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Abstract: Favipiravir (6-fluoro-3-hydroxypyrazine-2-carboxamide, FPV), an active pharmaceutical
component of the drug discovered and registered in March 2014 in Japan under the name Avigan, with
an indication for pandemic influenza, has been studied. The study of this compound was prompted
by the idea that effective processes of recognition and binding of FPV to the nucleic acid are affected
predominantly by the propensity to form intra- and intermolecular interactions. Three nuclear
quadrupole resonance experimental techniques, namely 'H-14N cross-relaxation, multiple frequency
sweeps, and two-frequency irradiation, followed by solid-state computational modelling (density
functional theory supplemented by the quantum theory of atoms in molecules, 3D Hirshfeld Surfaces,
and reduced density gradient) approaches were applied. The complete NQR spectrum consisting of
nine lines indicating the presence of three chemically inequivalent nitrogen sites in the FPV molecule
was detected, and the assignment of lines to particular sites was performed. The description of the
nearest vicinity of all three nitrogen atoms was used to characterize the nature of the intermolecular
interactions from the perspective of the local single atoms and to draw some conclusions on the
nature of the interactions required for effective recognition and binding. The propensity to form
the electrostatic N—H---O, N—H:--N, and C—H---O intermolecular hydrogen bonds competitive
with two intramolecular hydrogen bonds, strong O—H---O and very weak N—H---N, closing the
5-member ring and stiffening the structure, as well as 7---m and F---F dispersive interactions, were
analysed in detail. The hypothesis regarding the similarity of the interaction pattern in the solid and
the RNA template was verified. It was discovered that the -NH, group in the crystal participates
in intermolecular hydrogen bonds N-H:--N and N-H:--O, in the precatalytic state only in N-H---O,
while in the active state in N-H---N and N-H---O hydrogen bonds, which is of importance to link FVP
to the RNA template. Our study elucidates the binding modes of FVP (in crystal, precatalytic, and
active forms) in detail and should guide the design of more potent analogues targeting SARS-CoV-2.
Strong direct binding of FVP-RTP to both the active site and cofactor discovered by us suggests a
possible alternative, allosteric mechanism of FVP action, which may explain the scattering of the
results of clinical trials or the synergistic effect observed in combined treatment against SARS-CoV-2.

Keywords: favipiravir; interactions pattern; hydrogen bonds; binding modes of FVP; COVID-19;
Ebola; SARS-CoV-2; structure

1. Introduction

The coronavirus disease-2019 (COVID-19), an infectious disease associated with novel
severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) [1,2], originated in Decem-
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ber 2019 in the Hubei Province of China. Since the spread of the COVID-19 pandemic
throughout the world, efforts to find effective treatments have been persistently undertaken.
The recent endeavours in the field of drug design are aimed at discovering old or newly
designed drugs which could be effective for the treatment of this contagious disease caused
by different SARS-CoV-2 variants (Alpha, Beta, Gamma, Delta, Omicron) and subvariants,
especially so-called variants of concern (VOC) lineages under WHO monitoring (BA.5,
BA.2.75, BA.4.6, XBB, BA.2.3.20) [3].

Favipiravir (6-fluoro-3-hydroxypyrazine-2-carboxamide, FPV, T-705), Figure 1, is an
active pharmaceutical ingredient of the drug discovered by the Japanese company Toyama
Kagaku Kogyo and registered in March 2014 in Japan under the name Avigan, with an
indication for pandemic influenza [4-7].

Figure 1. The structural formula of Favipiravir (6-fluoro-3-hydroxypyrazine-2-carboxamide, FVP).

It is well known for its in vitro activity towards OTV-resistant influenza A, B, and C
viruses as well as flavi-, alpha-, filo-, bunya-, arena-, and noroviruses [8,9]. Preclinical trials
performed before and after its first registration have shown strong FPV activity against
several viruses containing negative-strand RNA as genetic material and causing serious
human diseases [10], such as Ebola [11], Lassa virus [12], West Nile Fever [13], Zika [14],
tick-borne encephalitis [15], and even rabies [16]. The antiviral activity of FPV consists of
disrupting the normal function of the RNA-dependent RNA polymerase (RARP), which
produces a “mirror image” of a viral RNA, later used as a positive-sense RNA needed
to synthesize multiple copies of nascent virus RNAs. RARP malfunction in the presence
of FPV depends on the intracellular phosphorylation of the drug to its active form (FPV
triphosphate), a false nucleoside that is built by the viral RARP into the nascent viral RNA,
resulting in a “defective”, mutated RNA. Thus, FVP is, in fact, a prodrug. It has only
recently been discovered that the dominant mechanism of action of FVP is unlikely to be
related to the delayed chain termination but to its action as a strong viral mutagen not
inducing mutations beneficial for the virus [17], likely because these mutations cannot be
effectively repaired by the viral proteins performing a “technical check” on the replication
of virus’ genetic material. Importantly, FVP is not used by human RNA polymerases,
making it a low-toxicity drug. The therapeutic effect of FPV is a result of the accumulation
of mutations in the replicated RNA of nascent viruses which lose their ability to proliferate.
In Africa, FPV (along with the US-made drug Remdesivir, RSV, brand name Veklury)
was clinically tested a few years ago as a potential drug for Ebola. Initially, results were
promising, but the Ebola epidemic subsided and the trials were discontinued due to the
lack of patients. However, in 2022, about 60 new cases of Ebola virus disease (EVD) were
discovered in Mubende, Kassanda, and Kampala Districts in the Central Region, and
Bunyangabu, Kagadi, and Kyegegwa Districts in the Western Region of Uganda.

After the identification of the new virus, SARS-CoV-2, FVP was one of the first drugs
whose effectiveness and safety were tested on the COVID-19 disease caused by this virus.
This drug, along with the aforementioned RSV, raised the greatest hopes for the effective
treatment of COVID-19. Compared to Molnupiravir or Nirmatrelvir, FVP is less potent
against the SARS-CoV-2 virus in vitro [18,19] but similarly potent in animal models of
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SARS-CoV-2 [20,21]. Currently, FPV is registered as a drug for COVID-19 in China, India,
and Russia, and it is in the process of being registered in Japan and several other countries.
It has been also approved for the treatment of COVID-19 infections in Turkey, the KSA,
Serbia, Hungary, and Egypt [22].

According to the ClinicalTrials.gov database, there are currently 58 completed, ongo-
ing, or planned clinical trials in many countries around the world, assessing the efficacy
and safety of FPV in COVID-19; these include trials conducted in Europe (including Italy,
Denmark, and Hungary), USA, Canada, and Australia. FPV is now approved by some
countries, including India, for COVID-19 treatment [23]. FPV therapy with safe oral doses
is effective for the treatment of outpatients with mild to moderate COVID-19 infection.
Moreover, results regarding viral load reduction and an improvement in the radiological
and clinical outcomes in COVID-19 patients are remarkable [24,25]. FPV is a very promising
drug due to its mechanism of action, preclinical results, high degree of safety in humans,
bioavailability, good treatment progress, and manufacturing reliability.

Despite such promising applications, the FVP compound has been poorly studied
and only scarce physicochemical data on this compound are available. The limiting factor
was the FPV patent protection, which has fortunately now expired. The drug has a formal
status of a generic, thanks to which it can be offered not only by the original manufacturer
(Fyjifilm Holdings, Japan) but also by alternative manufacturers (e.g., Avifavir, Coronavir,
and Areplivir (RU); Avigan (JP); FabiFlu, Favijaj, Fluguard, Ciplenza, and Covihalt (IN);
Favira (BD); Avipiravir (EG); and Reeqonus (CA)). This study focuses on the assessment
of the binding capacity of FVP molecules and their impact on biological activity. The
pyrazine heterocyclic ring and three functional groups (fluoro, hydroxide, and amide) in
the FVP molecule allow it to engage in weak van der Waals, steric, or stacking interactions
while the presence of the three donor (amide and hydroxide) or five acceptor atoms (i.e.,
second-order elements: two-aromatic-ring nitrogen, the oxygen of amide, hydroxide, and
fluorine) in one molecule facilitates the formation of hydrogen bonds. According to the
Etter rule [26,27], the molecule tends to form as many hydrogen bonds as possible. FVP can
theoretically realize even as many as fifteen different types of hydrogen bonds (both intra-
and intermolecular). Thus, it should easily bind to protein, which is pharmaceutically very
attractive. However, the existence of the intramolecular OH---O bond limits the number of
donors (protons) available, and, thus, only four strong hydrogen bonds (through two donor
hydrogen atoms of the amide group, and any two of the five remaining acceptor atoms
two N, two O, and one F) seem feasible. The fundamental question is what kinds of bonds
are indeed formed in the crystal structure, what their strength is, which of them involve
the acceptor atoms (especially nitrogen), and to what extent their individual bonding
abilities facilitate the formation of the protein-ligand complex. The interplay of long-range
(electrostatic: pairwise additive and repulsive/attractive, inductive: non-additive and
attractive, and dispersive: non-additive and attractive) and short-range (exchange and
repulsion: non-additive and opposite sign) interactions is not only crucial for efficient
protein-ligand binding but also changes the translation patterns.

The non-destructive spectroscopy that delivers a unique and complementary X-ray
description of the nearest vicinity of atoms is 'H-'4N nuclear quadrupole double resonance.
Being more sensitive to the changes in the local environment than NMR, IR or powder X-ray
diffraction (PXRD) [28-30], '"H-"*N NQDR is a particularly valuable tool which delivers
high-quality local information and provides a validation criterion for the correct reproduc-
tion of the total electron density distribution obtained by quantum chemistry calculations.
Moreover, 'H-1*N NQDR combined with modern approaches including density functional
theory (DFT), Bader’s quantum theory of atoms in molecules (QTAIM) [31], Johnson’s
reduced density gradient (RDS) [32], Spackman’s Hirshfeld surface-based, [33,34], electro-
static potential (ESP) [35] provide a deeper insight into the three-dimensional crystalline
packing at the atomic and molecular levels [36-38]. An in-depth study of the interaction
pattern should help predict the ability of FVP to bind to specific biological targets (proteins
and nucleic acids: DNA, RNA) and thus assess its pharmaceutical attractiveness. The
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possible competition between interactions raises the question of whether the experimen-
tally observed local hydrogen-bonded environment in the solid state corresponds to the
most likely interactions required for effective processes of FPV recognition and binding to
the proteins or nucleic acids (DNA or RNA). We anticipated that our study would clarify
these aspects and help in outlining the directions of synthesis of new active pharmaceutical
ingredients that would be promising in the fields of the chemical industry and drug design
of more effective analogues that are promising for COVID-19 and Ebola treatments.

2. Results and Discussion
2.1. 1TH-"*N NQDR Spectrum

The *N NQR frequencies in FVP lie in the low-frequency range below 4 MHz, and
direct NQR measurement on a small sample (approx. 0.5g) is not possible due to a very
low signal-to-noise ratio. Instead, the "N NQR frequencies were determined indirectly by
measuring the proton NMR signal using nuclear quadrupole double resonance techniques.
A multistep procedure was used.

In the first step, the IH-14N cross-relaxation (CR)[39] spectrum was measured using
fast field cycling (FFC) relaxometry. In a standard CR experiment, three successive time
intervals with different values of a static magnetic field are used:

(i) Polarization field Bp for time tp. Typically, tp > 3Ty (Bp), where Ty (Bp) is the
proton spin-lattice relaxation time in the field Bp so that an equilibrium proton mag-
netization is established.

(ii) Relaxation (also called “mixing”) field By for time 7. Here the proton magnetization
relaxes towards the equilibrium value with a time constant T; ¢ (Bg).

(iii) Acquisition field B4, at which the proton NMR signal amplitude, which is propor-
tional to the proton magnetization at the end of By interval, is measured.

By repeating the experiment with a different relaxation field Br and relaxation time
7, the full dispersion of spin-lattice relaxation time Ty (Bg) is determined. At values of
magnetic field Bg, where the proton NMR Larmor frequency vy coincides with one of the
14N NQR frequencies vg orvy = ;’—gBR = v, a decrease in Ty (Bg) is often observed.
This phenomenon is well known as “quadrupole dips” [40] and is often used to indirectly
determine the NQR frequencies.

In the case of FVP, the initial measurements have shown that Ty (Bp) is longer than
100 s in the polarization field Bp = 0.5 T, which is typically used in our laboratory. At such
long values, the power consumption of the relaxometer is too high, and the sample cannot
be properly polarised. Additionally, long T;y makes measurement very time-consuming.

Therefore, we modified the technique in such a way that the polarization period
was removed from the experiment (Bp = 0), and the proton magnetization was zero
at the beginning of the By interval. Then, the proton magnetization grows towards the

equilibrium value as M = M (1 —e Ti(Br) ) In addition, for values of By at which

the 'H proton NMR transition frequency vy matches one of the N NQR transition
frequencies v, the proton system is additionally polarised by the transfer of polarization
from nitrogen NQR levels to proton NMR levels with a characteristic cross-relaxation time
Tcr- If Tcr < Tip(Br), additional “quadrupole peaks” thus arise in the CR spectrum.
The 'H-'*N cross-relaxation spectrum of FVP, as measured by the modified cross-
relaxation technique, is presented in Figure 2. Here, a fixed value of T = 3 s was used,
and the measurement was repeated so that the “relaxation” of the magnetic field B was
scanned in steps of 0.585 mT, which corresponds to a step in the proton NMR frequency
Avyy equal to 25 kHz. The proton NMR frequency in the acquisition field B4 was 9.25 MHz.
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Figure 2. 'H-'“N cross-relaxation spectrum in favipiravir, as measured by the modified cross-
relaxation technique at T = 295 K. The quadrupole peaks are Zeeman-shifted and powder-broadened
with respect to true 14N NQR frequencies, determined using a technique with multiple frequency
sweeps and two-frequency irradiation (shown as horizontal lines).

Three strong peaks centred at the frequencies of 3.870 MHz, 3.610 MHz, and 2.940 MHz
are clearly observed. These peaks are observed in the frequency range in which the higher
14N NQR frequencies v, and v_ of pyrazine nitrogen are usually observed. Since there are
two non-equivalent pyrazine nitrogen atoms in the molecule, we expect to observe four
peaks. It is possible that two peaks overlap within the experimental resolution.

Two somewhat weaker peaks are observed at the frequencies of 2.140 MHz and
1.610 MHz. In this frequency range, the amide nitrogen NQR frequencies v, and v_ are
usually observed. Below 1 MHz, there is a well-observed peak at 830 kHz, but the signal-to-
noise ratio at low vy is too low to observe two additional peaks, which are expected close
to 500 kHz. Although the peaks are well located in the spectrum, the resolution is relatively
low due to the Zeeman-powder broadening of the quadrupole peaks. Additionally, the CR
peaks are Zeeman-shifted with respect to the pure NOR frequencies in the zero field [41].

In the second step we, therefore, used the techniques of multiple frequency sweeps and
two-frequency irradiation [42,43] for a more precise determination of the frequencies of
the NOR triplets v,, v_, and vq at the three nitrogen positions in an FVP molecule. In
the search for the N NQR frequencies at the pyrazine nitrogen positions, we applied
multiple frequency sweeps of the rf magnetic field in the frequency range 2.8-4 MHz
and performed the vy scan. We clearly observed two dips in the v dependence of the
magnitude of the proton NMR signal at the end of the magnetic field cycle at the frequencies
of 620 kHz and 900 kHz. These are the lowest frequencies vy at the two pyrazine nitrogen
positions. Then, we fixed the low magnetic field within the dip at vy = 620 kHz and
selectively varied the upper and the lower-frequency limit. When the upper-frequency
limit passes 3570 kHz from above, the magnitude of the proton NMR signal increases.
Similarly, when the lower-frequency limit passes 2.950 MHz from below, the proton NMR
signal increases. Therefore, the frequencies of 3.570 MHz, 2.950 MHz, and 620 kHz are
within the experimental resolution of this technique, i.e., the N NQR frequencies at the
one pyrazine nitrogen position. We tried to refine these values with the application of the
two-frequency irradiation technique; however, within the experimental resolution of this
technique, £5 kHz, we obtained the same results. Similarly, we determined the 4N NQR
frequencies at the second pyrazine position and the amide nitrogen position. The obtained
results are presented in Table 1.
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Table 1. The experimental 4N NQR parameters for favipiravir (FVP).

Final
: 2
Site v+ [MHZz] v_ [MHz] vo [MHz] le*qQ/h | [MHZz] n T [K] Assignment *
razine nitrogens 3.865 2.965 0.900 4.553 0.395 —N(1)=
Py & 3.570 2.950 0.620 4347 0.285 295 ~N@4)=
amide nitrogen 2.060 1.560 0.500 2.413 0.414 —NH,
pyrazine [44] 4.329 3.017 1.312 4.897 0.536 295 —N=

* The final assignment made was based on quantum chemical calculations.

The experimental 1H-4N NQDR spectrum of FVP consists of nine signals, Figure 2,
which must be grouped into three groups for each of the three 4N sites, as shown in Table 1.
The NQR parameters equh’l and n, calculated from these data using Equations (2) and
(3), are listed in Table 1. The number of resonance lines indicates that the molecules in the
FPV crystal unit cell are equivalent and symmetry-related. Moreover, the NQR spectrum of
FVP is normally broadened, with no evidence of structural disorder.

