Implementation of stereochemistry in automatic kinetic model generation
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Abstract

This work discusses the extension of an existing network generation tool, called Genesys, by accounting for
stereochemistry in kinetic models. Genesys was extended by the addition of algorithms for the detection of
stereocenters, and for the identification of stereoisomers. To that purpose a so-called 2.5D representation of
molecules that accounts for the presence of stereocenters and that keeps track of the associated stereoconfiguration
of the stercocenters is introduced. A novel algorithm for the detection of steric relations between substituents
allows the automated assignment of rate coefficients to stereosclective reactions. The functionality of the tool is
illustrated for the thermal rearrangement of the monoterpenoid 2-pinanol, in which accounting for the
stereochemistry is crucial to explain the reactive behavior of 2-pinanol and its products. Good agreement with

experimental data was obtained.
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Introduction

During the last decades, new applications
involving stereochemistry, such as asymmetric
synthesis of pharmaceuticals and agrochemicals
(Noyori, 2002), and conversion processes of natural
products such as terpenes (Corma et al., 2007) emerged
for which the characterization of sterecochemistry is
required to understand the reactivity of the molecules.
In this context, computer-aided modeling of these
chemical processes requires an adequate representation
of stereochemistry in order to capture the essential
characteristics of the chemical process. A valuable tool
to study chemical processes are kinetic models, which
give quantitative insights in the product distribution as
a function of reaction conditions. For many chemical
processes manual construction of kinetic models is no
longer possible because of their complexity. To cope
with  this, computers were programmed to
automatically generate kinetic models (Ratkiewicz and
Truong, 2006; Pierucci and Ranzi, 2008; Battin-
Leclerc et al., 2011). Many tools have been proposed to
automatically create kinetic models (Warth et al., 2000;
Vandewiele et al., 2012; Green et al., 2013), but none
of them account for stereochemistry. The reason for the
lack of support for stereochemistry in the generated
kinetic models was and is the underlying representation
of molecules in these codes. Molecules are often
represented as mathematical graphs, in which the nodes
of the graph represent atoms, and the edges represent
bonds. By doing so, a plethora of graph-theoretic
algorithms and solutions have been proposed and
implemented to accomplish tasks such as identification
of species uniqueness, substructure searching, greatly
facilitating the efforts of extracting knowledge from
chemical data by means of computers. Unfortunately,
the graph representation also implied that the
characterization and manipulation of stereochemical
features of molecules and reactions became impossible
since graphs only represent the connectivity between
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atoms, and not the arrangement in the three-
dimensional space.

This work discusses the necessary steps to
automatically create kinetic models that account for
stereochemistry. The functionality of the new tool is
illustrated for the thermal rearrangement of the
monoterpencs cis- and trans-2-pinanol. A kinetic model

is constructed for this chemical process that accounts

for the stereochemistry and is compared to
experimental data obtained from literature.
Methodology

Genesys (Vandewiele et al., 2012) is a tool for
the automatic generation of kinetic models, consisting
of a reaction network containing molecules and
elementary reactions together with thermodynamic and
kinetic data. The reaction network is generated by the
iterative application of a limited set of reaction families
that convert reactant molecules into product molecules.
A pool of species, e.g. the reactants of a chemical
process, is used to initiate the network generation and
the species list is continuously extended with species
that arise as products of eclementary reactions.

For kinetic models that want to take into
account stereochemical effects, a number of additional
aspects need to be considered. First of all, the data
structures designed to represent molecules inside the
network gencration code should allow distinguishing
between stereoisomers. Information on stereochemical
aspects of molecules needs to be correctly converted
from the user interface into an internal molecule
representation, and vice versa. Alternatively, if the user
specifies a reactant in which the absolute configuration
of the stereocenters is not uniquely defined, Genesys
identifies these stereocenters through an adequate
stereocenter detection algorithm, and exhaustively
generates all possible stereoisomers using a so-called
stereoisomer generation algorithm.

Secondly, continuous updating of
stereocenters in reactant stereoisomers is needed



because of the formation of new stereocenters in
product stereoisomers may arise in the course of the
network generation. Furthermore, a reaction may lead

to multiple distinct stereoisomers. The same
stercocenter detection algorithm and stereoisomer
generation algorithm wused for the exhaustive

generation of all stercoisomers corresponding to the
reactant structure is now used to handle the newly
created products of a reaction.

Finally, reactions may be stereoselective or
stereospecific.  Stereoselectivity —refers to  the
preferential formation of or the other of two (or more)
stereoisomers from a single molecule with a
prostereogenic clement (Eliel, 1962). The latter refers
to an element that can be converted from non-
stereocenter to stereocenter in a single step (McNaught
and Wilkinson, 1997). Stereospecificity refers to the
difference in reaction rates of two stereochemically
different molecules, i.e. diastercomers or enantiomers
(Eliel, 1962). The stereospecificity of a reaction is
sometimes linked to the absolute stereoconfiguration of
stercocenters and is explained by the lock-and-key
specificity of catalysts such as  enzymes.
Stereoselectivity depends on the differences in free
energies of the respective transition states and is
explained by stereoelectronic and steric factors among
others.

