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ABSTRACT: We previously developed a reliable method for
multiparametric scaling of Fermi contacts to achieve fast and accurate
prediction of proton−proton spin−spin coupling constants (SSCC) in
1H NMR. We now report that utilization of NBO hybridization
coefficients for carbon atoms in the involved C−H bonds allows for a
significant simplification of this parametric scheme, requiring only four
general types of SSCCs: geminal, vicinal, 1,3-, and long-range
constants. The method is optimized for inexpensive B3LYP/6-
31G(d) molecular geometries. A new DU8 basis set, based on a
training set of 475 experimental spin−spin coupling constants, is
developed for hydrogen and common non-hydrogen atoms (Li, B, C,
N, O, F, Si, P, S, Cl, Se, Br, I) to calculate Fermi contacts. On a test set
of 919 SSCCs from a diverse collection of natural products and
complex synthetic molecules the method gave excellent accuracy of 0.29 Hz (rmsd) with the maximum unsigned error not
exceeding 1 Hz.

■ INTRODUCTION

Fast and accurate computations of the proton−proton spin−
spin coupling constants (SSCC) for predicting NMR spectra
have been challenging, yet there has been growing consensus
that the Fermi contact (FC) mechanism dominates nuclear
spin scalar couplings.1 As FCs are easy to compute, Bally and
Rablen2 have developed a simple single parameter linear scaling
of Fermi contacts, which can be used to get reasonably accurate
estimates of SSCCs. Recently, we have proposed that
parametric scaling of Fermi contacts should be based on a
more detailed selection and individual parametrization of a
representative set of SSCC “types” defined by connectivity and
hybridization (for example, geminal sp2, or vicinal sp2−sp3,
etc.), i.e., not unlike the parametrization (force fields) in
molecular mechanics.3 We termed this approach relativistic
force field. It was shown that with a modest Linux cluster, NMR
spectra can be predicted within 1 h for the majority of organic
molecules with accuracy fully adequate for an unambiguous
stereochemical assignment in most cases.
Further analysis indicated that the scaling of FCs in various

representative SSCC types is generally affected by the
hybridization state4 of the carbon atoms bearing the involved
hydrogens. This observation is not unprecedented: a paper by
Weinhold, Markley, and co-workers5 on natural J-coupling
analysis, i.e., the interpretation of scalar J-couplings in terms of
natural bond orbitals (NBOs), provided additional under-
standing of the nuances of applying Weinhold’s NBO analysis6

to the evaluation of Fermi contacts. We hypothesized that the

range of SSCC types in the relativistic force field para-
metrization scheme can be limited to 2J, 3J, 4J, and NJ (i.e.,
geminal, vicinal, 1,3-, and other long-distance) if the parametric
equation for each of the four types were to include corrections
for the hybridization state of the carbon atoms in the involved
C−H NBOs. In this paper, we report the development of such
streamlined relativistic force field for parametrization of Fermi
contacts, which involves only four general SSCC types scaled
using both empirical scaling parameters and the NBO
hybridization coefficients. All computations are carried out at
a minimalist level of the density functional theory (DFT) to
accelerate NMR predictions without compromising the
accuracy.

■ RESULTS AND DISCUSSION

Parametric Scheme and Training Set. As in the previous
work,3 our training set of experimental proton spin−spin
coupling constants was assembled using data available in the
literature and the spectral database of organic compounds by
AIST, Japan.7 Optimization of the basis sets for hydrogen and
non-hydrogen (Li, B, C, N, O, F, Si, P, S, Cl, Se, Br, I) atoms
was carried out in an iterative procedure to optimize the
accuracy of SSCC computations. Each of the four SSCC types
was calculated by scaling of the computed FCs via the following
parametric equation

