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Modeling of NMR spectra and signal assignment
using real-time DFT/GIAO calculations*
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An automated algorithm for fast quantum chemical modeling of NMR spectra within the
framework of the density functional theory was developed. High accuracy of calculations of
NMR parameters achieved for various classes of organic compounds including heterocyclic
compounds, carbohydrates, steroids, and peptides is comparable with the accuracy of experi-
mental determination. The efficiency of computing the NMR chemical shifts using the high-
performance PBE/PRIRODA method was demonstrated.

Key words: NMR spectroscopy, density functional theory, GIAO, B3LYP and PBE
functionals, signal assignment, chemical shift calculations, heterocyclic compounds, carbo-

hydrates, steroids, Cyclosporin A.

NMR spectroscopy is a key structural method in mod-
ern organic chemistry. It is widely used at present for struc-
ture elucidation, investigations of the reactivity and
mechanisms of reactions involving organic molecules.1—3
The key role of NMR spectroscopy in structure determi-
nation and in studies of the dynamics of biomolecules is
commonly recognized in biochemistry, biology, and phar-
macy.4—7 The development of new instrumental methods
has made possible structural studies of rather complex
molecular systems including ionic liquids,® melts,? polyme-
ric19=12 and crystalline materials,!3:14 as well as nano-
scalel3:16 and supramolecular systems.1’—1% Homo- and

* Dedicated to Academician V. N. Charushin on the occasion of
his 60th birthday.

heteronuclear NMR spectroscopies are key methods in
catalysis,20-21 development and optimization of industrial
technologies.22:23

A necessary step in the interpretation of results of
spectroscopic measurements is the assignment of signals
observed in the NMR spectra. A vast variety of multi-
dimensional NMR techniques and a number of special
approaches have been developed to solve this problem.!—7
Recently, quantum chemical calculations of NMR chemi-
cal shifts have been widely used for signal assignment.24—27
Calculations within the framework of the density func-
tional theory (DFT) in the GIAO (Gauge Including
Atomic Orbital) approximation ensure an optimum
computational cost/accuracy ratio and are most often
used.24-27
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In this connection, a joint analysis of experimental
and calculated NMR chemical shifts is undoubtedly a con-
venient additional procedure for NMR studies of complex
systems and for assignment of signals in the NMR spectra.
Rapid increase in performance of personal computers
allows NMR parameters to be determined from quan-
tum chemical calculations that take a relatively short time
comparable with the acquisition time of the 1D and
2D NMR spectra. Thus, all necessary prerequisites for
making a complex experimental and theoretical analysis
of NMR spectra a routine tool in chemical research are
deployed.

In this work, we describe an automated algorithm
for quantum chemical modeling of NMR spectra. The
aim of the algorithm is to perform signal assignment
and to determine the molecular structures of organic
compounds. The efficiency of the algorithm proposed
was tested on a number of organic molecules of different
complexity.

Experimental

'H and 13C NMR spectra were recorded on a Bruker Avance
NMR spectrometer operating at 600 (‘H) and 150.9 (13C) MHz
in DMSO-dg. The chemical shifts in the NMR spectra were
calibrated against the residual signals of the solvent used as in-
ternal reference. The signals in the experimental NMR spectra
were assigned using the 2D techniques including COSY, NOESY,
HSQC, and HMBC.

Geometry optimizations were carried out with the Gaussian
program?8 by the B3LYP method?®—3! in the 6-31G* basis
set.32:33 The shielding constants were calculated in the GIAO
approximation34—3¢ by the B3LYP method with the 6-311G(2d,p)
basis set.37-3% Density functional calculations with the
PRIRODA-06 program were performed using the PBE func-
tional in the 3z split-valence basis set (for both geometry optimi-
zation and in the GIAO approximation) with the expansion of
the electron density over an auxiliary basis set.3%40 Calculations
were carried out on a personal computer with an Intel Core 2
Quad processor (clock speed 3.0 GHz). Visualization of the
molecular structures was done with the MOLDEN graphic
software.41

To compare the calculated and experimental chemical shift
values, they should be transformed to a unified scale. This was
done by performing calculations for the reference compound
and the compound under study using the same method. The
final values of the calculated chemical shifts of the compounds
under investigation (3,.) were determined from the expression

