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DFT calculations of *H-

and *C-NMR chemical shifts of 3
-methyl-1-phenyl-4-(phenyldiazeny
[)-1H-pyrazol-5-amine in solution

Zaki S. Safi*** & Nuha Wazzan?

Geometries of the 3-methyl-1-phenyl-4-(phenyldiazenyl)-1H-pyrazol-5-amine azo-dye compound

and its tautomer were optimized using B3LYP and M06-2X functionals in coupling with TZVP and
6-311+G(d, p) basis sets. The 'H- and 1*C-NMR chemical shifts of all species were predicted using 13
density functional theory (DFT) approaches in coupling withTZVP and 6-311 + G(d, p) basis sets at

the different optimized geometries by applying the using GIAO method using the eight geometries.
The selected functionals are characterized by having different amount of Hartree-Fock exchange.

The selected DFT methods were B3LYP, M06-2X, BP86, B97XD, TPSSTPSS, PBE1PBE, CAM-B3LYP,
wB97XD, LSDA, HSEH1PBE, PW91PW91, LC-WPBE, and B3PW91. The results obtained were
compared with the available experimental data using different statistical descriptors such as root
mean square error (RMSE) and maximum absolute error (MAE). Results revealed that the prediction of
the H-NMR chemical shifts has more significant dependence on the applied geometry than that of the
prediction of the 1*C-NMR chemical shifts. Among all the examined functionals, B97D and TPSSTPSS
functionals were found to be the most accurate ones, while the M06-2X functional is the least accurate
one. Results also revealed that the prediction of NMR chemical shifts using TZVP basis sets results is
more accurate results than 6-311 + G(2d, p) basis set.

Azo-Dyes, consisting of 60-70% of dyes, have a great importance in science and technology, such as their appli-
cability in optical materials, molecular data processing, ion sensors, and biological applications'. Simultaneously,
most of the azo dyes are tautomeric or potentially tautomeric?~. The tautomerism phenomenon, which plays a
significant role in the stability and the color of the dyes, has been extensive studied during the last decades®™"".
The intramolecular 1,3-proton transfer process, which is very fast at the NMR time scale, occurs by the migra-
tion of a proton from the amino nitrogen atom to the carbonyl oxygen atom. Thus, to overcome this problem,
an averaged signal is typically measured”'% Therefore, reference compounds are needed to evaluate the propor-
tion of the azo and hydrazo tautomers. The selection of these references that represent the pure azo and hydrazo
tautomers is necessary. Thus, there is a need for such reference compounds to be identified and used in the NMR
investigations of tautomeric azo dyes.

Up to now, nuclear magnetic resonance (NMR) spectroscopy has been one of the most powerful and reliable
methods for structure elucidation. 'H- and *C-NMR are the most widely studied nuclei. However, other nuclei
such as > N, *'P, "¥O.etc., are also under consideration, which can be attributed to the corresponding routinely
available techniques readily yielding an overabundance of structural and kinetical information for the proper
identification of novel compounds. Unfortunately, complex compounds suffer from the main problem in the
full signal assignment, which is sometimes impossible, even with the utilization of multidimensional NMR
experiments.

Calculating the nuclear magnetic shielding tensor (NMST) is required for the theoretical NMR investiga-
tions. For this reason, several computational methods were developed such as the GIAO (gauge-independent
atomic orbitals)*-17, the IGLO (an individual gauge for localized orbital)'$, and the CGST (continuous set of
gauge transformation)'*?* methods. In general, the GIAO method has been shown to achieve faster convergence
of the shielding value with respect to the size of the basis set and, consequently, has been the most commonly
employed procedure®..
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Figure 1. Chemical structure of 3-methyl-1-phenyl-4-(phenyldiazenyl)-1H-pyrazol-5-amine (T1) and its
tautomer (T2) in 'H- and *C-NMR test.

Last past years have witnessed a great development in the growth of quantum mechanical calculations quickly,
which aids the determination of compound structures**-2*. Different levels of theory can be effectively used
to compute the NMR shielding constants. These levels include coupled-cluster theories (e.g., coupled-cluster
singles—doubles (CCSD) and coupled-cluster singles—doubles—perturbative-triples, CCSD(T))* and Moller-
Plesset (MP) second-order perturbation theory (MP2)**%. Exactly, the most accurate sets and highly comparable
with the experimental data of benchmark NMR shielding constants were performed using MP2, CCSD, and
CCSD(T) methods in various basis sets. Unfortunately, these methods are highly expensive and computationally
time consumable, and they are only exclusively applicable to small model molecules and not for larger ones**~>.