The electronic environment of all three nitrogen nuclei in the FVP molecule is different,
so they are chemically non-equivalent. All nitrogen sites have distinctly different e2Qgh~!
but very close 1; the latter is rather unusual. The low v, and e?Qgh~! as well as the charac-
teristic resonant frequencies observed in the spectrum are typical of amide nitrogen (-NH,).
The v, frequency of -NH, is substantially lower than that of aniline (3.244 MHz) and close
to those in acetamide (2.105 MHz) or formamide (1.920 MHz) [45], which suggests a strong
conjugation between the amide nitrogen and the adjacent carbon in FVP. Additionally, the
value of n calculated from the N NQR spectrum, closer to that of -N= than the -NH,
type of nitrogen, suggests that the electron density at -NH, is significantly shifted due to
the involvement of this moiety in the intermolecular interactions. Both NQR parameters
in FVP are not only close to those observed for acetamide or formamide having hydrogen
bonds N-H:--O but also closer to that of cytosine [46] having two kinds of hydrogen bonds
N-H:--O and N-H---N [30], than to that of aminopyridines with only weaker N-H:--N
bonds. It points to the participation of -NH, in FVP in at least two kinds of hydrogen
bonds, most likely N-H:--O and N-H---N. Thus, a basic analysis of the NQR spectrum
suggests that the set of resonant lines resulting in the lowest e2Qgh~! can be assigned to
the amide nitrogen -NHy, while the sets resulting in the two higher ones can be assigned to
the pyrazine nitrogen atoms —-N(1)= and -N(4)=. An unambiguous assignment of pyrazine
nitrogen signals based solely on the NQR spectra is not possible.

The substituents effect, analysed directly using the NQR parameters for the structurally
related compounds or modelled using the calculations for the single molecules, should be
helpful in the assignment of the pyrazine signals. Due to the lack of experimental data
(NOR spectra are available only for unsubstituted pyrazine [44]), the substituent effect
could be only modelled. The results are summarized in Table 2 and shown in Figure 3.
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Table 2. The N NQR parameters calculated at the GGA/RPBE level of theory assuming the single
molecule (monomer) of FVP, “parental” pyrazine and its derivatives (geometry optimized at the same level).

2
. . Vi v_ Vo e“qQ/h .
Substituent Site [MHz] [MHz] [MHz] [MHz] n Correlation
~N(1)= 3.744 3.043 0.701 —4.538 0.300 ~
FPV ~N@)= 3902 3214 0.688 —4731  0.290 VGGZA_‘O gg;?’N?Ii ;0%(2)03
—NH, 2.997 2.676 0.321 —3.789 0.160 T =1.00098= L.
. N . VGGA = 1-021VNQR + 0.152
pyrazine N= 4.646 3.097 1.549 5.162 0.600 2 = 0.9887; s = 0.0271
P ~N(1)= 4.403 3.460 0.944 —52421 036
Py “N(4)= 4.082 2916 1.166 4665, 050
] o ~N(1)= 4279 3.548 0.731 —5218t 028 - ental dat
2-hydroxy-pyrazine “N(4)= 4.049 2.872 1.177 —4614) 051 e bl
~N(1)= 3.826 2771 1.056 ~4398) 048]
pyrazine-2-carboxamide —N@)= 3.603 2.869 0.734 —4.315] 0.34)
~NH, 3.087 2.831 0.256 ~3945]  0.13])

T]—increase and decrease relative to the unsubstituted pyrazine.

“NH
-N(4y
-N(1)
NH,
“NH
“N(1y

(a)

—

“N(@)=

0 1 2 3 4 5
(b)
I T T T T T 1
0 1 2 3 4 5
(c)
I T T T T 1
0 2 3 4 5
(d) | |
I T T T T T T 1
0 1 2 3 4 5
(e)
I T T T T 1
0 1 2 3 4 5
v [MHz]

Figure 3. A comparison of the frequency shifts in the 'H-"*N NQDR spectrum caused by substituents

in single molecules of (a) FVP, (b) pyridazine, (c) 2-fluoropyrazine, (d) 2-hydroxy-pyrazine, and

(e) pyrazine-2-carboxamide.
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The fluorine and hydroxyl groups substituted directly into the pyrazine ring at the C(6)
and C(3) positions, respectively, are both o electron-withdrawing and m-electron-donating.
However, due to their symmetrical position in relation to the pyrazine nitrogen atoms,
they have a competitive effect and act very similarly on the -N(1)= and -N(4)= nitrogen
atoms. As a consequence, the shifts in the NOR frequencies and the values of parameters
for both -N(1)= and —-N(4)= differ only slightly, as shown in Table 2. The amide group
substituted at the C(2) position of the ring also acts as an o electron-withdrawing group,
and its nitrogen is an excellent 7-donor primarily to the carboxylic carbon. Therefore, it
affects the electron density distribution in the ring but has a slightly stronger influence
on —N(4)= in the meta position, than —-N(1)= in the ortho position. Surprisingly, the amide
group is quite an important factor in determining the position of the resonance lines in
the spectrum, as shown in Figure 3. It means that the effect of the resultant substituent
in the FVP molecule is complicated by a combination of nonadditive overlap and drift
effects, resulting in a significant decrease in both NQR parameters (e?Qgh~! and 1) on both
pyrazine nitrogen atoms. The single-molecule calculations, performed for the optimized
and “solid” molecule (i.e., cut out of the crystal), reproduce this effect only roughly. The
Pearson correlation coefficient is not very high, the scattering is quite large, and the NQR
frequencies derived from these parameters are overestimated. This is a result of neglecting
the further surroundings, in particular the nearest neighbouring molecules. The simulation
of the N NQR spectra of the other heterocyclic compounds showed that NQR parameters
were very sensitive, even to the influence of the distant proximity of nitrogen atoms [29,38].
This raises a suspicion that despite reasonable values of NQR parameters, the assignment
of the signals based on single-molecule calculations in FVP may be questionable.

The solid-state calculations that take into account all intermolecular interactions re-
quire a high-quality reliable crystal structure. The Cambridge structural database (CSD)
contains four FVP crystalline structures for two different polymorphs (three polymorph
I and one polymorph II; all enol-like forms). Polymorph I of FPV crystallizes in the or-
thorhombic space group Pna2;, with four equivalent molecules in the unit cell whose
dimensions vary with temperature from a= 9.06680 A, b = 14.85080 A, and ¢ = 4.57550 A
at 100 K (CCDC 2048895 [47]) or a = 9.14400 A, b = 14.87000 A, and ¢ = 4.55730 A at 100 K
(CCDC 2106318 [48]), to a = 9.11060 A, b = 14.76190 A, and ¢ = 4.69100 A at 296 K (CCDC
969968 [49]). Polymorph II of FPV crystallizes in the tetragonal space group P42/n with
four equivalent molecules in the unit cell of dimensions a = 9.28050 A, b =9.28050 A,
and c= 14.64910 A at 298 K (CCDC 2047143 [50]). The N NQDR spectrum indicates
the presence of only one polymorphic form in the sample; however, it is not possible to
infer from it which one exactly. Therefore, all of these structures were used as inputs
for the DFT/GGA calculations. The results of the calculations assuming the structures
CCDC 2048895, 2106318, and 969968 as inputs, are significantly better than those obtained
assuming CCDC 2047143 (the Pearson correlation is higher and the scattering is smaller),
as shown in Tables 3 and 4, and Figure 4. Thus, the simulated spectrum, much closer to the
experimental one, clearly indicates the presence of polymorph I in the studied sample.
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Table 3. The ¥N NQR parameters calculated theoretically assuming single molecule and crystal

(polymorph I) of FVP.
2 .
. Vi v_ Vo e’qQ/h Calculations .
Structure, CCDC Site [MHz] [MHz] [MHz] [MHz] n Level Correlation

2106318, —N(1)= 3.772 2.964 0.808 —4.491 0.36 _
100K ~N@#)= 4055 3.186 0.869 —4.827 036 GGA/RPBE  'OG"° 19'22;“‘3% 1205';88

monomer —NH, 2.558 1.943 0.615 —3.001 0.41 =707 s =0

—N(1)= 3.885 2971 0.914 —4.570 0.40 _

~N(4)= 3.759 2.994 0.765 —4.502 034  GGA/PBEsol VGGZA__O%':ngN?‘B g 605'842
—NH, 1.938 1.119 0.819 —2.038 0.80 T =10.7000;8 =1
—N(1)= 3.938 3.052 0.885 —4.660 0.38 B

“N@#)=  3.809 3.075 0.734 ~4.589 0.32 GGA/PBE VGEA_‘OB%Z_VN‘}%;Q%$4
—NH, 2.075 1.219 0.856 —2.196 0.78 r=0.9750;8 =1
—N(1)= 3.9 047 911 —4.67 .39

2106318, (1)= 58 3 0 670 0.3 GGA/WC veea = 1.007vngr + 0.057
100K —N@#)= 3.835 3.054 0.781 —4.593 0.34 Weoh 2 09686, « = 0.3890
solid —NH, 2.021 1.153 0.868 —2.116 0.82 u-L-ohen 1 =1.7686;8 = 0.

—N(1)= 4.008 3.086 0.922 —4.729 0.39 _

“N(4)= 3.870 3.103 0.767 —4.649 0.33 GGA/PW91 VGGZA__()E%?N?‘B;&(;53

—NH, 2.071 1.225 0.846 —2.197 0.77 rm=0270% 8 =0

—N(1)= 3.895 3.060 0.835 —4.637 0.36 B

“N@)= 3762 3.078 0.684 —4.560 0.30 GGA/RPBE VGEA_‘O 19'22371“9% ; 0%247

—NH, 2.133 1.308 0.826 —2.294 0.720 =702/ =0
X-ray —N(1)= 3.796 2.942 0.853 —4.492 0.38

2048895 —N@#)= 4.086 3.168 0.919 —4.836 0.38 GGA/RPBE vaga = 1.001vygr + 0.203
10K ~NH 25539 1992 0597 2.987 0.40 = 096545 = 04143

monomer 2 : : : e :

—N(1)= 3.896 2.959 0.937 —4.570 0.41 _

“N(4)= 3.792 2.979 0.813 —4514 036  GGA/PBESol VGGZA_‘O%EZ,;VN?‘B Z 103'261

—NH, 1.933 1.103 0.830 —2.024 0.82 - =nJ0o s =0

—N(1)= 3.949 3.041 0.909 —4.660 0.39 B

N@)= 3842 3.060 0.782 —4.601 0.34 GGA/PBE VGEA_B;;)SST’N?‘B ;903'(3)61

—NH, 2.051 1.222 0.829 —2.182 0.76 m=05756;5=0.
X-ray _ _ —

2028595 N(l): 3.980 3.023 0.957 4.669 0.41 GGA/WC Vo = 1.005vgr + 0.068
100K —N@#)= 3.868 3,039 0.829 —4.605 0.36 WeCon > 09677 o = 0.3888
solid —NH, 1.996 1.156 0.840 —2.101 0.80 u-L-ohen r=0.7077;5=U.

—N(1)= 4.021 3.075 0.946 —4.731 0.40 _

~N@)= 3904 3.088 0.816 —4.661 035  GGA/PW91 VGEA_B;'SES.VN?% ;2(;261

—NH, 2.049 1.221 0.828 —2.180 0.76 rm=Ulredls =0

—N(1)= 3.908 3.049 0.858 —4.638 0.37 _

~N@)=  37% 3.065 0.732 —4.574 032 GGA/RPBE 9" ;ggz_mgla ] 90;5)52

—NH, 2.108 1.310 0.798 —2.279 0.70 =070, =0
X-ray —N(1)= 3.852 2.966 0.886 —4545 0.39

969968 —N@4)= 4113 3.145 0.968 —4.839 0.40 GGA/RPBE vaca = 0.994vngr +0.239
296 K ~NH, 2553 1.849 0704 —2.935 0.48 x? = 0.9696; 5 = 0.3569

monomer ) : : ! :

—N(1)= 3.941 2.973 0.968 —4.609 0.42 _

~N@)= 3849 2,984 0.865 —4555 038  GGA/PBESol VG?_B%??SVN?IBZQO;OS

—NH, 1.999 1.092 0.907 —2.061 0.88 =025 8 =0

—N(1)= 3.988 3.050 0.938 —4.692 0.40 _

~N@)= 3880 3.049 0.831 —4.619 0.36 GGA/PBE VG%A_})%???VN?%;O#O

—NH, 2.110 1.187 0.923 —2.198 0.84 rm=070748=0.
X-ray _ _ —

969905 N(l): 4.016 3.050 0.966 4711 0.41 GGA/WC Ve = 1.001vage + 01173
o6 K —N@4)= 3.918 3.057 0.860 —4.650 0.37 WeCon 09630, & 04437
wolid —NH, 2.099 1.164 0.935 —2.175 0.86 u--ohen =060 8 =0

—N(1)= 4.067 3.089 0.978 —4.771 0.41 _

“N@)= 3962 3.092 0.870 —4.703 037 GGA/PWIL OGN 19'2;?1\‘?% 1002';08
—NH, 2.113 1.206 0.907 —2213 0.82 1 =07070 s =1,
—N(1)= 3.951 3.063 0.888 —4.676 0.38 _

“N(4)= 3.854 3.069 0.785 —4615 0.34 GGA/RPBE VGC;A__O 19'2(7);1_“?‘5 ; 602'298
—NH, 2.170 1.292 0.877 —2.308 0.76 =277, =0.
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Table 4. The ¥N NQR parameters calculated theoretically assuming single molecule and crystal
(polymorph II) of FVP.

Vi v_ Vo eZqQ/h Calculations

Structure, CCDC Site [MHz] [MHz] [MHz] [MHz] n Level Correlation
X-ray —N(1)= 3.800 3.046 0.753 —4.564 0.33 ~
2047143 ~N@#)= 4008 3.235 0.773 —4.829 032  GGA/RPBE VGG?_‘OL;;‘ZN%RO+38%734
monomer —NH, 2.604 1.848 0.757 —2.968 0.51 1 =17070;8 =1
—N(1)= 3.965 3.052 0.912 —4.678 042 ~
~N(4)= 3714 3.059 0.655 —4555 0.38 GGA/PBESol VGEA_B(L'::SYN?‘B 1901'260
—NH, 2.063 1.078 0.984 —2.061 0.88 T =0ooerys =L
—N(1)= 4,017 3.135 0.882 —4.768 0.37 _
N@)= 3744 3.147 0.597 4594 0.26 GGA/PBE VG‘;‘*_‘O 19'(6)2;_\’“_3% Z 106‘250
—NH, 2.177 1.189 0.987 —2.244 0.88 =700/ 5 =0,
X-ray —N(1)= 4.038 3.130 0.908 —4.779 0.38 B
2047143 ~N@#)= 3788 3.121 0.668 —4.606 0.29 VC\;]GAC/ weoveg 19'21271\‘?% 170 6262
solid —NH, 2.129 1.129 0.999 —2.172 0.92 u-L-ohen rm=05616;s=0.
~N(1)= 4.092 3.172 0.920 —4.843 0.38 ~
“N(4)= 3.805 3.177 0.628 —4.655 0.27 GGA/PW91 VGGZA__O 19’22;_VN?‘B 1203'252
—NH, 2.179 1.190 0.988 —2.246 0.88 I =1.7607 s = 1.
—N(1)= 3.969 3.140 0.829 —4.739 0.35 _
N@)=  3.69 3.146 0.547 —4.560 0.24 GGA/RPBE VGEA_‘O 19'232’8_“_3‘8 ;305239
—NH, 2.225 1.279 0.946 —2.336 0.81 =077 8 =0
I i M0 M M
T = E k) sc = cC
== = = 2 =z = =
(a) |
| ! | ! I ! | ! | ! |
0 1 2 3 4 5
o I LN JIN M
= = e Eu T O =
7z = 5 = == = 3
” | | |
| ! | ! I ! | ! | ' |
0 1 2 4 5
. i LN M BN
¥ < e z == = z
2z = < Z = = =
I ! | ! | ! | ! | ! |
0 1 2 3 4 5
i I L LN
= o = T
22z = z 7= zz
| ! | ! I ! | ! | ' |
0 1 2 3 4 5

v [MHz]

Figure 4. The 'H-"*N NQDR spectrum of FVP (a) experimental and calculated assuming structures
(b) CCDC 2048895, (c) CCDC 2106318, and (d) CCDC 969968.
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The differences between the experimental and calculated NQR parameters are rather
small for the pyrazine nitrogen but quite large for the amide nitrogen, regardless of the
level of theory and type of structure assumed. While e?Qq/h is quite well reproduced,
the asymmetry parameter is significantly, almost twice, overestimated. This leads to the
resonance frequencies v_ and vg for -NH; calculated from the NQR parameters and
Equations (4)-(6) being far from the experimental values. The v, frequency for -N(4)= also
deviates from the experimental value. There are two main reasons for this phenomenon: one
is related to the quality of the crystallographic structure and associated with thermal effects,
and the other is related to the nature of intermolecular interactions. X-ray crystallography
at the usual resolution does not permit the exact assessment of the positions of light atoms,
mainly because their contributions to diffraction are weak. In addition, the atoms oscillate
around their equilibrium positions and the amplitude of the oscillations strongly depends
on temperature (the lower the temperature, the smaller the oscillations).

