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New Psychoactive Substances (NPS) present several identification and public health challenges. However,
experimental studies with illicit substances can involve regulatory restrictions, and obtaining information about
them can be time-consuming. In this scenario, in silico methods can help to monitor the emergence of new
synthetic substances such as synthetic cathinones, some of the most seized NPS. Here, we study the cathinone
alpha-PVP or Flakka by theoretical chemistry methods to evaluate its structure, possible conformers, and
spectroscopic profile. Initially, we performed a systematic conformational analysis and an analysis based on the
Boltzmann distribution. We determined the most probable experimental structure and compared it to the crys-
tallographic structure, to verify similarity between the forms. Next, we applied the factorial design to the ob-
tained structure so that we could decide on the most adequate computational method to obtain the spectrum in
the infrared and NMR region. Then, we compared the results with experimental data available in the literature.
Finally, we evaluated multivariate statistical methods to ensure that we would come to conclusions based on the
responses of each step. All the steps indicated similarity between the theoretical data and the experimental re-
sults when we used the combination DFT B3LYP and the basis 6-31G**. Our results demonstrate the potential
application of computer simulation in forensic chemistry and provide valuable spectroscopic and structural in-
formation about illegal substances.

Introduction known as flakka, a compound belonging to the class of “pyrovalerone

cathinones” [2,3]. In 2015, a-PVP was one of the five most apprehended

Synthetic cathinones consist of p-keto-phenylethylamines or p-keto-
amphetamines [1]. They can derive from cathinone, a natural alkaloid
that occurs in khat leaves (Catha edulis), typical of eastern Africa and
southern Arabia [1]. The present study deals with a-pyrrolidinopentio-

cathinones [4,5].

Analysis of new psychoactive substances (NPS) is challenging
because information about these structures is lacking. The fast appear-
ance of these new substances, which are constantly created and intro-

phenone (1-Phenyl-2-(1-pyrrolidinyl)pentan-1-one; «a-PVP), better duced into the market, requires new analytical methods because the

Abbreviations: 0;, Dihedral increment of angle i; X, Electronegativity; 6-31G**, Double-zeta plus polarization basis-set Pople’s; ANOVA, Analysis of variance;
B3LYP, Becke Method, three-parameter, Lee-Yang-Parr; CPCM, Conductor-Like Polarizable Continuum Model; DFT, Density Functional Theory; Eyomo, Highest
occupied molecular orbital energy; Epymo, Lowest unoccupied molecular orbital energy; HCA, Hierarchical Cluster Analysis; KL, Kullback-Leibler Divergence; NMR,
Nuclear Magnetic Resonance; NPS, New psychoactive substances; PBEO, Perdew-Burke-Ernzerhof; PCA, Principal Component Analysis; RMSD, Root Mean Square
Difference; SWGDRUG, Scientific Working Group for the Analysis of Seized Drugs; TZVP, Triple Zeta Ahlrichs basis set with a single set of polarization functions; UFF,
Universal Force Field.
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Table 1
Decoded matrix for attribution of factors and levels.

Factor Level
=) €]

DFT B3LYP PBEO

Basis-set TZVP 6-31G**

Correction D3BJ -
Table 2
Experimental planning with decoded matrix.

Experiment DFT Basis-set Correction

1 - — —

2 + - -

3 - + -

4 + + -

5 - - +

6 + - +

7 - + +

8 + +
currently employed methods may not apply to them [6,7]. The prop-

erties of these substances are usually unknown. Understanding instru-
mental conditions, visual characterization, analyte stability, sample
preparation, reference standards, and other characteristics is crucial for
detecting and recognizing these substances correctly [8-12]. Experi-
mental studies about illicit or non-regulated substances can be costly
and involve restricted regulations. Besides that, analysis can be time-
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consuming [13], may require different analytical tools (such as chro-
matographic methods and spectroscopic techniques) to elucidate a
structure and its properties [14-19], may determine the reliability of the
results, and may slow down decision-making during legal proceedings
[20].

Considering the challenges regarding NPS, in silico methods [21,22]
can be an alternative strategy to obtain information on these com-
pounds. These methods rely on a wide range of software-based theo-
retical calculations, which provide information that can help to
determine the properties of various compounds and systems [23,24].
These data can minimize errors and support more efficient analyses
[25]. When validated through experimental data, in silico evaluation
can be employed to acquire knowledge about a specific substance
rapidly [26].

Here, we aimed to characterize Flakka [21,27-29] by theoretical
methods. To fulfill our purpose, we carried out a Boltzmann distribution
to pick up the minimum energy structure. Then, we employed a factorial
design to obtain the best in silico conditions to reproduce the experi-
mental data. Next, we used the best conditions to simulate spectral in-
formation. After that, we adapted a Python code to streamline spectrum
extraction. Finally, we fitted theoretical results to the available experi-
mental data. This procedure can provide directions to raise knowledge
about NPS for which data are lacking, helping to improve information
for forensic analysis [17,30].
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Fig. 1. Simplified scheme of the computational procedure.
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Fig. 2. Results for the Flakka structure: (A) overlapping of the optimized structures and (B) torsional angles with the respective evaluated dihedrals.
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Table 3
Data referring to dihedral angles, RMSD, and Gibbs free energy for Flakka
conformers.

Conformer  Gibbs free energy/  D(C1-C8-N- D(C8-C9-C10- RMSD
Eh C15) /° C11)/°

#01 —713.54181 74.00 —78.70 1.207
#02 —713.53961 —171.80 68.30 0.826
#03 —713.54626 68.10 73.30 1.140
#04 —713.53544 —46.20 92.60 1.099
#05 —713.54351 175.20 76.70 0.624
#06 —713.54341 67.60 172.10 0.976
#07 —713.54572 —62.30 61.00 1.302
#08 —713.54465 78.80 59.30 1.127
#09 —713.54527 —63.90 —77.60 1.141
#10 —713.54100 —174.80 —173.60 0.679
#11 —713.54512 66.70 —77.40 1.182
#12 —713.53520 —64.80 —70.10 0.975
#13 —713.54336 —176.20 —98.40 0.422
#14 —713.54132 70.20 —65.70 1.069
#15 —713.54675 —59.00 —72.60 1.151
#16 —713.54346 175.50 —61.60 0.689
#17 —713.54219 —79.30 —173.00 1.065
#18 —713.54023 -172.30 164.60 0.684
#19 —713.54735 66.50 —177.70 1.092
#20 —713.54538 179.00 —179.90 0.346
#21 —713.54323 71.00 -171.20 0.955
#22 —713.54474 174.60 —179.60 0.712
Reference - —173.40 —179.70 0

Fig. 3. 3D graphic representation of the conformational analysis for the Flakka
structure: the x axis is the rotation increment of the D1 dihedral (C1-C8-N-
C15); the y axis is the D2 dihedral (C8-C9-C10-C11), and the z axis is the Gibbs
free energy values (E) for the structures.

Methods
STEP 1. Conformational analysis

Conformational analysis is essential to verify the possible structures
and the conformational properties under study [31]. This procedure
helps to understand global properties such as flexibility and to recognize
possible conformers. There are some methods for this analysis, and
Systematic Search is used in this work. This approach explores the
conformational space through discrete variations of the twist angles
with rotating connections [32,33]. The rotation values are pre-
determined so that a potential energy surface can be obtained. The
dihedral increment of angle i (6;) is used to determine the number of
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conformations (S) relating to the number of free rotation angles (N)
[34]. The number of possible conformers is given by Eq. (1):

360\
5= ( 0: ) W

However, depending on the structure, the number of conformations
may increase exponentially due to rotational connections [35], which is
the main disadvantage of this method. Optimizing geometry from X-ray
structures is an alternative when there are many degrees of freedom. In
some cases, the quality of conformational analysis is evaluated by
comparing the calculated molecular geometries and the experimental
data [36,37]. In the literature, there are examples presenting the co-
ordinates taken from X-ray as the initial framework for optimization by
the Density Functional Theory (DFT) [38-40]. We used the X-ray crys-
tallographic coordinates as the starting input to perform conformational
analysis.

Systematic conformational analysis was carried out by employing
the Avogadro software [41] with the UFF force field [42]. The con-
formers were obtained by rotating dihedrals with free rotation, and the
geometry was further optimized.

The obtained conformers were optimized by using the Orca software
4.1.0 [43], and a theoretical level of DFT[44] B3LYP [45,46]/6-31G**
was applied [47]. The absence of imaginary values in the vibrational
calculation modes indicates a minimum of true energy [48,49]. These
results for Gibbs free energy, dihedral angle values, and RMSD (Root
Mean Square Difference) were evaluated [50]. RMSD was used to
calculate the distances between the conformations obtained after opti-
mizations with the crystallographic structure. RMSD provides a measure
of the average distance between the atoms of two or more molecules,
according to Eq. (2):

RMSD = \/ZN:] (ri(n) = ri(1))* 2

The Gibbs free energy values were also used to perform the Boltz-
mann Distribution (p;). This approach allows the probability that con-
formers (i) occur in solution at a given temperature (T) to be evaluated.
The diversity of conformers at equilibrium at 298.15 K can be measured
by Eq. (3) [51],

€]

where kg is a Boltzmann constant (0.001987 kcal mol ! K’l), N is the
number of conformers, and E; is the electronic energy of conformer i in
the ground state. All the selected values are normalized.

STEP 2. Factorial design

Factorial Design reduces the number of experiments, thereby
decreasing operational costs and time and minimizing variation in data
processing [52-56]. This type of planning uses two concepts: factors and
levels. Factors are independent variables submitted to pre-determined
variations in the experimental conditions; these variations are called
levels. A factorial design with two levels is best represented by using (+)
for the high level and (-) for the low level. The planning results provide a
combination of all the factors at all the levels, to determine how the
variables affect the procedure [55,56].

To evaluate the spectroscopic properties of a molecule, conditions for
quantum chemistry calculations are significant. Knowing the best
combination is necessary to obtain adequate results. Here, the results
were systematically evaluated by factorial planning. A 23 factorial
design (two levels and three factors) was conducted; the factors were
DFT, Basis-set, and Correction. Regarding DFT, B3LYP was used: it is the
most employed in research because it has empirical parameters and is a
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Fig. 4. Graphic representation of the percentage relative to the Boltzmann distribution for the possible structural conformations of Flakka.
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Fig. 5. Representation of the HOMO and LUMO orbitals of the Flakka molecule and the respective energy gap value (Apomo-Lumo)-

Table 4 Table 5
Energy gap between the HOMO and LUMO orbitals for Flakka structure #19. Results related to experimental design.
E/Eh E/eV Experiment Computational time/minutes RMSD
HOMO + 3 —0.2576 —7.0096 1 555.85 0.223
HOMO + 2 —0.2545 —6.9249 2 567.25 0.259
HOMO +1 —0.2487 —6.7685 3 330.71 0.258
HOMO —0.1860 —5.0613 4 311.23 0.266
LUMO —0.0526 —1.4313 5 493.16 0.268
LUMO-1 —0.0069 —0.1886 6 549.31 0.277
LUMO-2 0.0427 1.1620 7 324.40 0.307
LUMO-3 0.0814 2.2145 8 299.90 0.291

hybrid model with non-local approximation [57,58]. PBEO was selected
because its parameters are only based on fundamental constants, and it
has a semi-local approach [57,58]. The Basis-set levels were TZVP and 6-
31G **. They were selected because they can describe all the atoms
present in the system under study and are widely employed for theo-
retical spectroscopic and NMR calculations. Another reason for choosing
DFTs was that their scaling factors were determined in the same work
[59]. The third factor, the D3BJ dispersion correction proposed by

Grimme and coworkers, is largely used [60,61]. Precise evaluation of
these corrections is essential when studying intermolecular interactions
of organic molecules [62] because it can provide elements that can
describe a more improved geometry, significantly influencing the
quality of the responses. These factors are the most important when the
influence on the calculation time and quality of the final geometry is
evaluated. Given that three factors were varied herein, complete plan-
ning was selected because it provides a broad view of the responses that
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Fig. 6. Pareto Chart for Computational Time.

are being evaluated. The use of this planning proved to be adequate
because the number of factors was well delimited.

These conditions represent qualitative levels, which were selected
according to literature information [63]. These parameters were
selected for the present study. In systems with different atoms or di-
mensions, other parameters could be preferred. The number of factors
can be selected depending on the response someone is interested in.
Many calculation conditions can be addressed, but this would signifi-
cantly increase the number of experiments. In this case, fractional
factorial design could be used. Furthermore, factorials with a central
point and axial points exist. However, these plans require quantitative
factors. DFT-based simulation methods do not allow these factors to be
fractionated or the exact fraction to be used as a central or axial point in
the factorial design to be determined. For these reasons, the complete
experimental design proved the best alternative.

Although many DFT and basis-set options can be used for this pur-
pose, here factorial planning was used for rational choice of the best
DFT/basis-set combination to describe our system. This planning can
provide a tool to evaluate the responses for the combinations. To vali-
date the results, experimental responses were employed in the
comparison.

Tables 1 and 2 show the factorial design:

The planning was performed with the starting structure based on the
crystallographic structure of the target drug, available in The Cambridge
Crystallographic Data Center platform [64]. Table 2 lists the data and
indicates the factors and levels used in each experiment. The results
were obtained by employing the Orca software [43]. All the details for
the numerical precision are in the Supporting Information Section.

From the data generated (output) by performing the procedure
proposed in part 1, the influence of each factor was evaluated by using
the Statistica software [65]. Analysis of variance (ANOVA) was carried
out, to obtain Contour graphs and Pareto Chart with 95% confidence
interval, which showed which factors were significant for the analysis of
the results. The results were compared for all the combinations to obtain
the best conditions for the calculation. RMSD [50] (Eq. (2)) and

calculation time values were compared.

STEP 2.1 structural analysis of factorial design experiments

Besides the data obtained in the first step, the structure was evalu-
ated by comparing bond lengths and bond angles with the experimental
values of the crystallographic structure. The Avogadro software was
employed. In this way, the method that best corresponded to the target
substance was defined and applied in later calculations. The X-ray
crystallographic coordinates were used as the starting input coordinates
for the DFT calculations. The crystalline structure was employed as a
parameter to indicate the minimum energy [66,67]. Many papers pre-
sent the coordinates taken from X-ray as the initial framework for
optimization by DFT [36-40]. The calculated molecular geometries are
usually compared with the X-ray data, and agreement between them is
checked [68,69].

After optimization, the geometric parameters (bond lengths, bond
angles, torsion angles) for the compound were compared with the
experimental data. In addition to the structural comparison, the absence
of imaginary values in the vibrational calculation modes indicates a
minimum of true energy [48,49]. The calculated vibrational modes and
the predicted 'H and 3C NMR chemical shifts were scaled to the same
level of theory.

STEP 3. Adaptation of algorithm for extracting and manipulating data

An algorithm in Python programming language [70-73] was devel-
oped by using the Repl.it web platform [74] to develop the script. This
made extraction of the data obtained in the frequency calculations
automatic, thus avoiding possible errors and optimizing the execution
time. Concerning script elaboration, the idea was to find a pattern of
words/syntaxes that allowed the desired information to be extracted
from the defined pattern and stored in a new text file. The Repl.it
environment was selected because it is a free web platform that enables
scripts to be developed in different programming languages,
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Fig. 7. (A) DFT x Basis-set Contour graph for RMSD; (B) DFT x Correction Contour graph for RMSD; (C) Pareto Chart for RMSD.

individually or in shared online rooms, thereby ensuring total accessi-
bility to any user that has an internet connection.

STEP 4. Comparison of theoretical and experimental spectra by
multivariate methods

The frequency and chemical shifts were calculated by using the Orca
v.4.1.0 software [43]. On the basis of the results of the previous steps,
the method that provided the best performance was employed. The

positive numerical result of the frequency values confirmed that the
structure was in a minimum state of energy, which allowed the Infrared
spectrum to be simulated and compared with the experimental spectrum
described in the literature.

The theoretical Infrared spectrum between 400 and 4000 cm ™' was
simulated. Because the theoretical spectra use harmonic approximations
and do not consider some anharmonic effects in the calculations, the
energy values were higher compared with the experimental results
[75,76]. To correct these responses, a scale factor that had already been
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Table 6

Comparison between a-PVP bond length and bond angles.
Bond Length/A°

1 2 3 4 5 6 7 8 Exp.

C4-C5 1.394 1.390 1.398 1.394 1.394 1.390 1.399 1.395 1.391
C3-C4 1.385 1.382 1.390 1.387 1.386 1.383 1.391 1.387 1.384
C2-C3 1.401 1.397 1.405 1.401 1.402 1.398 1.407 1.402 1.396
C2-C7 1.400 1.396 1.404 1.400 1.401 1.397 1.406 1.401 1.398
C7-C6 1.389 1.386 1.394 1.390 1.390 1.386 1.395 1.391 1.388
C6-C5 1.391 1.388 1.396 1.393 1.392 1.388 1.397 1.393 1.382
C12-C13 1.533 1.526 1.537 1.530 1.535 1.527 1.538 1.531 1.524
N-C12 1.520 1.506 1.522 1.509 1.525 1.508 1.527 1.512 1.524
C13-C14 1.532 1.523 1.534 1.526 1.533 1.524 1.535 1.526 1.522
C14-C15 1.520 1.513 1.524 1.517 1.522 1.514 1.526 1.518 1.515
C15-N 1.503 1.489 1.503 1.489 1.508 1.491 1.507 1.491 1.511
N-C8 1.489 1.477 1.491 1.480 1.498 1.481 1.499 1.483 1.500
C11-C10 1.530 1.523 1.534 1.527 1.533 1.524 1.537 1.528 1.522
C1-0 1.212 1.208 1.219 1.215 1.212 1.208 1.220 1.215 1.219
C9-C10 1.529 1.521 1.534 1.526 1.532 1.523 1.537 1.527 1.526
Bond Angle/°
C8-N-C15 113.7 113.6 113.7 113.7 113.6 113.5 113.5 113.6 113.5
C2-C1-C8 118.5 118.4 118.7 1189 119.0 118.7 119.2 119.2 117.8
C9-C10-C11 111.1 111.0 111.3 111.4 111.2 111.1 111.5 111.5 111.4
C12-C13-C14 104.1 103.8 104.0 103.8 104.3 103.8 104.2 103.8 104.2
C2-C3-C4 120.5 120.4 120.5 120.4 120.6 120.5 120.6 120.5 120.2
0-C1-C8 120.1 120.1 119.8 119.8 120.0 120.1 119.6 119.7 119.9
C8-N-C12 114.6 114.4 114.9 114.8 114.7 114.5 115.0 114.8 113.8
C12-N-C15 107.2 107.3 107.3 107.3 106.9 107.2 107.0 107.2 106.5
C3-C2-C7 119.1 119.2 119.3 119.4 118.9 119.1 119.1 119.3 119.7

calculated and which is available from the National Institute of Stan-
dards and Technology was used [77]. This factor is calculated for each
DFT/Basis-Set combination. For this work, the scaling factors 0.9608
(B3LYP/6-31G**), 0.9654 (B3LYP/TZVP), 0.9863 (PBE0/6-31G**), and
0.9888 (PBEO/TZVP) were employed.

The chemical shift values were obtained by using tetramethylsilane
(TMS) as reference, which is the most common reference in this type of
analysis. By employing the same method selected in the factorial design,
the average 3C and 'H shifts for TMS (192.76 ppm and 31.7065 ppm,

respectively) were calculated and subtracted from the values obtained
for the study molecule. All the carbons or hydrogens were considered
because the structure is symmetric, and the displacements are identical.
Moreover, a simple average was performed for these values. In this step,
the responses obtained previously were used and recalculated for the
parameters that had already been optimized: the structure of Flakka
with chloroform. For this purpose, CPCM implicit solvent (conductor-
like polarizable continuum model) was employed [78,79]. Chloroform
(CDCl3) was the CPCM implicit solvent [78,79], and the theoretical
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Fig. 8. Structural representation and indication of the numbering of atoms in (A) 3D and (B) 2D.

Table 7
Coefficients of Determination (R?) for bond length and bond angle.

Factorial Experiment (FacExp) R? - Bond length R? - Bond angle

1 0.9951 0.9932
2 0.9899 0.9932
3 0.9938 0.9913
4 0.9885 0.9907
5 0.9971 0.9899
6 0.9915 0.9918
7 0.9961 0.9870
8 0.9901 0.9883
Table 8

Categories of analytical techniques according to SWGDRUG [8].

Category Infrared Spectroscopy, Mass Spectrometry, NMR Spectroscopy, Raman
A Spectroscopy, X-Ray Diffractometry.
Category Capillary electrophoresis, gas chromatography, liquid
B chromatography, supercritical fluid chromatography, thin layer
chromatography, ion mobility spectrometry, microcrystalline tests,
UV-Visible spectroscopy.
Category Colorimetric tests, fluorescence spectroscopy, immunoassay, melting
C point, pharmaceutical identifiers.

results were compared with the experimental data [80]. The calcula-
tions involving NMR were carried out for the molecule with HCl and for
the free-base molecule.

The study was divided into four steps as described below and sche-
matically represented in Fig. 1.

Results and discussion
STEP 1. Conformational analysis

With the aid of the Avogadro software, we obtained the 26 con-
formers of the Flakka structure, with a 13.8° angle increment. We
optimized a total of 26 conformers with DFT B3LYP/6-31G**, and 22 of
them returned viable optimizations. We compared the optimized re-
sponses to the crystallographic structure in terms of the RMSD param-
eter (Fig. 2A) and dihedral angles (Fig. 2B). The data referring to the
dihedral angles, RMSD, and Gibbs free energy are grouped in Table 3.

We entered the energy and dihedral angle data into the Origin 2020
software to help us to read the information. Fig. 3 schematically shows
the results obtained for the energies compared to the respective dihedral
angles. The region where the energy was minimal is formed by con-
formers #19 (-713.54735 Eh), #15 (-713.54675 Eh), and #03
(-713.54626 Eh).

When we analyzed the results by RMSD, these minimum energy
structures were at most around 1 A... away from the crystallographic
structure. The values ranged from 0.346 for conformer #20 to 1.302 for
conformer #07; the conformers with lower energy diverged by 1.092
(#19), 1.140 (#03), and 1.151 (#15). Therefore, we performed the
Boltzmann distribution analysis by using the Gibbs free energy as a
parameter. This assessment allowed us to determine the probability of
observing each conformer, and we obtained the graph represented in
Fig. 4.

The most abundant conformers were #19 (39.08%), #15 (20.74%),
and #03 (12.32%). The sum of the percentages of the other conformers
was 27.89%. On the basis of these results, we used the structure of the
#19 input conformer for the next steps.

On the basis of structure #19, we evaluated the energy gap between
the frontier orbitals (Fig. 5), the highest occupied molecular orbital
energy (Egomo), and the lowest unoccupied molecular orbital energy
(ELumo), and their respective variations from HOMO -+ 3 to LUMO-3.
Through these values, we can understand properties such as the abil-
ity of a molecule to supply electrons (Egomo) or the ability of a com-
pound to accept electrons (Epymo) [81,82]. These values can provide
important information about the stability and reactivity of molecules
and are represented in Table 4.

The HOMO-LUMO energy gap helps us to understand the electro-
negativity (y) of the analyzed structure. Electronegativity can be
expressed by Eq. (4) [83].

—(Enomo + ELumo)

5 4

/Y =

The greater the difference between the Eyomo.Lumo orbitals, the
lower the chemical reactivity, and the greater the kinetic stability. In
this case, the electronegativity value was 3.2463 eV. This information is
important to understand chemical interactions (separation methods for
example) [84,85] and possible biological effects [86].

STEP 2. Factorial design

We analyzed the results concerning the performance of each exper-
iment on the basis of two parameters: computational time and RMSD.
Table 5 groups the results obtained by simulation for the eight experi-
ments outlined in the experimental design.

We applied the values of the responses obtained from the experi-
ments and the coded matrix of the experiments to analyze the infor-
mation. By using the Statistica 7 software [65], we established the best
approach among the approaches delimited in the experimental plan-
ning. Figs. 6 and 7 display the results for the Pareto Chart with 95%
confidence interval.

The Contour graph results (Fig. 7a and b) helped us to visualize how



A.E.G. Tcharkhetian et al.

Results in Chemistry 3 (2021) 100254

Experiment 3
Eis IR .
RE 3 L8] i 80%
v - BEErE =
o €
A %)
(A) 40% &
=
N
B 20%
- 0%
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber /cm
100%
80% o
g
60% £
£
B1 7}
(B1) 40% 5
=
N
20%
0%
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber /cm™
Experimental
100%
80%
(]
2
60% £
£
1%}
(B2) 40% &
-
o i 0 E
2 24 20%
= 0%
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber /cm!

Fig. 9. (A) Theoretical Infrared Spectrum of a-PVP. (B) Experimental infrared spectrum of a-PVP (B1) 81 and (B2) [92].

the parameters evaluated by the experimental design influenced the
responses. These graphs correspond to response gradients, wherein red
and green refer to the parameters that resulted in the lowest and largest
responses, respectively. Thus, the responses of the TZVP database pre-
sented the highest computational time values and the lowest RMSD.
Regarding the DFTs, the contour graph revealed a difference in the vi-
sual response. However, on the basis of the technical needs of forensic
chemistry, we selected DFT B3LYP. The Pareto graph (Fig. 7c) helped us
to understand and to observe the significance of each of the analyzed

parameters and how one influenced the other. This type of response can
assist in a more adequate and objective choice of parameters for quan-
tum calculations. Thus, we statistically understood that, depending on
the applied type of basis-set, the computational time and RMSD pa-
rameters greatly influenced the results obtained without many calcula-
tions with various DFT and bases being performed.

The use of contracted functions, such as the split-valence double-zeta
plus polarization basis-set Pople’s 6-31G**, reduces the computational
cost because the number of optimized parameters becomes smaller
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Table 9

Reference values used to compare the theoretical and experimental spectra [93].
Bl C-H (aromatics — out-of-plane bend) 900-690
B2 C-N (amines) 1350 - 1000
B3 —-CHj3 (bend) 1450 - 1375
B4 —CHa- (bend) 1465
B5 N-H (primary and secondary amines bend) 1640 — 1550
B6 C = O (ketone) 1725 -1705
B7 C-H (stretch) 3000 - 2850
B8 Aromatics (stretch) 3150-3050
B9 N-H (primary and secondary amines stretch) 3500 - 3100

Table 10

Comparison between the bands referring to the theoretical and experimental
spectra, according to the reference values.

Bl B2 B3 B4 B5 B6 B7 B8 B9

Experimental 1 1 1 1 1 1 1 1 1
Theoretical 0 1 1 1 1 1 1 1 1

without the precision of the method being lost [87-91].

The triple-zeta valence function Alrich’s TZVP with polarization uses
one contracted Gaussian function to describe the inner shells and three
Gaussian functions to describe de valence shells. Because it is a more
extensive basis-set, the computational cost is higher compared to 6-
31G** [90,91].

A factor that contributes to the accuracy of the results is the size of
the basis-set, as well as the different types of functions that the set
presents. Therefore, the best RMSD results obtained by using the TZVP
basis-set is justified. Notwithstanding, the basis-set 6-31G** provided
satisfactory results if we consider the low complexity of the molecule.
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Regarding computational time, using 6-31G** optimized the results
because this basis-set has reduced computational processing cost,
affording better responses compared to TZVP. Along with the analytical
evaluation, this aspect must be considered in the forensic context when
we select the method: fast processing of the results related to drugs is
becoming increasingly urgent due to the need to keep up with the
emergence of new substances.

STEP 2.1 structural analysis of factorial design experiments

We used the data obtained from the experiments to compare the
crystallographic structure of a-PVP with the structure obtained for this
substance by the computer simulation indicated in the planning
(Table 6). We numbered the atoms as shown in Fig. 8.

We carried out the structural evaluation by correlating the values of
bond length and bond angle obtained from each theoretical experiment
with the experimental values in linear regression graphs, which can be
seen in Supporting Information. Table 7 lists the coefficients of deter-
mination (RZ).

In general, all the methods showed good correlation with the original
structure. Among them, experiments 1 (B3LYP/TZVP/D3BJ) and 3
(B3LYP/6-31G**/D3BJ) stood out: the R® values were close to 1 for both
bond length and bond angle.

Experiments 4 (PBE0/6-31G**/D3BJ) and 8 (PBE0/6-31G**/-) gave
the least satisfactory results in terms of structural comparison. If we
consider the results obtained in the planning and structural evaluation
stages, B3LYP/6-31G**/D3BJ (Experiment 3) was the most efficient
method for forensic needs. Therefore, hereafter all the discussions will
be based on the results of the method proposed by Experiment 3.

Table 11
Correlation between simulated and experimental spectra.
R? Equation Armor(max) %EITOL yax Arror(min) YEITOL iy SD
Exp. 1 1.0000 1.0000x — 0.7447 624.85 1.61 3122.29 0.00 0.0029
Exp. 2 1.0000 1.0002x — 0.7893 590.14 1.51 838.92/1189.91/3041.30 0.01 0.0039
Exp. 3 1.0000 0.9993x — 1.1881 692.35 1.53 678.85/3216.79 0.00 0.0032
Exp. 4 1.0000 1.0001x — 1.7910 771.42 2.05 1398.20/1504.25 0.00 0.0046
Exp. 5 1.0000 1.0024x — 6.0384 773.91 1.46 3054.80 0.00 0.0037
Exp. 6 1.0000 1.0003x — 1.5281 590.14 1.60 1797.42/3054.80 0.00 0.0038
Exp. 7 1.0000 0.9996x — 1.0963 497.57 1.65 1531.27/1967.13 0.00 0.0036
Exp. 8 1.0000 1.0002x — 0.7796 692.35 1.98 439.71/1108.91/3162.79 0.00 0.0042
L_ 1.0 0.8 06 0.4 0.2 0.0]
1 1 1 1 1
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Fig. 10. HCA results for spectral comparison.
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Fig. 11. PCA results, which showed that similar experiments are along Factor2.
Table 12 Table 14
Univariate statistical analysis of the wavelengths of the spectra obtained by Comparison between theoretical and experimental results of hydrogen chemical
simulation as compared to the experimental one. shifts for a-PVP HCl.
Factorial KL for original KL for the average spectral line intensities in Atom numbering Theoretical/ppm Experimental/ppm |A(Exp. — Theo.)|
Experiment data intervals of 4 cm ™!
H1 11.96 12.48 0.52
Exp. 1 0.0503 0.1795 H2 8.50 7.99 0.51
Exp. 2 1.8964 1.9379 H3 7.81 7.56 0.25
Exp. 3 0.0811 0.2239 H4 7.89 7.70 0.19
Exp. 4 0.0944 0.2052 H5 7.70 7.56 0.14
Exp. 5 0.0217 0.0834 H6 8.08 7.99 0.09
Exp. 6 0.0634 0.1448 H7 4.62 5.26 0.64
Exp. 7 2.0462 2.1843 HS 1.94 2.04 0.10
Exp. 8 0.0819 0.2137 H9 2.16 2.20 0.04
H10 0.86 1.36 0.50
H11 1.88 1.48 0.40
H12 0.73 0.91 0.18
Table 13 H13 1.07 0.91 0.16
Comparison between theoretical and experimental results of carbon chemical H14 0.61 0.91 0.30
shifts for a-PVP HCI. H15 2.50 3.62 112
H16 3.96 3.82 0.14
Atom numbering Theoretical/ppm Experimental/ppm |A(Exp. — Theo.)| H17 2.01 2.20 0.19
c1 194.9 196.7 18 :ig ;22 i'ﬁg g‘zg
Cc2 134.7 135.7 1.0 H20 2'57 2'20 0'37
c3 129.0 128.6 04 H21 2.79 2.93 0.14
Cc4 128.2 129.4 1.2 Ho2 3.65 3.82 0'17
C5 127.4 129.4 2.0 . . .
C6 131.0 135.1 4.1
Cc7 128.3 128.6 0.3
c8 76.2 62.7 13.5
c9 36.5 33.0 3.5 Table 15
c10 20.3 19.6 0.7 Comparison between theoretical and experimental results of carbon chemical
C11 16.7 14.0 2.7 shifts for a-PVP (free-base).
c12 58.8 49.4 9.4 - - -
c13 27.9 23.7 4.2 Atom numbering Theoretical/ppm Experimental/ppm |A(Exp. — Theo.)|
c14 28.8 24.0 4.8 c1 210.75 201.20 9.55
¢1s 56.0 529 81 c2 144.83 137.10 7.73
C3 140.28 128.60 11.68
. . . . . c4 137.81 128.40 9.41
STEP 3. Adaptation of algorithm for extracting and manipulating data cs 135.24 132.90 2.34
Cé6 134.86 128.40 6.46
To understand the script better, we numbered the lines and laid out c7 134.13 128.60 5.53
their interpretation in Supporting Information. If we consider the diffi- gg ;g‘;‘g gg‘zg ?'??
culties inherent in manipulating the large data sets generated during c10 20.65 19.30 10.35
these types of analysis, application of this script significantly reduced c11 16.22 14.30 1.92
the data processing time and minimized the spread of possible random C12 61.15 51.00 10.15
errors. c13 28.63 23.40 5.23
Cl4 2491 23.40 1.51
C15 50.08 51.00 0.92

11
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Table 16
Comparison between theoretical and experimental results of hydrogen chemical
shifts for a-PVP (free-base).

Atom numbering Theoretical/ppm Experimental/ppm |A(Exp. — Theo.)|
H1 8.62 8.12 0.50
H2 7.73 7.45 0.28
H3 7.87 7.55 0.32
H4 7.78 7.45 0.33
H5 8.36 8.12 0.24
H6 4.16 3.91 0.25
H7 1.81 1.91 0.10
H8 1.67 1.75 0.08
H9 1.68 1.23 0.45
H10 1.62 1.29 0.33
H11 0.92 0.87 0.05
H12 0.88 0.87 0.01
H13 0.77 0.87 0.10
H14 2.54 2.58 0.04
H15 2.12 2.58 0.46
H16 1.16 1.91 0.75
H17 1.10 1.75 0.65
H18 1.06 1.75 0.69
H19 3.02 1.91 1.11
H20 3.25 2.68 0.57
H21 3.21 2.58 0.63

STEP 4. Theoretical compared to experimental spectra using multivariate
methods

On the basis of factorial design, we have already been able to eval-
uate the performance of in silico methods and their influence in gener-
ating a response that is in line with the experimentally observed one.
From this, we rely on two techniques classified as the gold standard of
confidence for substance identification, as indicated by SWGDRUG [8].
The techniques performed here belong to category A. Table 8 presents
these techniques, and others, according to their categories.

STEP 4.1 infrared spectra

Fig. 9 compares the experimental and the theoretical spectra that
best corresponded to the previous steps. The spectral simulation of the
other theoretical experiments can be found in Supporting Information.

We compared the theoretical results with the experimental results
from a binary table, where “1” represents presence of the band, and ~0”
represents absence of the band. Table 9 summarizes the values that we
used as reference to attribute the bands; Table 10 compares the bands,
indicating their presence or absence.

Comparison between the infrared bands of the theoretical and
experimental spectra revealed good correspondence, validating the
proposed method. Due to the high stretch intensity in the 1974.93 cm ™!
region, probably chlorine, the other peaks were covered up. Therefore,
we removed this band, to allow the spectrum to be visualized.

We also compared the calculated spectra with the experimental one
[92]. We compared all the spectra calculated from the experiments
generated in factorial planning. To evaluate the agreement between the
responses of the spectra, we performed three different procedures. In the
first one, we analyzed the linear correlation (R%) of the spectroscopy
data in the infrared region. The closer to 1, the greater the similarity.
Table 11 presents the results. The equation of a line is presented in the
third column. The fourth and fifth columns show the wavelengths with
the highest percentage of error. Similarly, the sixth and seventh columns
show the wavelengths with the lowest percentage. The last column
corresponds to the standard deviation (SD) obtained from each equation
of a line.

Results from Table 11 showed a high linear correlation between all
the simulated and experimental data. The greater percentage of errors
occurred in the fingerprint region, between 400 and 900 cm™'. The
other regions showed a low percentage error (>1%). As for the per-
centage errors, standard deviations were small in all cases. Analysis of
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these responses followed the planning we carried out, indicating DFT
B3LYP with D3BJ dispersion correction as they better reproduced the
experimental data in this study. Concerning the employed basis, they
practically did not differ. However, in a forensic context where the speed
of responses is an important factor, the basis 6-31G ** showed greater
performance.

We also compared the spectra through multivariate unsupervised
analyses. Hierarchical Cluster Analysis (HCA) and Principal Component
Analysis (PCA) are used to explore multivariate data. We used them to
analyze the clustering regarding the calculation responses. HCA allows
us to assess how similar the experiments are through the distances be-
tween them. PCA consists in a transformation of multivariate data to a
new coordinate system by means of linear combination of the original
variables. It is a technique that evaluates the natural organization with
no influence of previous information about the system. Both methods
allow data in smaller dimension to be visualized, which facilitates
observation of similarities among the samples [94-96].

For HCA, we used the Euclidean Distance and the Single linkage
method [94]. No preprocessing was used. The dendrogram indicated in
Fig. 10 showed the higher approximation between the experimental
data and the data from experiments that used B3LYP as DFT.

Fig. 10 shows the results for clustering of the different experiments.
We observed that Experiments 1 (B3LYP/TZVP/D3BJ) and 5 (B3LYP/
TZVP/-) had the most significant divergence from the others. Experi-
ments that used PBEO as the DFT also grouped together (Experiments 2,
4, 6 and 8), and we observed the influence of the basis-set on the clus-
tering. B3LYP/6-31G** (Exp. 3) was the combination with the most
significant similarity with the experimental data obtained from the
literature [92]. These responses confirmed the conclusions obtained
from the factorial design. The PCA results are presented in Fig. 11. The
cumulative variance in two principal components (factor 01 and factor
02) was around 94%. The results resembled the HCA results, showing
that Exp. 03 was the closest to the experimental data.

In addition to the similarity with Exp. 3, PCA enabled us to visualize
the formation of three groups. One of them consisted of experiments in
which DFT PBEQ (the even-numbered experiments) was used; the other
two were created by DFT B3LYP. One was grouped by the TZVP basis
(Exp.1 and Exp.5); the other was grouped by the 6-31G** basis (Exp.7
and Exp.3).

