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1. INTRODUCTION

The main target of the quantitative structure-activity/prop-
erty relationship (QSAR/QSPR) paradigm (one of the well-
established disciplines in computational chemistry) is to develop
a mathematical model that can be used to predict the desired
biological activity, chemical reactivity, or physical properties of
new, untested, and even forecast compounds from the knowl-
edge of their molecular structures. The QSAR/QSPR technique
began with the seminal work of Hansch et al.1 in 1962 that
changed the ways of assessment of chemical-biological interac-
tions. A large set of molecular descriptors, which characterizes
the electronic, hydrophobic, steric, and topological (structural)
properties of the molecules, is routinely utilized in this metho-
dology. QSAR modeling has become increasingly helpful in
understanding mechanisms of action of physiologically active
substances, to enhance their effectiveness and reduce the cost of
development of the final medicinal products; that is, the QSAR
technique can be considered as a low-cost/high-return
technique.2 QSAR models thus can be considered to play a
critical role in drug discovery and development by being involved
in both the opening and the endgame phases of lead
optimization.3 The selection/utilization of an appropriate statis-
tical methodology and structural descriptors is always vital in the
development of a predictive QSAR/QSPR model that encodes
the relationship between the structure of a molecule and its
biological activity, chemical reactivity, or physical characteristics.
It should be borne in mind that the predictive QSAR/QSPR
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models based only on the descriptors calculated from molecular
structure are preferable for an early stage of screening in the drug
discovery/development processes.

Nuclear magnetic resonance (NMR) spectroscopy is one of
the most important techniques, which has long been frequently
used not only for the structural elucidation of simple and
complicated molecules but also for the detailed explanation of
some important processes, including structural configuration,
reactionmechanisms, molecular dynamics, chemical equilibrium,
structural genomics, and even three-dimensional structures of
proteins in aqueous solution.4-7 In addition, NMR is a non-
destructive technique; that is, compounds may always be recov-
ered. Since the chemical information in NMR spectroscopy is
encoded in the form of chemical shift, intensity, and multi-
plicity, these data can be used in the development of gigantic
databases.8 In NMR spectroscopy, the tensor of chemical shift
is mainly composed of two terms, such as diamagnetic and
paramagnetic, for which, the diamagnetic term is directly
related to the electrostatic potential at the nucleus, whereas
the paramagnetic term is mainly dependent upon the orbital
configuration.9

In the case of 13C NMR spectra, there are sufficiently large
differences between these two diamagnetic and paramagnetic
terms. This suggests that the spectral regions of the orbital
configurations for different carbon atoms can be separated very
easily from each other. The 13C NMR of a compound provides a
specific pattern of frequencies that corresponds directly to the
quantum mechanical properties of the nucleus of each carbon
atom present in that molecule. Thus, the attached and adjacent
carbon atoms must have to show a significant effect on the 13C
NMR chemical shift. It is important to note that the 13C NMR
chemical shifts have been successfully used to predict the
chemical structure of compounds and vice versa.9-11 A number
of computational programs are also commercially available,
which can easily and accurately predict the 13C NMR spectra
of the chemicals. By considering the features of 13C NMR
spectroscopy as well as the recent advancement in this area, its
chemical shifts can be used successfully as a molecular descriptor
for QSAR/QSPR modeling.

The development of QSAR/QSPR models using 13C NMR
chemical shifts as descriptor is usually referred to as the quanti-
tative spectrometric data-activity relationship (QSDAR). Thus,
models developed between the 13C NMR spectral data of a set of
molecules and their biological activity/chemical reactivity or
physical characteristics are considered as QSDAR models. In
the past two decades, the potential use of 13C NMR chemical
shifts as input parameters to develop models for biological
activities, chemical reactivities, and physical properties has
successfully been demonstrated by extensive publications. It
has been observed from the previous results that the QSDAR
model using chemical shifts of 13C NMR works very well when
attempted on a set of compounds with a large proportion of
carbon nuclei or on similar structural motifs.12 The recent
development of a three-dimensional quantitative spectrometric
data-activity relationship (3D-QSDAR) by combining the 13C
NMR spectral data and the structural information of com-
pounds in a 3D-connectivity matrix has further enhanced the
importance of using the 13C NMR chemical shifts in QSDAR
modeling. In 3D-QSDAR modeling, the 3D-connectivity ma-
trix has been built by displaying all the possible assigned chemical
shifts of the 13C NMR, such as carbon-to-carbon connections
and distances between carbons. This technique is also called

comparative structural connectivity spectra analysis (CoSCoSA)
modeling.12,13

The major two advantages of using the 13C NMR chemical
shifts as input parameters in the development of QSAR/QSPR
(QSDAR) models are the following: (i) the spectra are taken in
liquid solution, similar to the cases of biological systems, and (ii)
it is a very sensitive technique, such that a very small change in the
molecular shape can be clearly observed as major changes in the
spectra. The importance of the QSDARmethodology has further
been promoted by some patents.14-16 Different methods for using
the 13C NMR spectral data in QSDAR studies include the follow-
ings: (i) sum of the chemical shifts, (ii) averaged chemical shift, (iii)
substituent’s chemical shift, (iv) chemical shift of aC-atom common
to all compounds, (v) difference of chemical shifts between two
carbon atoms, (vi) difference of chemical shift of a C-atom common
to all compounds from that of the parent, (vii) sum of carbon
chemical shift differences in two solvents, (viii) the spectral bins'
intensities, and (ix) the principal components.

In the present review, we discuss the following QSAR/QSPR
models using the 13C NMR spectral data: classical QSAR/QSPR,
spectroscopic data-activity relationship (SDAR), comparative
spectral analysis (CoSA), comparative structurally assigned spectral
analysis (CoSASA), and CoSCoSA (3D-QSDAR) models, with
special emphasis on the classical QSAR/QSPRmodeling in order to
understand chemical-biological interactions, which may provide
strategies that might aid in the drug development processes.

2. MATERIALS AND METHODS

The literature was surveyed to collect all the data (see
individual QSAR/QSPR models for their respective references).
Although most of the QSAR/QSPR models of this review are
taken from the literature, some newly developed models are also
added, for which details have been given at the appropriate
places. K is the rate constant of a compound for specific reaction
types; logK is the subsequent dependent variable that defines the
chemical reactivity parameter for the development of the QSAR
model and explains where it is used. IC50 is the concentration of a
compound that causes 50% inhibition toward the specified
biological targets, as explained with respective models. Similarly,
LD50 and MIC represent, respectively, 50% toxicity and the
minimal inhibition concentration of a compound toward specific
biological responses (see individual QSAR models for their
respective biological activities). In the literature, the IC50,
LD50, and MIC values are normally given in either μM or nM
concentration. For the comparison point of view, all those values
of IC50, LD50, and MIC were converted into molar concentra-
tions and mentioned in the appropriate places. In QSAR studies,
we often prefer to convert the concentration of a desired effect C
to an activity parameter A using the equation A =-logC = log 1/
C. This transformation represents that the more effective com-
pound always has a higher “activity” and vice versa.2 Thus, IC50,
LD50, and MIC in molar concentrations were further trans-
formed into their negative logarithm, i.e., log 1/IC50, log 1/LD50,
and log 1/MIC, respectively, which were then used subsequently
as dependent variables to define the biological parameters
for QSAR models. The C-QSAR program was used to develop
new QSAR/QSPR models by utilizing multiregression analyses
(MRA).17 In this program, descriptors are autoloaded and selection
of descriptors ismade by using permutation and correlationmatrices
among the descriptors in order to avoid the collinearity pro-
blems. Details about the C-QSAR program, the search engine,
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the choice of parameters, and their use in the development of
QSAR models have already been discussed in previous
publications.18,19 The details about the physicochemical descrip-
tors are given at the appropriate places. The 13C NMR of the
compounds was either taken from the literature or calculated
with the ChemBioDraw Ultra 12 program.20

In QSAR/QSPR models, n is the number of data points, r2 is
the square of the correlation coefficient (the goodness of fit), q2 is
the cross-validated r2 (a measure of the quality of the model), and
s is the standard deviation. The cross-validated r2 (q2) is obtained
by using the leave-one-out (LOO) procedure as described by
Cramer et al.21 F is the Fischer statistics and represented by the
following equation: F = fr2/[(1- r2)m], where f is the number of
degrees of freedom [f = n - (m þ 1)], n is the number of data
points, m is the number of variables, and r is the correlation
coefficient. The F value indicates a true relationship or the
significance level for MLR models and is valid at the 95%
level.22 Outliers were filtered on the basis of their deviation
between observed and calculated activities from the equation
(obsd - pred > 2s).23,24 All the new QSAR/QSPR models
reported here are derived by us that include 95% confidence
limits for each term in parentheses.

3. QSPR RESULTS AND DISCUSSION

In this section, a comparative study of the 13C NMR chemical
shift with a large set of traditionally and routinely utilized molecular
descriptors (including physical properties of the molecules), which
characterizes the electronic, hydrophobic, steric, and topological
(structural) properties of the compounds, is carried out to illustrate
the importance of using the 13C NMR chemical shift as QSPR
descriptors.

3.1. Electronic Descriptors
3.1.1. Hammett Electronic Parameters (σ, σþ, and σ-)

and Its Extended Form (σI, σR, σF, and σ*). σ, σ
þ, and σ-, the

Hammett electronic parameters, are applied to determine the
substituent effects on the aromatic systems. The normal σ is used
for the substituents on aromatic systems where strong resonance
interaction between the substituent and the reaction center does
not exist. On the contrary, σþ and σ- are employed where there
is a strong resonance interaction between the substituent and the
reaction center.25

The Hammett equation, which correlates the rate or equilib-
rium constants of side-chain reactions of meta- and para-sub-
stituted aromatic compounds, is one of the most typical and
useful linear free energy relationships to date. It is represented by
the following general equation:

log KX - log KH ¼ Fσ ð1Þ
where KH is the rate constant for an unsubstituted aromatic
compound, KX is that for a meta- or para-substituted aromatic
derivative, σ is the substituent constant for the substituent in
question, and F is the reaction constant.26,27 The value of unity
for the F constant in the ionization equilibrium of substituted
benzoic acids in water at 25 �Cwas ascertained on the basis of the
experimental results.26 The term σ is mainly defined as to
measure the size of the electronic effect for a given substituent,
which represents a measure of the electronic charge distribu-
tion in the benzene nucleus. Positive values of σ represent
electron withdrawal by the substituent from the aromatic ring
while negative values of σ suggest electron release (relative to H)
toward the ring. Thus, a positive value of F signifies the rate
enhancement of a reaction by electron-withdrawal at the reaction
site. In contrast, a negative value of F suggests that a reaction is
assisted by the electron-releasing substituents.23,28 To see the
influence of resonance on the reaction rates, two other constants,
i.e. σþ (electrophilic substituents) and σ- (nucleophilic sub-
stituents), were introduced and the linear free-energy relation-
ship was then modified as follows:29,30

log KX - log KH ¼ Fþσþ or F-σ- ð2Þ
In order to tune up the substituent effects, the Hammett σ term
was then partitioned into two components, i.e. sigma inductive
(σI) and sigma resonance (σR), which is based on Taft’s earlier
work in aliphatic systems where the resonance effects were
absent. This partition led to the development of the following
dual-substituent parameter (DSP) equation:31,32

log KX - log KH ¼ FIσI þ FRσR ð3Þ
where FI and FR are the sensitivity of a reaction to inductive
and resonance effects, respectively. The other electronic
parameter, σF, was also developed for the substituent field
effect. It must be noted that there are no large differences in
the σ scale of field/inductive effects for common dipolar

Table 1. Correlations of the Measured δC(CdN) with σF(X) and σR(X) (Using eq 4) or σ(X) (Using eq 5) for Different
Substituted Benzylidene Anilines p-X-C6H4—CHdN—C6H4-p-Y (I), and Their Respective GF(X), GR(X), G(X), and Correlation
Coefficient (r) Valuesa

correlations of δC(CdN) with σF(X) and σR(X) using eq 4 correlations of δC(CdN) with σ(X) using eq 5

no. Y FF(X) FR(X) r F(X) r

1 NO2 -3.71 ( 0.15 0.12( 0.20 0.9889 -1.4( 0.5 0.7614

2 CN -3.81( 0.13 0.06( 0.18 0.9893 -1.4 ( 0.4 0.7772

3 F -4.35( 0.13 -0.83 ( 0.18 0.9939 -2.0( 0.4 0.8706

4 Cl -4.20( 0.13 -0.62 ( 0.18 0.9930 -1.9( 0.4 0.8534

5 H -4.14( 0.11 -0.66 ( 0.15 0.9948 -1.9( 0.4 0.8609

6 CH3 -4.42( 0.13 -0.94( 0.18 0.9940 -2.1 ( 0.4 0.8780

7 OCH3 -4.82( 0.15 -1.46( 0.21 0.9943 -2.5( 0.5 0.9037

8 N(CH3)2 -5.68 ( 0.20 -2.54( 0.28 0.9939 -3.4( 0.5 0.9324
aAdapted with permission from ref 38. Copyright 2006 American Chemical Society.
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substituents.33 The Hammett approach was found successful
only for the substituent effects in aromatic systems and in
aliphatic systems does not lead to the development of Taft’s
aliphatic polar constant, σ*, which applies to the electronic
effects in aliphatic systems.34

It is now well established that a substituent can affect a system
to which it is bonded by two basic mechanisms of electronic
transmission, i.e. through polar and resonance effects.32,35 In
particular, the substituent-induced changes in the chemical shift,
SCS, depend strictly on the inductive (FIσI or FFσF) and
resonance (FRσR) parameters as shown in the following DSP
equation (eq 4):

SCS ¼ FIσI ðor FFσFÞ þ FRσR ð4Þ
where SCS is the 13C NMR chemical shift (in ppm) of
substituted compound relative to unsubstituted one. Although
excellent correlations have always been obtained by the DSP
equation (eq 4), single-parameter correlation (eq 5) may also
provide good or acceptable results, and thus, it cannot be
ignored.36-38

SCS ¼ Fσþ constant ð5Þ
In eq 5, the term σ can be replaced by any one of the six different
resonance scales (σþ, σ-, σI, σR, σF, and σ*) depending upon the
electron demand.
To determine the substituent cross-interaction effects on

the electronic character of the CdN bridging group, 13C
NMR chemical shifts δC(CdN)were measured in CDCl3 for
a reasonably large set of substituted benzylidene anilines p-
X-C6H4—CHdN—C6H4-p-Y (I). The substituent depen-
dence of δC(CdN) was then used as a tool to determine the
electronic substituent effects on the azomethine unit. The
correlations of δC(CdN) with electronic parameters (σ, σþ,
σF, and σR) of X or Y substituents were developed using both
the dual-substituent parameter and single-parameter corre-
lations (eqs 4 and 5), and results are summarized in Tables 1
and 2.38 Excellent correlations of experimental δC(CdN)
with σ (r = 0.7614-0.9324) and σF and σR (r = 0.9889-
0.9948) of X substituents (see Table 1) as well as with σ (r =
0.9809-0.9870), σþ (r = 0.9986-0.9995), and σF and σR
(r = 0.9857-0.9891) of Y substituents (see Table 2) illustrate the
possibility that the 13C NMR chemical shifts may be used

as the significant electronic parameters in the QSAR/QSPR
analyses.

The 13C NMR chemical shifts of the carbonyl carbon δC-
(CdO) for phenyl trifluoroacetates (II), acyl-substituted phenyl
acetates (III), and methyl acetates (IV) were measured by the
same research group (Neuvonen et al.36), and δC(CdO) data
was then correlated with the substituent constants σ or σ* of the
respective compound series (II, III, and IV). Statistical data for
these correlations are summarized in Table 3.

Correlations of δC(CdO) with the electronic parameters σ or
σ* for these compound series II, III, and IV are excellent (r2 =
0.9495, 0.9488, and 0.9883, respectively) (see Table 3).
An excellent correlation between the experimental 13C

NMR chemical shift of the cyano carbon δC(CtN) for

Table 2. Correlations of the Measured δC(CdN) with σF(Y) and σR(Y) (Using eq 4) or σ(Y) or σ
þ(Y) (Using eq 5) for Different

Substituted Benzylidene Anilines p-X—C6H4—CHdN—C6H4-p-Y (I), and Their Respective GF(Y), GR(Y), G(Y), G
þ(Y), and

Correlation Coefficient (r) Valuesa

correlations of δC(CdN) with σF(Y) and σR(Y) using

eq 4

correlations of δC(CdN) with σ(Y) using

eq 5

correlations of δC(CdN) with σþ(Y) using

eq 5

no. X FF(Y) FR(Y) r F(Y) r Fþ(Y) r

1 NO2 2.81( 0.50 8.49( 0.65 0.9857 5.23( 0.42 0.9809 3.44( 0.05 0.9995

2 CN 2.79( 0.47 8.20 ( 0.62 0.9865 5.08( 0.40 0.9819 3.34( 0.05 0.9994

3 CF3 3.17 ( 0.47 7.90( 0.51 0.9873 4.96( 0.43 0.9820 3.07( 0.06 0.9991

4 F 2.45( 0.35 6.53( 0.46 0.9886 4.13( 0.90 0.9856 2.71( 0.05 0.9988

5 Cl 2.57( 0.38 6.92 ( 0.50 0.9882 4.37( 0.31 0.9851 2.86( 0.05 0.9990

6 H 2.50( 0.35 6.52( 0.45 0.9890 4.14( 0.28 0.9864 2.71( 0.06 0.9986

7 CH3 2.40( 0.33 6.19( 0.43 0.9888 3.94( 0.27 0.9866 2.58( 0.05 0.9987

8 OCH3 2.29( 0.31 5.91( 0.41 0.9891 3.76( 0.25 0.9870 2.46( 0.05 0.9986

9 N(CH3)2 1.99( 0.28 5.20( 0.37 0.9885 3.30( 0.22 0.9868 2.16( 0.04 0.9987
aAdapted with permission from ref 38. Copyright 2006 American Chemical Society.
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R-monosubstituted acetonitriles (V) and their substituent con-
stants σI (after omitting outliers, r = 0.964) was graphically
represented by Reis and Rittner.39 By using their data, we
developed eq 6 (Table 4).

σI ¼ - 0:09ð( 0:02ÞδCðCtNÞ þ 10:27ð( 2:67Þ ð6Þ

where n = 10, r2 = 0.903, s = 0.059, q2 = 0.842, and F1,8 = 74.474.
Outliers: X = F and N(C2H5)2.
The negative coefficient of δC(CtN) in eq 6 suggests that

the σI value of the X substituent decreases with an increase in
the δC(CtN) value, i.e. more deshielded of the -CtN
carbon. Since the shielding effect on the -CtN carbon
depends on the inductive effect of the X substituent, an
electron-withdrawing X substituent will cause a decrease in
the δC(CtN) value (more shielded-CtN carbon) while an
electron-releasing X substituent will cause an increase in the
δC(CtN) value (more deshielded -CtN carbon). Two
compounds (X = F and N(C2H5)2) were omitted on the basis
of their deviation (>2s). As expected, the calculated δC(CtN)
values of halogen derivatives (X = F, Cl, Br, and I) are almost
the same, i.e. 114.9, 115.5, 114.9, and 114.9, respectively.20 But
the experimental δC(CtN) value of one halogen derivative
(X = F) is unexpectedly higher than that of the others (X = Cl,

Br, and I). Due to this, the analogue (X = F) has predicted a very
much lower σI value than that observed, by ∼8 times the standard
deviation, and this value has been assigned as an out-
lier. On the other hand, it is expected that X = N(CH3)2 and
N(C2H5)2 will cause a similar downfield shift δC(CtN) due to
their identical inductive effect. But the experimental δC(CtN)
value of the compound with X = N(C2H5)2 is un-
expectedly lower than that of the analogue with X = N(CH3)2.
This is the reason the analogue with X = N(C2H5)2 has predicted a
very much higher σI value than that observed, by ∼8 times the
standard deviation, which is deemed another outlier. Since the
experimentalδC(CtN) values are used in this correlation, the exact
reason behind the outliers is not very clear.
It was Thirunarayanan40 who showed that the experimental 13C

NMR chemical shifts of R and β carbons of substituted styryl
1-naphthyl ketones (VI) are well correlated with the Hammett
substituent constants (σI and σR) as represented by eqs 7 and 8,
respectively, with high correlation coefficients (r= 0.998 and 0.999).
The assignment of chemical shifts for the ethylene carbons was
based on substituted styrene; such as, C-R and C-β represent the
R-carbon (A) and β-carbon (B), respectively.

δCðC-RÞ ¼ 3:79ð( 1:37ÞσI

þ 5:18ð( 2:38ÞσR þ 123:64ð( 5:37Þ ð7Þ
where n = 13, r2 = 0.996, and F2,10 = 1245

δCðC-βÞ ¼ 8:73ð( 2:57ÞσI þ 2:10ð( 3:22ÞσR þ 144:45

ð8Þ
where n = 13, r2 = 0.998, and F2,10 = 2495.
The high correlations between the 13C NMR chemical shift

and Hammett substituent constants (σI and σR) in eqs 7 and 8
suggest that the substituent effect is well distributed between
both R and β carbons.
In order to understand the significance for the use of 13CNMR

chemical shifts in place of frequently used Hammett electronic
parameters (σ, σþ, and σ-) in QSAR/QSPR analysis, a com-
parative QSPR study was carried out using a large data set of 4-X-
nitrobenzene (VII). Results from those QSPR studies are listed
in eqs 9-11 (Table 5). Although good correlations were obta-
ined between the calculated 13C NMR chemical shift of the nitro
carbon δC(C-NO2) of 4-X-nitrobenzene (VII) and any of the
three Hammett electronic parameters (σ, σþ, or σ-) of the X
substituents, the best correlation was with σ- (see eq 11).

σ ¼ 0:07ð( 0:02ÞδCðC-NO2Þ- 10:53ð( 2:16Þ ð9Þ
where n = 16, r2 = 0.890, s = 0.138, q2 = 0.855, and F1,14 = 113.273

σþ ¼ 0:11ð( 0:02ÞδCðC-NO2Þ- 16:52ð( 2:95Þ ð10Þ

Table 4. Experimental 13C NMR Chemical Shift (ppm rel to
TMS) of Cyano Carbon δC(CtN) for X-CH2-CN (V) and
σI Values for Their X Substituents Used To Derive eq 6

σI (eq 6)
b

δC(CtN)cno. X obsd pred Δ

1a F 0.52 0.05 0.47 118.63

2 Cl 0.47 0.43 0.04 114.22

3 Br 0.44 0.44 0.00 114.08

4 I 0.39 0.31 0.08 115.56

5 OCH3 0.27 0.29 -0.02 115.79

6 OC2H5 0.28 0.26 0.02 116.18

7 SCH3 0.25 0.33 -0.08 115.41

8 SC2H5 0.25 0.25 0.00 116.36

9 N(CH3)2 0.06 0.04 0.02 118.77

10a N(C2H5)2 0.02 0.49 -0.47 113.47

11 CH3 -0.04 -0.09 0.05 120.24

12 C2H5 -0.01 0.09 -0.10 118.11
aNot included in the derivation of QSPR eq 6. bCalculated/data from
the C-QSAR program (ref 17). cData from ref 39.