At higher temperatures, the electron density is spread out over a larger volume,
resulting in a more rapid decrease in atomic scattering power and, consequently, all of
the atomic positions, bond lengths, and bond angles are not sufficiently well determined.
Actually, the results closer to the experimental ones were obtained assuming the X-ray
structure was determined at 100 K rather than by assuming the X-ray structure at 296 K, as
seen in Table 3, although the NQR experiment was performed at 295 K. Moreover, the NQR
parameters were reproduced significantly better under the assumption of the optimized
structure, which minimizes the influence of the aforementioned error (Table 5).

Table 5. The "N NQR parameters calculated theoretically assuming optimized geometry of FVP.

2
. Vi v_ Vo e’qQ/h . .
Structure, CCDC Site [MHz] [MHz] [MHz] [MHz] n E:‘lslllatlons Correlation
—N(I)=  3.898 3.062 0.835 —4.640 0.360 B B
—~N@)= 3507 2.948 0,559 —4303 0260  GGA/PBESol ' ;916'8.1311\3301‘ 4780'484
—NH, 1.995 1.415 0.580 —2273 0.510 m=uorels =0
—N(I)=  3.954 3.149 0.805 —4.735 0.34 _ B
~N@)= 3547 3.042 0.505 ~4.393 023 GGA/PBE S ;916'2_‘10‘:1\6001‘5 ) 60'0545
X-ray —NH, 2.129 1.563 0.566 —2.461 0.46 rm=0o70% s =0
2048895
optimized -N()=  3.983 3.130 0.854 —4.742 0360 o0 we Vo = 1.035vngu — 0.046
ot RPBE with —N@)= 3564 3.016 0.548 —4.387 0250 ol 2 9967 o 00461
) —NH, 2.067 1.476 0.591 —2.362 0.500 u-L-ohen r=Uo70ss =0
fixed cell
parameters —N(1)=  4.026 3.185 0.841 —4.807 0.350 B 3
“N@)= 3604 3.070 0.534 —4.449 0240  GGA/PWOT 74 ;917’3?3V_N0‘337 670‘053
—NH, 2132 1.565 0.567 —2.465 0.460 r=UoPrs s =0
—N()= 3911 3.157 0.754 —4.712 0.320 B B
~N@#)= 3512 3.052 0.459 ~4.376 0210  GGA/RPBE %% ;911'8_41‘11\69?0220'055
—NH, 2.200 1.660 0.540 —2.573 0.420 rm=Uo2l s =0
—N(1)=  3.892 3.058 0.834 —4.633 0.360 B B
“N@#)= 3511 2.951 0.560 ~4.308 0260  GGA/PBESol fo% ;916‘(7)_1111\6‘26‘3880'042
—NH, 2.015 1.439 0.576 —2.303 0.500 =000 =0
~N(1)=  3.948 3.144 0.804 —4.728 0.340 _ B
~N@)= 3552 3.046 0.506 —4.399 0230  GGA/PBE e ;915’8@”_1“0935 | 80‘049
—NH, 2.148 1.588 0.560 —2.491 0.450 r=uor0% s =0
2106318 100 K )
optimized —N()= 3977 3.125 0.852 —4.735 0.360 _ B
P R PBE with “N@)= 3580 3.009 0.571 ~4393 0.260 ‘C/;VGAC/ ‘Q’C K 917'2_33‘:1\6901‘3 ) 40'038
fixed cell —NH, 2.082 1.508 0.574 —2.393 0.480 u-i-ohen r=Uobro s =1
parameters —-N(I)=  4.017 3.178 0.839 —4.797 0.350 _
~N@#)= 3609 3.075 0.535 —4.456 0240 GGA/PWOL PN ;917'2.5411\6937140'051
—NH, 2.146 1.597 0.549 —2.495 0.440 m=05270,8 =0
~N(1)=  3.904 3.152 0.753 —4.704 0.320 _ B
“N@)= 3509 3.050 0.459 ~4373 0210  GGA/RPBE VGGa = 1.040vNgr — 0.051

2 _ e —
_NH, 2212 1.691 0.520 —2.602 0.400 1°=0.9924; 5 = 0.1252
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Optimization of the low-temperature structures (CCDC 2048895 or 2106318) with fixed
unit cell parameters and at the GGA /RBPE level of theory yields more reasonable C-H,
O-H, and N-H bond lengths, and amide nitrogen hybridization is a bit closer to the real
value (sp?). As a consequence, even the asymmetry parameter for -NH, is closer to the
experimental value, although still slightly overestimated (by about 20%).

The cluster calculations that take into account all intermolecular interactions only in
the immediate vicinity of the molecule, performed with noncovalent forces dedicated to
hybrid functional M062X, gave better results. The spread for all nuclei, including -NHj,
was smaller; however, the NOR parameters were overestimated by an average of 24% and,
consequently, the resonance lines were upshifted in Table 6. Such calculations confirmed
the validity of the assignment made based on the solid-state calculations and delivered a
high-quality function for further QTAIM analysis.

Table 6. The '“N NQR parameters calculated at M062X/6-311 + G** level for a single molecule and
cluster of FVP.

vy v e2qQ/h

Structure, CCDC Site [MHz] [MHz] vo [MHZz] [MHz] 1 Correlation
—N(1)= 4251 3.170 1.081 —4.947 0.437
-1.11 241
2048895 ~N@#)= 4503 3.469 1.034 5315 038 PETT 0 9?7’“}1?1;253
monomer —NH, 2.930 2.659 0.270 —3.726 0.145 =007 s =1
—N(1)= 4.475 3.280 1.194 —5.170 0.462
-1.12 04
204055 ~N@#)= 4235 3.348 0.887 5055 0351 PETT 9256.VN<_?1§):101(; 0
cluster —NH, 2.247 1.752 0.495 —2.666 0.371 = =0.7720;8 =0

It is noteworthy that the assignment of signals to pyrazine nitrogen atoms obtained
from the cluster and solid-state calculations are the opposite of those obtained from the
single-molecule calculations (Tables 3-6). Moreover, the same conclusion was drawn
regardless of the level of calculations as well as the assumption of each of the X-ray or
optimized structures. The detailed analysis of this effect reveals a significant difference
between both pyrazine nitrogen atoms. The e2Qq/h value of the -N(1)= nitrogen atom
increases, while that of the -N(4)= nitrogen decreases, and the decrease in 1 of —-N(4)=
is more significant than that of -N(1)=. Moreover, a comparison of the calculated NQR
frequencies shows that regardless of the assumed geometry (X-ray or optimized), the
changes in the v, of pyrazine nitrogen -N(4)= and vg and v_ of amide nitrogen -NH, are
the highest. Since vy and v_ are highly sensitive to hydrogen bonding, the scattering of the
two latter clearly indicates the involvement of the -NH, group in such bonds. The map of
the static deformation density, Figure 5, reveals the redistribution of valence electron density
near nitrogen sites caused by both chemical bonding and intermolecular interactions.

The significant charge rearrangement in the solid is concentrated on the atomic nuclei
rather than in the internuclear region. The areas of charge accumulation in the bonding
regions and the lone-pair positions of the atoms are visible. Upon the N-H---N and N-
H---O hydrogen bond formation, the electron density is shifted from the lone-pair orbital
of -N= (and =O) to the N-H bond of the acceptor. This effect is reflected in an increase
invy, v, equh’l, and n of —-N(4)=, which is the acceptor, as well as a decrease in v_,
equh_l, and an increase in v, vg, and 1 of -NH;, which is the donor. Upon the hydrogen
bonding formation, the population of the 7t orbital of -NH,, which is normal to the planar
arrangement of N-C and N-H bonds, increases when compared to the populations of the
o orbitals (onc and onp). Therefore, the Z-axis of the EFG tensor is oriented along the 7t
orbital and the X and Y-axes of the EFG tensor are rotated around the Z-axis (Figure 6).
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Figure 5. The map of the static deformation density reveals the spatial distribution of the electrons
involved in the chemical bonding (isovalue 0.008 a.u.).

Figure 6. The orientation of the X, Y and Z-axes of the EFG tensor at (a) -N(1)=, (b) -N(4)=, and
(c) -NH; (the Z-axis depicted in magenta, the Y-axis in maroon, and the X-axis in green).
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An increase in onp, caused by charge transfer from the electron pair of -NHp, results in
a decrease in e2Qq/ h. Because ong > onc, the deviation from the axial symmetry along the
Z-axis increases, and as a result, 1) also increases. The fact that e2Qq/h is considerably lower
for the amide nitrogen in the solid FVP than in a single molecule of FVP supports the above
reasoning and is in good agreement with the results obtained, for example, for imidazole.
The NQR parameters of -N(4)= are related to the populations of the lone-pair orbital oy p
and the nitrogen orbitals involved in the onc and 7 bonds to carbon. Upon hydrogen bond
formation, the X, Y and Z-axes of the EFG tensor at -N(4)= keep their orientation unchanged
(Figure 6). However, a decrease in o p of -N(4)= results in an increase in e2Qq /handn.
The frequencies vy, v4, and v_ are proportional to the populations of the nitrogen atom
bonds and both NQR parameters; therefore, this effect results in frequency shifts. The
solid-state shift of the NQR parameters for nitrogen —N(1)= is small: 1} is well reproduced,
while e?Qq/h is only slightly overestimated. The latter suggests that -N(1)= participates in
intermolecular interactions, but not in strong ones. Upon hydrogen bond formation, the X,
Y and Z-axes of the EFG tensor at -N(1)= keep their orientation unchanged (Figure 6), which
supports this conclusion. However, a possible competition between acceptors (nitrogen,
oxygen, and fluorine) raises the question of whether the experimentally observed local
nitrogen environment corresponds to the most likely hydrogen bonds, and if the -NH and
—-OH groups can form intra- and intermolecular interactions.

2.2. Interactions Pattern

For a detailed evaluation of the pattern of intermolecular interactions in FVP crystals,
we applied 3D HS, 2D molecular fingerprints, and an ESP approach, which helps to identify
their type and the QTAIM with RDS for their strength estimation.

2.2.1. Hirshfeld Surfaces

A combined analysis of 3D Hirshfeld Surfaces (3D HS) with dnorm, shape index, or
curvedness mapped over these surfaces and 2D molecular fingerprints (2D FP) derived
from 3D HS, which summarizes the distribution of interactions of a molecule with its
environment, delivers an insight into the mix of the 15 types of the homo- and heteronuclear
intermolecular interactions in the FVP crystal. As much as 40% of the FVP molecular surface
is generated by H atoms (only four), while the other contributing elements C, E N, and O
generate much smaller but quite similar percentages of the molecular surface—from about
13 to 18 % (Table 7 and Figure 7).

969968 XRAY-s.s 15.4 48 116 11.3 -
969968H_3.7 14.9 45 127 11.3 -
Il OO
2048895 XRAY_3.8 14.8 5 12 10.9 _ I ON/NO
[l OH/HO
[ NN
2048895H-3.4 15.5 43 123 115 _ NH/HN
HH
2048895 OPT.s 14.6 49 124 11.8 - FO/OF
FN/NF
2106318XRAY-.5 156 46 15 113 _ PHIHF
[ co/oc
2106318H-3.4 156 42 12 11.5 _ [ CN/NC
I CH/HC
I CF/FC
g 4 A 124 .

Figure 7. Percentage contributions to the 3D Hirshfeld surface area from various intermolecular contacts.
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Table 7. Percentage contributions to the 3D Hirshfeld surface area calculated for each pair of species.

Structure,
CCDC

C.--C

Homonuclear Heteronuclear *

F---F

N-N OO0 H--H CF CH C-N C-O F-H F-N F-O N-H O-H N-O

2106318
X-ray

34

3.8 0.1 12.0 1.3 10.1 8.2 7.1 15.6 0 4.2 11.5 17.8 4.8

2106318
optimized
protons

3.4

3.8 0.1 12.0 1.4 10.0 8.1 7.1 15.6 0 42 11.5 17.8 4.8

2106318
full opti-
mization

0.3

41

3.9 0.3 12.1 14 9.2 8.2 7.7 14.9 0 43 11.7 17.0 5.0

2048895
X-ray

3.4

3.8 0.1 10 8.4 7.1 15.6 0 42 11.5 17.8 4.8

—
N
—_
N

2048895
optimized
protons

34

3.8 0.1 12 1. 9.8 8.3 7.1 15.6 0 4.2 11.5 17.8 4.8

S

2048895
full opti-
mization

3.4

3.8 0.1 12 1. 9.6 8.3 7.1 15.6 0 42 115 17.8 4.8

I

969968
X-ray

34

a1

3.8 0.1 12 1. .6 0 4.2 11.5 17.8 4.8

N

9.7 8.2 71 1

969968
optimized
protons

3.4

10 8.4 7.1 15.6 0 42 11.5 17.8 4.8

a1

3.8 0.1 12 1.

N

* The contributions from X:--Y and Y---X, where X, Y = C, FE N, O, and H are summarized.

Approximately 81% of all interactions of the complex surface consist of seven types
O--H,F---H,N---H,H---H, C---H, C--:N, and C---O. There are only small differences in the
percentages of these interactions for different structures of polymorph I (X-ray, proton, and
fully optimized), as shown in Figure 7.

The distribution of interactions is weakly affected by temperature. The whole distribu-
tion is, to a small extent, changed by optimization; for heavy atoms within the error limit,
by 0.1 %, only for protons, slightly more, by 0.9 %. Thus, the only significant changes after
optimization are the positions of the protons, resulting in shorter and less nonlinear and,
thus, stronger hydrogen bonds.

The enrichment ratio, Exy, of the main intermolecular contacts, which reveals privi-
leged (Exy > 1) and disfavoured (Exy < 1) contacts between every two atomic species, X
and Y, are collected in Table 8.

For all examined FVP crystalline structures of polymorph I (X-ray, proton, and fully
optimized), the percentages of the molecular surface and enrichment ratios are very close
(the differences do not exceed 2%) (Figure 8).

969968H- 176 142 089 0.7 0.9 -
Il OO0
N OH/HO
[ NN
HH
FN/NF
[ coioc
2106318H- 173 141 0.88 0.77 0.91- [ CNINC
I CHHC
I CF/FC

Figure 8. The enrichment ratios from the various contacts (H—protons, OPT—optimized protons).
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Table 8. Enrichment ratios Exy characterizing the various contacts in FVP.
Structure, CCDC Atom C F H N (6]
Surface % 13.35 13.95 39.5 16.5 17.05
C 0 - - - -
2106318 F 0.35 1.75 - - -
X-ray H 0.96 1.42 0.77 - -
N 1.91 0.00 0.91 1.48 -
0 1.56 0.88 1.32 0.88 0.03
Surface % 13.3 14.0 39.5 16.0 17.5
C 0 - - - -
2106318 F 0.38 1.73 - - -
optimized protons H 0.95 1.41 0.77 - -
N 1.90 0.00 0.91 1.48 -
0 1.57 0.88 1.32 0.88 0.03
Surface % 13.55 14.4 38.5 16.3 17.3
2106318 C 0.16 - - -
full optimization F 0.36 1.98 ) B
unit cell fixed H 0.88 1.34 0.82 -
N 1.85 0.00 0.93 1.46
¢} 1.64 0.86 1.28 0.88 0.10
Surface % 13.35 13.9 39.45 16.15 17.05
C 0 - - - -
2048895 F 0.32 1.76 - - -
X-ray H 0.95 1.42 0.77 - -
N 1.95 0 0.90 1.46 -
0 1.56 0.89 1.32 0.87 0.03
Surface % 13.3 14.0 39.35 16.1 17.05
C 0 - - - -
2048895 F 0.38 1.73 - - -
optimized protons H 0.94 1.42 0.77 - -
N 1.94 0 0.91 147 -
0 1.57 0.88 1.33 0.87 0.03
Surface % 13.2 14.0 39.25 16.1 17.05
2048895 C 0 - - - -
full optimization F 0.8 1.73 i B )
unit cell fixed H 0.93 142 0.7 - -
N 1.95 0 0.91 147 -
0 1.58 0.88 1.33 0.87 0.03
Surface % 13.1 13.9 39.3 16.05 17.05
C 0 - - - -
969968 F 0.33 1.76 - - -
X-ray H 0.94 1.43 0.78 - -
N 1.95 0 0.91 1.48 -
0 1.59 0.89 1.33 0.88 0.03
Surface % 13.35 13.9 39.45 16.15 17.05
C 0 - - - -
969968 F 0.32 1.76 - - -
optimized protons H 0.95 1.42 0.77 - -
N 1.95 0 0.90 1.46 -
0 1.56 0.89 1.32 0.87 0.03

