molecules

Article

Rotational Spectrum and Conformational Analysis of
Perillartine: Insights into the Structure-Sweetness Relationship

Gabriela Juarez, Miguel Sanz-Novo

check for
updates

Citation: Juarez, G.; Sanz-Novo, M.;
Alonso, J.L.; Alonso, E.R.; Leén, .
Rotational Spectrum and
Conformational Analysis of
Perillartine: Insights into the
Structure-Sweetness Relationship.
Molecules 2022, 27,1924.

https:/ /doi.org/10.3390/
molecules27061924

Academic Editor: Maria

Eugenia Sanz

Received: 8 February 2022
Accepted: 10 March 2022
Published: 16 March 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, José L. Alonso, Elena R. Alonso and Iker Ledn *

Grupo de Espectrocopia Molecular (GEM), Edificio Quifima, Laboratorios de Espectroscopia y Bioespectroscopia,
Unidad Asociada CSIC, Parque Cientifico UVa, Universidad de Valladolid, 47011 Valladolid, Spain;
gabrielajuarez@uva.es (G.]J.); miguel.sanz.novo@uva.es (M.S.-N.); jlalonso@qf.uva.es (J.L.A.);
elenarita.alonso@uva.es (E.R.A.)

* Correspondence: iker.leon@uva.es

Abstract: We used high-resolution rotational spectroscopy coupled to a laser ablation source to study
the conformational panorama of perillartine, a solid synthetic sweetener. Four conformers were
identified under the isolation conditions of the supersonic expansion, showing that all of them present
an E configuration of the C=N group with respect to the double bond of the ring. The observed
structures were verified against Shallenberger—Acree—Kier’s sweetness theory to shed light on the
structure-sweetness relationship for this particular oxime, highlighting a deluge of possibilities to
bind the receptor.

Keywords: perillartine; high-intensity sweetener; Fourier transform microwave spectroscopy;
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1. Introduction

The sense of taste is one of the most important classic senses developed during
evolution, which first appeared in the microbial world two billion years ago [1,2]. Humans
can distinguish at least five basic taste qualities: sweet, bitter, sour, umami, and salty.
Among them, the sweet taste sensation is innately pleasant as it is, evolutionarily speaking,
correlated with the presence of nutritious foods. Several studies suggest that humans
predicate this flavor from birth [3,4]. This attraction for sweetness is so strong that the
abundance of sugar in the modern diet has contributed to the obesity and various diseases
associated with this condition, which is the reason why some specialists suggest promoting
healthier options, such as the consumption of sweeteners [5-7]. A sweetener is a food
additive that provides a sweet taste similar to sugar. It can be classified according to its
origin as natural or artificial sweeteners. For instance, carbohydrates are the most important
family of the former, whereas saccharin could represent the latter [8,9].

Compounds with unrelated structures have shown sweetness; it has been difficult
to accommodate them within a unified theory. The sensation of sweetness begins on the
tongue and soft palate, where the taste receptors, TIR2-T1R3, present specific binding
sites that interact with sweet compounds [10-13] that must have characteristic binding
points [10-14]. To rationalize the sweet taste, Shallenberger and Acree proposed a simple
theory in which sweet substances have specific sites to interact with the receptor system [15].
A sweet molecule presents an AH/B system that establishes two hydrogen bonds through
a complementary AH/B system at the receptor located in the taste buds. A and B are
electronegative atoms (O, N, Cl, S among others). The A-H is, thus, a group that can form
hydrogen bonds, while B is a good proton acceptor atom. This AH/B pair is known as
“glucophore” and is the heart of this theory. The distances between the AH/B atoms range
from 2.5 to 4 A [16,17]. A refinement of this theory, proposed later by Kier [18], introduces
a third interacting site known as y. This new point must be hydrophobic or hydrophilic to
interact with the receptor via dispersive forces. This three-point contact AH/B/y model is
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known as ‘the sweetness triangle’, and it was crucial to explain the stereo-selectivity of the
receptor [18] (see Scheme 1).

Sweet

molecule

B 25-4AA-H receptor

Scheme 1. Scheme of the tripartite AH, B, v and the relevant distances of a sweet molecule, as
proposed by the Shallenberger—Acree—Kier theory.