In spite of being less accurate, DFT methods, on the opposing, can handle structures composed of several
hundreds of atoms**=*!. DFT methods allow the calculation of useful chemical properties, structural and elec-
tronic analysis of molecules and the theoretical values of the *C- and "H-NMR chemical shifts with a high
degree of accuracy compared to the experimental data®**. Bango et al.”’ determined the *C-NMR chemical
shifts experimentally and theoretically by DFT calculations B3LYP with the 6-31G(d,p) and cc-pV'TZ basis sets.
Bally and Rablen® proved that B3LYP/6-31G(d,p)u+1 s (one of the most economical methods) and B3LYP/ccp-
pVTZ (ca.8 times more expensive in terms of CPU time) predicted the "H-NMR with root mean square of 0.5
Hz, compared to the experimental results. Broadbelt et al.>* accurately computed the "H- and *C-NMR chemical
shifts using the BMK method with different basis sets in toluene-d; solvent using IEFPCM solvation model. The
agreement between the experimental data and the DFT computed results was improved by inclusion of vibra-
tional corrections for DFT methods, which contrasts the behavior of the coupled-cluster methods?**42%34-40,
This methodology could be applied as a promising alternative in support of traditional NMR experimental
techniques. Furthermore, previous studies***! showed that DFT theory brings a respected tool for the prediction
of *C-NMR properties, even with a small basis set. Additionally, it was recommended to use a larger basis set,
including polarization functions, for a more accurate prediction of trends in the experimental '"H-NMR chemical
shifts*!. Furthermore, most of studies that related to the computational of "H- and '*C-NMR were mainly focused
on DFT and ab initio performance for structures in CDCI3, which expected due to the fact that a large number
of experimental spectra are taken in deuterated chloroform and there is an abundance of data for numerous
molecules and functional groups.

Test set. The 3-methyl-1-phenyl-4-(phenyldiazenyl)-1H-pyrazol-5-amine (T1) may have another con-
former (T2) that can rapidly interconvert at the NMR time scale with relative energy of about 9.3 kcal/mol™
(Fig. 1). The 'H- and *C-NMR experimental chemical shifts of the main species (T1) in CDCI; were taken exclu-
sively from Deneva et al.'. All protons that are bonded to the nitrogen atoms were not included in the validation
test because they are strongly affected by the ability to form hydrogen bonds as well as the solvent environment*.
This study is undertaken to present and discuss the following issues: (i) computation of 'H- and *C- NMR
chemical shifts for the species under probe at different geometries that optimized using B3LYP and M06-2X
approaches with TZVP and 6-311+G(2d,p) basis sets within the DFT framework using the GIAO** method
and (ii) statistical validation of the theoretical NMR chemical shifts based on the available experimental data.

Computational methodology. Geometries of the investigated species were optimized using two-hybrid
DFT approaches, B: BALYP**** and the M: M06-2x (meta-GGA)*>* in acetonitrile as a solvent using the Polariz-
able Continuum Model (the integral equation formalism variant, IEFPCM)*. Two basis sets were included in
the optimization process, which are: (i) the triple- Pople basis sets augmented with additional polarization func-
tions 6-311+G(2d,p)*® and (ii) triple zeta for valence electrons plus polarization function, TZVP¥. Therefore,
To ensure that all geometries are minima to the electronic potential energy surface, the vibrational frequencies
of each species were calculated at the same levels of theories, and the absence of any imaginary frequencies was
noted. The isotropic magnetic shielding tensors were computed using thirteen different XC DFT approaches,
applying the gauge-independent atomic orbital (GIAO)*? approach in coupling with the same basis sets CHCl,
solvent. The classification of the thirteen XC different functionals are given in supplementary materials. In order
to the simplify the following of our study, DFT approaches B3LYP and M06-2X are given the abbreviations T and
P, respectively. The two bases sets TZVP and B3LYP/6-311 + G(2d,p) are given the abbreviation T and P, respec-
tively. So that, BT, BP, MT and MP optimization levels were considered. To calculate the NMR chemical shifts,
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XC DFT approach is coupled with the two bases sets at the considered geometries. In total, eight combinations of
theoretical approach will be used to compute the NMR chemical shifts (see Table S1 of the supporting informa-
tion). All quantum chemical calculations were performed using Gaussian 09 computational software package®.

