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a b s t r a c t

The 13C chemical shifts of 15 pentacyclic terpenoids (fernenes) are compared to predicted 13C NMR chem-
ical shifts obtained via empirically scaled GIAO shieldings. We report that accurate (rms error approx.
1.5 ppm) predictions of 13C chemical shifts can be achieved for these fernenes through the use of scaled
shieldings calculated from GIAO theory with a relatively small basis set and on the basis of geometries
obtained from DFT calculations. The best results (considering a reasonable cost-to-benefit ratio) were
obtained from B3LYP/6-31G(d)//B3LYP/6-31G(d) computations. The chemical shifts anisotropy asymme-
try (g was included in our calculations, enhancing the correlations between calculated and experimental
chemical shifts.

Our results indicate that the inclusion of a scaling factor allow to obtain an excellent correlation
between dcalc and dexp. Also, the inclusion of asymmetry improves this correlation. In addition, taking into
account the different conformations and the solvent effects a slight enhancement was obtained in this
case.

� 2010 Elsevier B.V. All rights reserved.

1. Introduction

Triterpenoids are isopentenoids composed of 30-carbon atoms,
and they may possess acyclic, mono-, di-, tri-, tetra- or pentacyclic
carbon skeletons. Pentacyclic triterpenoids are dominant constitu-
ents of this class and have been widely investigated. Modern NMR
spectroscopy has proved to be an exceptional tool to elucidate
structure and molecular conformation, especially when chemists
are dealing with large molecules like pentacyclic terpenoids. In
particular, 13C chemical shifts reflect structural features in a highly
sensitive manner, so they are indispensable data for the determi-
nation of structure, and eventually, conformations and configura-
tions of organic molecules.

Ab initio NMR calculations are now attainable and accurate en-
ough to explore the relationship between chemical shift and
molecular structure. The calculated 13C chemical shift, in particu-
lar, appears to be accurate enough to aid in experimental peak
assignments. Thus, the combination of high-level ab initio opti-
mized geometries, theoretically computed NMR chemical shifts,
and experimental NMR data affords a structural tool [1–3] that
could now be routinely applied for structural elucidations as well

as the characterization of newly synthesized compounds [4]. Prac-
tical applications so far are more extensive in the areas of carboca-
tions and boron compounds, where high-level ab initio methods
including electron correlation are necessary to properly describe
structure and bonding [5]. However, many other studies have been
oriented towards structural determinations of amides and peptides
[6]. The conformational problem of rhodopsin chromophore was
also evaluated using this approach [7]. These calculations are pos-
sible due to the development, implementation and extensive per-
formance test of several practical methods for chemical shift
calculations: IGLO [8] (individual gauge localized orbital), LORG
[9] (localized orbital origin) and GIAO [10] (gauge independent
atomic orbital). The GIAO methods use basis functions that have
specific field dependence. In a comparative study of the GIAO
and CSGT [11] methods, it was found that shielding tensor compo-
nents determined using these methods converge to the same value
at sufficiently large basis set; however, GIAO shielding tensor com-
ponents for atoms other than carbon converged faster with respect
to basis set size [12]. For this study we choose the GIAO method to
perform the calculations.

Unfortunately, applications of theoretically computed 13C
chemical shifts to organic structure determinations have not yet
become routine, despite the apparent capability to predict shift
of 13C nuclei at a sufficient level of accuracy to allow practical
applications. The principal reason for such situation may be the
level of theory required for these calculations. It has been empha-
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sized repeatedly that accurate geometries are essential for these
studies. In addition, GIAO calculations at high levels of theory, con-
sidering the electron correlation, are necessary to properly repro-
duce the experimental data. However, such approaches can be
quite expensive computationally even for organic molecules of
modest size. Obviously, the situation is even worse for medium
or large-sized molecules. The question which arises is: which is
the reasonable level of theory to calculate 13C chemical shifts,
keeping the computational requirement available for the capability
of a standard laboratory? The calculations and efforts performed in
this work have been directed towards finding a small basis set for
GIAO calculations along with non-expensive theoretical calcula-
tions to achieve maximum practicality.

Experimental NMR spectra in solution are commonly statistical
averages affected by dynamic processes such as conformational
equilibrium as well as intra and/or intermolecular interactions. In
the present study, the influences of conformational interconver-
sions and solvent effects have also been taken into account.

