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ABSTRACT:

The fumarate addition reaction mechanism is central to the anaerobic biodegradation pathway of
various hydrocarbons, both aromatic (e.g., toluene, ethyl benzene) and aliphatic (e.g., n-hexane,
dodecane). Succinate synthase enzymes, which belong to the glycyl radical enzyme family, are
the main facilitators of these biochemical reactions. The overall catalytic mechanism that
converts hydrocarbons to a succinate molecule involves three steps: 1) initial H-abstraction from
the hydrocarbon by the radical enzyme, 2) addition of the resulting hydrocarbon radical to
fumarate, and 3) hydrogen abstraction by the addition product to regenerate the radical enzyme.
Since the biodegradation of hydrocarbon fuels via the fumarate addition mechanism is linked to
bio-corrosion, an improved understanding of this reaction is imperative to our efforts of
predicting the susceptibility of proposed alternative fuels to biodegradation. An improved
understanding of the fuel biodegradation process also has the potential to benefit bioremediation.
In this study, we consider model aromatic (toluene) and aliphatic (butane) compounds to
evaluate the impact of hydrocarbon structure on the energetics and kinetics of the fumarate
addition mechanism by means of high level ab-initio gas-phase calculations. We predict that the
rate of toluene degradation is ~100 times faster than butane at 298K, and that the first abstraction
step is kinetically significant for both hydrocarbons, which is consistent with deuterium isotope
effect studies on toluene degradation. The detailed computations also show that the predicted
stereo-chemical preference of the succinate products for both toluene and butane are due to the
differences in the radical addition rate constants for the various isomers. The computational and
kinetic modeling work presented here demonstrates the importance of considering pre-reaction
and product complexes in order to accurately treat gas phase systems that involve intra and inter-

molecular non-covalent interactions.
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1. Introduction

Biodegradation of hydrocarbons via anaerobic metabolic pathways provides a carbon source
for microorganisms,l'5 which enables the growth of microbial cultures, and results in significant
microbial induced corrosion of fuel storage and transportation infrastructure.®® Fumarate
addition is the first step in this anaerobic metabolic pathway and is catalyzed by enzymes of the
succinate synthase family.* ° The fumarate addition reaction was first observed in toluene
degrading bacterial cultures and led to the discovery of the Benzylsuccinate synthase (BSS)
enzyme that is responsible for enabling anaerobic toluene metabolism.'” Since then a number of
related enzymes (Alkylsuccinate synthase (ASS) and Methylalkysuccinate synthase (MAS)) that
now constitute the succinate synthase enzyme family have been implicated in the biodegradation

11, 12

of various hydrocarbon fuels. The succinate synthase enzymes are a subset of the glycyl

radical enzyme (GRE) family and utilize free radical chemistry to catalyze the addition of

different hydrocarbon substrates to fumarate.™ ' !4

The succinate synthase enzyme sub-family
shares the characteristic glycine residue that harbors the radical center and the cysteine residue
that conducts the catalytic reaction, which is a common motif found in GREs. The sensitivity of
the glycyl radical to the presence of oxygen has made the experimental investigation into the
structure and kinetics of succinate synthase enzymes extremely challenging. This has led to a
significant gap in our understanding of the fumarate addition mechanism at a molecular-level. In
our effort to bridge this gap, we have successfully used a range of computational techniques to
predict the structure of the catalytic subunit of BSS and provided insights into the active site and

the specific enzyme substrate interactions that enable fumarate addition in the case of toluene."’

These predictions, including details of the active site, have been very recently confirmed
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experimentally.'® Other investigations on succinate metabolites observed in bacterial cultures
employing these enzymes have also shown the versatility of the fumarate addition mechanism in

14, 15, 17 .
- 131718 Understanding how

enabling the biodegradation of varied hydrocarbon fuel structures.
hydrocarbon molecular structure impacts fumarate addition is hence, of utmost importance to the
design of future fuels that are less susceptible to biodegradation and the associated bio-corrosion.
Such understanding also has significant potential in advancing our ability to utilize anaerobic
hydrocarbon metabolism as a suitable bioremediation strategy. A common computational
technique for studying complex systems is to utilize reduced model gas-phase ab-initio studies,
which have been crucial in providing first hand insights into several enzymatic mechanisms.'*!

