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A systematic benchmark of phosphorus and fluorine NMR
chemical shifts predictions at six different density functional
theory (DFT) / the gauge-including atomic orbital (GIAO)
methods was conducted. Two databases were compiled:
one consists of 35 phosphorus-containing molecules, which
cover the most common intra-molecular bonding environ-
ments of trivalent and pentavalent phosphorus atoms; the
other is composed of 46 fluorine-containing molecules. The
characteristics of each DFT/GIAO method with different
solvent models were demonstrated in details. The applica-
tion of linear regression between the calculated isotropic
shielding constants and experimental chemical shifts was
applicable to improve the prediction accuracy. And, the
best methods with the SMD and CPCM implicit solvent
models for 31 P chemical shifts predictions, are able to yield
a root-mean-square deviation (RMSDs) of 5.58 ppm and
5.42 ppm, respectively; for '°F, the corresponding lowest
prediction errors with these two applied solvent models
are 4.43 ppm and 4.12 ppm. The developed scaling factors
fitted from linear regression are applicable to enhance the
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chance of successful structural elucidations of phosphorus
or fluorine-containing compounds, as an efficient comple-
ment to '3C, TH, "B and >N chemical shifts predictions.
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1 | INTRODUCTION

Accurate yet efficient predictions of nuclear magnetic resonance (NMR) chemical shifts have become more and more
important for structural elucidations in modern chemistry research.[1] However, for synthesis or testing work involv-
ing phosphorus or fluorine-containing species, effective identifications of some intermediate products during fast
chemical evolution remains to be challenging merely with '3C and "H NMR spectroscopy analysis, as the bonding en-
vironment of phosphorus atom is usually complicate. The development of an accurate yet affordable computational
protocol for 3'P and '°F NMR chemical shifts predictions can help narrow the structural possibilities for challenging
synthesis work, which involves phosphorus or fluorine chemistry.[2, 3,4, 5, 6,7, 8,9, 10, 11, 12]

Quantum calculations of NMR chemical shifts were contributed by Ramsey in 1950s,[13] and due to the develop-
ment of high-performance computing and the progress in methodology, calculations of isotropic shielding constants
have become available with introduction of gauge-including atomic orbital (GIAQ) approach.[14] In the recent years,
to improve the accuracy and reliability of NMR chemical shifts calculation, various methodological improvements have
been conducted. However, the chemical shift of a target atom largely depends on its intra-molecular environment,
especially the bonding environment; therefore, many factors may impact the calculation accuracy of such a quantity.
The detailed sources of error mainly include electron correlations,[15] solvation effects,[16] vibrational averaging,[17]
conformational variations,[18] and heavy atom effects.[19] Different DFT/GIAO methods may display specific advan-
tages to reduce corresponding errors for this kind of calculation, however, for accurate 3'P and "°F NMR calculations,
a systematic benchmark at different methods is necessary.

And beyond a systematic comparison of different computational methods, numerical tools are also helpful to
correct the calculated results with respect to experimental values. The application of the empirical scaling factors
fitted from the linear regression between the calculated isotropic constants and experimental chemical shifts is a
straightforward approach to reduce prediction errors. And in our previous studies, we found that the prediction
accuracy for >N and "B NMR chemical shifts can be largely improved via applying such a correction with merely
a modest increase of computational cost. The inclusion of such a numerical correction can overcome errors from a
overall perspective, and make complementary to methodological limitations. The fitted slope can scale the calculated
isotropic shielding constants, and efficiently reduce systematic errors; while the intercept corresponds to the choice
of a reference compound, via which the real values of chemical shifts are defined.

In this study, we first compiled two databases of phosphorous and fluorine-containing molecules;and run NMR
GIAO calculations with six widely used DFT/GIAO methods. Second, we benchmarked the prediction accuracies of
31p and 'PF NMR chemical shifts at these applied methods, without and with linear regression corrections, respectively.
Through a systematic comparison, the performance of each method was demonstrated. The encouraging consistency

with respect to experimental values via linear regression implies a broader application of these two protocols in struc-
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tural elucidations. Moreover, the raise of these two protocols are also consistent with previous studies on '3C, 'H,
15N and "B NMR chemical shifts; and therefore, for future users, all the predictions can be realized in one set of
calculation.

