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Abstract

Tiopronin, an N-substituted glycine derivative bearing a thiol group, offers a com-
pelling structural analogy to HS-peptides—molecules of growing interest in prebiotic
chemistry. These thiol-terminated peptides, potentially formed through abiotic dry-
down reactions of mercaptoacids and amino acids, represent a plausible alternative
to classical peptide formation under early Earth conditions. In this work, we investi-
gate the conformational landscape of tiopronin by combining high-resolution microwave
spectroscopy with state-of-the-art quantum-chemical calculations. Using an unsuper-
vised computational framework that integrates multiple methods while balancing accu-
racy and efficiency, we predict the low-energy conformers detectable in microwave ex-
periments and compute their ground-state rotational constants. An unbiased validation
of the resulting conformational landscape is obtained through direct comparison with
experiment, enabled by the accuracy attained in the computed spectral parameters.
This integrated approach not only provides detailed structural insight into tiopronin
but also contributes to a broader understanding of molecular complexity emerging
from prebiotic chemical pathways. Moreover, the generality of the proposed frame-
work makes it well suited for the structural characterization of other thiolated amino

acids and peptide-like systems of prebiotic and biochemical relevance.



1 Introduction

Tiopronin is an N-substituted derivative of glycine that can be formally viewed as the product
of a condensation reaction between thiolactic acid and glycine (see Figure 1). Specifically,
the carboxylic acid group of thiolactic acid reacts with the amino group of glycine, forming
an amide bond. This linkage is structurally and chemically analogous to the peptide bonds
that connect amino acids in peptides and proteins.! Amide bonds play a fundamental role
in nature, as they constitute the backbone of protein structures and enable the formation of
complex biological macromolecules from simple amino acid units.

The biological significance of proteins has motivated extensive efforts to understand their
chemical origins, particularly within the context of prebiotic chemistry. A central objective in
this field is to identify plausible pathways for peptide formation under primitive Earth condi-
tions, predating enzymatic catalysis and cellular machinery.? However, it is well known that
the abiotic condensation of amino acids into peptides faces both thermodynamic and kinetic
constraints, including high activation barriers and the necessity of water removal—conditions
not easily met in early Earth environments.?

Recent studies have proposed alternative mechanisms to overcome these barriers. In par-
ticular, dry-down reactions between mercaptoacids and amino acids can yield HS-peptides,
in which the typical N-terminal amine is replaced by a thiol group.® Although these species
feature the same amide linkage as conventional peptides, they exhibit distinct reactivity
and stability. Tiopronin serves as a modern analogue of such systems: its terminal thiol
group makes it a valuable model for exploring prebiotic peptide formation and its structural
consequences.

Structurally, tiopronin also presents significant conformational flexibility due to multiple
rotatable bonds and polar functional groups. Accurately characterizing its conformational
landscape requires both sensitive spectroscopic techniques and robust computational models.

Rotational spectroscopy in the microwave (MW) region is one of the most powerful



tools for such studies. Since rotational constants are directly related to the molecular ge-
ometry and atomic masses, and different conformers generally have distinct moments of
inertia, MW spectroscopy provides an unambiguous means to identify and differentiate con-
formers, isomers, and isotopologues. In recent years, the technique has been successfully
applied to thermolabile solids—such as many molecular bricks of life—thanks to the devel-
opment of laser ablation (LA) sources.*® The subsequent supersonic-jet expansion cools the
molecules to very low rotational temperatures, greatly simplifying the spectra. Additionally,

1011 combined with fast-mixing nozzles, have enabled the

chirp-pulse MW spectrometers,
characterization of large molecular systems and non-covalent interactions.'*>1® MW spec-
tra of simple dipeptides and analogues have thus been interpreted with the aid of DFT
calculations. %17 Nevertheless, only high-level quantum chemical methods can provide the
accuracy required for predictive MW spectra without resorting to chemical intuition or ex-
ternal data.'® Composite post-Hartree-Fock approaches have been successfully employed for
the glycine dipeptide analogue,” but their application to larger and more flexible systems is
limited by prohibitive computational cost and the need to explore multiple low-energy con-
formers. Moreover, achieving spectroscopic accuracy demands vibrational corrections that
depend on semi-diagonal cubic force constants, which are themselves expensive to compute.