From a theoretical perspective, a particularly important chal-
lenge is to understand the dependence of NMR chemical shielding
tensors on structural parameters. The NMR technique is based on
the sensitivity of magnetic properties, typically isotropic chemical
shieldings (riso), to the chemical environment of the nuclei. In
solution-state techniques, orientational averaging reduces the de-
tailed information in the NMR chemical shielding tensor to one,
readily interpretable, riso parameter. However, some non-isotropic
properties of chemical shielding tensor can be measured with solu-
tion-state NMR methods. In principle, theoretical calculations can
exploit these non-isotropic properties to transform the orienta-
tionally-independent chemical shielding anisotropy (CSA) parame-
ters into a source of structural information.

Empirically, we have chosen to include chemical shifts anisot-
ropy asymmetry, g, to take into account the anisotropy which can-
not be eliminated by orientational averaging. Asymmetry is
defined [13] as:

g ¼ r22 � r11

r33 � riso

where rii are the eigenvalues of the shielding tensor, as calculated
by Gaussian 03 [14].

In the present paper, a DFT/GIAO method was used to analyze
the experimental chemical shifts of 15 fernenes containing C, H
and O. We report that accurate (rms error approx. 1.5 ppm) predic-
tions of 13C chemical shifts can be achieved for these fernenes
through the use of scaled shieldings calculated from GIAO theory
with a relatively small basis set and on the basis of geometries ob-
tained from DFT (B3LYP/6-31G(d)) calculations. It is interesting to
remark that the chemical shifts anisotropy asymmetry (g was in-

cluded in our calculations, enhancing the correlations between cal-
culated and experimental chemical shifts.

2. Computational details

A set of 15 molecules providing 450 different 13C chemical shifts
was employed as a testing set in the present work (Fig. 1); all the
experimental data were obtained from Refs. [15,16]. Both, geome-
try optimization and GIAO calculations were performed with
Gaussian 03.

In order to obtain accurate results for a correlated system, it is
necessary to introduce the post-Hartree–Fock (HF) methods such
as the Moller–Plesset (MPn) perturbation methods [14], the cou-
pled cluster methods, [14,17] the multiconfiguration self consis-
tent-filed methods [18], and so forth. However, calculations with
such methods are too expensive to be routinely applied to the
chemically interesting large or medium-sized molecules. Density
Function Theory (DFT) offers an alternative way to take electron
correlation into account, with a reasonable accuracy and a favour-
able cost-to-benefit ratio. In their pioneering work focused on the
comparison of different models for calculating NMR chemical
shifts, Cheeseman et al. [12] recommended the B3LYP/6-
311+G(2d,p) level of theory for 13C chemical shift predictions. A
further systematic study of the 13C performance of GIAO
B3LYP76-311+G(2d,p) was reported by Zhang et al. using a set of
18 molecules with various functional groups [19]. There are also
large numbers of other reports dedicated to the detailed compari-
son of 10 or more different approaches in order to achieve a better
performance of computational techniques [20–23] as well as hy-
brid generalized-gradient approximation density functionals [24–
26]. It should be noted, however, that we are particularly inter-
ested in obtaining a relatively simple method of calculation which
can be routinely applied for medium-sized structural elucidations
like the fernenes reported here. Thus, in a first step of this work,
a preliminary and exploratory analysis was performed by using rel-
atively low-level theory computations. Thus, absolute shieldings
were calculated for the compounds in Table 1 via the GIAO method
at the B3LYP/6-31G(d,p), B3LYP/6-31G(d), HF/6-31G(d,p) HF/6-
31G(d) and HF/3-21G; using the following geometries: B3LYP/6-
31G(d), HF/6-31G(d); HF/3-21G and MMFF. A significant number
of different possible combinations of GIAO computations and
geometries was tested, obtaining the best correlation when using
B3LYP/6-31G(d)//B3LYP/6-31G(d) calculations. The GIAO calcula-
tions that did not include the effects of electron correlation were
the least successful. As an example, for the least energy conformer
of compound 1, the 3-21G/MMFF correlation of experimental shifts
with shieldings had an rms error of 7.05 ppm, and 12 (or about
one-third) of the calculated shifts differed 5.0 ppm or more from
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Fig. 1. Structural features of fernenes reported here.
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experimental shifts. Geometry optimizations even at B3LYP/6-
31G(d) level are quite computationally expensive. Molecular
mechanics calculations are enormously faster than ab initio or
DFT calculations for geometry optimizations. Thus, in a prelimin-
ary survey, the combination of GIAO calculations at B3LYP/6-
31G(d) level was examined using MMFF optimizations. The rms
obtained for the least energy conformer of compound 1 was
2.36 ppm. Although the correlations obtained using this approach
are significant, the obtained rms appears to be too large for predic-
tive applications.