The proposed reaction mechanism for fumarate addition is described via 3 steps, namely, the
initial hydrogen abstraction, fumarate addition, and cysteine radical regeneration as shown in
Scheme 1. The hydrogen abstraction step (Step 1) involves the generation of the hydrocarbon-
based radical, which is generated through H-abstraction by the protein-based cysteine radical.
This is followed by the addition of the hydrocarbon radical to fumaric acid (Step 2) to form the
succinate radical intermediate. The final step involves the regeneration of the cysteine radical
(Step 3) by hydrogen transfer from the cysteine residue to the succinate radical. In the enzyme,
these three reactive steps are preceded by the generation of the glycyl radical, and the docking of
the substrate in the active site.'> This radical mediated mechanism is considered to be the mode
of catalysis in all fumarate addition enzymes (BSS, ASS, MAS), which biodegrade different
hydrocarbon substrates.> '*

In this study, we evaluate the impact, in the gas phase, of hydrocarbon structure on fumarate

addition by considering a model system consisting of fumaric acid, thiyl radical (representing the

cysteinyl radical), and butane and toluene as model fuel species. These gas phase studies provide
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underlying features of the potential energy surface without the impact of solvent and enzymatic
effects, thus allowing us to evaluate the impact of hydrocarbon structure alone. We employ
high-level electronic structure calculations to determine the potential energy surfaces for the
three reactions involved in fumarate addition. The activation barriers and reaction
thermodynamics are used to calculate rate constants for the reactions. The reactions are
assembled into a kinetic model and the predictions of this model are a first step towards the
ultimate goal of comparing predicted enzymatic fuel degradation rates with experimental fuel
biodegradation rates. It is also of interest to note that the products of the enzymatic fumarate
addition reaction, in case of both alkanes and aromatics, exhibit stereochemical preferences; for
example, R-benzylsuccinate is the dominant isomer in the case of toluene degradation while RR-
methyl-pentyl-succinate and RS-methyl-pentyl-succinate are the preferential products in the case

17, 22

of n-hexane degradation. While the reason for this preferential stereochemistry has been

attributed to the substrate dynamics in the enzyme active site,'> %

we explore the possibility of
another basis for this stereo-preference by calculating the electronic structures for each stereo-

isomer and comparing their potential energy surfaces (Scheme 1, step 2 and 3).
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Electronic structure calculations on simplified enzyme systems have been successful at

2428 I fact,

providing crucial insights into the specifics of enzymatic reaction mechanisms.
calculations (at the B3LYP/6-31G(d,p) level of theory) by Himo ef al. in 2002"%, provided the
first glimpse into toluene degradation via the fumarate catalytic mechanism in BSS. That study
evaluated the potential energy surfaces for the different steps of the proposed mechanism and
concluded that the fumarate addition step would be rate-limiting based on reaction barriers. This
study computed only barriers and reaction enthalpies and did not attempt to compute reaction
rate constants, which require evaluation of the pre-exponential factors by calculating differences
in the entropies between the transition state and the reactants.

The discovery of the fumarate addition mechanism in the anaerobic biodegradation of
saturated hydrocarbon substrates and the outstanding questions about the stereo-preferences and
kinetics of the mechanism have prompted this re-evaluation of the fumarate addition mechanism

h.'7- 222930 The availability

using a more elaborate gas-phase quantum mechanics (QM) approac
of improved computational resources and methods enable a more accurate specification of the
PES. The calculations outlined in this study reveal the importance of considering the impact of
non-covalent interactions that lead to the formation of reactant and product complexes; these
markedly affect the kinetics in this catalytic cycle. It is anticipated that these types of interactions
within the active site of the enzyme will similarly impact the fumarate addition mechanism in the
enzyme active site.

