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Shortfall of B3LYP in Reproducing NMR J.; Couplings in
Some Isomeric Epoxy Structures with Strong
Stereoelectronic Effects: A Benchmark Study on DFT

Functionals

Jasper Adamson,® Ryszard B. Nazarski,*® Juri Jarvet,™ ¥ Ténis Pehk,® and Riina Aav"

Unprecedented scatter plots of calculated versus measured
NMR **J., coupling constants in six densely oxygen functional-
ized epoxides are found with some B3LYP protocols, an effect
attributed to stereoelectronic effects. Hence, 26 other ex-
change-correlation density functionals (xc DFs) are bench-
marked in this work. Very good results are achieved with
mPW1PW91 and PBEO in conjunction with the pcJ-1 basis set
(BS) of moderate size. A thorough statistical analysis of 53 rela-
tionships between the predicted and observed **J,, datasets is

1. Introduction

Among the few experimental parameters accessible from solu-
tion NMR spectra of (bio)organic compounds, the isotropic in-
direct nuclear spin-spin coupling constants Jy, accompanied
by relative chemical shifts dy, are valuable sources of structural
information on such systems. Vicinal (over three bonds) 'H-"H
and "*C-"H couplings *J,, and 3J., are particularly relevant for
the evaluation of spatial relations in configurational and/or
conformational analysis. The 3J,, values have found wide-
spread use for determining dihedral angles between the inter-
acting protons.! Furthermore, the more scarcely considered
heteronuclear 3/, values can nowadays be routinely deter-
mined together with geminal (two-bond) %, data in specifical-
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presented. The effects of some xc DFs, including their x and ¢
parts, and BSs on the calculation results are discussed, also in
the context of DFT modeling of electron-density distributions.
Moreover, related 'J., datasets predicted with 11 different DF
methods are considered and compared with the experimental
data. Finally, some proposals for further improvement of exist-
ing DFs based on the available "J; (n=1-3) values are briefly
outlined, in line with recent results on the DFT electron densi-
ties.

ly dedicated NMR experiments.>* The *J, data are particularly
crucial for all proton-poor systems because of the well-known
Karplus-type dependence on geometry.”) One-bond and long-
range C-'H couplings 'Joy and "Jo, (n>4) have also found
wide application in modern molecular-structure elucidations.®

The abundance of the aforementioned Jy, couplings arising
from broad experimental NMR studies is, however, not in an
agreement with the capability of current electronic-structure
calculations to reliably predict the values of these observables
for a wide range of organic entities. Indeed, J values are
among the most difficult spectroscopic molecular properties to
reproduce quantitatively, especially for large systems.*>® The
Kohn-Sham (KS) version of DFT is the preferred tool in this
case, owing to its relatively fair treatment of electron-correla-
tion effects at an affordable computational cost. However, KS-
DFT accounts for the exchange (x) and correlation (c) energies
through a universal exchange-correlation functional of the
exact electron density E, [o(r)], for which the true form is un-
known. Hence, enormous efforts have been made over the
years to find successful approximations for E [o(r)], known as
xc density functionals (xc DFs or simply DFs), which should
yield accurate descriptions of structural, energetic, and re-
sponse properties of the systems of interest” As a result,
there is a large diversity of DFT methods, that is, DF/basis set
(BS) combinations, which can be used for predicting the Jg,
considered here. Nevertheless, to assess the accuracy of nu-
merous DFs in use, benchmarking against accurate experimen-
tal data is necessary.

According to the nonrelativistic Ramsey theory of NMR cou-
pling mechanisms, which is sufficient for molecules with first-
row NMR nuclei, the Fermi contact (FC) term is a leading con-
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tribution for a vast majority of isotropic J values.®’ The three
other terms are diamagnetic spin-orbit (DSO), paramagnetic
spin-orbit (PSO), and spin—dipole (SD) components. The FC
term is characterized by electron density near the nuclear posi-
tions and thus imposes very rigorous requirements on the
quality of the Gaussian-type BSs in the core regions of interact-
ing nuclei.’®? Hence, some specifically constructed BSs"” with
tight large-exponent s functions are usually applied for predic-
tion of J values. Although the hybrid B3LYP"" approximation is
most often used,[ga,c,me,ﬂe,m several other DFS[6,9b,11f,lZc,f,g,k,I,n,r,B]
are also employed. Except for one recent paper,"* however,
these DFs were not optimized for the calculation of Jy, values,
as opposed to such attempts concerning NMR chemical shield-
ings ¢,.l"""1*¢ Eyrthermore, neither of these two spectroscop-
ic parameters were considered in typical benchmarking studies
of DFs for their use in chemistry and physics."

The above-outlined landscape of the state-of-the-art first-
principles prediction of J couplings in medium-sized molecules
is indeed to some extent ambiguous. Some of deficiencies and
perspectives in this field were recently presented."*"" Among
them, computations of J for systems with triple bonds"*! or
lone-pair-bearing electronegative atoms®*%'2%1 haye been
widely explored. However, there is a lack of complete studies
on the performance of all commonly available J-calculation-ori-
ented BSs used with different promising DFs. Moreover, a large
part of the earlier KS-DFT works concerns relatively small and
simple molecules. Hence, more general conclusions were
drawn with difficulty from such data. For instance, several cal-
culations of Jo in carbohydrates and their derivatives were re-
ported,'?"# but, to the best of our knowledge, only one criti-
cal paper dealing with the use of a few DFs for the prediction
of 'J, in other saturated electron-rich and conformationally
rigid compounds was published.!"??