Table 3. Statistical Data for Different Correlations of the
Measured 13C NMR Chemical Shifts of Carbonyl Carbon
[δC(CdO)] and Substituent Constants σ or σ* for Phenyl
Trifluoroacetates (II), Acyl-Substituted Phenyl Acetates (III),
or Methyl Acetates (IV)a

no. compd series correlations n r2 s slope

1 II δC(CdO) vs σ 9 0.9495 0.08 -1.03

2 III δC(CdO) vs σ* 8 0.9488 0.40 -4.00

3 IV δC(CdO) vs σ* 5 0.9883 0.20 -3.50
aAdapted with permission from ref 36. Copyright 2002 American
Chemical Society.
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where n = 16, r2 = 0.912, s = 0.188, q2 = 0.880, and F1,14 = 145.091

σ- ¼ 0:11ð( 0:02ÞδCðC-NO2Þ- 15:27ð( 2:35Þ ð11Þ

where n = 16, r2 = 0.936, s = 0.150, q2 = 0.916, and F1,14 = 204.750
Equations 9-11 suggest that the C1 carbon of 4-X-nitroben-

zene (VII) is most sensitive to the X substituent and δC(C-
NO2) could explain the electronic substituent effect. The positive
coefficient of δC(C-NO2) indicates that the Hammett electro-
nic parameters (σ, σþ, or σ-) of the X substituent increase with a
more deshielded C1 carbon. Since the shielding effect on the C1
carbon will depend on both the inductive and resonance effects
of the X substituent, an electron-withdrawing substituent will
cause a downfield shift (more deshielded) while an electron-
donating substituent will cause an upfield shift (more shielded) at
the C1 carbon.
3.1.2. Swain-Lupton Constants (F and R). F and R, the

field and resonance constants, were proposed by Swain and
Lupton as significant independent variables for correlating or
predicting substituent effects.41 They evaluated the field effect of
the substituent, F, in terms of Hammett’s parameters (σm and
σp) according to the following equation (eq12):

F ¼ aσm þ bσp ð12Þ

In this equation, the coefficients a and b are evaluated via the
least-squares method. σm and σp are the Hammett’s σ constants
for themeta- and para-substituents, respectively. To calculate the
value of R, Swain and Lupton41 proposed eq 13 with the
assumption that R = 0 for Nþ(CH3)3.

σp ¼ RF þ R ð13Þ
By substituting the following values of F = 0.89, σp = 0.82, and

R = 0 for Nþ(CH3)3 in eq 13,Rwas found to be 0.921.42 F and R
were then calculated for any substituent whose σm and σp values
were known.

Excellent correlations were observed by Thirunarayanan40

between the experimental 13C NMR chemical shifts of either
the C-R or C-β carbons of substituted styryl 1-naphthyl ketones
(VI) and the Swain and Lupton constants (F and R) of the
substituents as shown in eqs 14 and 15.

δCðC-RÞ ¼ 5:71ð( 1:32ÞFþ 1:70ð( 2:04ÞR
þ 123:44ð( 5:03Þ ð14Þ

where n = 13, r2 = 0.986, and F2,10 = 352.143

δCðC-RÞ ¼ 2:48ð( 1:25ÞFþ 2:00ð( 0:79ÞR
þ 121:94ð( 0:63Þ ð14aÞ

where n = 13, r2 = 0.925, s = 0.382, q2 = 0.875, and F2,10 = 61.667

δCðC-βÞ ¼ 6:30ð( 2:87ÞFþ 2:19ð( 1:19ÞR
þ 143:95ð( 192:00Þ ð15Þ

where n = 13, r2 = 0.996, and F2,10 = 1245 (Note: Since eq 14
from the original publication contains one parameter (R) with
coefficient considerably smaller than their corresponding stan-
dard deviation, the data of Thirunarayanan40 was examined and
developed eq 14a.)
The high correlations between the 13C NMR chemical shift

and the Swain and Lupton constants (F and R) of the substit-
uents in eqs 14a and 15 suggest the possibility the high degree of
transmission of substituent effects in both R and β carbons.
3.1.3. Atomic Charge (q). Although NMR shielding is not

determined only by the electron density, satisfactory linear
correlations with positive slopes between the atomic charges
and the 13C NMR chemical shifts were observed in several
systems when the substitution was varied.36,43-45 This similarity
supports the idea that the substituent effects on both the atomic
charges and the chemical shifts reflect the electronic substituent
effects.
Statistical data for the different correlations of the experi-

mental 13C NMR chemical shifts of the CdO carbon of

Table 5. Calculated 13CNMRChemical Shift (ppm rel to TMS) of Nitro Carbon δC(C-NO2) for 4-X-Nitrobenzene (VII) asWell
as σ, σþ, and σ- Values for Their X Substituents Used To Derive eqs 9, 10, and 11

σ (eq 9)a σþ (eq 10)a σ- (eq 11)a

no. X obsd pred Δ obsd pred Δ obsd pred Δ δC(C-NO2)
b

1 COOCH3 0.45 0.51 -0.06 0.49 0.55 -0.06 0.75 0.82 -0.07 152.20

2 COOH 0.45 0.57 -0.12 0.42 0.66 -0.24 0.77 0.92 -0.15 153.10

3 CHO 0.42 0.62 -0.20 0.47 0.72 -0.25 1.03 0.98 0.05 153.70

4 COC6H5 0.43 0.46 -0.03 0.51 0.49 0.02 0.83 0.76 0.07 151.60

5 NO2 0.78 0.64 0.14 0.79 0.76 0.03 1.27 1.01 0.26 154.00

6 NH2 -0.66 -0.53 -0.13 -1.30 -1.05 -0.25 -0.63 -0.69 0.06 137.90

7 OCH3 -0.27 -0.36 0.09 -0.78 -0.79 0.01 -0.26 -0.45 0.19 140.20

8 Cl 0.23 0.06 0.17 0.11 -0.14 0.25 0.19 0.17 0.02 146.00

9 Br 0.23 0.12 0.11 0.15 -0.04 0.19 0.25 0.26 -0.01 146.90

10 CH3 -0.17 -0.02 -0.15 -0.31 -0.26 -0.05 -0.17 0.05 -0.22 144.90

11 OH -0.37 -0.34 -0.03 -0.92 -0.76 -0.16 -0.37 -0.41 0.04 140.50

12 F 0.06 -0.12 0.18 -0.07 -0.42 0.35 -0.03 -0.10 0.07 143.50

13 CF3 0.54 0.43 0.11 0.61 0.44 0.17 0.65 0.72 -0.07 151.20

14 CH2OH 0.00 0.12 -0.12 -0.04 -0.05 0.01 0.08 0.25 -0.17 146.80

15 C6H5 -0.01 0.12 -0.13 0.18 -0.05 -0.13 0.02 0.25 -0.23 146.80

16 CN 0.66 0.51 0.15 0.66 0.55 0.11 1.00 0.82 0.18 152.20
aCalculated/data from the C-QSAR program (ref 17). bCalculated from the ChemBioDraw Ultra 12 program (ref 20).
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compounds III or the CdN carbon of compounds VIII-XIII
and the atomic charges of their respective carbons are summar-
ized in Table 6.36,43

3.1.4. Bond Dissociation Energy (BDE). Bond dissociation
energy (BDE), the measure of bond strength in a chemical bond,
is defined as the standard enthalpy change when a bond is cleaved
by homolysis at a specified temperature. It was observed in our
earlier work46 that the calculated OH homolytic bond dissocia-
tion energies can serve as an electronic parameter for phenols,
which is further supported by an excellent correlation between
BDE and the σþ of the X-substituents (n = 19, r = 0.982) for a
series of 4-X-phenols (XIV) (see Table 7).

The same data set of 4-X-phenols (XIV) (Table 7) was then
used to develop a correlation (eq 16) between the calculated
BDE and the calculated 13C NMR chemical shift of the phenolic
carbon δC(C-OH).

BDE ¼ 0:76ð( 0:07ÞδCðC-OHÞ- 120:95ð( 10:54Þ
ð16Þ

where n = 18, r2 = 0.972, s = 0.368, q2 = 0.967, and F1,16 =
555.429. Outlier: X = NH2.
In eq 16, the strong correlation between BDE and δC(C-OH)

suggests that the 13C NMR chemical shift of the phenolic carbon
δC(C-OH) can be considered as an electronic parameter for 4-X-
phenols. Since the BDE has already shown an excellent correlation
with σþ for this data set, the idea may generate that the 13C NMR
chemical shift can be used as an electronic descriptor in either the
place of the σþ or BDE parameter in QSAR/QSPRmodeling. One
compound (X = NH2) was deemed to be an outlier because this
analogue has a far smaller BDE value than that expected by 4.8 times
the standard deviation. The exact reason for this deviation is not very
clear, but it may be due to the calculated values of either BDE or
δC(C-OH).
3.1.5. EHOMO, ELUMO, and EHOMO - ELUMO (H-L Gap).

According to the frontier orbital theory, the energy of the highest
occupied molecular orbital (EHOMO) and the lowest unoccupied

molecular orbital (ELUMO) can determine the kinetics of the
chemical reaction.47 In recent years, the EHOMO, ELUMO, and
EHOMO - ELUMO (H-L gap) have been utilized successfully as
the electronic descriptors in various QSAR/QSPR models.
The EHOMO is associated with the capacity of a molecule to

donate electrons to an acceptor with an empty molecular orbital.
Thus, the molecule with higher EHOMO will have the higher
electron donating ability and tends to be more reactive. On the
contrary, the ELUMO indicates the ability of the molecule to
accept electrons. Thus, the molecule associated with a low
ELUMO value will be a more powerful electron acceptor than a
molecule with a higher value. This is the reason the ELUMO value
increases by the influence of electron donating groups (EDG)
such as NH2 or OH and decreases by the presence of electron
withdrawing groups (EWG) such as NO2, SO3H, or CN.

48,49

The EHOMO - ELUMO is used as a descriptor to define the
chemical hardness, which is an important stability and reactivity
index. The hardness of a molecule is also qualitatively related to
their polarizability, since a decrease of the energy gap usually
leads to easier polarization of the molecule. Thus, the large
EHOMO-ELUMO value suggests a stable and less reactive molecule,
while the low value indicates an unstable and highly reactive
molecule.48,50

In a very recent publication, a reasonably large data set of
aliphatic acrylates (XV), methacrylates (XVI), and dimethacry-
lates (XVII) was published by Ishihara and Fujisawa51 along with
their 13C NMR spectra, biological activities, and different phys-
icochemical parameters (either collected from the literature52,53

or generated by them). These authors51 also published some
QSPR/QSAR models either for very limited compounds with
excellent correlations or highly sacrificed in terms of correlation
coefficient. The best correlation between the experimental 13C
NMR and calculated EHOMO from their publication was eq 17.

δCðC-RÞ- δCðC-βÞ ¼ 17:83ð( 0:70ÞEHOMO

þ 198:72ð( 0:63Þ ð17Þ
where n = 13, r2 = 0.983, and F1,11 = 636.059

Table 6. Statistical Data for Different Correlations of the
Measured 13C NMR Chemical Shifts of the Carbonyl Carbon
[δC(CdO)] of Acyl-Substituted Phenyl Acetates (III) or the
CdN Carbon [δC(CdN)] of Compounds VIII-XIII and the
Atomic Charges of Their Respective Carbons (qC)

a

no. compd series correlations n r2 slope

1 IIIb δC(CdO) vs qC(CdO) 8 0.9443 343

2 VIII δC(CdN) vs qC(CdN) 10 0.6711 52 ( 14

3 IX δC(CdN) vs qC(CdN) 10 0.7597 69 ( 14

4c X δC(CdN) vs qC(CdN) 9 0.9620 95 ( 9

5 XI δC(CdN) vs qC(CdN) 10 0.8614 82 ( 13

6 XII δC(CdN) vs qC(CdN) 10 0.8339 76 ( 17

7 XIII δC(CdN) vs qC(CdN) 10 0.9276 99 ( 16
aAdapted with permission from ref 43. Copyright 2003 American
Chemical Society. bData from ref 36. cOne compound (R = CN) was
excluded.
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δC(C-R) and δC(C-β) represent the
13CNMR chemical shifts

of the ethylene carbons (A) and (B), respectively, of compounds
(XV-XVII). Equation 17 is an excellent correlation between the
difference between the 13C NMR chemical shifts of the ethylene
carbons [δC(C-R) - δC(C-β)] and EHOMO. The positive
coefficient of EHOMO suggests that the EHOMO of the compounds
(XV-XVII) increases with an increase in the 13CNMR chemical
shifts difference of the ethylene carbons. Since the EHOMO is the
electron donating capacity of the molecules, eq 17 supports the
idea that the substituent effects on both the R and β carbon
chemical shifts reflect the electronic substituent effects and their
difference can estimate the electron donating capacity of the
molecules for this data set. Thus, the [δC(C-R) - δC(C-β)]
value of the molecules can either be used to calculate EHOMO or
be used as an electronic parameter for this data set.
The published data of You et al.54 for the ELUMO of 4-amino-X-

stilbenes (XVIII) and the calculated 13C NMR chemical shifts of
their substituted carbon δC(C-X) in Table 8 were used to
develop QSPR eq 18.

ELUMO ¼ 0:018ð( 0:007ÞδCðC- XÞ- 2:715ð( 0:933Þ
ð18Þ

where n = 8, r2 = 0.864, s = 0.107, q2 = 0.771, and F1,6 = 50.824
outlier: X = 40-NO2

ELUMO vs σ-; r = 0.970
δC(C-X) vs σ-; r = 0.875

Since ELUMO is associated with the molecular ability to accept
electrons, eq 18 suggests that the substituent effects on the
chemical shifts of substituted carbon δC(C-X) can measure the
electron accepting capability of the molecules (XVIII). The high
correlations between ELUMO and σ- and between δC(C-X) and
σ- suggest that δC(C-X) can measure the substituent electro-
nic effects. The positive coefficient with δC(C-X) in eq 18
suggests that the ELUMO of the compounds (XVIII) increases
with an increase in the value of δC(C-X); that is, the 13C NMR
chemical shifts of the substituted carbon will be more deshielded.
One outlier (X = 40-NO2) is more predicted than observed by
about 10 times the standard deviation. The exact reason for this
deviation is not very clear, but it may be due to the unexpected
calculated values of either δC(C-X) or ELUMO for the analogues
(X = 40-NO2).
The data of 4-X-phenols (XIV) in Table 7 was further used to

develop a correlation (eq 19) between the (EHOMO-ELUMO)
55

and the calculated 13C NMR chemical shift of the phenolic
carbon δC(C-OH).

EHOMO - ELUMO ¼ 0:076ð( 0:006ÞδCðC-OHÞ
- 2:493ð( 1:208Þ ð19Þ

where n = 19, r2 = 0.961, s = 0.047, q2 = 0.950, and F1,17 = 418.897
EHOMO - ELUMO vs σþ; r = 0.909
EHOMO - ELUMO vs BDE; r = 0.963
BDE vs σþ; r = 0.982
Equation 19, an excellent correlation between EHOMO-

ELUMO and δC(C-OH), suggests that the chemical shifts of
the C1 carbon can measure the EHOMO - ELUMO of 4-X-
phenols. The positive coefficient of δC(C-OH) indicates that

Table 7. Calculated 13C NMR Chemical Shifts (ppm rel. to TMS) of Phenolic Carbon δC(C-OH) and C4 Carbon δC(C-X),
Calculated BDE Values of OH Bonds, EHOMO- ELUMO, and Electronegativity (χ) Values for 4-X-Phenols (XIV) Used To Derive
Equations 16, 19, and 21 as Well as σþ Values for X-Substituents

BDE (eq 16) EHOMO - ELUMO (eq 19) χ (eq 21)

no. X obsda predb Δ obsdc predb Δ obsdd predb Δ δC(C-OH)e δC(C-X)e (σþ)b

1 OCH3 -6.01 -5.71 -0.30 8.96 8.95 0.01 4.17 4.21 -0.04 150.80 153.20 -0.78

2 OC2H5 -6.16 -6.24 0.08 8.95 8.90 0.05 4.14 4.15 -0.01 150.10 152.00 -0.81

3 OC3H7 -6.23 -6.24 0.01 8.95 8.90 0.05 4.13 4.15 -0.02 150.10 152.00 -0.83

4 OC4H9 -6.27 -6.24 -0.03 8.95 8.90 0.05 4.13 4.15 -0.02 150.10 152.00 -0.81

5 OC6H13 -6.30 -6.24 -0.06 8.95 8.90 0.05 4.13 4.15 -0.02 150.10 152.00 -0.81

6 H 0.00 0.18 -0.18 9.51 8.54 -0.03 4.36 4.25 0.11 158.50 121.30 0.00

7 F -1.99 -2.88 0.89 9.15 9.23 -0.08 4.52 4.47 0.05 154.50 155.50 -0.07

8f NH2 -9.25 -7.47 -1.78 8.71 8.78 -0.07 3.92 3.90 0.02 148.50 141.00 -1.30

9 OH -6.04 -5.48 -0.56 8.95 8.98 -0.03 4.25 4.20 0.05 151.10 151.10 -0.92

10 CH3 -2.22 -2.12 -0.10 9.32 9.31 0.01 4.22 4.20 0.02 155.50 131.00 -0.31

11 C2H5 -1.90 -1.96 0.06 9.31 9.33 -0.02 4.20 4.29 -0.09 155.70 136.90 -0.30

12 OC6H5 -4.55 -5.10 0.55 8.91 9.01 -0.10 4.34 4.21 0.13 151.60 149.60 -0.50

13g C(CH3)3 -1.54 -2.19 0.65 9.36 9.30 0.06 4.22 4.37 -0.15 155.40 143.90 -0.26

14 C3H7 -2.01 -1.89 -0.12 9.34 9.33 0.01 4.23 4.26 -0.03 155.80 134.60 -0.29

15 C4H9 -2.08 -1.96 -0.12 9.34 9.33 0.01 4.24 4.27 -0.03 155.70 135.20 -0.29

16 C5H11 -2.13 -1.96 -0.17 9.34 9.33 0.01 4.24 4.27 -0.03 155.70 135.20 -0.29

17 C7H15 -2.17 -1.96 -0.21 9.34 9.33 0.01 4.23 4.27 -0.04 155.70 135.20 -0.29

18 C8H17 -2.17 -1.96 -0.21 9.34 9.33 0.01 4.24 4.27 -0.03 155.70 135.20 -0.29

19 C9H19 -2.17 -1.96 -0.21 9.35 9.33 0.02 4.24 4.27 -0.03 155.70 135.20 -0.29
aData from ref 46. bCalculated/Data from the C-QSAR program (ref 17). cData from ref 55. dCalculated by eq 20 using data from ref 55. eCalculated
using the ChemBioDraw Ultra 12 program (ref 20). fNot included in the derivation of QSPR eq 16. gNot included in the derivation of QSPR eq 21.



2873 dx.doi.org/10.1021/cr100125d |Chem. Rev. 2011, 111, 2865–2899

Chemical Reviews REVIEW

the EHOMO - ELUMO of 4-X-phenols increases with an increase
in the value of δC(C-OH) and subsequently the reactivity of the
molecule decreases. The high mutual correlations between
EHOMO - ELUMO and σþ, EHOMO - ELUMO and BDE, and
BDE and σþ support the idea that δC(C-OH) can be con-
sidered as an electronic parameter for 4-X-phenols.
3.1.6. Electronegativity (χ). The experimental electronega-

tivity, χ, is found to be in good agreementwith the negative averaged
value of the calculated HOMO/LUMO energies as shown in
eq 20.49,51

χ ¼ -
EHOMO þ ELUMO

2
ð20Þ

Equation 20 was used to calculate the electronegativity (χ) of
4-X-phenols (XIV) from the published data of their EHOMO and
ELUMO values55 (see χ values in Table 7). A correlation (eq 21)
was then developed between electronegativity and the calculated
13C NMR chemical shifts.

χ ¼ 0:061ð( 0:017ÞδCðC-OHÞ
þ 0:014ð( 0:005ÞδCðC- XÞ- 7:087ð( 3:236Þ ð21Þ

where n = 18, r2 = 0.796, s = 0.058, q2 = 0.678, and
F2,15 = 29.265
outlier: X = C(CH3)3
χ vs σþ; r = 0.788
χ vs BDE; r = 0.711
δC(C-OH) vs σþ; r = 0.935
δC(C-X) vs σþ; r = 0.590

δC(C-OH) and δC(C-X) are the 13C NMR chemical shifts of
the C1 and C4 carbons, respectively. Equation 21 suggests that
the electronegativity (χ) of 4-X-phenols (XIV) can be calculated
by using the chemical shifts of their C1 and C4 carbons. The high
mutual correlations between σþ and χ, σþ and δC(C-OH), σþ

and δC(C-X), and χ and BDE suggest the idea thatδC(C-OH)
and δC(C-X) together can be used as an electronic parameter
for 4-X-phenols and may be the substitute for the electronega-
tivity descriptor of 4-X-phenols. One molecule (X = C(CH3)3)
was deemed to be an outlier because this analogue has a lower χ
value than expected by 2.6 times the standard deviation. The

reason for this deviation is due to the more downfield shift of the
C4 carbon attached with the C(CH3)3 group than that of the n-
C4H9 (Δδ = 143.90- 135.20 = 8.70). This may be due to a large
effect coming from electrons in the p-orbital with the branching
C(CH3)3 group. Since this outlier (X = C(CH3)3) is well
predicted by eqs 16 and 19, the reason due to the calculated χ
value cannot be ruled out.
3.1.7. Ionization Potential (IP). Ionization potential (IP) is

an important property of the molecules for the quantitative
estimation of their energy state in a redox process as well as in
other physical, chemical, and biochemical processes. An excellent
linear correlation between the first ionization potential (IP)56-58

and the experimental 13CNMR chemical shift of the para-carbon
δC(C-4)

59 for a series of monosubstituted benzenes (XIX) was
graphically demonstrated by Jørgensen and Dalgaard.60 By using
the same data in Table 9, we developed eq 22.

