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of organic molecules to assist benchmarking of 3D
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Over 1000 accurately defined and validated experimental long-range proton-carbon ("Jcy) and proton—
proton ("Juu) scalar coupling constants, with assigned *H/**C chemical shifts and their corresponding 3D
structures are reported for fourteen relatively complex organic molecules. The experimental dataset com-
prises 775 "Jey, 300 "Jyn, 332 H chemical shifts and 336 *C chemical shifts, all validated against DFT-
calculated values to identify misassignments. A subset of 565 "Jcy, 205 "Jyw, 172 *H chemical shifts and
202 ¥C chemical shifts from rigid portions of these molecules have been identified which could be par-
ticularly valuable for benchmarking computational methods for predicting NMR parameters. An exemplar
application of this dataset is presented through benchmarking of the DFT mPW1PW91/6-311 g(dp) level
of theory for computation of chemical shifts and scalar coupling constants and for testing scaling
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Introduction

Collections of experimentally determined NMR parameters,
primarily chemical shifts'> but also scalar coupling
constants,”® have been an important feature in the develop-
ment of methods for the determination of both 2D connec-
tivity and 3D structure of molecules by NMR. The value of
experimental datasets to the analytical community is wide-
spread: acting as sources of data for developing and testing
empirical methods, such as variations of the well-known
Karplus equation,’ and more recently machine-learning
approaches®” ' for predicting these NMR parameters. In
recent years, they have been especially valuable in assessing
the accuracy of quantum mechanical calculations of chemical
shifts'>"® and scalar coupling constants.'*’® Methods for
automated chemical structure validation and computer
assisted structure elucidation (CASE)'®™"® and testing of new
NMR experimental methods also require experimental data
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from assigned compounds for validation. This work reports a
validated set of experimental NMR "H and **C scalar coupling
constants and chemical shifts for a selection of representative
complex organic structures and an example application of
such a dataset in benchmarking the calculation of NMR para-
meters used for 3D structural determination by density func-
tional theory (DFT).

Experimental "H and "*C chemical shift values abound in
open and commercial databases as well as the scientific litera-
ture, and while the accuracy of reported chemical shifts is
prone to experimental variations (e.g. referencing, solvent,
temperature, pH) and erroneous reporting (typographical or
chemical assignment errors being relatively common), the
quantity of experimental chemical shifts reported in the litera-
ture means sufficient data can usually be sourced for vali-
dation studies. On the other hand, experimental "H-"H scalar
coupling constants ("Jyy) are more prone to issues, with low
precision reporting (precision to the nearest 0.5 Hz is
common), misassignment of couplings in complex multiplets
or diastereotopic protons, and indeed the multiplicity, individ-
ual J values and/or their assignments are often not reported at
all. The situation is even worse for "H-">C scalar coupling con-
stants ("Jc) as these values are rarely reported, and when they
are it is typically only selected values for one or two protons or
carbons in a given compound, and the values are rarely vali-
dated for accuracy. The largest published collections of "Jcy
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that we are aware of, contain 100-300 values*® focused on
structurally related compounds that may require chemical syn-
thesis to reproduce the full set and without validation of the
accuracy or assignments.>>' At the same time, multiple-bond
("Jcn) couplings are becoming increasingly recognised as valu-
able for elucidating chemical structure.””>* They are often
complementary to "Jyy for determining conformation and
stereochemistry but can additionally probe quaternary carbon
centres and connect spin-systems separated by non-protonated
carbons and heteroatoms, that are inaccessible with "Jyy
alone.

We have recently been interested in the application of "Joy
values in a series of elucidations of 3D structure.>*® However,
it was not initially clear to us what methods (either experi-
mental or computational) were the most reliable for this, so we
have previously evaluated the accuracy of a variety of experi-
mental methods to measure "Jcy for two model compounds,
strychnine and camphor.”” It was found that EXSIDE*® and
IPAP-HSQMBC>**° pulse sequences were both able to extract
"Jcu with relatively high accuracy (<0.4 Hz average deviations),
with the latter being substantially more time-efficient when

LN

vinpooetine, 14

o)
tetrahydropalmatine, 12 vindoline, 13

Fig. 1 The set of molecules under study, Cartesian coordinates for the
3D structures are provided in the ESI (Table S167).
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measuring values for multiple protons in the same study. With
these tools in hand, it becomes plausible to start developing
robust and validated datasets of NMR parameters which
include "Jcy as part of these.