Herein, we supplement the above-mentioned lack of bench-
marking analyses by reporting a study on Jg, in six isomeric
(15,55)-3-alkoxy-6,7-epoxy-2-oxabicyclo[3.3.0Joctanes 1-6"9
(Figure 1). These J values were measured in CDCl; solution at
800 MHz 'H NMR spectrometer frequency and calculated by
means of a variety of DF methods. Stereorelations between
the three constituent rings were previously established by
analysis of experimental *J,,, values, supported by their DFT-
B3LYP prediction.'® Diastereomeric epoxides 1-6 afforded 225
unique J couplings (67 'Jo, 70 %oy, and 88 *J.,). All these J
values were considered as components of the two attached J.,
datasets (see Supporting Information): 2,3JCH_EPOXY (-7<
J*9 <9 Hz) and 1JCH_EPOXY (126 <> < 185 Hz). The analy-
sis of such relatively large databases of J., values collected ex-
clusively in one NMR laboratory is noteworthy in itself. On the

2 R: CH3 3 R: CH3
5 R: CHyPh 6 R: CHyPh

Figure 1. The six epoxy compounds 1-6 of this study.
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contrary, discrepancies in J, values are observed frequently in
measurements from different laboratories.'%'”

The following points were addressed in this work: 1) initial
probing of a set of magnetic-property-oriented double/triple-C
BSs used in conjunction with B3LYP as a reference DF against
experimental %*J., values in epoxides 1-6, 2) identification of
some unexpectedly revealed subsets of **J.,, 3) further testing
the other DFT methods, that is, combinations of some more
accurate DFs with the “best” BS (pcJ-1) recognized in step 1,
4) additional examination of selected promising DF approaches
in calculating the 'J., data, and 5) statistical error analysis of all
important results obtained in steps 1-5.

To the best of our knowledge, this kind of a widespread
study focusing on DFT-based prediction of "J; in computation-
ally demanding electron-rich molecules has not yet been pub-
lished. In fact, this work is the first benchmarking study of KS-
DFT calculations of **J, values. The CPU times for the usage of
all available Gaussian-type NMR/EPR-specialized BSs were also
not determined previously. Moreover, our conclusions and pro-
posals can aid the construction of better DFs in the future.

Computational Details
Geometry Optimizations

All molecular structures of flexible systems 1-6 were computed
starting from their MMX (1986)"'® geometries created with PCMO-
DEL."® Specifically, an extensive conformational search for pre-
ferred forms was carried out with an internal GMMX randomize
subroutine of the above program, in a similar manner to that de-
scribed elsewhere.™ Further cascade geometry refinement of
low-energy candidate conformers was done with the Gaussian09
package.”” The Hartree-Fock/DFT hybrid Becke three-parameter
Lee-Yang-Parr xc functional (B3LYP)" was finally used with the 6-
3114 G(d,p) BS in restricted KS-DFT calculations. Equilibrium struc-
tures optimized at this level of theory were also used in a critical
test of some computational methods for prediction of ¢, and Jc
values.”?" The “Tight” SCF and Opt convergence criteria were ap-
plied to ascertain accuracy.'”™™>? A fine-pruned (150,590)*® nu-
merical integration grid was used, owing to soft modes arising
from the dynamic phenomena of methyl-group rotations.*” Analo-
gous optimizations were performed with the hybrid PBEO DF (also
known under the acronym PBE1PBE).”*

To simulate the impact of the CDCl; solvent on the structures and
NMR spectroscopic behavior of the studied solutes, an equilibrium
solvation protocol® of an integral equation formalism/polarizable
continuum model (IEF-PCM)® scheme was used. The Gaussian09
default parameters (including the UFF®” atomic radii) were applied
when constructing solute cavities, whereby a cavity is understood
as a free space inside a bulk solvent. A few calculations were also
performed with nonstandard IDSCRF atomic radii,*® which were
found beneficial in recently reported structure optimizations!*
and calculations of NMR chemical shifts.” The UAO model and un-
scaled (¢ =1) van der Waals surfaces were used in this case, and re-
lated input files were produced with the SCRF-RADII program.®%
The Cartesian coordinates of all ten finally considered conforma-
tional structures of epoxides 1-6 are listed in Table S9 (Supporting
Information), and their Chemcraft®'"" molecular representations are
shown in Figure S2.
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Moreover, harmonic vibrational frequencies w, were evaluated ana-
lytically in the framework of the DFT method used for geometry
optimization to verify whether all located stationary points repre-
sented true local/global minima (N;,,,=0) on the molecular Born-
Oppenheimer potential-energy hypersurfaces of all systems and to
determine their Gibbs free energies G° at standard ambient tem-
perature and pressure (298.15 K, 1 atm), that is, at the NMR record-
ing temperature of 298 K. In turn, for assessing relative abundances
of individual forms of much more mobile epoxides 4-6 in confor-
mational equilibria, the energy-weighted Boltzmann population
(molar fraction p) of each entity was calculated by applying the
Boltzmann distribution function p; = e % /% Zje’AGF/RT, where |
is the number of structures in thermal equilibrium, R the ideal gas
constant, T the system temperature (set to 298.15 K), and AG; the
AG value of the ith form relative to the energy of the most stable
form. In such calculations of p; for multiconformer systems,"'? rela-
tive total energies AE,, are sometimes used as approximated
weighting factors instead of AG; data.??

Calculation of J., Values

In our initial prediction of *C-"H J values, B3LYP was used in con-
junction with the nine BSs developed specifically to provide accu-
rate values of NMR'2<f or EPR'® parameters. The IEF-
PCM(UFF,CHCI,)/B3LYP/6-311 4+ G(d,p) optimized geometries of the
ten low-energy forms of systems 1-6 were employed; for all de-
tails, see Supporting Information. The following BSs of valence
double/triple-C polarized (or better) quality were examined: IGLO-
11,79 |GLO-1I1, EPR-1IL,1 aug-cc-pVTZ-J,° cc)-pVTZ, pcJ-1 110!
aug-pc)-1,"% pc)-2,"% and 6-311+ +G**-).'71 An EPR-Ill dataset
was used as is stored internally in Gaussian09, while the others
were downloaded from the EMSL Basis Set Library.*¥ Moreover,
the decontracted Pople-type 6-311+ G(d,p) BS was generated with
the “NMR=mixed” keyword and used only for calculating the
dominant FC terms.®? In this particular case, all of the three re-
maining contributions to J (i.e. SD, PSO, and DSO terms) were
found with the unmodified contracted 6-311+G(d,p) set. Though
rovibrational effects® '2%2234 can be non-negligible in "Jg, values,
especially for n=1, they were generally not considered here, since
their evaluation is extremely demanding computationally for large
molecules; a similar approach was taken by other authors."?"

