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Impacts of basis sets, solvent models, and NMRmethods on the
accuracy of 1H and 13C chemical shift calculations for biaryls: a DFT
study

Thien T. Nguyen1,2,*

ABSTRACT
Introduction: Biaryls are core structures composed of chiral ligands, organocatalysts, biologically
active natural products and biopolymer lignins. In this study, the effects of basis sets, solvent mod-
els, and NMR methods on the accuracy of 1H/13C NMR chemical shift calculations for biaryl struc-
tureswere evaluated. Methods: All calculationswere performed using Gaussian09. The GIAONMR
results were observed and extracted using GaussView05. To reduce the systematic error of the cal-
culations, linear regression analysis of the calculated chemical shifts versus the experimental shifts
was performed. Results: The tested basis sets showed good 1H/13C results, with CMAE values as
low as 0.0425 ppm and 1.09 ppm for 1H and 13C, respectively. The use of solvent models signifi-
cantly increased the accuracy of the 1H chemical shift calculations. The GIAO method produced
more accurate results than did the IGAIM andCSGTmethods. Conclusion: This study recommends
6-31G(d,p) and DGDZVP basis sets, IEMPCM and CPCM solvent models, and GIAO NMR methods
for the accurate prediction of 1H and 13C chemical shifts for biaryls, assisting in their full structural
assignments.
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INTRODUCTION
Biaryls are important core structures present in use-
ful chiral ligands, organocatalysts, biologically active
natural products, and biopolymer lignins.1,2 Typical
examples illustrated in Figure 1A are C2-symmetric
binaphthyls (BINOL and BINAPs), which catalyze
numerous asymmetric transformations3,4 the myco-
toxin viriditoxin5 the alkaloid bismurrayaquinone
A6 and 5-5/4-O- lignin substructures7. These
compounds also possess biaryl linkages, which can
give rise to atropisomers that have received signifi-
cant attention from the synthetic community in the
last decade.1,2 An accurate method for predicting
NMR spectra would contribute valuable insights into
the conformations of biaryl structures and the lo-
cal electron environment of each NMR active nu-
cleus. Gauge-independent atomic orbital (GIAO)-
DFTNMR calculations have effectively supported the
structural assignment and validation of biaryl com-
pounds with accurate predictions at affordable com-
putational costs.6,8 In general, the accuracy is im-
pacted by optimized geometries, density functional
methods, basis sets, solvation models, and NMR
methods.7–9 For the two common nuclei of organic
molecules, 1H shift predictions are more challenging

than 13C shift predictions due to the significant im-
pact of solvation effects on protons.
Previous studies reported how the use of different
density functional methods and basis sets for NMR
calculations affected the 1H/13C results for a variety
of different organic structures.10–12 In 2015, Toom-
salu reported the use of 18 DFT functionals and 6 ba-
sis sets for 1H and 13C calculations of small organic
molecules and reported that the best functional/basis
set for 13Cwas PBE1PBE/aug-cc-pVDZ, and those for
1HwereHSEH1PBE,mPW1PW91, PBE1PBE,CAM-
B3LYP, and B3PW91 functionals and cc-pVTZ for
1H. In 2017, Iron recommended LC-TPSSTPSS/cc-
pVTZ among an extensive list of tested functionals
and basis sets for 13C predictions. In our contin-
uing interest in the NMR modeling of biaryls, we
have recently reported the impact of density func-
tional methods on the accuracy of 1H/13C chemical
shift calculations for biaryls.5,9 Herein, the present
study shows how basis sets, solvent models, andNMR
methods influence the accuracy of 1H and 13C NMR
shift calculations for biaryl 1 (Figure 1B).

COMPUTATIONALMETHODS
All calculations were performed using Gaussian0913

on a commercial computer with an Intel Core i3-7100
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processor. Geometry optimizations were performed
at CAMB3LYP/6-31G(d,p) with default convergence
criteria. The integral equation formalism variant of
the polarized continuummodel (IEFPCM)was incor-
porated during geometry optimization.14 Subsequent
frequency calculations ensured that a potential energy
surface (PES) local minimumwas attained during en-
ergy minimization.
The following basis sets, solvent models, and NMR
methods, which are commonly used for determining
1H/13C NMR chemical shifts, were evaluated:

• Basis sets: Pople’s 6-31G, 6-31G(d,p), 6-
31G(3d,p), 6-31G(d,3p), 6-31G+(d,p), 6-
31G++(d,p), and 6-311G(d,p);15 Dunning’s
cc-pVDZ correlation consistent basis set; 16 and
DGDZVP.17

• Two-solvent models: IEFPCM and CPCM.
• Three NMR methods: GIAO, IGAIM, and
CSGT.