In this regard, deciphering the shape of the target molecule is essential to understand-
ing its interactions with the receptor. Unfortunately, such studies are very challenging
due to the distorted geometries in the condensed phase. Furthermore, the surrounding
media usually perturbs the inter- and intramolecular interactions. An alternative is to study
the target molecule in the gas phase, more precisely, under supersonic expansions, where
an isolated environment is created. In order to carry out such a task, another problem
must be overcome, i.e., sweeteners usually present a high melting point and cannot be
heated without decomposing; conventional heating methods for vaporization cannot be
employed. Fortunately, we can use high-energy laser pulses in a controlled way to solve the
problem of driving thermolabile species into the gas phase. In recent years, we combined
laser ablation and advanced Fourier transform microwave (LA-CP-FTMW) techniques in
supersonic expansions to conduct several gas-phase studies of sweeteners. The high resolu-
tion and robustness of this technique allowed us to identify their conformations with very
accurate 3D structural information, as demonstrated in previous studies on sugars [19-22].
Altogether, it is possible to shed some light on the long-considered question of why these
molecules are perceived as sweet [13,15,23,24]. The first sweeteners analyzed were natural
sweeteners, such as fructose or tagatose [25,26]. Subsequently, the study was extended to
different polyols, such as dulcitol and sorbitol [27], and the research was continued with
one of the oldest synthetic sweeteners, namely, saccharin [28].

To further rationalize the theory of sweetness and extend it to sweeteners involving
functional groups different from those of the molecules mentioned above, we have investi-
gated perillaldehyde oxime (perillartine). This synthetic sweetener is especially attractive
given its intensely sweet taste, approximately 2000 times sweeter than sucrose [29]. This
peculiar molecule, which is easily obtained by the oximation of perillyl aldehyde, is an
oxime-containing cyclohexene where the double bond is conjugated with the C=N double
bond, as shown in Scheme 2. Perillartine is used commercially in Japan to sweeten tobacco,
but it lacks further applications due to its low solubility and a lingering ‘metallic’ taste [30].
It is worth noticing that this compound exhibits several possibilities for the AH and B
units [31]. Shallenberger & Acree initially suggested the hydroxyl moiety as AH and the
delocalized cloud of the ring as B (see Scheme 2a). Later on, Kier selected one of the hydro-
gen atoms in the ortho position with respect to the oxime group as AH and the hydroxyl
oxygen as B, as shown in Scheme 2b, which is in good accordance with several studies
of oxime derivatives of perillartine [18,32,33]. Alternatively, Heijden et al. [34] proposed
that both AH and B identities are located within the oxime (Scheme 2c). Although some
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studies have been carried out on perillartine and its analogs [32,35-39], such as the analysis
of electrostatic potentials [38], the three-dimensional structure has never been specified.

(a) (b) (c)

H,C_ ,CH, HsC_ ,CH, HsC_ ,CH,
N? N ¢”
B
H,C._ .= H,CH/ H.C .z
/CH Al /CH //C_H
N/ N/ [Tj AH
| |
OH OH OH
AH B B

Scheme 2. A simplified scheme of the different identifications of the AH and B units suggested for
the structures of oximes [15]. (a) The hydroxyl moiety acts as proton donor (AH), and the delocalized
cloud of the ring as the proton acceptor (B). (b) The hydrogen atom in the ortho position with respect
to the oxime group acts as a proton donor (AH), and the hydroxyl oxygen as proton acceptor (B).
(c) Both the AH and B identities are located within the oxime.

In this context, we have performed the first rotational spectroscopic study of peril-
lartine using LA-CP-FTMW spectroscopy to identify the most relevant conformers of this
artificial sweetener. These precise structural results will be compared with the proposal of
Shallenberger—Acree—Kier’s sweetness theory.

