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Understanding the intrinsic shape of bioactive molecules such as picaridin is key to elucidating their
mode of action. In this work, we characterize the gas-phase conformational landscape of picaridin, a
flexible chiral repellent with two stereocenters. Broadband rotational spectroscopy combined with
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quantum chemical calculations reveals a single dominant conformer per enantiomeric pair, both
stabilized by internal O-H-:--O hydrogen bonds. These intramolecular interactions induce conforma-
tional locking, constraining the hydroxyethyl chain and favouring a compact geometry. Non-covalent
interaction analysis further confirms that dispersion and hydrogen bonding play a central role in
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Introduction

Vector-borne diseases remain a major global health concern,
and chemical insect repellents play a critical role in minimizing
human-vector interactions.” Since the mid-20th century, con-
siderable efforts have been devoted to developing synthetic
repellents with improved volatility, longer-lasting effects, and
enhanced safety compared to natural alternatives. These devel-
opments led to the introduction of molecules capable of dis-
rupting insect host-seeking behaviour by interfering with
olfactory receptors, ultimately reducing transmission of dis-
eases such as malaria, dengue, and Zika.?

Modern synthetic repellents are characterized by their vola-
tility and structural diversity. Their scaffolds incorporate a
range of functional groups, including piperidines, diols,
amides, esters, and terpenes.3’4 Among them, N,N-diethyl-m-
toluamide (DEET) and picaridin have emerged as the most
widely used. While DEET has served as the historical bench-
mark for repellent efficacy, picaridin—also known as icaridin or
KBR 3023—was developed more recently through ligand-based
molecular design rooted in known bioactive frameworks.>®
Picaridin is currently recommended by major international
agencies, including the World Health Organization (WHO)
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conformational selection under isolated conditions.

and the U.S. Centers for Disease Control and Prevention
(CDC), owing to its broad-spectrum efficacy, low dermal absorp-
tion, and favourable toxicological and sensory profile. Its activity
has been shown to rival or exceed that of DEET in both
laboratory and field conditions.”

Chemically, picaridin is a chiral carbamate derivative of
piperidine (Fig. 1), featuring a sec-butyl ester group at the
nitrogen atom and a hydroxyethyl chain at the 2-position. The
molecule contains two stereogenic centres, giving rise to four
diastereomers grouped into two enantiomeric pairs: (11R,2R)/
(11S,25) and (11R,25)/(11S,2R). Previous studies have identified
the (11R,2S) diastereomer as the most biologically effective.® The
presence of flexible alkyl chains and polar functional groups
imparts considerable conformational freedom, which may influ-
ence the molecule’s interaction with olfactory proteins and other
biological targets. However, a detailed picture of picaridin’s
intrinsic conformational preferences remains elusive.

Most structural studies of picaridin have been performed in
condensed phases, where intermolecular forces such as solva-
tion and crystal packing can distort geometries and mask
subtle intramolecular effects. In contrast, gas-phase studies
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Fig.1 Structural formula of  1-(1-methylpropoxycarbonyl)-2-(2-
hydroxyethyl)piperidine (picaridin), showing the atom numbering. The
stereogenic centres (C2 and C11) are marked with asterisks (*).
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allow access to unperturbed molecular structures and the
intrinsic balance of internal interactions. High-resolution rota-
tional spectroscopy, particularly when combined with supersonic
jet cooling, offers an ideal platform to investigate such systems.
The technique delivers rotational constants and nuclear quadru-
pole coupling data with unrivalled precision, enabling the unam-
biguous identification of specific conformers, even in the
presence of subtle structural differences.”** Small variations in
torsion angles or intramolecular hydrogen bonding patterns
result in distinct spectral fingerprints, allowing detailed explora-
tion of conformational landscapes.

The advent of broadband chirped-pulse Fourier transform
microwave (CP-FTMW) spectroscopy'®'® has further expanded
the scope of these studies. This approach enables the acquisition
of rotational spectra over gigahertz-wide frequency windows in a
single experiment, facilitating the rapid detection of multiple
species and reducing sample consumption. In combination
with adiabatic cooling via supersonic expansion,'® CP-FTMW
becomes especially powerful for the analysis of flexible organic
molecules, as it strongly favours the observation of only the
lowest-energy conformers. This simplifies spectral assignment
and enhances sensitivity to weak intramolecular interactions
such as hydrogen bonding and dispersive contacts.