In the second step, a set of 26 other selected DFs (some historical
as well as more recent ones) accessible within Gaussian 09%” were
used in conjunction with pcJ-1, which was initially found to be the
best BS from the viewpoint of novelty, result reliability, and very
short CPU time. Thus, the performance of subsequent DFs (given
in chronological order) was examined: BLYP!'**% Bpge,!"" 3!
PW91,[36] Bpwg-ll[ﬂb,BG] B3PW91I[11b,C,36b] B3P86,[”b'c'35] PBE,B7] B‘ILYP,[SS]
PBEO,*" mPW1PW91,B%3%  Qpge,2>41  QLYPMad41  opwg1,BEebAdl
OPBE,B7’40] OSLYR[Ha,dAOa,M] 397_2,[42] CAM-B3LYP,[43] LC-U)PBE,[M]
BMK,“? HSE06 (sometimes also called HSE),“® M06-L,"“” M06-2X,“
®B97X,“ ®BI7X-D,*” APF®" and APF-D.®" These single-point jobs
were carried out with Gaussian09.”” The IEF-PCM(radii,CHCl;) ap-
proach was used in both steps of NMR calculations. The J values
computed for each of the three mutually exchanging H atoms in
the methyl groups were arithmetically averaged to produce a
single Jo, value for each methyl group as a whole. The same also
concerns the J data for the ortho and meta positions of the phenyl
ring. The five so-called pure d functions were employed for all
non-H atoms. The CPU execution times of prediction of all J values
in molecule 4 were also measured for the DFT methods tested
here; for all details, see the Supporting Information.
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The computed versus experimental J., correlations were analyzed
by a linear regression model, and predicted J., values were plotted
against the observed values in the usual way.'*™2 The greater
value of the Pearson correlation coefficient r or its square r* was
considered as a very simple indication of better adjustment of the
compared J data (vide infra). In addition, the four standard statisti-
cal metrics for errors, namely, the root-mean-square deviation
(RMSD),*? mean absolute deviation (MAD=(1/n)%;|J@!—J°>|,
where n is the total number of J., values),?"*¥ corrected RMSD,"*"!
that is, CRMSD=[(1/n)E,(J°"—S*>)"? and corrected MADP>>¥
(CMAD = (1/n)%;| S —J*|), were used as much more reliable esti-
mates of the uncertainties of calculation results. Moreover, maxi-
mum positive or negative deviations between the J@ (or J)
and J°>¢ data, that is, max(+/-),"***" were evaluated. All statistical
analysis was performed with the Excel spreadsheet.

2. Results and Discussion
2.1. Structures

First, we performed a conformational analysis of all of the flexi-
ble tricyclic systems 1-6."' The present benchmarking study
secures the reliability of results with an exhaustive conforma-
tional search. Three forms A-C of 1-3 and four forms A-D of
4-6 were found within the energy window of AE,=
16.4 kJmol™' (see Computational Details and Supporting Infor-
mation). The AE,; and AG® values obtained in KS-DFT calcula-
tions and Boltzmann weightings of all individual contributing
forms, that is, percentage relative populations P=100p; esti-
mated from such different energetic data are presented in
Table S3. A scrutiny of P;; and P;,; values revealed that only
equilibrium geometries of rotamers A of 1-3 and the six low-
energy rotamers of type A and B of 4-6 can be considered in
practice (for details, see Supporting Information); molecular
drawings of all considered conformations of 1-6 are shown in
Figure S2.

2.2. Assessment of J-Oriented Basis Sets

Ten specialized BSs were tested in conjunction with the widely
used B3LYP. A linear least-squares model was applied with scal-
ing and shifting factors,"® that is, the slope a and intercept b,
respectively. So, regression equations®™ of type (1) were con-
sidered:

JEed = ajob 4 b (1)

Two kinds of J couplings, namely, %, and 3J,, measured for
systems 1-6, forming a compact series of J%*ranging from —7
to 9 Hz (see the 2,3JCH EPOXY database in the Supporting In-
formation), were analyzed initially. Their negative values for a
normal set of 2J., data (vide infra) were determined by means
of calculations. The strongest correlation between the ob-
served and unscaled raw **J, data was found with IGLO-II (for
the related plot, see Figure S3), while the weakest one was
found with IGLO-IIl (Figure S4). The resulting 2, (n=2, 3) data
are listed in Table 1 and Tables S4 and S5, together with the
values of other metrics. A vast majority of the used specialized
BSs afforded comparable results; their performance is present-

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Correlations and statistics for 12 selected B3LYP/BS calculations of **J., values in systems 1-6.%*!

Basis set r Intercept Slope b RMSD CRMSD MAD CMAD mp6 3 5 CPU GPs/CPU
(n=2,3) alHz) [Hz] [Hz] [Hz] [Hz] time® time ratio®®

IGLO-II 0.9925 0.4028 0.9480 0.51 0.37 0.41 0.30 0.9104 0.9311 1.00" 255

aug-pcJ-1 0.9892 0.5637 0.9833 0.69 0.44 0.58 0.37 0.9183 0.9383 9.96 0.42

pc)-1 0.9883 0.5725 0.9876 0.72 0.46 0.61 0.38 0.9326 0.9533 1.06 3.029

EPR-III 0.9862 0.6173 0.9654 0.75 0.50 0.61 0.42 0.8713 0.8916 8.95 0.53

6-311 + G** Mixed 0.9860 0.5989 0.9700 0.74 0.51 0.61 0.42 0.8424 0.8621 1.93 1.74

6-311+ +G**-) 0.9859 0.6240 0.9973 0.80 0.51 0.67 0.42 0.8296 0.8500 297 1.22

pc)-2 0.9858 0.6640 0.9865 0.81 0.51 0.68 0.42 0.8745 0.8955 9.72 0.69

ccJ-pVTZ 0.9853 0.6636 0.9876 0.82 0.52 0.69 0.43 0.9067 0.9278 7.10 0.81

aug-cc-pVTZ-J 0.9852 0.6858 0.9983 0.86 0.52 0.72 0.43 0.8604 0.8952 30.64 0.22

IGLO-AII 0.9825 0.7097 0.9030 0.84 0.57 0.62 0.47 0.8627 0.8855 4.15 0.91

IGLO-II/ IDSCRF 0.9923 0.4078 0.9479 0.52 0.37 0.42 0.31 09173 0.9383 1.00 255

pcJ-1/ IDSCRF 0.9880 0.5769 0.9874 0.72 0.47 0.61 0.39 0.9391 0.9598 1.07 3.02¢

[a] The 2,3JCH_EPOXYdatabase was used. [b] Boldface indicates the best values in each column, and the worst ones are underlined. [c] The r* values for

the five remaining **J., subsets are listed in Table S4. [d] Relative to the time required for B3LYP/IGLO-II calculations of all J values in 4. [e] Gaussian primi-

tives (GPs)/CPU time ratio. [f] Execution time: 250 min; for the used computational resources, see Supporting Information. [g] The ratio of 804 GPs/

266 min.

ed graphically in Figure 2. All these B3LYP-based methods
have a tendency to overbind, that is, positive deviations
(Jed— >y are larger than negative, in line with other similar
literature data that are not fully satisfactory from the theoreti-
cal point of view, that is, with approximately 10-14% overesti-
mation.®*? However, any scaling®? of raw 2*J,, for com-
pounds 1-6 would not serve its purpose, because of their
roughly parallel arrangement (Figure 3).