Unless specified otherwise, single-point NMR
GIAO calculations were carried out at the IEFPCM
(DMSO)/ωB97XD/6-31G(d,p) level of theory, which
was found to produce computed 1H/13C chemical
shifts with high accuracy. The GIAO NMR results
were observed and extracted using GaussView05.
Each optimized structure was used for computing the
corresponding isotropic shielding constants (σ cal).
The chemical shifts (δ cal) were obtained using Equa-
tion 1. For both the 1H and 13C NMR calculations,
an average of the values of equivalent atoms was as-
sumed. For example, a single proton/carbon signal is
observed for the two methoxy groups of dimer 1 due
to fast rotations of the biaryl linkage and two methyl
groups relative to the NMR measurement time scale.
To reduce the systematic error of the calculations,
linear regression analysis of the calculated chemical
shifts versus the experimental shifts (δ exp) (Equation
2)) was performed, and the scaled chemical shifts
(δ scal) were computed according to Equation 3.
Linear regression was used based on the fitness of
the calculated data. As a reference had a negligible
impact on the linear regression analysis, fixed values
of 197 ppm and 31 ppm were chosen as the TMS
shielding constants for 13C and 1H, respectively.
The computed results were evaluated using the mean
absolute value (|∆δ |/ppm, Equation 4), corrected
mean absolute error (CMAE/ppm, Equation 5),
corrected root mean squared error (CRMSE/ppm,
Equation 6), and Pearson correlation coefficient
(r2). Smaller values of CMAE and CRMSE indicate
smaller errors, and a larger value of r2 indicates a

stronger correlation between the theoretical and
experimental data. Error calculations and linear
correlations were performed using Microsoft Excel
2013.

δcal = σT MS −σcal (1)

δcal = aδexp +b (2)

δscal =
δcal −b

a
(3)

|△δ |= |δscal −δexp| (4)

CMAE = ∑n
1(|δscal −δexp|)2/n (5)

CRMSE =
√

∑n
1(δscal −δexp)2/n (6)

Figure 1 shows the numbered dimers used for the pro-
ton and carbon atoms in this study. Due to the axial
symmetry of biaryl 1, only one side of the structure
was labeled. Compound 1 contains phenolic and car-
boxylic protons, which typically do not appear in the
NMR spectra due to rapid exchanges in DMSO-d6 or
CDCl3. Therefore, these protons were excluded from
the calculations in this study. The experimental 1H
and 13C NMR spectra of 19,18 were reported.

RESULTS
Impact of basis sets
9 Basis sets, including 6-31G, 6-31G(d,p),
6-31G(3d,p), 6-31G(d,3p), 6-31G+(d,p), 6-
31G++(3d,p), 6-311(d,p), cc-pVDZ, and DGDZVP,
were coupled with wB97XD and the IEFPCM solvent
model (DMSO) for the NMR calculations of com-
pound 1, optimized at the IEFPCM(DMSO)/CAM-
B3LYP/6-31G(d,p) level of theory. The calculated
1H/13C shifts, statistical parameters, and absolute
deviations are shown in Table 1, Table 2, and Figure 2,
respectively. In general, the performance of basis sets
depends on the main basis set, diffusion functions,
and polarization functions.

Effectsof solventmodelsandNMRmethods
NMR calculations with no solvent and with two sol-
vent models, IEFPCM and CPCM, were carried out,
and the results are shown in Tables 3 and 4, and Fig-
ure 3. It should be expected that the impacts of solvent
on protons were less than those on carbon nuclei due
to the less crowded environment around protons.
NMR calculations were performed
at the IEFPCM(DMSO)/ωB97XD/6-
31G(d,p)//IEFPCM(DMSO)CAM-B3LYP/6-
31G(d,p) level of theory using three NMR methods,
and the results are summarized in Tables 3 and 5, and
Figure 4.
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Table 2: Accuracy evaluation of 1H and 13C chemical shift calculations using 9 basis sets

δ (1H) δ (13C)