After addressing the challenging spectroscopic characterization
of DEET," this study presents a comprehensive investigation of
the gas-phase structure of picaridin using CP-FTMW spectroscopy,
supported by quantum chemical calculations. Emphasis is placed
on identifying the dominant conformers for each enantiomeric
pair, characterizing their internal geometry, and understanding
the role of weak intramolecular forces in shaping the overall
structure. Non-covalent interaction (NCI) analysis is employed to
dissect the nature of these stabilizing interactions and to elucidate
the balance of forces that govern the conformational preferences
of this pharmaceutically relevant molecule.

Results and discussion
Conformational space and computational analysis

Picaridin exhibits substantial conformational flexibility due to
the length and rotational freedom of its hydroxyethyl and sec-
butyl chains attached to the piperidine ring and the carbamate
group, respectively. An exhaustive conformational search using
B3LYP-D3(BJ)/def2-TZVP with an energy cut-off of 30 kJ mol "
yielded 142 conformers for the (R,R)/(S,S) diastereomers and
148 for the (S,R)/(R,S) pair. To reflect the low-temperature
population under supersonic jet conditions, the energy thresh-
old was reduced to 5 k] mol ', retaining only six conformers
per diastereomeric family (see Fig. S1 and S2 (ESIt); full list of
their rotational parameters in Tables S1 and S2, ESIY).

Within this energy window, all conformers share a common
feature: the hydroxyethyl group is locked in place by a strong
intramolecular O-H---O hydrogen bond with the carbamate
carbonyl oxygen. As a result, the conformational variability
observed arises exclusively from the flexibility of the sec-butyl
group. This flexibility is defined by the values of two key
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Fig. 2 Predicted most stable structures of picaridin (R,R/S,S)-1 (left) and (S,R/
R.S)-I (right), optimised at the B3LYP-D3(BJ)/def2-TZVP level, showing the
orientation of the sec-butyl chains defined by the § and ¢ dihedral angles.

torsional angles: the ¢ dihedral angle (C10-C11-C12-C13), which
controls the spatial orientation of the terminal ethyl group relative
to the methyl group; and the ¢ dihedral angle (C7-09-C11-C12),
which defines the orientation of the entire sec-butyl fragment
relative to the molecular backbone (Fig. 2). In the most stable
conformers of both diastereomeric families, these angles adopt
values of approximately 6 ~ 177° and ¢ = 155° (Fig. 2), corres-
ponding to an antiperiplanar arrangement of the ethyl and methyl
groups and a gauche-like positioning of the sec-butyl chain relative
to the ring. As these angles deviate from their optimal values, the
energy of the conformers increases gradually: ¢ shifts from
antiperiplanar to synclinal (positive or negative), while ¢ moves
from gauche to synclinal or returns to antiperiplanar in the higher-
energy species (see Fig. S1 and S2, ESIf). This progression
illustrates the delicate energetic balance controlled by side-chain
orientation in the conformational space of picaridin.

Rotational spectrum and assignment

The rotational spectrum of picaridin was recorded using chirped-
pulse Fourier transform microwave (CP-FTMW) spectroscopy in
the 2-6 GHz frequency region under pulsed supersonic expansion
conditions. The spectrum revealed two distinct sets of R-branch
transitions with well-resolved p,-type selection rules, both exhibit-
ing hyperfine structure due to the "N nuclear quadrupole
moment. These two families of transitions were attributed to
the most stable conformers of each diastereomeric pair, (R,R/S,S)-I
and (S,R/R,S)-I. The assignment was carried out by fitting the
experimental transitions using a semi-rigid rotor Hamiltonian in
the I' representation with Watson’s A reduction*®'® as implemen-
ted in SPFIT.*® The resulting experimental rotational constants,
selected centrifugal distortion terms (D, Dj, and Dy), *N quad-
rupole coupling parameters, dipole moment components, and
planar moments of inertia are summarized in Table 1, alongside
the values predicted at the B3LYP-D3(B])/def2-TZVP level. In the
(R,R/S,S)I case, the rotational constants alone were insufficient to
unambiguously assign the conformation, as several predicted
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Table 1 Experimental and theoretical rotational parameters, dipole moments, and planar moments of inertia for the observed conformers of picaridin.
The fits were performed using SPFIT. Theoretical values were computed at the B3LYP-D3(BJ)/def2-TZVP level