2 | METHODOLOGY

2.1 | Computational procedure and details

In this study, we first conducted a systematic accuracy benchmarking at six different DFT/GIAO methods with two
implicit solvent models for 3'P and 'F NMR chemical shifts predictions; and then we developed the linear regres-
sion scaling factors for more accurate predictions. There are two steps for NMR calculations: first, we conducted
geometry optimisations of the collected molecules to locate the minima on their potential energy surfaces in the gas
phase. The inclusion of solvent model in this step will be computationally expensive, and the accuracy may not be
largely improved.[20] And moreover, these optimised conformations need to be confirmed via vibrational frequency
calculations. Second, the NMR calculations in chloroform with both the SMD[21] and CPCM[22] implicit solvent
models were conducted to obtain the calculated isotropic shielding constants. It was found that the addition of an
implicit solvent model in the second step can largely improve the calculation accuracy of 'H and '3C chemical shifts
with merely a small increase of computational cost.[23, 1, 24] However, it was also reported that the inclusion of
an explicit solvent model may further improve the calculation accuracy to a higher level,[25, 26] while the required
computational cost will be correspondingly larger.

All the calculations were conducted within Gaussian 09.[27] The applications of the first four DFT/GIAO methods
(Table 3 and 4, Method 1-4) are to follow the methods proposed by Tantillo and co-workers on "H and '3C NMR
chemical shifts predictions,[23, 1] as well as our previous study focusing on >N and ''B cases.[28, 20] In addition,
two additional methods (Table 3 and 4, Method 5 and 6), the performance of which have also been tested for NMR
chemical shifts predictions,[28, 20, 29, 30, 31] were also included in this study for a systematic comparison.

2.2 | Database of phosphorus and fluorine containing molecules

The database of phosphorus-containing molecules contains 36 molecules with experimental chemical shifts in total;
and for fluorine, the database consists of 46 molecules. (see Support Information for more details).[32] The range of
31P NMR chemical shifts is from -163.5 to 186 ppm; and for '°F, from -195.1 to 42 ppm. In this study, we focused on
trivalent and pentavalent (with similar structures to phosphoric acid) phosphorus atoms, which can form symmetric
bonding environment. And considering the linear regression of the calculated isotropic shielding constants with re-
spect to experimental values, we also prefer to small molecules with relatively rigid skeletons to avoid conformational
effects. However, the fitted scaling factors are still applicable for the conformers of flexible molecules, provided that

the geometry optimisations of these conformers were conducted accurately.[1]

2.3 | Linear regression

The linear regressions of the calculated isotropic shielding constants (o) at the eight different DFT/GIAQO methods can
be fitted with the experimental chemical shifts () via the following equation:

_ intercept — o
- —slope

(1)
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Once these scaling factors are obtained, they can be applied to predict the 3'P and '°F chemical shifts of new
molecules.

3 | RESULTS AND DISCUSSION

3.1 | Benchmark of the predictions accuracy at the adopted methods

Based on the results listed in Table 1 and 2, we can see that among the six methods, Method 6 with geometry optimi-
sation at B3LYP/cc-pVDZ in the gas phase and NMR GIAO calculations at B3LYP/cc-pVDZ with the implicit solvent
model, was proved to be most accurate, with a RMSD of 10.90 and 7.98 ppm, for 3'P and '°F, respectively. And
the other 5 methods display comparable performances, with RMSDs ranging from 15.09 to 24.22 and from 14.32
to 20.59 ppm, for 3'P and '°F, respectively. Moreover, the two methods for NMR GIAO calculations, PBEO and
mPW1PW?91, also display similar accuracy for 3' P NMR chemical shift predictions; and PBEO performs slightly better

than mPW1PW?91 in 3'"F NMR chemical shift predictions (see Method 1 vs 3, and 2 vs 4).
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FIGURE 1 The comparison between the predicted and experimental 3'P NMR chemical shifts. Method 1 to 6
are listed in Table 3, the SMD solvent model was applied.

For the two adopted implicit solvent models, SMD and CPCM, we found that for both 3!'P and '°F NMR chemical



Peng Gao et al.

T T T
—200 -150 -100 -50 0

T

631P (Expt.) [ppm]

50

T T T
—200 -150 -100 -50 0

T

631P (Expt.) [ppm]

50

T

T T
—200 -150 -100 -50 0

50 9 50 9 50 9
_ A) Method 1 _ B) Method 2 _ C) Method 3 A
£ o ® g o * £ o °
Q Qo Q
2 2 2
= 50 = —s0- = 50 a
° ° °
@ @ @
& —100 & —100- & —100-
= A = " = A
= -150 e o =150 o = -150 e
o o o
o v o
-200/a , , , , -200 /& i i i , —2004/4 , , , ,
—-200 -150 -100 -50 0 50 —-200 -150 -100 -50 0 50 —-200 -150 -100 -50 0 50
631P (Expt.) [ppm] 631P (Expt.) [ppm] 631P (Expt.) [ppm]
50 9 50 9 50 9
_ D) Method 4 _ E) Method 5 _ F) Method 6 A
E o ° E o ° E o .
Q Q Q °
a a a
— -s0- — -s0- — -s0-
° ° o
g g g
9-: —100 1 A 9-: —100 1 ‘ ‘ 9-: —100 1 o,
o [ ) o o
= -150 [ = -150 ¢ 2 _1501 e
) o Y )
(o -~
-2001/a -200 /@ ~2001