IP ¼ 0:11ð( 0:02ÞδCðC-4Þ- 5:46ð( 2:27Þ ð22Þ

where n = 15, r2 = 0.935, s = 0.204, q2 = 0.914, and F1,13 =
187.000
IP vs σþ; r = 0.953
δC(C-4) vs σ

þ; r = 0.967
Anilines (X = NH2, NHCH3, and N(CH3)2) with relatively

low chemical shifts δC(C-4) suggest that the C-4 position is
relatively more shielded. On the contrary, the C-4 position of Ph-
X (XIX; X = NO2, CN, CHO, COOH, and COCl) is more
deshielded and subsequently increases the value of δC(C-4). The
above eq 22 is an excellent correlation between IP and δC(C-4),
for which the positive coefficient of δC(C-4) indicates that the IP
of Ph-X increases with an increase in the value of δC(C-4), i.e.
more deshielded. Thus, the IP of Ph-X (XIX) increases with
electron withdrawing X substituents. The high mutual correla-
tion between IP and σþ and between δC(C-4) and σ

þ supports
the idea that δC(C-4) may serve as an electronic parameter for
the monosubstituted benzenes.
The published data of Sakamoto and Watanabe61 for the

averaged of measured 13C NMR chemical shifts (δC-ave) over all
the ring carbons of polycyclic aromatic hydrocarbons (PAHs)
and their ionization potentials in Table 10 were used to develop
the QSPR model (eq 23).

IP ¼ 0:59ð( 0:15ÞδC-ave - 68:02ð( 19:04Þ ð23Þ
where n = 14, r2 = 0.863, s = 0.376, q2 = 0.778, and F1,12 = 75.591
outlier: triphenylene
The averaged 13C NMR chemical shifts (δC-ave) of PAHs are

considered to be an index to measure the electronic structure of
aromatic compounds.61 Triphenylene was deemed to be an
outlier because this compound has a higher IP value than
expected, by ∼3 times the standard deviation. The exact reason
for this deviation is not very clear, but it may be due to faulty
calculation of its IP value.
3.1.8. pKa Values. The ionization ability of an acid has been

quantified by the parameter pKa. It can be calculated from the Ka

values (also known as the protonation constant, equilibrium

Table 8. Calculated 13C NMR Chemical Shift (ppm rel to
TMS) for the Substituted Carbon δC(C-X) of 4-Amino-X-
stilbenes (XVIII) and Their Calculated ELUMO Used To
Derive eq 18 as Well as σ- Values for X- Substituents

ELUMO (eq 18)

no. X obsda predb Δ [δC(C-X)]c (σ-)b

1 40-NH2 -0.03 -0.09 0.06 147.60 -0.63

2 40-CH3 -0.24 -0.27 0.03 137.60 -0.17

3 30-NH2 -0.13 -0.06 -0.07 149.30 -0.16

4 40-H -0.26 -0.44 0.18 127.90 0.00

5 40-Cl -0.44 -0.34 -0.10 133.50 0.19

6 30-Cl -0.40 -0.33 -0.07 134.20 0.37

7 30-CN -0.67 -0.72 0.05 112.50 0.56

8 40-CN -0.82 -0.73 -0.09 111.80 1.00

9d 40-NO2 -1.24 -0.10 -1.14 147.10 1.27
aData from ref 54. bCalculated/Data from C-QSAR program (ref 17).
cCalculated by using ChemBioDraw Ultra 12 program (ref 20). dNot
included in the derivation of QSPR eq 18
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constant, or acid dissociation constant) and obtained from the
equation pKa = -log10(Ka). Along with the integrity, lipophili-
city, solubility, and permeability, pKa has been considered as one
of the five key physiochemical parameters to provide an early
understanding toward the key properties that affect ADME
characteristics.62 Hammett was the first who quantized electronic
effects in aromatic systems and explained the pKa values of the
substituted benzoic acids.26 A measure of electronic effects can
be obtained by the difference between the pKa values for
substituted and unsubstituted benzoic acids:

log KX - log KH ¼ - ðpKaÞX þ ðpKaÞH ¼ Fσ ð24Þ
The above Hammett equation describes the effect of meta- and
para-substituents on the acidity of substituted benzoic acids. In
eq 24, KX is the rate constant for a substituted benzoic acid, KH is
the rate constant for unsubstituted benzoic acid, σ is the
substituent constant, and F is a “reaction constant” which
depends upon the nature and conditions of the reaction. The
Hammett σ constants, from the work of Hollingsworth et al.,63

exhibited a very strong correlation with the experimental pKa

values of substituted benzoic acids:
pKa ¼ - 1:005ð( 0:011Þσ þ 4:200ð( 0:004Þ ð25Þ

where n = 17, r2 = 0.9985, s = 0.0126, and F1,15 = 8788
The calculated 13C NMR chemical shift of the C1 carbon of

4-X-benzoic acids (XX) was plotted against their experimental
pKa values

64 in order to develop a correlation (eq 26).65

pKa ¼ - 0:0891ð( 0:013ÞδC1 þ 15:61ð( 1:701Þ ð26Þ

where n = 15, r2 = 0.9412, s = 0.129, q2 = 0.928, and F1,13 =
207.339 (Note: Statistical data and the 95% confidence intervals
within parentheses were added to the original eq 26.)
From eq 26, it is clear that the C1 carbon of 4-X-benzoic acids

(XX) is most sensitive to X substituents and its 13C NMR
chemical shift (δC1) could represent the electronic substituent
effect. The negative coefficient of δC1 in eq 26 suggests that the
pKa values of 4-X-benzoic acids (XX) increase with more

Table 10. Average of Measured 13C NMR Chemical Shifts
over All the Ring Carbons (ppm rel. to TMS) of Polycyclic
Aromatic Hydrocarbons δC-ave and Their IP Values Used To
Derive eq 23

IP (eq 23)

no. compound name obsdb predc Δ δC-ave
b

1 naphthalene 8.13 7.89 0.24 128.28

2 anthracene 7.43 7.83 -0.40 128.17

3 phenanthrene 8.19 8.13 0.06 128.68

4 benz[R]anthracene 7.54 7.65 -0.11 127.86

5 pyrene 7.50 7.23 0.27 127.16

6a triphenylene 8.15 7.03 1.12 126.82

7 dibenz[R,h]anthracene 7.58 7.63 -0.05 127.83

8 benzo[R]pyrene 7.23 7.20 0.03 127.11

9 9,10-dimethylanthracene 7.14 7.17 -0.03 127.06

10 7-methylbenz[R]anthracene 7.37 7.41 -0.04 127.47

11 7,12-dimethylbenz[R]anthracene 7.22 7.65 -0.43 127.87

12c chlorobenzene 9.42 8.78 0.64 129.77

13 o-dichlorobenzene 9.06 9.79 -0.73 131.48

14 m-dichlorobenzene 9.80 9.30 0.50 130.65

15 p-dichlorobenzene 9.67 9.63 0.04 131.21
aNot included in the derivation of QSPR eq 23. bData from ref 61.
cCalculated from the C-QSAR program (ref 17).

Table 9. The First Ionization Potential (IP) in eV and the
Experimental 13C NMR Chemical Shift of the para-Carbon
δC(C-4) (ppm rel. to TMS) for a Series of Mono-Substituted
Benzenes (XIX) Used To Derive eq 22

IP (eq 22)

no. X obsda predb Δ δC(C-4)
c

1 H 9.25 9.12 0.13 128.50

2 CH3 8.83 8.78 0.05 125.50

3 NH2 8.00 8.01 -0.01 118.70

4 OH 8.70 8.27 0.43 121.00

5 SH 8.49 8.77 -0.28 125.40

6 Cl 9.10 8.89 0.21 126.50

7 Br 9.02 8.92 0.10 126.70

8 NO2 9.92 9.81 0.11 134.60

9 CN 9.71 9.60 0.11 132.70

10 NHCH3 7.73 7.78 -0.05 116.70

11 CHO 9.52 9.77 -0.25 134.20

12 COOH 9.73 9.71 0.02 133.70

13 COOCl 9.70 9.89 -0.19 135.30

14 N(CH3)2 7.51 7.76 -0.25 116.50

15 OCH3 8.21 8.35 -0.14 121.70
aData from refs 56-58. bCalculated from the C-QSAR program (ref
17). cData from ref 59.

Table 11. Experimental pKa Values of 4-X-Benzoic Acids
(XX) and σþ Values for Their X Substituents Used To Derive
eq 27

pKa (eq 27)

no. X obsda predb Δ (σþ)b

1 NHCH3 5.04 5.17 -0.13 -1.81

2 N(CH3)2 5.03 5.10 -0.07 -1.70

3 NH2 4.92 4.85 0.07 -1.30

4 OCH3 4.47 4.52 -0.05 -0.78

5 OH 4.58 4.61 -0.03 -0.92

6 F 4.14 4.08 0.06 -0.07

7 CH3 4.34 4.23 0.11 -0.31

8 C2H5 4.35 4.22 0.13 -0.30

9 CH(CH3)2 4.35 4.21 0.14 -0.28

10 Cl 3.99 3.97 0.02 0.11

11 Br 4.00 3.94 0.06 0.15

12 H 4.17 4.04 0.13 0.00

13 CN 3.55 3.62 -0.07 0.66

14 COOH 3.51 3.77 -0.26 0.42

15 NO2 3.44 3.54 -0.10 0.79
aData from ref 64. bCalculated/Data from the C-QSAR program
(ref 17).
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shielded C1 carbons while they decrease with more de-
shielded C1 carbons. The shielding effect on the C1 carbon
depends on both the inductive and resonance effects of the
substituent. An electron-withdrawing group (EWG) is char-
acteristic of an-I (inductive) and resonance effects, causing a
more downfield shift (more deshielded) in the C1 carbon. On
the contrary, an electron-donating group (EDG) is character-
istic of aþI and resonance effects, causing a more upfield shift
(more shielded) in the C1 carbon. Thus, it can be suggested
that the pKa values of 4-X-benzoic acids (XX) will increase by
the influence of a more shielded C1 carbon or electron-
releasing X substituents. This finding has further been sup-
ported by the development of eq 27 (using the same pKa

values of eq 26); that is, electron-releasing X substituents will
increase the pKa values of 4-X-benzoic acids (XX), as sug-
gested by the negative F value of the Hammett σþ of X
substituents (see eq 27 below and their data in Table 11).
There is also an excellent mutual correlation between δC1 and
σþ (r = 0.958) for this data set.

pKa ¼ - 0:627ð( 0:087Þσþ þ 4:035ð( 0:074Þ ð27Þ

where n = 15, r2 = 0.949, s = 0.120, q2 = 0.931, and F1,13 =
241.902
On comparing eqs 26 and 27, one can say that eq 26 may

provide an alternative to evaluate pKa values, especially for those
substituted derivatives for which the substituent constants (σþ

values) are unknown.
3.1.9. Polarizability (R) and NVE. The polarizability (R) of

a molecule is a significant descriptor that is frequently used in
QSAR and QSPR analysis. It is defined as the proportionality
constant between the strength of an applied electrical field (E)
and the magnitude of the induced dipole moment (μinduced).

μinduced ¼ R� E ð28Þ
The molecular polarizability of X-chlorobenzene (XXI) ob-

tained from density functional theory was published by Staikova
et al.66 We used their data to develop QSPR (eq 29) between
polarizability (R in Å3) and the averaged 13C NMR chemical
shifts over all the ring carbons of X-chlorobenzene (δC-ave)

calculated from the ChemBioDraw Ultra 12 program20 (see
Table 12).

R ¼ 1:73ð( 0:33ÞδC-ave - 214:35ð( 44:15Þ ð29Þ
where n = 12, r2 = 0.930, s = 0.711, q2 = 0.888, and F1,10 = 132.857
The number of valence electrons (NVE) is an easily calculable

and a different form of polarizability parameter, which was
developed by Hansch et al.67 It can be represented as NVE =
nσ þ nπ þ nn, where nσ is the number of electrons in the σ-
orbital, nπ is the number of electrons in π-orbitals, and nn is the
number of lone pair electrons. This parameter is simply com-
puted by adding up the number of valence electrons in a
molecule, e.g. H = 1, C = 4, Si = 4, N = 5, P = 5, O = 6, S =
6, and halogens = 7. An excellent correlation was also estab-
lished between NVE and molecular polarizability,R (n = 146, r2

= 0.987).68 NVE was further applied successfully as a polariz-
ability parameter in an extensive QSAR study pertaining to
various chemical-biological interactions.68-70 Using the data
in Table 12, QSPR (eq 30) was developed between NVE and
δC(C-ave).

NVE ¼ 5:73ð( 1:18ÞδC-ave - 707:01ð( 155:96Þ ð30Þ
where n = 12, r2 = 0.921, s = 2.513, q2 = 0.875, and F1,10 = 116.582
The polarizability (R or NVE) of X-chlorobenzenes (XXI)

increases with increasing the number of chlorines. A positive
coefficient of δC-ave in both eqs 29 and 30 further suggests that
the polarizability (R or NVE) of X-chlorobenzenes (XXI)
increases with increasing their δC-ave values. Thus, the polariz-
ability of this set of compounds can be measured by their δC-ave
values.

3.2. Hydrophobic Descriptor
The hydrophobic parameter is one of the most important and

frequently used molecular descriptors in QSAR studies due to its
usefulness in the prediction of the pharmacokinetics of the drugs,
and thus, it greatly influences the fate of new drugmolecules. The
hydrophobicity of a molecule is traditionally expressed as the

Table 12. Calculated Averaged 13C NMR Chemical Shifts (δC-ave) Over All the Ring Carbons of X-Chlorobenzene (XXI) as Well
as Their Polarizabilities (R in Å3) and Other Physicochemical Descriptors Used To Derive eqs 29, 30, and 35

R (eq 29) NVE (eq 30)c CMR (eq 35)c

no. X obsdb predc Δ obsd pred Δ obsd pred Δ δC-ave
a (MgVol)c

1 H 10.48 10.74 -0.26 36 36.98 -0.98 3.18 3.26 -0.08 129.82 0.84

2 2-Cl 12.14 12.09 0.05 42 41.45 0.55 3.67 3.63 0.04 130.60 0.96

3 3-Cl 12.30 12.47 -0.17 42 42.71 -0.71 3.67 3.73 -0.06 130.82 0.96

4 4-Cl 12.35 12.66 -0.31 42 43.34 -1.34 3.67 3.78 -0.11 130.93 0.96

5 2,3-Cl2 13.89 13.39 0.50 48 45.75 2.25 4.16 3.98 0.18 131.35 1.08

6 2,4-Cl2 14.11 13.69 0.42 48 46.73 1.27 4.16 4.06 0.10 131.52 1.08

7 3,5-Cl2 14.22 14.87 -0.65 48 50.62 -2.62 4.16 4.38 -0.21 132.20 1.08

8 2,3,4-Cl3 15.75 15.26 0.49 54 51.94 2.06 4.65 4.49 0.17 132.43 1.21

9 2,3,5-Cl3 15.92 17.12 -1.20 54 58.07 -4.07 4.65 4.99 -0.33 133.50 1.21

10 2,4,5-Cl3 15.98 15.26 0.72 54 51.94 2.06 4.65 4.49 0.17 132.43 1.21

11 2,3,4,5-Cl4 17.70 18.42 -0.72 60 62.37 -2.37 5.15 5.34 -0.19 134.25 1.33

12 2,3,4,5,6-Cl5 19.48 18.33 1.15 66 62.08 3.92 5.64 5.32 0.32 134.20 1.45
aCalculated from the ChemBioDraw Ultra 12 program (ref 20). bData from ref 67. cCalculated from the C-QSAR program (ref 17).
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logarithm of the partition coefficient (log P) for partitioning of
the molecule between an organic and an aqueous phase, where the
organic phase imitates cell membrane phospholipids in the interac-
tions.71 Since thepioneeringworkofHansch et al.,1,72,73 the logarithm
of the partition coefficient between n-octanol and water (log Poct or
log P) has been widely used as a hydrophobic descriptor in QSAR
analysis. It also has a critical role in each of the components of
ADMET. Of course, it cannot serve as a “magic bullet” but must play
an important role in the drug design and development.

While log P can be determined experimentally, either by direct
methods (shake-flask, slow-stirring, filter-probe extractor, poten-
tiometric titration methods, etc.)74-76 or indirect methods
(reversed phase thin-layer chromatography, reversed phase
high-performance liquid chromatography, artificial membrane
chromatography, electrokinetic chromatography, etc.),77-79 this
requires the prior synthesis of the compound. Therefore, num-
erous computational programs (e.g., CLOGP, KLOGP,
KOWWIN, ACD/log P, SMILOGP, XLOGP, etc.) along with
various QSPR models based on the calculated descriptors have
been developed.80,81

NMR chemical shifts are quantum mechanical energies that
are mainly composed of two terms, such as diamagnetic and
paramagnetic, for which the diamagnetic term is directly related
to the electrostatic potential at the nucleus, whereas the para-
magnetic term is mainly related to the electron orbitals surround-
ing the nucleus and independent of the solvent-solute
interactions.9 This means that the changes occurring in chemical
shifts due to solvent can be directly related to the electrostatic
potential at the nucleus and may represent the solvent-solute
enthalpy changes. Therefore, the difference in chemical shift
values observed in two solvent systems (an aqueous and an
organic solvent) may correlate to log P. By taking this assump-
tion, a rapid and easily calculable MLR model (eq 31) was
developed by Schnackenberg and Beger82 using a diverse set of
162 compounds for the computation of log P.

log P ¼ 0:0092ð( 0:0038ÞΔC

þ 0:0309ð( 0:0013ÞMV þ 0:249ð( 0:064ÞNHD
- 0:694ð( 0:042ÞNHA - 0:806ð( 0:164Þ ð31Þ

where n = 162, r2 = 0.880, s = 0.494, and F4,157 = 281.87
In eq 31,ΔC is the sum of 13CNMR chemical shift differences in

water and methanol, MV is the molar volume, NHD is the number
of hydrogen bond donors, and NHA is the number of hydrogen
bond acceptors of the compound.While logP values are determined
for the partitioning of a compound between water and n-octanol,
methanol (MeOH-d4) was chosen as the NMR solvent that may
provide a substitute for n-octanol, as it has the most closely related
polarizability and miscibility of 1-octanol.

Although computational programs are preferred for the log P
calculation, they may provide misleading information for new and
complex chemical/drug molecules with unknown (missing) frag-
ments and not verified in the absence of the experimental values
(either of the molecule in question or their analogues). In that
situation, we believe that eq 31 may provide alertness or may prove
to be an alternative tool to calculate log P with an acceptable range.

3.3. Steric Descriptors
Taft’s ES parameter23,34 was the first successful attempt to

quantify the steric features of various functional groups in

QSAR/QSPR analysis, which is defined as follows:

ES ¼ logðkX=kHÞacid ð32Þ
where kX and kH are rate constants for the acid hydrolysis of
esters, XCH2COOR and CH3COOR, respectively. The other
common steric parameters used in the development of QSAR/
QSPR models are molar refractivity (MR), molar volume
(MgVol), molecular weight (MW), and Verloop’s sterimol
parameters, such as modified length (L), minimum width (B1),
and maximum width (B5).

Molar refractivity (MR) is one of the most widely used steric
parameters in Hansch QSAR/QSPR analysis, which is generally
considered to be a crude measure of overall bulk. It includes a
polarizability component which may describe cohesion and is
related to the London dispersion forces. It is represented by the
following eq:23

MR ¼ 4
3
πNR ð33Þ

where MR is the molar refractivity and R the polarizability of the
molecule. N is Avogadro’s number, and π = 3.14.

MR is also defined by the well-documented Lorentz-Lorenz
equation (eq 34):83,84

MR ¼ ðn2 - 1Þ
ðn2 þ 2Þ �

MW
F

ð34Þ

where n is the refractive index, MW the molecular weight, and F
the density of the compound. Thus, MR is dependent on both
the volume and polarizability. MR is generally scaled by 0.1 and
then utilized in the biological QSAR, where intermolecular
interactions are of the primary concern. It can be used for a
substituent or for the wholemolecule. Using the data in Table 12,
QSPR 35 was developed between CMR (calculated molar re-
fractivity) and the calculated averaged 13C NMR chemical shifts
(δC-ave) over all the ring carbons of X-chlorobenzene (XXI).

CMR ¼ 0:47ð( 0:10ÞδC-ave - 57:67ð( 12:77Þ ð35Þ

where n = 12, r2 = 0.921, s = 0.206, q2 = 0.875, and F1,10 =
116.582
CMR vs R; r = 0.999
CMR vs NVE; r = 1.000
CMR vs MgVol; r = 1.000
The high correlations of CMR with polarizability (R and

NVE) and molar volume (MgVol) support the idea that the MR
parameter is dependent on both the polarizability and volume.
The above linear correlation (eq 35) suggests that the CMR of
X-chlorobenzene (XXI) increases with increasing δC-ave. This
means that δC-ave represents both the electronic (polarizability)
and volume terms. The polarizability termmay associate with the
electrostatic potential at the carbon nucleus, whereas the volume
term may be due to the electron orbital (cloud) surrounding the
nucleus.