Four C and two N atoms in the six-member heterocyclic pyrazine ring are exposed to

the molecular surface because each of them is three (C) and two (N) bonded (trigonal planar
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sp? hybridization), and their p orbitals form 7 bonds above and below the ring. The C---N
contacts in FVP are significantly enriched (Ecn ~ 1.9), thus, the C species are the preferred
interaction partners for N and more favoured compared to N-:-N species (Exn ~ 1.5).
However, both contacts have enrichment ratios much higher than unity due to the high
nitrogen but low hydrogen abundance in the heterocyclic ring and the high propensity
of 7 stacking with polarised atoms as interacting partners. This suggests that in 7t-- -7t
stacking, the C(5)---N(NHy), C(3)---N(1), C(6)---N(4) as well as N(1)---N(4) contacts play
an important role in the crystalline structure. For the O---C contacts, the enrichment ratio
is also high (Eoc ~ 1.5), which suggests that in 7t - - 7 stacking, the O atoms interact with
positively charged C atoms, which are themselves covalently bonded to O atoms. Thus, the
possibility of the contacts C(6)---O(OH) and C(CONH;)---O(OH) is raised. Among C---C
and H---C interactions, which compete in the crystal, only C- - - H contacts are favoured, but
their enrichment ratio Ecy < 1 as H atoms are involved in hydrogen bonds. Concurrently,
the C---C contacts are significantly impoverished (Ecc ~ 0), so their participation in 7t---7
stacking is electrostatically unfavourable. A very high Ecp/Ecc suggests the classification
of the packing motifs as herringbone [51]. The propensity of F---F and F---H/H---F contacts
is significantly enriched (Epr =~ 2.0 and Epy =~ 1.4), thus, the F and H species are the
interaction partners for F. Among them, the F---F contacts, which form zig-zag chains,
are preferred. However, the F---H/H.:--F contacts are also favoured in the crystal packing
and raise the probability of F---HX hydrogen bonds (F---H-C(3) and F---H-O(OH)). The
H---H contacts appear with an enrichment ratio significantly smaller than unity (Egy ~ 0.8)
due to their strong competition with both H---F contacts (Egg ~ 1.4) and the hydrogen
acceptors H---N (Exy ~ 0.8) and H---O (Epoy ~ 1.3), additionally forced by the presence
of low hydrogen content. The O---H/H---O contacts show enrichment values (Eoy ~ 1.3)
because they are favoured in the crystal packing, and, notably, the O=C oxygen atoms
form intramolecular hydrogen bonds of the type O-H-:--O (closing the five-member ring)
and intermolecular bonds of the type N-H:--O (-NH from -NH3). For the same reason,
the O---O contacts are significantly impoverished (Eoo ~ 0.1). The N---H/H---N contacts
show enrichment values smaller than unity (Eoyg ~ 0.9), and, thus, are disfavoured, and
the existence of the N-H---N hydrogen bonds linking -N(4)= and -NHj is not raised. In
general, the favoured interaction partners for N, whose contribution to the 3D HS molecular
surface is about 16%, are C and N species, while H, followed by O and F are disfavoured.

A little more information about the types of interactions and their location is provided
by 3D HS, which, with the normalized contact distance dnorm, shape index and curvedness
mapped over this surface, are shown in Figure 9.

Figure 9. The crystal structure of FVP (2048895, protons optimized), with dnorm (left), shape in-
dex (centre), and curvedness (right) over a total 3D Hirshfeld surface.
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The intramolecular O-H:--O hydrogen bond is very short (Ro...o = 2.592 A, after opti-
mization even shorter Rp...0 = 2.503 A) and nonlinear (<OHO = 144.55°, after optimization
more linear <OHO = 154.37°). Intense red areas in the 3D HS near O and H from —-OH,
represent very low values of dnorm = —0.6433 a.u. (after optimization —0.7823 a.u.), shape
index = —0.9389 (after optimization —0.8045 a.u.), and curvedness = —1.5591 a.u. (after
optimization —1.6515 a.u.), which indicates a strong bond.

The intermolecular hydrogen bonds are indicated in the 3D HS surface by the areas
coloured from intense red to white. Intense red areas in the 3D HS localised near =O and H
(from —-NH>) represent the lowest values of dporm = —0.5559 a.u., shape index = —0.9984 a.u.,
and curvedness = —2.216 a.u., and confirm the presence of a strong N-H-:--O hydrogen
bond, which is short (Ro...y = 2.880 A) and nonlinear (<NHO = 166.95°). The lighter red
areas near -N(4)= and H from the -NH; moiety represent the values of dporm =—0.3444 a.u.
(shape index = —0.9844 a.u. and curvedness = —1.5983 a.u.) and indicate the presence of
a weak N-H---N hydrogen bond, which is long (Ry...y = 2.962 A) and highly nonlinear
(<NHN = 133.82°). The light pink areas near =O and H from C(5) represent the values
of dnorm = —0.8983 a.u. (shape index = 0.9512 a.u. and curvedness = —2.2851 a.u.). They
imply the presence of a weak C(5) -H:--O hydrogen bond, which is long (Rc...o = 3.421 A)
and nonlinear (<CHO = 148.91°). The white pink areas near F and H from C(5) represent
the values of dnorm = 0.219 a.u., shape index 0.751 a.u., and curvedness= —1.635 a.u., and
indicate a weak C-H---F hydrogen bond of 3.445 A and <118.9°.

The abovementioned four types of bonds are competitive to van der Waals contacts
of 3.068 A linking F---F, which are shown as the white areas in the dnorm surface, with
dnorm = 0.0915 a.u, shape index = 0.6253 a.u., and curvedness = —1.6668 a.u. The bright-
yellow area in the curvedness surface also suggests the presence of F---O (O from —-OH)
contact of 3.831 A characterized by values of dnorm = 0.1891 a.u., shape index = 0.0235 a.u.,
and curvedness = —2.4213 a.u., and N(1)---O (O from —OH) contact of 3.379 A, with the
values of dporm =0.2130 a.u., shape index = —0.4859 a.u., and curvedness = —1.6035 a.u.
The N---C contacts of 3.350-3.574 A are described by the values of dporm = 0.087 a.u., shape
index = —0.704 a.u., and curvedness = —1.841 a.u.

Optimization of the geometry with fixed parameters of the unit cell results in the
shortening of hydrogen bonds in relation to crystallographic bonds, which affects the 3D
crystal pattern. This effect is poorly reflected by the shape of the 3D HS surface but well
described by dnorm, shape index, and curvedness. The N-H---O is described by values of
dnorm = —0.6313 a.u., shape index = —0.9428 a.u., and curvedness = —3.3128 a.u., while the
N-H---N is characterized by values of dnorm = —0.4436 a.u., shape index = —0.9957 a.u., and
curvedness = —1.4333 a.u. Both are shorter (Ro...y = 2.796 A and Ry..y = 2.915 A) and more
linear (<NHO = 170.87° and <NHN = 142.20°), and, thus, stronger. The C-H---O hydrogen
bond, which is described by values of dnorm = —0.1367 a.u., shape index = 0.8807 a.u.,
and curvedness = —1.8613 a.u. is longer (Rc...0 = 3.542 A) and weaker. The C(5) -H---F
hydrogen bond of length 3.542 A is characterized by values of dnorm = 0.2989 a.u., shape
index = 0.7926 a.u., and curvedness = —1.5158 a.u., i.e.,, weaker. The N---C contacts of
3.351-3.411 A are described by values of dnorm = 0.068 a.u., shape index = —0.629 a.u., and
curvedness = —1.738 a.u.

In order to verify the presence of interactions, mainly directional interactions, the
characteristic features of the 2D fingerprint (2D FP) d../d; plots (Figure 10), obtained from
the 3D HS, were further analysed.



Molecules 2023, 28, 3308

19 of 37

2.4 de 2.4 de .4 de
2.2 2.2 .2
2.0 2.0 .0
1.8 1.8 .8
1.6 1.6 .6
1.4 1.4 .4
1.2 1.2 wl
1.0 1.0 .0
0.8 0.8 .8
0.6 0.6 .6
dl dj dy
(A) 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 (A) 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 (A) 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
All N (0]

2.4 de 2.4 de .4 de
2.2 2.2 2
2.0 2.0 .0
1.8 1.8 .8
1.6 1.6 .6
1.4 1.4 .4
12 1.2 o
1.0 1.0 .0
0.8 0.8 .8
0.6 0.6 .6

(A) 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 (A) 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 (A) 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

C F H
(a)
2.4 de 2.4 de .4 de
2.2 2.2 .2
2.0 2.0 2.0
1.8 1.8 1.8
1.6 1.6 1.6
1.4 1.4 1.4
1.2 1.2 1.2
1.0 1.0 1.0
0.8 0.8 0.8
0.6 0.6 0.6
d dl di
(A} 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 (A) 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 (A) 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

2.4 de 2.4 de .4 de
2.2 2.2 .2
2.0 2.0 .0
1.8 1.8 .8
1.6 1.6 .6
1.4 1.4 .4
1.2 1.2 .2
1.0 1.0 .0
0.8 0.8 .8
0.6 0.6 .6
ds ds di
(&) 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 (&) 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 () 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

O-H
(b)

Figure 10. 2D molecular fingerprints of the interactions pattern in FVP (2048895, protons optimized)
and its breakdown to the (a) particular species (N, O, C, F, and H) and (b) selected contacts (N---C,
N---H,N---O, N--:N, and F---H).
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In the 2D FP plot, the O---H/H---O contacts describing intramolecular O-H---O and
intermolecular N-H:--O hydrogen bonds are represented by symmetric spikes (“wings”),
which are sharp and small, at de + d; ~ 2.0 A (de + d; ~ 1.75 A for the optimized geometry).
These interactions cover a small area of 17.8% (17% for the optimized geometry) of the total
3D HS. The N---H/H---N contacts are represented by the most external symmetric spikes
sharp, and de + d; ~ 2.2 A (de +d; ~2.0 A for the optimized geometry). These interactions
cover a small area of 11.5% (11.7% for the optimized geometry) of the total 3D HS. The
F---H/H---F contacts are represented in 2D FP by the widest spikes at de + d; ~ 3.00 A.
They cover 15.6% (14.9% for the optimized geometry) of the total 3D HS. The C---O/O---C
contacts bring a contribution of 7.1% (7.7% for the optimized geometry) and they are
represented by sharp wings, de + d; ~ 3.00 A (3.10 A for the optimized geometry), located
in the middle area of the whole fingerprint. The O---N, O---F, and F---F contacts bring a
small contribution of 4.8, 4.2, and 3.4% (5.0, 4.3, and 4.1% for the optimized geometry),
respectively. The relatively high contribution is brought by weak H---H interactions, which
cover 12.0 % (12.1% for the optimized geometry) of the total 3D HS. In the 2D FP, they
are reflected by the cloud of scattered points. The contribution brought by C---N/N---C
and N- - - N contacts, which cover 8.1 and 3.8 % (8.1 and 3.9% for the optimized geometry),
respectively, mainly comes from C(3)- - - N(4) and N(1)---N(4) contacts, i.e., interlayer 7---7t
stacking interactions.

The local 2D molecular fingerprints of -N(1)=, -N(4)=, and -NH,=, generated based
on 3D HS for the particular nitrogen atoms (Figure 11), vary significantly from one nitrogen
site to another, in both shape and percentage.
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Figure 11. Local 2D molecular fingerprinting of the interactions pattern in FVP (2048895, protons
optimized) for -N(1)=, -N(4)=, -NH,, =O, -OH, and -F.
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While the upper narrow wing attributed to the NC covalent bond is common and
featureless, the lower one matters because it shows a considerable variation in the number
(three in -N(4)=, four in -N(1)=, and two in -NHj) and type of interactions.

The local 2D FPs reveal the participation of -NH; in two covalent NH bonds being
donors for two strong hydrogen bonds NH---O and NH:--N and the participation of -N(4)=
in intermolecular N-H---N hydrogen bond and N---N, N---O contacts, Table 9.

Table 9. Percentage contributions to the 3D Hirshfeld surface area calculated for single species.

Contact Type -N(1)= -N@)= -NH, Contact Type =0 -OH Contact Type F
N---C 59.9 59.7 19.3 O---C 22.9 30 F---C 29.3
N---H 20.4 352 80.7 O---H 76.4 51.5 F---H 43.1
N---O 9.2 1 - 0---0 0 0 F---O 8.2
N---N 5.3 41 - O--N 0 9.7 F---N 1.6
N---F 51 - - O---F 0.7 8.9 F---F 17.9

Moreover, it suggests the involvement of -N(1)= in the intramolecular hydrogen bond
N-H:--N (which closes the five-member ring but was not detected in the global 3D HS-
based analyses) and in three N---N, N---O, and N---F contacts. The wing describing the
intramolecular hydrogen bond N-H---N, very wide and scattered at d. + d; =2.4 A, is highly
different from the intermolecular NH:--N, which is very narrow and at d. + d; = 2.15 A.
A similar analysis of the local 2D FP for the oxygen atoms reveals a sharp upper wing
attributed to the OC covalent bond at de + d; = 1.3 A and a bottom wider wing attributed
to hydrogen bonds (intermolecular O-H---N at de + d; = 1.65 A for =O and intramolecular
O-H---Oatde +d; =2.15 A for —OH) and some heavy-atom contacts, Table 9.

The wing describing the intramolecular hydrogen bond O-H---O is typical of this kind
of bond. It is worth noting that N-H::-N has a very similar shape of a wide and scattered
cloud of points. The local 2D FP of the fluorine atom reveals a sharp upper wing attributed
to the FC covalent bond and a wide bottom one indicating the involvement of fluorine in
the F---H-C hydrogen bond and three kinds of contacts F---N, F---O, and F---F (Table 9).

Thus, the analysis of local, atomic, 2D molecular fingerprints helps to discover/confirm
the presence of the very weak hydrogen bonds N---H-N (intramolecular) and F---H-C
(intermolecular) which meet the Gilli criterion [52] and are nicely complementary to the
total 3D HS and 2D FP. Moreover, they explain the source of the differences between
particular nitrogen nuclei detected by NQR.

2.2.2. Characterization of the Strength of the Interactions
The Total Interaction Energy Partitioning

The analysis of the total lattice energy and its terms (electrostatic, polarization, dis-
persion, and repulsion) derived from DFT calculations for a cluster of 10 A in diameter
has revealed that irrespective of temperature, the major contributions come from the elec-
trostatic or dispersion terms and could not be cancelled by the repulsion. The total lattice
energy (—105.6 kJ/mol) is dominated by the dispersion (—77.17 k] /mol) and electrostatic
(—70.82 kJ /mol) terms, which are stronger than the polarization (—13.76 kJ/mol) or repul-
sion terms (56.79 k] /mol). Upon a temperature increase, all negative terms increase dis-
persion (—72.82 kJ/mol), electrostatic (—63.21 kJ /mol), and polarization (—12.14 k] /mol),
while repulsion decreases (48.32 kJ/mol), which results in slightly lower total energy
(—100.5 kJ /mol). The optimization with the fixed unit cell results in an increase in each
term of energy (electrostatic (—78.32 kJ/mol), dispersion (—77.95 kJ/mol), polarization
(—15.98 kJ/mol), and repulsion (65.26 kJ/mol), which in turn causes a decrease in the
total energy (—95.2 k] /mol). The total interaction energy partitioning indicates that the
crystalline packing is determined by mainly electrostatic and repulsive strong N-H- - - O
hydrogen bonds followed by N—H::-N and weaker C-H- - - O, and dispersive strong 7- - - 7t



Molecules 2023, 28, 3308

22 of 37

stacking and relatively weak F- - - F contacts (Table 10 and Figure 12). (However, a partial
contribution to the repulsion term in N-H- - - N may, in fact, come from N- - - C contacts).

Table 10. The total interaction energy partitions the interactions into electrostatic, E,., polarization
(induction), Ep, dispersion, Eq, and repulsion (exchange), E;, terms.

. Eel' Ep Ed E; Etotal

Interaction [kJ/mol] Igimoll  [Jimoll  [kJ/moll [Jimol] ~ Structure, CCDC
N-H---O -37.6 -59 —6.9 25.6 —24.8
N-H---N —22.0 —5.6 —-10.8 18.7 —19.6

C-H---O —-6.0 —-1.1 -5.0 45 -7.6 ..

F---F ~12 —0.1 —44 1.2 —46 2048895 optimized
7t- - - 7t stacking (flip) -25 -1.2 —20.8 7.5 -17.0
- - - 7 stacking (parallel) —41 -1.3 —21.1 7.5 —19.0
N-H---O —25.7 -39 —64 13.1 —229
N-H---N —49 —1.1 —21.2 6.8 —20.4

C-H---O —4.0 —-0.9 —4.5 2.2 —74 2048895
F---F —14 —0.1 —-3.0 0.1 —45 X-ray

7t- - - 7t stacking (flip) —14.0 -3.9 -10.7 11.7 —16.8
- - - 7 stacking (parallel) —3.2 -1.0 —21.2 7.4 -17.9
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Figure 12. Energy framework of diagrams for electrostatic, dispersion, and total energy visualised in
the FVP structure by red, green, and blue “sticks”, respectively (view along the a-axis—(top), along
the b-axis—(middle), and along the c-axis—(bottom)).
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The ordering of the most important interactions according to the decreasing energy is
as follows:

N-H.:--O = m- - - 7w stacking (parallelly oriented molecules) >

>N-H- - -N =~ - - - w stacking (flipped molecules) > C-H--- O >>F- - -F.

