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We used jet-cooled broadband rotational spectroscopy and quantum mechanical calculations to study the po-
tential energy surface, molecular structure and intra- and intermolecular interactions of the biarylic thienyl
pyridines of 2-(2-thienyl)pyridine and 2-(2-pyridyl)benzothiophene and their monohydrates. Two isomers of the
bare molecules were identified in the gas phase, characterized by planar structures and zusammen (Z) or entgegen
(E) orientations around the ring junction. A single Z-isomer was observed for both monohydrates, primary
stabilized by a hydroxyl-to-nitrogen (O-H---N) hydrogen bond and secondary C-H---O interactions. The compu-
tational study included D3 dispersion-corrected hybrid (B3LYP) and double hybrid (B2PLYP) density functional
methods, with additional calculations at the RI-MP2 and DLPNO-CCSD(T) levels. NBO calculations examined the
donor-acceptor hyperconjugative effects involving the nitrogen and sulfur atoms, suggesting that their partici-
pation in the larger stability of the Z form is not decisive and may involve other intramolecular interactions. In
particular, examination of the electronic density shifts (EDS) further suggests that non-covalent N---S chalcogen
interactions partially contribute to the preference for the Z conformation.

1. Introduction relevant because of their potential applications in materials science and

pharmaceuticals. Thiophene-containing compounds are central to the

Recent advances in chirped-pulsed microwave excitation [1,2] have
expanded the applicability of rotational spectroscopy, including chal-
lenging areas such as chiral recognition [3-5] and isotopic-resolved
analysis [6-8]. In addition, rotational investigations on larger
weakly-bound complexes [9-11] now offer detailed insight into multiple
intermolecular interactions which may help modelling the ligand-host
binding properties operating in biomedicine and biotechnology.

In this article we study two asymmetric biarylic thienyl pyridines,
specifically 2-(2-thienyl)pyridine (TP) and 2-(2-pyridyl)benzothiophene
(PBT, see Fig. 1) and their monohydrates, yielding a comprehensive
description of the potential energy surface (PES), spectroscopic prop-
erties and intra- and intermolecular interactions. TP and PBT are ring
assemblies connected by a single bond, permitting different orientations
between the two connected rings. Both molecules are structurally

biological activity of many medicinal agents [12-16]. These molecules
also act as ligands for diverse metal centres [17,18], with several de-
rivatives active in photoinduced processes [19,20], bioimaging [21] and
in catalysing organic transformations [22].

The stereochemistry of biaryl compounds [23] has been studied in
the context of atropisomerism [24] and formation of molecular rotors
[25], and depends on the type and position of molecular substituents
around the ring junction. In TP and PBT the orientation of the fused
aromatic rings will affect the separation and the plausible interaction
between the nitrogen and sulfur atoms, which in turn influences the
electron density distribution, polarizability, and overall dipole moment
—Xkey factors that affect the potential energy surface and chemical
behaviour.

A few ring assemblies and biaryl compounds have been previously
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studied with rotational resolution, including biphenols [26], nicotine
alkaloids [27,28] and antipyretics [29]. These studies show delicate
intramolecular equilibria controlled by electronic or steric interactions.
In this work we will examine if the presence of the nitrogen and sulfur
heteroatoms may condition the molecular structure of the assembly and
whether the insertion of a water molecule might distort the intra-
molecular interactions and structure of the monomers. We are unaware
of previous spectroscopic investigations of the title compounds in the
gas phase.

2. Experimental and computational methods

The samples of TP (m.p. 61-63°C) and PBT (m.p. 123-127°C) were
purchased commercially and required no further purification. The
samples were vaporized inside a pulsed injection valve (TP: 80°C, PBT:
175°C), pressurized (0.2 MPa) and later expanded near-adiabatically
into an evacuated (0.1 mPa) vacuum chamber, creating a pulsed su-
personic jet. A He-Ar mixture with a 1:1 composition was used as carrier
gas. The advantages of such a mixture are discussed elsewhere [30]. For
observation of the monohydrates a water receptacle was inserted into
the gas line.