Because NMR chemical shifts result from a dynamic process, the isotropic magnetic shielding tensors were
averaged over all symmetry related carbons and hydrogens where applicable. For each 'H and *C nucleus, the
average isotropic magnetic tensor of the two tautomeric forms o, was taken. Then, the isotropic chemical
shifts 8., was defined as 8.,; = oas — 0cq1, where oy is the anisotropic shielding constant of 'H and *C in
trimethylsilane (TMS). Notice that ops values of "H- and *C- NMR of the TMS were computed using the same
strategy that used for the azo-dye species and based on the MP2 geometry (all orps are listed in Table S2 of the
supporting information). Also, it should be noted that the o for the "H- and *C-NMR were calculated as the
average for the 12 hydrogen nuclei and 4 carbon atoms, respectively. The §.,; values were collected in Tables S3
and $4 of the supporting information.

Due to the possibility of the tautomerization of the investigated species at the NMR time, the scaled 'H- and
BC-NMR chemical shifts of the hydrogen and carbon nuclei of the T1 and T2 species were averaged. The aver-
aged 'H- and *C-NMR chemical shifts were tested for possible outliers using 1.5xIRQ rule, and no outliers were
detected. Computation of the different statistical descriptors was performed using Microsoft Excel 2016 using
the following equations:

. 1
(Mean signed error)ME = Z((Sml — Sexp) (1)
Absolute difference(error) A§ = }8“,1 - Sexp‘ )
1
Maximum Absolute Error (Mean unsigned error) : MAE = N E AS (3)
Maximum difference : MAX = maxAS (4)
1 2
Mean square error : MSE = N Z AS (5)
1
Root mean square error : RMSE = N Z A§? = VMSE (6)
n ‘Scal_aexp
i=1 ex,
Mean absolute percentage error : MAPE = : ?_1 % 100 @)
n

Results and discussion

The optimized structures of the two envisaged tautomers of the azo-dye species as obtained using B3LYP/TZVP
level of theory in acetonitrile are shown in Figure S1 of the supporting information. The statistical parameters
(MAE, MAX, RMSE and MAPE) are measured for suitable errors. Among all of the statistical descriptors, RMSE
is the most powerful descriptor that can be used to compare the different DFT methods. The smaller the RMSE
parameter, the more accurate the DFT approach to estimate the 'H- and >*C-NMR chemical shifts.

Benchmark of *H NMR chemical shifts. Tables S5 and S6 of the supporting information list all the
descriptors (RMSE, MSE, MAE, MAX, MAPE, R? slope, and intercept) computed for 'H-NMR deviations.
Excellent linear regression correlation coefficient (R*>0.997-0.999) is obtained. However, the slope (0.906-
1.118 ppm) and the intercept (—0.456-0.534 ppm) have slightly deviated from the ideal values for all combina-
tions (Fig. 2 and Tables S5 and S6). The poorest regression was obtained for M06-2X functional, while the best
one was obtained for TPSSTPSS and B97D functionals. Figure S1 shows graphically by column the statistical
descriptors (RMSE, MAX, and MAE) computed for the "TH-NMR chemical shift deviations. For all combina-
tions, the results show that the MAX descriptor (blue column), which corresponds to the maximum deviation
with respect to the experimental data, is much higher than that of RMSE (red column) and MAE (dark red
column) descriptors. The corresponding MAX arises from the computation of "H-NMR chemical shifts of the
hydrogen atom attached to C12 (Fig. 2). The reason may be attributed to the possible interaction (by non-
covalent van der Waal) between the hydrogen atom (van der Waal radii=2.02 A) and the N(B) (van der Waal
radii =2.25 A) of the azo-dye group, resulting in a weak hydrogen bond. The geometrical structure of the T1 and
T2 tautomers show that the distance between the hydrogen atom and N(pB) atom is an average of 2.450 A, which
strongly confirms our suggestion.