Received: March 18, 2015
Published: April 17, 2015

Article

pubs.acs.org/joc

© 2015 American Chemical Society 5218 DOI: 10.1021/acs.joc.5b00619
J. Org. Chem. 2015, 80, 5218−5225

pubs.acs.org/joc
http://dx.doi.org/10.1021/acs.joc.5b00619


= + + +J c HF c F c H c1 2 3 4 (1)

where H = hA hB, i.e., the product of the (p- to s-) hybridization
ratios for the involved carbon orbitals, computed with the NBO
program8 as implemented in Gaussian 09 computational
package; F is the computed Fermi contact; and c1−c4 are
empirical coefficients optimized via multivariate regression
analysis. In addition to the hybridization p-coefficients, hA and
hB, we initially considered including the NBO second-order
perturbation energy, E(2), into the multivariate regression
analysis as a variable for scaling of FCs. The second-order
perturbation energy was central to Weinhold’s discussion of
“how J-coupling, or rather the transfer of spin density, is related
to spin hyperconjugative delocalization (by means of second
order perturbation analysis)...”.5 However, we found little
evidence for improvement of FCs scaling with E(2) inclusion:
the Student’s t test values for the respective coefficient in the
multivariate expression were very low (<1). This, in fact, made
perfect sense because, according to Weinhold, Fermi contacts
are dominated by these interactions whereas our task was to
identify the NBO elements which do not dominate the FCs but
rather help correct for other (missing) contributors to SSCCs,
such as dia- and paramagnetic components of spin−orbit
coupling.9

The optimization employing the four-parameter multivariate
expression (eq 1) for each of the four types was carried out on
the training set of 475 experimental constants until the accuracy
(rmsd) of the calculations reached 0.2 Hz. The optimized basis
set, which we term DU8, is described in the Supporting
Information. The objective of this work was to develop a fast
and reliable method for SSCC computations. As a starting point
in the basis set optimization for heavy atoms we used a very
inexpensive 4-21G basis set for carbons; 3-21G* for Si, S, P, Cl,
Se, Br, and I; and finally, 6-31G(d) for Li, Be, B, N, O, and F.
The use of a light basis set resulted in a considerable
acceleration of Fermi contact calculations while maintaining
the accuracy of their scaling to model SSCCs. For example,
calculations of Fermi contacts for a large molecule such as
ginkgolide B10 (C20H24O10, for the structure see Figure 3) took
less than 15 min on a single 16-core Linux node resulting in an
rmsd of 0.17 Hz for the set of six available experimental
constants.
Table 1 summarizes the optimized c1−c4 scaling coefficients

for the four SSCC types. Because this parametrization approach
is inherently associated with the optimized basis set, we use the

term DU8 interchangeably as a reference to both the basis set
and the entire method of computing the SSCCs.
This 13-parameter relativistic force field (rff) performs very

well as we will demonstrate below using an extensive test set of
polycyclic natural and synthetic products. Experimental 1D
proton NMR spectra of nine natural products from our original
test set3 were augmented in this study with an additional 55
spectra of complex natural products for which accurate
experimental SSCCs were published. We have requested and
received raw digital NMR data files for 14 of these structures
directly from the colleagues who reported their synthesis or
isolation. This allowed for careful line fitting to extract accurate
spin−spin coupling constants.11 Eleven in-house-synthesized
polyheterocycles were added to ensure that each of the four
SSCC types is represented by a large subset of experimental
constants, bringing the total number of experimental test
SSCCs to 919. The range of the magnitudes of these SSCCs in
the experimental test set is also of importance. The average
value for a constant in the test set was 7.3 Hz, with the size
distribution histogram shown in Figure 1. With the B3LYP/6-

31G(d) molecular structures, DU8 basis set, and the parametric
coefficients listed in Table 1 we obtained promising results,
with an rms value of 0.285 Hz (standard deviation 0.283 Hz).
All deviations from the experimental data were within the
interval of −0.83 to +0.98 Hz. Figure 2 shows a tight Gaussian-
like distribution of the unsigned errors, attesting to the high
fidelity of the method.