Based on these premises, we have developed and validated in the last two years the

family of Pisa composite schemes (PCS),1%2°

which combines the efficiency of lower-level
methods with the accuracy of high-level ab initio calculations through a systematic strategy.
Furthermore, fast numerical procedures for the computation of diagonal and semi-diagonal
third energy derivatives have been implemented.?!

Leveraging these tools, we investigate the potential energy surface of tiopronin, identify its
low-energy conformers, and compute their equilibrium and vibrationally corrected rotational
constants. These predictions allow direct comparison with experimental MW spectra and

enable reliable conformational assignments. Our work exemplifies how the synergy between

high-resolution microwave spectroscopy and state-of-the-art quantum chemical modeling can



yield detailed structural insights into biologically and prebiotically relevant molecules such

as tiopronin.

2 Methods

2.1 Experimental details

A commercial sample of tiopronin (TCI, 97%) was used without further purification. A
solid cylindrical rod was prepared by mixing the sample with a small amount of commercial
binder (Peoval 33). The resulting mixture was pressed, inserted into the ablation nozzle,
and vaporized using the third harmonic (355 nm) of a picosecond Nd:YAG laser (20 mJ per
pulse, 20 ps pulse width). The vaporized species were then supersonically expanded with
neon as the carrier gas at a backing pressure of 10 atm.

The resulting molecular jet was analyzed using a Chirped Pulse Fourier Transform Mi-
crowave (CP-FTMW) spectrometer coupled to the laser ablation (LA) system.?* 24 Spectra
were recorded in the 6-12 GHz region. A pulsed valve, synchronized at 2 Hz, was used to
generate the supersonic expansion into the vacuum chamber of the spectrometer, ensuring
rotational cooling of the molecules.

The microwave excitation pulse was generated by a 24 GS s~! arbitrary waveform gen-
erator (AWG), which produced a 4 ps chirped pulse in the 3-6 GHz range. This signal
was frequency-doubled and amplified by a 300 W traveling wave tube amplifier (TWTA) to
induce a macroscopic polarization in the sample. The resulting free induction decay (FID)

signals were detected in the time domain using a 50 GS s~!

oscilloscope. Up to 80,000 in-
dividual FID signals were recorded, with four FIDs collected per valve cycle. These were

averaged and subsequently Fourier transformed to obtain the final frequency-domain spectra.



2.2 Computational details

Different variants of the Pisa Composite Schemes (PCSs),'? characterized by increasing levels
of accuracy, are employed in a general exploration /exploitation strategy refined and validated

in several recent studies.?®2® The main steps of the workflow are as follows:

1. Initial identification of a broad panel of low-energy minima through conformational
sampling using three different force fields (OPLS2005, MMFFs, and Amber). Torsional /low-
mode sampling was performed with an energy window of 35 kJ/mol, employing the

Maestro suite from the Schrodinger program.2?

2. Geometry optimization and analysis of relaxation pathways between adjacent minima
using the B3LYP functional with the 6-31+G* basis set and D3BJ dispersion correc-

tions. This computational model is referred to as HPCS2.

3. Evaluation of accurate geometries and harmonic force fields for the most stable min-
ima not involved in rapid relaxation via the rev-DSD-PBEP86-D3BJ double-hybrid
functional®® and the 3F12~ basis set.?! The latter is derived from the standard cc-
pVTZ-F12 basis set3? by removing d functions on first-row atoms and replacing the
two f functions on second- and third-row atoms with a single one from the cc-pVTZ

set.33 This computational model is referred to as DPCS3.

4. Further refinement of equilibrium geometries by applying one-parameter corrections to
DPCS3 bond lengths (referred to as BDPCS3).?* These corrections, ArPCY and ArBY

are applied only to bond distances:

TBDPC’SS — ,erSD/BFlQ— + AT’BCV + ATBV (1)

where

ArfY = K, . (2)

v



and

BV _ 11 rDSD/3F12—
Ar; —Knm],r (3)

with n, and n; being the atomic numbers of the bonded atoms. The K and K’ co-
efficients are related to the covalent radii and Pauling bond orders, respectively.343°
Notably, BDPCS3 results can be obtained at the same cost as a standard DFT opti-

mization.