Herein, we have measured, assigned and validated "Jcy,
along with "Jyy, "H and 'C chemical shifts for fourteen
organic molecules (Fig. 1), to establish these values with a
known estimate of accuracy.’®?” Crucially, the assignments
(including to diastereotopic nuclei) of these NMR parameters
were verified by comparison with DFT-calculated values and
were subsequently used to test the accuracy of methods for the
conversion of DFT-calculated magnetic shielding tensors
(MST) into chemical shifts.>’** This assignment and vali-
dation process included calculating the 3D structures of the
molecules, which are also included in the dataset for
completeness.

Results and discussion

Fourteen compounds (Fig. 1) were selected as readily accessi-
ble and commercially available at time of publication, rela-
tively complex small organic molecules with well-defined 3D
structures. The compounds provide a mixture of functional-
ities, atom hybridisation and a mixture of rigid and flexible
substructures. They provide sufficient structural diversity for a
reasonable test for new experimental or computational
methods to measure/calculate NMR parameters, but without
being too extensive or demanding for ready use in validation
studies. The make-up of experimental data determined are
summarised in Table 1 (full lists of values and assignments
are provided in the ESI, Tables S10-S137).

Experimental "H and ">C chemical shifts

The complete set of NMR parameters comprises 332 'H and
336 *C chemical shifts, derived from multiplet simulations of
'H spectra and direct measurement from “C{'H} spectra
respectively. The 'H chemical shifts range from 0.417 to
11.069 ppm and were measured for 316 'H attached to carbon,
4 to nitrogen and 12 to oxygen (Fig. 2). The majority of the 'H
chemical shifts correspond to 'H attached to sp® centres (280
sp® in comparison to 52 sp”). The "*C chemical shifts range
from 7.577 to 203.130 ppm measured from 218 sp® centres

Table 1 Summary of measurable *H and **C chemical shifts (5) and long-range proton-proton ("Jy) and proton-carbon scalar couplings ("Jcp).
Where (a) is the complete set of data for 1-14 and (b) is the subset of the data (1, 3—-7, 9-14) that is suitable for benchmarking applications, the
selection criteria for this subset are discussed in detail in the main text. MCP (multiple coupling pathways) indicates that coupling pathways of

different lengths are possible e.g. 3Jcy; and *Jcy in ring systems

(a) Complete set

(b) Benchmarking subset

Total Breakdown Total Breakdown
H6 332 280 sp®, 52 sp” 172 146 sp’, 46 sp>
BCs 336 218 sp®, 118 sp” 237 163 sp°, 74 sp”
" 300 63 “Jyast, 200 Yeans, 28 “Juaesy 9 i 205 49 *Jyass, 134 iams, 16 “Juansy 6 7 rn
Jor 775 241 YJon, 481 *Jer, 79 Yorn 4 ° e, 30 MCP 570 187 YJer 337 Yo, 70 Yew 3 °Jorn, 27 MCP
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Fig. 2 Distribution of experimentally measured (a) *H and (b) *C
chemical shifts. Where dark purple indicates the complete set of data
for 1-14 and light purple the subset of the data that is suitable for
benchmarking applications.

and 118 sp” centres including aromatic, alkene and carbonyl
carbons. Compounds including sp hybridised carbons were
not a focus here, given our primary focus on "jcy values and
3D structure determination, which are not especially relevant
for these centres.

Experimental "H-"H scalar coupling constants, "Jy;y

A total of 300 "Jyy (Table 1) were measured from multiplet
simulation of 'H spectra performed using C4X Assigner,*
anti-Z-COSY***® or PIP-HSQC?° as described in the Methods
section. This combination of techniques maximised the
number of measurable couplings which otherwise would have
been lost to overlap or complications from strong coupling.
The "Jyy range from 0.8 to 17.5 Hz (Fig. 3(a)) with the majority
of the "Jyy measured between 'H separated by three-bonds
(200) but with a substantial number of two-bond (63) and four-
bond or more (37) couplings also extracted.