Test Set Performance. Table 2 compares the performance
of our first-generation multiparametric relativistic force field
(with DU4 basis) and the second-generation rff described in
this work, i.e., the streamlined 13-parameters DU8 method. It is
clear that the second-generation method performs well if not
better than the previous one while using a smaller set of
parameters for only four parametric types. This is reassuring as
it implies that the hybridization correction is likely to be a

Table 1. Parametric Coefficients c1−c4 for Each of the Four
Types of SSCCs

aTerms weighted by c1 (for
4J and NJ) and c3 (for

NJ) were eliminated
from the parametric scaling scheme due to the low Student’s t test
values.

Figure 1. Size distribution of 919 experimental SSCCs in the test set.
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general approach to improve the accuracy of scaling of the
Fermi contacts without the need for numerous parametric
corrections for a variety of new structural and hybridization
subtypes.
Table 3 shows the rmsd’s and maximum errors for an

additional 55 natural and synthetic products in the test set. For
details, refer to the Supporting Information.
Conformationally Flexible Systems, J-Fitting. The

treatment of conformationally fluxional systems, where an
ensemble of rapidly interconverting conformers contribute to
the NMR spectrum, normally involves conformer averaging
based on their relative computed energies. This approach is
generally applicable to molecules weakly interacting with
solvents and also special cases where conformational changes
do not cause significant changes in SSCCs. However, the
accurate relative energies, obtained with high levels of theory,

ZPE corrections, and various PCM models, exact heavy toll on
the computational time while often delivering very little help in
obtaining accurate prediction of SSCCs, especially in the cases
of intramolecular hydrogen bonds competing with H-bonding
to solvent. An error of 1 kcal/mol in relative energy calculations
may alter the conformer ratio of 70:30 into 30:70. We assert
that a practical compromise is not to waste time on the high
end energy computations but rather fit the experimental spectra
by mixing the computed SSCCs of individual conformers to
reproduce experimental NMR spectra (J-fitting) and sub-
sequently compare the weighting coefficients to those obtained
with the inexpensive DFT energies. Only egregious energy
outliers should be subjected to additional scrutiny. In our
experience, such J-fitting of two or more potential candidate
structures, each represented by several conformers to reproduce
experimental spectra, in most cases resulted in the identification
of the actual structure based both on the overall quality of
prediction as expressed by the rmsd value and on the analysis of
individual mismatched constants.
Table 4 illustrates this point with the examples of complex

natural products which are well described by only two
equilibrating conformers. Two conformers of tetrapetalone A-
Me aglycon, first entry in the table (for structure see Figure 3),
are approximately 0.8 kcal/mol apart by B3LYP/6-31G(d),
which corresponds to a 78:22 ratio resulting in a 0.24 Hz rmsd
match of SSCCs with experimental spectrum. Direct J-fitting of
the calculated spectrum requires a 85:15 ratio and gives a
slightly better value of rmsd (0.23 Hz). The fitted ratio
corresponds to a 1.0 kcal/mol conformational energy difference
between the two conformers, which is within a small ΔΔE ∼
0.2 kcal/mol energy adjustment required to reconcile the two
approaches. Clearly, this is the case where both schemes for
weighing the conformers give very similar results.
Nonetheless, this energy “discrepancy,” ΔΔE, increases

down the table, reaching >2 kcal/mol for hawaiinolide A (the
proton NMR spectrum is taken in acetone-d6). When the
conformers were mixed using J-fitting we obtained an excellent
rmsd of 0.22 Hz for the nearly 1:1 (i.e., energy degenerate)
conformers content. In contrast, the computed DFT energy
difference of 2.1 kcal/mol corresponded to a 97:3 conformer
ratio and resulted in a poor rmsd value exceeding 1 Hz, with an
unacceptably high maximum deviation of 3.3 Hz. As there are
spin−spin coupling constants which change considerably in this
conformational equilibrium, we are confident that the mixing of
accurately computed SSCCs gives a more realistic picture of the
ratio of conformers in acetone, where hydrogen bonding of
hawaiinolide’s hydroxyl group to the solvent could be
reasonably expected to change the computed gas-phase
energetics by a few kcal/mol.
Error associated with the J-fitting procedure depends on the

dynamic range of SSCCs. The error increases for the
conformers with very similar SSCCs which do not vary much
as a result of conformational change. We assert that for systems
exhibiting reasonably large changes in SSCCs, the J-fitting
procedure could offer significantly more accurate indirect
energy estimates for conformers equilibrating in solutions, than
any of the existing high-end direct energy computations.