2. Methods

2.1 Ab-initio Calculations.

The potential energy surfaces (PES) for the fumarate addition mechanism were derived for

toluene and butane for each of the three reactions (initial H-abstraction, fumarate addition and
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thiyl radical regeneration) (Scheme 1). For the fumarate addition and thiyl radical regeneration
steps, the PESs of all possible stereo-isomers of the succinate product; 2 for toluene (1 chiral
center) and 4 for butane (2 chiral centers) were obtained. In the case of butane, the first letter
indicates stereo-specificity of the chiral center on the alkane, and the second indicates the
fumaric acid chiral center. The presence of sulfur and oxygen atoms in this system offers
opportunities for sufficiently strong non-covalent interactions that can impact the kinetics at
ambient temperatures. In order to account for this, post- and pre-reaction complexes were
obtained based on intrinsic reaction coordinate (IRC) calculations from the transition state.’' The
work-flow of the geometry optimization procedure is illustrated in Supplementary Information
Scheme 1. The geometries of all molecular species (i.e. reactants, products, and transition states)
were optimized independently and dihedral scans performed on all species to ensure that they are
at their global minima. The scans for each dihedral on each transition state entailed a total of
over 250 independent calculations and were performed at the M062X/6-31G level of theory. The
IRC calculations were then performed on the lowest energy transition state conformer.
Frequency calculations were performed to determine the nature of saddle points (i.e. transition
states) and reactant/product minima (characterized by no imaginary frequencies). All
calculations were performed using the Gaussian 09 computational package at the M06-2X
density functional and the CBSB7 (6-311G(2d,d,p)) basis set.”*** The M06-2X is a recent hybrid
meta functional that incorporates significant Hartree-Fock exchange; is well known for accurate
calculations for main group chemistry as well as accounting for non-covalent interactions and is
widely regarded as the best replacement for B3LYP density functional.>>** While the correct
description of reactive systems might require a multi reference method, the relatively large

nature (14 heavy atoms) of the complexes makes this approach computationally intractable.
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M06-2X has been benchmarked against multi-reference methods** and has been shown to be
accurate for predicting transition states,’' the treatment of general thermochemistry and

3540 a5 well as thermochemistry of H-transfer reactions*”. Due to the lack of scaling

kinetics
factors for the M60-2X level and the CBSB7 basis set, the frequencies were not scaled. The
complex nature of the potential energy surface in the 3-D configurational space of these systems
precluded the evaluation of hindered rotor potentials. Since the contribution from hindered rotors
are roughly equivalent in the reactants/products and the transition state, due to the relatively
simple nature of the reactions (H-abstractions and addition reactions) in this mechanism, the
impact of the neglecting hindered rotors is considered to be minimal.
2.2 Kinetic Modeling.

A total of 14 potential energy surfaces, including 4 stereoisomers for butane and 2
stereoisomers for toluene, were computed. Each reaction was treated as a sub-mechanism
consisting of 3 steps; reactant complex (RC) formation, transition state (TS) crossing and product

separation (Scheme 3). The following are the rate constants involved in the sub-mechanism ki,

Kere, Kist, Ketsts k-pc and kpc~

k
Separated —“— Reactant ‘L Product —k‘h Separated
Reactants k,., Complex K. et Complex Ko Products

Scheme 3: Reaction sub-mechanism and its associated rate-constants.

The rate constants, k.. and k. are calculated based on collision theory using the formula:

2
krc = kcoll = ﬂdm” SkBT (1)
O 45 H
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Here d.oy is the collision diameter (assumed to be 4 A), o5 is the symmetry factor, (unity in all
cases considered here), kg is the Boltzmann constant, T is the temperature and p is the reduced
mass of the two colliding species.

Rate constants for the transition state (TS) crossing, ki were calculated based on transition
state theory according to the following formula utilizing the activation barriers computed by the

aforementioned gas phase quantum mechanical calculations:

_Ea

k,, = Aexp T (2)

st

The pre-exponential factor A was calculated using:

AS<

A= kBTTexp(l’A”f) expT (3)

where h is the Planck’s constant, An® and AS® are the change in the number of species and
entropy, respectively, between the transition state and the reactant complex. The activation
energy E, is calculated using eq. 4 and the thermochemistry data from the computations
described in section 2.1:

E, = AH* + (1= An*)RT 4)
where AH® is the enthalpy difference between the transition state and the reactant complex as
obtained by the gas phase calculations. The tunneling factors for hydrogen transfer steps were
calculated using the Wigner formula and were found to be small (~20%) for both toluene and
butane.* These are not included in the analysis.

The reverse rate constants for reactant complex (RC) formation (k..), reaction (k) and
product separation (k) are calculated based on the equilibrium constants for the respective

reactions.

-AG

Keq =exp RTM (RT) An (5)

10
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and

k _ kