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Calculating Chemical Oxidizabilities of Organic Compounds
from Molecular Structure by QSAR Techniques

Takahiro SUZUKI

Abstract

The method of partial least squares (PLS) and artificial neural network modeling
employing back-propagation learning strategy (ANN) have been applied to predict chemical
oxidizabilities (COD) of organic compounds. The experimental COD data based on three
different oxidation methods, the measurements using permanganate in acid solution
(CODgymo,) and dichromate/H,SO, without (CODx,c,,0,) and with Ag™ as a catalyst
(CODgycry07-4¢*)» have been collected from the literature for 390 organic compounds
containing C, H, O, N, S, F, Cl, and Br atoms. Two sets of molecular descriptors to
characterize the chemicals, physico-chemical descriptors and structural ones, were
employed. The PLS approach gave statistically significant models for COD of some
homologous series of the compounds. For the ANN approach, two separate models with one
hidden layer, one based on the physicochemical parameters and the second based on
molecular structural features as the inputs into the networks, were developed. The analysis
includes different partitionings of the data set into training and prediction sets, and different
number of hidden-layer neurons of the neural networks. It was confirmed that both ANN
models can be applied to structurally diverse organic compounds. The ANN approach,
which has an inherent ability to provide non-linear and cross product terms, gave global
models for the different COD data employed.
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1. Introduction

In the generation and discovery of new synthetic organic chemicals, there is a need to
know many physicochemical properties together with their target properties (Dearden
1994). Of all the properties required for the stages in molecular design and development,
potential oxidization or aerobic biodegradation are important from the viewpoint of in vivo
biotransformation or metabolism. If a chemical is not mineralized or broken down to

nontoxic products in the environment, it can impact an ecosystem at several points, causing
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health, economic, and aesthetic problems. Biodegradation is one of the most important
breakdown mechanism that takes place in aquatic and terrestrial ecosystems, due to the
natural occurrence of many populations of microorganisms capable of breaking down
organic chemicals. The eventual mineralization of organic compounds can be attributed
almost entirely to biodegradation. Among many descriptors of biodegradation, there has
been several works on the quantitative correlations of various physicochemical and/or
structural parameters with biochemical oxygen demand (BOD) of organic compounds
(Dearden & Nicholson 1986; Niemi et al 1987; Babeu & Vaishnav 1987; Howard et al. 1992;
Zakarya et al 1993).

Several schemes for predicting biodegradability of chemicals have been based on the ratio
between BOD and either COD (chemical oxygen demand) or UOD (ultimate oxygen
demand). A number of chemicals have been classified into categories of biodegradability on
the basis of the BOD/COD ratio (Lyman et al 1974). According to the BOD;/COD ratios for
various organic compounds, compounds with the ratio less than 0.01 were classified as
relatively undegradable, between 0.01 and 0.1 as moderately degradable, and greater than 0.1
as relatively degradable. A standard test to compare the biodegradability of organic
compounds was developed based on measurement of COD decrease (Pitter 1976). The
decrease in the COD of a substance was evaluated until no further decrease was observed
using activated sludge inoculum with 20 days of assimilation to the substrate. The percent
decrease of total COD was calculated as well as the degradation rate, in units of mg COD
removed per gram of initial biomass (dry weight) of inoculum per hour. Although these
works have had some limited success as a result of the limited amount of data, the
quantitative structure-degradation relationships for chemical oxygen demand (COD) are still
poorly understood.

The concepts of BOD and COD assume that all carbon is assimilated into new biomass
and that the transformation from substrate to biomass is not inhibited by the compound
under investigation or by any other substances in the test medium. COD and BOD may
involve different sites of reaction and degrees of reactivity. Moreover, the reactivity of a site
in COD depends on the reagent used. However, numerous rules of thumb qualitatively
relate biodegradation to structural features such as branching, chain length, functional
groups, halogens, and saturation (Scow 1982) would be applicable to the case of COD (e.g.,
adding halogens, saturation, branching or short chains increases persistence for both
aerobic biodegradation and chemical oxidation; adding functional groups such as -OH,
-CO,H, ester, aldehyde, amino, nitro, -S-, or thiol increase both aerobiodegrability and
chemical oxidizability). The typical rules of thumb for COD are listed in Table 1. These
generalizations are applicable only to the specific groups of chemicals in which they have
been observed.

In our preliminary study, the applicability of two relatively new modeling tools, the method
of partial least squares (PLS) (Wold et al 1984) and artificial neural networks (ANNSs)
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Table 1. Typical rules of thumb for chemical oxidizabilities (COD) of organic compounds.

® Unsaturated aliphatics are more readily oxidized than corresponding saturated
hydrocarbons.

® Alcohols, ethers, aldehydes, acids, esters, amines, nitros, sulfides, and thiols et al., are
more susceptible to oxidation than the corresponding non-substituted compounds.

® Halogenated hydrocarbons are less degradable than corresponding organic molecules
having other functional groups.

® In the homologous series, the molecules having two carbon atoms are more resistant to
oxidation by the method using dichromate/H,SO, without Ag".

® The permanganate-COD mostly reaches only up to 10%, often equals 0% of the theoretical
oxidizability values.

® The dichromate-COD with Ag" gives nearly 100% of the theory for most degradable

compounds.

(Zupan & Gasteiger 1993), to the COD problem and got a promising result (Suzuki et al
1997). The present study is an attempt to develop a prediction scheme for the COD values
for various organic compounds by employing the ANNs with compared to that by PLS. The
successful applications of the ANNs to correlate the Kinetics of biodegradation have been
reported (Zitko 1991; Tabak & Govind 1993).

2. Materials and Methods

Data sets

The experimental COD data based on three different oxidation methods, the
measurements using permanganate in acid solution (CODyy,0,) and dichromate/H,SO,
without (CODx,,0) and with Ag" as a catalyst (CODy,c,,0,-a*), Were taken from a report
(Janicke 1983). The experimental COD values of 390 diverse organic compounds containing
C,H, O, N, S, F, Cl, and Br atoms are conventionally expressed in the dimensionless form as

the percentage of theoretical values:
COD (%) = (measured COD/theoretical COD) X 100 (@8]

It has been known that reaching oxidizabilities with most organic substances of often
nearly 100% of the theory, the dichromate-COD with Ag™ proves sufficient and adequate for
the ingredients of industrial effluents generally dealt with. In contrast, the permanganate-
COD mostly reaches only up to 10%, often equals 0%, of the theory. The COD data for the
entire data set of 390 organic chemicals analyzed in this study is listed in Table 2 together
with the SMILES (Simplified Molecular Input Line Entry System) (Weininger & Weininger
1990).
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COD prediction from chemical structure
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COD prediction from chemical structure
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Descriptors

To characterize the compounds, a set of 30 molecular descriptors listed in Table 3 was
utilized. The descriptors were divided into two types; physico-chemical descriptors, D1, and
structural descriptors, D2, which were analyzed separately. They were selected based on
general rules of thumb concerning the effects of chemical structure on chemical oxidizability
and/or biodegradability (see Tablel ). Electronic parameters, Eyomos Eromos # » Qm and
were calculated with the semiempirical quantum chemical AM1 model using the MOPAC
program (MOPAC 93, CambridgeSoft). Oxidation reactions are intimately related to the gain

Table 3. Descriptors used to model chemical oxidizabilities for organic compounds.

Set D1, Physico-chemical descriptors

1 MW Molecular weight

2 MV Liquid state molar volume at 298K

3 O Zero-th order molecular connectivity index

4 "y First order molecular connectivity index

3 Exomo Highest occupied molecular orbital energy

6 Eiomo Lowest occupied molecular orbital energy

7 u Dipole moment

8 Qo Absolute charge of the most positive atom

9 A Absolute charge of the most negative atom

10 log P Partition coefficient in 1-octanol/water
Set D2, Structural descriptors

11 Nc No. of C atoms

12 Ny No. of H atoms

13 No No. of O atoms

14 Ny No. of N atoms

15 Ng No. of S atoms

16 Ny No. of halogen atoms

17 Nece=c No. of double or triple bonds between C atoms

18 Newy No. of C=N bonds

19 Ne=n No. of C = N bonds

20 N.. No. of aromatic bonds

21 Ng No. of rings

22 Neoojess No. of -C=0 or -C=S groups

23 Ncoo No. of -COO- groups

24 Ncro No. of -CHO groups

25 Ncoon No. of -COOH groups

26 Nxz/nu No. of -NH, or -NH- groups

27 Nowu/su No. of -OH or -SH groups

28 No/s No. of -O- or -S- groups

29 Nxoz No. of -NO, groups

30 Nso/s02 No. of SO or SO, groups
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and loss of electrons by the interacting species. The Eygyo and/or E o can be expected
that such parameters are an indication of the energy required for a compound to donate an
electron to an oxidant (Rorije & Peijnenburg 1996) and most common in toxicological QSAR.
According to Parr and Pearson (1983), two parameters which are calculated from the HOMO
and LUMO energies, the electronegativity EN and the hardness H, may be useful entities for
characterizing molecular oxidizability:

EN = - (Exomo + Erumo) / 2 @

H =~ (Exomo = Erumo) / 2 3)

These parameters can be included implicitly in this study by applying the PLS calculations
from the original Eyqy and E; 0. The observed log P values were taken from a databank
package, LOGKOW (2" ed., 1993).