3.4. Topological Descriptors
The Wiener index (W) is one of the oldest and most widely

used topological indices, but it is applicable only for the acyclic
graphs and not for the cyclic.85 On the other hand, the Szeged
(Sz) index is the modification of theWiener index and applicable
for both the graphs: acyclic and cyclic.86,87 It is interesting to note
that the Wiener and Szeged indices coincide with each other for
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the acyclic graphs. For this reason, another index, called the
Padmakar-Ivan (PI) index, was proposed.88,89 Unlike the Sz
index, the PI index is different for acyclic and cyclic graphs.
Randic connectivity (0χ, 1χ, 2χ) indices are the integer numbers
by applying structural operations involving more than one vertex
at a time.90,91 Kier and Hall valence connectivity (0χv, 1χv, 2χv)
indices are the extended form, for which valence deltas δv are
used in computing subgraph terms.92,93

Experimental 13C NMR chemical shifts (ppm, TMS = 0) on
carbinol carbon atoms of a reasonably large set of alcohols (n =
32) were used by Jaiswal and Khadikar94 to correlate it with a
large set of distance based topological indices (e.g., W, PI, mχ, and
mχv), resulting in the development of 19 correlations with
correlation coefficients (r) ranging from 0.774 to 0.889. The
best result with fewer descriptors and high statistics came in the
form of the following QSPR model (eq 36):

δC-OH ¼ 31:944ð( 8:876Þ0χ - 31:871ð( 9:360Þ1χ
- 15:225ð( 5:615Þ2χ þ 27:951ð( 7:524Þ ð36Þ

where n = 32, r = 0.852, s = 4.315, and F3,28 = 24.627
δC-OH is the experimental 13C NMR chemical shifts of

carbinol carbon atoms in alcohols. The positive coefficient of
0χ suggests that the nature of atom(s) has a significant effect on
the 13C NMR chemical shift, while the negative coefficients of 1χ
(provides information about the nature of atoms and first-order
branching) and 2χ (encodes more information about branching)
descriptors indicate the detrimental effects of branching on the
exhibition of the 13C NMR chemical shift of the present data set
of alcohols. The corresponding model containing 0χv, 1χv, and
2χv gave slightly lower statistics (r = 0.844, s = 4.419, and F =
23.038). The valence connectivity indices encode electronic
information in addition to the simple connectivity indices.95

Thus, δC-OH can measure both the electronic and steric effects
for this data set. Although tetraparametric (containing PI, 0χ, 1χ,
and 2χ) and pentaparametric (containing PI, W, 0χ, 1χ, and 2χ)
models showed slightly better statistics, those models containing
one or more parameters have coefficients that are considerably
smaller than their corresponding standard deviations.

4. QSAR RESULTS AND DISCUSSION

4.1. Physical (or Nonbiological) QSAR
4.1.1. Degradation. Glucuronidation of carboxylic acid

drugs, such as nonsteroidal anti-inflammatory drugs (NSAIDs),
has been found to be in a metabolic activation pathway. This may
possibly be due to the covalent binding of resultant 1-β-O-acyl
glucuronides (βGAs) to proteins.96-98 βGAs are potentially
reactive electrophiles and thought to be implicated in the adverse
drug reactions (ADRs) of the parent carboxylic acid drugs.99

Thus, the development of QSAR models for this group of
compounds could be of great interest for designing new drugs.
Vanderhoeven and co-workers were the first who explored
correlations between the degradation rate constants (log kd) of
nine 1-β-O-acyl glucuronides of p-substituted-benzoic acids with
δC(CdO)acid (r2 = 0.783) and δC(CdO)glucuronide (r2 =
0.786).100 In their correlations, δC(CdO)acid corresponds to
the experimental 13C NMR chemical shifts of the carbonyl
carbons of benzoic acids, whereas δC(CdO)glucuronide represents
the experimental 13C NMR chemical shifts of the carbonyl
carbons of the glucuronides of the corresponding benzoic acids.
The identical r2 values in both of their correlations suggest that

either δC(CdO)acid or δC(CdO)glucuronide might be used as
descriptor for the prediction of log kd values of 1-β-O-benzoyl
glucuronides with p-substituents (BAGAs). Of course, δC-
(CdO)acid is the better descriptor, since it is more readily
available as compared to δC(CdO)glucuronide of the correspond-
ing synthesized 1-β-O-benzoyl glucuronides (BAGAs). This
study was further extended by the development of QSAR
eqs 37 and 38 for the prediction of log kd values of 1-β-O-
benzoyl glucuronides with o-, m-, and p-substituents, XXII
(BAGAs).101

log kd ¼ - 0:329ð( 0:053ÞδCðCdOÞacid þ 54:55ð( 8:88Þ
ð37Þ

where n = 18, r2 = 0.707, s = 0.279, and F1,16 = 38.6

log kd ¼ - 0:42ð( 0:13ÞδCðCdOÞglucuronide
þ 69:75ð( 21:87Þ ð38Þ

where n = 18, r2 = 0.744, s = 0.261, q2 = 0.682, and F1,16 = 46.5
(Note: QSAR eq 38 is from our present work. The detail data is
given in Table 13.)

Again the results from QSARs 37 and 38 support the idea that
either δC(CdO)acid or δC(CdO)glucuronide might be used as

Table 13. Degradation Rate Constants (log kd) of BAGAs
(XXII) and the Measured 13C NMR Chemical Shift (ppm rel.
to TMS) of the Carbonyl Carbon in Their 1-β-O-Acyl Group
Used To Derive eq 38

log kd (eq 38)

no. X obsda predb Δ [δC(CdO)glucuronide]
a

1 H -0.46 -0.65 0.19 166.54

2 2-Cl 0.08 -0.08 0.16 165.19

3 3-Cl 0.10 -0.11 0.21 165.25

4 4-Cl -0.21 -0.26 0.05 165.62

5 2-CH3 -0.91 -0.93 0.02 167.19

6 3-CH3 -0.60 -0.71 0.11 166.68

7 4-CH3 -0.78 -0.68 -0.10 166.61

8 2,4-(CH3)2 -1.19 -0.89 -0.30 167.10

9 2-OCH3 -0.84 -0.44 -0.40 166.05

10 4-OCH3 -1.09 -0.57 -0.52 166.34

11 2-CF3 -0.63 -0.39 -0.24 165.93

12 4-CF3 0.25 -0.12 0.37 165.28

13 4-F -0.42 -0.22 -0.20 165.51

14 2-Ph -1.44 -1.31 -0.13 168.09

15 3-Ph -0.35 -0.64 0.29 166.51

16 4-Ph -0.46 -0.54 0.08 166.29

17 2-NHPh -1.09 -1.33 0.24 168.14

18 2-NHPh(20 ,30-(CH3)2) -1.36 -1.53 0.17 168.62
a δC(CdO)glucuronide:

13CNMR chemical shift of the carbonyl carbon in
the 1-β-O-acyl group of BAGAs measured in MeOH-d4. Data from ref
101. bCalculated from the C-QSAR program (ref 17).
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predictor for log kd values of BAGAs. The log kd values of BAGAs
possessing a bulkier X substituent such as Me and Ph, are seen in
the following order: m-isomer > p-isomer > o-isomer. The steric
effect of these bulkier groups may overcome the electronic effect,
resulting in a lower log kd value for the o-substituted BAGAs. On
the other hand, log kd values of BAGAs possessing a Cl
substituent are in the following order: m-isomer > o-isomer >
p-isomer. This may possibly be due to the intermediate bulkiness
of the Cl substituent (Es =-0.97). Furthermore, 2,4-Me2-BAGA
has a lower log kd value than that of both 2-Me-BAGA and 4-Me-
BAGA. The electron-releasing p-Me group resulted in increasing
pKa and decreasing log kd values of 2,4-Me2-BAGA as compared
to that of 2-Me-BAGA. On the other hand, the reactivity
difference between 2,4-Me2-BAGA and 4-Me-BAGA is mainly
due to the sterically hindered o-Me group. The steric effect may
be surpassed by the electronic effect and hence decrease the log
kd value of 2,4-Me2-BAGA as compared to that of 4-Me-BAGA
(see Table 13).101 In order to verify the practical effectiveness of
the electronic and steric descriptors for the log kd values of
BAGAs (XXII), various QSAR models (eqs i-vii) were devel-
oped by using the combinations of electronic (δCOOH, pKa, σ, or
HPAC) and steric (δC(CdO)acid, or Es) descriptors (Table 14).
Equation ii (Table 14) was found to be among the best, as judged
by their r2 and q2 values.
4.1.2. Hydrolysis. The correlation between the experimental

13C NMR chemical shift of carbonyl carbons (in CDCl3) and the
logarithms of their rate coefficients of the neutral hydrolysis (ko)
for X-phenyl dichloroacetates (XXIII, n = 9, r2 = 0.934) was

published by Neuvonen and Neuvonen.102 We used their data
(Table 15) and developed eqs 39 and 40:

log ko ¼ - 1:46ð( 0:33ÞδCðCdOÞ þ 237:35ð( 53:55Þ
ð39Þ

where n = 9, r2 = 0.940, s = 0.168, q2 = 0.887, and F1,7 = 109.667

log ko ¼ 1:65ð( 0:25Þσ- 0:22ð( 0:11Þ ð40Þ
where n = 9, r2 = 0.973, s = 0.113, q2 = 0.944, and F1,7 = 252.259
In the above equations, ko is the rate coefficient for the neutral

hydrolysis of X-phenyl dichloroacetates (XXIII) in 20% acetoni-
trile-water at 298.2 K. The rate coefficient (ko) of the esters
(XXIII) increases with electron-withdrawing X substituents, as
suggested by the positive F value of the Hammett σ in eq 40 and
the data in Table 15. It is important to note that the electron-
withdrawal by the X substituents results in an upfield shift of the
13C NMR resonance of the carbonyl carbon, which also reflects
the increased double bond character of the CdO bond. This
suggests that the ko of XXIII increases with an upfield shift of the
13C NMR of the CdO carbon, which is supported by the
negative coefficient of δC(CdO) in eq 39. There is also an
excellent mutual correlation between δC(CdO) and the

Table 14. Statistical Parameters for Multiple Regression Analyses Using Electronic and Steric Descriptors for log kd Values of 18
BAGAs (XXII)a

QSAR no. electronic descriptor steric descriptor const n r2 q2 s F ref

i δCOOH [0.84 ((0.15)] δC(CdO)acid [-0.269 ((0.034)] 33.46 18 0.901 0.840 0.167 68.30 101

ii HPAC [137 ((22)] δC(CdO)acid [-0.201 ((0.035)] -39.24 18 0.921 0.890 0.150 87.50 101

iii pKa [-1.12 ((0.12)] Es [0.500 ((0.047)] 4.17 16 0.907 0.776 0.157 63.50 101

iv HPAC [180 ((19)] Es [0.128 ((0.040)] -95.07 16 0.909 0.863 0.155 65.00 101

v pKa [-0.461 ((0.272)] δC(CdO)acid [-0.368 ((0.088)] 62.81 18 0.843 0.773 0.211 40.27 PW

vi δCOOH [1.74 ((0.421)] Es [0.066 ((0.174)] -23.10 15 0.872 0.822 0.191 40.88 PW

vii σ [0.776 ((0.447)] δC(CdO)acid [-0.311 ((0.125)] 51.35 16 0.855 0.743 0.196 38.33 PW
a δC(CdO)acid and δCOOH:

13C NMR chemical shift of the carbonyl carbon and 1H NMR chemical shift of the carboxylic hydrogen in the parent BAs
measured in DMSO-d6, respectively. HPAC: the calculated partial atomic charge. PW: present work. Adapted with permission from ref 101. Copyright
2009 American Chemical Society.

Table 15. Rate Coefficient (log ko) for theNeutral Hydrolysis of X Phenyl Dichloroacetates (XXIII) in 20%Acetonitrile-Water at
298.2 K, Measured 13C NMR Chemical Shift (ppm rel. to TMS) of the Carbonyl Carbon, and σ Constants of X Substituents Used
To Derive eqs 39 and 40

log ko (eq 39)
b log ko (eq 40)

b

no. X log ko (obsd)
a pred Δ pred Δ σb δC(CdO)a

1 4-NO2 1.16 1.10 0.06 1.06 0.10 0.78 162.13

2 3-NO2 0.93 0.67 0.26 0.95 -0.02 0.71 162.43

3 4-CN 0.94 1.00 -0.06 0.87 0.07 0.66 162.20

4 4-Cl 0.13 0.16 -0.03 0.16 -0.03 0.23 162.78

5 3-Cl 0.27 0.35 -0.07 0.39 -0.12 0.37 162.65

6 4-Br 0.10 0.27 -0.17 0.16 -0.06 0.23 162.70

7 H -0.32 -0.19 -0.13 -0.22 -0.10 0.00 163.02

8 4-CH3 -0.56 -0.46 -0.10 -0.50 -0.06 -0.17 163.20

9 4-OCH3 -0.46 -0.70 0.24 -0.67 0.21 -0.27 163.37
aData from ref 102. bCalculated/Data from the C-QSAR program (ref 17).
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Table 16. Difference between the Experimental 13C NMR Chemical Shifts of the C-4 and C-3 Carbons Δδ(4-3) and The Rate
Constants of Base Hydrolysis (log k) of Cephalosporin Analogues (XXV) Used To Derive eq 44

log k (eq 44)

no. X Y obsda predb Δ [Δδ(4-3)]
a

1 H H NDd 2.50 NDd 4.70

2c H COOCH3 2.57 3.25 -0.68 15.60

3 COCH2-PHE H 2.23 2.47 -0.24 4.20

4 COCH2-THY H NDd 2.48 NDd 4.30

5 COCH2-MOD H 2.32 2.46 -0.14 4.10

6 COCH2O-PHE H NDd 2.47 NDd 4.20

7 COCH(NH2)-PHE H 2.76 2.50 0.26 4.70

8 COCH(NH2)-CHD H 2.75 2.49 0.26 4.50

9 COCH2-THY OH NDd 2.74 NDd 8.20

10 COCH2-THY SCH3 NDd 2.83 NDd 9.50

11c COCH2-THY S-MDZ 2.28 2.85 -0.57 9.70

12c COCH2-MOD S-TRZ 2.41 2.85 -0.43 9.70

13 COCH2-THY S-TRZ 2.45 2.81 -0.36 9.20

14 COCH2-THY S-THC 2.83 2.83 -0.01 9.50

15 COCH2-THY S-BTH 2.98 3.09 -0.12 13.30

16 COCH2-MOD S-OXD 3.02 3.03 -0.01 12.40

17 COCH2-MOD S-THD 3.02 3.02 -0.01 12.30

18 COCH2-TET S-THD 3.03 3.02 0.01 12.20

19 COCH2-THY S-THD 3.08 3.06 0.02 12.80

20 COCH2-THY S-MTE 3.10 3.05 0.06 12.60

21 COCH(COONa)-THY S-MTE 3.09 3.04 0.05 12.50

22 COCH(CH3)-THY S-MTE 3.05 3.08 -0.03 13.10

23 COCH(Br)-THY S-MTE 3.32 3.04 0.28 12.50

24 COCH2-ABA OCOCH3 3.08 3.04 0.04 12.50

25 COCH2-THY OCOCH3 3.17 3.22 -0.05 15.10

26 COCH2-THP OCOCH3 3.20 3.22 -0.02 15.10

27 COCH2-PHE OCOCH3 NDd 3.23 NDd 15.30

28 COCH2O-PHE OCOCH3 NDd 3.21 NDd 15.00

29 CONHCH2-THY OCOCH3 NDd 3.21 NDd 15.00

30 COCH2-THY PYR 3.72 3.75 -0.02 22.80

31 COCH2-THY APY 3.76 3.73 0.02 22.60
aData from ref 104. bCalculated from the C-QSAR program (ref 17). cNot included in the derivation of QSAR eq 44. dNot determined.
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Hammett σ constant of the X substituents (r = 0.981). On
considering all the facts together for eqs 39 and 40, one can say
that eq 39may provide an alternative to evaluate rate coefficients,
especially for the substituted derivatives for which the substituent
constants (σ values) are unknown.102

Relationships between the chemical reactivity of 3-methylene-
substituted cephalosporins (XXIV) and their experimental 13C
NMR chemical shifts were developed by Nishikawa and Tori.103

According to their results, the values of the 13C NMR chemical
shifts (δC-3 and δCOO) of 3-methylene-substituted cephalospor-
ins were well correlated with the logarithms of their rate
constants for alkaline hydrolysis (log kobsd). Correlations were
shown by eqs 41 and 42:

log kobsd ¼ - 0:161ð( 0:099ÞδC-3 þ 19:800ð( 11:659Þ
ð41Þ

where n = 7, r2 = 0.778, s = 0.285, q2 = 0.632, and F1,5 = 17.523

log kobsd ¼ - 0:507ð( 0:283ÞδCOO þ 86:445ð( 47:809Þ
ð42Þ

where n = 7, r2 = 0.809, s = 0.264, q2 = 0.553, and F1,5 = 21.178
(Note: Statistical data and the 95% confidence intervals within
parentheses were added to the original eqs 41 and 42.)
The negative coefficients associated with δC-3 and δCOO

suggest that the rate of alkaline hydrolysis of cephalosporins
(XXIV) increases with an upfield shift of the 13C NMR chemical
shift of the C-3 and COO (attached to C-4 carbon) carbons. On
the other hand, the log kobsd values of cephalosporins (XXIV)
were well correlated with the 13C NMR chemical shift difference
between their C-4 and C-3 carbons (Δδ(4-3)), as shown in the
following eq 43:

log kobsd ¼ 0:085ð( 0:071ÞΔδð4-3Þ - 0:340ð( 1:060Þ
ð43Þ

where n = 5, r2 = 0.827, s = 0.302, q2 = 0.656, and F1,3 = 14.341
(Note: Statistical data and the 95% confidence intervals within
parentheses were added to the original eq 43; cephalosporins
(XXIV) with R = CH3, CH2COOC2H5, CH2OCOCH3, CH2(1-
methyl-1H-tetrazol-5-yl)thio, CH2N

þC5H5, and R0 = Na were
used in the development of eq 43 by the authors103.)
The above equation suggests that the polarization of the

C3dC4 double bond may be an important factor for determining
the β-lactam reactivity of 3-methylene-substituted cephalospor-
ins. Although the predictive ability of eq 43 has been demon-
strated by its high correlation coefficient (r2 = 0.827), the data set
is very small (n = 5).
In the parallel work, a relationship between the logarithm of

the alkaline hydrolysis rate constant (k) and the experimental 13C
NMR chemical shift difference (Δδ(4-3) = δC-4 - δC-3) for a
reasonably large data set of cephalosporins (XXV) was graphi-
cally demonstrated by Coene et al.104 The published data of rate
constant (k) was converted into their logarithm values (log k),
andQSAR eq 44was developed (see Table 16 for the data and for
the structures of the substituents).

log k ¼ 0:07ð( 0:02ÞΔδð4-3Þ þ 2:18ð( 0:19Þ ð44Þ

where n = 20, r2 = 0.840, s = 0.158, q2 = 0.797, and
F1,18 = 94.500
outliers: X = H, Y = COOCH3; X = COCH2-THY, Y =
S-MDZ; X = COCH2-MOD, Y = S-TRZ
According to eq 44, it can be suggested that the rate of the

alkaline hydrolysis of cephalosporins (XXV) depends directly on
the C3dC4 double bond polarity, as reflected by Δδ(4-3). This
supports the prediction coming from the QSAR 43. Three
compounds (X = H, Y = COOCH3; X = COCH2-THY, Y =
S-MDZ; X = COCH2-MOD, Y = S-TRZ) were deemed to be
outliers because they predicted higher log k values than observed,
by 4.3, 3.6, and 2.7 times, respectively, compared to the standard
deviation. The exact reason for this deviation is not very clear, but
the first outlier may suggest that the substitution on X is
preferred.
This work was further extended by Narisada and co-

workers105 in order to clarify the effects of 30-substituents upon
the chemical reactivity of the β-lactam ring of oxacephems
(XXVI) and developed the linear correlation in eq 45.

log kobsd
NMR ¼ 0:0655ð( 0:022ÞΔδð4-3Þ - 1:04ð( 0:167Þ

ð45Þ

where n = 9, r2 = 0.876, s = 0.142, q2 = 0.742, and F1,7 = 49.452
(Note: Statistical data and the 95% confidence intervals within
parentheses were added to the original eq 45.)