5. Computation of spectroscopic parameters and relative populations under experimental
conditions, using BDPCS3 geometries. Since MW spectroscopy yields ground-state
rotational constants, vibrational corrections must be included. These are incorporated
via:

BY = B+ ABY (4)

where B¢ and ABY" denote the equilibrium constant and its vibrational correction
along axis 7. Within second-order vibrational perturbation theory (VPT2), AB*® is
decomposed into harmonic (AB"™) Coriolis (AB°"), and anharmonic (AB**") con-
tributions, the latter depending on semi-diagonal cubic force constants.®® In this work,
these terms are computed using a reduced-cost approach based on analytical gradi-
ents. 2137 Vibrational corrections typically range from 0.3% to 0.7% of the rotational
constant, and HPCS2 yields anharmonic corrections with errors below 10%,3® making

it suitable when 0.1% accuracy (i.e., spectroscopic accuracy) is targeted.

The characteristics of the different PCS variants!'® are summarized in Table 1.

Table 1: PCS variants used in this study. See main text for further details.

Label Valence (fc) Core-valence (ae-fc) A Valence (fc)
HPCS2 B3LYP/6-31+G* none D3BJ
DPCS3  rev-DSD-PBEPS86/3F12- none D3BJ
BDPCS3  rev-DSD-PBEPS6/3F12- CVB (Eq. 2) D3BJ + VB (Eq. 3)

The energy thresholds adopted throughout the workflow are tailored to the system
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and spectroscopic technique under study. A conservative detectability threshold is around
900 cm™! (corresponding to ~1% population at room temperature, where kT'/hc ~ 207 cm™!)
Standard energy cutoffs for successive steps are: 2500 cm™! (initial sampling), 1500 cm™" (in-
termediate refinement), and 1000 cm ™! (final selection). Additionally, relaxation to more sta-
ble conformers is considered probable when the associated barriers are below ~400 cm ™!, 41743
To account for such processes, HPCS2 relaxed scans were performed along soft degrees of
freedom (notably exocyclic dihedrals), followed by TS optimization and characterization at
the same level. Barrier heights were then refined via single-point DPCS3 energy calculations
at HPCS2 geometries.

All calculations were performed using the GAUSSIAN 16 package.** The BDPCS3 geo-

metrical parameters were obtained from the corresponding DPCS3 bond lengths via the ded-

icated web platform available at https://www.skiesvillage.it/proxima/pcsbonds/. %

3 Results and Discussion

The conformational landscape of tiopronin is governed by several torsional degrees of free-
dom, as depicted in Figure 1. Dihedral angle labeling follows standard peptide nomenclature:
for the i-th residue, ¢; = C’;_1—-N-C*-C’i, ¢; = N-C*-C-X, w; = C*-C-X-Y, and Xg de-
notes the j-th side-chain torsion. For the i-th non-terminal residue, X = N and Y = C% + 1,
such that wy remains close to 180°. On the other hand, for the terminal residue n (glycine
in the case of tiopronin, with n = 2), X = O, Y = H, and w, can adopt either near-cis or
near-trans configurations. Naturally, the ¢, angle is undefined for tiopronin.

Dihedral angles are hereafter listed in the following order: 1y, ¢q, 19, wy, and x1 (referred
to simply as xi, since there is no ambiguity in the present case), with w; not explicitly
reported. Staggered conformations are denoted as g (60°), g~ (—60°), and a (180°), while
s (0°), p (90°), act (120°), and ac™ (—120°) indicate syn, perpendicular, and anticlinal

arrangements, respectively.

35,39,40
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( Thiolactic acid Glycine \

x = C,C,SH ¢, = C3NC,Cs
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Figure 1: Structural motifs of thiolactic acid, glycine, and tiopronin. Atom numbering and
dihedral angle labeling for tiopronin are also shown.

Low-energy conformers are stabilized by intramolecular hydrogen bonds that generate
the pseudo-cyclic motifs defined in Table 2. Among these, C4 motifs form four-membered
rings whose stabilization is governed by the planarity of the carboxylic group, itself favored
by electron delocalization. The O-H---C=0 interaction, although geometrically constrained,
remains energetically favorable. C7 motifs generally provide greater stabilization than C5
ones, due to reduced ring strain. Thiol-based interactions (C5SH, C5S) are intrinsically
weaker but may still contribute to the overall conformational stability when favorable spatial
46-48

arrangements occur.