Partial least squares (PLS) calculations

The method of PLS is a generalized regression method that allows to build a predictive
model between two matrices of data (Wold et al 1984). In principle, PLS is based on two
PCA models that are rotated to maximize the overlap between the target property (Y) and
the predictor (X) matrices. The advantage of the PLS treatment of data is that the obtained
model involves orthogonal scales that eliminates the problems arising from the collinearity

of descriptors.
Artificial neural network (ANN) calculations
The ANN with one hidden layer, a varying number of hidden-layer neurons, and three

output neurons representing three different COD observations were optimized by using an
in-house developed program (Suzuki & Ishida 1995). The architecture of the model used is
shown in Fig. 1. The inputs consist of the above two sets of descriptors. All inputting
descriptor ¥ were transformed to normalized values x' between 0.05 and 0.95 using the
following transformation:

X; = Xmin

x/ =09 + 005 )

-
where x; is the value of the ith input value, x,,;, and x,,,, are its minimum and maximum data
over the data set. The same range-scaling formula was applied to the training values of
experimental COD data. The ANNs are fully connected, i.e., no short-cut connections
between layers or pruning were used. Bias units were attached to hidden and output layers.
The ANNs were trained using back-propagation algorithm.

The statistical quality of the modeling results for both training and prediction sets was
evaluated based on the following two parameters: squared correlation coefficient () and the
root-mean-square error (RMSE):

12, 97 /Z(V— Y mear) )

i=1

RMSE = \/ Dy, — 7/ n (6)
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Input layer Hidden layer Output layer

Bias

Fig 1. Architecture of neural network model for chemical oxidizability modeling.

where y; is the experimental target value (COD) for the ith compound, y,,.., denotes the
mean value of y, and y," is the calculated target value.

3. Results and Discussions

The scheme for developing the prediction models for COD values is shown in Fig. 2. The
PLS modeling using 10 kinds of physico-chemical descriptors for 292 compounds from the
entire data set of 390 compounds did not gave any statistically significant models for the
three different COD data, respectively ( values in the range of 0.597-0.618). However, this
scheme gave some statistically significant regression models for homologous series of the
compound as follows;

Hydrocarbons:
y; =-0.00159z, + 0.0474z, + 0.161 z; + 0.56 (7)
n=37, ¥=0.853, RMSE =0.12
Halogenated hydrocarbons:
v, = 0.167z, + 0.0984z, + 0.155z, +0.114z,
+0.0874z; +0.078z4 + 0.43 ®
n=33, 7=0.853, RMSE = 0.10
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PLS & ANN modeling
I _________________________ -
I 1
1 |
I 1
1 1
I Descriptor set D1
1
I MW, MV, Enowmo,- - -
1
1
Molecular
COD
Structure
I
I
: Descriptor set D2
1 -OH, -CO-, -NH,, - - -
1
1
|
1
|

ANN modeling

Fig 2. Prediction scheme for COD values of a variety of organic compounds.

where y; are target COD values and zs are latent variables. Each latent variable is a linear
combination of the original 10 physico-chemical descriptors.

For the ANN modeling, initial attempts were made to select a better set of descriptors to
this COD problem, with a subset of 292 compounds out of 390 compounds. The subset was
split into two parts: 146 compounds for the training and 146 compounds for prediction sets
under the guidance that the structural variety of both sets is similar with regard to the
relative portions of the major compound classes. Plots of the observed CODysc 507 VS
CODxycrmorag: and CODgyern07 VS CODgypo4 for the 146 training set compounds showed a
considerable linear correlation exists between CODgyc20; and CODgyero07.40., While there is
only a low correlation between CODy,¢s07 and CODyyn04-

The model performance for the training and test sets with descriptor sets D1 and D2 are
shown in Figs. 3 and 4, respectively, as a function of training epochs. From the results, it can
be confirmed that the ANN model gave a global model for the three different COD values

with a reasonable accuracy for a wide range of chemical structures.
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Physico-chemical descriptors
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Fig 3. Neural network performance for the model with physico-chemical descriptors as a function of the
training epochs.
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Structural descriptors
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4. Conclusions

The comparative analysis of PLS and ANN model performances with different training and
prediction sets demonstrates, that a different recognition and prediction capabilities of two
modeling schemes. For some homologous series of the compounds (e.g. hydrocarbons,
halogenated hydrocarbons), the PLS approach gave statistically significant models for COD
(values based on the three different measuring methods), however, this approach could not
establish a single model for all studied compounds. The ANN approach gave much better
results than PLS approach and could obtain global models for the three different COD data
used. The predictive ability of the proposed methods were tested for the testing set
compounds not included in the training data set and fairly good agreement with observed
COD values was confirmed. Significant difference in adaptability of the proposed models to
three different COD values was observed.
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