Table 17. Alkaline Hydrolysis Rate Constants (log kobsd
NMR)

of Oxacephems Analogues (XXVI) Obtained by 1H NMR
Spectroscopy at pD 10.4 and 35 �C, and σI Values of X
Substituents Used To Derive eq 46

aData from ref 105. bCalculated/Data from the C-QSAR program
(ref 17).
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kobsd
NMR is the alkaline hydrolysis rate constants for oxace-

phems (XXVI) obtained by 1H NMR spectroscopy at pD 10.4
and 35.0 �C, whereas Δδ(4-3) is the experimental 13C NMR
chemical shift differences between the C-4 and C-3 carbons of
oxacephems (XXVI). There is an excellent mutual correlation
between log kobsd

NMR and σI of X substituents (r = 0.915). Thus,
the effects of the 30-substituents on the chemical reactivity of the
β-lactam ring of oxacephems (XXVI) can be explained in terms
of its inductive effect, as shown by eq 46 (Table 17).105

log kobsd
NMR ¼ 1:17ð( 0:36ÞσI - 1:16ð( 0:18Þ ð46Þ

where n = 9, r2 = 0.896, s = 0.131, q2 = 0.840, and F1,7 = 60.308
The above equation suggests that the electron-withdrawing 30-

substituent increases the chemical reactivity of the β-lactam ring
of oxacephems (XXVI), which correspond to the degree of
polarization of the lactam moiety toward the enamine and
expressed by Δδ(4-3) values. On comparison between eqs 45
and 46, one can now suggest that the chemical reactivity of the β-
lactam ring of the oxacephems (XXVI) may be estimated by
Δδ(4-3) values without the measurement of the pseudo-first-
order rate constant (kobsd

NMR) of the alkaline hydrolysis, espe-
cially for those derivatives with unknown substituent constants
(σI values).
4.1.3. Oxidation. The kinetics for the oxidation of 4-X-

benzaldehydes (XXVII) to 4-X-benzoic acids by oxo(salen)
manganese(v) complex (XXVIII) at 298Kwere reported by Bansal
et al.106 The published data of rate constants (k) for the oxidation of
4-X-benzaldehydes (XXVII) was converted into their logarithms
(log k), and QSAR eqs 47 and 48 were developed (Tables 18).

log k ¼ - 0:15ð( 0:03ÞΔδC1 þ 2:25ð( 0:13Þ ð47Þ
where n = 12, r2 = 0.919, s = 0.202, q2 = 0.889, and F1,10 = 113.457

log k ¼ - 1:26ð( 0:11Þσþ þ 2:39ð( 0:06Þ ð48Þ
where n = 12, r2 = 0.984, s = 0.090, q2 = 0.976, and F1,10 = 615

Rate constants (k) for the oxidation of 4-X-benzaldehydes
(XXVII) are in mol m-1 s-1, whereas ΔδC1 is the difference
between the calculated 13C NMR chemical shifts of the C1
carbon of 4-X-benzaldehydes and that of the parent in ppm. The
simple linear correlation (QSAR 47) suggests that the rate of the
oxidation of 4-X-benzaldehydes may be determined by theΔδC1
values without the measurement of the rate constant (k) for the
oxidation and it increases with decreasing ΔδC1. There is an
excellent correlation between ΔδC1 and σþ (r = 0.941), the
Brown variant of the Hammett electronic parameter of X
substituents. Thus, the effect of X substituents on the oxidation
rate of 4-X-benzaldehydes can also be explained in terms of σþ

(eq 48). The negative Fþ value of the σþ in eq 48 suggests that
the rate of oxidation for 4-X-benzaldehydes increases by the
electron-donating X substituents and that the same has been
represented alternatively by the ΔδC1 term in eq 47 with a
negative coefficient. Thus, an upfield shift in the 13C NMR of the
C1 carbon due to an electron-donating X substituent increases
the oxidation rate of 4-X-benzaldehyde.
4.1.4. Reduction. Relative rate constants (k4X/kH) for the

reduction of 4-X-benzenediazonium ions (XXIX) by citrato-
copper(I) complex (Sandmeyer hydroxylation) were published
by Hanson and co-workers.107 The published data of the relative
rate constants (k4X/kH) was converted into their logarithms (log
k4X/kH) and used in the development of QSAR eqs 49 and
50 (Tables 19).

log k4X=kH ¼ 0:09ð( 0:03ÞΔδC1 þ 0:22ð( 0:17Þ ð49Þ
where n = 11, r2 = 0.857, s = 0.251, q2 = 0.785, and F1,9 = 53.937

log k4X=kH ¼ 1:19ð( 0:18Þσþ - 0:02ð( 0:09Þ ð50Þ
where n = 11, r2 = 0.962, s = 0.129, q2 = 0.943, and F1,9 = 227.842
ΔδC1 is the difference between the calculated 13C NMR

chemical shifts of the C1 carbon of 4-X-benzenediazonium ions
and that of the parent, whereas k4X and kH are the rate constants

Table 18. Calculated 13C NMR Chemical Shift Difference (ΔδC1), Rate Constants of Oxidation (log k) for 4-X-Benzaldehydes
(XXVII), and σþ Values of X Substituents Used To Derive eqs 47 and 48

log k (eq 47)b log k (eq 48)b

no. X log k (obsd)a pred Δ pred Δ (ΔδC1)
c (σþ)b

1 NO2 1.41 1.33 0.08 1.40 0.01 6.10 0.79

2 CN 1.51 1.60 -0.09 1.56 -0.05 4.30 0.66

3 CF3 1.67 1.75 -0.08 1.62 0.05 3.30 0.61

4 COOCH3 1.76 1.60 0.16 1.78 -0.02 4.30 0.49

5 Br 2.23 2.40 -0.17 2.20 0.03 -1.00 0.15

6 H 2.28 2.25 0.03 2.39 -0.11 0.00 0.00

7 Cl 2.31 2.53 -0.22 2.26 0.05 -1.90 0.11

8 F 2.58 2.91 -0.33 2.48 0.10 -4.40 -0.07

9 CH3 2.71 2.70 0.01 2.79 -0.08 -3.00 -0.31

10 SCH3 2.99 2.79 0.20 3.15 -0.16 -3.60 -0.60

11 NHCOCH3 3.27 2.91 0.36 3.15 0.12 -4.40 -0.60

12 OCH3 3.44 3.41 0.03 3.38 0.06 -7.70 -0.78
aData from ref 106. bCalculated/Data from the C-QSAR program (ref 17). cCalculated from the ChemBioDraw Ultra 12 program (ref 20).
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for the reduction of 4-X-benzenediazonium ions and unsubsti-
tuted benzenediazonium ion, respectively. Rhe relative rate
constant (k4X/kH) for the reduction of 4-X-benzenediazonium
ions increases with electron-withdrawing X groups, as suggested
by the positive coefficient of ΔδC1 (eq 49) and σþ (eq 50). A
high mutual correlation between ΔδC1 and σþ (r = 0.961)
supports the idea that the relative rate constants for the reduction
of 4-X-benzenediazonium ions (XXIX) can alternatively be
estimated only by ΔδC1 values, especially for those derivatives
with unknown substituent constants (σþ values).

4.2. Biological QSAR
4.2.1. Antibacterial Activity.The β-lactam antibiotics, such

as cephalosporins, oxacephalosporins, penicillins, etc., inhibit
biosynthesis of bacterial cell walls in bacteria by acylating and
thereby inactivating the active center of the targeted transpepti-
dases, which may play an important role in the construction of
the three-dimensional network of the cell walls as well as to
induce the enzymatic self-lysis of the cell walls by interferences
with the murein metabolism.108-110 The in vitro antibacterial

activity (log 1/MIC) of β-nitrostyrene derivatives (XXX) against
Gram-positive bacteria (Enterococcus faecalis ATCC 29212) was
found to be well correlated with their experimental redox
potential (Ep), as demonstrated graphically by Milhazes and
co-workers.111 In turn, no correlation was found between anti-
bacterial activity and lipophilicity. We used their data (Table 20)
and developed the following QSAR 58.

log 1=MIC ¼ - 9:89ð( 3:47ÞEp - 1:84ð( 1:81Þ ð51Þ
where n = 12, r2 = 0.802, s = 0.238, q2 = 0.710, and F1,10 = 40.505
MIC represents the minimum inhibitory concentration in

molar unit. The negative coefficient associated with Ep suggests
that the antibacterial activity of β-nitrostyrenes (XXX) increases
with decreasing their Ep values. It can now be suggested that the
mode of action of β-nitrostyrenes (XXX) may closely be related
to their electrophilicity, thus being a consequence of their ability

Table 20. Calculated/Measured 13C NMR Chemical Shifts Difference (Δδ(β-r)), Experimental Redox Potential (Ep), and
Biological (MIC; mol L-1) Parameters for β-Nitro-styrene Analogues (XXX) Used To Derive eqs 51 and 52

log 1/MIC (eq 51)b log 1/MIC (eq 52)b

no. X Y R log 1/MIC (obsd)a pred Δ pred Δ (Ep)
a Δδ(β-R)

1f H H H 2.77 2.66 0.11 2.11 0.66 -0.46 -1.40c

2f H H CH3 3.41 3.57 -0.16 4.18 -0.77 -0.55 14.20c

3 OH OH H 2.85 3.07 -0.22 3.06 -0.21 -0.50 5.80d

4 OH OH CH3 3.48 3.84 -0.36 3.63 -0.15 -0.57 10.10d

5 OCH3 OCH3 H 2.61 2.82 -0.21 2.84 -0.23 -0.47 4.10a

6 OCH3 OCH3 CH3 3.84 3.68 0.16 3.86 -0.02 -0.56 11.80a

7 OH OCH3 H 2.88 2.88 0.00 2.86 0.02 -0.48 4.30a

8 OH OCH3 CH3 4.12 3.74 0.38 3.82 0.30 -0.56 11.50a

9 OCH3 OH H 2.88 3.03 -0.15 3.01 -0.13 -0.49 5.40a

10 OCH3 OH CH3 3.82 3.79 0.03 3.68 0.14 -0.57 10.50a

11 -OCH2O- H 3.18 2.84 0.34 2.76 0.42 -0.47 3.50a

12 -OCH2O- CH3 3.81 3.75 0.06 3.96 -0.15 -0.56 12.60e

aData from ref 111. bCalculated from the C-QSAR program (ref 17). cCalculated from the ChemBioDraw Ultra 12 program (ref 20). dData from ref
112. eData from ref 113. fNot included in the derivation of QSAR eq 52.

Table 19. Calculated 13C NMR Chemical Shift Difference (ΔδC1), Relative Rate Constants of Reduction (log k4X/kH) for 4-X-
Benzenediazonium Ions (XXIX), and σþ Values of X Substituents Used To Derive eqs 49 and 50

log k4X/kH (eq 49)b log k4X/kH (eq 50)b

no. X log k4X/kH (obsd)a pred Δ pred Δ (ΔδC1)
c (σþ)b

1 OCH3 -1.11 -0.88 -0.23 -0.95 -0.16 -11.60 -0.78

2 OC6H5 -0.60 -0.80 0.20 -0.62 0.02 -10.80 -0.50

3 CH3 -0.47 -0.07 -0.40 -0.39 -0.08 -3.00 -0.31

4 H 0.00 0.22 -0.22 -0.02 0.02 0.00 0.00

5 F 0.14 -0.20 0.34 -0.11 0.25 -4.40 -0.07

6 Cl 0.30 0.04 0.26 0.11 0.19 -1.90 0.11

7 COCH3 0.44 0.63 -0.19 0.57 -0.13 4.40 0.50

8 COOC2H5 0.52 0.62 -0.10 0.55 -0.03 4.30 0.48

9 CF3 0.63 0.53 0.10 0.70 -0.07 3.30 0.61

10 CN 0.75 0.62 0.13 0.76 -0.01 4.30 0.66

11 NO2 0.91 0.79 0.12 0.92 -0.01 6.10 0.79
aData from ref 107. bCalculated/Data from the C-QSAR program (ref 17). cCalculated from the ChemBioDraw Ultra 12 program (ref 20).
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to accept electrons, which enables the reduction of the nitro
group.111 It has been noted that the antibacterial activities
(Table 20) of the β-methyl-β-nitrostyrene derivatives are higher
than those of their corresponding β-nitrostyrenes. This may
possibly be due to the lower Ep values of the β-methyl-β-nitrostyr-
ene derivatives as compared to their corresponding β-nitrostyrenes.
Hence, the reduction potential seems to be highly sensitive to a
methyl substitution in the β-position. Since there is a high mutual
correlation (r = 0.920) between redox potentials (Ep)

111 of β-
nitrostyrenes (XXX) and their Δδ(β-R) (calculated/experimental
13C NMR chemical shift differences between C-β and C-R
carbons),20,111-113 we developed QSAR eq 52 from the same
activity data in Table 20.

log 1=MIC ¼ 0:13ð( 0:05ÞΔδðβ-RÞ þ 2:29ð( 0:43Þ ð52Þ

where n= 10, r2 = 0.826, s = 0.235, q2 = 0.709, and F1,8 = 37.977
outliers: X = Y = R = H and X = Y = H, R = CH3

The above equation suggests that the antibacterial activity of
β-nitrostyrenes (XXX) increases with increasing Δδ(β-R) va-
lues; that is, it depends directly on the CRdCβ double bond
polarity. On comparison between QSARs 51 and 52, one can
suggest that the antibacterial activity of β-nitrostyrenes (XXX)
against Gram-positive bacteria (Enterococcus faecalis ATCC
29212) may be estimated by Δδ(β-R) values without the
measurement of the redox potential (Ep) for this series of
compounds. Two compounds (X = Y = R = H and X = Y = H,
R = CH3) were deemed to be outliers on the basis of their
deviation between observed and calculated activities from the
equation (Obsd - Pred > 2s). The exact reasons for these
deviations are not very clear, but they may be due to the
simultaneous use of the calculated/experimentalΔδ(β-R) values.
It must be noted that all the compounds except these two outliers

have the experimental Δδ(β-R) values. Thus, the calculated
Δδ(β-R) values may not be correct.
4.2.2. Antimalarial Activity. Malaria, caused by the proto-

zoal species Plasmodium, continues to be one of the most
devastating infectious tropical diseases, with approximately
243 million infections and 863,000 deaths globally in 2009
alone.114,115 These occur particularly among children and
women, primarily in Africa. The most lethal form of malaria
is caused by Plasmodium falciparum, and its prevalence and
rapid spread, coupled with the emergence of global resistance to
the commonly used antimalarials, suggest an urgent need for
the development of new antimalarial drugs in order to combat
the record numbers of malarial infections.116-118 A series of
cinnamic acid derivatives (XXXI) was synthesized and evalu-
ated for their inhibitory activity against intraerythrocytic forms
of P. falciparum strain Dd2 using a semiautomated microdilu-
tion assay by Wiesner and co-workers.119 We converted their
inhibition data (IC50; μM) into activity (log 1/IC50; mol/L)
and used it in the development of the following QSAR models
53 and 54 (see data in Table 21):

log 1=IC50 ¼ 4:96ð( 2:20ÞC log P- 0:32ð( 0:15ÞC log P2

- 0:86ð( 0:23Þσþ - 13:61ð( 7:82Þ ð53Þ

where n = 14, r2 = 0.909, s = 0.187, q2 = 0.826, and
F3,10 = 33.296

Table 21. Calculated 13C NMR Chemical Shift (δC1) and Biological (log 1/IC50; mol L-1) and Physicochemical Parameters for
Cinnamic Acid Analogues (XXXI) Used To Derive eqs 53 and 54,a

log 1/IC50 (eq 53)
c log 1/IC50 (eq 54)

c

no. X log 1/IC50 (obsd)
b pred Δ pred Δ (C log P)c (σþ)c (δC1)

d

1 H 5.24 5.32 -0.08 5.21 0.03 6.80 0.00 135.20

2e NO2 5.19 4.47 0.72 4.47 0.72 6.54 0.79 141.30

3 CHO 4.40 4.39 0.01 4.20 0.20 6.15 0.47 141.00

4e COOCH3 6.00 4.88 1.12 4.78 1.22 6.77 0.49 139.50

5 CF3 5.24 5.09 0.15 5.17 0.07 7.68 0.61 138.50

6 Cl 5.26 5.50 -0.24 5.65 -0.39 7.51 0.11 133.30

7 Br 5.49 5.48 0.01 5.58 -0.09 7.66 0.15 134.20

8 NH2 5.26 5.21 0.05 5.11 0.15 5.57 -1.30 125.20

9 CH(CN)2 4.37 ND ND 4.76 -0.39 6.09 NA 134.50

10 CH3 5.85 5.81 0.04 5.70 0.15 7.30 -0.31 132.20

11 OCH3 5.89 5.94 -0.05 5.91 -0.02 6.72 -0.78 127.50

12 C2H5 5.92 5.87 0.05 5.76 0.16 7.83 -0.30 132.40

13 CH(CH3)2 5.92 5.78 0.14 5.71 0.21 8.22 -0.28 132.40

14 C(CH3)3 5.52 5.59 -0.07 5.61 -0.09 8.62 -0.26 132.10

15 OCH2CH3 6.07 6.22 -0.15 6.21 -0.14 7.25 -0.81 126.80

16 O(CH2)2CH3 6.70 6.32 0.38 6.29 0.41 7.78 -0.83 126.80

17 O(CH2)3CH3 5.96 6.21 -0.25 6.23 -0.27 8.30 -0.81 126.80
aND = not determined, NA = not available. bData from ref 119. cCalculated/Data from the C-QSAR program (ref 17). dCalculated from the
ChemBioDraw Ultra 12 program (ref 20). eNot included in the derivation of QSAR eqs 53 and 54.
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optimum C log P = 7.75(7.48-8.38)
outliers: X = NO2 and COOCH3

log 1=IC50 ¼ 4:15ð( 2:85ÞC log P- 0:27ð( 0:20ÞC log P2

- 0:10ð( 0:03ÞδC1 þ 2:25ð( 10:11Þ ð54Þ

where n = 15, r2 = 0.861, s = 0.259, q2 = 0.710, and
F3,11 = 22.712
optimum C log P = 7.82(7.41-10.12)
outliers: X = NO2 and COOCH3

δC1 is the calculated
13C NMR chemical shift (ppm) of the

C1 carbon, σþ is the Brown variant of the Hammett electronic
parameter for X substituents, and C log P is the calculated
partition coefficient in n-octanol/water and is a measure of
hydrophobicity for the whole molecule. Parabolic correlations
(eqs 53 and 54) in terms of C log P suggest that the
antimalarial activities of cinnamic acid derivatives (XXXI)
against intraerythrocytic forms of the P. falciparum strain Dd2
first increase with an increase in their hydrophobicity up to an
optimum C log P of ∼7.80 and then decrease. QSARs 53 and
54 are almost parallel, and their identical optimum C log P
values (7.75 and 7.82) suggest that the δC1 values for this data
set can be used as an alternative descriptor for that of σþ,
which is supported further by the strong mutual correlation
between δC1 and σþ (r = 0.964). The advantage of using δC1
as an alternative descriptor for σþ is that the QSAR 54 has
predicted the activity of compound XXXI (X = CH(CN)2),
while the QSAR 53 is unable to predict the activity of this
analogues due to the unavailability of the σþ value for their
CH(CN)2 substituent. The negative Fþ value of the σþ in
eq 53 suggests that the antimalarial activity of compounds
(XXXI) further increases with the electron-donating X sub-
stituents and that the same has been represented alternatively
by the δC1 term in eq 54 with a negative coefficient. Thus, an
upfield chemical shift of the C1 carbon in 13C NMR (electron-
donating X substituent effect) indicates the increase in the
antimalarial activity.
Two same data points (X = NO2 and COOCH3) in both the

QSARs were considered to be outliers and excluded from the

analysis since their deviations were greater than twice the
standard deviation of the regression line. The unusual behavior
of the nitro analogue could be attributed to the formation of the
active nitro anion radical and its subsequent reduction to a
nitrosobenzene and/or phenylhydroxylamine.25,120 The reason
for the second outlier (X = COOCH3) is not very clear, but it
may be associated with the experimental error, or the used
parameters may not be the best.
4.2.3. Antimuscarinic Activity. A series of tropinyl esters

(XXXII) and piperidinyl esters (XXXIII) was synthesized and
evaluated for their inhibitory activities against the endothelial
muscarinic receptors of rat (M3) and rabbit (M2) aorta by the
research group of Xu et al.121 A QSAR analysis was then
performed for which M2 and M3 antagonistic activities (log 1/
EC50) of esters XXXII and XXXIII (including atropine) were
well correlated with their two electronic parameters (Taft’s polar
substituent constant σ* for the group R in the acyl side chain
R-CO- and the experimental 13C NMR chemical shift difference
of the carbonyl carbonΔδ). 80% and 90% variances, respectively,
of the M2- and M3- inhibitory activities of these esters were
accounted for their two electronic parameters (σ* andΔδ) of the
acyl side chain. The QSARmodel for theM3- inhibitory activities
has been shown in eq 55:121

log 1=EC50ðM3Þ ¼ 2:47ð( 0:36Þσ� þ 0:78ð( 0:08ÞΔδ
þ 4:98ð( 0:23Þ ð55Þ

where n = 19, r2 = 0.900, s = 0.480, q2 = 0.850, and F2,16 = 69.910.
log 1/EC50(M3) is the M3 antagonistic activities of esters

XXXII and XXXIII (including atropine), where EC50(M3) is
the molar concentration required to inhibit 50% of the (ACh)-
induced relaxation of phenylepherine-induced precontracted
endothelium-intact rat aortic rings. Δδ is the difference between

Table 22. Experimental 13C NMR Chemical Shifts (δC-3 and δC-4) and Biological (log 1/ID50; mol L-1) Parameters of Quinoline
Analogues (XXXIV) Used To Derive eqs 56 and 57

aData from ref 123. bCalculated from the C-QSAR program (ref 17).
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the experimental 13CNMRchemical shifts of the carbonyl carbon in
the ester (δi) and that of themethyl ester (δMe) of tropine (171.543
ppm) orN-methylpiperidine-4-ol (170.943 ppm). It must be noted
that theTaft’s polar substituent constantσ* is a directmeasure of the
electron-withdrawing capacity of theR groupwhileΔδ is an indirect
measure of the electronic effect of the R group. Since Δδ does not
provide the exact level of themechanistic insight asσ*, the variations
in Δδ might be attributed to a complex mixture of both the steric
and the electronic effects.122

In addition to the conventional QSAR, a comparative molec-
ular field analysis (CoMFA) was also performed by the same
research group using the same data set of esters.121 The
advantage of this analysis is that it allows us to visualize the
electrostatic and steric regions in three-dimensional space. The
statistics of the developed CoMFA models for the esters are as
follows:
CoMFA model for the M2 antagonistic activities (log 1/
EC50(M2)):
n = 19, rcv

2 = 0.820, scv = 0.870, principal components = 3.
Relative contribution: steric = 0.69% and electrostatic =0.31%.
CoMFA model for the M3 antagonistic activities (log 1/
EC50(M3)):
n = 19, rcv

2 = 0.720, scv = 0.840, principal components = 2.
Relative contribution: steric = 0.69 and electrostatic = 0.31.
rcv

2 and scv are respectively the cross-validated r
2 and the cross-

validated standard error of the models. The CoMFA results for
the M2 and M3 antagonistic activities of esters suggest the
contributions of both the steric and electrostatic effects. In
contrast, the conventional QSAR models suggest only the
contribution of electrostatic parameters (σ* andΔδ). A possible
explanation for this is the high correlations between Δδ and log
MV (r = 0.739) and betweenΔδ andN- 3 (r = 0.827), and thus,
the former (Δδ) is reflected into the combined steric and
electrostatic components of CoMFA where MV is the molecular
volume (size) and N is the number of hyperconjugable RC-H
atoms.121,122

4.2.4. Antiproliferative Activity. Boryczka et al.123 synthe-
sized a series of quinoline derivatives (XXXIV) and evaluated for
their in vitro antiproliferative activities against T47D (breast cancer)
cells, and they also developed various QSAR models using the
experimental 13C NMR chemical shift of a selected carbon atom as
an electronic descriptor(s). The best QSARs from their results were
the following: (ID50 =-0.99δC-3þ 141.01; n = 8, r2 = 0.960) and
(ID50 = 0.74δC-4- 97.46; n = 8, r2 = 0.970). Since we do not prefer
to use ID50 as dependent variable in theQSARmodel development,
the ID50 (μg/mL) values of compounds (XXXIV) were trans-
formed into log 1/ID50 (mol/L) and the following QSAR models
56 and 57 were developed (see data in Table 22):

log 1=ID50 ¼ 0:051ð( 0:022ÞδC-3 - 2:10ð( 3:00Þ ð56Þ
where n = 8, r2 = 0.838, s = 0.204, q2 = 0.733, and F1,6 = 31.037.

log 1=ID50 ¼ - 0:039ð( 0:016ÞδC-4 þ 10:27ð( 2:25Þ
ð57Þ

where n = 8, r2 = 0.860, s = 0.190, q2 = 0.779, and F1,6 = 36.857.