Experimental "H-"*C scalar coupling constants, "Jcy

It is notable that 775 "Jcy values could be measured for com-
pounds 1-14 (Fig. 1) - this is a much higher number than for
the corresponding "Juy (300) and highlights our interest in
these parameters, as a large quantity of data can be captured if
scalar couplings to *C are included in chemical structure elu-
cidation/verification studies. These were extracted from
IPAP-HSQMBC, since this method offers an optimum balance
of reliability and accuracy in "Jcy measurement with efficiency
of spectrometer time for these parameters.”” The "Jcy values
ranged from 0.7 to 11.3 Hz (Fig. 3(b)) with the majority of "Jcy
measured between 'H/"*C separated by three-bonds (481) but
again with substantial numbers of couplings across two-bonds
(241), or four or more bonds (83). Another interesting feature
which is not uncommon for 'H-'*C scalar couplings is the
relative abundance of values (30) for which the two nuclei are
connected by more than one bonding pathway of four-bonds

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Distribution of experimentally measured (a) "Jyy and (b) "Jcy
scalar couplings. Where dark purple indicates the complete set of data
for 1-14 and light purple the subset of the data that is suitable for
benchmarking applications. Only the magnitudes of the couplings were
experimentally measured, the signs reported in this figure were calcu-
lated by DFT.

or less. For example a 'H and a ">C which are 3 bonds apart in
a five-membered ring, are also 4 bonds apart if one traces the
bonding in the opposite direction around the ring. While this
does not affect the results presented here, it is notable that
this property of rings of 5-or-less atoms obviously complicates
methods for empirical prediction of 'H-'*C couplings where
the effect of only a single pathway for the coupling is typically
considered.

Validation of experimentally measured NMR parameters

DFT calculations of the NMR 'H and **C chemical shifts and
'H-'H and 'H-"’C scalar coupling constants were also per-
formed on compounds 1-14 in order to confirm assignments
of chemical shifts and couplings to each nucleus. To account
for the flexibility in each structure, initial molecular mech-
anics conformational searches were conducted to find the con-
formers of each compound that might be populated to any sig-
nificant extent at room temperature. Subsequent DFT geome-
try optimisation, zero-point energy corrections and NMR para-
meter calculations were conducted with the mPW1PW91 func-
tional and 6-311(d,p) basis set (full details in the Methods
section) for each conformer before Boltzmann population
weighting was applied to the computed parameters in order to
predict ensemble-averaged values. Where gross deviations
between the experiment and calculated values were observed
then extraction of values from spectra were re-checked and cor-
rected where appropriate ensuring that the 2D NMR spectra
agreed with any changes in assignment.

During the process of DFT-validation of the assignments
the risks of relying on human-assigned NMR parameters from
the literature were highlighted. We simulated a rough-and-
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ready assignment process for the initial assignment of the
experimental NMR data for compounds 1-14 by providing the
data as training exercises for newly recruited analysts.
Validation against the DFT data found that around one tenth
of chemical shift assignments and one sixth of values/assign-
ments of coupling constants were erroneous in our initial
assignment process. In particular, the §**C assignment of aro-
matic rings from HMBC spectra (where correlations for aro-
matic 2-bond couplings are often not observed, but are
observed for 3-bond couplings) and "H assignment of diaster-
eotopic protons (where the 3D structure must be understood
in order to definitely assign the protons) is prone to human
error. This highlights the need for properly validated experi-
mental NMR data for use in developing/testing of experimental
and computational methodologies.

The final, validated and assigned NMR parameters for the
14 molecules can be found in Tables S10-S13 of the ESL ¥

Application to DFT benchmarking

In order to demonstrate one potential application of these
data, we use them to benchmark our DFT NMR prediction
method.

To achieve this, firstly a subset of the experimental data was
needed, which was suitable for benchmarking against calcu-
lated values. As experimental data are conformationally aver-
aged, while DFT data are on single geometry structures, this
subset should be minimally impacted by conformational
dynamics (and thus the need to estimate conformer popu-
lations), ambiguity in assignments and chemical exchange.
Consequently, a series of criteria were applied when selecting
appropriate experimental data from 1-14:

(1) The assignment of the nucleus and its associated NMR
parameters must be unambiguous from the spectroscopic
data.

(2) The nucleus must not be part of, or adjacent to, a freely
rotating group such as an ethyl or methoxy group. Where such
a group was conjugated to an adjacent m-electron system
however, the entire conjugated system was included as the con-
jugated conformer dominates the NMR behaviours.

(3) For each molecule, the MM/QM conformational search
performed should not show a significant population of minor
conformers in the fused ring portions of the molecule (major
conformer >90% population at 298 K based on DFT-predicted
free energy). This excluded all values for compounds 2 and 8
where the primary ring conformations were predicted to be
populated to <70%.