Relative Conformer Ratios by Higher Level of DFT
Theory. The relative content of equilibrating conformers is an
important general issue because conformational flexibility
manifests itself even in the cases of rigid polycyclic structures.
One instructive example of this is penicilleremophilane B, a
sesquiterpene from the soil fungus Penicillium copticola reported

Figure 2. Unsigned error histogram for the test set. Red line shows a
Gaussian distribution with σ = 0.285 Hz for comparison.

Table 2. Comparison of DU43 and DU8 (This Work) for a
Subset of Nine Natural Products

this work
(DU8 basis)

ref 3
(DU4 basis)

rmsd mue rmsd mue Na refb

ginkgolide B 0.17 0.22 0.21 0.34 6 10
oxachamigrene 0.22 0.48 0.27 0.44 16 12
chloranthalactone A 0.32 0.56 0.32 0.67 10 13
strychnine 0.16 0.41 0.19 0.48 27 14
aquatolide 0.28 0.59 0.23 0.52 9 15
perforatol 0.27 0.46 0.29 0.50 8 16
isopalhinine A 0.24 0.53 0.24 0.44 27 17
morphine 0.19 0.43 0.24 0.51 16 18
dichomitolc 0.23 0.40 0.24 0.57 17 19
aNumber of experimental SSCCs. bReferences for experimental
SSCCs. crmsd and mue for dichomitol are improved due to the
revision of one experimental syn-vicinal cyclobutyl constant based on
second-rder simulation of the spectrum provided by Wei.
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by the Rukachaisirikul group64 (see Figure 3). Even in its
octahydronaphthalene core, which is additionally rigidified by a
two atom oxamethylene bridge, the chair conformation of the
ring A is in equilibrium with two contributing twisted boat
conformations. Furthermore, the rotatable isopropenyl group
adds three conformations resulting in a total of 3 × 3 = 9
conformers. Normally we identify most stable conformers by
force field (Sybyl) energy estimate and limit their number to a
few which lie within ∼5 kcal/mol of the lowest energy
conformer. In this particular example, for completeness we have
performed geometry optimizations at two levels of theory:

Table 3. Additional Natural Products in the Test Set

compd RMSDa MUEa Nb refc compd RMSDa MUEa Nb refc

affinisine oxindole 0.41 0.81 15 20 oxocrinine 0.39 0.79 11 21
alstoscholarisine A 0.29 0.58 11 22 oxycodone 0.47 0.53 9 23
alstoscholarisine E 0.17 0.35 10 22 pannosane 0.27 0.48 5 24
Banwell−cmpd 24d 0.36 0.86 25 25 penifulvin Ad 0.23 0.52 12 26
bielschowskysin 0.32 0.56 14 27 physangulidine D 0.35 0.69 26 28
botryosphaerin F 0.39 0.56 7 29 physangulidine G 0.43 0.75 9 28
cornolactone Bd 0.17 0.35 10 30 pyrenolide D 0.24 0.47 7 31
cyanosporaside A 0.31 0.56 5 32 quassinoid compd 10 0.40 0.63 9 33
dehydroleuconoxined 0.41 0.82 25 34 quassinoid compd 6 0.23 0.31 3 33
echinopine A 0.29 0.54 15 35 salvileucalin Dd 0.24 0.56 10 36
eurifoloid C 0.35 0.70 6 37 salvipuberulind 0.37 0.98 9 36
eurifoloid F 0.35 0.83 9 37 securinine compd 20 0.34 0.58 8 38
eurifoloid M 0.31 0.61 10 37 Shea compd 33d 0.23 0.59 7 39
ganodermalactone G 0.15 0.27 8 40 Sieburth compd 18 0.18 0.41 13 41
gelsemine 0.16 0.27 15 42 sorazinone A 0.24 0.32 4 43
hawaiinolide A 0.22 0.50 10 44 sinensilactam A 0.41 0.91 11 45
hawaiinolide B 0.39 0.79 9 44 sporol 0.26 0.49 4 46
hexacyclinol 0.36 0.79 9 47 strepsesquitriol 0.11 0.15 9 48
isosalvipuberulin 0.13 0.34 11 36 striatoid Bd 0.17 0.39 11 49
isoschizogamine 0.32 0.73 26 50 striatoid Cd 0.29 0.61 14 49
lepistine (first rotamer)d 0.29 0.41 6 51 striatoid Ed 0.26 0.48 13 49
leuconodine B 0.33 0.81 15 52 talaperoxide C 0.28 0.45 16 53
lundurine B 0.37 0.66 20 54 tetrapetalone A Me aglicond 0.24 0.42 8 55
maoecrystal V 0.34 0.71 6 56 trichocladinol D 0.28 0.57 6 57
N,O-dimethyloxostephined 0.19 0.46 7 58 trichocladinol E 0.35 0.58 6 57
nardoaristolone B 0.20 0.22 7 59 tronoharined 0.31 0.99 29 60
nocardioazine A 0.23 0.55 20 61 wenyujinin Hd 0.30 0.61 12 62
nominine 0.21 0.40 16 63