The rotational spectra were recorded with a chirped-pulse Fourier
transform microwave spectrometer operating in the 2-8 GHz frequency
range [31,32]. The radiation source is an arbitrary waveform generator
(25 GS/s), emitting a short (4 ps) chirp pulse covering the full frequency
range. In this experiment eight chirped pulses were used for each gas
pulse. The excitation chirped pulses are amplified with a travelling-wave
tube (300 W) and broadcasted perpendicularly into the jet. The resulting
transient emission contains contributions from the rotational transitions
of all polar species in the gas phase and is recorded with a digital
oscilloscope (25 GS/s). The time domain is finally transformed into the
frequency domain spectrum with a Fourier transformation. The total
experiment included 1 M cycles of operation. The uncertainty of the
frequency measurements is below 10 kHz. Typical linewidths (full width
at half maximum) are ca. 100 kHz.

Several computational methods were used in this work. The potential
energy surface of the monomers is monodimensional and could be
explored systematically using density functional theory (DFT). For the
monohydrates, the initial conformational search used a semiempirical
method (GFN2-xTB [33]) implemented in CREST [34]. Geometry opti-
mizations were first carried out with the hybrid B3LYP-D3(BJ) method
[35,36], including Grimme’s D3 dispersion [37] and Becke-Johnson
damping [38] (ultrafine integration grid and tight self-consistent field
convergence criteria). To refine energetic and structural parameters, the
most stable conformers were further reoptimized using the
double-hybrid B2PLYP-D3(BJ) method [39], which includes perturba-
tive second-order correlation contributions. These calculations used the
def2-TZVP basis set and run in Gaussian16 [40].

For better benchmarking of the interaction energies, RI-SCS-MP2/cc-
pVTZ calculations [41] were carried out employing the

TP
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resolution-of-the-identity approximation. Finally, DLPNO-CCSD(T) cal-
culations [42,43] were performed using the aug-cc-pVTZ basis set,
implemented in ORCA [44] (TightPNO settings and default auxiliary
basis sets for RI approximations).

A Natural Bond Orbital (NBO) analysis was performed to gain insight
into donor-acceptor interactions and electronic delocalization, using the
NBO program [45]. The non-covalent interactions were initially
analyzed using the Non-Covalent Interaction (NCI) index, calculated
from the reduced density gradient using the NCIPlot program [46].
Additionally, the Electron Density Shift (EDS) arising from the interac-
tion between the substituent groups on the two aromatic rings was
computed following the methodology described in Ref. [47]. The sys-
tems were partitioned along the C-C bond connecting the two rings, and
methyl groups with hydrogen atoms kept at fixed distances were used as
capping fragments. As an example, the electron density of the auxiliary
molecular structures A, B, and C in Fig. S1 was employed to evaluate the
EDS in TP using equation (1):

EDS(TP) = prp — pa — P5 + Pc @

The EDS in intermolecular systems, such as the monohydrates of PBT
and TP, was obtained as the difference of the electron density of the
cluster minus the sum of that of the isolated monomers [48] as in
equation (2).

EDS(ZHzO) = pZ«-»H;O *Pz - pHZO (2)

Finally, the Interactive Quantum Atom (IQA) methodology [49] was
employed to compare the different components of the relative energies
between the two isomers of TP and PBT. IQA provides both monoatomic
and diatomic contributions to the electronic energy, and the sum of all
these terms recovers the total electronic energy of the system. In total,
171 terms were evaluated for the TP molecules and 300 for the PBT
ones. The program AIMAII [50] was used to evaluate the IQA parti-
tioning and the quality of the numerical integration was verified by
checking that the integrated Laplacian values remained small (<0.001
au) [51].