(4) Scalar couplings and chemical shifts of protons attached
to N or O were excluded. The dependence of these experi-
mental values on sample conditions (pH, temperature, con-
centration, presence of water) is challenging to adequately
reproduce with DFT.

The final benchmarking subset (provided in ESI Tables
$10-S137 with details for each excluded value) contains 172 'H
and 237 '*C chemical shifts, 205 "J;;;; and 570 "Jcy from com-
pounds 1, 3-7 and 9-14 (Table 1). Fig. 4 shows the comparison
of the experimental "H/**C chemical shifts and "Jyy/"Jcy coup-
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Fig. 4 Comparison of the subset of experimental data suitable for
benchmarking with DFT-calculated values, (a) *C chemical shift (TMS
conversion), (b) *H chemical shift (TMS conversion) (c) "Juy and (d) "Jcy.

ling constants to their DFT-calculated values. Although DFT
calculations capture the sign of scalar coupling constants, the
absolute values were compared as the experimental methods
used here do not extract the sign.

The comparisons of experimental and DFT-calculated
(mPW1PW91/6-311 g(d,p)) "Juu and "“Jeu (Fig. 4(c and d)) show
reasonable correlation with no significant outliers. However,
the accuracy of the computed "Jyy values in particular is rela-
tively low, with a mean absolute deviation (MAD) of 0.75 Hz
and standard deviation (SD) of 0.93 Hz for the 205 scalar coup-
lings in the benchmarking subset (Table 2), this is in line with
the accuracy reported by Bally and Rablen in 2011"°

The accuracy of "oy coupling constants calculated by DFT
is better than "Jy; with MAD of 0.44 Hz and SD of 0.50 Hz
(Table 2) for the raw DFT-calculated values. Our previous work on
accurate experimental "Joy measurements, limited to example
molecules strychnine and camphor, showed that the
mPW1PW91/6-311 g(d,p) level of theory systematically underpre-
dicts "Jcy by ~6%.%” The benchmarking subset here confirmed
this observation, as correcting the DFT-calculated values by this
same empirical factor improved the MAD to 0.38 Hz while the
standard deviation (which is mostly sensitive to dispersion of the
errors) remains at ~0.5 Hz. These corrected MAD/SD values are in

Table 2 Summary statistics comparing DFT-calculated scalar couplings
to the measured experimental data from the benchmarking subset: MAD
(mean absolute deviation) and SD (standard deviation of the errors)

NMR parameter MAD/Hz SD/Hz Total
"I, NO scaling 0.75 0.93 205
"Jcr, NO scaling 0.44 0.50 570
"Jcu, 6% scaling 0.38 0.52 570

This journal is © The Royal Society of Chemistry 2025
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line with the data we reported previously for strychnine and
camphor (0.38 Hz MAD and 0.49 Hz SD) in that report.

We also used this benchmarking dataset to test referencing/
scaling methods for DFT-based chemical shift predictions.
DFT-calculations do not directly provide chemical shifts, but
instead compute magnetic shielding tensors (MST). Therefore,
for solution-state measurements, the isotropic component of
the MST is converted, by some referencing/scaling process, to
produce a chemical shift. Several different referencing/scaling
methods have been reported for conversion of MST to chemi-
cal shifts, the benchmarking subset of data here was used to
demonstrate the outcome for four of these methods.

TMS-only referencing of 6. The simplest method used here
referenced all the DFT-calculated MST values from the bench-
marking subset relative to the 'H and '>C MSTs calculated for
tetramethylsilane (TMS) with the same DFT method.*" Fig. 4(a
and b) shows that this provides a reasonable correlation and is
the most general method: it is easily applied across different
solvents and does not require any experimental data. However,
it suffers from the systematic error arising from any miscalcu-
lation in the MST for TMS as well as any deviation from 1:1
scaling of the computed MST to experimental chemical shifts
in solution. The corresponding statistics reported in Table 3
(“TMS-only”) for this method confirm the low accuracy, as it
shows the highest MAD/SD of the four conversion methods
(Table 3: 'H: 0.14/0.16 ppm; **C: 4.3/2.3 ppm).