aValues are in hertz. bNo. of experimental SSCCs. cReferences for the experimental SSCC data. dDigital NMR data files are provided by authors.

Table 4. Two-Conformer Mixing by J Fit vs DFT Energy

mixing % ratio RMSD ΔE ΔΔE

tetrapetalone A-Me aglycon J fit 85:15 0.23 1.0 0.2
DFT 78:22 0.24 0.8

alstoscholarisine A J fit 77:23 0.29 0.7 0.5
DFT 57:43 0.36 0.2

alstoscholarisine E J fit 91:9 0.17 1.4 0.9
DFT 70:30 0.52 0.5

hawaiinolide A J fit 46:54 0.22 0.1 2.0
DFT 97:3 1.06 2.1

Figure 3. Structures of selected natural products (see Tables 4 and 5).
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B3LYP/6-31G(d) and B3LYP/6-311++G(2d,2p) for all nine
conformers and augmented these results with vibrational
analysis to introduce thermal free energy corrections. Con-
formers are then “mixed” according to their calculated fractions.
The rmsd values for SSCCs computed using all these weighting
coefficients derived from increasingly sophisticated levels of
DFT theory are summarized in Table 5.
The J-fitting procedure for penicilleremophilane B,

C15H20O3, using DU8-calculated SSCCs gave an rmsd of 0.31
Hz (mue = 0.58 Hz). Geometry optimization [B3LYP/6-
31G(d)], computations of Fermi contacts (DU8), and isotropic
components of the magnetic shielding tensors [GIAO,

mPW1PW91/6-311+G(d,p)] took on average 4.3 h of CPU
time per conformer, which corresponds to less than 17 min of
computational (wall) time on a 16-core Linux node.65

However, the quality of predicted SSCCs plunged when the
relative conformer weighting was based on their B3LYP/6-
31G(d)//B3LYP/6-31G(d) energies: rmsd ∼0.67 Hz (mue =
1.32 Hz).
By using increasingly more expensive levels of theory, the

quality of conformer mixing was somewhat improved to rmsd
∼0.47 Hz (mue 1.06 Hz). However, this was achieved with
additional 24 h of CPU time required to obtain B3LYP/6-311+
+G(2d,2p)//B3LYP/6-311++G(2d,2p) energy and another 33
h of CPU time to introduce the thermal free energy correction.
Thus, the total running wall time per conformer was increased
from under 17 min to more than 4 h, and yet, the rmsd of 0.31
Hz obtained by J-fitting was not achieved.
Another instructive example is penifulvin A (C15H20O4)