δC-3 and δC-4 are the experimental 13C NMR chemical shifts
(ppm) of the C-3 and C-4 carbons, respectively, for quinoline
derivatives (XXXIV). It is well established that the 13C NMR
chemical shifts of the quinoline carbons are sensitive to electron
density, and they shift upfield in an electron-rich environment.124

In the present case, signals for C-3 of the quinoline for the more
active derivatives are shifted downfield in comparison to that of
the corresponding less active compounds and vice versa for the
signals of the C-4 carbon. Since there is an excellent mutual
correlation between δC-3 and δC-4 (r = 0.993), δC-3 and δC-4
explain almost similar variance, 84% and 86%, respectively, in the
data set of QSARs 56 and 57. But results from both the QSARs
are not identical. A positive coefficient (þ0.051) associated with
δC-3 in eq 56 suggests that the antiproliferative activity of
quinolines (XXXIV) increases with downfield chemical shift in
the C-3 carbon. On the contrary, a negative coefficient (-0.039)
associated with δC-4 in eq 57 suggests that the upfield chemical
shift in the C-4 carbon increases the antiproliferative activity of
quinolines. On combining both results, one can say that the
upfield and downfield chemical shifts, respectively, of the C-4 and
C-3 carbons will increase the antiproliferative activity of quino-
lines (XXXIV) against T47D cells.
4.2.5. Antipsychotic/Antidopaminergic Activity. To as-

sess the influence of structural factors on dopamine D2 receptor
binding, the in vitro dopamine D2 receptor affinity (pKi) data of
different series of benzamides were subjected to QSAR analysis.
From the dopamine D2 receptor affinity (pKi) data of a series
of orthopramides (XXXV), the QSAR model (eq 58) was
developed.125,126

pKi ¼ 0:254ð( 0:043ÞδC-2 þ 0:030ð( 0:009ÞδC-3
þ 0:083ð( 0:011ÞδC-5 þ 0:026ð( 0:007Þ

∑MR - 46:100ð( 8:000Þ ð58Þ
where n = 18, r2 = 0.899, s = 0.308, q2 = 0.818, and F4,13 = 29.000.
δC-2, δC-3, and δC-5 are the experimental 13C NMR chemical

shifts of the C-2, C-3, and C-5 carbons, respectively. ∑MR is the
sum of the molar refractivity of substituents X and Y. A positive
coefficient associated with all the descriptors of QSAR 58
demonstrates that the dopamine D2 receptor affinity of com-
pounds (XXXV) increases by increasing the downfield shift of
the C-2, C-3, and C-5 carbons (electronic influence of the ring
substituents) as well as the sum of the molar refractivity of the X
and Y substituents (steric/polarizability effect). Of course, the
13C NMR chemical shifts of the C-2 and C-5 carbons in the
aromatic ring are the most crucial structural properties for the
affinity of orthopramides (XXXV) to the dopamine D2 receptor.
It must be noted that the chemical shift of the C-5 carbon is
mainly influenced by the Y substituents, for which the Y
substituents, such as OCH3 and OH, increase the downfield
shift and enhance the binding affinity, while the other Y
substituents, such as H, Cl, and Br, decrease the downfield shift
and diminish the binding affinity.
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In another attempt, a QSAR model (eq 59) was developed
from the dopamine D2 receptor affinity (pKi) data of a series of
salicylamides (XXXVI) by the same research group.125,126

pKi ¼ 2:10ð( 0:36ÞπX - 0:754ð( 0:217ÞπX
2

- 0:060ð( 0:017ÞδC-6 þ 10:60ð( 2:30Þ ð59Þ

where n = 48, r2 = 0.668, s = 0.543, q2 = 0.627, and F3,44 = 28.81
optimum πX = 1.39 (1.10-2.30) (Note: The optimum value
of πX was added to the original eq 59)
This is a parabolic correlation in terms of πX (hydrophobic

parameter of X substituents) followed by an electronic parameter
δC-6 (experimental

13C NMR chemical shifts of C-6 carbon). In this
model, 55.2% of the variance in the data is explained by the hydro-
phobic descriptorπXwhile the electronic descriptorδC-6 accounts for
only 11.6% of the variance in the data. This strong dependence on
mostly the hydrophobic term (πX) shows how the hydrophobic X
substituents increase the binding affinity of salicylamides (XXXVI) to
the dopamine D2 receptor. On the other hand, it is very difficult to
explain the electronic effect because the chemical shift of the C-6
carbon is influenced by the both X and Y substituents. Of course, the
negative coefficient associated with δC-6 suggests that the affinity of
compounds (XXXVI) decreases by increasing the downfield shift of
the C-6 carbon.
A QSAR model (eq 60) was also developed from the dopamine

D2 receptor affinity (pKi) data of a series of substituted benza-
mides (XXXVII) by De Paulis et al.125

pKi ¼ 0:030ð( 0:006ÞδC-2 - 0:029ð( 0:008ÞδC-3
- 0:226ð( 0:025ÞδC-6 þ 35:80ð( 3:80Þ ð60Þ

where n = 18, r2 = 0.871, s = 0.291, and F3,14 = 31.50.
It is interesting to note that the above QSAR suggests the

electronic contributions of only the 13C NMR chemical shifts
(experimental) of the C-2, C-3, and C-6 carbons of the aromatic
ring. The positive coefficient of δC-2 suggests that the more
downfield shift at the C-2 carbon is favored for the increased
activity. The chemical shift of the C-2 carbon is mainly influenced
by the R substituent; OH increases the chemical shift and
enhances the activity, while H decreases the chemical shift and
diminishes the affinity. On the other hand, the negative coeffi-
cient associated with δC-3 and δC-6 suggests that the affinity of
compounds (XXXVII) decreases by increasing the downfield
shift of the C-3 and C-6 carbons. The chemical shift of the C-3
carbon, in particular, is mainly influenced by the X substituent;
substituents such as C2H5 or n-Pr increase the chemical shift and
diminish the affinity, while substituents such as H, Cl, and Br
decrease the chemical shift and enhance the activity.
From the combined data of dopamine D2 receptor affinity

(pKi) of two series of benzamides (XXXV and XXXVI), the
QSAR model (eq 61) was developed.126

pKi ¼ 0:569ð( 0:087Þlog kw þ 0:377ð( 0:086ÞkY
- 0:270ð( 0:081ÞδC-6 þ 0:25ð( 0:09ÞIC-2 ð61Þ

where n = 66, r = 0.834, s = 0.621, and F4,61 = 34.90
log kw is the overall molecular hydrophobicity obtained from

HPLC at pH = 7.4, whereas κY is the Livingstone’s donor-
acceptor parameter of Y substituents. IC-2 is an indicator variable
having value 0 for those compounds unsubstituted at the C-2
position and 1 for those compounds with the OH group at the
C-2 position. The positive coefficient of the indicator variable
suggests that the presence of the OH group at the C-2 position is
favorable for the activity. The activity of benzamides (XXXV and
XXXVI) increases with increasing their hydrophobicity, as
evident by the positive coefficient of log kw. Similarly, the
increased value of κY is also favored. Again the negative coeffi-
cient associated with δC-6 suggests that the affinity of the
benzamides diminishes by increasing the chemical shift of the
C-6 carbon.

Table 23. Calculated 13C NMR Chemical Shifts (δC-4b and δC-7), C log P, and Biological (log 1/MIC; mol L-1) Parameters of
Polyhydroxyxanthones (XXXVIII) Used To Derive eqs 62 and 63

log 1/MIC (eq 62)b log 1/MIC (eq 63)b

no. X log 1/MIC (obsd)a pred Δ pred Δ (δC-4b )
c (δC-7)

c (C log P)b

1 1,3-(OH)2 3.12 3.19 -0.07 3.25 -0.13 155.60 124.30 3.06

2d 1,3,5-(OH)3 3.12 2.61 0.51 3.01 0.11 145.40 122.90 2.43

3 1,3,6-(OH)3 3.12 3.12 0.00 2.92 0.20 157.00 114.10 2.43

4 1,3,7-(OH)3 3.30 3.18 0.12 3.31 -0.01 148.20 153.90 2.43

5 1,3,8-(OH)3 3.12 3.07 0.05 3.21 -0.09 157.00 110.50 3.33

6 1,3,5,6-(OH)4 2.52 2.53 -0.01 2.70 -0.18 146.40 113.10 1.84

7 1,3,6,7-(OH)4 3.12 3.12 0.00 3.01 0.11 149.60 143.90 1.84

8 1,3,6,8-(OH)4 3.00 2.96 0.04 2.83 0.17 158.40 96.40 2.67

9 1,3,5,6,8-(OH)5 2.52 2.49 0.03 2.61 -0.09 149.40 97.80 2.01

10 1,3,6,7,8-(OH)5 2.82 3.00 -0.18 2.94 -0.12 151.00 128.90 2.08
aData from ref 128. bCalculated from the C-QSAR program (ref 17). cCalculated from the ChemBioDraw Ultra 12 program (ref 20). dNot included in
the derivation of QSAR eq 62.
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4.2.6. Antituberculous Activity. Polyhydroxyxanthones
are known to possess antituberculotic activity against Mycobac-
terium tuberculosis.127 A QSARmodel between the MIC values of
polyhydroxyxanthones (XXXVIII) and their 13C NMR chemical
shifts (δC-4b and δC-7) with high statistics (n = 9, r = 0.969, s =
0.28, and F= 46.1) was published byHambloch et al.128 for which
MIC represents the minimal inhibitory concentration values of
polyhydroxyxanthones (XXXVIII) againstMycobacterium tuber-
culosis in micromoles per milliliter, while δC-4b and δC-7 are the
calculated 13C NMR chemical shifts of C-4b and C-7 carbons in
parts per million, respectively. Since we do not prefer to use MIC
as the dependent variable in the QSAR model development, the
MIC (μmol/mL) values of compounds (XXXVIII) were trans-
formed into log 1/MIC (mol/L) and the following QSARmodel
62 was developed (see data in Table 23):

log 1=MIC ¼ 0:054ð( 0:02ÞδC-4b þ 0:014ð( 0:005ÞδC-7
- 6:97ð( 3:38Þ ð62Þ

where n = 9, r2 = 0.916, s = 0.094, q2 = 0.821, and F2,6 = 32.714
outlier: X = 1,3,5-(OH)3
C log P vs δC-4b; r = 0.765
The positive coefficient associated with δC-4b and δC-7

suggests an increase in the activity of compounds
(XXXVIII) with their both downfield shifted C-atoms. An
upfield shift of the C-4b carbon is mainly due to the presence
of a hydroxyl group in position 5, and to a lesser extent from a
hydroxyl group in position 7. On the other hand, the strong
downfield shift is observed due to the presence of a hydroxyl
group in position 7. Compounds with hydroxyl groups in both
positions 5 and 6 (X = 1,3,5,6-(OH)4 and X = 1,3,5,6,
8-(OH)5) have upfield shifted C-4b and C-7 carbons and thus
displayed poorest activity (log 1/MIC = 2.52 mol/L) in the
data set. Thus, the C-7 carbon must be substituted, while the
C-5 and C-6 carbons should not be. One data point (X =
1,3,5-(OH)3) was deemed to be an outlier and excluded from
the analysis, since their deviation was more than five times the
standard deviation from the regression line. The reason for
this outlier is not very clear. Since there is a good mutual
correlation between the hydrophobic parameter of the com-
pounds and their 13CNMR chemical shifts of the C-4b carbon,
QSAR 63 was developed to see the influence of the hydro-
phobicity of the compounds (see data in Table 23):

log 1=MIC ¼ 0:358ð( 0:252ÞC log Pþ 0:010ð( 0:007ÞδC-7
þ 0:925ð( 1:117Þ ð63Þ

where n = 10, r2 = 0.735, s = 0.157, q2 = 0.502, and F2,7 = 9.708.
Positive coefficients of C log P and δC-7 suggest that the

activity of compounds (XXXVIII) increases with increasing their
hydrophobicity and downfield shifted C-7 atom. Although
QSAR 63 has no outlier, it displays only fair statistics that are
not much improved by dropping one data point. The best
statistics are coming from QSAR 62.

QSAR studies were also carried out by the research group of
Schaper et al.129 between the antituberculous activities of a series
of 61 substituted xanthones (XXXVIII, where X = CH3, CN,
COOH, COOCH3, CONH2, NO2, and NH2) and their experi-
mental 13C NMR chemical shifts, hydrophobicity, and molar
refractivities of the substituents. In addition to these parameters,
the test concentrations of the compounds were also used as input
descriptor because of the varying solubility, leading to 127 data
points obtained from 61 compounds. The Adaptive Least
Squares (ALS) technique based on an MLR with stepwise
adaptation was used to develop a number of QSAR models.
The best model for the biological activity (two activity classes)
against M. tuberculosis was established with the following statis-
tics: n = 61, n1 = 127, nmis = 9, RS = 0.765, RS(LOO) = 0.489, and E
= 0.842. For which n, n1, and nmis are, respectively, the number of
compounds, measurements, and misclassifications. RS is the
Spearman rank correlation coefficient between observed and
calculated activity classes, while RS(LOO) is the cross-validated RS
obtained from the leave-one-out procedure. E represents the
error function.
In addition to the conventional QSAR models, the Artificial

Neural Networks (ANN)model was also performed on the same
data set (XXXVIII; where X = CH3, CN, COOH, COOCH3,
CONH2, NO2, and NH2) in order to compare the two methods
(ALS vs ANN). Using a three-layer back-propagation neural
network, the final network was obtained with 11 input variables
(experimental 13C NMR chemical shifts, hydrophobicity, molar
refractivities of the substituents, and applied concentration
values) and 2 hidden layer neurons. The statistics of that
ANN-QSAR were n = 61, n1 = 127, nmis = 4, and RS = 0.897.
These results of the ANN calculation were further validated by
the leave-10%-out method. Although a direct comparison of
these two QSAR (ALS and ANN) models is very difficult, the
predictive power of these models can be compared by their nmis
and RS values. However, both models are able to recognize the
most important structural features determining the antitubercu-
lous activity of the substituted xanthones using 13C NMR
chemical shifts, molar refractivities, and log P values as physico-
chemical descriptors in addition to the applied concentration
(log C).129 In ANN-QSAR, the QSAR information is being
stored in the weight matrices representing connection strengths
between neurons, whereas a single coefficient per variable is
obtained in the case of ALS analyses, thus facilitating the
interpretation of the ALS model.130

4.2.7. Binding to Aromatase Enzyme. Aromatase is an
important enzyme in the evolution and development of estrogen-
dependent tumors because it catalyzes the conversion of testos-
terone to estradiol. Thus, the inhibition of aromatase enzyme is
therapeutically significant to control breast cancer.131,132 Five
quantitative spectroscopic data-activity relationships (QSDARs)
based on simulated 13C NMR spectral data were developed
for the binding activities of 50 steroids to aromatase enzyme
and compared with the conventional QSAR model as well as
CoMFA.133 Out of these five QSDAR models, three of them
were based on comparative spectral analysis (CoSA), and the
other two models were based on comparative structurally
assigned spectral analysis (CoSASA). For the development of
CoSA models, the 13C NMR peak area of a certain spectral range
was normalized to an integer; for example, a single chemical shift
frequency in the 1.0 ppm spectral bin had an area of 100, and two
chemical shifts under similar conditions had an area of 200, and
so on. The twoCoSASAmodels were developed either by the use



2888 dx.doi.org/10.1021/cr100125d |Chem. Rev. 2011, 111, 2865–2899

Chemical Reviews REVIEW

of 13C NMR chemical shifts from the steroidal backbone at five
selected positions 3, 6, 7, 9, and 12 or by the use of the 5 most
correlated principal components (PCs) built from all the as-
signed 13C NMR chemical shifts in the steroidal backbone. The
statistical parameters of all the QSDAR/QSAR models for the
binding activities of 50 steroids to aromatase enzyme and the
number/type of components used in their development are
listed in Table 24.133

All five QSDAR models showed better r2 and q2 values than
that of the classical QSAR model obtained from five structural
parameters (see Table 24). It may be possible only by consider-
ing that the 13C NMR spectral data used in the development of
QSDAR models, based on quantum mechanical principles, is
more reflective to binding than the QSAR model’s calculated
structural parameters. On the other hand, the CoMFAmodel has
better r2 and q2 values than that of the CoSA (except ANN-
CoSA) and CoSASA models. A possible explanation for this
situation is that the 13C NMR spectra based on substructure
predictions are only a two-dimensional representation of a three-
dimensional molecule. Thus, important 3D informationmight be
lost during the conversion. The Artificial Neural Network CoSA
(ANN CoSA) model is able to reproduce an r2 value of 1.00, but
it is not surprising because all the 87 bins of 13C NMR spectral
data were used in the development of this model.133

Comparative structural connectivity spectra analyses
(CoSCoSA) were also carried out for the binding activity of
the same data set of 50 steroids to the aromatase enzyme by
Beger and Wilkes.134 This technique is also referred to as 3D-
QSDARmodeling. In this method, the 3D-connectivity matrix of
molecules was developed by combining the 13C NMR spectral
and structural information for modeling of their biological
activity. All the four 2.0 ppm resolution CoSCoSA models for
the binding activity of 50 steroids to the aromatase enzyme were
developed using the combinations of 2D COSY and 2D long-
range distance spectra as modeling parameters. A CoSCoSA
model based on 13C-13C COSY spectra and nine PCs gave an r2

and a cross-validated r2 (q2) of 0.89 and 0.89, respectively.
Similarly, the CoSCoSA model based on a 13C-13C distance
greater than 6.0 Å and seven PCs gave an r2 and a q2 of 0.72 and
0.72, respectively. It is interesting that the CoSCoSA model
based on the combined 13C-13C COSY and 13C-13C distance
connectivity and 10 PCs provided an excellent r2 and q2 of 0.92
and 0.86, respectively. However, the statistics were reduced for
the CoSCoSA model based on the combined 13C-13C COSY
and 13C-13C distance connectivity and eight PCs when the
COSY and distance data were combined before PC extraction.
This model had an r2 and a q2 of 0.87 and 0.83, respectively. It
must be noted that all the CoSCoSA models of this study have
comparative statistics than that of the CoMFA model (see
Table 24). The advantage of the CoSCoSA modeling includes
the ease of its development, since this technique does not require
molecular docking.134

4.2.8. Binding to Aryl Hydrocarbon Receptor (AhR).
QSDARs for the binding affinities of polychlorinated dibenzo-
furans (PCDFs), dibenzodioxins (PCDDs), and biphenyls
(PCBs) to the aryl hydrocarbon receptor (AhR) were developed
by Beger and Wilkes135 based on MLR analysis of the simulated
13C NMR data. A CoSA model with 1.0 ppm resolution for 26
PCDFs based on chemical shifts in 5 bins provided an r2 and q2 of
0.93 and 0.90, respectively. The exact similar CoSA model for 12
PCBs yielded an r2 and q2 of 0.87 and 0.45, respectively. A 2.0
ppm resolution CoSA model for 14 PCDDs also based on the

chemical shifts in 5 bins presented an r2 and q2 of 0.91 and 0.81,
respectively. A 1.0 ppm resolution CoSAmodel for the combined
data set of 52 compounds was finally performed based on
chemical shifts in 12 bins that gave an r2 of 0.85 and q2 of 0.71.
A canonical variance analysis of the 1.0 ppm resolution CoSA
model for all 52 compounds when they were splitted into 27
strong and 25 weak AhR binders was obtained as 98% correct.135

CoSCoSA (3D-QSDAR) models were also developed for the
binding affinities of PCDFs, PCDDs, and PCBs to the AhR using
forward multiple linear regression analysis of the predicted 13C
NMR structure-connectivity spectral bins.136 In this method,
two-dimensional 13C-13C COSY and 2D slices from the dis-
tance dimension of the 3D-connectivity matrix were used to
produce a relationship among the 2D spectral patterns
for PCDFs, PCDDs, and PCBs binding to the AhR. A CoSCoSA
model for 26 PCDFs presented an r2 and an average leave-
four-out cross-validated r2 (q4

2) of 0.93 and 0.89, respectively.
Similarly, CoSCoSA models for 14 PCDDs and 12 PCBs,
respectively, produced r2 of 0.90 and 0.91, and average leave-
two-out cross-validated r2 (q2

2) of 0.79 and 0.80. Another
CoSCoSA model was developed for the whole data set of
52 compounds, which gave an r2 of 0.85 and an average q4

2

of 0.52.136

Spectroscopic data-activity relationships (SDARs) for the
binding affinities of PCDFs and PCDDs to the AhR were
developed by Shade et al.137 using discriminant function analysis
of the simulated 13CNMR data. In this modeling, raw population
values in the spectral bins (100, 200, etc.) were Fisher weighted
prior to pattern recognition. SDAR models with two classifica-
tions were developed from the experimental AhR binding
affinities of 14 PCDDs, 26 PCDFs, and 40 PCDDs & PCDFs.
All these three models (derived from the first four PCs) showed a
LOO cross-validation accuracy of 92.8%, 88.5%, and 87.5%,
while they used 95%, 88.5%, and 82.4%, respectively, of the total
variance in the data. The best SDAR model for the combined
data set (14 PCDDs and 26 PCDFs) based on four classifications
and the first eight PCs explained 91.7% of the total variance in the
data and showed a LOO cross-validation accuracy of 85%.137

4.2.9. Binding to Estrogen Receptor (ER). Two SDAR
models based on experimental/calculated 13C NMR and elec-
tron ionization mass spectra (EI MS) were developed by Beger
et al.138 for the relative binding affinities (RBA) of 108 com-
pounds to the estrogen receptor (ER). The RBA of a molecule to
the estrogen receptor is the ratio of the molar concentrations of
17β-estradiol and the test compound required to decrease the

Table 24. Statistical Parameters (r2 and q2) of Different
QSDAR/QSAR Models for the Binding Activities of 50
Steroids to Aromatase Enzyme and Number/Type of Com-
ponents Used in Their Developmenta

no. QSDAR/QSAR model r2 q2 components

1 CoSASA 0.75 0.66 5 atoms

2 CoSASA 0.75 0.67 5 PCs

3 CoSA 0.82 0.77 5 bins

4 CoSA 0.78 0.71 5 PCs

5 ANN-CoSA 1.00 0.75 all 87 bins

6 QSAR 0.73 0.66 5 parameters

7 CoMFA 0.94 0.72 5 PCs
aAdapted with permission from ref 133. Copyright 2001 American
Chemical Society.
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receptor-bound compound by 50% then multiplied by 100.
Thus, 17β-estradiol had a log RBA of 2.0. The first SDAR model
based on 13C NMR and 22 PCs yielded an r2 and q2 of 0.90 and
0.75, respectively. The second SDARmodel based on 13C NMR,
EI MS, and 21 PCs gave an r2 of 0.80 and a q2 of 0.82. These two
SDAR models were then successfully used to divide the 108
modeled compounds into three classifications: 73 weak, 15
medium, and 20 strong relative binding classifications.138

Another SDAR model based on 13C NMR spectral data and 8
PCs was also developed by Beger et al.139 for 30 estrogenic
chemicals of known RBA to the alpha (ERR) and beta (ERβ)
estrogen receptors. The SDAR model showed the total variance
of 81.1% and a cross-validation of 90%. The significance of the
model was 91.9% at one discriminant function with 28 degrees of
freedom. On the other hand, QSARmodels for both the R and β
estrogen receptor bindings of a similar set of compounds based
on 4 PCs had a 95% correlation between CoMFA calculated
fields and the corresponding RBA of both the R and β estrogen
receptor.139,140