The increase in the used base did not necessarily imply an
improvement in the obtained correlation. As an example, the rms
obtained using Eq. (1) (see Section 3) for the least energy con-
former of 15 is 2.39 ppm using B3LYP/6-31G(d)//B3LYP/6-31G(d),
and 2.88 when using B3LYP/6-31G(d,p)//B3LYP/6-31G(d). In turn,
the rms obtained using B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d)
was 5.53 ppm.

In order to obtain a routine application, it is desirable to use as
small a basis set as possible for the GIAO calculations. Our preli-
minary and exploratory analyses indicate that B3LYP/6-31G(d)
GIAO calculations using B3LYP/6-31G(d) geometries gives one of
the best cost-benefit ratio. Thus, in this work the commonly used
hybrid functional B3LYP [27] was employed, which is based on
Becke’s three-parameter scheme, consisting of the Slater exchange
[28] the exchange functional of Becke 88 [29], and the HF ex-
change, as well as a mixture of the correlation functional of Vos-
co–Wilk–Nusair [30] and Lee–Yang–Parr [31]. In all NMR
calculations, the GIAO method was employed to circumvent the
gauge problem. On the basis of our preliminary results, the 6-
31G(d) basis set was adopted. DFT calculations were carried out
using Gaussian 03 [14].

3. Results and discussion

The general results obtained in this study are summarized in
Table 2. Three principal factors affecting the calculations were con-
sidered in our computations: (a) the scaling factors, specifically
considering the asymmetry, (b) the presence of different conform-
ers, and c) the solvent effects.

3.1. Scaling of GIAO absolute shielding

Previous experimental and theoretical studies of medium and
large-sized molecules (peptides and proteins) have indicated some
anisotropy dependence on the local chemical surroundings. How-
ever, structural variations of CSA parameters in medium-sized
compounds like fernenes are still unexplored.

Previous articles reporting correlations between experimental
(dexp) and calculated (dcalc) 13C and 1H chemical shifts in solution
have used the isotropic shielding of each atom to evaluate dcalc.
Several authors consider the general expression:

dcalc ¼ rTMS � r ð1Þ

where rTMS is the isotropic shielding of tetramethylsilane, the most
common experimental reference substance, calculated at the same
level of theory than r. Other substances, such as methane, have
been used with this purpose [12].

It must be considered that the computations are carried out for
a molecule in considerably different conditions compared to that in
a real experiment, and that NMR is sensitive to short range struc-
tural changes. Therefore, large systematic differences are expected
between the calculated and the experimentally measured chemical
shifts. These may arise from different sources, such as electron cor-
relation and rovibrational effects [20,32,33].

Forsyth et al. [2] reported the use of empirically scaled GIAO
absolute isotropic shieldings, which have given place to other pro-
posals. There is an extensive literature about the use of different
approaches for scaling absolute shieldings [2,19,34]. An interesting
work was recently carried out by Aliev et al. [34], who has reported
a linear scaling of the calculated chemical shifts in order to im-
prove the accuracy of the DFT predicted 13C chemical shifts.

Additionally, the reference compound used to obtain the exper-
imental chemical shifts must be considered. Forsyth et al., quoting
other authors, have pointed the inherent problem of using a calcu-
lated shielding for a reference compound in predicting chemical

Table 1
Statistical descriptors obtained for the correlation dexp vs. dcalc in different conditions. The results obtained from Eq. (3) are denoted in bold.

r2 Typical error rms MAE Slope (a) ± error Intercept (b) ± error

Vacuum
Values corresponding to the least energy conformer
d1 0.9979 1.67 2.62 2.07 1.044 ± 2.3 � 10�3 �3.30 ± 0.13
d2 0.9979 1.67 1.66 1.25 1.000 ± 2.2 � 10�3 �2.4 � 10�4 ± 0.13
d3 0.9982 1.55 1.54 1.12 1.000 ± 2.0 � 10�3 �2.0 � 10�4 ± 0.12