We also used the Kullback-Leibler (KL) Divergence to compare the
spectra [97,98]. In this methodology, each pair of spectra P and Q is
compared by

[Die.(Pl|Q) + Dy (Q||P)]

Dy.(P,0) = 2 5)
where
Dw(P||Q) = ZP(f)log@ 6)

o(i)

and P and Q are the normalized IR spectra.When there is no differ-
ence between the spectra, Dg;, = 0.

Table 12 presents the KL divergence results. We calculated the dis-
tances between the simulated and experimental spectra. For each com-
parison, we took the original results and the average of spectral line
intensities in intervals of 4 cm ™. We removed the signal corresponding
to the hydrochloride form from the experimental spectra.

KL divergence results showed that most spectra simulated with
B3LYP provided the closest results to the experimental data (Exp. 1, Exp.
3, Exp. 5). Although Exp. 7 used the B3LYP/6-31G** combination, the
D3BJ correction was absent. These results emphasized the importance of
applying the correction.

STEP 4.2 nuclear magnetic resonance
The NMR results we obtained by using the parameters defined by
Experiment 3 (B3LYP/6-31G ** combination) are based on published
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works [99-104]. Double zetta bases are adequate for obtaining carbon
and hydrogen chemical shifts without the theoretical rigor and
computational cost of larger bases being necessary [105].

We assigned the chemical shift values according to the numbering of
the atoms shown in Fig. 8. Table 13 shows the comparison with the
experimental values (the full experimental spectrum is available in
reference [80]). The absolute values are presented in ppm. The differ-
ence between the theoretical and experimental spectra are presented in
the fourth column [80]. We corrected the possible deviations observed
in the theoretical data with a scaling factor [106].

The chemical shifts lay within the expected range. Some points are
worth highlighting: the signal due to C1 emerged between 185 and 220
ppm, corresponding to the ketone range; the signal due to C2 to C7
appeared between 110 and 175 ppm, indicating the presence of aro-
matic carbons; and the signal due to C11 arose between 8 and 30 ppm,
attributed to R-CHs. C8 showed an overestimated value, a behavior that
has already been reported in the literature [105]. Nevertheless, we
correlated the theoretical and experimental values in a linear regression
graph (Supporting Information). The R? value was 0.9956, and the
RMSE (root-mean-square error) value was 3.6, indicating good simi-
larity between the data. The statistical parameters to correlate the data
indicated a good trend between the responses. In cases where there was
a greater difference between the responses, the theoretical data corre-
sponded to the chemical shifts present in the expected experimental
ranges. We emphasize that these differences can also be found between
experimental data from different sources. This is due to several factors of
solvents and matrix. That is why regions and not point values are used
[93,107]. Table 14 shows the hydrogen chemical shift results for a-PVP
HCL

The linear regression graph (Supporting Information) yielded a
correlation coefficient of 0.9834 between the theoretical and experi-
mental data, and the RMSE value was 0.2. Although this value was lower
than expected, the chemical shifts were within the expected range,
showing good correspondence. The chemical shifts of the hydrogens
corresponding to the aromatic chain emerged within the expected range:
6.5-8 ppm for H3 and H5 (meta), 6-10 ppm for H2 and H6 (ortho), and
7.3-8 ppm for H4 (para). In addition, the signals for the hydrogens H12,
H13, and H14, corresponding to the methyl group, were found between
0.7 and 1.3 ppm, confirming the similarity between the results. Table 15
lists the carbon chemical shift results for «-PVP. However, in this case,
we analyzed results for the free base.

The R? value obtained by the linear regression graph (Supporting
Information) was 0.9965, and the RMSE value was 4.3. Despite the
strong correspondence, the theoretical values diverged from the exper-
imental ones. We analyzed the same structure (free-base), but this time
we obtained the hydrogen chemical shifts results summarized in
Table 16.

The R? value of the linear regression graph between the experimental
and theoretical results was 0.9750, indicating that the results obtained
by the simulation were closely correlated with the experimental values.
The RMSE value was 0.49.

If we consider that during experimental procedures many variables
compromise the accuracy of the results (e.g., errors of the analyst and
equipment), the proposed method stands out for its reproducibility,
among other factors, despite the problems highlighted previously.

Conclusion

This work achieved initially proposed the goals. The structural and
spectroscopic properties evaluated through theoretical chemistry are
comparable to the available experimental results. This proximity be-
tween the responses strengthens the potential of using these in silico
techniques to obtain faster information for new psychoactive
substances.

The conformers and the responses obtained by the Boltzmann dis-
tribution indicated that the crystallographic structure does not
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approximate the most probable structure by the conformational anal-
ysis. For this reason, we used the lowest energy structure and not the
crystal available in the literature. To choose the best calculation con-
ditions, a factorial design was performed. This approach aimed to
choose the computational simulation method to be used with Flakka
more assertively. The combination (B3LYP/6-31G**/D3BJ) showed the
shortest computational time and the most significant similarity with the
reference structure by RMSD.

The spectroscopic evaluation used experimental NMR (*H and '30)
and infrared data. Comparison between the experimental and simulated
spectra showed high similarity for IR. This evaluation used linear
regression of the wavelength values, and we also used HCA, PCA, and KL
divergence. The NMR results were less similar when compared to the IR,
as we observed overestimated '3C NMR values for a-PVP HCl and o-PVP
in the free-base form. These results were expected according to what has
already been reported in the literature [108].

Given the combination of conformational analysis, factorial design,
spectroscopic characterization, and comparison by statistical tech-
niques, we have shown that in silico methods can provide information
for substances that are still unknown or for which little information
exists. Thus, using these techniques can help to optimize information
gathering and can be a valuable ally in forensic matters.
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