Two CoSCoSA (3D-QSDAR) models were also developed
for a large data set of 130 diverse organic compounds with known
RBA to the estrogen receptor.141 One CoSCoSA MLR model
using 16 2D bins selected from the 13C-13C COSY spectral data
gave r2, q2, and q13

2 of 0.827, 0.780, and 0.780, respectively, for
which q13

2 is an averaged leave-13-out cross-validated r2. A
second CoSCoSA model based on the MLR analysis of 15
selected 2D 13C-13C COSY bins plus one additional dis-
tance-related variable gave r2, q2, and q13

2 of 0.833, 0.790, and
0.780, respectively. From these two CoSCoSA models, it was
concluded that the addition of more distance related variables
should improve the predictive accuracy of the CoSCoSA
models.141

A comparative QSAR study was also performed by Asikainen
et al.142 with respect to the RBA for a diverse set of 36 estrogens
to ER using three “spectroscopic” QSAR methods: eigenvalue
(EVA), electronic eigenvalue (EEVA), and comparative spectra
analysis (CoSA). The statistical parameters of different QSDAR
models and the number of principal components (PCs) used in
their development are shown in Table 25.
The CoSAmodel with 13CNMR chemical shifts is a predictive

model that has the following statistics for their external predict-
ability: r2ex = 0.54, q2 = 0.56, Spress = 0.90, and pr-r2 = 0.49. The
EEVA model is in the borderline, whereas the performances of
the EVA and CoSA models with 1H NMR chemical shifts are
substandard. On the basis of this comparative QSAR study, the
authors suggested that the CoSA method with 13C NMR
chemical shifts is an alternative to the conventional 3D-QSAR
methods for rationalizing and predicting the estrogenic activities
of molecules.142

4.2.10. Binding to Corticosteroid Binding Globulin.
Beger et al.13,143 developed 10 QSDAR (2 CoSA, 2 CoSASA,
and 6CoSCoSA)models, based on the simulated 13CNMRdata,
for the binding activities of 30 steroids to corticosteroid binding
globulin. A comparative QSAR study was then carried out among
these 10 QSDAR models and four previously developed QSAR
(one each from CoMFA, HE-state/E-state, E-state, and SOM)
models.13 The statistical parameters of all of these QSDAR/
QSARmodels and the number/type of components used in their
development are shown in Table 26.13,143-146

All the ten QSDAR models (Nos. 1-10) in Table 26 were
developed with one less compound, because the authors did not
used aldosterone due to its two structural conformations.13,143

The best CoSCoSA (COSY þ distance) model based on 8 PCs
gave an r2 of 0.96 and a q2 of 0.92, which are better than those of
the HE-state/E-state QSAR model.13

4.2.11. Binding to P450 LM2. Cytochromes P450 are
ubiquitous heme-containing enzymes with thiolate from a pro-
tein cysteine as the fifth ligand to iron. In the human liver, broad-
spectrum P450s oxidize drugs, pro-drugs, and other xenobiotics.
P450 LM2 is a hepatic phenobarbital-induced P450 from rabbit,
which is also known as CYP2B4. It was the first mammalian P450
that solubilized from microsomal membranes.147-149 Petzold
et al.150 evaluated the binding affinities (Ks) of 12 tertiary alkyl
amines (can be regarded as the derivatives of benzphetamine) to
soluble cytochrome P450 LM2 and liposomal cytochrome P450
LM2. The structures of those 12 benzphetamine derivatives were
as follows: (C6H5CH2)2NCH3, (C6H5CH2CH2)2NCH3, (C6H5-
CHCH3)2NCH3, (2-Cl-C6H4CH2)2NCH3, (4-Cl-C6H4CH2)2-
NCH3, C6H5CH2CH2N(CH3)CH2C6H5, 2-Cl-C6H4CH2N-
(CH3)CH2C6H5, C6H5CH2C(CH3)2N(CH3)CH2C6H5, C6H5-
CH2CH(CH3)N(CH3)CH2C6H5, C6H5CH2CH(CH3)N(CH3)-
CH2C6H4-4-Cl, 2-Cl-C6H4CH2N(CH3)CH2C6H4-4-Cl, and
4-Cl-C6H4CH2N(CH3)CH2C6H5. The

13C NMR chemical shifts
of the N-methyl (δCH3) and the quaternary phenyl (δCqu)
carbons of the benzphetamine derivatives were used to correlate
their binding affinities (Ks) to the soluble cytochrome P450 LM2
as shown by eqs 64 and 65, respectively.
For N-methyl carbon:

ln Ks ¼ 2:70ð( 0:54ÞδCH3 - 118ð( 21Þ ð64Þ
where n = 12, r = 0.90, and F1,10 = 42.632.
For quaternary phenyl carbon:

ln Ks ¼ 1:46ð( 0:20ÞδCqu - 199ð( 25Þ ð65Þ
where n = 12, r = 0.94, and F1,10 = 76.207.
These two identical QSARs, eqs 64 and 65, suggest that the

binding affinity of benzphetamine derivatives to the soluble
cytochrome P450 LM2 increases by downfield chemical
shifts of the N-methyl (δCH3) and the quaternary phenyl
(δCqu) carbons. A decreased electron density of the quatern-
ary phenyl carbon atom of benzphetamine derivatives with
an upfield shift (δCqu) lowered the electron density of the
nitrogen via inductive effects; that is, it diminished the
basicity, which results in a lowered solubility in aqueous
solution.
4.2.12. Binding to Receptor Proteins. A CoSA model was

developed by Bursi et al.151 using simulated 13C NMR data of a
set of 45 progestagens. The binding affinities of that set of
progestagens to receptor proteins in MCF-7 cells were taken
from the literature and used as the biological activities.152 The

Table 25. Statistical Parameters of Different QSDARModels
and Number of Principal Components (PCs) Used in Their
Developmenta

no. QSDAR model no. of PCs r2 q2 SE Spress F

1 EEVA 3 0.91 0.42 0.40 0.99 104

2 EVA 2 0.47 0.22 0.94 1.14 14.5

3 CoSA (13C) 6 0.96 0.69 0.29 0.76 105

4 CoSA (1H) 3 0.75 0.35 0.64 1.05 33.5
aAdapted with permission from ref 142. Copyright 2003 American
Chemical Society.
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CoSAmodel based on simulated 13CNMR chemical shifts in five
bins yielded an r2 and q2 of 0.987 and 0.395, respectively. On the
other hand, the CoMFA (rigid) model with four components
gave an r2 of 0.865 and a q2 of 0.395, while the CoMFA (MIMIC)
model with three components gave an r2 of 0.841 and a q2 of
0.391. These results suggest that the predictions from both the
alignments of CoMFA models are comparable to that of the
CoSA model.151

4.2.13. Biological Activity of Angiotensin II Analogues.
The seven angiotensin II analogues Asp-Arg-Val-Tyr-X-His-Pro-
Phe, in which only residue X in position 5 was varied, were
synthesized and evaluated for their biological activities by
Fauch�ere and Lauterwein.153 The biological activity (BA), which
was evaluated as a percent of that of the natural harmone, takes
into account the potency to increase blood pressure in the
pressure assay and the binding affinity in smooth muscle
preparations. In this study, the authors showed that the chemical
shift of the R-carbon in the 5-residue (δC ppm from glycine-CR)
is the single most important parameter that accurately predicts
the biological activity of angiotensin II (see eq 66).153

log BA ¼ 0:095ð( 0:030ÞδCþ 0:291 ð66Þ
where n = 7, r = 0.96, s = 0.20, and F1,5 = 65.70.
4.2.14. Inhibition to Choline Kinase (ChoK). Choline

kinase (ChoK) is an important enzyme responsible for the
conversion of choline into phosphorylcholine (PCho). The
increase in ChoK activity results in increased levels of PCho, a
putative novel second messenger involved in the proliferation.
Hemicholinium-3 (XXXIX) is one of the most potent ChoK
inhibitors that blocks DNA synthesis stimulation by growth
factors without any effect on the serum or insulin.154,155

In order to improve the potency of HC-3 (XXXIX), a series of
compounds (XXXX) was synthesized and evaluated for their

activity to inhibit ChoK under ex vivo conditions. The obtained
result was responsible for the development of an excellent
correlation (eq 67) between the ex vivo inhibitory potency of
compounds (XXXX) and the experimental 13C NMR chemical
shifts (in CD3OD) of their methylene group bearing the
positively charged nitrogen (δCH2Nþ).

156

log 1=ðIC50Þex vivo ¼ - 0:24ð( 0:04ÞδCH2Nþ
þ 19:35ð( 1:20Þ ð67Þ

where n = 9, r = 0.978, s = 0.097, and F1,7 = 152.091.
One compound X = CN was not considered in eq 67 due to its

unclear activity. From eq 67, it is apparent that the 13C NMR
chemical shifts (δCH2Nþ) is a suitable descriptor for the QSAR
modeling of compounds (XXXX) for their ex vivo inhibitory
activities to ChoK. The negative coefficient associated with δCH2Nþ
suggests that the ex vivo inhibitory activity of compounds (XXXX)
increases with decreasingδCH2Nþ values. Since the value ofδCH2Nþ
increases with electron withdrawing X substituents, an electron
releasing X substituent will be favored for its increased activity.
4.2.15. Inhibition to the Proliferation of Cancer Cell

Lines. The inhibitory activity of compounds (XXXX) on the
proliferation against HT-29 cell lines was also investigated by
Campos et al.,156 which showed a great correlation (eq 68) with
the ex vivo inhibitory potency of these compounds against ChoK.

log 1=ðIC50Þantiprolif ¼ 1:48ð( 0:17Þ log 1=ðIC50Þex vivo

þ 0:25ð( 0:05Þ∑f - 1:35 ð68Þ
where n = 7, r = 0.987, and s = 0.123

Table 26. Statistical Parameters of Different QSDAR/QSAR Models for the Binding Activities of Steroids to Corticosteroid
Binding Globulin and Number/Type of Components Used in Their Developmenta

no. model n r2 q2 components ref

1 CoSCoSA (COSY) 30 0.84/0.93 0.74/0.88 3 PCs/8 PCs 13

2 CoSCoSA (distance) 30 0.66/0.89 0.38/0.79 3 PCs/8 PCs 13

3 CoSCoSA (COSY þ distance) 30 0.84/0.96 0.74/0.92 3 PCs/8 PCs 13

4 CoSCoSA (3D)b 30 0.78/0.92 0.68/0.81 3 PCs/8 PCs 13

5 CoSCoSA-PD-ANN (3D)b 30 0.96 0.78c 593:198:1 13

6 CoSCoSA-PD-ANN (3D)b 30 0.96 0.73d 593:198:1 13

7 CoSASA 30 0.80 0.73 3 atoms 143

8 CoSASA 30 0.68 0.60 3 PCs 143

9 CoSA (1.0 ppm) 30 0.80 0.78 3 bins 143

10 CoSA (1.0 ppm) 30 0.71 0.65 3 PCs 143

11 CoMFA 31 0.72e/0.69f (3 PCs)e/(2 PCs)f 144

12 HE-state/E-state 31 0.98e/0.96f 0.80e/0.76f (3 PCs)e/(5 PCs)f 145

13 E-state 31 0.96e/00.96f 0.79e/0.67f (3 PCs)e/(4 PCs)f 145

14 SOM 31 0.85 3 PCs 146
aAdapted with permission from ref 13. Copyright 2002 American Chemical Society. b 3D is the combination of COSY and distance data before PC
extraction. cA leave-three-out cross-validation r2 (q3

2). dA leave-ten-out cross-validation r2 (q10
2). e 1.0 Å models. f 2.0 Å models.
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Three compounds (X = CN, CH2OH, and COOH) were not
used in eq 68 due to their unclear activities. ∑f is the sum of the
Rekker hydrophobic fragmental constant for X substituents.
An excellent correlation (eq 69) between the antiproliferative

activity and the electronic and the hydrophobic descriptors for the
compounds (XXXX) was then developed by the same authors.156

log 1=ðIC50Þantiprolif ¼ - 3:90ð( 0:22Þδ�CH2Nþ
þ 0:33ð( 0:04Þ∑f þ 29:68 ð69Þ

where n = 8, r = 0.996, s = 0.098, F2,5 = 310, and δ*CH2Nþ =
0.1δCH2Nþ.
Two compounds (X = CH2OH and COOH) were not used in

eq 69 due to their unclear activities. In eq 69, the experimental
descriptor δCH2Nþ was scaled by 0.1 (δ*CH2Nþ) to make it
equiscalar to the hydrophobic term (∑f). Now one can easily
ascertained that the electronic term is more important than the
hydrophobic term in eq 69. The negative coefficient associated
with the electronic parameter δ*CH2Nþ suggests that the electron
releasing X substituent increases the activity. On the other hand,
the more hydrophobic X substituent increases the activity, as
evident by the positive coefficient of ∑f. Thus, the more hydro-
phobic and electron releasing X group will be favored for the
enhanced activity.
4.2.16. Inhibition to Lipoxygenase. Lipoxygenases (LOs)

are a group of non-heme iron containing dioxygenases, which are
classified according to their positional specificity of arachidonate
oxygenation into 5-, 8-, 9-, 11-, 12-, and 15-LOs.157 Of those,
5-LO is a key enzyme for the biosynthesis of leukotrienes (LT),
powerful eicosanoid mediators involved in inflammation, in
cell-cell communication, and in a number of other important
pathological and physiological conditions.158-160 It plays a
critical role in Gastro Esophageal Reflux Disease (GERD), in
tumor formation, and in cancer metastasis.161 High expression of
5-LOwas found in various cancer cell lines, for example, prostate,
lung, colorectal, and others.162-164 5-LO is also expressed in
brain cells and may participate in neuropathologic processes.165

Inhibitors of the 5-LO, therefore, have a therapeutic potential in a
variety of diseases.
Hlasta and co-workers166 synthesized a series of 1-phenyl-3-

pyrazolidinones (XXXXI-XXXXIV) and 1-phenyltetrahydro-
3(2H)-pyridazinones (XXXXV), and they evaluated for their
inhibitory activities to 5-LO. The biological data was then used in
the development of a QSAR model (eq 70).166

log 1=IC50 ¼ 0:90ð( 0:19Þ log Pþ 0:15ð( 0:06ÞCNMR10

- 24:19ð( 8:67Þ ð70Þ
where n = 21, r2 = 0.79, s = 0.49, F2,18 = 33.60
outlier: XXXXI (X = SCH2Ph)

The above QSAR model (eq 70) is a correlation between an
increased inhibitor potency (log 1/IC50) and an increased
compound hydrophobicity (log P) with an N-phenyl electronic
effect as measured by the experimental 13C NMR chemical shift
parameter CNMR10. Since the value of CNMR10 increases with
an electron withdrawing Y substituent, a strong electron with-
drawing Y substituent will be favored for the enhanced activity of
compound XXXXII. One compound, XXXXI (X = SCH2Ph),
was deemed to be an outlier and excluded from the analysis, since
its deviation was greater than twice the standard deviation of the
regression line. A possible reason for this outlier is not very clear,
although its bulk and/or geometry due to the presence of a
phenyl group may reduce the coplanarity with the X group.167

The second possibility may include a significantly larger log P
value of 3.63 for this outlier, which is 1.1 log units greater than the
next lower value within the data set. Examination of the log P
calculation for this compound showed several approximations
were used for substituent constants.166

4.2.17. Intrinsic Sympathomimetic Activity (ISA). The
β2-adrenoceptor intrinsic activity of N-tert-butylphenylethanola-
mines (XXXXVI), in Table 27, was evaluated by IJzerman
et al.168 The obtained results were considered as the direct
measures of intrinsic sympathomimetic activity (ISA). From
those data, significant correlations were established and demon-
strated that the ISA governs only electronic effects. The use of the
experimental 13C NMR chemical shift of the aromatic C atoms
as a QSAR descriptor was proved to be a valuable tool in that
analyses. The QSAR model (eq 71) was among the best one.

log 1=ISA¼ - 0:062ð( 0:028ÞΔC2

þ 0:20ð( 0:007Þ½ΔC1 þΔC5�
þ 0:097ð( 0:038ÞΔC6 þ 0:369ð( 0:085Þ ð71Þ

where n = 11, r = 0.9175, s = 0.0997, and F3,7 = 16.103.
ISA is the intrinsic sympathomimetic activity of compounds

(XXXXVI) relative to salbutamol. ΔC1 = δ(C1 compound) -
δ(C1 benzene) (in ppm) = δ(C1 compound) - 128.5, as derived from
13C NMR data. The value of ΔC2 is directly influenced by the R2
substituent and has a higher value for R2 = Cl (the only substituent
at the R2 position in the present data set) as compared to an
unsubstituted one. Thus, the unsubstituted R2 position (R2 = H)
will be favored for the activity.
4.2.18. Plant Growth Regulators (Auxin-like Activity).

In an effort to quantitatively rationalize the interactions of a large
set of 1- and 2-substituted benzotriazole isomers (XXXXVII)
active as plant growth regulators, various QSAR models were
developed by Sparatore et al.169 The best QSARmodel using the
experimental 13C NMR data was eq 72.

log 1=C ¼ - 0:030ð( 0:009Þ13C-δa, b þ 0:20ð( 0:06Þlog D
þ 0:79ð( 0:23ÞI þ 4:94ð( 0:52Þ ð72Þ
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where n = 34, r = 0.921, s = 0.246, and F3,30 = 56.22.
13C-δa,b are the experimental 13C NMR chemical shifts of the

CH(X)(Y) carbons for 1-substituted benzotriazoles (δa) and the
same for its 2-substituted derivatives (δb). log D is the logarithm
of the octanol/buffer distribution coefficient, for which the
distribution coefficient (D) of the compounds was determined
by the classical “shake-flask” method, using n-octanol as the
hydrophobic phase and phosphate buffer at pH 5.6 as the
hydrophilic phase. The indicator variable (I) was used to explain
the structural features of the compounds associated with the
-(CH2)nCOR0 moiety, and its positive coefficient suggests that
the activity of compounds increases with the presence of the
-(CH2)nCOR0 moiety in the side chain. On the basis of this
QSAR model, the authors concluded that the electronic and
hydrophobic components are playing a major role in promot-
ing the auxin-like activity of the benzotriazoles under con-
sideration.169

4.2.19. Toxicity. From the cytotoxicity data of 4-X-phenols
(where X = electron releasing groups) to CCRF-CEM cells, a
QSAR (eq 73) dependent on the hydrophobic and electronic
character was published by Selassie et al.24

log 1=ID50 ¼ 0:28ð( 0:10ÞC log P

- 1:52ð( 0:39Þσþ þ 2:69ð( 0:40Þ ð73Þ
where n = 10, r2 = 0.933, s = 0.176, q2 = 0.807, and F2,7 = 48.739
ID50 is the molar concentration of 4-X-phenol causing 50%

reduction in the fluorescence as compared to the controls. The
coefficient with the σþ (-1.52) is a measure of the susceptibility
of cytotoxicity to electronic effects. This may account for a close
interaction between the radical intermediate and the electron
transport chain. The highmutual correlation (r = 0.977) between
σþ and δC(C-OH) for this data set suggests the possibility that the
calculated 13C NMR chemical shift of the phenolic (C1) carbon
(δC(C-OH)) can be used as an alternative descriptor for the
Hammett electronic parameter of the X substituent (σþ). We
used the data of Selassie et al.24 (Table 28) and developed the
following QSAR 74:

log 1=ID50 ¼ 0:24ð( 0:08ÞC log P- 0:18ð( 0:04ÞδCðC - OHÞ

þ 30:66ð( 6:13Þ ð74Þ
where n = 10, r2 = 0.947, s = 0.157, q2 = 0.895, and F2,7 = 62.538
The value of δC(C-OH) decreases (toward upfield shift) with

increasing electron releasing capacity of the X substituent, and
thus, the cytotoxic activity of 4-X-phenols to CCRF-CEM cells
increases. The increased hydrophobicity of the compounds
further enhances the activity, as evident by the positive coefficient
of the hydrophobic parameter.
4.2.20. Toxin Equivalence Factors. Buzatu and co-

workers170 developed two QSDAR models that correlate the
simulated 13C NMR data of 29 doxin (or doxin-like) molecules
with their toxic equivalence factors (TEFs). The first MLRCoSA
model based on seven spectral bins gave an r2 of 0.88, a q2 of 0.78,
a standard deviation (s) of 0.26, and the F-value of 20.20. The
second MLR CoSA model based on 10 spectral bins presented
an r2 of 0.95, a q2 of 0.88, an s value of 0.25, and the F-value of
36.80. A third, artificial neural network model was also con-
structed from all the 55 multiply populated 13C NMR bins by
using a feed forward, back-propagating, and three-layer neural
network. The ANN model gave an r2 of 0.99, a q2 of 0.82, and a
q3

2 of 0.81. On the basis of these results, the authors suggested

that the QSDAR models are better than the traditional QSAR
models because the 13C NMR spectral data used in QSDAR
model is more informative for the biochemical properties of
each molecule than are the calculated electrostatic potentials
and the molecular alignment used in the development of
classical QSAR models.170

Another attempt ofWilkes and co-workers171 was to improve
the above QSDAR models for TEFs of doxin (or doxin-like)
molecules in order to predict TEFs of two molecules. An
improved QSDAR model using 13C NMR chemical shifts was
developed that predicted TEFs of 0.037 and 0.004, respectively,
for 1,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and 1,2,3,4,7-
pentachlorodibenzo-p-dioxin (PeCDD), among the 390 con-
geners for which TEFs are assumed to be zero. The second
QSDAR model of relative potency (REP) predicted TEFs of
0.115 and 0.020, respectively, for TCDD and PeCDD. The
prediction of TEFs for these two molecules was then confirmed
by a luciferase gene expression assay based on mouse liver
cells that gave the corresponding TEFs of 0.027 and 0.013. On
the basis of this close agreement for the TEFs of TCDD
and PeCDD obtained from both the QSDAR models and
the gene-expression assay, it was suggested that the QSDAR
prediction followed by an in vitro assay could be very useful to
select a few potential candidates among hundreds for further
investigation.171

5. AN OVERVIEW

In the field of QSAR/QSPR, the 13C NMR chemical shifts can
mainly be regarded as useful electronic descriptors for both the
aromatic and aliphatic systems. This could be demonstrated by
means of some excellent correlations with commonly used
Hammett electronic parameters (σ, σþ, and σ-) and its ex-
tended form (σI, σR, σF, and σ*), as shown in Tables 1-3 and
eqs 6-11. This could further be supported by excellent correla-
tions with the F and R values of Swain and Lupton (see eqs 14
and 15). The advantage of the 13C NMR chemical shifts is their

Table 27. Structure of N-tert-Butylphenylethanolamines
(XXXXVI) Used in the Development of eq 71

no. R2 R3 R4 R5

1 H OH OH H

2 H OH H OH

3 H H OH H

4 H NH2 OH H

5 H NHCH3 OH H

6 H CH2OH OH H

7 H CONH2 OH H

8 H Cl NH2 Cl

9 Cl H H H

10 H Cl OH Cl

11 H H H H
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ability to explain the electronic substituent effects on all the
carbon atoms of the aromatic/aliphatic systems. Strong correla-
tions in Table 6 support the idea that the substituent effects both
on the atomic charges and on the chemical shifts reflect electro-
nic substituent effects. High correlations with electronic param-
eters such as BDE, EHOMO, ELUMO, and EHOMO - ELUMO can
be seen in eqs 16-19. Other electronic parameters, such as
electronegativity, ionization potential, pKa, polarizability, and
NVE also gave the best correlations with the 13C NMR chemical
shifts (see eqs 21-23, 26, 29, and 30).