2. Results and Discussion
2.1. Conformational Space

We explored the conformational space of perillartine using molecular mechanics methods.
For the conformational search, the Merck Molecular force field (MMEFEFs) and two search algo-
rithms, the “large scales low mode” (which uses frequency modes to create new structures)
and a Monte Carlo-based search, as implemented in Macromodel [40], were used. A total
of seventeen structures of perillartine were obtained. These geometries were submitted to
Gaussian suite programs [41] for subsequent geometry optimizations. The models of choice
were the Moller-Plesset (MP2) perturbation theory in the frozen core approximation [42] and
the B3LYP density functional, including the Grimme dispersion [43,44] with Becke—Johnson
damping [45,46], both with the Pople’s 6-311++G (d,p) basis set. [47] Frequency calculations
were also computed to ensure that the optimized geometries were true minima, as well as
to calculate the zero-point and Gibbs free energies. After this process, a total of 12 differ-
ent structures were obtained (see Figure 1 and Figure S1). The most relevant spectroscopic
parameters, such as the energetics, rotational constants, and electric dipole moment compo-
nents using B3LYP-GD3B]/6-311++G(d,p) are listed in Table 1. The values obtained using
MP2/6-311++G(d,p), as well as a small discussion of the different methodologies, can be found
in the Supplementary material (see the discussion in the Supporting information).

The twelve conformers of perillartine can be categorized into different groups de-
pending on the position of the allyl and oxime groups. We have used a combination of
three symbols to label these conformers: the configuration between the C=N group and the
double bond in the ring can be oriented in a frans or cis position and is indicated using the
capital letters E (entgegen) or Z (zusammen), respectively. A lowercase letter e (equatorial) or
a (axial) indicates the orientation of the allyl group. Finally, the Roman number designates
the energy order for the different conformations associated with the different dispositions
of the allyl group.

The six most stable structures have an E configuration between the C=N group and
the double bond in the ring, with the oxime group in an anti disposition. As expected, the



Molecules 2022, 27,1924

40f11

Z arrangement is greatly destabilized compared to the E disposition, and the most stable
conformer with a Z arrangement is predicted ~1200 cm~! relative to the global minimum.
Accordingly, only four structures are below 200 cm~! and are expected to be observed in
a supersonic expansion. This conformational panorama is in good agreement with that
observed for perillaldehyde [48].

Additionally, we also estimated the barrier for the internal rotation of the methyl
group. The obtained barrier height is ~550 cm ™! and, therefore, no rotational splitting is
expected (see Figure S2).

2.2. Rotational Spectrum and Conformational Identification

The broadband microwave spectrum of perillartine between 2.4 and 8.0 GHz is shown
in Figure 2. We first removed the spectral signatures of known photofragmentation prod-
ucts [49-51] and turned our attention to the calculated spectroscopic parameters of the
most energetically-stable conformers. These structures are nearly prolate asymmetric rotors
exhibiting a sizable y, electric dipole moment. It eased our analysis since characteristic
bunches of j,-type R-branch lines at a regular B + C spacing should be easily recognizable
in the broadband spectrum. Three progressions were soon identified as belonging to three
different rotameric species labeled I, II and III (see Figure 2). Note that y;-type R-branch
lines were only observed for rotamer II. The individual lines appeared broadened by the
effect of the N nuclear quadrupole coupling interaction, not resolved by this broadband
technique. The measured transitions were fitted using a rigid rotor Hamiltonian [52]. The
resulting rotational constants are listed in the first three columns of Table 2.

e-E-I11 a-E-111 e-Z-111

e-E-V

Figure 1. The predicted lowest-energy conformers of perillartine below 2000 cm ™! relative to the
global minimum computed at the B3LYP-GD3B] /6-311++G(d,p) level of theory.
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Table 1. Theoretical spectroscopic parameters for low-energy conformers of perillartine computed at
the BSLYP-GD3BJ/6-311++G(d,p) level of theory.