The N-H. - - O hydrogen bonds and 7t- - - 7 stacking (slightly different between parallel
or flipped molecules) forcing planar arrangement and F- - - F contacts forming zig-zag
chains, are the main driving forces acting cooperatively (Figure 12).

Electrostatic Potential

The electrostatic nature of the hydrogen bonds, that is, the match of positive and
negative regions of the molecular surfaces (electrostatic complementarity), is also well
pronounced in the molecular electrostatic potential (ESP). The positive (blue) regions of
ESP are clearly separated from the negative (red) regions in Figure 13.

Figure 13. Electrostatic complementarity upon crystal packing in FVP: electrostatic potential mapped
onto the Hirshfeld surfaces of symmetry-related neighbouring molecules. The colour scale is —0.05
(red) to 0 (white) to 0.05 a.u. (blue).

The negative ESP on both sides of the molecule occupies O and double O infinity
sign and hood-shaped regions. The highly positive region is localised on almost the
whole moiety, including -NH, and -N(1)=, while the negative one is only on nitrogen
-N(4)= and both oxygens. The arrangement of the positive and negative ESP sites helps to
understand hydrogen bond formation. The negatively charged regions located at -N(4)=,
—-OH, and =0 are linked by bonds to the positively charged regions located at -NH, —
N(1)=, and —C(5)H (they perfectly match each other). As a result, N-H---Oand C-H. - - O
hydrogen bonds and N(4)- - - O contacts are formed. Moreover, the N-H- - - N hydrogen
bond, although dominated by electrostatic forces, is not pronounced in the ESP due to the
lack of electronegativity difference between the acceptor and donor. These observations
are extremely important from the docking point of view as -N(4)= plays a key role in the
prodrug conversion to the active substance (phosphoribosylation).

Quantum Theory of Atoms in Molecules

The quantum theory of atoms in molecules (QTAIM) [31] approach was used for the
verification and strength estimation of the inter- and intramolecular interactions revealed
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by 3D HS and 2D FP. The topological descriptors of electron density (p(r) and Ap(r), the
Hpcp(r) and its components Gpcp(r) and Vpcp(r)), as well as the strength of all intra- and
intermolecular bonds and contacts, are collected in Table 11. In general, QTAIM is, in some
cases, not sufficient to detect weak noncovalent interactions [32], thus the isosurface of the
reduced density gradient RDG(r) was examined, and the corresponding plot was generated
for the FVP structure. The molecular graphs cut off the crystalline structure with BCP,
RCP, and reduced density gradient isosurfaces (RDG) with sign(A;)ppcp mapped over the
surface, as shown in Figure 14.

Table 11. Topological parameters describing the interactions in FVP (electron density at the bond
critical point, BCP, and (ppcp(r)), its Laplacian (Appcp(r)), the potential electron energy density
(VBcp(1)), the kinetic electron energy density (Gpcp(r)), the total electron energy density (Hpcp(1)),
the bonding energy according to Espinosa (Eg), Matta (Eps), Emamian (Egy), Afonin (Ea), Gilli (Eg)
and Nikolaienko (Ey) calculated at the M062X/6-311 + G** level.

Interaction Nitrogen  Rx---y,  ppce®  Appcr(®) Vicp Ggcp Eg Em Eem Ea Eg En
Site <XHY [a.u.] [a.u.] [a.u.] [a.u.] [kJ/mol] [k]J/mol] [kJ/mol]l [kJ/mol]l [kJ/mol] [kJ/mol]
. NH, 2321,
hydrogen  N-H---N N(1)= 101.8 - : : : : - - - - ;
bonds 2591
OH---0 e 0042481 0143112 —0.0419 0038869 5508  —4377 3654  -30.97 2502 2955
N-H.--O NH, if:g 0026747 0110269 —0.02233 0024948  —2931  —2810 2186  —16.69 . 1669
hydrogen CH---N N, 2.961 18429 14 —0.01189 14461  —1561  —1629  —14.1 : . :
yelroge N N Tavg 0018 0.068 0.01189  0.01446 5.6 629 10
CH -0 : ifszg 0.009161 0030523 —0.00555 0006589  —7.28 742  —544  —448 . .
FH ..C : ifg: 000343 0015936 —0.00238 0003182 -312  -358  —010  —2.18 . .
F---F : 3.067 0003874 0021766 —0.00353 0004488  —464  —5.06 ; - - -
o F-.C - 6535 0002768 0012361 000158 0002333  —2.06 - E - - -
stacking N---N Eg}gf 6166 0005919 0018211 —0.00326 0.003905  —4.28
p N@)=
(tlip) N---O NH, 6472 0005106 0016997 —0.00309 0.003668  —4.05 . ; ; ; -
N---O NH, 6679 0003988 0012019 —0.00228 0.002642  —2.99 . : ; ; §
o O -F - 6682 0001989 0010403 000126 000193  —165 - - - - -
stacking N---C N@)= 6785 0005659 001542  —0.00285 0.003354 3.5 ; ; ; ; .
(paralle) o...C - 6075 0006435 0021031 —0.00384 0004551 504 : - ; . :
N---C N@)= 6404 0003977 0011922 —0.00208 0002532  —2.74 .
stabilising N---O N(1)= 6385 0004228 0015145 —0.00252 0.003155  —3.31 } - - - -
(in a layer) F---0 . 6167 0003083 0016013 —0.00236 0.003182  —3.09 - - - - -
* not detected by QTAIM.

Results of QTAIM confirmed the presence of the hydrogen bonds and contacts detected
by the total 2D FP. The energies estimated using QTAIM and Equations (7)-(12), Table 11,
are in good agreement with those estimated using the energy framework. In contrast to
the local 2D FP, QTAIM did not detect intramolecular N-H---N hydrogen bonds. However,
the disc-shaped green surface of the reduced density gradient located between the -N(1)=
and H (from -NH>) indicated the presence of a weak intramolecular N-H---N hydrogen
bond, although no critical points were detected (Figure 14). In the plot of RDG(r) versus
sign(A;)p(1), Figure 15, the noncovalent interactions—hydrogen bonds (strong and attrac-
tive), van der Waals contacts (weak), and steric interactions (ring closures, repulsive)—are
visible as spikes.

Their positions were identified based on the analysis of the closely related pyrazine
structures. The intramolecular N-H---N hydrogen bond spike is shown in light blue. The
analysis of the bonds in which each of the nitrogen atoms participates within QTAIM
and RDG reveals significant disproportions between them. The -NHj site participates
in two intermolecular hydrogen bonds of different strengths N-H:---N and N-H---O; —
N(4)= participates in N-H---N intermolecular hydrogen bond, but -N(1)= only in a very
weak putative intramolecular hydrogen bond N-H:--N. This is reflected in the asymmetry
parameters, the highest for asymmetrically bonded —-NH;, and the lowest for —-N(4)=,
participating only in one bond coaxially with the Z-axis of the EFG tensor. The position of
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the spike in the plot of RDG(r) versus sign(A;)p(r), Figure 15, is very well correlated (85%)
with the equ /h.

(b)

Figure 14. Molecular graph of FVP molecule with (a) all nearest neighbours within a 3.8 A radius and
(b) selected neighbours cut off from the crystalline structure (BCP—small green points, RCP—small
red points). The isosurface of the reduced density gradient surface (RDG = 0.5) with sign(A;)ppcp is
mapped over the surface. The colour scale is —0.07 (blue) to 0.07 a.u. (red). A very weak putative
intramolecular hydrogen bond N-H:--N not detected by QTAIM but indicated by the disc-shaped
green surface of the RDG located between the -N(1)= and H (from -NH)) is depicted in red dotted line.
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2.3. Binding Mode of Biologically Active Form

For FVP to be biologically active, it must undergo intracellular phosphorylation to
its active form (FPV triphosphate). A false nucleoside, which is built by the viral RARP
into the nascent viral RNA, results in a “defective”, mutated RNA [17,18]. Three structures
of COVID-19 RNA-dependent RNA polymerase bound to FVP (7DFG [53]), Nsp7-Nsp8-
Nsp12 SARS-CoV-2 RNA-dependent RNA polymerase in complex with template primer
dsRNA, and FVP-RTP (7AAP [54]), and replicating polymerase complex of SARS-CoV-2 in
the precatalytic state bound to FVP (7CTT [55]), were retrieved from the PDB database.

In 7DFG, the FVP moiety has adopted the same amide group conformation as in the
solid state, while in 7AAP and 7CTT, the amide group of FVP-RTP is rotated by 180° around
the -C(2)-CONH; bond, although it is energetically unfavoured (by 5.8 kJ/mol). Conse-
quently, the two types of structures differ significantly in the binding mode within the FVP
moiety. In the 7DFG structure, FVP mimics guanosine, and through its amide group, forms
a noncanonical base pair (the so-called wobble base pair) with uracil in the template RNA
strand bonded via two intermolecular N-H- - - O hydrogen bonds of 2.452 A and 2.268 A.
Two O-H- - - O hydrogen bonds of 2.909 A (10.46 k] /mol) and 2.939 A (10.02 kJ/mol) link
=0 from FVP with SER682. The intramolecular hydrogen bond N-H- - - N of 2.711 A closes
a 6-membered ring, while the - - - 7t stacking between nucleoside pairs (uracil: - - FVP and
adenosine- - - uracil), where an amide group links N(1) with adenosine and C(5) with uracil,
additionally stabilize the structure. In the 7AAP structure, FVP mimics the guanosine base,
and through its amide group, forms a noncanonical base pair with cytosine in the template
RNA strand. Three intermolecular hydrogen bonds, N-H- - - O of 2.569 A (=O from FVP),
N-H-: -0 0f3.170 A, and N-H: - - N 0f 2.740 A (-NH from FVP) bind the cytosine, and two
other bonds, strong N-H- - - O (-NH from FVP) of 2.989 A and weak C-H- - - O (=O from
FVP) of 3.539 A, bind SER682. This system is additionally stabilised by an intramolecular
hydrogen bond, N-H: - - O, of 2.549 A (linking =O with -NH,) closing a 6-member ring.
Moreover, the van der Waals-type side chain contact C- - - O of 3.24 A and the hydrogen
bond N-H- - - O of 3.28 A (involving =O with C(6) and N(6) from adenosine) supports the
7t - - 7t stacking interaction realised by C(5) of FVP and uracil (average stack distance 4.06 A)
and the N- - - N contact (linking -N(1)= of FVP and N(3) of uracil) of 3.22 A.

In the 7CTT structure, two N-H- - - O hydrogen bonds of 2.4 A and 3.2 A and N-
H---Nof 2.74 A, involving amide group through =O and -NH,, respectively, link the FVP
moiety with cytosine in the template RNA. Two O-H- - - O hydrogen bonds of 2.44 A and
3.38 A link =O from FVP and one N-H- - - O of 2.99 A links -NH, from FVP with SER682.
This system is additionally stabilised by an intramolecular N-H- - - O hydrogen bond of
2.612 A, closing a 6-member ring. The nitrogen atom from the -NH, group forms the
mi- - - 7t stacking with uracil (average stack distance 3.97 A), while C(5) forms 7t - - 7t with
adenosine (average stack distance 4.32 A). In addition to base pairing with cytosine or
uracil, FVP is coordinated by Lys545, which is positioned to accept hydrogen bonds from
the nitrogen -N1= in the pyrazine ring or is less likely to donate to the fluorine atom (3.4 A
and 3.7 A or 3.6 A, and 4.6 A for cytosine or uracil base pairing, respectively). While in the
solid F---H, contacts are preferred, and weak C-H---F bonds are present in FVP-RTP bound
with the RNA strand, which fluorine cannot form because the nearest protons are too far.
Fluorine also does not appear to be directly involved in the base pairing but still plays a
role in the binding as it makes contact with neighbouring N, C, or O atoms in the stack. In
7DEF, it participates in the F- - - O contact of 3.321 A and supports the C-H- - - O hydrogen
bond of 3.065 A, both linking the FVP moiety with the ribosyl ring and forcing specific
conformation of RMP. Additionally, F- - - C (C from uracil) of 3.544 A supports the 7t- - - 71
stacking. In 7AAP, fluorine participates only in the F- - - O contact of 3.674 A, but supports
the C-H- - - O hydrogen bond of 3.082 A forcing the specific RTP conformation. In 7CCT, it
participates in two F- - - O contacts of 4.957 A and 4.691 A, supports the C-H- - - O hydrogen
bond of 2.694 A to keep the specific RTP conformation, and, additionally, supports the
7t - - 7 stacking by F- - - N (N from adenosine) of 4.151 A. All of this fits the typical pattern
of fluorine’s role within drug structures, i.e., the impact on conformation.
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Moreover, the FVP-RMP (in 7DFG), FVP-RTP (in 7AAP; active state) and (in 7CTT;
precatalytic state) also differ in the conformation of RMP and RTP, which are substituted
at the -N(4)= position of FVP. As a consequence, in the former, RMP binds with only
5 residues (ASP623, ASP 760, U20, and magnesium ion), while in the remaining two, RTP
adopted two different conformations, which results in binding with 7 (ASN691, ASP623,
ASP760, U20, SER814, and two magnesium ions) and 11 (ASP623, ASN691, THR687,
ARG555, LYS798, LYS621, ARG553, ASP618, ASP760, A20, SER682, and one magnesium
ion) residues, respectively. The active site in RdRp polymerase, a principal target for
the SARS-CoV-2, is known to be formed by two catalytic motifs: A, composed of the
residues from 611 to 626 and C, which contains residues from 753 to 767 [56]. The most
conserved residue in viral RdRp is the classic divalent-cation-binding ASP618, while the
critical catalytic residues, responsible for RdRp activity, are SER759, ASP760, and ASP761.
Multisubunit RNA polymerase binds nucleotide triphosphate (NTP) substrates, which
enter the main-enzyme channel via a hydrophilic cluster containing LYS545, ARG553, and
ARGS555 [56].

The FVP-RMP (in 7DFG) interacts noncovalently with ASP618 (5.44 kJ/mol),
SER759 (—3.93 k] /mol), ASP760 (—4.52 k] /mol), and ASP761 (5.52 kJ/mol), as well
as LYS545 (—7.49 kJ/mol), ARG553 (—4.27 k] /mol), and ARG555 (—5.73 kJ/mol),
but the main target residues are SER682 (—55.40 k] /mol), ASN691 (—17.62 kJ/mol),
and ASP623 (—13.77 k] /mol). However, its binding to the Mg cofactor is very strong
(—91.59 kJ/mol). After phosphorylation, the ligand’s binding strength increases signifi-
cantly. Although FVP-RTP (in 7CTT; precatalytic state) interact with conserved residue ASP618
(61.80 k] /mol) and three critical residues SER759 (—3.10 k] /mol), ASP760 (10.96 k] /mol), and
ASP761 (19.50 kJ /mol), these interactions are primarily electrostatic and repulsive. The bindings
of FVP-RTP with LYS798 (—99.24 kJ /mol), LYS621 (—86.44 kJ /mol), SER682 (—28.74 kJ /mol),
ASP623 (—17.03 k] /mol), and ASN691 (—19.41 kJ/mol) are significantly stronger and attractive.
Its binding to the hydrophilic cluster residues LYS545 (—22.51 k] /mol), ARG553 (—62.97 k] /mol),
and ARG555 (—130.92 k] /mol) is very strong, but its binding to the Mg cofactor is weak, only
—29.37 kJ /mol.

Similarly, FVP-RTP (in 7AAP; active state) interacts weakly with ASP618 (21.92 kJ/mol),
SER759 (—3.31 kJ /mol), ASP760 (7.45 kJ /mol), and ASP761 (25.82 k] /mol), but binds strongly
with LYS545 (—39.46 kJ /mol), ARG553 (—19.33 k] /mol), and ARG555 (—33.77 k] /mol). Its
interactions with two Mg cofactors are very strong (—119.54 and —184.51 kJ /mol), which
indicates the high stability of the protein-ligand complex.

Considering the cofactor binding strength, the ligands can be ordered as FVP-RTP
(active state) > FVP-RTP (precatalytic state)>FVP-RMP. The total binding affinity (between
target protein and ligand) is also highest in 7AAP (—494.30 k] /mol), followed by 7CTT
(—471.58 k] /mol), and 7DEF (—247.02 k] /mol). However, the conformational change in
RTP (precatalytic vs. active) may be dictated not only by its binding to the cofactor but may
also result from an allosteric effect.

The allosteric sites in 7AAP were detected with Allosite-Pro [57] and PASSer [58] using
a scheme [59,60]. Near the active site, there are two allosteric pockets on either side of
the RNA strand. One of the pockets is composed of VAL557, ARG555, LYS545, THR680,
SER682, THR556, ASP623, C10, THR687, SER759, ASN691, ALA688, ASP760, ARG553,
Al1, and U20, and, thus, includes critical catalytic and hydrophilic cluster residues. The
procedure used to dock the FVP-RTP ligand in the protein pocket was identical to that
previously described [61,62]. The search space was defined as a subset region of 9.0-15.0 A
around the allosteric site. After docking, the best pose that leads to the stabilization of the
complex with the highest binding/docking score was selected.