Values weighted with Boltzmann proportion
d1 0.99796 1.64 2.61 2.07 1.044 ± 2.3 � 10�3 �3.31 ± 0.13
d2 0.99796 1.64 1.64 1.22 0.999 ± 2.2 � 10�3 3.4 � 10�4 ± 0.12
d3 0.99824 1.53 1.52 1.10 1.000 ± 2.0 � 10�3 �5.0 � 10�5 ± 0.12

Solvent
Values corresponding to the least energy conformer
d1 0.99798 1.64 2.57 2.07 1.040 ± 2.3 � 10�3 �3.21 ± 0.13
d2 0.99798 1.64 1.63 1.22 1.000 ± 2.2 � 10�3 5.4 � 10�4 ± 0.12
d3 0.99827 1.51 1.51 1.09 1.000 ± 2.0 � 10�3 2.2 � 10�4 ± 0.12

Values weighted with Boltzmann proportion
d1 0.99800 1.63 2.58 2.07 1.041 ± 2.3 � 10�3 �3.24 ± 0.13
d2 0.99800 1.63 1.62 1.20 1.000 ± 2.2 � 10�3 �4.0 � 10�4 ± 0.12
d3 0.99828 1.51 1.50 1.08 1.000 ± 2.0 � 10�3 �3.0 � 10�4 ± 0.11

Table 2
Parameters obtained for Eqs. )(1)–(3) in different conditions (vacuo or solvent and
considering only the global minimum or different conformers).

rTMS m (Eq. (2)) i (Eq. (2)) M (Eq. (3)) I (Eq. (3))

Values corresponding to the least energy conformer
Vacuum 189.738 �1.0445 194.887 �1.0461 196.000
Solvent 189.820 �1.0403 194.267 �1.0412 195.360

Values weighted with Boltzmann proportion
Vacuum 189.738 �1.0449 194.940 �1.0463 196.045
Solvent 189.820 �1.0410 194.369 �1.0423 195.444
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shifts. Any error in the calculated shift for the single point of the
reference compound will be reflected in all the derived shifts
although subtracting the reference can also compensate for general
discrepancy in the magnitude of the predicted absolute shielding.

However, the experimental chemical shift in ‘‘ppm” is a magni-
tude calculated in relation to a reference substance. Therefore, any
expression that relates the experimental chemical shift with the
chemical shielding tensor descriptors expressed in ‘‘ppm” (as ob-
tained from Gaussian 03) must include a term which takes into ac-
count the reference magnitudes.

If we assign the value �1 to the scaling factor ‘‘m” and the value
rTMS to the intersection in the equation proposed by Forsyth et al.:

dcalc ¼ m:rþ i ð2Þ

expression (2) reduces to (1).
The equation proposed by Forsyth et al. [2] is the most general

form for these relationships. The proposal by Aliev et al. [34] can be
reduced to a similar form considering that the scaling factor 0.95 is
equal to �m.

The use of isotropic shielding to correlate with experimental
chemical shifts seems to be absolutely reasonable considering
the orientational averaging of magnetic properties when NMR
experiments are carried out in solution. Our hypothesis is that it
is also reasonable to consider the other parameters derived from
the shielding tensor to take into account the anisotropy which
can not be eliminated by orientational averaging. With this pur-
pose, we propose to include the chemical shifts anisotropy asym-
metry, g:

dcalc ¼ M:ðrþ gÞ þ I ð3Þ

In the same way like in Eq. (2), the scaling factor ‘‘M” and the
interception ‘‘I” can be obtained from a linear regression between
the experimental chemical shifts of a significant number of C
atoms, and their respective calculated values of isotropic shielding
and asymmetry.

Table 2 shows the values obtained for the parameters of the
three equations used here, in different conditions: (a) calculations
in vacuum, (b) calculations in the presence of solvent, (c) consider-
ing only the least energy conformer and (d) considering different
conformers (see Section 3.2). All calculations were carried out by
using B3LYP/6-31G(d)//B3LYP/6-31G(d) calculations.

The results summarized in Table 2 clearly show that the inclu-
sion of a scaling factor (m) enhanced the performance of theoreti-
cal calculations, decreasing rms in approximately 37% (compare
the results obtained from Eqs. (1) and (2)). Using Eq. (3) instead

of Eq. (1) for GIAO calculations, the correlation was improved
diminishing rms in approximately 42% (compare results from
Eqs. (1) and (3)).