C5 and C50H rings necessarily coexist with C4 interactions due to shared geometric



constraints, while C7 and C4 motifs are mutually exclusive, as the formation of a C7 ring
requires rotation of the wy dihedral from trans to syn. C5S and C5SH motifs are generally
compatible with other hydrogen bonds and can be further classified based on the y; dihe-
dral conformation (gauche or anti), as shown in Figure 2. These competing intramolecular
interactions modulate the delicate balance between extended and folded geometries. No-
tably, extensive data on amino acids and peptide systems” 2?5 support a consistent ranking of
hydrogen-bond donor (O-H > N-H > S-H) and acceptor (N > C=0 > OH > S) strengths.
Accordingly, the O-H---C=0 hydrogen bond in the C7 motif provides the strongest indi-
vidual stabilization, followed by the analogous interactions in the C5 (highly bent) and C4
(highly strained) motifs. However, the combined stabilization from coexisting C5 and C4
interactions often exceeds that of a single C7 motif. Furthermore, the C5 motif is energeti-
cally more favorable than its C5OH analogue. Thiol-based hydrogen bonds, such as N-H---S
(C5S) and S-H--N (C5SH), remain considerably weaker and only stabilize conformers when
reinforced by stronger, concurrent interactions.

Table 2: Intramolecular hydrogen bonds in tiopronin. Atom labels follow Figure 1.

Cycle H-bond Dihedrals

C4 C5=0 --- HO wy = 180°

Ch Cb5=0 --- HN P2 = 180°, 1P = 180°, wy = 180°
C50H HO --- HN P2 = 180°, 12 = 0°, we = 180°

C5SHg SH --- C3=0 (gauche) 1 = —120°, x; = —60°
C5SHa SH --- C3=0 (anti) 1 = 0°, xy1 = 180°

C5Sa S --- HN (anti) Y1 = 90°, x1 = 180°
C5Sg S .-+ HN (gauche) i = 180°, 120°; x1 = +60°
7 C3=0 --. HO by = +60°, 1by = T60°, wy = 0°

A total of 25 distinct equilibrium conformers were identified (Table S1), 18 of which
exhibit low interconversion barriers (AFE, < 400cm™!), suggesting rapid relaxation toward
more stable structures under experimental conditions.*'* For each conformer, key geomet-
rical parameters, dipole moments, relative electronic energies at the DPCS3 level (AE),
zero-point vibrational corrections (AZPE), and thermodynamic contributions at 298.15K

and latm are reported in the Supplementary Information (SI). A representative set of low-
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Figure 2: Hydrogen bond types which stabilize every conformer.

energy conformers, each associated with a distinct hydrogen-bond family, is summarized in
Table3, with the corresponding structures illustrated in Figure 3.

The two most stable conformers, 1-C5 and 2-C5, are characterized by three hydrogen
bonds forming C4, C5, and either C5Sg or C5Sa motifs. Additional C5-type structures (3-
C5 through 7-C5), which feature C4 and C5 rings with secondary thiol-based interactions,
relax readily to 1-C5 or 2-C5 via rotation around 1, and/or 1, with barriers below 400 cm ™.

Several low-lying conformers include C5S and C4 rings but lack the C5 interaction (e.g.,
1-6-C5Sg, 1-4-C5Sa), and also relax efficiently toward more stable C5-type structures. Only
one conformer, 1-C50H, which features a C5OH pseudo-cycle, appears sufficiently kinetically
stable to be potentially observable. It shows a population of ~4% at 298.15K and relaxation
barriers exceeding 500cm ™. Its analogue, 2-C50H, undergoes more facile relaxation to 3-C5.

In dipeptide analogues bearing terminal amide groups, the NH, fragment can form a C7
ring with the central carbonyl oxygen without compromising other stabilizing interactions.”
In contrast, tiopronin’s carboxylic terminus enforces formation of a C7 motif only at the

expense of breaking the C4 hydrogen bond, due to the required wy rotation from 180° to 0°.
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Figure 3: Lowest-energy conformers from different hydrogen-bonding classes.

-1

As a result, the most stable C7 conformer lies roughly 330cm™" above the global minimum

(Table3), with entropic effects further destabilizing it. This makes its detection in the MW

spectrum unlikely.