The hydrophobic parameter (log P) is one of the most
frequently used molecular descriptors in QSAR modeling that
plays an important role in the drug design and development.
This is mainly because of its usefulness to predict the
pharmacokinetics of the drug molecules. The idea that the
difference in chemical shifts observed in an aqueous and
organic solvent may correlate to log P in the QSPR model
(eq 31) with high correlation was developed for the computa-
tion of log P.

The steric effects are of overwhelming importance in ligand-
receptor interactions as well as in transport phenomena in
cellular systems. Thus, the importance of steric descriptors is
obvious in the QSAR analysis. The 13C NMR chemical shifts can
be regarded as steric descriptors but cannot be preferred against
the traditional steric parameters. A correlation between the 13C
NMR chemical shifts and calculated molar refractivity (CMR)
can be seen in the QSPR model (eq 35).

The other important class of frequently used descriptors in
QSAR modeling is the topological descriptors. They are truly
structural descriptors, since they are based only on the two-
dimensional representation of chemical structure. The 13CNMR
chemical shifts can be used in place of topological descriptors and
may provide an easy explanation as compared to the original
descriptors. This could be demonstrated by good correlations
with themost widely used topological descriptors, such as Randic
connectivity (0χ, 1χ, 2χ) and Kier and Hall valence connectivity
(0χv, 1χv, 2χv) indices (see eq 36 for 0χ, 1χ, 2χ and statistics in the
text for 0χv, 1χv, 2χv).

Excellent to good correlations of 13C NMR chemical shifts
with a large set of routinely utilized molecular descriptors
established the idea that the 13C NMR chemical shifts not only

can be regarded as the electronic descriptors but may also be the
steric and topological descriptors in QSAR/QSPR modeling.
The main concern is about its use in a different form; that is, we
can say that it is not a single parameter but the collection of
parameters. Thus, caution must be exercised in the use of an
appropriate form of the 13C NMR chemical shifts as QSAR/
QSPR descriptor for the best result.

An analysis of a total number of 74 QSPR (21 from eqs 6-36
and 46 and the correlations in Tables 1-3 and 6) reveals the
most important form of the 13C NMR chemical shifts used as
QSPR descriptor is the chemical shift of a C-atom common to all
compounds. Out of 74 QSPR, 67 (eqs 6-11, 14-16, 18, 19, 22,
26, and 36 and the correlations in Tables 1-3 and 6) contain a
correlation between physical characteristics and the 13C NMR
chemical shift of a C-atom common to all compounds. The
second important form of the 13C NMR chemical shifts is the
averaged chemical shift of the whole molecule, which is used in 4
QSPR (eqs 23, 29, 30, and 35). QSPR 21 is an interesting
example where two descriptors of the 13C NMR chemical shift of
two different C-atoms common to all compounds are used. The
other forms of 13C NMR chemical shifts used as QSPR descrip-
tors are as follows: the difference of chemical shifts between two
carbon atoms (eq 17) and the sum of carbon chemical shift
differences in two solvents (eq 31).

The most important form of the 13C NMR chemical shifts
used as descriptor in the physical (or nonbiological) QSAR is the
chemical shift of a C-atom common to all compounds (eqs 37,
38, 39, 41, and 42). Equations 37 and 38 suggest that the
increased degradation rate constants of either benzoic acids or
its corresponding glucuronides are directly associated with their
13C NMR chemical shifts δC(CdO) and fall relatively in the
higher field region. The rate coefficient for the neutral hydrolysis
of X-phenyl dichloroacetates (XXIII) increases with upfield shift
of their carbonyl carbons, as evident by the negative coefficient of
δC(CdO) in eq 39. Equations 41 and 42 are for the alkaline
hydrolysis of cephalosporins (XXIV), where the rate constants
are well correlated with the 13C NMR chemical shifts δC-3 and
δCOO, respectively. The negative coefficients associated with δC-
3 and δCOO suggest that the rate of alkaline hydrolysis of
cephalosporins (XXIV) increases with the higher field chemical
shifts of δC-3 and δCOO. The other forms of 13C NMR chemical
shifts used as QSAR descriptors are the difference of chemical
shifts between two carbon atoms (eqs 43-45) and the difference
of chemical shift of a C-atom common to all compounds from
that of the parent (eqs 47 and 49). In eq 47, the rate constant for
the oxidation of 4-X-benzaldehydes to 4-X-benzoic acids is well
correlated with ΔδC1. The negative coefficient of ΔδC1 suggests
that the lower chemical shifts of the C-1 carbon of 4-X-benzal-
dehydes in comparison to that of unsubstituted benzaldehyde are
associated with the increased oxidation rate constants of 4-X-
benzaldehydes. On the other hand, it is not true for the reduction
of 4-X-benzenediazonium ions (XXIX) by citratocopper(I)
complex (Sandmeyer hydroxylation), as shown in eq 49, where
the higher chemical shift of the C-1 carbon of 4-X-benzenedia-
zonium ions in comparison to that of unsubstituted benzenedia-
zonium ion is associated with the increased relative rate constants
for the reduction. But it is not surprising because oxidation and
reduction are opposite reactions to each other.

The application of the 13CNMR chemical shifts as descriptors
for biological QSAR modeling is utmost important. An analysis
of 20 biological 2D-QSAR (classical QSAR/QSDAR) models
reveals one of the most important forms of the 13C NMR

Table 28. Calculated 13C NMR Chemical Shift (δC(C-OH))
and Biological (log 1/ID50; mol L-1) and Physicochemical
Parameters of 4-X-Phenols Used To Derive eqs 74

log 1/ID50 (eq 74)

no. X obsda predb Δ (C log P)b (δC(C-OH))
c

1 NH2 4.61 4.57 0.04 0.25 148.50

2 OC6H13 5.34 5.23 0.11 4.22 150.10

3 CH3 3.82 3.75 0.07 1.97 155.50

4 C(CH3)3 3.86 4.08 -0.22 3.30 155.40

5 H 3.27 3.10 0.17 1.48 158.50

6 OCH3 4.41 4.48 -0.07 1.57 150.80

7 C3H7 3.72 3.95 -0.23 3.03 155.80

8 C(CH3)2C6H4-40-OH 4.18 4.06 0.12 3.67 156.00

9 C2H5 3.79 3.84 -0.05 2.50 155.70

10 C8H17 4.66 4.59 0.07 5.68 155.70
aData from ref 24. bCalculated from the C-QSAR program (ref 17).
cCalculated from the ChemBioDraw Ultra 12 program (ref 20).
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chemical shifts used as QSAR descriptor is the chemical shift of a
C-atom common to all compounds. Out of 20 QSAR, 17 (eqs 54,
56-67, 69, 70, 72, and 74) contain a correlation between the
biological activities and the 13C NMR chemical shift of a C-atom
common to all compounds along with some physicochemical
parameters in few cases. QSAR 54 is a parabolic correlation in
terms of C log P with an optimum C log P of∼7.80 followed by
an electronic parameter as represented by the 13CNMR chemical
shift of C1 carbon (δC1) of cinnamic acid derivatives (XXXI) for
their antimalarial activities against intraerythrocytic forms of P.
falciparum strain Dd2. Equations 56 and 57 represent the
excellent correlations between antiproliferative activities of qui-
nolines (XXXIV) and their 13C NMR chemical shifts of C-3
(δC-3) and C-4 (δC-4) carbons, respectively. On combining the
results of both QSARs 56 and 57, one can say that the upfield
and downfield chemical shifts, respectively, of C-4 and C-3
carbons will increase the antiproliferative activity of quinolines
(XXXIV) against T47D cells. QSARs 58-61 are for the dopa-
mine D2 receptor affinity of benzamides (XXXV-XXXVII), for
which eq 59 is an interesting parabolic correlation for benza-
mides (XXXVI) in terms ofπX (optimumπX = 1.39) followed by
13C NMR chemical shifts of C-6. QSAR 62 describes the
correlation between the antituberculotic activities of polyhydrox-
yxanthones (XXXVIII) and their 13C NMR chemical shifts of
C-4b and C-7 carbons, which suggests an increase in activity of
polyhydroxyxanthones (XXXVIII) with both downfield shifted
C-atoms. QSAR 63 is the modified form of QSAR 62 for which
the δC-4b is replaced by the hydrophobic parameter (Clog P).
This QSAR suggests that the activity of compounds (XXXVIII)
increases with increasing their hydrophobicity and downfield
shifted C-7 atom. The identical QSARs 64 and 65 for the binding
affinities of benzphetamine derivatives to the soluble cytochrome
P450 LM2 suggest that the binding affinity increases by down-
field chemical shifts of the N-methyl and the quaternary phenyl
carbons. The chemical shift of R-carbon in 5-residue (δC
ppm from glycine-CR) was found to be the single most important
parameters that accurately predict the biological activity of
angiotensin II analogues Asp-Arg-Val-Tyr-X-His-Pro-Phe as
represented by eq 66. It is apparent from eq 67 that the ex vivo
inhibitory activity of compounds (XXXX) to ChoK increases
with decreasing δCH2Nþ values. Similar results were obtained for
the antiproliferative activity of these compounds (XXXX) against
the HT-29 cells in addition to an expected hydrophobic term as
evident by eq 69. QSARmodel (eq 70) suggests that the inhibitor
potency of compounds (XXXXI-XXXXV) to 5-LO increases
with an increased compound hydrophobicity and an increased
N-phenyl electronic effect (CNMR10). The QSAR 72 suggests

that the electronic and hydrophobic components are playing a
major role in promoting the auxin-like activity of benzotriazoles
(XXXXVII). Similar observation obtained fromQSAR 74 for the
cytotoxic activity of 4-X-phenols to CCRF-CEM cells. The
second important form of 13C NMR chemical shifts used as
QSAR descriptors is the difference of chemical shift of a C-atom
common to all compounds from that of the parent (eqs 55 and
71). From these two QSARs, eq 55 is an interesting example for
which M3 antagonistic activities of esters XXXII and XXXIII
(including atropine) were correlated with their two electronic
parameters (Taft’s σ* and Δδ) of the side chain. In addition to
the 2D QSAR, a CoMFA model was also performed for the
comparison. CoMFA model suggests the contributions of both
the steric and electrostatic effects in contrast to the only electro-
static parameters (σ* and Δδ) as suggested by the 2D QSAR.
The other form of 13C NMR chemical shifts used as QSAR
descriptor is the difference of chemical shifts between two carbon
atoms (eq 52). For which the antibacterial activity of β-nitro-
styrene derivatives (XXX) against the gram-positive bacteria
(Enterococcus faecalis ATCC 29212) is well correlated with the
13C NMR chemical shift differences between C-β and C-R
carbons (Δδ(β-R)) and increases with increasing Δδ(β-R)
values.

In addition to the classical QSDAR models (classical QSAR
using 13C NMR as descriptors), the following other QSDAR
models were also discussed: SDAR (see sections 4.2.8 and 4.2.9),
CoSA (see sections 4.2.7-4.2.10, 4.2.12, and 4.2.20), CoSASA
(see sections 4.2.7 and 4.2.10), and CoSCoSA (see sections
4.2.7- 4.2.10). In these QSDAR models, the 13C NMR spectra
were broken into bins and principal components (PCs). The bin
intensities or PCs were then used to produce the QSDAR
models. The spectral bins are the number of chemical shift peaks
with a specific ppm range, while the PCs are the contributions
from each of the 1.0 ppm spectral bins.

Since our primary goal is to study the potentials of the
proposed use of 13C NMR chemical shifts as descriptors in the
classical QSAR/QSPR analyses, a comparative QSAR/QSPR
study between the models obtained from the traditional
descriptor(s) and the 13C NMR chemical shift descriptor(s)
was carried out. The comparative QSPR study can be seen in the
correlations of 13CNMR chemical shift descriptors with different
electronic, steric, hydrophobic, and topological descriptors (see
22 QSPR from eqs 6-36 and 53 correlations in Tables 1-3 and
6). A comparative QSAR study for the physical QSARs was done
by comparing their QSARmodels developed by using traditional
and/or 13C NMR chemical shift descriptors (see Table 29).
Similarly, the comparative QSAR study for the biological QSARs

Table 29. Comparison between Physical (or Nonbiological) QSAR Models Developed by Using Traditional and/or 13C NMR
Chemical Shift Descriptors

QSAR models using traditional descriptor(s) QSAR models using 13C NMR chemical shifts as descriptor(s)

compd end point QSAR no. descriptor(s) n r2 q2 s QSAR no. descriptor(s) n r2 q2 s

XXII degradation (log kd) ivb HPAC þ Es 16 0.909 0.863 0.155 iia,b HPAC þ δC(CdO)acid 18 0.921 0.890 0.150

iiib pKa þ Es 16 0.907 0.776 0.157 va,b pKa þ δC(CdO)acid 18 0.843 0.773 0.211

XXIII hydrolysis (log ko) 40 σ 9 0.973 0.944 0.113 39 δC(CdO) 9 0.940 0.887 0.168

XXVI hydrolysis (log kobsd
NMR) 46 σI 9 0.896 0.840 0.131 45 Δδ(4-3) 9 0.876 0.742 0.142

XXVII oxidation (log k) 48 σþ 12 0.984 0.976 0.090 47 ΔδC1 12 0.919 0.889 0.202

XXIX reduction (log k4X/kH) 50 σþ 11 0.962 0.943 0.129 49 ΔδC1 11 0.857 0.785 0.251
aQSAR contains traditional as well as 13C NMR chemical shift descriptors. b See QSARs ii-v in Table 14.



2895 dx.doi.org/10.1021/cr100125d |Chem. Rev. 2011, 111, 2865–2899

Chemical Reviews REVIEW

is summarized in Table 30. From the above comparative QSAR/
QSPR studies, it can be concluded that the 13C NMR chemical
shifts have the potential to be used as electronic parameters in
classical QSAR/QSPR studies. They can also be used as steric
and topological descriptors in some specific cases, but they
cannot be used as the hydrophobic descriptor because we did
not obtain any direct high mutual correlation between the 13C
NMR chemical shifts and the hydrophobic parameter of the
compounds. It is further supported by several biological QSAR
models (eqs 54, 59, 61, 63, 69, 70, 72, and 74) where the
hydrophobic parameter was used along with the 13C NMR
chemical shifts descriptor. Of course, the 13C NMR chemical
shifts descriptor can be used along with four different physico-
chemical parameters to calculate the hydrophobic parameter (see
eq 31).

A comparative QSAR/QSDAR study using various methods
was also demonstrated that includes the classical QSAR, CoM-
FA, E-state, HE-state/E-state, and SOM models as well as
different types of QSDAR models. A comparative QSDAR/
QSAR study among five QSDAR (2 CoSA, 1 ANN-CoSA, and
2 CoSASA), one 2D-QSAR (based on five structural para-
meters), and one CoMFA models for the binding activities of
50 steroids to aromatase enzyme was carried out (see statistical
data in Table 24). All five QSDAR models showed better
statistics than that of the classical QSAR model of five structural
parameters. However, the CoMFAmodel has the better statistics
compared to those of the CoSA (except ANN-CoSA) and
CoSASAmodels. The ANN-CoSA model reproduces an r2 value
of 1.00, but it is not surprising because all the 87 bins of the 13C
NMR data were used in the development of that model. Another
comparative QSDAR/QSAR study among 10 QSDAR (2 CoSA,
2 CoSASA, and 6 CoSCoSA) and 4 QSAR (one each from
CoMFA, HE-state/E-state, E-state, and SOM) models for the
binding activities of 30 (or 31) steroids to corticosteroid binding
globulin was carried out (see statistical data in Table 26). The best
CoSCoSA (COSYþ distance)model based on 8PCs gave an r2 of
0.96 and q2 of 0.92, which are better than that of the HE-state/
E-state QSAR model. A comparative QSDAR study was also
performed by using three different QSDAR methods (e.g., EVA,
EEVA, and CoSA) for a diverse set of 36 estrogens with respect to
their RBA to ER (see statistical data in Table 25). The CoSA
model with the 13C NMR chemical shifts gave the best statistics.

6. CONCLUSION

The 13C NMR chemical shifts can be regarded as the electro-
nic descriptors in classical QSPR/QSAR modeling and demon-
strated by various excellent correlations (QSPR) between the

13C NMR chemical shifts of compounds and a large set of
routinely utilized electronic descriptors (σ, σþ, σ-, σI, σR, σF, σ*,
F, R, q, BDE, EHOMO, ELUMO, EHOMO - ELUMO, χ, IP, pKa, R,
and NVE) as well as the comparative QSAR studies (see
Tables 29 and 30). Although the 13C NMR chemical shifts
cannot be considered as a good hydrophobic descriptor, it can be
used in the computation of the hydrophobic parameter (see
eq 31). Of course, the 13C NMR chemical shifts are not preferred
steric and/or topological descriptors; it can be used in some
cases, as evident by the strong correlations (QSPR) between the
13C NMR chemical shifts of compounds and their steric/
topological descriptors (CMR, 0χ, 1χ, 2χ, 0χv, 1χv, and 2χv) as
well as the comparative QSAR studies (see Table 29).

The above results indicate that the 13CNMRchemical shifts are
sufficiently rich in chemical information and able to encode the
structural features of the molecules contributing significantly to
their biological activity, chemical reactivity, or physical character-
istics, thus highlighting the promising potential of the 13C NMR
chemical shifts as descriptor in classical QSAR/QSPR modeling
studies. The main concern is about their use in different formats.
This is the reason; we assigned it as the collection of parameters
and not the single descriptor. Thus, caution must be exercised in
QSAR/QSPR modeling for the selection of 13C NMR chemical
shifts as model descriptor in an appropriate format for optimum
results. The QSAR/QSPRmodels using 13CNMR chemical shifts
as input parameter is usually referred to as QSDAR.

The present review covers different types of QSDARmodels,
with special emphasis on the classical QSDAR (classical QSAR/
QSPR models using 13C NMR chemical shifts as descriptor).
We discussed the 2D-QSAR results under two sections: Phy-
sical (or Nonbiological) QSAR and Biological QSAR. In the
Biological QSAR section, the other QSDAR (SDAR, CoSA,
CoSASA, and CoSCoSA) models are also accommodated. An
analysis of the physical and biological 2D-QSAR (classical
QSAR/QSDAR) models reveals one of the most important
formats of the 13C NMR chemical shifts used as QSAR
descriptor is the chemical shift of a C-atom common to all
compounds. The other QSDAR (SDAR, CoSA, CoSASA, and
CoSCoSA) models utilize either the spectral bins intensities or
the principal components of the 13C NMR data in their
development. Comparative QSAR study among the QSDAR
and CoMFA models suggests that CoSCoSA (3D-QSDAR)
models are always competitive to the CoMFA. It suggests the
idea that the CoMFA model may be replaced by the CoSCoSA
model. The advantage of the CoSCoSA model is its easy
development, since this technique does not need to use
molecular docking. On the basis of the close agreement
between the biological activity, chemical reactivity, or physical

Table 30. Comparison between Biological QSAR Models Developed by Using Traditional and/or 13C NMR Chemical Shift
Descriptors

QSAR models using traditional descriptor(s)

QSAR models using 13C NMR chemical

shifts as descriptor(s)

compd end points QSAR No. descriptor(s) n r2 q2 s QSAR No. descriptor(s) n r2 q2 s

XXX antibacterial activity (log 1/MIC) 51 Ep 12 0.802 0.710 0.238 52 Δδ(β-R) 10 0.826 0.709 0.235

XXXI antimalarial activity (log 1/IC50) 53 C log P þ σþ 14 0.909 0.826 0.187 54a C log P þ δC1 15 0.861 0.710 0.259

XXXVIII antituberculous activity (log 1/MIC) 63a C log P þ δC-7 10 0.735 0.502 0.157 62 δC-4b þ δC-7 9 0.916 0.821 0.094

4-X-phenols cytotoxicity to CCRF-CEM

cells (log 1/ID50)

73 C log P þ σþ 10 0.933 0.807 0.176 74a C log P þ δC(C-OH) 10 0.947 0.895 0.157

aQSAR contains hydrophobic (Clog P) as well as 13C NMR chemical shift descriptors
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properties of compounds and their 13C NMR chemical shifts as
represented by different kinds of QSDAR models, the 13C
NMR chemical shifts can be considered as significant descrip-
tors in QSAR/QSPR (QSDAR) modeling in order to establish
the chemical-biological interactions, which may provide stra-
tegies that might aid in the drug design and development
processes.
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BDE bond dissociation energy
ChoK choline kinase
CoMFA comparative molecular field analysis
CoSA comparative spectral analysis
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comparative structural connectivity spectra analysis
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EHOMO energy of the highest occupied molecular orbital
EI MS electron ionization mass spectra
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ISA intrinsic sympathomimetic activity
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NHA number of hydrogen bond acceptors
NHD number of hydrogen bond donors
NMR nuclear magnetic resonance
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PAHs polycyclic aromatic hydrocarbons
PCBs polychlorinated biphenyls
PCDDs polychlorinated dibenzodioxins
PCDFs polychlorinated dibenzofurans
PCs principal components
QSAR quantitative structure-activity relationship
QSDAR quantitative spectrometric data-activity relationship
QSPR quantitative structure-property relationship
RBA relative binding affinities
SDAR spectroscopic data-activity relationship
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