T T T

50
631P (Expt.) [ppm]

FIGURE 2 The comparison between the predicted and experimental 'F NMR chemical shifts. Method 1 to 6
are listed in Table 4, the SMD solvent model was applied.

shifts calculations, the performance of the CPCM model is better than the SMD model. We believe that the addition of
implicit solvent model in the optimisation step may further improve the prediction accuracy. However, considering the
increased computational costs and corresponding improvement in accuracy, we still recommend to conduct geometry
optimisation in the gas phase, and only include the implicit solvent model in the NMR single point calculation step.
For the addition of explicit solvent molecules, the computational cost will be extremely large for hundreds of sets of

calculations, therefore, the effects of explicit solvent are not investigated in this study.

From Figure 1 and 2, it can be seen that for all the first five methods, their predicted 3'P and 'F NMR chemical
shifts are largely deviated from experimental values. However, the predicted values are linearly distributed, therefore,

the application of a linear regression model can be expected to reduce the prediction errors.
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TABLE 1 The performance of the the six DFT/GIAO methods for 3'P NMR chemical shifts predictions.

Method SMD CPCM
RMSD?) R2b) RMSD®)  RMSD?) R26) RMSD®)

1 20.09 0.9946 5.92 17.93 0.9950 5.72
2 17.10 0.9951 5.61 15.09 0.9955 542
g 21.86 0.9946 5.89 19.61 0.9950 5.70
4 18.80 0.9951 5.64 16.74 0.9954 5.68
5 24.22 0.9952 5.58 21.86 0.9952 5.56
6 11.56 0.9835 1041 10.90 0.9838 10.29

a) RMSD for the calculated chemical shifts of phosphorus-containing molecules included in the database with
respect to their experimental values (in ppm) (see Table. S.4 in Support Information) without corrections by linear
regression. ?) The value of R? represents the coefficient of determination for the linear regression. ¢ RMSD for the
calculated chemical shifts of phosphorus-containing molecules included in the database with respect to their

experimental values (in ppm) (see Table. S.4 in Support Information) with corrections by linear regression.

TABLE 2 The performance of the the six DFT/GIAO methods for 'F NMR chemical shifts predictions.

Method SMD CPCM
RMSD?) R20) RMSD®)  RMSD?) R25) RMSD¢)

1 19.77 0.9940 4.59 18.19 0.9950 4.21
2 16.77 0.9942 4.51 15.08 0.9955 4.18
3 20.59 0.9942 4.51 19.00 0.9952 4.12
4 17.47 0.9942 4.43 16.24 0.9943 4.49
5 15.61 0.9927 5.08 14.32 0.9938 4.67
6 10.15 0.9824 7.92 9.38 0.9821 7.98

a) RMSD for the calculated chemical shifts of fluorine-containing molecules included in the database with respect to
their experimental values (in ppm) (see Table S.1 in Support Information) without corrections by linear regression. )
The value of R? represents the coefficient of determination for the linear regression. ©» RMSD for the calculated
chemical shifts of fluorine-containing molecules included in the database with respect to their experimental values
(in ppm) (see Table S.1 in Support Information) with corrections by linear regression.
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3.2 | The accuracy improvement with linear regression model

Figure 3 and 4 present the linear scaled calculated 3'P isotropic shielding constants with respect to experimental
values for all the six DFT/GIAO methods with the SMD implicit model, we can see that the overall accuracy is largely
improved for the frst five methods, compared to pure DFT/GIAO calculations. The RMSDs were reduced to less
than 6 and 5 ppm for 3'P and '°F, respectively (more details will be discussed below). The scaled results with the
CPCM model can be found in Support Information. It indicates that the application of scaling factors fitted from linear
regression (presented in Table 3 and 4) between the calculated isotropic shielding constants and experimental NMR
chemical shifts is a straightforward way to improve the prediction accuracy of 3'P and '°F NMR chemical shifts with
no substantial increase of computational cost. And such a correction has also been successfully applied for ''B, 'H,
13C and '*N chemical shift predictions in previous studies.[28, 31, 30, 1]
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FIGURE 3 The comparison between the predicted and experimental 3'P NMR chemical shifts. Method 1 to 6
are listed in Table 3, the SMD solvent model was applied, the scaling factors were used for corrections.