Table 3: Geometric parameters and relative DPCS3 electronic energies (AE), DPCS3 har-
monic zero-point energies (AZPFE), enthalpies [A(AH)], and entropies [A(T'AS)] at 298.15
K and 1 atm of the different structures of tiopronin. All the values are in cm™

Conformers P1 o P2 ws X1 (w1) | AE® AZPEP A(AH®)PI A(TAS)P AE,"
s 1-C5  {ac*,a,a,a,97} 132.9 1781 -179.4 -179.7 -49.7 (1782)| 0.0 0.0 0.0 0.0
2-C5  {p.a,a.a,a} 99.4  -1744 -179.4 -180.0 1728 (-177.6) | -89.7 18.9 4.6 -70.5 {p.a,a,a.a} = {act, a,a,a,g7} : 926.0
C50H 1-C50H {ac*,a,s,a,g} 1335 1665 52 1789 496 (178.0)| 7937 204 26.3 12 {ac*.a,5,a,97} — {ac*,a,a,a, g7} : 564.8(564.710)
2-C50H {ac ,a,s,a,g"} -140.6 -1755 -13.0 -1783 -65.6 (-172.7) | 877.3 -23.5 43.9 198.2 {ac.a,s,a,97} — {ac".a.a,a,g”} : 588.9(407.11)
C55a 1-C5Sa  {p.g~.a.a,a} 893 794 1751 1797 1779 (1707) ] 841  117.0 285 1240 {p.g.a.a,a} — {p.a,a.a,a} : 1784
2-C5Sa {p.g",a.a,a} 100.8  77.7  -174.7 -179.7 1749 (-165.1) | -0.7 94.2 -25.0 -158.9 {p.g%,a,a,a} = {p.a,a,a,a} :149.9
58 1-C58g  {a,g",a.a,97} 1719 727 -173.9 -179.6 -72.2 (-168.3) | -31.5 103.4 -45.2 -191.8 {a.9%,a,a,97} = {ac*,a,a,a,97} : 238.2
g 2-C58¢g  {ac*,g,a,a,g”} 1351 -77.2 1738 179.6 -51.9 (168.8) | 173.0 7.5 -29.8 -68.5 {ac*.g97,a,a,97} = {act,a,a,a,g7} : 11.30
o 1C7T  {act.gt.g.s.g7) 1359 768 506 03 477 (173.1)| 904 2689 1332 5213
2-C7  {p,g~.g".s,a} 100.3  -764  59.4 -04  170.0 (-171.9)| 9.5 284.0 -125.3 -583.1

[a] DPCS3 electronic energies. [b] DPCS3 harmonic values. [c] Difference between the enthalpy at 298.15 K and 0 K. [d] At
298.15 K. [e] Single point DPCS3 at HPCS2 geometries, including harmonic HPCS2 ZPE corrections. [f] DPCS3 electronic
energy including harmonic HPCS2 ZPE corrections.

In summary, assuming full conformational relaxation during supersonic expansion, the 1-
C5 and 2-C5 species are expected to dominate the experimental spectrum. These conformers

combine high stability with substantial dipole moments (ca. 1.7 D, predominantly along
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the a axis), high Boltzmann populations, and interconversion barriers close to 1000cm™*
(Table3). The 1-C50H conformer may also be observable, given its sizable dipole moment
(ca. 3.0 D, dominant b component), non-negligible population (4%), and relaxation barriers

exceeding 500cm 1.

In contrast, C7-type conformers, despite their large dipole moments
(above 5 D, with strong a-axis contributions), are likely spectroscopically silent due to their
low populations and rapid relaxation pathways.

Figures 4 and S1 compare the experimental spectrum (black lines) with the theoretical
predictions for the 1-C5 and 2-C5 conformers of tiopronin, computed at various levels of
theory. Based on previous benchmarks,?® the BDPCS3//HPCS2 model was selected as a
reliable starting point for spectral assignment, as it yields vibrationally averaged rotational
constants with near-spectroscopic accuracy. The corresponding transitions are reported in
panel (d) of both figures.

The two most populated conformers exhibit dominant u, dipole moment components,
with smaller contributions from g, and p. (see Table 5). The assignment of the exper-
imental spectrum began with the lowest-energy conformer, 1-C5, corresponding to the
{act,a,a,a, g™} dihedral arrangement. The strongest “Ry; transitions (AJ = 41, AK, =0,
AK, = 1 with K, = 1) were identified first using the JB95 software.5® The observed lines

51554 within the Watson A-reduced Hamiltonian for a

were fitted using the SPFIT program
prolate asymmetric top, which is appropriate given the nearly prolate nature of tiopronin
conformers (k ~ —1).5® Subsequent "R and °R transitions were then identified.