The data given in Tables S2 and S5, show that the signed deviations (ME) are typically positive, indicating
that the computed 'H NMR chemical shifts are exclusively higher than that of the experimental ones. It is also
found that ~ 93.5% of the ME values are positive. The number of negative ME values are ~ 96 out of 1456, with a
percentage of ~ 6.5%. Moreover, most of the negative values belong to the hydrogen atom attached to C10 atom,
which may be attributed to the consideration of the average value of the isotropic magnetic tensors of the three
hydrogen atoms attached to C10.
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Figure 2. Correlation between the experimental 'H-NMR chemical shifts and the computed "H-NMR chemical
shifts as calculated using six different DFT methods (BP86, B97D, HSEH1PBE, PBE1PBE, B3PW91, and
TPSSTPSS) with TZVP basis set at the B3SLYP/TZVP geometry (TBT combination).

Basis set effect. In order to analyze the effect of the basis set that couples with the XC functional on the
1H-NMR chemical shift, two basis sets TZVP and 6-311 + G(2d,p) were selected. For the sake of comparison,
the eight combinations (Table S4) were divided into two parts based on the basis sets, which coupled with NMR
XC functional, as follows:

e Part (1) in which the NMR functional combined with TZVP basis set, and it includes C1, C3, C5 and C7
combinations, and

e Part (2) in which the NMR functional combined with 6-311+ G(d,p) basis set, includes C2, C4, C6, and C8
combinations.

To simplify the discussion, the average absolute differences in RMSE values were considered and plotted as
pie charts (Fig. 3). In this case, changing the basis set coupled with the XC functionals to compute the IH-NMR
chemical shifts is considered. Taking into account the same geometry level, the results show that the accuracy
of the 'H-NMR chemical shifts as computed by TZVP basis set is higher than that computed by 6-311 + (2d,p)
basis set. Actually, it is found that the results obtained by TZVP basis set are 0.069-0.101 ppm higher than those
obtained by 6-311 + G(2d,p) one. Moreover, the highest differences are found in the case of using 6-311+G(2d,p)
basis set in the optimization process (combinations C3, C4, C7 and C8). These results led us to conclude that the
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Figure 3. 3-D color Pie chart of the average difference of RMSE for 'H-NMR chemical shifts.
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Figure 4. Graphical representation of the average difference of RMSE values (in ppm) between each pair of the
eight combinations (a) TZVP and (b) 6-311 + G(2d,p). C1-C8 belong to the combination numbers from 1-7.

accuracy of the computed 'H-NMR values using TVZP basis set is much higher than that of 6-311 + G(2d,p)
one na dit can be considered as the best choice to compute the "H-NMR chemical shifts.

Geometry level effect. Four different geometrical structures were optimized using BT, MT, BP, and MP
levels of theories (Table S1). Figure 4 shows the graphical representation by columns for the average differ-
ences of the RMSE values obtained by taking into account the same basis sets that are coupled with the differ-
ent XC functionals. Computation of the "H-NMR chemical shifts using DFT/TZVP at B3LYP/6-311 + G(2d,p)
geometries (Combination 3) is more accurate than those at B3LYP/TZVP geometries (C1) (Fig. 4a). Whereas
the computed '"H-NMR chemical shifts at M06-2X/6-311 + (2d,p) geometry (combination 5) are more accurate
than those at the M06-2X/TZVP geometry (Combination 7). On the other hand, using B3LYP/6-311 + G(2d,p)
geometry can compute more accurate 'H-NMR chemical shifts than the M06-2X/TZVP geometries (combina-
tions C3 and C5). Similar results can also be found for the case of DFT/6-311+ G(2d,p) NMR level at the four
geometries (Fig. 4b).

Based on the above results, one may conclude that taking into account either M06-2X or B3LYP function-
als, using of the 6-311+ G(2d,p) basis set in the optimization steps computes accurate more accurate 'H-NMR
chemical shifts than the TZVP basis sets.