Entry Basis set r2 CMAE CRMSE r2 CMAE CRMSE

1 6-31G 0.9934 0.141 0.151 0.9985 1.50 1.80

2 6-31G(d,p) 0.9992 0.0519 0.0535 0.9992 1.09 1.34

3 6-31G(3d,p) 0.9988 0.0574 0.0646 0.9990 1.29 1.50

4 6-31G(d,3p) 0.9993 0.0425 0.0491 0.9989 1.35 1.55

5 6-31G+(d,p) 0.9978 0.0837 0.0860 0.9987 1.53 1.71

6 6-
31G++(d,p)

0.9983 0.0745 0.0768 0.9989 1.39 1.59

7 6-311G(d,p) 0.9986 0.0664 0.0696 0.9990 1.24 1.52

8 cc-pVDZ 0.9987 0.0591 0.0672 0.9986 1.46 1.78

9 DGDZVP 0.9984 0.0568 0.0735 0.9993 1.09 1.26

*The highest accuracy data are in bold.

Table 3: 1H/13C chemical shifts calculated using different solvent models and NMRmethods

Exp. No solvent IEFPCM CPCM GIAO IGAIM CSGT

H5 6.56 6.41 6.50 6.51 6.50 6.47 6.47

H1 6.78 6.93 6.83 6.83 6.83 6.73 6.73

H7 2.74 2.66 2.67 2.67 2.67 2.51 2.51

H8 2.49 2.57 2.54 2.54 2.54 2.36 2.35

H10 3.79 3.79 3.82 3.82 3.82 4.30 4.30

C1 126.83 126.33 126.14 126.10 126.14 125.43 125.43

C2 123.62 125.16 125.23 125.18 125.23 123.24 123.23

C3 142.69 143.98 143.78 143.75 143.78 145.97 145.96

C4 148.59 148.13 147.92 147.92 147.92 149.45 149.44

C5 111.76 111.17 110.57 110.60 110.57 112.22 112.22

C6 131.94 132.38 132.25 132.27 132.25 128.94 128.93

C7 31.11 31.61 31.94 31.94 31.94 31.84 31.84

C8 36.66 38.68 38.24 38.24 38.24 37.53 37.52

C9 174.95 174.24 174.95 174.97 174.95 174.96 174.94

C10 56.82 53.27 53.88 53.89 53.88 55.40 55.40

Table 4: Accuracy evaluation of 1H and 13C chemical shift calculations using solvent models

δ (1H) δ (13C)

Entry Solvent
model

r2 CMAE CRMSE r2 CMAE CRMSE

1 No solvent
model

0.9965 0.0940 0.110 0.9990 1.16 1.50

2 IEFPCM 0.9992 0.0519 0.0535 0.9992 1.09 1.34

3 CPCM 0.9992 0.0515 0.0531 0.9992 1.09 1.33
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Figure 1: A) Biaryls in natural products, ligands, catalysts, and lignins; and B) Biaryl 1 with numbering labels and
its optimized geometry at the level IEFPCM(DMSO)/CAM-B3LYP/6-31G(d,p) of theory.

Table 5: Accuracy evaluation of 1H and 13C chemical shift calculations using NMRmethods

δ (1H) δ (13C)

Entry NMR
method

r2 CMAE CRMSE r2 CMAE CRMSE

1 GIAO 0.9992 0.0519 0.0535 0.9992 1.09 1.34

2 IGAIM 0.9806 0.203 0.260 0.9988 1.24 1.62

3 CSGT 0.9800 0.206 0.264 0.9988 1.24 1.62
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Figure 2: Absolute deviations (ppm) of the 1H/13C chemical shifts calculated using 9 basis sets

Figure 3: Mean absolute values (ppm) of 1H/13C calculations using two solvent models.