e-E- a-E- e-Z- e-Z-
Parameters e-E-1 e-E-I1 a-E-1 I a-E-11 I e-Z-1 e-Z-11 a-Z-1 I IV e-Z-V
Al 2904 2930 1834 2831 1935 1718 2852 2793 1924 2844 2896 2923
B 374 378 478 382 473 486 372 380 468 376 374 378
C 360 350 461 351 461 472 358 349 458 350 360 351
[ g1 2 1.0 1.1 14 1.0 0.7 1.3 1.0 0.9 1.4 1.0 1.8 1.9
[y | 0.0 0.4 0.2 0.3 0.6 0.6 0.2 0.3 0.6 0.4 2.8 3.0
e | 0.4 0.2 0.7 0.2 0.0 0.4 0.4 0.3 0.1 0.2 0.7 0.6
AE3 0 109 113 185 601 810 1364 1452 1418 1564 1850 1963
AEzpg 4 0 104 161 174 685 929 1291 1376 1392 1481 1733 1841
AG? 0 98 204 120 780 1026 1202 1294 1362 1348 1736 1835
BPag (%) 6 37.6 22.2 21.8 154 2.1 0.7 0.1 0.0 0.0 0.0 0.0 0.0
BPazpE (%) 7 39.2 23.7 18.0 17.0 14 0.4 0.1 0.1 0.0 0.0 0.0 0.0
BPag (%) 8 38.6 24.0 144 21.6 0.9 0.3 0.1 0.1 0.1 0.1 0.0 0.0

LA, B,and C represent the rotational constants (in MHz); 2 Hal, 1y | and | .| are the absolute values of the electric
dipole moment components (in D). 3 Relative energies (in cm™!) concerning the global minimum. 4 Relative energies
(in cm ~1) with respect to the global minimum, taking into account the zero-point energy (ZPE). > Gibbs energies (in
cm™1) calculated at 298 K. Calculated populations in % assuming a Boltzmann distribution (BP = Boltzmann population)
at 298 K and using the relative energies °, the same but with the ZPE correction 7, and using the Gibbs energies ®.

5e4

L[]
K

*°

Rotamer [

Rotamer II
Rotamer I11
Rotamer IV

3000

4000

5000
Frequency (MHz)
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7000

8000

Figure 2. Broadband rotational spectrum of perillartine in the 2400 to 8000 MHz range. Some selected
a-type transitions are highlighted for all assigned species.

Table 2. Experimental spectroscopic parameters for the detected conformers of perillartine.

Parameters Rot I (e-E-I) Rot II (e-E-1I) Rot IITI (e-E-III) Rot IV (a-E-)
Al 2893.8 (51) 5 2911.483 (13) 2823.8 (13) 1779.8 (20)
B 374.7401 (11) 379.22447 (88) 383.84430 (70) 487.2504 (16)
C 361.2711 (11) 351.56235 (80) 351.03516 (62) 468.6655 (15)
1o 2 Observed Observed Observed Observed
Hp - Observed - -
He - - - -
o3 26 22 24 22
N4 27 31 13 14

1A,B,and C represent the rotational constants (in MHz); 2 Ha, Wp and pi. are the electric dipole moment components
observed or not observed). eviation of the fit (in kHz). umber of measured transitions. andary

b d t ob d). 3 RMS deviation of the fit (in kHz). * Number of d transiti 5 Standard

error in parentheses expressed in units of the last digit.
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Afterward, we removed the rotational lines from the above-assigned rotamers, and,
despite its low intensity, we recognized a fourth weaker y,-type R-branch progression
belonging to a fourth rotameric species, labeled as IV (see Figure 2). Subsequently, we
looked for b- or c- type transitions without success. The rotational constants of rotamer
IV obtained after the fit are listed in the fourth column of Table 2. Finally, after removing
the transitions of this new rotamer, no spectral features attributable to other conformers of
perillartine remained in the spectrum. The complete list of measured transitions for the
four identified species is collected in Tables S1-54 of the Supplementary Information.

The assignment of the rotamers to the corresponding calculated conformers relied
on a comparison between the predicted and experimental rotational constants. It can be
easily seen in Table 2 that rotamer IV can be identified unequivocally as a-E-I, since the
axial configuration implies a significant change in the values of the rotational constants.
Afterward, the identification of rotamers I, IT and III as conformers e-E-I, e-E-II, and e-E-III
was simple thanks to the excellent agreement between the theoretical and experimental
spectroscopic parameters, mainly based on the close resemblance of the B and C rotational
constants. Thus, we obtained scale factors by dividing the experimental rotational constants
by the calculated ones; the scale factors ranged from 0.971 to 1.020, which brings the Density-
functional theory (DFT) predicted values of the rotational constants into coincidence with
the experimental ones. This remarkable theoretical-experimental synergy has been found in
previous rotational studies [27,53] and is in the context of a recent spectroscopic benchmark
database [54]. The observation of all the low-energy species (the four representative
conformers) further supports the global consistency of the conformational assignment.