26

with an ostensibly inflexible [5.5.5.6]fenestrane core and no
rotatable bonds, Figure 3. B3LYP/6-31G(d) computations
show that it has four interconverting conformers lying within
1.8 kcal/mol and that several large spin−spin coupling
constants vary significantly as a result of this conformational
flexibility. The largest variation, in the interval from 0.6 to 13.9
Hz, is exhibited by one of the trans constants in the
unsubstituted dimethylene moiety. This large dynamic range
requires the inclusion of all four conformers into the averaging
scheme in order to predict the SSCCs accurately. The J-fitting
procedure for penifulvin A yielded an excellent rmsd of 0.23 Hz
(mue = 0.52 Hz). This accuracy was not reproduced when the
ratio of conformers was calculated based on their relative DFT
energies. Even with a better B3LYP/6-311++G(2d,2p)//
B3LYP/6-311++G(2d,2p) geometry and thermal free energy
correction, the SSCCs were not quite as accurate (rmsd = 0.26
Hz). The value of 0.26 Hz is, of course, perfectly acceptable.
However, there was a heavy computational cost in addition to
the original 8.4 h of CPU time needed for DU8 computations:
the higher level of theory required extra 67 h of CPU time per
conformer.
Similar results were obtained for a larger molecule,

hawaiinolide A, C20H26O4, Figure 3. DU8 with J-fitting resulted
in an excellent rmsd of 0.22 Hz (mue = 0.5 Hz) in less than 45
min of computational (wall) time for each of the two lowest
energy conformers. However, with much more expensive
B3LYP/6-311++G(2d,2p)//B3LYP/6-311++G(2d,2p) ener-
gies and thermal free energy corrections, obtained with
additional ∼11 h of computational (wall) time, we nonetheless
failed to achieve rmsd of 0.22 Hz. As the last entry in Table 5
illustrates, these much more accurate energies for conformer
mixing yielded inferior rmsd of 0.34 Hz (mue = 0.77 Hz).
Application of a polarized continuum model (IPCM, not
shown) to account for solvent did not improve the quality of
conformational mixing either.
What is very instructive in these examples is that the energy

corrections, ΔΔE, needed to reconcile the J-fitting procedure
and the conformational averaging based on DFT energies are
rather small, 1−2 kcal/mol, Table 5. These values are barely
within the accuracy of gas-phase computations and beyond the
accuracy of solution PCM models. Again, we would argue that a
more practical approach to conformational averaging is to use J-
fitting as the primary tool, with a subsequent cursory analysis of
the energy corrections needed to reconcile the inexpensive
B3LYP/6-31G(d)//B3LYP/6-31G(d) energies with the J-
fitting results. This post factum inspection should be calibrated

Table 5. Quality of SSCC Prediction As a Function of
Conformer Ratios Computed at Different Levels of DFT
Theory

DFT theory level for rel
energy rmsda mueb <ΔΔE>c ΔΔEmaxd

CPU
timee

penicilleremophilane B, C15H20O3

b3lyp/6-31G(d)
geometry:

(J-fitting) 0.31 0.58 4.3
B3LYP/6-31G(d) 0.67 1.32 0.5 1.1
B3LYP/6-31G(d) +
TFEf

0.66 1.44 0.6 1.1 (+2)

B3LYP/6-311+
+G(2d,2p)

0.52 1.06 0.5 1.2

B3LYP/6-311+
+G(2d,2p) + TFEf

0.50 1.11 0.6 1.4 (+33)

b3lyp/6-311G+
+(2d,2p) geometry:

B3LYP/6-311+G(2d,2p) 0.51 1.06 0.5 1.1 (+24)
B3LYP/6-311+G(2d,2p)
+ TFEf

0.47 1.06 0.6 1.3 (+33)

penifulvin A, C15H20O4

b3lyp/6-31G(d)
geometry:

(J-fitting) 0.23 0.52 8.4
B3LYP/6-31G(d) 0.47 1.57 0.6 1.7
B3LYP/6-31G(d) +
TFEf

0.68 2.16 0.8 2.2 (+2)

b3lyp/6-311G+
+(2d,2p) geometry:

