. 

In this case, we decided to reoptimize all the structures using 
DFT theory, in particular the B3LYP-D3BJ functional. 
Interestingly, the results generated with this functional were 
not comparable to those obtained with the MP2 method. With 
both methods, all the lowest lying conformations were stabilized 

by an OH···O interaction between the hydroxy and the methoxy 

group. However, the global minimum was diff erent for the 
MP2 and B3LYP-D3BJ calculations. Additionally, the lowest 
lying structure predicted by B3LYP-D3BJ was not predicted 
using the MP2 method. The two conformations predicted as 
global minima in zingerone are shown in Figure 3. The first one 
(Conf. 

 
 

 

 

Figure 3. Conformations of zingerone predicted as global minima with 
the MP2 (Conf. Z1) and B3LYP-D3BJ methods (Conf. Z2), using the 
basis set 6-311++G(d,p). 

Z1, MP2 structure exhibits an attractive CH···π interaction 

between the terminal CH3 in the flexible chain and the π cloud in 
the aromatic ring. This interaction forces the side chain to tilt 
toward the ring. It should be noted that this structure is not 
predicted by B3LYP (or TPSS, PBE, and B2PLYP, i.e., methods 
that do not account for dispersive interactions). In the second 
conformation (Conf. Z2, B3LYP-D3BJ structure), no such 
interaction occurs and the side chain is perpendicular to the ring. 

This conformer exhibits a C   O···H−C attractive interaction. 
This conformation was not predicted by the MP2 method. To 
summarize, we have two possible global minima, one of which 
was not predicted at the MP2/6-311++G(d,p) level of theory. 

In addition, we extended the predictions to other theoretical 
models. Table 3 compiles the results of those calculations. 
Clearly, the result of the optimizations highly depend on the 

applied theoretical method. The balance between the CH···π 

interaction (Conf. Z1) and the CH···O interaction (Conf. Z2) is 
very subtle. It is a challenging task for theoretical models to 
weigh the strength of the two interactions, since both are weak 
hydrogen bonds (WHB) with small stabilization energies below 
4  kcal  mol−1.50  Regarding  the  theoretical  methods,  three 
diff erent trends are observed. They are summarized in Figure 
4 with the three common methods MP2, B3LYP, and B3LYP- 
D3BJ. We can observe that B3LYP-D3BJ is capable of 
reproducing both conformations if the correct starting geometry 

is chosen. B3LYP always yields Conf. Z2 stabilized by CH···O 
interaction, that is, with the lateral chain perpendicular to the 
plane of the aromatic ring. Finally, MP2 calculations result  

always in Conf. Z1 with a CH···π interaction, where the chain is 
bent toward the benzene ring. Table 3 shows the diff erences 
in 

 
 

Table 3. Comparison of the Experimental Values of Ae, Be, and Ce with the Theoretical Values Calculated with 
Diff erent Theoretical Methods (Basis Set: 6-311++G(d,p)) for Conf. Z2 (a) and Conf. Z1 (b) of Zingeronea 

 
aNote that the experimental values of Be are calculated such that Be = B0 − ΔBvib, and the anharmonic correction ΔBvib is estimated for each 
conformer separately at the B97D3/def2-SVP level of theory. NA = Not Applicable, the optimization leads either to Conf. Z1 (part a) or Conf Z2 
(part b). 



 

  

 

 

the rotational constants. Again, the choice of the theoretical 
method is crucial to success. The rotational constants are very 
sensitive to both conformers and we will only be able to discern 
unambiguously the structure of zingerone through microwave 
spectroscopy. 

By comparing the experimental values of the rotational 
constants with the theoretical predictions, we can conclude that 
the experimental conformation of zingerone is Conf. Z2, which 

is stabilized by a CH···O interaction. This means that MP2/6 
311++G(d,p), which is a very commonly used and most trusted 
method in the rotational spectroscopy community, fails to 
predict the experimentally observed conformation of zingerone 
as minimum energy structure. In fact, the observed conformer is 
not even predicted by this method. MP2 overestimates the 

CH···π interaction and, as the balance between WHBs is so 
subtle, the real structure is not predicted by the MP2 method. In 

order to visualize the subtlety of the competition between the 
two WHBs, we calculate the barrier between the two structures 

by performing a relaxed scan of the 1−2−3−4 dihedral angle 
(see Scheme 1 for atom numbering). Moreover, we perform this 
scan using two diff erent methods (M06-2X and B3LYP-
D3BJ) 
to evaluate the response of both of them in the WHBs 
competition. Figure 5 displays the two scans. We can observe the 
local minima corresponding to Conf. Z1 and Conf. Z2 in both 
scans. It is worth noting that these minima are almost 

isoenergetic. The energy  diff erence between  both of  them 
is 

less than 0.5 kJ mol−1 (this value is probably within the error of 
the theoretical calculation). Moreover, M06-2X and B3LYP- 
D3BJ predict that the barrier between the two structures is very 

low (∼1 kJ mol−1), meaning that it can be easily overcome in the 
supersonic expansion and therefore, the system would relax to 
the most stable conformation. This behavior has been previously 

observed in rotational spectra and is well reported in the 
literature.51,52 The most relevant diff erence between the 
two 

 

 

Figure 5. Potential energy scans of the 1−2−3−4 dihedral angle of 
zingerone to evaluate the energy barrier between Conf. Z1 (stabilized 

by a C−H···π interaction) and Conf. Z2 (stabilized by a C−H···O 
interaction). Two diff erent theoretical methods have been used: 
M06- 
2X (a) and B3LYP-D3BJ (b), in order to evaluate their behavior with 
respect to the zingerone molecular system. The basis set is 6-311+ 
+G(d,p). 

theoretical  methods  is  precisely  the  energetic  order  of the    
conformers. While M06-2X predicts that the most stable 
conformation is Conf. Z1 (CH···π interaction), B3LYP-D3BJ 

predicts Conf. Z2 as the most stable structure (CH···O 
interaction). The small energy diff erence and the low barrier 
between the two conformations proves the subtlety of the 

competition between the two interactions, with diff erent 
theoretical methods tipping the balance in favor of one structure 
or the other. 

 
 

 

 

 
Figure 4. Schematic representation of the prototype behavior of 
theoretical methods in the conformational casuistry of zingerone. 
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This study demonstrates that rotational spectroscopy 
combined with theoretical methods is a powerful strategy, 

which can be broadly applied to flexible organic 
compounds. However, one must be cautious in the use of 

diff erent theoretical methods. There is currently no 
strategy to avoid brute force optimizations in this kind of 

molecular systems (for example, force fields are poorly 
parametrized for the accurate description of averaged sized 
biologically active ligands). Therefore, benchmark studies 
such as the ones presented here are extremely necessary. 
We can infer from the studies on methyl jasmonate and 
zingerone that using several distinct levels of theory allows 
one to get a good overview of the conformational 

landscape. This work demonstrates that microwave spectrosco- 
py can benchmark new theoretical models very much in need to 
guide the experiments. 
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