3.2. The conformational problem (weighting the different conformers)

The conformational mobility possessed by the fernenes re-
ported in this work becomes a challenging aspect when making
practical use of computed 13C chemical shifts. Therefore, a preli-
minary conformational analysis was performed for the different
compounds reported here. It should be noted that in general all
fernenes reported here displayed conformers adopting a character-
istic ‘‘cylindrical” shape (Fig. 2).

The conformational study was carried out in two steps: first, the
Monte Carlo method implemented in Spartan 04� [35], using
molecular mechanics (MMFF94) calculations was used in order to
obtain the probable conformers of each compound; and second,
from the output of this procedure the conformers considered sig-
nificantly different were selected. The number of these conforma-
tions obtained for each molecule is shown in Table 3. The criteria
chosen to consider a significantly different conformer were an en-
ergy gap (calculated with MMFF94) higher than 1.25 kcal/mol as
well as different spatial ordering of heavy atoms (Table 3, 2nd col-
umn). Once the different conformations were obtained, the geom-
etry of each conformer was optimized using B3LYP/6-31G(d)
computations. Thus, simple geometry optimizations followed by
the frequency and chemical shift calculations were performed
using the same level of theory.

One approach to weighting the contributions of different con-
formers is to use the relative energies from the DFT calculations.
The contribution of the different conformers was weighted using
the Boltzmann distribution:

Nj ¼
exp �Ej=RT

� �
P

i
exp �Ei=RTð Þ

Energy differences between conformational states are related
thermodynamically to their populations, with a ratio of 1.10 for a
free energy difference of about 1.4 kcal/mol at room temperature.
Consequently, conformations with relative free energy larger than
2 kcal/mol are populated to a very minor extent. Therefore, only
conformations possessing less than 2.2 kcal/mol above the low-
est-energy form of each compound were considered in the GIAO
calculations (Table 3, 4th column). To confirm that significant con-
tributions were not missing when using such approach, some GIAO

Fig. 2. Spatial view of the preferred conformation obtained for compound 1 (all the fernenes reported here displayed similar conformers). The spatial orientation of the
cylinder is shown in this figure.
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calculations were performed in parallel, considering all the con-
formers for compounds 1 and 15. These results did not show any
statistical difference supporting the energy window chosen.

Comparing the results obtained by weighting the contribution
of different conformers or considering only the energetically pre-
ferred form (Table 3), it is clear that only a slight enhancement
was obtained weighting different forms for all the evaluated com-
pounds. This is an expected result considering the restricted con-
formational flexibility displayed for all the fernenes reported in
this work.

3.3. Solvent effects

It is well known that conformations as well as GIAO calculations
determined in gas phase are not similar to those determined in
solution since environmental effects may play a significant role
in determining conformations in solution. Thus, at this stage of
our work we assume that solvent effects might change these re-
sults somewhat. To verify this assumption we attempted to add
this effect to the computations. The PCM (polarizable continuum

model) method [36] implemented in the Gaussian 03 was adopted,
in which the cavity of a solute is defined by the van de Waals sur-
face. It is clear that there are more acute approaches to consider
the solvent effects in these calculations. Thus, we do not expect
that the entire solutions behaviour of fernenes be explained by
such a reduced treatment. The aim of these calculations is less
ambitious. We intend to obtain a reasonable indication of the
direction and magnitude of changes in conformational preferences
and GIAO calculations of the isolated molecule when it enters chlo-
roform solution. In addition, this approach might be directly ap-
plied into the calculations from the Gaussian’s protocols and,
therefore, it has the advantage to be useful for routine calculations,
which is the main purpose of this work. From this point of view,
the inclusion of PCM model in the computations should be partic-
ularly significant. Thus, calculations were performed in gas phase
and also in the presence of chloroform and deuterated chloroform
simulated in a similar way, with the purpose of comparing with
experimental results which were determined in the mentioned
solvents.

In general, calculations considering the solvent effects give bet-
ter correlations in comparison to those obtained in gas phase
(compare both results in Table 2). However, these enhancements
might be considered only as moderated. It should be noted that
the empirical scaling factors are considering, at least in part, the ef-
fects of solvents. Thus, it appears reasonable that the inclusion of
the PCM model in the calculations gives only a limited enhance-
ment in these correlations.

3.4. Correlations between dexp and dcalc obtained from the different
equations

Fig. 3a shows graphically the correlation obtained between dexp

and (r + g), in solution and weighting the different conformers
with Boltzmann proportion, for all compounds shown in Fig. 1 ex-
cept for rubiatriol, which is discussed in detail in Section 3.5.