B3LYP/6-311+G(2d,2p) 0.54 1.73 0.6 1.8 (+32)
B3LYP/6-311+G(2d,2p)
+ TFEf

0.26 0.6 0.7 2.1 (+35)

hawaiinolide A, C20H26O4

b3lyp/6-31G(d)
geometry:

(J-fitting) 0.22 0.50 11.7
B3LYP/6-31G(d) 0.37 0.71 1.9 1.9
B3LYP/6-31G(d) +
TFEf

0.35 0.83 1.0 1.0 (+5)

b3lyp/6-311G+
+(2d,2p) geometry:

B3LYP/6-311+G(2d,2p) 0.39 0.73 2.2 2.2 (+85)
B3LYP/6-311+G(2d,2p)
+ TFEf

0.34 0.77 0.8 1.4 (+93)

armsd on calculated and experimental SSCCs, Hz. bMaximum
unsigned error on SSCCs, Hz. cAverage energy adjustment per
conformer in kcal/mol required to reconcile the conformers ratios
obtained from J-fitting vs the DFT energies. dmaximum energy
adjustment. eCPU time in hours, average per conformer; (extra time,
needed for the higher level computationsand frequency jobs are shown
in parentheses). fthermal free energy correction from the frequency
job.
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for the reported accuracy of the energy method, triggering
concerns only for the obvious ΔΔE outliers.
Spin−spin Coupling Constants Are Critical for

Reliable Structure Assignments. Spin−spin coupling
constants carry a wealth of structural information and thus
are by far more important than the proton chemical shifts in
matters of structural assignment (and misassignment).
Arguably, there have been quite a few reported structural
misassignments which could have been avoided if the spectra of
the isolated natural products were analyzed using the accurate
computed SSCC values. As a recent example, the originally
proposed structure of artabonatine A66 was corrected by
Cuny67 (Figure 4a), who synthesized both syn- and anti-isomers
of it and showed that the critical spin−spin coupling constant
JAB for the misassigned anti structure was 13.2 Hz, whereas in
the actual natural product (syn) this constant was 7.5 Hz. Our
computations matched both structures very well (computed
values for JAB were 13.6 Hz for the anti and 7.4 Hz for the syn
isomer).
Another example is the recent structural correction of

tronoharine by Kam60 (Figure 4b). This is a particularly
difficult case for the initial assignment as both misassigned and
the corrected structures have the same set of geminal and
vicinal proton fragments, forming separate spin groups. Our
computations resulted in an excellent match with the
experimental spectrum of the revised structure, graciously
provided by Kam, with rmsd of 0.31 Hz over 29 accurately
measured experimental SSCCs, Table 3. Attempts to reproduce
the experimental data with the misassigned structure yielded
unsatisfactory rmsd > 3 Hz.
As computations for each individual conformer of

tronoharine, C21H24N2O2, took under 45 min of running
(wall) time on a single 16-core Linux node, the DU8 method
offered a very practical and expeditious access to tronoharin’s
accurate proton NMR spectrum. Such computations could be
readily justified as a sensible alternative to the synthetic
attempts toward the misassigned structure of tronoharine,
which seem to continue well into 2015.68

■ CONCLUSIONS

The second-generation relativistic force field parametrization
method DU8 is developed for scaling of Fermi contacts to
compute accurate proton spin−spin coupling constants. It
utilizes a smaller (13) parameter set and NBO hybridization
corrections to reliably achieve rmsd ∼0.2−0.4 Hz in predicting
SSCCs. As the basis set optimized for computing Fermi
contacts evolved from an inexpensive collection of 3-21G*, 4-
31G, and 6-31G(d) bases, short computational (wall) times of
30−45 min per conformer are achieved on a 16-core node of a
Linux cluster for organic molecules containing 15−20 carbon

atoms. This computational time includes geometry optimiza-
tion and calculations of proton chemical shifts (approximately
70% of total computational time). Shortening of the computa-
tional time per conformer without sacrificing the accuracy of
computations is critical for fast and accurate predictions of
NMR spectra in conformationally flexible organic structures
where averaging is necessarily performed over an ensemble of
conformers.
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