XC functionals effect. Besides to the basis set and geometry level effects, one of the main questions of this
study is whether the DFT functionals can compute the most accurate "H-NMR chemical shifts? The answer of
this question can be achieved by a careful looking at the results obtained indicates, in general, that M06-2X,
LC-WPBE, and wB97XD functionals compute the poorest "H-NMR chemical shifts with very high RMSE values

Scientific Reports |

(2022) 12:17798 | https://doi.org/10.1038/s41598-022-22900-y nature portfolio



www.nature.com/scientificreports/

(a) B97D (b) TPSSTPSS
TBT TBT
PMP 10.6% PMP 10.8%

TMT

PBT
5.2%

“TBP
9.5%

BP
14.6%

T™MT

11.2%

10.9%

Figure 5. 3-D color Pie chart of the computed root mean square error (RMSE) for the '"H-NMR chemical shifts
of the 3-methyl-1-phenyl-4-(phenyldiazenyl)-1H-pyrazol-5-amine compound as obtained using B97D (a) and
TPSSTPSS (b) functionals based on eight different combinations of geometry and bases sets.

(see Tables S5 and S6 and shown in Figure S1). Whereas, the highest degree of accuracy is obtained by B97D,
TPSSTPSS, and BP86 functionals, which is in an excellent agreement with the literature®. This finding can be
attributed to the amount of HF exchange in the functionals used: (M06-2X (54%), LSDA (45%), and wB97XD
(25%).

Combination effect. Eight combinations (C1-C8) have been considered (Table S1) to compute the 'H-
NMR chemical shifts. To shed some light on the effect of the several combinations on the accuracy of the com-
puted 'H-NMR chemical, Fig. 5a,b shows the RMSE% of the B97D and TPSSTPSS functionals. It is clearly seen
that the most accurate results are obtained for the DFT approach with the TBP combination (C3). Indeed,
the RMSE% are 9.5% and 10.8% for B97D and TPSSTPSS functionals, respectively. Whereas the least accurate
results were computed using the DFT apprroach with PBT combination (C4), with RMSE% of 15.2% and 14.9%
for B97D and TPSSTPSS functionals, respectively. These results led us to safely conclude that the 'H-NMR
chemical shifts, with a high degree of accuracy, can be computed by either B97D or TPSSTPSS functionals in
coupling with TBP.

To get an exclusive order for the different DFT approaches, the computed descriptors obtained for the TBT,
TBP, TMT and TMP combinations were averaged, and the results are listed in Table 1. The most important
statistical descriptors (RMSE, MAX, MAE, and MAPE) are graphically shown in Figure S3. It is clearly obvious
from Table 1 and Figure S3 that the corresponding RMSE, MAX, MAE, MSE, ME and MAPE descriptors are
0.006 (1.6%), 0.020 (3.5%), 0.006 (1.6%), 0.004 (2.8%), 0.008 (2.7%) and 0.002 (3.4%) ppm, respectively. These
results indicate that there are no significant differences in the computed 'H-NMR chemical shifts based on using
either B3LYP or M06-2X geometry. These findings led us to conclude that the main factors that can influence
the calculation of the "H-NMR chemicals are the DFT approach and the selected basis sets, regardless of the
geometry level used.

Taken into account the B3LYP geometry, the accuracy of the different functionals can be ranked as fol-
lows: TPSSTPSS >B97D >BP86 >PW91PW91 > B3LYP > B3PW91 > HSEH1PBE > PBE1PBE > LSDA > CAM-
B3LYP>wB97XD > LC-WAPBE >M06-2X. Whereas, taken into account the M06-2X geometry, the accuracy of the
different functionals can be ranked as follows: B97D >TPSSTPSS > BP86 >PW91PW91 > B3LYP > B3PW91 > PBE-
1PBE >HSEHI1PBE >LSDA > CAM-B3LYP >wB97XD > LC-WAPBE > M06-2X.