— * 0
6calc - 6*st -39 sub +39 sto

where §* is the calculated chemical shift of the reference com-
pound, &*y,, is the calculated chemical shift of the substance
under study, and &%, is the chemical shift assigned to the refer-
ence compound. Problems concerning the choice of optimum
reference compounds for quantum chemical calculations of the
NMR chemical shifts have been documented.4243 The accuracy
of the calculations of the 3C NMR chemical shifts was deter-
mined as the average of absolute values of the differences be-

tween the experimental and calculated chemical shift values.
The correlation coefficient calculated using the linear regression
equation Y(X) = A + B- X for a correlation of the experimental
and calculated chemical shift values. Correctness of the applica-
tion of the linear regression equation for comparing the experi-
mental and calculated values of the NMR chemical shifts was
discussed earlier.#4

Results and Discussion

To carry out quantum chemical modeling of NMR
spectra based on the structural formula, an ad hoc algo-
rithm was developed (Fig. 1), which involves the follow-
ing steps: I) transformation of the structural formula to
a three-dimensional molecule; 2) molecular geometry
optimization; 3) calculations of the NMR chemical shifts;
4) search for magnetically equivalent nuclei and averaging
of the chemical shifts; and 5) plotting the NMR spectrum
using the calculated parameters.

The structural formula was transformed (step I, see
Fig. 1) using the algorithm of complete inclusion of pos-
sible geometric and steric factors implemented in the Con-
former plugin of the Marvin software package.4> This
algorithm enables generation of molecular structures with
complete analysis of the carbon skeleton, functional groups
and heteroatoms, geometric isomers, and asymmetric cen-
ters. If the molecule contains an asymmetric center
(Fig. 2, a), one enantiomer is chosen automatically and
the results of calculations of the NMR spectrum are inde-
pendent of the configuration of the stereocenter. If the
molecule contains two and more asymmetric centers
(Fig. 2, b), the configuration specified in explicit form is
exactly used by the molecular structure generation algo-
rithm. The first step is completed by refinement of the 3D
model by the molecular mechanics method.

Geometry optimization of the 3D molecular model thus
constructed (step 2, see Fig. 1) is carried out within the
framework of the DFT by the B3LYP/6-31G(d) method
which correctly reproduces the geometric parameters of
a large number of chemical compounds at a reasonable
computational cost.46:47 Acceptable accuracy of the de-
termination of geometric parameters can also be attained
using the PBE/TZ2p method with much lower computa-
tional cost.

The NMR chemical shifts are calculated by the
B3LYP/6-311G(2d,p) and PBE/TZ2p methods in the
GIAO approximation (step 3, see Fig. 1). In particular,
a good accuracy (of the order of a few ppm) was attained
for the NMR spectra of heteroniclei?4—27 when the input
task for the chemical shift calculations in this approxima-
tion was prepared manually.

A necessary step in modeling experimental NMR spec-
tra is the search for magnetically equivalent nuclei and the
averaging of the calculated chemical shift values taking
into account the conformational flexibility of molecules
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Fig. 1. General algorithm for automated quantum chemical modeling of NMR spectra as applied to the penicillin molecule.

(step 4, see Fig. 1). This step was done using the Topology
Analysis plugin of the Marvin software,45 and also in-
volves a correction of the NMR signal intensities.

In the final step, the model NMR spectrum is plotted
based on the calculated chemical shift values and expected
signal intensities (step 5, see Fig. 1). A convenient graphic
representation of NMR spectra is provided by the xyz2jmod
program.48

All steps described above were successfully automated
within the framework of a common algorithm and the
prediction accuracy of NMR spectra was tested on a num-
ber of organic molecules of different complexity. As the
first example, Table 1 lists the calculated 13C NMR chemi-
cal shift values obtained using the B3LYP and PBE
functionals, as well as the corresponding experimental values
given for comparison. The penicillin molecule containing

a
Me
OH /
Me —
(0]
Me
b
Me - R) ;
(s Me e
Me (R
HO

Fig. 2. Generation of the 3D structures of the molecules containing one asymmetric center (configuration not specified) and three
asymmetric centers with a specified configuration taking 2-[4-(2-methylpropyl)phenyl|propane acid (a) and (1R,2S,5R)-5-methyl-2-
(propan-2-yl)cyclohexan-1-ol (b) as the respective examples.
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Table 1. Calculated and experimental 13C NMR chemical shift
values (ppm) for the penicillin molecule

Atom Calculations Experiment?
number® 4
GIAO-B3LYP¢ GIAO-PBE
2 73.58 76.05 64.26
3 72.33 73.78 74.04
5 76.37 77.67 66.74
6 175.51 172.15 173.32
7 57.80 59.29 57.61
8 24.53 25.05 27.51
9 31.58 32.29 31.14
10 183.18 180.00 170.00
15 166.59 165.07 170.35
16 43.23 44.61 41.41
17 137.57 137.09 136.00
18 131.26 131.06 129.03
19 129.29 128.96 128.15
20 127.56 126.76 126.37

4 Complete assignment of the signals in the spectrum was done
using the 2D COSY, NOESY, HSQC, and HMBC techniques.
b Atom numbering scheme is given in Fig. 1.