(R,R/S,S)-1 (S,RIR,S)1

Theo. Exp. Theo. Exp.
A% [MHz] 710 710.29926(41)° 708 707.60951(57)
B [MHz] 367 368.23132(15) 348 347.89106(15)
C [MHg] 273 273.15095(14) 292 292.00406(19)
Dy [kHz] 0.005 — 0.012 —
Dy [kHz] 0.045 0.1003(92) 0.093 0.156(11)
Dy [kHz] 0.077 —0.070(13) 0.035 —0.194(34)
Yaa [MHzZ] 2.457 2.1807(16) 2.373 2.2527(18)
7bb [MHZ] -1.115 —0.9225(82) —0.726 —0.5255(89)
e [MHz] —1.341 —1.2581(82) —1.647 —1.7271(89)
Py, [UA? 1258 1255.56521(58) 1235 1234.60658(70)
Py, [UA?] 593 594.61692(58) 496 496.11937(70)
Pec [uA?] 119 116.88460(58) 218 218.08670(70)
|tal/| /| | [D] 0.6/3.6/1.9 0.3/4.0/1.5
N 262 176
o [kHz] 12.3 12

“ A, B, and C are the rotational constants; Dy, Dy, and Dy are centrifugal distortion constants; yaa, xob, and yc are the "N nuclear quadrupole
coupling constants. P,,, Py, and P are the planar moments of inertia calculated from the moments of inertia (,, I,, and I..) as for example P = (I,
+ 1, — 1.)/2, |tal, ||, and |uc| are the absolute values for the dipole-moment component. N is the number of fitted transitions, and ¢ is the root-

mean-square deviation of the fit. ?

structures showed nearly indistinguishable values within a few
MHz (see Table S1 and Fig. S1, ESIt). However, this can be solved
by looking at the experimental planar moments of inertia, calcu-
lated as for example P, = (I, + I, — I.)/2,"® which are more
sensitive to subtle changes in mass distribution. For the (R,R/S,S)
diastereomeric pair, the experimental planar moments of inertia
matched only the lowest-energy conformer within the error
margin of the fit, confirming the assignment to the (R,R/S,S)-I
species. In contrast, for the (S,R/R,S)-I conformer, the predicted
constants were already distinct from those of the other confor-
mers, and both the rotational and planar moments matched the
experimental data within 0.5%, providing a more straightforward
assignment. For both diastereomers, the sign of Dy differs
between experimental and theoretical values (Table 1). This dis-
crepancy may arise from the small magnitude of the constant and
its sensitivity to slight variations in the orientation of the alkyl
chains. Nevertheless, inclusion of Dy along with Dy, was essential
to obtain fits with low standard deviation.

A representative excerpt of the experimental spectrum is
reproduced in Fig. 3, showing transitions corresponding to
both conformers. The fitted transitions reproduce the observed
hyperfine splittings with excellent accuracy. The quadrupole
coupling constants obtained from the fits are in close agree-
ment with the theoretical predictions, supporting the structural
assignment and confirming that the nitrogen atom adopts a
pyramidal environment consistent with a substituted piperi-
dine ring. The observed intensities for the rotational transitions
for both conformers are also consistent with the predicted
values of the dipole moment components, reinforcing the
conformational identification. The full list of observed transi-
tions, along with their quantum number assignments and
residuals, is provided in Tables S3 and S4 (ESIY).