Benchmark of *C-NMR chemical shifts. In the following, we are going through the analysis of the
results obtained for the prediction of *C-NMR. Tables S7 and S8 list all the statistical descriptors (RMSE, MSE,
MAE, MAX, MAPE, R? slope and intercept) computed for *C-NMR deviations. An excellent linear regression
correlation coefficient (R?>0.986-0.993) was obtained. It is also found that, however, the slope (0.963-1.149
ppm), 84% of these values are in agreement with the ideal values of slope (Fig. 6). The intercept (0.342-3.786
ppm) differed slightly from the ideal values for all combinations (see Tables S5 and S6). The best regressions are
obtained for TPSSTPSS and B97D functionals, while the worst ones are obtained for the M06-2X functional.
Figure 7 shows only the statistical descriptors (RMSE, MAX, MAE, and MAPE) for the best '*C-NMR results
(B97D, TPSSTPSS, BP86, B3APWOI1, PBEIPBE and PW91PW91 functionals), which agrees with the previous
results®. With the exception to the results of wB97XD and CAM-B3LYP functionals, the accuracies of the dif-
ferent DFT approaches that were used to compute the 'H- and ?*C-NMR chemical shifts are almost the same.
Therefore, the most accurate '*C-NMR chemical shifts are computed using B97D, TPSSTPSS, and BP86 function-
als. Whereas the least accurate results are obtained using M06-2X, LC-WPBE, and CAM-B3LYP functionals.
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Functional |RMSE [MAX [MAE [MSE [ME |[MAPE [R*  [slope [intercept
B3LYP

B97D 0.182 0.333 0.157 |0.033 |0.116 |2.58% 0.9978 | 1.064 |0.312
TPSSTPSS 0184 |0341 |0157 |0034 |0.115 |259% |0.9976 |1.064 | 0316
BPS6 0252 | 0407 |0.234 |0.064 |0.187 |348% |0.9981 |1.085 |0.370
PWOIPW9I | 0272 |0417 |0255 |0.074 |0207 |3.78% |0.9983 |1.091 |0.386
B3LYP 0289 |0484 |0263 |0.084 |0238 |3.52% |09977 |1.079 |0.291
B3PW91 0310 | 0476 |0.290 |0.097 |0252 |398% |0.9982 |1.093 |0.357
HSEHIPBE | 0361 |0539 |0336 |0.130 |0307 |437% |0.9982 |1.099 |0.340
PBEIPBE 0365 |0548 |0339 |0.133 |0311 |4.42% |0.9981 |1.099 |0.341
LSDA 0380 |0539 |0361 |0.144 |0314 |487% |09983 |1.115 |0.427
CAM-B3LYP |0.384 |0.599 |0.353 |0.148 |0.332 |4.50% |0.9976 |1.099 |0.321
‘WB97XD 0.428 0.575 0.401 |0.183 |0.375 |4.99% 0.9985 |1.111 |0.347
LC-WPBE 0527 |0691 |0492 |0278 |0471 |599% |09987 |1.130 |0373
Mé6-2X 0837 |1.140 |0.772 0701 |0.772 |9.16% |0.9971 |1.175 |0372
M06-2X

B97D 0187 |0352 0161 ]0.035 |0.111 |273% |0.9976 |1.069 |0.348
TPSSTPSS 0189 | 0359 |0.161 |0.036 |0.109 |2.73% |0.9973 |1.069 |0.352
BPS6 0254 |0.425 |0.235 |0.065 |0.182 |3.63% |0.9979 |1.090 |0.404
PW91PWI1 0.261 0.434 |0.242 |0.068 [0.187 |3.72% 0.9979 |1.092 |0.413
B3LYP 0289 |0499 |0262 |0.084 |0230 |3.65% |09974 |1.084 |0.329
B3PWO91 0329 |0516 |0307 |0.108 |0.269 |422% 09980 |1.098 |0370
PBEIPBE 0363 |0.563 |0.339 |0.132 |0.303 |456% |0.9979 |1.104 |0378
HSEHIPBE 0373 |0571 |0347 |0.140 |0.316 |4.57% |0.9980 |1.103 |0.361
LSDA 0380 |0.556 |0.363 |0.145 |0.309 |502% |0.9983 |1.120 |0.459
CAM-B3LYP |0.394 |0.618 |0.362 |0.156 |0.339 |4.67% |0.9975 |1.103 |0.341
‘WB97XD 0.423 0.588 0.399 [0.179 [0.366 |5.11% 0.9987 |1.116 |0.382
LC-WPBE 0523 |0704 |0491 |0274 |0462 |6.14% |0.9987 |1.136 |0.411
Mé6-2X 0831 |1.122 |0.765 |0.691 |0.765 |8.93% |0.9977 |1.179 |0.396

Table 1. The averaged descriptors RMSE, MAE, ME, MAX, MAPE, ME, R?, slope, and intercept computed for
'H-NMR deviations for each combination of geometry level, basis set, and functional. The table is sorted by
RMSE column.