For 1-C5, a total of 165 transitions were assigned and fitted with a root-mean-square
deviation (¢) of 30 kHz. The same protocol was applied to the second most stable conformer,
2-C5 ({p, a, a,a,a}), for which 111 lines were assigned with a fitting accuracy of o ~ 33 kHz.
In both cases, the nuclear quadrupole coupling due to the “N nucleus (I = 1) was also
resolved. This interaction splits each rotational level into three F sublevels, with F' =

|J —I|,...,J + 1.5 Figure 5 shows the hyperfine structure of selected transitions: the

493 < 312 line of 1-C5 exhibits three resolved components (F = 3 < 2, F = 5 < 4,

13



(a) | EXP (B))

HPCS2 (B®Y)

bl L_._LL_...____JM_JLL_L_.LJ._L,.

)
b

= (b) | EXP (B
> | MP2 (B®Y
>

h -

©

[

0 Ll .LL _LI el “_l

S| |@ | EXP (B
= | BDPCS3 (B
n

[

[}

[

=

.u.LL [N ILLAMJJ_

(d)
BDPCS3//HPC82 B9

my .I.Ll.l.lhb_qL

7500 7600 7700 7800 7900 8000 8100 8200 8300 8400 8500
Frequency (MHz)

Figure 4: The experimental spectrum (black lines) is compared with theoretical spectra
derived from different levels of theory for the 1-C5 conformer. Panels (a), (b), and (c) display
the theoretical spectra calculated using the HPCS2, MP2, and BDPCS3 methodologies,
respectively. Panel (d) shows the transition positions obtained by incorporating HPCS2
vibrational corrections into the BDPCS3 model. The spectral results for the 2-C5 conformer
are presented in Figure S1.

F =4+ 3), while the 35 < 215 transition of 2-C5 splits into F' = 3 < 2, F =4 < 3, and
F =2 <+ 1 components. All measured transitions are listed in Tables S4 and S5.

Figure 5 displays the fitted transitions for both identified conformers. Notably, the most
intense features—belonging to the ®R branch—were accurately reproduced only when vibra-
tional corrections were incorporated into the BDPCS3 model. This demonstrates that such
corrections are essential for reliable spectral assignment in congested regions, particularly

for flexible molecules (see panel (d) in Figures 4 and S1, and compare with the labeled * R

14



Table 4: Experimental spectroscopic constants (Ag, Bo, Co, Xaa, Xtb, a0d X in MHz) of the
1-C5 and 2-C5 conformers in Watson’s A-reduced prolate asymmetric rotor Hamiltonian.

1-C5 2-C5
{ac+7a7a‘7a”g_} {p7a7a’7a”a’}
Ay 2036.04196(90)  1943.32499(125)

By  571.61479(50)  578.71821(80)
Co  459.93631(60)  478.12871(74)

Xaa 2.527(1) 2.531(2)
Xbvb 1.2768(54) -1.1186(17)
Xee -3.8041(54) -3.6499(17)
Nl 165 111

olbl 29.45 33.44

[a] Number of measured transitions. [b] RMS deviation of the fit (in kHz).

transitions in Figure 5).

Despite our thorough search, several spectral lines remained unaccounted for that did not
belong to the 1-C5 and 2-C5 conformers. Initially, we considered the possibility that these
lines might be due to the 1-C50H conformer, which we estimated to have approximately 4%
population. However, no spectral match was possible for this conformer. This absence can
be explained by examining the overall signal intensity in our experiment: the signals of the
already detected conformers were relatively weak due to the challenging nature of the laser
ablation experiment and the complex hyperfine structure that spreads the signal intensity
across multiple components. As can be inferred from the rotational spectrum in Figure 5,
any signals from this minor species would fall below the signal-to-noise ratio.