¢ Geometry optimized by the B3LYP/6-31G(d) method, the
chemical shifts calculated by the B3LYP/6-311G(2d,p) method.
4 Geometry optimization and the chemical shift calculations were
performed by the PBE/TZ2p method.

41 atoms including heteroatoms, functional groups, and
three chiral centers is a relevant test compound in quantum
chemical modeling of the NMR spectrum and a typical
example of problems in modern synthetic organic chemistry.

A comparison of the calculated and experimental
13C NMR chemical shift values shows that the algorithm
developed can be successfully used to model the NMR
spectra (see Table 1). The accuracy of the NMR chemical
shift calculations (A8 '3C) was 3.67 ppm for the GIAO-
B3LYP method (Gaussian program) and 3.73 ppm for the
GIAO-PBE method (PRIRODA program); the correlation
coefficients obtained using the linear regression equation
are 0.996 and 0.995, respectively. As should be expected,
the largest differences between the calculated and experi-
mental values were obtained for the carbon atoms C(2)
and C(5) bound to heteroatoms. The total computing time
(steps 1—35, see Fig. 1) was 6 h for the GIAO-B3LYP
method and only 30 min for the GIAO-PBE method
(starting approximations were similar). Thus, both meth-
ods provide a comparable accuracy of the chemical shift
calculations, the GIAO-PBE method being much faster.

To prove the efficiency of the automated algorithm
proposed, we calculated the '3C NMR spectra of or-
ganic compounds belonging to various classes, as well as
pharmaceuticals, steroids, and a complex bioactive com-
pound Cyclosporin A by the GIAO-PBE method. The
reference compounds were benzene with 8% = 128.5 (com-
pounds 1—9, 13—21, Table 2) and ethylene glycol with
8%, = 63.4 (compounds 10—12, see Table 2). For all
compounds studied (1—21 in Table 2), we present the
total computing times and the durations of particular steps.
The accuracy of calculations can be evaluated using the
average values of the differences between the experimental
and calculated NMR chemical shifts and the correlation
coefficients listed in Table 2.

Br
A\
N\ +
v OO
4 N-0
6

O/, \O
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The total computing time was less than 2 min for small
organic molecules (compounds 1—6, see Table 2), from
a few minutes to 30 minutes for medium-size molecules
(compounds 7—17), and about 1 h for larger molecules
(compounds 18—20). Step 2 involving optimization of
the molecular geometry (see Fig. 1) is the most time-
consuming step. It takes 81—98% of the total computing

Table 2. Total computing time (t) and the accuracy of the 13C NMR chemical shift calculations by the PBE/TZ2p method for organic
compounds 1—21

Compound Brutto formula T/min Computing time for different steps (%)? A8 13C, ppm? R

Ethylbenzene (1) CgHy ~1.6 0.35:87.79:10.80:0.71:0.35 1.3 0.999
Methacrylate (2) C4H¢0, 1.8 0.31:94.11:4.96:0.31:0.31 1.7 0.999
Cyclohexanone (3) C¢H,(O ~1.4 0.59:87.28:11.15:0.78 : 0.20 2.4 0.999
Indole (4) CgH,N 1 0.55:82.64:15.98:0.55:0.28 1.8 0.979
Benzofuroxan (5) CgHy4N,0, 1.65 0.34:87.14:11.84:0.34: 0.34 2.1 0.986
Bromonaphthalene (6) CoH;Br ~1.3 0.44:80.60:18.08:0.44:0.44 3.0 0.985
Triphenylphosphine (7) CigHsP 14 0.06:95.74:4.04:0.14:0.02 1.9 0.988
Triphenyl phosphate (8) CigH5s04P 32 0.03:97.46:2.43:0.06:0.02 2.7 0.999
Menthol (9) CoHyO 6 0.14:93.37:6.06:0.24:0.19 2.9 0.995
Fructose (10) CgH{,04 16 0.05:97.69:2.16:0.07 : 0.03 3.6 0.996
Glucose (11) CgH{,04 10 0.24:92.52:6.94:0.18:0.12 1.7 0.995
Sucrose (12) Ci,H»,0q; 29 0.03:97.97:1.97:0.02:0.01 3.8 0.967
Aspirin (13) CoHgOy 10 0.06:96.78 : 3.01:0.09 : 0.06 2.4 0.997
Paracetamol (14) CgHgNO, 11 0.05:97.64:2.16:0.10: 0.05 3.3 0.997
Analgin (15) C3H(N3NaO,S 25 0.03:96.46:3.42:0.07: 0.02 4.6 0.994