Combination effect. To analyze the effect of the different combinations (C1-C8) on the accuracy of the
BC-NMR chemical shifts, we apply the same scenario we used for 'H-NMR results. In comparison with the
experimental results', Fig. 8 shows the 3D color pie charts of the RMSE computed for the **C-NMR chemical
shifts obtained using B97D and TPSSTPSS, BP86, and PW91PWO1. For both functionals, the least deviations of
12.13 and 12.22% (TPSSTPSS)) were computed using the B97D/TZVP//M06-2X/TZVP and TPSSTPSS/TZVP//
MO06-2X/TZVP levels, respectively, while the highest deviations (least accurate) were computed at 12.83 and
12.76% were computed using the B97D/6-311+ G(2d,p)//M06-2X/6-311+G(2d,p) and TPSSTPSS/TZVP//
B31YP/6-311+ G(2d,p) levels, respectively. Based on these results, one concludes that the prediction of the *C
NMR chemical shifts can be accurately computed by using the D97D and/or TPSSTPSS in coupling with the
TZVP basis set at the M06-2X/TZVP geometry.

To rank the different DFT approaches that we have used to compute the '>*C-NMR chemical shifts, the data in
Tables S7 and S8 were averaged and classified into two main combinations. The first one averages the computed
descriptors based on the B3LYP geometry with the TZVP and 6-311 + G(2d,p) basis sets, while the second one
averages the computed descriptors based on M06-2X geometry with the TZVP and 6-311 + G(2d,p) basis sets.
The results are listed in Table 2, and the data are sorted by RMSE descriptors.

For the B97D, TPSSTPSS, BP86, PW91PW9land B3PW91, the average statistical errors will be as follows:
RMSE =4.74 and 4.32 ppm, MAX =9.60 and 9.10 ppm, MAE=3.83 and 3.50 ppm, ME=2.10 and 1.31 ppm,
and MAPE=4.55 and 4.16% for B3LYP and M06-2X geometries, respectively. These results strongly confirm
that the prediction of the *C-NMR chemical shifts on the base of the M06-2X geometry, regardless of the NMR
functional and basis set, is more accurate than the B3LYP geometry.

Finally, the data given in Tables S7 and S8, show that the signed deviations (ME) are typically positive, indi-
cating that the computed *C NMR chemical shifts are exclusively higher than the experimental ones. It is found
that>87% of the ME values are positive. Indeed, the number of negative ME equals approximately 340 out of
2496 values, with a percentage of ~ 13%). The maximum number of the negative ME values was computed for
TPSSTPSS functionals with a percentage of ~ 40%.
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Figure 6. Correlation between the experimental *C-NMR chemical shifts and the computed *C-NMR
chemical shifts as calculated using six different DFT methods (BP86, B97D, HSEH1PBE, PBE1PBE, B3PW91,
and TPSSTPSS) with TZVP basis set at the BBLYP/TZVP geometry (TBT combination).

Conclusions

Eight different combinations of DFT functionals, geometry level, and basis sets have been examined for the pre-
diction of 1Hand 13C-NMR chemical shifts in 3-methyl-1-phenyl-4-(phenyldiazenyl)-1H-pyrazol-5-amine. The
computed results have been predicted using experimental shifts as a reference using several statistical descriptors.
From the calculated data, the following remarked conclusion can be extracted:

Excellent linear correlations have been obtained between the DFT-calculated and experimental 'H- and 13C
NMR chemical shifts for all functional, basis set, and geometry level tested.

The slopes of the linear correlations are within the ideal value for the *C-NMR chemical, and it is slightly
deviated in the case of '"H-NMR chemical shifts.

The accuracy of the 'H-NMR chemical shifts computed using the TVZP basis set on the four suggested
geometries was higher than those obtained by the 6-311 + G(2d,p) basis set.

The B97D, TPSSTPSS, and BP86 functionals can compute the 'H- and 13C-NMR chemical shifts with a
reasonable degree of accuracy.