The correlation between dexp and dcalc can be expressed as:

dexp ¼ a:dcalc þ b ð4Þ

where ‘‘a” and ‘‘b” give a valuation about the coincidence between
the experimental and the calculated chemical shifts, being a = 1
and b = 0 the ideal case.

Fig. 3b shows the correlation obtained between dexp and dcalc

from Eq. (3), in solution and weighting the different conformers
with the Boltzmann proportion. This figure was plotted for all
the compounds shown in Table 1 except for rubiatriol. The statis-
tical descriptors of the correlation dexp vs. dcalc in different condi-
tions and using the different equations are also shown in Table 2.

Comparing the results obtained from Eqs. (1) and (2), it is clear
that the inclusion of a scaling factor (m) enhanced the performance
of theoretical calculations decreasing rms in approx. 37%. The use
of Eq. (3) instead of Eq. (1) for GIAO calculations improves the cor-
relation, diminishing rms in approx. 42%. When using Eq. (1), the
inclusion of Boltzmann weighted conformers diminishes the rms
in only 0.34% in vacuum. This inclusion increases rms in 0.23% in
solvent. When using Eqs. (2) and (3), rms decreases when Boltz-
mann weighted conformers were included. The inclusion of solvent
as a factor decreases rms in approx. 1–2%.

On the basis of our results, we can conclude that the inclusion of
a scaling factor is necessary in order to obtain a good correlation
between dcalc and dexp. Also, the inclusion of asymmetry improves
this correlation significantly. In contrast, taking into account the
different conformations and the solvent effects only a slight
enhancement was obtained in this case.

In general g has not been included in the equations to predict
NMR chemical shifts. However, it should be noted that the mayor

Table 3
Different conformers considered for each molecule from both molecular mechanics
and DFT calculations.

Compound N� of significantly
different conformers
(MMFF94)

Conformer E (u.a)
B3LYP/6-
31G(d)

DE (kcal/
mol)
B3LYP/6-
31G(d)

1 4 1-1 �1173.296 0.000
1-2 �1173.293 2.051

2 5 2-1 �1361.859 0.000
2-2 �1361.859 0.031

3 4 3-1 �1173.302 0.000
3-2 �1173.299 2.140

4 3 4-3 �1248.512 0.000
4-1 �1248.511 0.628
4-2 �1248.511 0.628

5 8 5-2 �1361.867 0.000
5-1 �1361.866 0.628

6 4 6-2 �1397.742 0.000
6-1 �1397.740 0.934

7 4 7-3 �1397.737 0.000
7-1 �1397.737 0.213
7-2 �1397.736 0.534
7-4 �1397.735 0.889

8 4 8-2 �1396.548 0.000
8-3 �1396.548 0.000
8-1 �1396.548 0.217

9 4 9-1 �1173.299 0.000
9-2 �1173.296 2.068

10 5 10-1 �1322.555 0.000
10-2 �1322.555 0.013
10-3 �1322.552 2.054

11 7 11-2 �1361.863 0.000
11-1 �1361.863 0.095
11-3 �1361.859 2.576

12 4 12-1 �1323.717 0.000
12-2 �1323.714 2.006
12-3 �1323.714 2.032

13 9 13-1 �1398.923 0.000
13-2 �1398.922 0.469
13-4 �1398.921 0.686
13-3 �1398.920 1.841

14 12 14-1 �1512.287 0.000
14-3 �1512.284 1.898

15 4 15-1 �1248.505 0.000
15-2 �1248.501 2.034
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or minor effect of this inclusion could be directly related with the
overall spatial ordering adopted by the molecule. In other words
anisotropy would be of lesser importance for those molecules adopt-
ing a ‘‘spherical” shape. By spherical shape we mean spatial order-
ings symmetrical considering any direction. In contrast, in the case
of molecules adopting non spherical orderings, which are not sym-
metrical considering different directions, anisotropy could be signif-
icant for these calculations. All the fernenes reported here displayed
a ‘‘cylindrical” shape and therefore it appears that the inclusion of g
in these calculations produce an enhancement in the correlations
between the calculated and experimental results.