Docking of the FVP-RTP directly into this pocket leads to its very strong bindings to hy-
drophilic cluster residues ARG555 (—86.32 k] /mol), ARG553 (—70.46 k] /mol), and LYS545
(—41.71 kJ /mol), conserved residues ASP623 (—69.16 k] /mol) and ASP618 (20.84 kJ/mol),
critical catalytic residues ASP761 (21.38 k] /mol; repulsion), and two Mg cofactors (—216.38
and —215.77 kJ /mol). The total binding affinity is —402.96 k] /mol. The conformation of
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FVP-RTP is very similar to that of the RNA template (root-mean-square deviation of atomic
positions, RMSD, is only 4.98%). The contribution of the cofactor-ligand electrostatic
interaction to the total protein-ligand binding is almost twice as high as the sum of the
steric and hydrogen bond contributions. Such a strong direct binding of FVP-RTP to the
active site and cofactor suggests a possible alternative mechanism of FVP action, which
may explain the scattering of the results of clinical trials [25,63] or the synergistic effect
observed in combined treatment against SARS-CoV-2 [64].

The binding modes calculated for the nearest vicinity of the single FVP molecule in
crystal and FVP-RMP or FVP-RTP molecules in proteins are shown in Figure 16. For clarity,
only single-molecule structures are shown.

Figure 16. The isosurface of RDG (isovalue 0.5 a.u.) with sign(A;)ppcp mapped over the surface re-
vealing binding modes in (a) crystal, (b) 7AAP, (c) 7CTT, (d) 7DEF and (e) allosteric pocket (for clarity,
only single-molecule structures are shown). The colour scale is from —0.07 (red) to 0.07 a.u. (violet).

There is one more nonobvious difference between the solid and RMP/RTP, precat-
alytic/active states. The intramolecular hydrogen bond O-H- - - O observed in the solid
FVP does not occur in any substituted form. However, the weak intramolecular hydrogen
bond N-H.: - - N is still present in the 7DEF and is replaced by a much stronger N-H- - - O
of 2.55 A and 2.61 A in active 7JAAP and precatalytic 7CTT, respectively. Thanks to the
N-H-: - - O intramolecular bond, FVP-RTP successfully mimics guanosine. However, this
bond strongly affects the intermolecular binding capacity of -NH; and =O. In any case, the
intramolecular bonds and, consequently, the planar conformation of the FVP moiety, is not
only solid-specific but is also retained in solution during the interaction of the molecule
with RNA protein. Furthermore, unlike the solid state with the enol-like conformation of
the amide, each active/bonded form of FVP is deprived of a proton at -OH, which implies a
keto-like conformation of the amide. Thus, the acceptor—donor balance is shifted in favour
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of the acceptors. The hydrogen bond acceptors (two O, N, and not fulfilling this role, F),
which exceed the hydrogen bond donors (-NH;) in number, result in a more polar (thus eas-
ily soluble in water) compound. This, in turn, increases secondary electrostatic interactions
characterized by no transfer or the sharing of electrons. The latter is an important factor for
water-mediated hydrogen bonds that affect protein—-RNA recognition. The binding modes
described above support the assumption that FVP stops replication through noncovalent
interactions in the active site and also suggest that the binding strength, and thus efficiency,
may strongly depend on the conformation of the amide and triphosphate groups as well
as the acceptor—donor balance. This may explain why the results of clinical trials in the
treatment of COVID-19 with FVP have been so conflicting so far [25,63]. Changing the
substituents to maintain the preferred conformation of the solid amide and triphosphate
groups but also the number of acceptors seem to be good steps in the direction of better
efficiency of this drug.

The intrinsic bond strength index [65], a new feature describing the degree of electron
density sharing between the atom and its surrounding, DOI, calculated for single FVP and
FVP-RTP molecules, partly supports the above observations. The highest DOI values were
found for the acceptors —F (37.62%), followed by —C(6) (41.38%), -N(1)= (5.44%), and -N(4)=
(1.78%). The lowest DOI were obtained for -NH; (0.38%), -OH (0.32%) acting as a donor,
and =0 (0.13%). The values of DOI for the conformation flipped by 180° (nonsolid one)
are only slightly different. They are the highest for F (37.91%), followed by —-C(6) (42.12%),
-N(1)= (5.47%), and -N(4)= 1.83%. The donor sites -NH; (0.29%) and -OH (from amide;
0.32%) as well as acceptor =O (0.35%) have very low DOlIs. The differences caused by the
flip of the amide group are, therefore, negligibly small. In contrast, the ribosylation and
phosphorylation significantly change the DOI atomic values. The highest values of DOI for
FVP-RMP are shifted from the FVP moiety to ribosyl, for C(1) (29.7%), followed by C(2)
(12.7 %), C(3) (12.28%), and O(15) (9.5%), which is independent of the RTP conformation.
This reflects the loss of the F’s ability to share electron density with its surroundings in
favour of RTP and the tendency of RTP to form multiple bonds evident in both structures.
In RMP, the highest DOI are obtained for phosphoryl moiety atoms (32.4% for O(3), 34.78%
for P, 4.9 for O(2), 4.33 for O(3), and 4.34% for O(4)), which reflects its ability to bind
phosphate groups. Very low DOIs in the -NH, group indicate its strong donor properties,
irrespective of the structure of FVP, FVP-RTP, or FVP-RMP. Thus, the -NH; group, which
links neighbouring molecules in crystals and base pairs in the RNA template, mainly by
strong intermolecular N-H- - - O bonds, plays a key role in both the crystal and protein
structure. Its involvement in strong intramolecular N-H- - - O hydrogen bonds seems to
be an advantage when it comes to planarity and mimicking guanosine, but it may be an
obstacle that weakens the bond pairing. Moreover, these results are in very good agreement
with the docking results, which indicate that the phosphoryl oxygens bind to the cofactor.

3. Material

The identity and purity of the active substance sample manufactured in China by
Jiangsu Zenji Pharmaceuticals Ltd. have been checked in an independent laboratory with
NMR and LC-MS methods, and it does not raise any doubts. The purity of the powdered
sample was confirmed to be above 98%. The experimental study was performed using the
FPV sample without prior recrystallization or any additional purification. The powdered
sample was degassed and sealed in a glass ampoule.

4. Methods
4.1. Experimental—! H-"*N NQDR

The *N NQR frequencies in FVP lie in the low-frequency range below 4 MHz, and
direct NQR measurement on a small sample (approx. 0.5 g) is not possible due to a
very low signal-to-noise ratio. Therefore, the multistep procedure was used. The N
NQR frequencies were determined indirectly by measuring the proton NMR signal using
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three nuclear quadrupole double resonance techniques: 'H-4N cross-relaxation (CR) [39],
multiple frequency sweeps, and two-frequency irradiation [42,43].

4.2. Spectra Simulations—Density Functional Theory (DFT)

Quantum chemical calculations were carried out within the density functional theory
(DFT) approach rooted in Kohn-Sham'’s [66] theorem, generalised by Levy [67]. The
Minnesota hybrid meta M062X, high-nonlocality exchange-correlation functional with
double the amount of nonlocal exchange (2X), [68] and all-electron split-valence basis
set 6 — 311 + G(d,p) were applied for the single molecule and cluster calculations. The
advantage of M062X with 54% HF exchange is that it gives good results for the system
with noncovalent forces, which is one of the biggest deficiencies of standard DFT methods.
Because the X-ray crystallography at the usual resolution often fails to directly access the
positions of light atoms, the proton positions are poorly identified. Therefore, the corrected
(optimized) proton positions are routinely used by us in all analyses based on the electron
density distribution. The calculations were performed using Gaussian 16 rev. C01 [69].

For the bulk solid, the calculations of scheme BLYP (functional of Becke B88 [70]
combined with the Lee-Yang—Parr correlation functional LYP [71]), different gradient-
corrected functionals PBE [72] (Perdew, Burke, Ernzerhof), RPBE [73] (revised Perdew,
Burke, Ernzerhof), WC [74] (Wu and Cohen), PBEsol [75] (Perdew et al.), and PW91
(Perdew et al.) [76,77] with numerical radial functions basis—double-zeta without and
plane-wave basis sets with an energy cutoff of 500 eV, were probed. The GGA (generalised
gradient approximation) functionals (often called nonlocal) depend on both dp/dr and p,
which provides an increase in accuracy but with an additional cost. The plane-wave basis
guarantees a monotonic convergence to the target wavefunction and does not exhibit a
basis-set superposition error. A reciprocal space-based technique, useful in the evaluation
of long-range interactions, was applied. The sampling of the Brillouin zone was carried out
with the scheme of Monkhorst and Pack [78] (1 x 1 x 1 or 3 x 3 x 3 k-point separations)
code. Because the components of the electric field gradient (EFG) tensor are highly sensitive
to the structure quality, including well-determined positions of hydrogen atoms [28,29],
the FPV structure was optimized upon the assumption of a fixed unit cell. All solid-state
quantum chemical calculations were carried out within the CASTEP [79] code.

In both above-described approaches, the components of the electric field gradient

(EFG) tensor were calculated. The principal components of a second-rank symmetrical
2V (r)
ox?
static potential, satisfying the relationship |qxx| < |qyy| < |422|), were obtained after the

diagonalization of the following tensor, calculated at the selected level of theory:
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electric field gradient (EFG) tensor, q;; = (i = x, y and z; V(r)—external electro-

where () is the electron density, 7; is the projection of the r vector onto x,y, and z-axes, and J;;
is Dirac’s delta function. Although the EFG tensor consists of six independent components
in the principal axis system, it is fully described by the three principal components and
the three eigenvectors describing the orientation of the principal axes with respect to
an arbitrary frame. Because it is traceless, only two of the eigenvalues are mutually
independent. Therefore, EFG can be described with only two parameters: the quadrupole
coupling constant ?’qQ/h and the asymmetry parameter 7. Both are related to the 1N NQR
frequencies, which are observable, according to the following equations:
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The N NQR resonance frequencies can be derived from these parameters using the
set of equations:

2
v = eﬁq'(sm) (4)
v equ’(3—n) )
4h
2
Vg = vy —V- = 62(54’17 (6)

A nuclear quadrupole moment for 4N equal to 2.044 fm? [80] was assumed.

4.3. Quantum Theory of Atoms in Molecules (QTAIM)

A theoretical analysis of the topology of intermolecular interactions was performed
within Bader’s quantum theory of atoms in molecules (QTAIM) [31] approach. The DFT
wavefunction was calculated using the M062X functional and all-electron 6-311 + G(d,p)
basis set. The analysis of the stationary points (maxima, saddle points, or minima in the
electron density) permits differentiation of the nucleus-, bond-, ring-, and cage critical
points, denoted as NAP (Nuclear Critical Point), BCP (Bond Critical Point), RCP (Ring Crit-
ical Point), and CCP (Cage Critical Point). The so-called topological descriptors calculated
at the BCPs include the electron density at BCP, p(rgcp), three eigenvalues of the principal
components of a Hessian matrix composed of second partial derivatives of the electron
density describing the curvature of the electron density according to the principal axes A1,
A2 and A3, Laplacian (the sum of Hessian eigenvalues), Ap, electron density at the bond
critical point, BCP, (opcp(r)), its Laplacian Appcp(r), the potential electron energy density,
VBcp(r), the kinetic electron energy density, Ggcp(r), and the total electron energy density,
Hpcp(r). Some of these descriptors inform about the nature of the interaction (A, and Ap),
while the others (A3, Vpcp(r), Gpep(r), and Hpcp(r)) allow a bond strength estimation. The
analysis of the interactions according to QTAIM must be performed attentively because
the results can be easily overinterpreted, especially in terms of the number or the nature of
bonds. Therefore, the set of quantum indicators characterizing the bonds or sets of rules
must be carefully analysed, especially in the case of intramolecular hydrogen bonds [81].
Despite the valid criticisms, experimental binding strengths are often in line with the
model’s predictions. Thus, the hydrogen bond energy can be estimated using the well-
known formulas derived from using the partitioning of the electron density scheme [82]

Enp ~ Ep = 0.5V (rpcp) @)
by Espinosa—Molins—Lecomte [83],
Egg = Eypm = —0.429(;(1’3(:13) (8)

by Matta [84],
Enyp =~ Eppm = —223.08p(rpcp) + 0.7423 )

by Emamian (for neutral complexes) [85],
EHB ~ EA = —(0277|V(1’Bcp)| + 045) = _(0554|EHBE| + 045) (10)
by Afonin [86],

Eygono = Eg = —43.840.380010 exp(—5.1(ROHO — 2.49) (11)
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by Gili (for O-H---0) [52], and
—3.09 + 239p(rpcp) for OH---O
En = (12)
—2.03 + 225p(rpcp) for NH---O

by Nikolaienko [87].

In many cases, the NCI (noncovalent interaction) based on the reduced electron
density gradient (RDG) helps to detect interactions which were uncertain or not revealed
by QTAIM [32].

The reduced electron density gradient is defined as follows:

Vo(r
RDG(r) = 2(3;)1‘;2()))4 - (13)

where Vp(r) is the electron density gradient and p(r) is electron density. The RDG(r) vs.
sign(Az)p(r) plot reveals characteristic spikes in the low-gradient and low-density regions
as long as the noncovalent contacts are present in the crystalline structure. The nature
of these contacts can be determined using the sign of A, which allows their classifica-
tion as attractive (stabilizing; A, < 0) or repulsive (destabilizing; A; > 0). A spike in the
low-gradient, low-density region at A, < 0 suggests a stabilizing interaction, such as a
hydrogen bonding; a smaller spike accompanied by only a slightly negative A, indicates a
weakly stabilizing interaction; and a spike associated with A, > 0 indicates the absence of
noncovalent interactions. In many cases, spikes do not reach s(r) = 0, indicating that the
interactions were missed by QTAIM due to a failure to detect critical points.

4.4. Hirshfeld Surfaces (3D HS)

The exploration of intermolecular interaction patterns and packing capacities in the
solid was performed within the 3D Hirshfeld surfaces (3D HS) approach [34]. Three-
dimensional HS is defined as the outer contour of the space that a molecule occupies in a
crystalline environment. It is constructed with the use of the molecular weight function (a
quotient of the promolecule and procrystal electron density). The descriptors such as dnorm,
shape index and curvedness of the surface mapped over 3D HS were evaluated [33]. The
intermolecular interactions were visualized in the dnorm surface mapped over 3D HS in a
red-white-blue scheme, where red was used for short contacts such as hydrogen bonds,
white for contacts of about van der Waals radii, and blue for the remaining, much longer,
contacts. The shape index and curvedness of the surface mapped over 3D HS described its
flatness. The decomposition of the 3D HS into a 2D ‘molecular fingerprint’ (2D FP) map
(plot of the distances of each surface point to the nearby interior and exterior atoms d;
versus de) [34] which summarizes the distribution of interactions of the molecule with its
environment, was made. The surface contact data derived from the 2D FP were used to
obtain the enrichment ratio, Exy, a descriptor defined as the ratio of the proportion of the
actual contacts in a crystal and the theoretical proportion of random contacts. It describes
the propensity to form or avoid contacts [88].

A further global quantitative characterization of the noncovalent interactions was
delivered by the electrostatic potential (ESP) surface Vs(r) (the molecular surface defined by
electron density p(r) = 0.001 electron bohr®) mapped onto a 3D HS. Using this technique, a
complete description of interactions based on the electrostatic complementarity within the
so-called Politzer [35,89,90] GIPF (generalised interactions properties function) approach
was possible.

4.5. Molecular Docking

Molecular docking is a widely used technique in the screening of novel therapeutic
agents, which requires not only the knowledge of the ligand structure but also the reliable
3D X-ray crystal structure of the protein. The conversion of the files with receptor and
ligand structures to the .pdbqt format was made with MGLTools. The allosteric sites were
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identified using Allosite-Pro [57] and PASSer [58]. Molecular docking was performed
using AutoDock [91] and AutoDock Vina98Vina [92]. Template docking and docking with
defined searched space around the active site were probed. The best pose was selected
based on the scoring function estimating the protein-ligand binding energy. The score,
being a linear combination of steric, van der Waals, hydrogen bonding, electrostatic terms,
torsion, and sp2-sp2 terms, was used. In the next step, the residues (side chains) closest
to the active ligand were minimised with respect to the pose found, and the ligand was
energy-minimised using standard potentials.

5. Conclusions

In the crystal, the -NH, group participates in two intermolecular hydrogen bonds of
different strengths N-H:--N and N-H:--O, -N(4)= participates in a N-H::-N intermolecular
hydrogen bond, but -N(1)= only in a very weak putative intramolecular hydrogen bond
N-H---N (revealed only in NQR spectra, local 2D FP, and RDG). The -NH; group plays
a dominant role in the intermolecular bonds, irrespective of the environment (crystal or
protein). In the crystal, it participates in intermolecular hydrogen bonds N-H---N and
N-H---O, in the precatalytic state only in N-H---O, while in the active state in N-H---N
and N-H---O, so the same binding motives are kept. Its involvement in intramolecular
weak N-H- - - N and strong N-H- - - O hydrogen bonds seems to be an advantage when
it comes to planarity and stacking (needed for the mimicking of guanosine), but it is an
obstacle that weakens the bond pairing. The -N(1)= nitrogen plays only a supportive role,
and -N(4)= is excluded from binding in the active form due to its substitution. This is
reflected in the asymmetry parameters—the highest for asymmetrically bonded -NH, and
the lowest for -N(4)= participating only in one bond coaxial with the Z-axis of the EFG
tensor. The ordering of the most important interactions according to the decreasing energy
in the crystals is as follows:

O-H---O>N-H---O = 7 - - 7t stacking (parallelly oriented molecules) > N-H: - - N =~
~ - - - 7t stacking (flipped molecules) >C-H---O>>F---F>F-H---C,

among which N-H: - - O, N-H.: - - N, 7- - - 7t stacking, and possibly F-H- - - C, are present
also upon binding with the template RNA. The fluorine in this structure plays a minor role
and affects only the conformation.