An algorithm is constructed that identifics the
steric relation of substituents in molecules allowing the
introduction of sterecoselective and stercospecific rate
coefficients for a reaction. After a reaction creates the
product structures, containing newly created
stereocenters with unspecified absolute configurations,
the stereoisomer generation algorithm determines the
possible stereoisomers. If the user disposes of
information on the stereoselectivity or stereospecificity
of a reaction family, Genesys allows the assignment of
distinct rate coefficients for these reactions, based on
the steric relation between the user-specified
substituents. Once the steric relation between the
designated substituents of the product or reactant
stereoisomers is detected, prefixes such as cis and trans
can be assigned to the different reactants or products.
For each of the elementary reactions that convert a
reactant into a possible stercoisomer a distinct rate
coefficient is assigned, which is determined by the
steric relation that is detected in the previous step. The
rate coefficient that is associated with a particular steric
relation is retrieved from the user-defined reaction
family definition.

Pinanol rearrangements

The method and implementation of kinetic
model generation incorporating stereochemistry is
demonstrated and validated for the thermal
rearrangements of the monoterpenoid 2-pinanol, shown
in Figure 1.This compound belongs to the terpenoids,
a highly diverse and functional class of biomass-
derived isoprene oligomers. 2-pinanol is heavily used
in the fragrance, flavor and pharmaceutical industry
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(Mercier and Chabardes, 1995; Nowicki, 2000; Swift,
2004; Corma et al., 2007). The thermal rearrangement
of 2-pinanol is an important industrial production route
for linalool, also depicted in Figure 1, used in

perfumes and as a precursor for vitamins A and E
(Mercier and Chabardes, 1995).
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Figure 1: Structures of 2-pinanol and linalool.

There are four stercoisomers of 2-pinanol.
They relate to each other as two pairs of diastereomers,
depending on the spatial arrangement of the dimethyl
bridge relative to the hydroxyl group. Each pair of
diastereomers relates to each other as enantiomers.
Previous work (Vandewiele et al., 2011) showed that
significant differences in pyrolysis reactivity and
selectivity could be observed between the two
diasterecomeric  pairs. Furthermore, distinguishing
between the enantiomers of linalool is important
because each enantiomer has distinct odor
characteristics and thresholds (Ohloff and Klein, 1962;
Fritsch and Schieberle, 2005). The structures of the
product species arising during the pyrolysis of 2-
pinanol are shown in Figure 2.
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Figure 2: Chemical structures of compounds involved in the
thermal rearrangement of 2-pinanol: 1: 2-pinanol, 2: linalool,
3: B-terpineol, 4: 1,4-disubstituted cyclohexanol biradical, 5:
1,2-disubstituted cyclohexanol biradical, 6: isolinalool, 7:
plinol, 8: isoplinol, 9: 5,7-dimethyloct-6-ene-2-ane.

The procedure of the automated kinetic model
construction proceeds as follows: 2-pinanol is specified
as reactant using a species identifier such as an InChl
without specifying the absolute configurations of the
stereocenters. The stercoisomer generation algorithm
generates four distinct structures. The reaction
pathways that are relevant for the thermal
decomposition of 2-pinanol were described in detail in



previous work (Vandewiele et al., 2011). The chemical
knowledge on the relevant pathways involved in the
thermal rearrangement of 2-pinanol is translated into
reaction families. Four reaction families are defined:
homolytic C-C scission reactions, biradical B-scission

reactions, sigmatropic [1,5]-H-shift reactions and ene-,

cyclization reactions. The fragmentation of the four-
membered ring by homolytic C-C scission reactions is
the initial step in the thermal isomerization of bicyclic
monoterpenes consisting of a bicyclo[3.1.1]heptane
system. This scission reaction leads to four 1,4-
disubstituted cyclohexanol biradicals. The 1,4-
disubstituted biradicals quickly rearrange into linalool
enantiomers through C-C B-scission reactions
involving the bond in B-position of the two carbon
atoms bearing the unpaired electron. An alternative,
minor pathway leads p-terpineol, via sigmatropic [1,5]-
H-shift reactions. Linalool further isomerizes into
plinol products via pericyclic ene-cyclization reactions.
Note that the application range of a reaction family
needs to be constrained as much as possible so only
molecules are considered that can react based on this
reaction type.