2.3. Perillartine and the Theory of Sweetness

Once the conformational landscape of perillartine was characterized and assigned,
we then compared the geometries of the detected conformers with those of the tripartite
glucophore, following the sweetness theory. As mentioned in the introduction, the identity
of the AH, B groups has remained uncertain until now. Nevertheless, some of the plausible
selections of the contact points exhibit rather unusual distance parameters when compared
to those proposed within the frame of Shallenberger—Acree-Kier’s sweetness theory. Thus,
we initially suggested that the hydroxyl oxygen atom corresponds to the proton acceptor
point (B), while the ring’s C-H opposed to the C=C is the donor group (A-H), since it is an
electropositive site of the molecule. Moreover, this reasoning matches one of the previously
proposed AH and B identifications [18], which is in consonance with the experimental
observation of the sweet taste in different derivatives of perillartine [32]. It shows that
the conjugation of a double bond with the oxime group is a requisite for sweet taste
in this particular compound. Figure 3 shows a sketch of the observed structures, and
their calculated distances between the AH and B contact points. As can be seen, the
distances agree with what is postulated in the sweetness theory. The third contact point (y)
should correspond to the allyl group, since it is a hydrophobic zone. We also note that the
Y point is not a point but a region. In fact, this hydrocarbon section is important and can
vary drastically, as shown for perillartine analogues [38]. Additionally, the three equatorial
conformers show a double possibility to bind the receptor due to the planarity of the oxime
group conjugated with the double C=C bond of the ring, which supports, even more,
the previous statements. As an example, the two plausible sweetness triangles, i.e., the
glucophore tripartite, for the most stable conformer are depicted in Figure 4.

We have also estimated the following abundances for the four observed rotamers of
perillartine from the relative intensities: e-E-I: 32 %, e-E-1I: 48 %, e-E-III: 9 %, a-E-I: 11 %. At
first glance, these estimations do not match the expected ratios derived from the theoretical
computations (see Table 1). This behavior can be ascribed to a possible interconversion be-
tween structures e-E-III and e-E-II (see Figure 5), which may alter their population and which
does not enable a direct estimation of their conformational abundances. Fortunately, the con-
formational interconversion barrier into structure e-E-I is significant enough to preclude any
interconversion and its population is not affected by other conformers. Thus, our estimations
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should be focused exclusively on conformers e-E-I and a-E-I, and set structure e-E-I as the
global minimum. The e-E-I is slightly more stable than the other conformers, as it adopts a
disposition where the methyl group has a lesser steric effect. Nevertheless, these relaxation
issues shall not affect the sweetness of perillartine since, as stated above, all the conformers
exhibit a suitable structure in the framework of Shallenberger—Acree—Kier’s theory.

a-E-1 e¢-E-111

Figure 3. Calculated structures for the four detected conformers of perillartine. The AH-B (CH-O)
distance is 4.3 A for all the structures.

Figure 4. The most stable structure of perillartine highlighting the most favorable “sweetness
triangle”, which could be established in both “top” and “bottom” faces of the molecule. The distances
are given in Angstroms.
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Figure 5. The isomerization relaxed potential energy barrier (PES) between the e-E-III / e-E-II /
e-E-I conformers of perillartine computed at the B3LYP-GD3B]/6-311++G(d, p) level, using the
CH,-C-C-CHj torsion for the scan (as indicated using an arrow).

Finally, it is important to note that, to understand why a molecule is sweet, not only
does the interaction between the molecule and the receptor need to be taken into account,
but also additional factors such as the propensity of the molecule to “reach” (solvent
interactions) or “fit” (molecular size) in the receptor. Interestingly, the axial and equatorial
dispositions of perillartine are considerably different, allowing more diversity to fit in the
receptor. Additionally, the rich conformational space, in which some of the conformers may
be interconverting continuously at room temperature, gives perillartine several shapes,
increasing the change to fit in the receptor, as if they were slightly different pieces of a
puzzle. Altogether, these properties increase the chance of perillartine to interact with the
receptor, making it a particularly sweet molecule.