Considering the cofactor binding strength, three ligands FVP-RMP and two FVP-
RTP can be ordered as FVP-RTP (active state) > FVP-RTP (precatalytic state) > FVP-RMP.
The total binding affinity (between target protein and ligand) is the highest for FVP-RTP
(—494.30 kJ /mol; active state), followed by FVP-RTP (—471.58 k] /mol; precatalytic state)
and FVP-RMP (—247.02 k] /mol). The total binding affinity for FVP-RTP in allosteric pocket
is as high as —402.96 k] /mol. Strong direct binding of FVP-RTP to both the active site and
cofactor suggests a possible alternative, allosteric mechanism of FVP action, which may
explain the scattering of the results of clinical trials or the synergistic effect observed in
combined treatment against SARS-CoV-2.

Author Contributions: Conceptualization P.G.; methodology J.N.L.; experimental investigations
]S, V.Z.and TA,; description of the experimental part J.S. and T.A.; quantum chemical calculations
and modelling J.N.L.; visualizations M.L.; writing—original draft preparation and revision J.N.L.;
writing—review and editing P.G. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.



Molecules 2023, 28, 3308 34 of 37

Acknowledgments: We dedicate this work to the memory of our esteemed colleague and friend,
Professor Zygmunt Kazimierczuk (1945-2021).

The study was supported by the Foundation for the Development of Diagnostics and Therapy,
Warsaw, Poland (REGON: 006220910, KRS 0000195643, NIP: 5262173856). Allotment of computer
time from the Wroctaw Supercomputing and Networking Center (WCSS) is gratefully acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Perlman, S. Another Decade, Another Coronavirus. N. Engl. . Med. 2020, 382, 760-762. [CrossRef]

2. Zhang, T.; Wu, Q.; Zhang, Z. Probable Pangolin Origin of SARS-CoV-2 Associated with the COVID-19 Outbreak. Curr. Biol. 2020,
30, 1578. [CrossRef]

3. WHO. Tracking SARS-CoV-2 Variants. Available online: https://www.who.int/activities/tracking-SARS-CoV-2-variants
(accessed on 3 March 2023).

4. Jordan, P.C; Stevens, S.K.; Deval, ]. Nucleosides for the treatment of respiratory RNA virus infections. Antivir. Chem. Chemother.
2018, 26, 204020661876448. [CrossRef] [PubMed]

5. Watanabe, M. The COVID-19 Pandemic in Japan. Surg. Today 2020, 50, 787-793. [CrossRef] [PubMed]

6.  Kumar, R.; Gupta, N.; Kodan, P.; Mittal, A.; Soneja, M.; Wig, N. Battling COVID-19: Using old weapons for a new enemy. Trop.
Dis. Travel Med. Vaccines 2020, 6, 6. [CrossRef] [PubMed]

7.  Yavuz,S.; Unal, S. Antiviral treatment of COVID-19. Turk. ]. Med. Sci. 2020, 50, 611-619. [CrossRef]

8.  Delang, L.; Abdelnabi, R.; Neyts, J. Favipiravir as a potential countermeasure against neglected and emerging RNA viruses.
Antivir. Res. 2018, 153, 85-94. [CrossRef]

9. Furuta, Y.; Komeno, T.; Nakamura, T. Favipiravir (T-705), a broad-spectrum inhibitor of viral RNA polymerase. Proc. Jpn. Acad.
Ser. B 2017, 93, 449-463. [CrossRef]

10.  Shiraki, K.; Daikoku, T. Favipiravir, an anti-influenza drug against life-threatening RNA virus infections. Pharmacol. Ther. 2020,
209, 107512. [CrossRef]

11.  Bai, C.-Q.; Mu, ].-S.; Kargbo, D.; Song, Y.-B.; Niu, W.-K,; Nie, W.-M.; Kanu, A_; Liu, W-W.; Wang, Y.-P; Dafae, F; et al. Clinical and
Virological Characteristics of Ebola Virus Disease Patients Treated with Favipiravir (T-705)—Sierra Leone, 2014. Clin. Infect. Dis.
2016, 63, 1288-1294. [CrossRef]

12.  Rosenke, K,; Feldmann, H.; Westover, ].B.; Hanley, PW.; Martellaro, C.; Feldmann, E; Saturday, G.; Lovaglio, J.; Scott, D.P; Furuta, Y,; et al.
Use of Favipiravir to Treat Lassa Virus Infection in Macaques. Emerg. Infect. Dis. 2018, 24, 1696-1699. [CrossRef] [PubMed]

13.  Escribano-Romero, E.; de Oya, N.J.; Domingo, E.; Saiz, J.C. Extinction of West Nile Virus by Favipiravir through Lethal
Mutagenesis. Antimicrob. Agents Chemother. 2017, 61, €01400-17. [CrossRef] [PubMed]

14. Marlin, R,; Desjardins, D.; Contreras, V.; Lingas, G.; Solas, C.; Roques, P.; Naninck, T; Pascal, Q.; Behillil, S.; Maisonnasse, P; et al.
Antiviral efficacy of favipiravir against Zika and SARS-CoV-2 viruses in non-human primates. Nat. Commun. 2022, 13, 5108.
[CrossRef] [PubMed]

15. Bologheanu, R.; Schubert, L.; Thurnher, M.; Schiefer, J.; Santonja, I.; Holzmann, H.; Oesterreicher, Z.; Tobudic, S.; Winkler, S.;
Faybik, P; et al. Unexpected complete recovery of a patient with severe tick-borne encephalitis treated with favipiravir. Antivir.
Res. 2020, 184, 104952. [CrossRef]

16. Banyard, A.C.; Mansfield, K.L.; Wu, G.; Selden, D.; Thorne, L.; Birch, C.; Koraka, P.; Osterhaus, A.D.; Fooks, A.R. Re-evaluating
the effect of Favipiravir treatment on rabies virus infection. Vaccine 2019, 37, 4686—4693. [CrossRef]

17.  Shannon, A.; Canard, B. Kill or corrupt: Mechanisms of action and drug-resistance of nucleotide analogues against SARS-CoV-2.
Antivir. Res. 2023, 210, 105501. [CrossRef]

18.  Shannon, A.; Selisko, B.; Le, N.-T.; Huchting, ]J.; Touret, F; Piorkowski, G.; Fattorini, V.; Ferron, F.; Decroly, E.; Meier, C.; et al.
Rapid incorporation of Favipiravir by the fast and permissive viral RNA polymerase complex results in SARS-CoV-2 lethal
mutagenesis. Nat. Commun. 2020, 11, 4682. [CrossRef]

19. Wang, Y,; Yuan, C.; Xu, X.; Chong, TH.; Zhang, L.; Cheung, P.P.-H.; Huang, X. The mechanism of action of T-705 as a unique
delayed chain terminator on influenza viral polymerase transcription. Biophys. Chem. 2021, 277, 106652. [CrossRef]

20. Driouich, J.-S.; Cochin, M.; Lingas, G.; Moureau, G.; Touret, E; Petit, P-R.; Piorkowski, G.; Barthélémy, K.; Laprie, C,;
Coutard, B.; et al. Favipiravir antiviral efficacy against SARS-CoV-2 in a hamster model. Nat. Commun. 2021, 12, 1735. [CrossRef]

21. Kaptein, S.J.E; Jacobs, S.; Langendries, L.; Seldeslachts, L.; ter Horst, S.; Liesenborghs, L.; Hens, B.; Vergote, V.; Heylen, E.;
Barthelemy, K.; et al. Favipiravir at high doses has potent antiviral activity in SARS-CoV-2—infected hamsters, whereas
hydroxychloroquine lacks activity. Proc. Natl. Acad. Sci. USA. 2020, 117, 26955-26965. [CrossRef]

22. Agrawal, U; Raju, R.; Udwadia, Z.F. Favipiravir: A new and emerging antiviral option in COVID-19. Med. ]. Armed Forces India
2020, 76, 370-376. [CrossRef] [PubMed]

23. Joshi, S.; Parkar, J.; Ansari, A.; Vora, A.; Talwar, D.; Tiwaskar, M.; Patil, S.; Barkate, H. Role of favipiravir in the treatment of
COVID-19. Int. . Infect. Dis. 2021, 102, 501-508. [CrossRef] [PubMed]

24. Manabe, T.; Kambayashi, D.; Akatsu, H.; Kudo, K. Favipiravir for the treatment of patients with COVID-19: A systematic review

and meta-analysis. BMC Infect. Dis. 2021, 21, 489. [CrossRef]


http://doi.org/10.1056/NEJMe2001126
http://doi.org/10.1016/j.cub.2020.03.063
https://www.who.int/activities/tracking-SARS-CoV-2-variants
http://doi.org/10.1177/2040206618764483
http://www.ncbi.nlm.nih.gov/pubmed/29562753
http://doi.org/10.1007/s00595-020-02033-3
http://www.ncbi.nlm.nih.gov/pubmed/32462468
http://doi.org/10.1186/s40794-020-00107-1
http://www.ncbi.nlm.nih.gov/pubmed/32454984
http://doi.org/10.3906/sag-2004-145
http://doi.org/10.1016/j.antiviral.2018.03.003
http://doi.org/10.2183/pjab.93.027
http://doi.org/10.1016/j.pharmthera.2020.107512
http://doi.org/10.1093/cid/ciw571
http://doi.org/10.3201/eid2409.180233
http://www.ncbi.nlm.nih.gov/pubmed/29882740
http://doi.org/10.1128/AAC.01400-17
http://www.ncbi.nlm.nih.gov/pubmed/28848019
http://doi.org/10.1038/s41467-022-32565-w
http://www.ncbi.nlm.nih.gov/pubmed/36042198
http://doi.org/10.1016/j.antiviral.2020.104952
http://doi.org/10.1016/j.vaccine.2017.10.109
http://doi.org/10.1016/j.antiviral.2022.105501
http://doi.org/10.1038/s41467-020-18463-z
http://doi.org/10.1016/j.bpc.2021.106652
http://doi.org/10.1038/s41467-021-21992-w
http://doi.org/10.1073/pnas.2014441117
http://doi.org/10.1016/j.mjafi.2020.08.004
http://www.ncbi.nlm.nih.gov/pubmed/32895599
http://doi.org/10.1016/j.ijid.2020.10.069
http://www.ncbi.nlm.nih.gov/pubmed/33130203
http://doi.org/10.1186/s12879-021-06164-x

Molecules 2023, 28, 3308 35 of 37

25.

26.
27.
28.
29.
30.
31.
32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

Sirjjatuphat, R.; Manosuthi, W.; Niyomnaitham, S.; Owen, A.; Copeland, K.K.; Charoenpong, L.; Rattanasompattikul, M.;
Mahasirimongkol, S.; Wichukchinda, N.; Chokephaibulkit, K. Early treatment of Favipiravir in COVID-19 patients without
pneumonia: A multicentre, open-labelled, randomized control study. Emerg. Microbes Infect. 2022, 11, 2197-2206. [CrossRef]
Etter, M.C. Encoding and decoding hydrogen-bond patterns of organic compounds. Accounts Chem. Res. 2002, 23, 120-126. [CrossRef]
Etter, M.C. Hydrogen bonds as design elements in organic chemistry. J. Phys. Chem. 2002, 95, 4601-4610. [CrossRef]

Latosiriska, J.N. NOR parameters: Electric field gradient tensor and asymmetry parameter studied in terms of density functional
theory. Int. J. Quantum Chem. 2003, 91, 284-296. [CrossRef]

Latosiriska, J.N.; Koput, J. Analysis of the NQR parameters in 2-nitro-5-methylimidazole derivatives by quantum chemical
calculations. Phys. Chem. Chem. Phys. 2000, 2, 145-150. [CrossRef]

Latosiniska, J.N.; Latosifiska, M.; Koput, J. The tautomeric equilibria of cytosine studied by NQR spectroscopy and HE, MP2 and
DFT calculations. J. Mol. Struct. 2003, 648, 9-18. [CrossRef]

Bader, R. Atoms in Molecules: A Quantum Theory (International Series of Monographs on Chemistry); Oxford: Clarendon press, Oxford,
UK, 1994.

Johnson, E.R; Keinan, S.; Mori-Sanchez, P.; Contreras-Garcia, J.; Cohen, A ].; Yang, W. Revealing Noncovalent Interactions. ]. Am.
Chem. Soc. 2010, 132, 6498-6506. [CrossRef]

Spackman, M.A; Jayatilaka, D. Hirshfeld surface analysis. CrystEngComm 2009, 11, 19-32. [CrossRef]

Spackman, M.A.; McKinnon, ].J. Fingerprinting intermolecular interactions in molecular crystals. CrystEngComm 2002, 4,
378-392. [CrossRef]

Murray, J.S.; Politzer, P. The electrostatic potential: An overview. WIREs Comput. Mol. Sci. 2011, 1, 153-163. [CrossRef]
Latosiniska, J.N.; Latosiriska, M.; Seliger, J.; Zagar, V.; Kazimierczuk, Z. An Insight into Prototropism and Supramolecular Motifs
in Solid-State Structures of Allopurinol, Hypoxanthine, Xanthine, and Uric Acid. A "H-'#N NQDR Spectroscopy, Hybrid
DFT/QTAIM, and Hirshfeld Surface-Based Study. . Phys. Chem. B 2014, 118, 10837-10853. [CrossRef] [PubMed]

Latosiniska, J.N.; Latosiriska, M.; Seliger, J.; Zagar, V.; Maurin, ] K.; Orzeszko, A.; Kazimierczuk, Z. Structural Study of Selected
Polyhalogenated Benzimidazoles (Protein Kinase CK2 Inhibitors) by Nuclear Quadrupole Double Resonance, X-ray, and Density
Functional Theory. |. Phys. Chem. A 2010, 114, 563-575. [CrossRef]

Latosiriska, ].N.; Latosiriska, M.; Olejniczak, G.A.; Seliger, J.; Zagar, V. Topology of the Interactions Pattern in Pharmaceutically Relevant
Polymorphs of Methylxanthines (Caffeine, Theobromine, and Theophiline): Combined Experimental (*H-'*N Nuclear Quadrupole
Double Resonance) and Computational (DFT and Hirshfeld-Based) Study. J. Chem. Inf. Model. 2014, 54, 2570-2584. [CrossRef]

Seliger, J.; Osredkar, R.; Mali, M.; Blinc, R. N quadrupole resonance of some liquid crystalline compounds in the solid. J. Chem.
Phys. 1976, 65, 2887-2891. [CrossRef]

Stephenson, D.; Smith, J.A.S. Nitrogen-14 quadrupole cross-relaxation spectroscopy. Proc. R. Soc. London. Ser. A Math. Phys. Sci.
1988, 416, 149-178. [CrossRef]

Gregorovi¢, A.; Apih, T.; Seliger, J. 1 H- 14 N cross-relaxation spectrum analysis in sildenafil and sildenafil citrate. Solid State Nucl.
Magn. Reson. 2016, 78, 16-23. [CrossRef]

Seliger, J.; Zagar, V.; Blinc, R. A New Highly Sensitive 1H-14N Nuclear-Quandrupole Double-Resonance Technique. |. Magn.
Reson. Ser. A 1994, 106, 214-222. [CrossRef]

Seliger, J.; Zagar, V.; Blinc, R. 'H -14N Nuclear Quadrupole Double Resonance with Multiple Frequency Sweeps. Z. Fiir Nat. A
1994, 49, 31-34. [CrossRef]

Schempp, E.; Bray, P.J. Nuclear Quadrupole Resonance in Solid Diazines. J. Chem. Phys. 1967, 46, 1186-1190. [CrossRef]

Hunt, M.; Mackay, A. Deuterium and nitrogen pure quadrupole resonance in amino acids. II. J. Magn. Reson. 1976, 22,
295-301. [CrossRef]

Blinc, R.; Mali, M.; Osredkar, R.; Prelesnik, A.; Seliger, J.; Zupancic, I.; Ehrenberg, L. 14N NQR Spectroscopy of Some Amino Acids
and Nucleic Bases via Double Resonance in the Laboratory Frame. . Chem. Phys. 1972, 57, 5087-5093. [CrossRef]

Purohit, C.S.; Ghosh, P; Panda, S.J. A New Short Synthesis route for Favipiravir and its Analogue: Their Tautomerization
Behaviour. New J. Chem. 2022, 46, 18824-18831. [CrossRef]

Tiyasakulchai, T.; Charoensetakul, N.; Khamkhenshorngphanuch, T.; Thongpanchang, C.; Srikun, O.; Yuthavong, Y.; Srimongkolpithak, N.
Scalable synthesis of favipiravir via conventional and continuous flow chemistry. RSC Adv. 2021, 11, 38691-38693. [CrossRef] [PubMed]
Shi, F; Li, Z.; Kong, L.; Xie, Y.; Zhang, T.; Xu, W. Synthesis and crystal structure of 6-fluoro-3-hydroxypyrazine-2-carboxamide.
Drug Discov. Ther. 2014, 8, 117-120. [CrossRef]

Goloveshkin, A.; Korlyukov, A.; Vologzhanina, A. Novel Polymorph of Favipiravir—An Antiviral Medication. Pharmaceutics
2021, 13, 139. [CrossRef]

Loots, L.; Barbour, L.J. A simple and robust method for the identification of m—m packing motifs of aromatic compounds.
Crystengcomm 2011, 14, 300-304. [CrossRef]

Gilli, G.; Gilli, P. The Nature of the Hydrogen Bond: Outline of a Comprehensive Hydrogen Bond Theory, 1st ed.Oxford University
Press: Oxford, UK, 2009.