The calculation of thermochemical properties
and symmetry numbers of the species in the model
follows the same methodology as described in previous
work (Vandewiele et al, 2012; Vandewiele et al,
2014). The assignment of the rate coefficients to each
clementary reaction occurs on the level of reaction
families in Genesys. Ideally, AGAV°s obtained from
ab initio calculations are used to calculate values for
the rate coefficients of the generated reactions.
Unfortunately, values for AGAV®s for the reaction
families required for the thermal decomposition of 2-
pinanol are unavailable. Instead, fixed Arrhenius
parameters were used for the generated reactions of
each reaction family, derived from experiments. The
provided pre-exponential factor for a reaction family is
a single-event pre-exponential factor that is multiplied
by the number of single-events of that particular
reaction. The number of single-events is calculated
following the algorithm described by Vandewiele et al.
(Vandewiele et al., 2014).

The activation energy of the rate coefficient of
the homolytic C-C scission reactions of 2-pinanol is 5
kI mol' lower when the methyl group of the chiral
carbon atom is in cis position relative to the dimethyl
bridge of the bicyclo[3.1.1]heptane system, compared
to trans-structure in which the methyl group is in trans
position relative to the dimethyl bridge. For the
homolytic C-C scission reactions, the influence of the
arrangement of the methyl group next to the chiral
carbon with respect to the dimethyl bridge on the rate
coefficients is added as a further specification to the
reaction family. The steric relation detection algorithm
enables the automatic assignment of the appropriate
rate coefficient for the corresponding stereoisomer.

Similarly, rate coefficients were also derived
for the B-scission reactions, the H-shift reactions, and
the ene-cyclization reactions (Vandewiele et al., 2011).
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Results and discussion

The generated kinetic model for the thermal
rearrangement of 2-pinanol consists of only 20
elementary reactions between 20 species. The
presented kinetic model is an improvement of the
kinetic model of Vandewiele et al. (Vandewiele et al.,
2011) on 3 levels. First, this new kinetic model is
automatically constructed, as opposed to the previous
model that was constructed by hand. Second, the new
kinetic model distinguishes between enantiomers while
the hand-built model lumps them together. Last but not
least, the model presented in this chapter accounts for
the stercoselectivity of the ene-cyclization of linalool,
by incorporating distinct reactions to cach of the
stereoisomers of plinol. The previously build model
only provides a lumped reaction in which a global
reaction rate is provided towards the lumped plinol
isomers.

The predictions of the generated kinetic model
are compared against experimental data by Leiner et al.
(Leiner et al., 2013). The reactor in the experiments
consists of a 200 mm long quartz tube with a diameter
of 15 10-3 m. 5000 ppm of the reactant was fed to the
sctup in a N, flow at temperatures between 623 and
873K and a pressure of 1bar. Conversions ranging from
0 to 100% were obtained with these conditions. Species
at the reactor outlet are identified and quantified using
GC-FID and GC-MS. Simulations were carried using
the plug flow reactor model of the Chemkin 4.1
package (Kee et al., 2007), using the reported reactor
dimensions and conditions.
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Figure 3: Mole fraction as a function of reactor tempearture
of a) 2-pinanol, b) linalool, c) sum of isomers of plinol. Model
predictions: cis-2-pinanol as feed (blue, full lines), trans-2-
pinanol as feed (red, dashed lines). Experiments: cis-2-
pinanol as feed (blue, full symbols), trans-2-pinanol as feed
(red, hollow symbols).

Figure 1 shows the mole fractions as a
function of the reactor temperature for  2-pinanol,
linaloo! and plinol for experiments with cis- and trans-
1 as the feed. Since the feed was not enantiomerically
pure, the mole fractions of enantiomeric species in the
model were lumped together and the sum of the mole
fractions of both enantiomers for the experiments and
the model predictions was compared instead. Also,



measured concentrations of minor products were not
reported, and thus could not be used for comparison.
The conversion of both diastereomers of 2-pinanol is
slightly  overestimated, resulting in a small
overestimation of the mole fractions of linalool.
Overall, good agreement was found between model
and experiment, especially given that none of the
parameters in the model were fitted to the experimental
data.

Conclusion

This work presents the extension of Genesys
for the automatic construction of kinetic models for
molecules and reactions that account for
stereochemistry. It uses a 2.5D representation of
molecules, i.e. a graph representation augmented with
so-called stereoparities for the stereocenters of the
molecules. Genesys keeps track of the absolute
configurations of existing stereocenters, the creation or
destruction of stercocenters, and the generation of
stereoisomers.

The functionality of the tool was illustrated by
the automated construction of a kinetic model for the
thermal rearrangement of 2-pinanol. Using a
stereoisomer generation algorithm, the four existing
stercoisomers of 2-pinanol were generated from a
structure in which the absolute configuration of the
stereocenters was not specified. The trans-linked
pinanol isomers were identified using the methodology
for the detection of the relative arrangements of
substituents of stereocenters. Four reaction families
were defined and used to generate the kinetic model for
2-pinanol. The model was validated using experimental
data from literature and showed the good agreement
between the model predictions and the measured
concentrations of the reactant and products without
adjustment of any of the reaction rate coefficients.
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