3. Results and discussion
3.1. Potential energy surface

The PES scans for TP and PBT are shown in Fig. 2 (B3LYP-D3(BJ)).
Three stationary points were located on the profile, characterized by a
vanishing gradient. To distinguish between minima and transition
states, an analysis of the Hessian matrix was performed. For both mol-
ecules the two minima correspond to near-planar zusammen (Z) and
entgegen (E) conformers, while the transition state occurs at the near-
perpendicular dihedral. The separation between the two conformers is
similar in both molecules and quite small (2.3-2.8 kJ mol~* with B3LYP-
D3(BJ) and B2PLYP-D3(BJ), but 1.3-1.6 kJ mol™ using DLPNO-CCSD

N—,

Fig. 1. The plausible E and Z conformations of 2-(2-thienyl)pyridine (TP) and 2-(2-pyridyl)benzothiophene (PBT).
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Fig. 2. The PES for 2-(2-thienyl)pyridine (TP, black trace) and 2-(2-pyridyl)
benzothiophene (PBT, red trace) show their similarity for the interconversion
between the Z and E conformers (B3LYP-D3(BJ)/def2-TZVP). The preferred
conformations of PBT are shown for illustration.

(T), see Tables S1-S2 in Supporting information). In all cases the Z form
is predicted as global minimum (unlike a previous B3LYP calculation
[52]). The energy barrier for conformational interconversion (TP: 25.07
kJ mol™, PBT: 24.6 kJ mol™! using B3LYP-D3(BJ)) is well above the
empirical threshold (~4-5 kJ mol!) for efficient conformational
relaxation under supersonic jet expansion [53,54]. This suggests that
both conformers may be experimentally observable.

The PES of the monohydrates showed two preferred structures (Z-Wd
and E-Wd) within a window of 3 kJ mol! (B3LYP-D3(BJ)), corre-
sponding to microsolvation through the nitrogen group in the pyr-
imidinic moiety (Fig. 3 and Tables S3-S4). The water unit behaves as
hydrogen bond donor (Wd), forming a conventional O-H---N hydrogen
bond and secondary C-H---O interactions either with the pyridine ring or
with the opposite ring for the Z and E isomers. The O-H---N interaction is

AG [ kJ mol”

TP PBT

Fig. 3. The preferred monohydrates of 2-(2-thienyl)pyridine (TP---H,O, left
side) and 2-(2-pyridyl)benzothiophene (PBT---H,0, right side) share the same
O-H:---N interaction (water proton donor or Wd) for both Z and E isomers.
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similar to that observed in the pyridine monohydrate [55]. The third
water monohydrate in PBT (PBT-Wn) is higher in energy (6 kJ mol'l)
and corresponds to the interaction with the n-electron system of ben-
zothiophene, forming O-H---m interaction. Similar interactions were
observed in the monohydrates of benzofuran [56] and thiophene [57].
In the TP monohydrate the third isomer is much higher in energy (14 kJ
mol ) and corresponds to a C-H---O interaction, with the water oxygen
in the molecular plane. The calculated geometries are collected in
Tables S5-S14. All these predictions require experimental validation, as
factors such as carrier gas composition and the accuracy of theoretical
models can influence the conformational equilibria.

3.2. Rotational spectra

The rotational spectra of the monomers and the monohydrates were
recorded in successive experiments (Figs. 4 and S2). For both molecules
two rotamers of the monomers and a single monohydrated species were
assigned in the spectrum. In all cases the presence of a quadrupolar 1*N
nucleus (I=1) introduces coupling effects associated to the molecular
electric field gradient at the atom position, causing hyperfine splittings
(Fig. 4). The rotational transitions were fitted to experimental accuracy
using the Watson’s semi-rigid rotor Hamiltonian (S-reduction and I
representation) [58], comprising the rigid term (ﬁ r), the centrifugal
distortion corrections (Hcp), and the N nuclear quadrupole coupling
term (ﬁQ) [59]. The calculations were implemented in Pickett’s SPFIT
program [60]. The monomers of TP and PBT turned out to be very rigid,
and a satisfactory fit was obtained with only the rotational constants and
the diagonal elements of the nuclear quadrupole coupling tensor, shown