After assigning all transitions from both conformers, several
lines remained unassigned. No additional conformers of picaridin
were detected, even after extended signal averaging. Such
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Experimental uncertainties are given in parentheses in units of the last digit.
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Fig. 3 Excerpt of the rotational spectrum of picaridin. The observed trace
(black, upward) is shown together with simulated spectra (coloured,
downward) for the assigned conformers: (R,R/S,S)-I in red, (S,R/R,S)-1 in

blue. Selected transitions are magnified to show the resolved hyperfine
structure. A broader frequency range is provided in Fig. S3 (ESI).

unassigned lines are commonly observed in CP-FTMW spectra
and may originate from impurities, decomposition products, or
weakly bound complexes—including adducts with the carrier gas,
self-aggregates, or water complexes formed in the expansion. This
absence is consistent with low barriers between the lowest-energy
structures (Fig. S4, ESIt). In the (R,R/S,S) family, the second
conformer (designated II) readily interconverts through internal

This journal is © the Owner Societies 2025
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Fig. 4 Non-covalent interaction (NCI) plots for the two observed con-
formers of picaridin: (R,R/S,S)-1 and (S,R/R,S)-1. The sign of 4,, combined
with the electron density, distinguishes the nature of the interactions:
attractive (blue/green) and repulsive (red) regions are colour-mapped
according to the sign(4,)-p scale.

rotation of the ¢ dihedral. For the (S,R/R,S) family, the second
conformer is essentially isoenergetic with the global minimum,
with a relative zero-point corrected energy of 0.5 k] mol™*, and a
computed barrier for the conversion II — I of only 0.4 kJ mol "
(Fig. S4, ESIt). Efficient relaxation processes in the core of the
supersonic expansion combined with low or negligible barriers
(Fig. S4, ESIY), result in rapid conversion to the most stable
geometry,”' explaining why higher energy conformers were not
observed in the experimental spectrum. Additional relaxed scans
varying either the 6 or ¢ dihedral angles were performed to
explore possible relaxation pathways among the remaining con-
formers (Fig. S5 and S6, ESIt). The results indicate feasible
relaxation for the conversion of (S,R/R,S)-V to (S,R/R,S)-III and
(S,R/R,S)-VI to (S,R/R,S)1V (Fig. S6, ESIT). However, different path-
ways not explored in this work cannot be rejected as explanations
for the absence of the higher-energy conformers. Alternatively,
their non-detection could result from the relatively weak signal
intensity of the spectrum, which was insufficient even to observe
3¢ isotopologues.

Intramolecular interactions

To better understand the stabilization of the experimentally
observed conformers, we performed non-covalent interaction
(NCI)*>** analysis on the optimized geometries of (R,R/S,S)-I
and (S,R/R,S)-I. This method enables visual identification of
attractive and repulsive intramolecular contacts based on the
topology of the electron density. The resulting NCI isosurfaces
are shown in Fig. 4, with coloured regions representing the
spatial extent and strength of non-covalent interactions. Blue
surfaces correspond to attractive interactions with negative
values of the second eigenvalue A, of the electron density
Hessian matrix, typically associated with hydrogen bonding.
Green surfaces indicate weakly attractive dispersion forces
(42 = 0), while red surfaces reveal steric repulsion (1, > 0).
In both conformers, the most prominent interaction is the
O-H- - -O hydrogen bonding between the hydroxyl and the ester
carbonyl oxygen, which acts as a structural lock, stabilizing the
folded geometry of the hydroxyethyl side chain. As in other
carbamates characterized before,>*>® the carbonyl acts as
hydrogen acceptor while the other group, in this case the
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View Article Online

PCCP

hydroxyl acts as hydrogen donor. This interaction appears as
an intense, localized blue surface between the two atoms
involved and is further supported by electron density topology:
the bond critical point exhibits a Laplacian V?p with negative
curvature and 4, < 0, indicative of strong attraction.

Surrounding the ester oxygen, the carbonyl also engages in
C-H---O dispersive interactions, particularly with hydrogen
atoms on the piperidine ring or the sec-butyl fragment. These
interactions are weaker but spatially extended and contribute to
the rigidity of the folded geometry. The green isosurfaces in
Fig. 4 illustrate these dispersion contacts clearly. These inter-
actions, in particular the intramolecular hydrogen bond, play a
central role in stabilizing the gas-phase geometry and deter-
mining the observable population under supersonic expansion
conditions. Importantly, they arise in the absence of any
solvent or receptor environment, highlighting their intrinsic
nature. In contrast, in the recently reported repellent DEET,"”
conformers are stabilized by weaker dispersion forces, resulting
in greater conformational flexibility, which may enable broader
but less selective interactions with biological targets compared
to the more structurally constrained picaridin.