Nevertheless, it is highlighted that the best performance of
B3LYP combined with IGLO-Il mentioned above can only be at-
tributed to a fortunate cancellation of errors in this DFT
method (see Supporting Information for more details). IGLO-II
was followed by aug-pcJ-1 and pcJ-1. A benefit of using aug-
pcJ-1 over pclJ-1 is most likely derived from the presence of ad-
ditional diffuse functions in aug-pcJ-1. Such functions are cru-
cial in handling molecules with lone-pair electrons on heteroa-
toms.['22P4954 Regarding the other B3LYP-based methods, we
note that the so-called mixed basis set procedure of Deng
et al.® applied here afforded practically the same results as

25

the much more time-consuming use of EPR-IIl. For further dis-
cussion on the remaining BSs, concerning the CPU time mea-
surements, see the Supporting Information.

Quite unexpectedly, remarkably scattered data points were
found in the plots of B3LYP-calculated versus observed **J,
data. A close examination of Figure 3 and Figures S3-S5 per-
mitted the three types of J-coupling subsets to be separated
into normal, oxygenic a (O-a), and oxygenic b (O-b) in both %
and 3J., datasets (Table 2). Undoubtedly, the reason for these
surprising plots arises from numerous carbon-oxygen bonds
of different polarity in the studied systems 1-6. They contain a
dioxygenated (acetal) carbon atom and a highly strained
three-membered oxirane ring, which both are most likely re-
sponsible for specific stereoelectronic effects for the O-2b
subset. In turn, spin-spin interactions are transmitted via ether-
ic oxygen atoms in all the O-3 cases. (Table 2; see also Support-
ing Information). Also, different orientations of O—C—H hydro-
gen atoms to vicinal lone electron pairs can provoke dramatic
changes in 'Jg, involving the H nuclei (cf. the Perlin Effect),®™

20
15
1.0
0.5
0.0 t +

Omax(-) for Jcorr - Jexp

Omax(+) forJcorr - Jexp

-05

Deviations, Hz

-1.0

mmax(-) for Jealcd - Jexp

m max(+) for Jcalcd - Jexp

15

pcJ-1
EPR-II

IGLO-II
aug-pcJ-1
6-311+G** mixed
6-311+G**-J

IGLO-II/ IDSCRF
pcJ-1/IDSCRF

Figure 2. The performance of 12 applied B3LYP/BS methods in terms of the max(+/—) deviations in **Jq, values in systems 1-6. For all numerical data, see

Table S4.

ChemPhysChem 2018, 19, 1-13 www.chemphyschem.org

4 © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

KR These are not the final page numbers!


http://www.chemphyschem.org

LIRS

&> ChemPubSoc
iV
ok
10 +
—_— e
N )
& %
3 8 3
gI
O
<
s 02 : -
a 6 4+ oo
o2 o
R e
+ n=3normal 4T ﬁu
® O3 - ‘
o 03 B B f
T =
*
M "9
NP ]
-8 6 -4 2% 2 4 6 8 10
3
uA . Z,JJCHobsd [HZ]
X _\_L\'.
e
A; N
(_j AT 230k [Hz] = 0.9876 23,0054 +0.5725
A& 1, = 0.9883
RMSD = 0.72 Hz, CRMSD = 0.46 Hz
o 6 - MAD = 0.61 Hz, CMAD = 0.38 Hz
o 4

8 L1

Figure 3. The scatter relationship between 158 B3LYP/pcJ-1 calculated and
experimental 2°J., values in systems 1-6. For all numerical data, see
Table S1.

Table 2. Four types of C—O-bond-containing fragments in systems 1-6
influencing the "J, values between the underlined nuclei.

n=2 n=3
0-2a 0-2b 0-3a 0-3b
OTHE
|| N
0-C-C-H =C-CH o
Il l | I i
o 0-C-0-C-H >¢_0-C-H
o Oepoxy | | ha | =

| |
N N
g C_CI;_H - _(l:_H

which usually are explained as resulting from the redistribution
of electron density in the C—H bond produced by hyperconju-
gative®™ or dipolar interactions. One can suppose that simi-
lar effects also concern related %, and *J, values.

Such an unprecedentedly large differentiation of J couplings
mentioned above afforded five or six regression equations of
type (1) related to 5-6 straight lines, which were found for
each of the used DFT methods; for pertinent statistics, see
Table 1 and Tables S4 and S5. Two additional metrics, namely,
mp6 data (i.e., multiplication products found by multiplication
of all six distinct r* data concerning the six subsets of %*J,)
and r2_,, related to the O-2a units are also given in Table 1.
The r}_,, data were found to be very variable and most influ-
ence the mp6 values. Intriguingly, the use of IDSCRF™® instead
of UFF®” radii in the IEF-PCM scheme afforded slightly larger
magnitudes of these two metrics at the expense of rZ (n=2,
3); see Table 1.

An impact of (dioxygenated carbon atoms involved in %Jq,
and *J., couplings in some acyclic compounds (early literature
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data) was considered in the so-called J-based approach.*” In
the context of this work, most important are more recent cal-
culation results on the molecular fragments C—O—C—H and C—
C—C(—O)—H."***¥ |n turn, the 2J., values in a few heteroaro-
matic systems were subjected to a natural bond orbital (NBO)
analysis."¥ The NBO approach to "J, values was also recently
applied with the DU8c method,"” in which empirical scaling of
the dominant FC terms in the formulated three multiterm pre-
dictive equations was performed by multivariate regression
analysis. As a result, the three types of "Jg, values (n=1-3)
were examined separately."”