DISCUSSION
Table 2 shows that the lowest errors in the 1H re-
sults were observed for 6-31G(d,p) (Entry 2, CMAE
= 0.0519 ppm) and 6-31G(d,3p) (Entry 4, CMAE =
0.0425 ppm), which were slightly better than our pre-
vious calculation results10. While adding more po-
larization functions for hydrogen atoms to Pople’s ba-
sis sets slightly increased the calculation accuracy,
polarization functions for heavy atoms (Entry 3) or
sets of diffusion functions (Entries 5 and 6) (Ta-
ble 5, entries 2 and 3) had opposite effects and con-

sumed much more computation time. All tested ba-
sis sets produced highly correlated results with r2 ≥
0.9934, which would allow meaningful predictions of
1H chemical shifts. In terms of the absolute devia-
tions (Figure 2), most protons had relatively low er-
rors. These deviations of protons H7, H8, and H10
(|∆δ |≤ 0.14 ppm), which are bound to sp3-hybridized
carbons, were smaller than those of protons H1 and
H5 (|∆δ |≤ 0.22 ppm), which are attached to sp2-
hybridized carbons (Figure 2). The difference in devi-
ations for these two proton types could be explained
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Figure 4: Mean absolute values (ppm) of 1H/13C calculations using three NMRmethods

by relatively stronger solvent effects on aromatic pro-
tons. For the 13C results, the two best performing
basis sets were 6-31G(d,p) (Entry 2, CMAE = 1.09
ppm) and DGDZVP (Entry 9, CMAE = 1.09 ppm),
which were well below the acceptable CMAE value
of 6 ppm. High correlations with r2 ≥ 0.9985 were
obtained for the tested basis sets. The computed 13C
chemical shifts had low deviations (Figure 2), except
for methoxy carbon C10, which was consistently ob-
served with relatively large deviations (|∆δ |max =
4.11 ppm, cc-pVDZ). Overall, all tested basis sets
showed good-to-excellent accuracy, and 6-31G(d,p)
was the best basis set for both the 1H and 13C results.
The use of either IEFPCM (Entry 2, CMAE = 0.0519
ppm) or CPCM (Entry 3, CMAE 0.0515 ppm) pro-
duced much better 1H results than no use of a sol-
ventmodel, while the 13C results for these threemeth-
ods yielded similar accuracies. These results could be
explained by the fact that the high exposure of pro-
tons to solvent molecules is more obvious than that
of carbon nuclei, which are well shielded. All protons
had relatively close deviations (Figure 3), except for
methoxy protonH10, which showed a low error when
no solvent model was employed. For the computed
13C chemical shifts, noticeable deviations of carbons
C2, C8, and C10 were consistently observed.
A significantly greater accuracy for 1H results was ob-
tained using the GIAOmethod than using the IGAIM
and CSGT methods. The relatively low absolute de-
viations for the 1H results obtained using GIAO are
clearly observed in Figure 3. Compared to the 1H
calculations, the 13C results were not strongly im-
pacted by the three tested NMR methods. This ob-
servation was expected due to the relatively low im-

pact of the solvent environment and molecular in-
teractions on the carbon nuclei. The CMAE values
ranged from 1.09 to 1.24. The 13C results were ob-
tained with high coefficients of determination (0.9988
≤ r2 ≤ 0.9992). Noticeable deviations were observed
for methoxy proton H10 and carbon atoms C3, C6,
and C10 (Figure 4).
Overall, the above results relating to the tested ba-
sis sets, solvent models, and NMRmethods indicated
the importance of utilizing specific methods to ob-
tain the desired accuracy of 1H/13CNMRcalculations
for biaryl 1. High-accuracy results could be expected
when applying these methods to compounds having
this core biaryl structure.

CONCLUSION
The influence of 9 common basis sets, solvent models,
and NMRmethods on the accuracy of 1H/13C chem-
ical shift calculations for biaryl 1 were evaluated. The
tested basis sets showed good 1H/13C results, with
CMAE values as low as 0.0425 ppm and 1.09 ppm for
1H and 13C, respectively. For the solvent models, the
results indicated that solvent incorporation was nec-
essary for improving the accuracy of the 1H chemical
shift calculations, while it had little effect on the com-
puted 13C chemical shifts. This is expected because
carbon nuclei are less exposed to solvent molecules
than to protons. TheGIAOmethod outperformed the
IGAIMandCSGTmethods. This study highly recom-
mends 6-31G(d,p) basis sets for the effective produc-
tion of both 1H/13Cwith high accuracy and low com-
putational cost, IEMPCM and CPCM solvent models
for obtaining good 1H results, and GIAOmethods for
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NMR calculations. This work will be useful for assist-
ing in the full 1H and 13C NMR assignments of sim-
ilar biaryls. In the near future, NMR calculations for
biaryl natural products possessing interesting biolog-
ical properties will be conducted.
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