Structural comparison of assigned conformers

Although (R,R/S,S)-I and (S,R/R,S)-1 are diastereomers stabilized
by the same O-H- - -O hydrogen bond motif, a direct structural
comparison reveals subtle but consistent differences. Both
conformers adopt a folded geometry stabilized by the intra-
molecular loop involving the hydroxyethyl and ester groups,
and they share nearly identical hydrogen bond distances and
angles. However, small deviations appear in the orientation of
the sec-butyl fragment. In (R,R/S,S)-], the ¢ dihedral angle is
slightly more compressed, leading to a more compact overall
shape. This manifests as marginally smaller C rotational con-
stants and planar moments of inertia compared to (S,R/R,S)-I,
suggesting a slightly tighter mass distribution. These geometric
differences, though minor, illustrate how diastereomeric varia-
tion can subtly modulate the overall molecular shape even in
conformationally locked systems. Such fine structural differ-
ences may be relevant in contexts where shape complementarity
or stereoselective interactions play a role, for example in binding
to chiral receptor sites or membrane environments.

Conclusions

We have studied the structure and conformational preferences
of picaridin, one of the most promising candidates to replace
DEET" as a standard insect repellent. Despite its flexibility and
chirality, only one conformer was observed for each diastereomeric
pair under gas-phase conditions. These were unambiguously
assigned using high-resolution rotational spectroscopy, supported
by theoretical predictions of rotational constants, planar moments
of inertia, and nuclear quadrupole coupling parameters. Both
conformers are stabilised by a strong intramolecular O-H---O
hydrogen bond that locks the hydroxyethyl side chain, forming a
compact and rigid geometry. Additional dispersion interactions
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reinforce the structural locking, as revealed by non-covalent inter-
action analysis.

This work highlights the power of rotational spectroscopy to
resolve and characterise individual conformers of flexible,
bioactive molecules with exceptional precision. These findings
serve as a benchmark for future studies on structure-activity
relationships and may aid in the rational design of conforma-
tionally constrained repellents.

Methods

Computational methods

A multi-step strategy was used to explore the conformational space
of picaridin, following procedures previously applied to flexible
systems."*” In the first step, a molecular mechanics conforma-
tional search was carried out using the Merck molecular force field
(MMFFs)*® as implemented in Macromodel version 14 release
2024-4.%° This force field is parametrised for a wide range of organic
functional groups and is well-suited to modelling the flexibility of
molecules such as picaridin. Picaridin has four stereoisomers
grouped into two enantiomeric pairs: (RR)/(S,S) and (S,R)/(R,S).
Since enantiomers are mirror images and share identical rotational
constants, they cannot be distinguished under the conditions of
our experiment. For this reason, the conformational search was
restricted to one representative of each pair: (R,R/S,S) and (S,R/R,S).

The resulting geometries were subsequently reoptimised
using quantum mechanical calculations at the B3LYP-D3(BJ)/
def2-TZVP level.** > Harmonic frequency analysis was per-
formed to confirm the nature of the stationary points and to
obtain zero-point corrected energies. All quantum chemical
calculations were carried out using the Gaussian16 software
package revision A.03.** Theoretical rotational parameters and
relative energies for all conformers within each diastereomeric
family are listed in Tables S1 and S2 of the ESI.{

Experimental methods

A commercial sample of picaridin (95% purity) was used without
further purification. The rotational spectrum was recorded using the
chirped-pulse Fourier-transform microwave (CP-FTMW) spectro-
meter developed at the University of the Basque Country>** based
on the original broadband designs.'* The sample, a colourless liquid
at room temperature, was heated to 150 °C to generate a sufficient
vapour pressure. The vapour was seeded in neon at a backing
pressure of 2 bar and introduced into the vacuum chamber through
a pulsed solenoid valve operating at 1 Hz. A 4 pis excitation pulse was
applied to induce macroscopic polarisation, followed by a short
delay and acquisition of a 20 ps free induction decay (FID) signal.
Ten excitation—-detection cycles were performed per gas pulse, yield-
ing an effective repetition rate of 10 Hz. A total of 1400000 FIDs
were co-added to produce the final broadband spectrum.
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