Therefore, we concluded that our findings are excellent ex-
amples of an “undesirably high specialization” in the B3LYP
prediction of J.,. Undoubtedly, various stereoelectronic effects
are operative in molecules 1-6, which strongly modify related
J values in the spirit of the Karplus-like relations mentioned
above. Indeed, plots with such scattered points of the calculat-
ed versus observed **J, data are reported for the first time, to
the best of our knowledge. However, at a reliable DFT level, all
such effects should be adequately reflected by one equation
of type (1) and not by 5-6 relationships, and the B3LYP ap-
proximation does not properly account for the interactions of
this kind. Hence, it was necessary to seek better computational
protocols. For this reason, we resorted to various other DFT ap-
proaches involving more accurate DFs to overcome the prob-
lem.

2.3. Assessment of Other KS-DFT Functionals

To understand and explain the results described above, 26
other DFs, found in a post-local spin-density approximation
way"” and belonging to different rungs of the Jacob’s ladder™”
of KS-DFT functionals, were additionally applied for prediction
of %*Jo, in systems 1-6. Thus, 27 DF approaches including
1) generalized-gradient approximations (GGAs) BP86, BLYP,
PW91, BPW91, PBE, OP86, OLYP, OPW91, and OPBE, 2) global-
hybrid GGAs (GH-GGAs) B3PW91, B3LYP, B3P86, B1LYP, O3LYP,
B97-2, PBEO, mPW1PW91, APF, and APF-D, 3) meta-GGAs BMK
and MO06-L, 4) GH meta-GGA functional M06-2X, and 5) range-
separated hybrid (RSH) GGAs CAM-B3LYP, LC-wPBE, ®wB97X,
®wB97X-D, and HSE06 were all used here (for appropriate refer-
ences, see Computational Details; for the DF families, see
ref. [15b]). The key results obtained in conjunction with the
pcJ-1 BS are listed in Table 3 together with measured CPU
times. The performance of all tested DFs is also presented
graphically in Figure 5. As above with B3LYP, positive devia-
tions (J®<—°*%) are usually much larger than negative devia-
tions. The three exceptions are LC-wPBE, BMK, and especially
MO6-L.

Scrutiny of all these results revealed that the most accurate
DF in prediction of **J., values is mPW1PW91, followed very
closely by PBEO (r2,=0.9975 and 0.9973, respectively); for the
mPW1PW91/pcJ-1 data, see Figure 4. Related magnitudes of
the slope a/intercept b are also good (1.023/0.028 and 1.020/
0.072, respectively). Thus, all three regression parameters are
close to their ideal values of 1, 1, and O, respectively, while

large magnitudes of r2_,, are also found. Simultaneously, re-
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Table 3. Correlations and statistics for 32 selected DF/pcJ-1 calculations of **J, values in systems 1-62!
DF r(n=2,3) Slopea Interceptb[Hz] RMSD[Hz] CRMSD[Hz] MAD [Hz] CMAD [Hz] mp6 r2 9 CPU time!
mPW1PW91 0.9975 1.0226 0.0284 0.25 0.21 0.20 0.17 0.9449  0.9728 1.49
PBEO 0.9973 1.0196 0.0721 0.26 0.22 0.21 0.17 0.9491 0.9761 1.46
HSE06 0.9971 1.0058 0.1026 0.26 0.23 0.21 0.18 0.9405 0.9666 1.36
LC-wPBE 0.9970 0.9683 —0.0954 0.31 0.23 0.25 0.19 0.9242 0.9595 1.62
APF or APF-D 0.9966 1.0020 0.1421 0.29 0.25 0.24 0.20 0.9418 0.9676 1.49
MO06-2X 0.9959 1.0382 0.2385 0.45 0.27 0.37 0.21 0.8992 0.9292 3.62
BMK 0.9952 1.2194 —0.2134 1.02 0.30 0.84 0.24 0.9074 0.9644 345
®B97X-D 0.9951 0.9315 0.2490 0.42 0.30 0.32 0.24 0.9039  0.9282 1.58
®B97X 0.9950 0.9234 0.2505 0.44 0.30 0.35 0.24 0.9355 0.9635 1.63
B3PW91 0.9949 0.9771 0.2403 0.37 0.30 0.31 0.25 0.9259  0.9503 1.44
B1LYP 0.9942 1.0452 0.3758 0.61 0.33 0.51 0.27 0.9544 09767 1.48
CAM-B3LYP 0.9934 0.9862 0.3981 0.51 0.35 0.43 0.28 0.9256  0.9485 1.51
B97-2 0.9926 0.9472 0.3620 0.49 0.37 0.39 0.30 0.9524 09742 1.46
B3P86 0.9919 0.9529 0.3787 0.51 0.38 0.42 0.32 0.9158  0.9394 1.44
O3LYP 0.9908 0.9864 0.3379 0.51 0.41 0.42 0.34 0.9509 09769 -
B3LYP 0.9883 0.9876 0.5725 0.72 0.46 0.61 0.38 0.9326  0.9533 1.44
OPW91 0.9874 0.9404 0.2660 0.54 0.48 0.47 0.41 0.9226  0.9635 1.04
OPBE 0.9873 0.9389 0.2683 0.54 0.48 0.47 0.41 0.9200 0.9613 1.04
OP86 0.9811 0.9145 04314 0.70 0.59 0.60 0.51 0.9162 0.9556 1.04
MO6-L 0.9801 1.3873 —1.4765 1.98 0.61 1.50 0.51 0.6577 0.7532 2.83
OLYP 0.9785 0.9693 0.6050 0.83 0.63 0.67 0.54 0.9371 0.9668 1.03
BPWO1 0.9716 0.9208 0.7745 0.97 0.73 0.78 0.62 0.8653 0.8904 1.01
PW91 0.9681 0.9179 0.8473 1.05 0.77 0.84 0.66 0.8600  0.8854 1.01
PBE 0.9680 0.9199 0.8528 1.05 0.77 0.84 0.66 0.8793 0.9054 1.001
BP86 0.9603 0.8941 0.9458 1.16 0.86 0.92 0.74 0.8517  0.8775 1.01
BLYP 0.9530 0.9421 1.1769 1.41 0.94 1.13 0.80 0.8792 0.9052 1.00
mPW1PW91/ IDSCRF  0.9975 1.0224 0.0333 0.25 0.21 0.20 0.17 0.9488 0.9766 1.48
PBEO/ IDSCRF 0.9973 1.0194 0.0770 0.27 0.22 0.21 0.18 0.9526 0.9795 1.46
PBEO & geometry 0.9950 1.0274 0.0594 0.35 0.30 0.27 0.24 0.8828 0.9354 1.46
APF (APF-D)/ IGLO-II 0.9974 0.9731 —0.0112 0.25 0.22 0.21 0.18 0.9210 0.9472 1.39
[a] The 2,3JCH_EPOXY database was applied. [b] Boldface indicates the best values, and the worst ones are underlined. [c] The r* values for the five remain-
ing subsets of 2*J., values are listed in Table S4. [d] Relative to the time required for PBE/pcJ-1 calculations of all Jyy values in system 4. [e] Not estimated
due to a known bug in Gaussian 09, Revision D.01. [f] Execution time: 185 min; for the used computational resources, see Supporting Information.
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Figure 4. The relationship between 158 mPW1PW91/pcJ-1 calculated and
experimental **J, values for systems 1-6. For all numerical data, see