2000 3000 4000 5000 6000 7000 8000

e T
1 o 33

93585 954855 945844
2 %382 3 ®7

T T T T T T
4860 4865 4870 4875

Frequency / MHz

Fig. 4. The rotational spectrum of 2-(2-pyridyl)benzothiophene (PBT) and an
enlarged frequency region illustrating typical rotational transitions of the Z
(red) and E (blue) conformers and their hyperfine components (rotational
quantum numbers and hyperfine components labeled as J'x | x,, <Jx_, k., and
F «F, respectively).
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in Table 1. A comparison with the predicted parameters unequivocally
assigned the carriers of the spectra to the Z and E species of TP and PBT.
Assuming a linear dependence of the spectral intensities with the electric
dipole moment a calculation of relative intensities for the Z and E species
of PBT (52 transitions) and TP (38 transitions) yielded jet population
ratios of Ng/Nz = 0.40 and 0.27, respectively, for both monomers. This
calculation is consistent with the relative energies predicted in
Tables S1-S2, as it would result in Gibbs energies of 2.3 or 3.2 kJ mol?,
respectively, at preexpansion temperatures (or smaller values for lower
effective conformational temperatures).

H=Hy + Hep + Hy 3

The effective planarity of TP and PBT is confirmed by the values of
the inertial defect A ( = I —Ioq —Ipp = —2Pc = —2 Sy m;c?) in Table 1,
which, in the rigid rotor approximation, gives the mass extension out of
the ab inertial plane. The small negative values (PBT: -1.01 to-1.08 uA?
TP: -0.69 to -0.77 uAZ), larger than for the monomers (benzothiophene:
-0.07 uA? [61]; pyridine: 0.04 uA? [62]; thiophene: 0.07 uA? [63]) are
due to zero-point vibrational effects [64]. Harmonic vibrational fre-
quency calculations confirm the existence of low-energy out-of-plane
modes responsible for this behavior. In the case of PBT, the two
lowest-frequency vibrations (v+ ~ 40 cm™ and v2 ~ 61 cm™’, see Fig. S3
and Tables S15-S16) involve torsional and bending motions between the
two rigid moieties of pyridine and benzothiophene, displacing them out
of the molecular plane in opposite directions. Similar modes are
observed in TP. A comparison with the solid-state diffraction structures,
slightly non-planar, is shown in Table S17.

The rotational spectra of the TP---H20 and PBT---H,0 monohydrates
were analyzed similarly. A single water dimer was detected for each
molecule, which could be reproduced with the diagonal quadrupole
coupling terms and one or two centrifugal distortion constants in
Table 2. No tunelling effects were observed for the dimers, as expected
from the assymetry of the cluster. A comparison with the computational
predictions confirms that both monohydrates are built upon the Z
conformer, with the water molecule acting as proton donor to the ni-
trogen atom through a O-H:--N hydrogen bond. The inertial defects
(PBT---H,0: —2.56 uAZ TP---H,0: -1.80 uA?) are larger than on other
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dimers with one water hydrogen atom out of the molecular plane (i.e.,
benzofuran---H50: -0.84 uA? [56]) or monohydrates assumed planar (i.
e., pyrazine---H,0: -0.51 uA? [65]), but probably compatible with ge-
ometries very close to planarity or very slightly tilted (<4° with
B3LYP-D3(BJ)). By comparison, these values clearly differ from pyr-
idine---H,0 (8.32 uA?), which presents several coupled large amplitude
motions [55]. All measured rotational transitions are available in
Tables S18-S23. No additional species were assigned in this work.

3.3. Hyperconjugative and non-covalent interactions

We investigated the influence of hyperconjugative effects and non-
covalent interactions in the stability of the monomers and mono-
hydrates of TP and PBT using computational techniques. Initially, a
Natural Bond Orbital (NBO) analysis was performed for both the Z and E
conformers of the monomers (B3LYP-D3(BJ)/def2-TZVP). Despite the
complexity of these heteroaromatic systems and the extensive electron
delocalization inherent to their conjugated frameworks, specific
donor-acceptor orbital effects emerged as particularly relevant. In both
PBT and TP, a significant interaction exists between the nitrogen lone
pair and the 6* antibonding orbital of the C-S bond or n(N)— ¢* (C-S),
shown in Fig. S4 and Table S24. In the Z conformers, this effect is
structurally favored due to the spatial proximity of the nitrogen and
sulfur atoms (Z: 4.5 kJ mol? vs. E: 2.9 kJ mol'l), promoting intra-
molecular electron donation and thus stabilizing this geometry over the
E form. However, this effect is modest compared to other interactions
from the lone pair-bearing nitrogen atom (i.e., lone pair donations to ¢*
(C6-C7) or 6*(C9-C10)), and their differential conformational contri-
bution is small. Moreover, the sum of all stabilizing interactions (19.5 kJ
mol?) is in any case larger than the conformational separation at the
same calculation level (ca. 2.9 kJ mol'!), suggesting compensating ef-
fects from other interactions.