(metamizole sodium)

Penicillin (16) CH17N,;NaO,S 30 0.04:96.29:3.59:0.06:0.02 3.7 0.995
Ibuprofen (17) C3H30, 12 0.07:95.41:4.30:0.17 : 0.05 2.5 0.998
Cholesterol (18) C,7Hy60 54 0.04:96.49 :3.40:0.05:0.02 2.8 0.997
Cholic acid (19) Cy4HygO5 69 0.03:97.03:2.90:0.03:0.01 3.9 0.973
Lanosterol (20) C39H;5,0 59 0.03:95.85:4.05:0.06:0.01 34 0.997
Cyclosporin A (21) CeoH11N{; 04, 780 <0.01:97.77 :2.20: 0.02 : <0.01 3.9 0.996

% The format is stage [ : stage 2: stage 3 : stage 4 : stage 5.
b Average difference between the calculated and experimental chemical shift values for the corresponding signals.
¢ The coefficient of correlation between the calculated and experimental chemical shift values.
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time (see Table 2). The chemical shift calculations in the
GIAO approximation (step 3, see Fig. 1) take 2—18% of
the total computing time. Steps /, 4, and 5 (see Fig. 1) are
relatively fast and take at most 2% of the total computing
time (see Table 2).

The '3C NMR chemical shifts calculated for organic
molecules using this automated algorithm show a good
accuracy, viz., the deviations from the corresponding expe-
rimental values were usually about 1—3 ppm, being less
than 4 ppm even for rather large steroid systems (see Table 2).
It should be noted that the measured chemical shifts can
vary within 1—3 ppm depending on the detection condi-
tions of the 13C NMR spectra, on the concentration of the
substance under study, the temperature, and the type of
the solvent.49-30 Thus, calculations enable automated mod-
eling of 13C NMR spectra with a nearly experimental ac-
curacy. Good agreement between the experimental and
calculated values is also confirmed by the correlation coef-
ficients (see Table 2).

Calculations of a rather large Cyclosporin A (21) mol-
ecule containing 196 atoms may be treated as a rather
complex test for the algorithm presented in this work.
Cyclosporin A is a powerful immunosuppressant used in
transplantation and has been intensively studied for some
other applications.51—53

The total computing time for Cyclosporin A (21) mol-
ecule was 13 h, the average difference between the experi-
mental and calculated 13C NMR chemical shift values is
less than 4 ppm (see Table 2). Good agreement between
the experimental and calculated chemical shift values is
illustrated in Fig. 3 (correlation coefficient is 0.996).

§ 13C (GIAO-PBE)

150

100

50 |

0 L 1 L
50 100 5 13C (exp.)
Fig. 3. Correlation between the '3C NMR chemical shifts
obtained from PBE/TZ2p calculations and the experimental
values for Cyclosporin A (21) (linear regression parameters are
A=0.336 and B=1.000; R=0.996; n = 62).

Summing up, we have for the first time developed an
automated algorithm for quantum chemical calculations
of the NMR chemical shifts based on the structural for-
mula of the compound. The correctness of reproduction
of the 13C NMR chemical shifts with a nearly experimen-
tal accuracy was proved by the calculations of organic
molecules containing from 12 to 196 atoms. We found
that theoretical modeling of NMR spectra with the B3LYP
(Gaussian program) and PBE (PRIRODA program)
functionals leads to the results of comparable accuracy.
Calculations using the PBE functional were probed on
various classes of organic molecules including heterocyclic
compounds, carbohydrates, steroids, and peptides. Since
NMR chemical shifts obtained from quantum chemical
calculations are unambiguously assigned to particular
atoms in the molecule, a comparison of calculated and
experimental chemical shift values helps to assign signals
in NMR spectra. The adequacy of such an approach was
demonstrated in this work by comparing theoretical NMR
spectra with experimental NMR spectra with the known
assignments of NMR signals.

This work was financially supported by the Russian
Foundation for Basic Research (Project No. 11-03-01055).
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