Table S1.
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gression coefficients of all the six related highly specific equa-
tions have become rather similar, especially for PBEO (see Ta-
bles S4 and S5).

The intercept b values near to zero found for both top DFs
practically fulfill the requirements of a “linear scaling approach”
introduced by Bally and Rablen in their comparative study on
a variety of DFT methods for computing 2*J,,,,.*? Statistics of
some data for molecules 1-6, rescaled according to this ap-
proach with b=0, are listed in Table S7. Note, however, that in
this model of the relationship J& versus J53%% all of the ro-
vibrational corrections (vide supra) to the "Jy, values under
analysis should be taken into account. By omitting this condi-
tion, approximate predictive Equation (2) can be proposed for
the results obtained at the best mPW1PW91/pcJ-1 level of
theory (see also related discussion in the Supporting Informa-
tion).

23 Jge = 0.9755 x 22 gy

(2)

Four further DFs, namely, HSE06, LC-wPBE, and APF(-D),
were found to be a little worse in respect of their r’, values.
However, LC-wPBE is much degraded by the large max(+/—)
deviation (Table S4). The (GH) meta-GGAs, three RSH-GGAs,
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Figure 5. The performance of 27 used DF/pcJ-1 methods in terms of the max(+/—) deviations in **Jc, values in systems 1-6. For all numerical data, see

Table S4.

and single-parameter B1LYP GH-GGA DFs all failed. Despite the
MO06-2X results still fulfilling the two main criteria required for
a “well-performing protocol” (*>0.995 and 0.95 <slope a<
1.05)," related max(+) and mp6é parameters are too large and
too small, respectively. Similarly, very large RMSD, MAD, and
max(+/—) values were found with BMK, despite the potentially
good r’, data. In fact, this heavily parameterized DF was de-
signed for thermochemical kinetic studies and not for NMR cal-
culations. Highly unreliable results with BMK were previously
reported in prediction of *C NMR chemical shifts.*" In turn, a
mid-ranked position of M06-L, with the poorest a, b, RMSD,
and MAD data, coincides well with the poor performance of
this DF in predicting **/,,.*” Hence, we concluded that the r2,
value is not a perfect measure of goodness of fit between the
Jyy under comparison. Indeed, the RMSD and MAD values are
much better indicators of this goodness. Finally, the observed
irregularity in magnitudes of réqa and mp6 (Table 3) can be ex-
plained by the lack of a systematic hierarchy of DFs leading to
highly unsystematic behavior of typical DFT methods.

A cross-comparison of **J., found by some of the DF/pcJ-1
approaches was especially interesting to us. An illustrative plot
between the mPW1PW91 and B3LYP results (Figure S9) shows
two approximately straight lines formed by %), and 3J, data
points. This important comparison, free from all kinds of mea-
surement errors, indicates that the above two types of J cou-
pling are quite differently reproduced by the two methods.
The *J., data points form a roughly linear fit with intercept b
close to 0 Hz, while the b value for the %, points is about
—1Hz. In other words, the B3LYP-based 2J., values are uni-
formly overestimated by about 1 Hz with respect to the experi-
mental and mPW1PW91-predicted values. Thus, B3LYP is only a
little better in this regard than the nonhybrid DFs such as
BLYP, BP86, and PBE (for details, see the Supporting Informa-
tion). The semilocal exchange component of mPW1PW91 has
improved long-range behavior,®*” while B3LYP does not prop-
erly model the electron-density distribution far away (i.e. 3-
10 A) from the nuclei.®® Therefore, it might be expected that
the 2J, and 3J., values predicted with B3LYP will be good and
poor, respectively. However, the reverse situation is found.

ChemPhysChem 2018, 19, 1-13
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Overall, the three-parameter GGAs perform much better
than their parent DFs (Table 3). This generalization in Jq, pre-
diction is identical with the conclusion drawn from detailed
comparisons of KS-DFT electron densities with those from
high-level ab initio correlated calculations.”™ A significant
effect of the BS on the DFT-modeled electron densities, which
also is strongly dependent on the applied DFs, was shown in
ref.[63].

For further results and discussion on all remaining xc DFs,
showing a parallelism in computing NMR data (0,/0y and Jyy)
and the benefit of using of some functionals over others, as
well as concerning the impact of individual x and ¢ compo-
nents of xc DFs on the calculation outputs, please refer to SI.

2.4. Prediction of 'J, Values

In the final stage of this study, selected DF/pcJ-1 methods
were used in calculations of one-bond C-'H J values in 1-6.
These protocols were chosen from among a few of the most
promising DF approaches tested above. In addition, the results
achieved with some mid- and low-ranked DFs were considered
for the purpose of comparison. The relationships between 67
observed and unmodified raw 'J., values are shown in
Figure 6, and pertinent error statistics are provided in Table 4.
A few sets of points form some straight lines with different
slopes, starting roughly from the origin of the experiment-
theory coordinates. The external lines arise from the BLYP and
B3LYP (top, b>0), and LC-wPBE and APF/IGLO-II (bottom, b
small or <0), respectively. Thus, the 'Jo, values predicted with
BLYP and B3LYP are overestimated, while those obtained by
using LC-wPBE and APF are underestimated.