Internal scaling of §. In reports of the DP4 analysis of NMR
chemical shifts, Goodman et al®" use an internal-scaling
method whereby the experimental data is used to calculate a
line-of-best fit to the TMS-referenced DFT-calculated chemical
shifts and the calculated values are subsequently corrected
based on this line-of-best fit. In principle, this removes any sys-
tematic referencing error based on TMS (as the data is now
internally referenced to all the experimental data in the bench-
marking dataset) and also any absolute scaling error in the
shielding tensor itself. The line-of-best fit corresponds to the
slope and intercepts shown in Fig. 4(a and b), application of
these to the TMS-only chemical shifts to give the “Internal-
scaling” values in Table 3. By definition, this method must
result in the best fit of any methods tested for this particular
set of compounds, and thus unsurprisingly it shows the lowest
MAD/SD for both *C and 'H (Table 3: 'H: 0.11/0.14 ppm; “*C:
1.2/1.7 ppm). However, this method risks overfitting to the

Table 3 Summary statistics comparing DFT-calculated chemical shifts
to the measured experimental data from the benchmarking subset.
Where, MAD (mean absolute deviation) and SD (standard deviation of
the errors)

'H 6: 172 values 13C §: 237 values

Method MAD = SD/ppm MAD = SD/ppm
TMS-only 0.14 £ 0.16 4323
Internal-scaling 0.11 +0.14 1.2+1.7
External-scaling 0.11 £ 0.14 1.5+1.8
External-scaling 1.5+2.0

(**C sp®/sp® separated)

This journal is © The Royal Society of Chemistry 2025
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internal dataset and thus is not suitable for experimental data-
sets consisting of only a few values. It has been primarily
applied to discriminate diastereomers using the differences
between multiple calculated data sets, such as in Goodman’s
DP4 approach, where absolute accuracy is not the goal.

External scaling of § (all hybridisations). Scaling factors for
MSTs can also be generated from an independent experi-
mental study on a suite of sensibly diverse chemical structures,
(referred to as “external-scaling” in Table 3) as described by
Tantillo et al.*> These should be robust to a wider range of
chemical space and should be used when there are too few
datapoints for reliable internal-scaling. However, these exter-
nal scaling factors must then be calculated for the entire suite
of diverse experimental molecules, using the same compu-
tational method that is used for the compounds of interest in
any given study. In this report the DFT calculations (using the
method above: mPW1PW91/6-311 g(d,p) with implicit solvent
model (IEFPCM) for DMSO or chloroform) were therefore per-
formed for an independent DFT dataset of 40 "H and 45 **C
chemical shifts from 23 molecules previously reported by
Pierens for this purpose®® and derived from experimental data
reported by Gottleib et al. and Fulmer et al. which contain
chemical shifts measured in a range of solvents including
CDCl; and DMSO-d6.>”*®* The application of the resulting
external-scaling factors achieved a significant improvement in
accuracy relative to the use of TMS-only scaling (Table 3: 'H:
0.11/0.14 ppm; “*C: 1.5/1.8 ppm) and only slightly lower than
that achieved with the overfitted internal scaling method.

External scaling of & (separated hybridisations). A fourth
approach can be considered, based on the recommendation of
Tantillo et al. to separate the treatment of sp®/sp® **C chemical
shifts for the generation of scaling factors. However, the rela-
tively narrow range of chemical shifts for sp®> (~70 ppm) and
sp> carbons (~100 ppm) in the Pierens dataset makes the
slopes of these plots less reliable (effectively an underfitting to
the experimental dataset). This is seen in the slight reduction
in accuracy for this (“external-scaling (**C sp*/sp’ separated)”)
methods in Table 3 (**C: 1.5/2.0 ppm).

One can conclude from these four tests, that the external
scaling approach is relatively robust, but where sufficient
experimental data is available in order to avoid overfitting,
then the internal scaling approach will offer slight improve-
ments in accuracy in some cases.

Conclusions

A dataset of 'H (332) and '*C (336) NMR chemical shifts and
"Tun (300) and "Jey (775) scalar coupling constants for four-
teen relatively complex organic molecules have been measured
experimentally and assigned, with any assignment ambiguities
noted. The 3D structures and rigidity of each molecule were
established by MM and DFT calculations, and rigid portions of
the molecules were identified to establish a benchmarking
subset of these NMR parameters that are suitable for compari-
son of computed and experimental values. This benchmarking
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dataset were demonstrated in the validation and benchmark-
ing of the mPW1PW91/6-311 g(d,p) DFT functional and basis
set combination. This provides a clear description of the accu-
racy (with respect to experiment) of the DFT-calculated coup-
ling constants taken directly from the calculation, and allows a
comparison of scaling methods for DFT-calculated magnetic
shielding tensors to produce isotropic chemical shifts.
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