3.5. The case of rubiatriol. Are the 13C NMR chemical shifts of this
compound well assigned?

As shown in Section 3.4, an excellent correlation between
experimental and DFT/GIAO computed 13C NMR chemical shifts
was obtained for the 14 fernenes analyzed in this report. In con-
trast we have serious problem with rubiatriol (compound 13). In
fact there is not any correlation between experimental and DFT/
GIAO computed 13C NMR chemical shifts for this compound. Con-
sidering the possibility that our calculations possess some problem
to reproduce the experimental data of rubiatriol [37], the analysis

of this compound was also performed employing two different
commercially available software packages (ACD [38] and MestreN-
ova Predictor [39]). These results were even worse than those ob-
tained by using DFT/GIAO calculations (Fig. 4). Interestingly, our
calculations using Eq. (3) displayed a lower rms with respect to
both commercial packages for the rest of the fernenes as well (data
not shown). On the basis of these results the questions which arise
are: is there any problem to calculate the 13C NMR chemical shifts
of rubiatriol? Is the structure of this compound particularly com-
plex or structurally special to avoid such calculations? Or is there
any problem or mistake with the experimental 13C NMR chemical
shifts assignments? It should be noted that compound 12 is struc-
turally very similar to rubiatriol. However, the correlation obtained
for that compound was excellent, showing one of the best correla-
tions in this series (see Fig. 5). Observing the structure of rubiatriol
in detail, there is not a priori any complexity related with its struc-
tural feature. On the basis of such situation an exhaustive search
about previous citations on rubiatriol was performed. It is interest-
ing to note that this structure was reported only once by Arisawa et
al. [37], using a 200 MHz NMR. All the subsequent citations (in fact
we only found very few) were referred to the original report. Thus,
we had serious and reasonable doubts about the 13C NMR chemical
shifts originally assigned to rubiatriol.
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Fig. 3. (a) Plot of experimental 13C chemical shifts vs. theoretical r + g from GIAO B3LYP/6-31G(d)//B3LYP/6-31G(d) calculations for the 14 organic compounds in Table 1
(compound 13 (rubiatriol) was not included and is discussed in detail in the next section). (b) Plot of dexp vs. dcalc calculated using Eq. (3), in solution, and for all compounds
except rubiatriol.
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It must be pointed out that the main purpose of this study is to
obtain advances in the correlation between experimental and DFT/
GIAO computed 13C NMR chemical shifts, trying to maintain the le-
vel of calculation as reasonable as possible. However, considering
our results, we believe that the previously reported 13C NMR chem-
ical shifts of rubiatriol have been called into question, and there-
fore, it appears necessary to corroborate this spectrum by using
more accurate experimental methods.

These results indicate that DFT/GIAO computations reported in
this work might be an excellent complement for the experimental
13C NMR analysis of this kind of compounds, avoiding mistakes and
erroneous assignments.

4. Conclusions

The 13C NMR chemical shifts of 15 pentacyclic terpenoids were
calculated using the DFT/GIAO method. In our strategy of using a
small basis set for GIAO calculations along with non-expensive
DFT calculations to achieve maximum practicality, the best results

(considering a reasonable cost-to-benefit ratio) were obtained
from B3LYP/6-31G(d)//B3LYP/6-31G(d) computations.

The calculated 13C NMR chemical shifts of the fernenes reported
here strongly agree with the available experimental values. In this
sense it appears that by enhancing the extension of the basis set
used in these calculations, it is difficult to expect a significant
improvement on these results. Isotropic 13C NMR shieldings from
GIAO calculations account well for relative chemical shifts even
with relatively modest basis sets, as long as the effects of electron
correlation are included via the DFT approach. However, the GIAO
shieldings for the basis sets examined in this paper require empir-
ical scaling to give good numerical agreement with experimental
chemical shifts. Additionally, we introduced a combination of
shielding parameters instead of a unique one for the first time in
this type of calculations. This parameter is related to the asymme-
try, and its inclusion in the calculations gives a better correlation
with the experimental data.

Previously, Forsyth et al. proposed ‘‘to achieve the goal of rou-
tine practical use, predicted 13C chemical shifts need to be accurate
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to within a very few ppm for molecules in solution that include a
wide variety of functional groups and conformational characteris-
tics. The predictions also need to be achieved at modest computa-
tional cost”. It should be noted that our results satisfy both
premises. Only differences of 1.5 ppm were observed between
our calculations and the experimental data. Also, it should be
emphasized that our calculations were carried out using B3LYP/
6-31G(d) calculations which demand a quite reasonable computa-
tional requirement. Our approach has worked very well on fern-
enes reported here. However, the appropriateness of this protocol
should be tested carefully for all other structural types.
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