Table 4 reveals that the best DF is mPW1PW91, followed by
PBEO and APF. The remaining 'J., datasets arising from the
HSE06 and B3LYP/IGLO-II protocols are worse. All other meth-
ods are strongly degraded by relatively large RMSDs. Thus, the
LC-wPBE results gave the greatest RMSD of 10.03 Hz, despite
an r* value of 0.9987. In turn, the BLYP and B3LYP outputs
(with pcJ-1) are very similar, whereas the latter are only slightly
better. The latter result, confirming similar 'Jq, findings of Max-
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Figure 6. The relationship between the nine sets of DF/pcJ-1 (or IGLO-II) cal-
culated and experimental 'Jo, values for systems 1-6. The main error metrics
are given in Table 4. For all numerical data, see Table S2.

imoff etal.®™ is in sharp disparity to a significant differentia-

tion of the BLYP and B3LYP outputs for **J., values (Table 3).
Our results, which do not support the assertion of the above
authors that PW91 and PBE are the most accurate DFs for 'J,
values,® are in line with the more recent conclusions of Keal
et al. on such a performance of PBE;'* all statistics related to
additional data for systems 1-6 are given in Table S8. Finally,
we note that the use of IGLO-Il combined with APF or B3LYP
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consistently produces 'J, values which are smaller by about
8.5 and 10 Hz, respectively, that is, by about 6%, than those
found with pcJ-1.

On the whole, the uncertainties in predicted 'J, values are
greater than those for **J., values but do not exceed 0.4%
of the average value of analyzed experimental 'Jo, data
(=157 Hz). Comparison between "Jo; (n=1-3) determined
with BLYP, OLYP, OP86, and OPBE or OPW91 by using pcJ-1
was also interesting for us (Tables S1 and S2). Thus, the choice
of Handy’s OPTX exchange (0),“” as a semi-local correction to
the local Slater exchange,"'%2%% gives J.,, Yy, and 3Jg, values
about 15, 0.85, and 0.25 Hz smaller, respectively, than those
predicted with Becke88 exchange (B)'™ (OLYP vs. BLYP). This
result is in full agreement with the conclusion that DFs with B
exchange are always outmatched in predicting electron-charge
densities by their DF counterparts with O exchange.* In turn,
the use of the PBE correlation gives 'Jo, %o, and *Jq, values
that are about 13, 0.5, and 0.3 Hz smaller, respectively, than
those computed with LYP correlation™*® (OPBE vs. OLYP). A
similar trend was found for replacement of LYP through P86
(OP86 vs. OLYP), in line with related results on the DFT electron
densities.®™ All of these facts explain, at least in part, the dis-
crepancy between ?J., values predicted with B3LYP and
mPW1PW91 (see above and the Supporting Information), be-
cause analytical expressions of the semilocal correlation com-
ponents of PW91 and PBE are very similar®” (J, values found
with the two latter DFs also are virtually identical; Table 3 and
Tables S5 and S6). Our 'Jq, data are consistent with the approx-
imately 20 Hz difference in 'Jy, values in the PH; molecule re-
ported for the correlation functionals LYP and PBE.['*®

In the light of the foregoing (see also the Supporting Infor-
mation), it is evident that mutual impacts of tested xc DFs
(strictly speaking, their approximate x and c parts) as well as
BSs on calculated "J., values considered here are substantial
and very complicated. This result is in full harmony with similar
conclusions from the above-mentioned works on the DFT-pre-
dicted electron densities.’®>%

Table 4. Correlations and statistics for 9 selected DF/BS calculations of '=Jc;s in systems 1-62"
BLYP B3LYP mPW1PW91 PBEO APF HSE06 B3LYP/IGLO-II LC-wPBE APF/IGLO-II
Yen r:“ (n=1) 0.9989 0.9990 0.9990 0.9990 0.9990 0.9988 0.9989 0.9987 0.9985
slope a 1.0126 1.0092 0.9857 0.9772 0.9759 0.9792 0.9574 0.9723 0.9304
intercept b [Hz] 6.2173 6.1030 2.1198 2.8010 1.9664 1.0578 4.0102 —6.0123 0.5859
RMSD [Hz] 7.92 7.30 0.63 0.98 1.81 2.21 2.56 10.03 9.78
CRMSD [HZ] 0.65 0.58 0.56 0.57 0.57 0.63 0.62 0.62 0.72
MAD [Hz] 7.71 7.1 0.52 0.77 1.62 2.03 2.29 9.77 9.45
CMAD [Hz] 0.51 0.46 0.45 0.45 0.46 0.49 0.49 0.49 0.55
3 r:u (n=1-3) 0.9998 0.9999 1.0000 1.0000 1.0000 1.0000 0.9999 0.9999 1.0000
slope a 1.0463 1.0457 0.9990 0.9946 0.9876 0.9852 0.9812 0.9335 0.9338
intercept b [Hz] 1.0232 0.5056 0.0855 0.1362 0.1807 0.1467 0.3676 —0.0734 0.0640
RMSD [Hz] 4.59 4.14 0.42 0.58 1.02 1.23 1.48 5.58 5.46
CRMSD [HZ] 0.93 0.64 0.41 0.44 0.41 0.43 0.54 0.64 0.47
MAD [Hz] 3.21 2.65 0.30 0.38 0.66 0.77 1.00 3.21 3.09
CMAD [HZ] 0.85 0.54 0.30 0.32 0.30 0.31 0.43 0.44 0.34
[a] The 1JCH EPOXY and 2,3JCH_EPOXY databases were employed. [b] Boldface indicates the best values, and the worst ones are underlined.
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2.5. Combining the Present J, Results

What is the relation between the best methods found in pre-
dicting **J., to those achieved in calculations of 'J.,? Should
these two J data subsets be considered together or separate-
ly? From the analysis of the contents of Tables 3 and 4, it is evi-
dent that the best result was always found by the
mPW1PW91/pcJ-1 method. The slopes a and intercepts b
found for '2J., values are very close to 1 and 0, respectively.
However, individual a values of 0.986 and 1.023 found for 'J,
and **J., are somewhat different. This strongly suggests that
certain physically real quantity/ties responsible for Jo; values
belonging to both these J-coupling subsets is/are captured by
an approximate analytical expression of mPW1PW91 in some
internuclear-distance-dependent way. The worse DFs involve
PBEO, APF, and HSEOQ6.