Additional information was obtained from the predicted intra-
molecular EDS for the two conformers of TP and PBT, shown in Fig. 5.
Two additional intermolecular systems with a prototypic chalcogen
bond (pyridine---SF3) and hydrogen bond (pyridine---HF) were included
for comparison. The intramolecular EDS of the Z isomers clearly

Table 1
Experimental and theoretical spectroscopic parameters of the Z and E conformations of PBT and TP (B3LYP-D3(BJ)/def2-TZVP).

Z-PBT E-PBT Z-TP E-TP
Parameter Experiment® B3LYP-D3(BJ) Experiment B3LYP-D3(BJ) Experiment B3LYP-D3(BJ) Experiment B3LYP-D3(BJ)
A /MHz* 1930.80601(24) 1938.8 1894.554(15) 1901.0 2836.93680(16) 2851.3 2824.89448(92) 2841.3
B / MHz 288.749090(38) 289.4 288.18105(19) 288.8 629.485482(40) 630.8 622.46918(34) 623.2
C / MHz 251.311710(36) 251.8 250.26778(17) 250.7 515.534582(44) 516.5 510.47225(28) 511.1
A/ uA? -1.0161(6) -1.086(5) -0.6862(1) -0.773(1)
D, / kHz b [0.0] 0.001 [0.0] 0.001 [0.0] 0.008 [0.0] 0.00674
Dk / kHz [0.0] 0.003 [0.0] 0.001 [0.0] 0.016 [0.0] 0.01600
Dy / kHz [0.0] 0.111 [0.0] 0.118 [0.0] 0.160 [0.0] 0.15983
d; / kHz [0.0] -0.14 [0.0] -0.15 [0.0] -1.53 [0.0] -1.37
d, / kHz [0.0] -0.01 [0.0] -0.01 [0.0] -0.17 [0.0] -0.16
Yaa / MHz © -0.4280 (64) -0.52 -0.6 (3) -0.62 -0.8832(52) -1.03 0.063(31) 0.06
Jvb / MHz -2.663(66) -2.90 -2.56 (25) -2.86 -2.1616(80) -2.33 -3.142(39) -3.50
Jec / MHz 3.091(66) 3.42 3.16 (25) 3.48 3.0448(80) 3.35 3.078(39) 3.43
|tta] /D¢ Y 1.23 Y 0.96 Y 0.88 Y 0.48
|| / D Y 2.06 Y 0.83 Y 1.85 Y 1.09
|uc| /D N 0.00 N 0.00 N 0.00 N 0.00
AE, /kJ mol™ © 0.00 2.27 0.00 2.87
AG / kJ mol! 0.00 2.03 0.00 2.55
c/kHz' 8.7 8.9 14.4 13.3
N 307 80 331 127

2 Rotational constants (A, B, C) and inertial defect (A = I, -I; -1,),

b Watson’s S-reduction centrifugal distortion constants (D, Dk, Dx, d1, d2),
¢ Nuclear quadrupole coupling tensor elements (o4 o, = a, b, ¢),

d Electric dipole moment components (i, @ = @, b, ¢),

¢ Relative electronic energy including zero-point correction (ZPE) and Gibbs free energy (298 K, 1 atm).

f Number of transitions and root mean square deviation of the fit.
8 Standard errors in parentheses in units of the last digit.
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Table 2
Spectroscopic parameters of the monohydrates PBT---H,0 and TP---H,O (B3LYP-D3(BJ)/def2-TZVP calculation level).