For *C-NMR chemical shifts, the least errors have been obtained using the combination of B97D and TPSST-
PSS functionals with TZVP basis sets with taken into account M06-2X/TZVP geometry.
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Figure 7. Graphical representation of statistical descriptors ((a) RMSE, (b) MAX, (c) MAE and (d) MAPE)
computed for 1*C deviations versus each combination of geometry and basis set. Notice: T and P denote TZVP
basis sets, B and M correspond to B3LYP and M06-2X DFT functionals used for the geometry optimization
process.

e B97D, TPSSTPSS, and BP86 functionals are excellent choices to calculate the NMR chemical shifts with
highly reasonable accuracy.

e MO06-2X, LC-WPBE, WB97XD, and CAM-B3LYP are the poor functional choice to predict either 1H- or
13C- NMR chemical shifts.

® Both TZVP and 6-311+G(2d,p) basis sets are very good choices to predict the NMR chemical shift. However,
the TZVP basis set can predict the NMR shifts with a higher degree of accuracy.
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Figure 8. A 3D color pie chart for the computed RMSEs computed by (a) B97D and (b) TPSSTPSS functionals
versus the different combinations (geometry level and basis set) (Notice: T and P correspond, respectively, to
TZVP and 6-311+G(2d,p), B and M correspond to B3LYP and M06-2X geometry functionals).

Geometry | NMR Functional | RMSE | MAX | MAE | MSE ME MAPE |R?
TPSSTPSS 4.07 7.77 3.16 16.59 0.01 4.58% | 0.9867
B97D 4.17 8.39 3.21 17.39 0.74 4.23% |0.9873
BP86 4.52 9.46 3.61 20.51 1.95 4.39% | 0.9882
PW91PWI1 4.92 10.35 4.04 24.28 322 4.47% | 0.9891
B3PWI1 6.02 12.05 5.11 36.27 4.58 5.06% | 0.9890
PBE1PBE 6.57 12.86 5.70 43.34 5.28 5.80% | 0.9892

B3LYP HSEH1PBE 6.80 13.17 591 46.37 5.54 5.86% | 0.9892
B3LYP 7.19 14.00 6.27 51.79 5.89 6.32% | 0.9883
WB97XD 7.79 15.61 6.77 61.02 6.52 6.61% | 0.9881
LSDA 8.37 14.66 7.38 70.03 7.33 6.22% | 0.9904
CAM-B3LYP 9.56 18.17 8.39 91.52 8.39 7.59% | 0.9883
LC-WPBE 10.99 19.96 9.92 | 121.15 9.92 9.05% | 0.9884
M6-2X 20.17 2536 |19.19 |407.24 [19.19 |16.40% |0.9915
B97D 4.02 8.53 3.23 16.14 | -0.75 4.17% | 0.9877
TPSSTPSS 4.02 8.33 3.32 16.17 | -0.72 4.56% | 0.9877
BP86 4.11 9.00 3.19 16.94 1.97 3.90% | 0.9894
PW91PW9I1 435 9.45 3.49 18.97 247 3.94% | 0.9898
B3PWI1 5.11 10.19 4.29 26.09 3.56 4.22% | 0.9900
PBE1PBE 5.79 11.34 5.01 33.66 4.48 5.10% | 0.9902

MO06-2X B3LYP 6.36 12.36 5.54 40.51 5.06 5.66% | 0.9894
HSEH1PBE 6.55 12.22 5.74 44.41 537 6.03% | 0.9902
WB97XD 6.93 13.94 6.04 48.39 5.69 5.95% | 0.9894
LSDA 7.64 13.77 6.73 58.30 6.59 5.63% | 0.9909
CAM-B3LYP 8.77 16.62 7.69 76.95 7.66 6.97% | 0.9896
LC-WPBE 10.08 18.23 9.08 | 101.97 9.08 8.28% | 0.9898
Me6-2X 19.13 2346 |18.21 |366.55 |18.21 |15.46% |0.9923

Table 2. Averaged statistical descriptors RMSE, MAX, MAE, MSE, ME MAPE, and determination coefficient
(R?) computed for *C NMR deviations obtained for each geometry and functional combination. The table is
sorted by RMSE column.

Data avai

lability

All data generated or analyzed during this study are included in this published article [supporting information-
updated]. Additionally, the datasets used and/or analyzed during the current study are available from the cor-
responding author upon reasonable request.
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