Li, Z.; Zhou, Z.; Yu, X. Structure of COVID-19 RNA-dependent RNA polymerase bound to favipiravir. Proc. Natl. Acad. Sci. USA
2021, 118, €2021946118. [CrossRef]


http://doi.org/10.1080/22221751.2022.2117092
http://doi.org/10.1021/ar00172a005
http://doi.org/10.1021/j100165a007
http://doi.org/10.1002/qua.10451
http://doi.org/10.1039/a906295e
http://doi.org/10.1016/S0022-2860(02)00123-0
http://doi.org/10.1021/ja100936w
http://doi.org/10.1039/B818330A
http://doi.org/10.1039/B203191B
http://doi.org/10.1002/wcms.19
http://doi.org/10.1021/jp504871y
http://www.ncbi.nlm.nih.gov/pubmed/25079386
http://doi.org/10.1021/jp9075492
http://doi.org/10.1021/ci5004224
http://doi.org/10.1063/1.433394
http://doi.org/10.1098/rspa.1988.0032
http://doi.org/10.1016/j.ssnmr.2016.05.003
http://doi.org/10.1006/jmra.1994.1027
http://doi.org/10.1515/zna-1994-1-208
http://doi.org/10.1063/1.1840789
http://doi.org/10.1016/0022-2364(76)90304-8
http://doi.org/10.1063/1.1678193
http://doi.org/10.1039/d2nj02996k
http://doi.org/10.1039/D1RA06963B
http://www.ncbi.nlm.nih.gov/pubmed/35493228
http://doi.org/10.5582/ddt.2014.01028
http://doi.org/10.3390/pharmaceutics13020139
http://doi.org/10.1039/C1CE05763D
http://doi.org/10.2210/pdb7dfg/pdb

Molecules 2023, 28, 3308 36 of 37

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.
71.

72.
73.

74.
75.

76.

77.

78.
79.

80.
81.

82.

Naydenova, K.; Muir, KW.; Wu, L.-E; Zhang, Z.; Coscia, F.; Peet, M.].; Castro-Hartmann, P.; Qian, P,; Sader, K.; Dent, K.; et al.
Structure of the SARS-CoV-2 RNA-dependent RNA polymerase in the presence of favipiravir-RTP. Proc. Natl. Acad. Sci. USA
2021, 118, €2021946118. [CrossRef] [PubMed]

Peng, Q.; Peng, R.; Yuan, B.; Wang, M.; Zhao, J.; Fu, L.; Qi, J.; Shi, Y. Structural Basis of SARS-CoV-2 Polymerase Inhibition by
Favipiravir. Innovation 2021, 2, 100080. [CrossRef] [PubMed]

Gao, Y,; Yan, L.; Huang, Y;; Liu, F; Zhao, Y.; Cao, L.; Wang, T.; Sun, Q.; Ming, Z.; Zhang, L.; et al. Structure of the RNA-dependent
RNA polymerase from COVID-19 virus. Science 2020, 368, 779-782. [CrossRef] [PubMed]

Huang, W.; Lu, S.; Huang, Z.; Liu, X.; Mou, L.; Luo, Y.; Zhao, Y,; Liu, Y,; Chen, Z.; Hou, T, et al. Allosite: A method for predicting
allosteric sites. Bioinformatics 2013, 29, 2357-2359. [CrossRef]

Tian, H.; Jiang, X.; Tao, P. PASSer: Prediction of allosteric sites server. Mach. Learn. Sci. Technol. 2021, 2, 035015. [CrossRef]
Faisal, S.; Badshah, S.L.; Kubra, B.; Sharaf, M.; Emwas, A.-H.; Jaremko, M.; Abdalla, M. Identification and Inhibition of the
Druggable Allosteric Site of SARS-CoV-2 NSP10/NSP16 Methyltransferase through Computational Approaches. Molecules 2022,
27,5241. [CrossRef]

Kijewska, M.; Sharfalddin, A.A.; Jaremko, L.; Cal, M.; Setner, B.; Siczek, M.; Stefanowicz, P.; Hussien, M.A.; Emwas, A.-H.;
Jaremko, M. Lossen Rearrangement of p-Toluenesulfonates of N-Oxyimides in Basic Condition, Theoretical Study, and Molecular
Docking. Front. Chem. 2021, 9, 662533. [CrossRef]

Latosiniska, ].N.; Latosiriska, M.; Orzeszko, A.; Maurin, ].K. Synthesis and Crystal Structure of Adamantylated 4,5,6,7-Tetrahalogeno-
1H-benzimidazoles Novel Multi-Target Ligands (Potential CK2, M2 and SARS-CoV-2 Inhibitors); X-ray /DFT/QTAIM/Hirshfeld
Surfaces/Molecular Docking Study. Molecules 2022, 28, 147. [CrossRef] [PubMed]

Latosiriska, ].N.; Latosifiska, M.; Maurin, ] K.; Orzeszko, A.; Kazimierczuk, Z. Quantum-Chemical Insight into Structure-Reactivity
Relationship in 4,5,6,7-Tetrahalogeno-1H-benzimidazoles: A Combined X-ray, DSC, DFT/QTAIM, Hirshfeld Surface-Based, and
Molecular Docking Approach. J. Phys. Chem. A 2014, 118, 2089-2106. [CrossRef]

Golan, Y.; Campos, ].A.S.; Woolson, R.; Cilla, D.; Hanabergh, R.; Gonzales-Rojas, Y.; Lopez, R.; Finberg, R.; Balboni, A. Favipiravir
in Patients with Early Mild-to-moderate Coronavirus Disease 2019 (COVID-19): A Randomized Controlled Trial. Clin. Infect. Dis.
2022, 76, e10—e17. [CrossRef]

Eloy, P; Le Grand, R.; Malvy, D.; Guedj, ]. Combined treatment of molnupiravir and favipiravir against SARS-CoV-2 infection:
One + zero equals two? EBioMedicine 2021, 74, 103663. [CrossRef]

Klein, J.; Khartabil, H.; Boisson, J.-C.; Contreras-Garcia, J.; Piquemal, ].-P.; Hénon, E. New Way for Probing Bond Strength. J. Phys.
Chem. A 2020, 124, 1850-1860. [CrossRef] [PubMed]

Kohn, W.; Sham, L.]. Self-consistent equations including exchange and correlation effects. Phys. Rev. 1965, 140, A1133-A1138. [CrossRef]
Levy, M. Universal variational functionals of electron densities, first-order density matrices, and natural spin-orbitals and solution
of the v -representability problem. Proc. Natl. Acad. Sci. USA 1979, 76, 6062—-6065. [CrossRef] [PubMed]

Zhao, Y.; Truhlar, D.G. The MO06 suite of density functionals for main group thermochemistry, thermochemical kinetics, noncova-
lent interactions, excited states, and transition elements: Two new functionals and systematic testing of four M06-class functionals
and 12 other functionals. Theor. Chem. Acc. 2008, 120, 215-241. [CrossRef]

Frisch, ML].; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Petersson, G.A.;
Nakatsuji, H.; et al. Gaussian 16 Rev. C.01; Gaussian, Inc.: Wallingford, CT, USA, 2019.

Becke, A.D. A new mixing of Hartree—Fock and local density-functional theories. J. Chem. Phys. 1993, 98, 1372-1377. [CrossRef]
Lee, C.; Yang, W.; Parr, R.G. Development of the Colle-Salvetti correlation-energy formula into a functional of the electron density.
Phys. Rev. B 1988, 37, 785-789. [CrossRef]

Perdew, ].P; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett. 1997, 78, 1396. [CrossRef]
Hammer, B.; Hansen, L.B.; Nerskov, J.K. Improved adsorption energetics within density-functional theory using revised Perdew-
Burke-Ernzerhof functionals. Phys. Rev. B 1999, 59, 7413-7421. [CrossRef]

Wu, Z.; Cohen, R.E. More accurate generalized gradient approximation for solids. Phys. Rev. B 2006, 73, 235116. [CrossRef]
Perdew, J.P.; Ruzsinszky, A.; Csonka, G.I.; Vydrov, O.A.; Scuseria, G.E.; Constantin, L.A.; Zhou, X.; Burke, K. Restoring the
Density-Gradient Expansion for Exchange in Solids and Surfaces. Phys. Rev. Lett. 2008, 100, 136406. [CrossRef] [PubMed]
Perdew, J.P.; Chevary, ].A.; Vosko, S.H.; Jackson, K.A.; Pederson, M.R.; Singh, D.J.; Fiolhais, C. Atoms, molecules, solids, and
surfaces: Applications of the generalized gradient approximation for exchange and correlation. Phys. Rev. B 1992, 46, 6671-6687.
[CrossRef] [PubMed]

Perdew, ].P; Chevary, J.A.; Vosko, S.H.; Jackson, K.A.; Pederson, M.R,; Singh, D.J.; Fiolhais, C. Erratum: Atoms, molecules, solids, and
surfaces: Applications of the generalized gradient approximation for exchange and correlation. Phys. Rev. B 1993, 48, 4978. [CrossRef]
Monkhorst, H.J.; Pack, ].D. Special points for Brillouin-zone integrations. Phys. Rev. B 1976, 13, 5188. [CrossRef]

Clark, S.J.; Segall, M.D.; Pickard, C.J.; Hasnip, PJ.; Probert, M.L].; Refson, K.; Payne, M.C. First Principles Methods Using CASTEP.
Z. fiir Krist. Cryst. Mater. 2005, 220, 567-570. [CrossRef]

Pyykko, P. Year-2008 nuclear quadrupole moments. Mol. Phys. 2008, 106, 1965-1974. [CrossRef]

Jabtoniski, M. A Critical Overview of Current Theoretical Methods of Estimating the Energy of Intramolecular Interactions.
Molecules 2020, 25, 5512. [CrossRef]

Abramov, Y.A. On the Possibility of Kinetic Energy Density Evaluation from the Experimental Electron-Density Distribution.
Acta Crystallogr. Sect. A Found. Crystallogr. 1997, 53, 264-272. [CrossRef]


http://doi.org/10.1073/pnas.2021946118
http://www.ncbi.nlm.nih.gov/pubmed/33526596
http://doi.org/10.1016/j.xinn.2021.100080
http://www.ncbi.nlm.nih.gov/pubmed/33521757
http://doi.org/10.1126/science.abb7498
http://www.ncbi.nlm.nih.gov/pubmed/32277040
http://doi.org/10.1093/bioinformatics/btt399
http://doi.org/10.1088/2632-2153/abe6d6
http://doi.org/10.3390/molecules27165241
http://doi.org/10.3389/fchem.2021.662533
http://doi.org/10.3390/molecules28010147
http://www.ncbi.nlm.nih.gov/pubmed/36615341
http://doi.org/10.1021/jp411547z
http://doi.org/10.1093/cid/ciac712
http://doi.org/10.1016/j.ebiom.2021.103663
http://doi.org/10.1021/acs.jpca.9b09845
http://www.ncbi.nlm.nih.gov/pubmed/32039597
http://doi.org/10.1103/PhysRev.140.A1133
http://doi.org/10.1073/pnas.76.12.6062
http://www.ncbi.nlm.nih.gov/pubmed/16592733
http://doi.org/10.1007/s00214-007-0310-x
http://doi.org/10.1063/1.464304
http://doi.org/10.1103/PhysRevB.37.785
http://doi.org/10.1103/PhysRevLett.78.1396
http://doi.org/10.1103/PhysRevB.59.7413
http://doi.org/10.1103/PhysRevB.73.235116
http://doi.org/10.1103/PhysRevLett.100.136406
http://www.ncbi.nlm.nih.gov/pubmed/18517979
http://doi.org/10.1103/PhysRevB.46.6671
http://www.ncbi.nlm.nih.gov/pubmed/10002368
http://doi.org/10.1103/PhysRevB.48.4978.2
http://doi.org/10.1103/PhysRevB.13.5188
http://doi.org/10.1524/zkri.220.5.567.65075
http://doi.org/10.1080/00268970802018367
http://doi.org/10.3390/molecules25235512
http://doi.org/10.1107/S010876739601495X

Molecules 2023, 28, 3308 37 of 37

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Espinosa, E.; Molins, E.; Lecomte, C. Hydrogen bond strengths revealed by topological analyses of experimentally observed
electron densities. Chem. Phys. Lett. 1998, 285, 170-173. [CrossRef]

Mata, I.; Alkorta, I.; Espinosa, E.; Molins, E. Relationships between interaction energy, intermolecular distance and electron
density properties in hydrogen bonded complexes under external electric fields. Chem. Phys. Lett. 2011, 507, 185-189. [CrossRef]
Emamian, S.; Lu, T.; Kruse, H.; Emamian, H. Exploring Nature and Predicting Strength of Hydrogen Bonds: A Correlation Analysis
between Atoms-in-Molecules Descriptors, Binding Energies, and Energy Components of Symmetry-Adapted Perturbation Theory.
J. Comput. Chem. 2019, 40, 2868-2881. [CrossRef] [PubMed]

Afonin, A.V,; Vashchenko, A.V;; Sigalov, M.V. Estimating the energy of intramolecular hydrogen bonds from 'H NMR and QTAIM
calculations. Org. Biomol. Chem. 2016, 14, 11199-11211. [CrossRef] [PubMed]

Nikolaienko, T.Y.; Bulavin, L.A.; Hovorun, D.M. Bridging QTAIM with vibrational spectroscopy: The energy of intramolecular
hydrogen bonds in DNA-related biomolecules. Phys. Chem. Chem. Phys. 2012, 14, 7441-7447. [CrossRef] [PubMed]

Jelsch, C.; Ejsmont, K.; Huder, L. The enrichment ratio of atomic contacts in crystals, an indicator derived from the Hirshfeld
surface analysis. IUCrJ 2014, 1, 119-128. [CrossRef]

Politzer, P.; Murray, J.S.; Peralta-Inga, Z. Molecular surface electrostatic potentials in relation to noncovalent interactions in
biological systems. Int. |. Quantum Chem. 2001, 85, 676-684. [CrossRef]

Politzer, P.; Murray, ].S. Quantitative Analyses of Molecular Surface Electrostatic Potentials in Relation to Hydrogen Bonding and
Co-Crystallization. Cryst. Growth Des. 2015, 15, 3767-3774. [CrossRef]

Trott, O.; Olson, A.]. AutoDock Vina: Improving the speed and accuracy of docking with a new scoring function, efficient
optimization, and multithreading. J. Comput. Chem. 2010, 31, 455-461. [CrossRef]

Eberhardt, J.; Santos-Martins, D.; Tillack, A.F.; Forli, S. AutoDock Vina 1.2.0: New Docking Methods, Expanded Force Field, and
Python Bindings. J. Chem. Inf. Model. 2021, 61, 3891-3898. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/S0009-2614(98)00036-0
http://doi.org/10.1016/j.cplett.2011.03.055
http://doi.org/10.1002/jcc.26068
http://www.ncbi.nlm.nih.gov/pubmed/31518004
http://doi.org/10.1039/C6OB01604A
http://www.ncbi.nlm.nih.gov/pubmed/27841888
http://doi.org/10.1039/c2cp40176b
http://www.ncbi.nlm.nih.gov/pubmed/22514024
http://doi.org/10.1107/S2052252514003327
http://doi.org/10.1002/qua.1706
http://doi.org/10.1021/acs.cgd.5b00419
http://doi.org/10.1002/jcc.21334
http://doi.org/10.1021/acs.jcim.1c00203
http://www.ncbi.nlm.nih.gov/pubmed/34278794

	Introduction 
	Results and Discussion 
	1H-14N NQDR Spectrum 
	Interactions Pattern 
	Hirshfeld Surfaces 
	Characterization of the Strength of the Interactions 

	Binding Mode of Biologically Active Form 

	Material 
	Methods 
	Experimental—1H-14N NQDR 
	Spectra Simulations—Density Functional Theory (DFT) 
	Quantum Theory of Atoms in Molecules (QTAIM) 
	Hirshfeld Surfaces (3D HS) 
	Molecular Docking 

	Conclusions 
	References