PBT---H20 TP---H20

Experiment Z-Wd E-wd E-Wn Experiment Z-Wd E-wd E-Ws
A /MHz* 1003.41133(48) 1016.6 980.7 1192.1 1188.9321(17) 1213.4 1180.8 1083.89
B/ MHz 272.34958(18) 274.8 280.5 248.3 616.05040(60) 620.6 609.1 618.79
C / MHz 214.44097(17) 216.6 219.1 235.3 406.37682(34) 411.1 404.0 394.69
A/ uA? -2.599(3) -1.801(2)
D, / kHz 0.00216(61) 0.001 0.001 0.014 [0.0] 0.183 0.140 0.22886
Dyk / kHz 0.0543(56) 0.081 0.042 0.377 0.396(54) -0.277 -0.209 -0.32259
Dy / kHz [0.0] 0.035 0.050 -0.064 [0.0] 0.101 0.076 0.10204
d; / Hz [0.0] -0.34 -0.11 -0.63 [0.0] -55.61 -43.71 -101.73
dy / Hz [0.0] -0.40 -0.31 1.67 [0.0] 27.56 18.92 6.68
Jaa / MHz 0.26(2) 0.21 0.07 -0.66 0.24(6) -0.29 0.80 0.36
Jvp / MHz -3.09(2) -3.25 -3.06 -2.69 -2.77(7) -2.67 -3.76 -3.78
Xec / MHz 2.83(2) 3.03 3.00 3.35 2.53(7) 2.95 2.96 3.44
|ta| / D Y 0.58 0.94 1.98 N 0.34 0.13 1.12
|| / D Y 4.18 2.93 1.02 Y 4.07 3.27 0.34
el /D N 0.97 1.10 2.09 N 1.12 1.22 0.00
AEg / kJ mol? 1.19 0.00 12.32 0.34 0.00 18.21
AG / kJ mol? 0.00 1.77 5.77 0.00 2.55 14.05
AEg / kJ mol™ © -29.8 -35.8 -16.9 -30.1 -35.7 -12.2
o/ kHz 11.7 16.3
N 196 70

2 Parameter definition as in Table 1.

Y Complexation energy including the basis set superposition error (BSSE) correction.

resemble that of the intermolecular chalcogen bond in pyridine---SFs.
However, the effect of the interaction in the electron density is clearly
smaller in the intramolecular case than in the intermolecular one as
indicated by the different isosurfaces (intramolecular: + 0.001 au;
intermolecular: +0.002 au). Similar results are obtained for the E iso-
mers in comparison with the intermolecular hydrogen bonded system of
pyridine:--HF.

The relative contributions of the different IQA energy terms for the E
and Z conformers were also compared, yielding very similar trends for
both TP and PBT. The main factors stabilizing the Z conformers are the
N---S interaction (+92 and +93 kJ mol™ for TP and PBT, respectively)
and the S-C(5) bond (+30 and +26 kJ mol™, respectively). The former
corresponds to the chalcogen bond interaction, whereas the latter re-
flects the increased S-C(5) bond charge arising from donation of the
nitrogen lone pair into the 6* S-C(5) antibonding orbital, in agreement
with the NBO analysis. Conversely, the intraatomic energy of the sulfur
atom favors the E conformer by 59 and 58 kJ mol™? for TP and PBT,
respectively. This stabilization arises from the less positive atomic
charge on sulfur in the E conformer compared to the Z form. In addition,
the N-H interatomic interaction contributes a further 42 and 43 kJ mol !
in favor of the E conformer, consistent with an incipient hydrogen-bond-
like contact. The dispersion contribution is essentially the same for both
conformers, differing by less than 0.2 kJ mol™! (B3LYP-D3(BJ)/def2-
TZVP). As a result, the larger stability of the Z form should be attributed
to a combination of electronic delocalization and non-covalent attrac-
tive interactions, including the contributions of the N---S chalcogen
bond.

The presence of intra- and intermolecular non-covalent interactions
(NCI) in the monohydrates was mapped using an analysis of the reduced
gradient (s) of the electronic density (p), introduced by Johnson and
Contreras [46]:

_ 1 vy

Abrupt variations in the reduced gradient between interacting atoms
reveal critical points that signal the presence of intra- or intermolecular
interactions. The NCI plot in Figs. 6 and S6 highlight the regions of low
electron density and small gradient magnitudes, which correspond to
weak interactions. To distinguish between attractive and repulsive in-
teractions, the reduced gradient is plotted against the electron density
multiplied by the sign of the second eigenvalue of the electron density

Hessian matrix (A2).