3. Materials and Methods

Solid rods of perillartine (m.p 102 °C) were prepared by using commercial samples
without further purification and by pressing the compound’s fine powder mixed with
a small amount of a commercial binder. These rods were placed in the ablation nozzle,
and a picosecond Nd: YAG laser (355 nm, 16 m] per pulse, 20 ps pulse width) was used
as a vaporization tool. The resulting products of the laser ablation were supersonically
expanded by utilizing a flow of neon gas at a backing pressure of 10 bar and then probed
by chirp pulsed Fourier transform microwave (CP-FTMW) spectroscopy. Details of the ex-
perimental setup have been given elsewhere [55]. Chirped pulses of 4 us directly generated
by the 24 GS s~! arbitrary waveform generator were amplified to about 300 W peak power
using a traveling wave tube amplifier. The resulting pulses were then transmitted and
detected by broadband microwave horn antennas in a high-vacuum chamber, where they
interacted with the molecular supersonic expansion. At a repetition rate of 2 Hz, 10.000 free
induction decays (4 FID emissions per gas pulse), each with a 10 ps length, were averaged
and digitized using a 25 GS s~ !digital oscilloscope. The frequency-domain spectrum in the
2-8 GHz frequency range was obtained by taking a fast Fourier transform (FFT) following
a Kaiser—Bessel window to improve the baseline resolution. The estimated accuracy of the
frequency measurements is 30 kHz.
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4. Conclusions

The molecular shape of perillartine was investigated in the gas phase using rotational
spectroscopy. Four distinct structures were identified in the supersonic jet, showing an E
configuration of the C=N group with respect to the double bond in the ring. Among them,
one of the structures has the allyl group in an axial position, while three structures show the
equatorial disposition with different orientations of the allyl group. Nevertheless, all the
experimental conformers seem to have a three-point contact, as proposed by the sweetness
theory. Moreover, despite the assignment of the AH-B moiety of the molecule has remained
unknown so far, the precise determination of the three-dimensional structure derived from
the rotational constants further points to the ortho H of the ring as the AH entity and the
hydroxyl oxygen atom as the B point, respectively. Additionally, the rich conformational
panorama highlights the existence of a plethora of possibilities to bind to the receptor and
to help us further rationalize the intensely sweet taste of this particular oxime. In general,
our work provides additional and valuable support to Shallenberger-Acree—Kier’s theory
that links the chemical structure of conformers and sweetness.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27061924 /51, Figure S1: Different views of the predicted
lowest-energy conformers of perillartine below 2000 cm ™! relative to the global minimum; Figure
52: Potential energy scan (PES) rotating the methyl group, i.e., the C-C-C-H dihedral angle, of
structure e-E-I. The barrier height is ~550 cm ™! and, therefore, no splitting is expected due to internal
rotation.; Table S1: Measured frequencies and residuals (in MHz) for the transitions of rotamer I of
perillartine; Table S2: Measured frequencies and residuals (in MHz) for the transitions of rotamer II of
perillartine; Table S3: Measured frequencies and residuals (in MHz) for the transitions of rotamer III
of perillartine; Table S4: Measured frequencies and residuals (in MHz) for the transitions of rotamer
IV of perillartine; Table S5: Cartesian coordinates for the e-E-I structure of perillartine optimized at
B3LYP-GD3BJ/6-311++G(d,p); Table S6: Cartesian coordinates for the e-E-II structure of perillartine
optimized at BSLYP-GD3B]J/6-311++G(d,p); Table S7: Cartesian coordinates for the a-E-I structure of
perillartine optimized at B3LYP-GD3BJ /6-311++G(d,p); Table S8: Cartesian coordinates for the e-E-III
structure of perillartine optimized at B3LYP-GD3B]/6-311++G(d,p); Additional Information: B3LYP
vs MP2; Table S9. Theoretical spectroscopic parameters for low-energy conformers of perillartine
computed at the MP2/6-311++G(d,p) level of theory.
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