We then explored alternative explanations for the unassigned spectral lines. One possibil-
ity we investigated was that these transitions might result from the splitting of rotational lines
into doublets due to internal rotation of the methyl group, a phenomenon well-documented
in microwave spectroscopy.®® To investigate this possibility systematically, we performed
a relaxed Potential Energy Surface (PES) scan of the methyl group rotation (see Figure

SX). Our calculations revealed a substantial torsional barrier height of approximately 1250

15
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Figure 5: Broadband rotational spectrum of tiopronin in the 6-12 GHz frequency region
using the LA-CP-FTMW spectrometer. The fitted spectral lines corresponding to the two
identified conformers are highlighted. The blue lines correspond to some “R; transitions
detected within the 7.5 — 8.5 GHz range are labeled. Quadrupole hyperfine splittings are
shown for: (7) the 351 < 25 of the 2-C5 conformer, (i) the 453 < 31 transitions of the
1-C5 conformer.
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cm~! for both detected conformers. This high barrier effectively prevents observable methyl
rotation at our experimental temperatures, confirming that A-E splitting should not be de-
tectable in the spectrum and thus eliminating this as a potential source of the unassigned

lines.
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Figure 6: Potential energy curve governing methyl rotation.

Having ruled out both the minor conformer and methyl rotation effects, we subsequently
turned our attention to possible molecular fragments generated during the laser ablation pro-
cess. This approach was informed by our previous work,>” where we demonstrated that laser
ablation of nonvolatile solid organic precursors can produce a rich variety of smaller molec-
ular species. The high-energy laser pulse can break various bonds in the parent molecule,
creating reactive fragments that may recombine or stabilize as smaller molecules.

Our analysis revealed that the laser ablation of tiopronin, despite being a relatively simple
molecule, generates a remarkable diversity of molecular fragments. We identified several
nitrogen-containing species including isothiocyanic acid (HNCS), cyanoacetylene (HC3N),
ethyl cyanide (CoH5CN), vinyl cyanide (CoH3CN), methylcyanoacetylene (CH3C3N), vinyl
cyanoacetylene (C4H3N), cyanodiacetylene (HC5N), and cyanoallene (HoCCCHCN). These

nitrogenous fragments likely originate from the cleavage of the amide bond in tiopronin,
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followed by various recombination processes.
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Figure 7: Fragments detected in the rotational spectra of laser-ablated tiopronin.

Additionally, we detected several sulfur-containing species such as thioacetaldehyde (CH3CHS),
thioketene (HoC=C=S), syn-vinyl mercaptan (CHy=CHSH), carbonyl sulfide (OCS), propy-
nethial (HCoCH=S), tricarbon monosulfide (C3S), gauche-ethyl mercaptan (CoH5;SH), and
thioformamide (HC(S)NHj). The presence of these sulfur-containing fragments is par-
ticularly noteworthy given tiopronin’s terminal thiol group, which appears to participate
in diverse fragmentation and recombination pathways. We also identified trans-propenal
(CHy=CH-CHO) among the fragments, which likely forms through oxygen-containing moi-
ety rearrangements.

The identification of these fragments not only helps explain some of the unassigned spec-
tral features but also provides valuable insights into the chemical behavior of tiopronin under
high-energy conditions. The fragmentation pattern reveals preferential bond cleavage sites
and subsequent reaction pathways that may be relevant to understanding the molecular sta-

bility and reactivity of thiolated peptide analogues in various environments. Furthermore,
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several of these fragments, particularly the simple nitriles and sulfur-containing species, have
been detected in interstellar media and are considered potentially important in prebiotic
chemical evolution scenarios. Their formation from tiopronin under our experimental condi-
tions may thus have implications for understanding possible degradation and transformation
pathways of similar molecules in prebiotic contexts.

In Table 5 the computed rotational constants of 1-C5 and 2-C5 conformers are compared
with the experimental values for the two conformers unambiguously identified in the MW
spectrum. The corresponding absolute (MAX and MUE) and relative (%MAX and %MUE)
errors highlight the following trends: (i) HPCS2 and MP2//HPCS2 rotational constants
systematically underestimate the experimental values by approximately 2% and 1%, respec-
tively; (ii) DPCS3//HPCS2 predictions reduce the average error to around 0.5%; and (iii)
BDPCS3//HPCS2 further improves the agreement, yielding the most accurate results.

These findings confirm that BDPCS3//HPCS2 provides ground-state rotational constants
of sufficient accuracy to guide experimental spectral assignments. Remarkably, the deviations
obtained with this model are comparable to those achieved for the glycine dipeptide analogue
using a significantly more expensive composite quantum-chemical approach (MUE%=0.3,
MAX%=0.6).7

Table 5: Experimental and computed ground state rotational constants (A, By, Cy in MHz),
together with HPCS2 vibrational corrections (ABY® in MHz) of the observed structures. Ab-
solute mean and maximum unsigned errors between computed and experimental rotational
constants (MUE and MAX in MHz) and the corresponding relative values (MUE% and
MAX%) are also reported.