For both the Z and E isomers of monohydrated PBT and TP, the NCI
and EDS plots (Figs. 6 and S7) clearly reveals the presence of the mod-
erate O-H---N hydrogen bond between water and the nitrogen atom of
the heterocycle. In contrast, the higher energy complex of PBT-E-Wr), in
which water interacts with the n-system, shows only diffuse, long-range
electrostatic interactions and lacks a defined attractive region on the
isosurface maps. This observation is qualitatively consistent with the
higher relative energies obtained from quantum chemical calculations.
Additionally, the NCI analysis confirms secondary interactions such as
C-H:--O hydrogen bonds involving hydrogen atoms from the TP or PBT
backbone and other weak interactions, which might influence the sta-
bilization and conformational preferences of the complexes. Weak in-
teractions are also noticed in the region between the nitrogen and sulfur
atoms for the Z form, suggesting a possible contribution to molecular
stability.

4. Conclusions

We analyzed the potential energy surface, stereochemistry and non-
covalent interactions in 2-(2-thienyl)pyridine, 2-(2-pyridyl)benzothio-
phene and their monohydrates, using a combination of rotational data
and first principles calculations. Two planar isomers were detected in
the gas phase for both monomers, corresponding to the Z and E con-
formations. The monohydrated species maintain the preferred Z struc-
ture of the monomer with slight torsional distortions and confirm that
solvation is primary directed to the nitrogen atom in the pyrimidine unit
through a O-H---N hydrogen bond. As observed in other gas-phase water
clusters, these experiments highlight the dominant role of the direc-
tional hydrogen bond in stabilizing the hydrated adducts, simulta-
neously emphasizing the interplay between various weak interactions in
dictating their geometry and relative energies.

Accurate rotational parameters were derived for all the observed
species, including the nuclear quadrupole coupling constants caused by
the N nuclei, which are highly sensitive to the electronic environment
around the quadrupolar nucleus. The (D3) dispersion-corrected hybrid
(B3LYP) and double-hybrid (B2PLYP) satisfactorily agree with the
experiment. Additional energy calculations were extended to the RI-
MP2 and the DLPNO-CCSD(T) level. Initial hypotheses on the rele-
vance of donor-acceptor electronic effects between the nitrogen and
sulfur atom in the Z global minimum are not confirmed by the NBO
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Fig. 5. Electronic density shift representations for TP, PBT, pyridine---SF5 and pyridine---HF. Green and red surfaces indicate regions of gain and loss of electron
density due to the interaction of the two rings. The isosurfaces have values of +0.001 au for the monomers and +0.002 au for the dimers.

calculations, which suggest that other electron delocalizations and a
N---S chalcogen non-covalent interactions additionally contribute to the
conformational equilibrium. The observed stereochemistry of TP and
PBT is consistent with previously reported behavior in related systems,

including 2-(2-pyridyl)indole and its pharmacologically relevant ana-
logues. In those cases, classical N-H:-N or N-H---n hydrogen bonds
dominate the conformational preferences of the monomers. In the title
compounds the absence of polar protons reveals how electron
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Fig. 6. Non-covalent interaction plots [46] for the most stable monohydrates of
2-(2-thienyl)pyridine (PBT). The regions associated to stronger attractive in-
teractions, specifically the O-H---N hydrogen bond, are colored in blue.

delocalization may fulfill a similar geometric role without introducing
additional hydrogen bonding. The presence of intramolecular in-
teractions between heteroatoms may be advantageous in medicinal
chemistry contexts and a relevant molecular factor for the design new
drugs. In particular, the suppression of hydrogen bonding can be
beneficial for blood-brain barrier permeability, making these scaffolds
interesting isosteric replacements for classical hydrogen-bond-rich
pharmacophores. Finally, the present work highlights the important
role of gas phase studies to discern the molecular role and intra and
intermolecular interactions on biologically and pharmacollogically
relevant molecules.
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