The above discussion indicates that, in order to obtain good
results, the two Jo, ranges in question should be considered
individually. The same conclusion can be drawn from the in-
spection of very similar 'J., values found by using BLYP and
B3LYP (with pcJ-1) as opposed their strongly diverse results in
23J., values (vide supra). In fact, only by separate analysis of
these two Jo, subsets was it possible to observe a large differ-
entiation of the results for molecules 1-6, depending on the
KS-DFT method used. Such Jo; data subsets were also consid-
ered separately in other papers cited above."?”'7*3 Clearly, all J
values within these J., ranges should be correctly reproduced
by the sought universally applicable DFT method.

For further results and discussion on the optimized molecu-
lar geometries and the great analogy between the DFT predic-
tion of ,/dy and Jyy values, see the Supporting Information.

3. Conclusions

We have reported a systematic benchmarking study on a
series of KS-DFT methods used for accurate prediction of NMR
"Jew (n=1-3) couplings in a series of six electron-rich epoxides
1-6, measured in CDCl; solution. These tricyclic diastereomers
with carbon atoms in different environments containing ether-
ic oxygen atoms were quite unexpectedly found to be chal-
lenging systems for routine B3LYP-based computations of "Jq,
values. Hence, it is the first DFT study dealing with the impact
of this type of local chemical environments on *C-"H J cou-
plings. Generally, the performance of diverse DF methods in
providing a prediction of **J., values was not reported to
date. The CPU times for all currently available BSs developed
specifically for calculations of NMR/EPR parameters were also
not determined previously. To summarize our main conclu-
sions:

1) The use of B3LYP combined with nine BSs designed for pre-
diction of magnetic properties is insufficient for a correct
reproduction of **J., in epoxides 1-6. Indeed, three types
of J-coupling subsets were thus recognized in both series
of %oy and 3J, values; see the 2,3JCH EPOXY database
(Supporting Information). Such an unprecedentedly large
differentiation of Jo, values in 1-6 was rationalized by ste-
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reoelectronic effects operative in these molecules, which
arise from the presence of many fragments that contain C—
O bonds of different polarity.

The success of the best B3LYP/IGLO-Il method, reported
previously and in part confirmed here, was attributed to a
very fortunate cancellation of the intrinsic errors of this
method. So, its use in such NMR calculations should be
rather abandoned in favor of other, more accurate DFT ap-
proaches. The variant of a “mixed basis set” procedure of
Deng et al.” applied in this work afforded practically the
same results as the much more time-consuming use of
EPR-IIl. Hence, the new pcJ-1 BS, with good calculation reli-
ability and very favorable cost-to-benefit ratio, was selected
for all further studies.

To understand the origin of the aforementioned differentia-
tion of **Jo, in a wider perspective, 26 other xc DFs were
examined in conjunction with pcJ-1. The results were com-
pared in a systematic fashion and contrasted to those ach-
ieved by using the mPW1PW91 and PBEO hybrids, which
were recognized as the best performers among all of the
tested DFs. Accordingly, the approximate predictive Equa-
tion (2), consistent with a linear scaling approach of Bally
and Rablen,™ was proposed. It was also, inter alia, found
that experimental %, values are overestimated by about
1.5-2 Hz by using nonhybrid DFs, while related 3/, values
are reproduced relatively well. In this respect, B3LYP is only
a little better than the pure DFs. Thus, the choice of DF
was identified as the most critical methodological variable
for Joy predictions. More specifically, a moderate percentage
(25%) of nonlocal Fock exact exchange in the used DFs
turned out to be crucial for good performance in evalua-
tion of Jo. Besides, the parallelism existing between DF
predictions of 0y/dx and Jy, values was demonstrated.
Mutual effects of a few xc DFs (including their x and c
parts) and BSs were also considered, and their great and
complex influence on predicted Jo; was shown. A very
large coincidence between all these conclusions and some
literature results on DFT modeling of electron charge densi-
ty"®*% was emphasized.

The above results were found to be suitable for prediction
of 'J., values in 1-6 (see the 1JCH_EPOXY database in the
Supporting Information). In this case, mPW1PW91/pcJ-1
data followed closely by related PBEO results were recog-
nized to be the most accurate. The mPW1PW91/pcJ-1
method was also found to be the best approach for both
series of 'Jo, and *?J,, data to be analyzed separately.
Moreover, these two Jq, ranges must be considered individ-
ually. Obviously, the sought exact (universal) DFT approach
should correctly reproduce all Jo; couplings as important
NMR observables independent of reference and external
magnetic field and easily accessible to modern instrumen-
tation. Hence, the two combined ranges of J., values men-
tioned above could be used in the search for such an im-
provement.

Our best results for Jo; values were found with the DFs
ranked recently by Medvedev et al.*® as yielding the best
electron-density distributions (APF-D (2), PBEO (4) and
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mPW1PW91 (12), where the numbers are ranking positions
of the 128 considered DFs) or affording small errors in
chemically relevant density differences (insights from the
Fukui function);*” unfortunately, mPW1PW91 was not ana-
lyzed in ref.[67]. In turn, M06-L, found here to be inappro-
priate for J, predictions, was ranked among the three DFs
yielding the worst densities®® or larger errors in the Fukui
function.”” The same is true of BMK,®>%" which also gave
large RMSDs and MADs in this %*J., study. The conclusions
of Medvedev etal. were confirmed recently by Mezei
et al® All of these facts, which are in very good agree-
ment with the foregoing discussion, indicate that there is a
strong correlation between the accurate reproduction of
NMR o,/0y and especially Jy, experimental data and faithful
modeling of the exact electron-density distribution in core
regions of the nuclei in question by the used DFs. This hy-
pothesis seems to be an important guideline for all further
studies on both closely interrelated research areas (KS-DFT
development and accurate prediction of NMR parameters).

Briefly, we recommend the mPW1PW91/pcJ-1//B3LYP/6-
3114 G(d,p) methodology used within the IEF-PCM(UFF,CHCI;)
scheme for predicting '?J., values in (bio)organic molecules,
particularly those containing numerous diverse C—O bonds or
other similarly difficult bonding patterns. At the same time,
two new large J., databases are proposed for easy future test-
ing of various other KS-DFT methods in this regard.
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ARTICLES

Accuracy assessment: Reliable predic-
tion of NMR parameters is crucial for
conformation analysis of (bio)organic
systems. The accuracy of 53 DFT meth-
ods (embracing 27 functionals and up
to nine NMR-specialized basis sets) in
calculations of coupling constants is
benchmarked against 225 experimental
"Jey (n=1-3) values of six diastereo-
meric tricyclic epoxides in CDCl; solu-
tion (see figure).
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