For all the six DFT/GIAO methods with inclusion of implicit solvent model, the corresponding values of R? were
very close to 1.0 (Table 1 and 2) for both 3'P and '°F, demonstrating that there exists a strong linear regression rela-
tionship between the collected experimental data and the DFT calculated isotropic shielding constants. At the same
time, the deviation of slope from a value of -1 indicates that linear regression could correct the systematic errors

effectively for these adopted DFT/GIAO calculations.[1] From the summarised RMSDs, it can be seen that the per-
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FIGURE 4 The comparison between the predicted and experimental 'F NMR chemical shifts. Method 1 to 6
are listed in Table 4, the SMD solvent model was applied, the scaling factors were used for corrections.

formances of the first five methods are comparably good. With scaling factors, the errors of their predicted 3'P and
19F chemical shifts with respect to the experimental data are within the ranges of 5.42-5.92 ppm and 4.12-5.08
ppm , respectively (Table 1 and 2). For 3'P, Method 2 with geometry optimisation at B3LYP/6-311+G(2d,p) and NMR
GIAO calculations at mPW1PW91/6-311+G(2d,p) performs best. For '°F, Method 4 with geometry optimisation at
B3LYP/6-311+G(2d,p) and NMR GIAO calculations at PBEQ/6-311+G(2d,p) provides the most reliable results. More-
over, one important advantage of these two methods (with the SMD solvent model in NMR GIAO calculation) lies in
the fact that it could also predict chemical shifts for 'H, 3C, >N and "B with a consistent accuracy. Therefore, with
corresponding scaling factors, all kinds of chemical shifts can be predicted accurately in one set of calculation. We
recommend the application of the scaling factors fitted from Method 2 and 4 for potential researchers. For Method
6, the linear regression cannot improve its prediction accuracy to a large degree. However, considering its effective-
ness in predicting 3'P and '°F NMR chemical shifts without linear regression, we still recommend it to be applied for

experimental researchers.

For the two applied implicit solvent models, SMD and CPCM, we noticed that with linear regression even their
performance for both 3'P and "°F NMR chemical shifts predictions, are all improved (see details in Table 1 and 2); how-
ever, the CPCM model is still better than the SMD model, consistent with our discussion of the pure performance of

the six DFT/GIAO methods without linear regression. It is worth noting that, the SMD model has already been ap-
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plied to fit the scaling factors for 'H, 13C, >N and ' B chemical shifts predictions, and the CPCM model has only been
applied for ''B case. Therefore, currently, we recommend to include the SMD model in the NMR GIAO calculation
step for 3'P and "F NMR chemical shifts predictions. Hopefully, in the near future, another complete set of scaling
factors for various NMR chemical shifts predictions can be developed with the CPCM model.

4 | CONCLUSION

A systematic benchmarking study of 3'P and '°F NMR chemical shifts predictions at six DFT/GIAO methods with
two implicit solvent models has been conducted. The scaling factors fitted from the linear regression between the
calculated isotropic shielding constants and the experimental NMR chemical shifts have also been applied to improve
the predictions accuracy of 3'P and "F NMR chemical shifts. Such a procedure is first proposed by Tantillo and co-
workers[23, 1], and is consistent with our previous studies focusing on ''B and "N chemical shifts predictions.[28,
20] And, we noticed that for both 3'P and '°F cases, the overall accuracy was largely improved via applying the
scaling factors, compared to that of the pure DFT/GIAO methods. And among the six methods, Method 2 with
geometry optimisation at B3LYP/6-311+G(2d,p) and NMR GIAO calculation at mPW1PW91/6-311+G(2d,p) provide
the most reliable predictions for 3'P chemical shifts predictions. And for '°F, Method 4 with geometry optimisation
at B3LYP/6-311+G(2d,p) and NMR GIAO calculation at PBE0/6-311+G(2d,p) performs best. And we hope that these
two protocols raised in this study could work together with the ones on 'H, 13C, >N and "' B chemical shifts predictions
to serve as a complete tool for challenging structural elucidations in chemical research. However, it also needs to
be underscored that if the trivalent or pentavalent phosphorous atoms are bonded with heavy atoms (this kind of
phosphorous containing molecules were excluded from our current database), the corresponding prediction errors
will be much larger, and cannot be reduced effectively via simple linear regression. Such an error is likely due to the
asymmetric distribution of electron density and has also been noted in N and '3C chemical shift studies. Therefore,

the deficiency of the adopted DFT method for this kind of calculations remain to be investigated in future study.[1]
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