Conformer Parameter Exp HPCS2 MP2 DPCS3 BDPCS3 AVib
Ao 2036.0 1984.5 1982.0  2010.1 2019.5 11.6
By 571.6 563.3 570.5 569.7 571.4 4.3
Co 459.9 452.7 461.1 458.8 460.4 2.8
MUE 22.4 18.8 9.6 5.7
MAX 51.6 54.1 25.9 16.5
e MUE% 1.9 1.0 0.6 0.3
lac’,a,a,0,97} MAXY% 2.5 2.7 1.3 0.8
Xaa 2.527 2.578 2.578 2.527 — —
Xbb 1.277 1.399 1.390 1.320 — —
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Continuation of Table 5.

Conformer Parameter Exp HPCS2 MP2 DPCS3 BDPCS3 ABﬁib
Xece -3.804  -3.978  -3.968  -3.847 — —
Ay 1943.3 1889.3  1898.2  1924.2 1933.2 9.1
By 578.7 568.5 575.9 575.9 577.7 4.5
Co 478.1 472.9 484.2 477.3 478.9 3.4
MUE 23.1 18.0 7.6 3.9
MAX 54.0 45.1 19.1 10.1
2-C5 MUE% 1.9 1.4 0.5 0.3
{p,a,0,0,d} MAXY% 2.8 2.3 1.0 0.5
Xaa 2.531 2.605 2.655 2.555 — —
Xbb 1.119 1.211 1.139 1.137 — —
Xee -3.650  -3.816 -3.794  -3.692 — —
Ao — 1955.6  1910.9  1958.4 1967.4 16.9
By — 559.3 568.7 567.9 569.7 3.7
Co — 442.7 456.4 452.9 454.4 1.9
1-C50H
{ac*,a,s,a,9"} Xaa — 2.567 2.604 2.576 — —
Xbb — 1.437 1.395 1.381 — —
Xee — -4.004  -3.998  -3.958 — —
Ay — 2153.9  2167.5  2188.0 2197.9 11.6
By — 577.6 585.5 585.6 587.2 4.7
e Co — 516.0 524.4 521.7 523.2 4.3
{p.g= g%, s a} Xaa — 1.933 2.065 1.674 — —
Xbb — 1.436 1.328 0.679 — —
Xee — -3.369  -3.393 2.353 — —
Ao — 2060.6  2066.1  2082.7 2092.0 16.6
By — 595.5 604.9 604.0 605.8 3.5
e Co — 517.0 525.2 525.4 527.0 3.2
{act, gt g, 5,97} Xaa — 1.608 1.689 2.023 — —
Xbb — 0.720 0.517 1.250 — —
Xee — -2.328  -2.006  -3.272 — —

Overall, the excellent agreement between computed and experimental spectra confirms
the robustness of the BDPCS3//HPCS2 protocol and supports its application to the accurate

structural characterization of flexible, biologically, and prebiotically relevant molecules.
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4 Conclusions

In this work, we have investigated the conformational landscape of tiopronin, a thiol-terminated
N-substituted amino acid of prebiotic relevance, by combining high-resolution rotational
spectroscopy with accurate quantum-chemical calculations. Using an unsupervised compu-
tational tool that integrates several methods and couples high accuracy with reasonable com-
putational cost, we predicted equilibrium and vibrationally corrected rotational constants
for several low-energy conformers. These theoretical results enabled direct comparison with
experimental data and allowed for the unambiguous identification of the most populated
structures under jet-cooled conditions.

Our findings underscore the value of synergistic strategies that integrate spectroscopic
techniques with advanced computational models to unravel the structural complexity of flex-
ible biomolecules. In particular, the successful characterization of tiopronin demonstrates
that sulfur-containing peptide analogues can be studied with high accuracy, offering struc-
tural insight into chemical motifs of potential relevance to prebiotic evolution.

Beyond the specific case of tiopronin, the methodology and results presented here define
a robust framework for the investigation of analogous systems. This approach opens the
way to future studies on prebiotic peptide candidates and other biologically inspired, flexible

molecules.
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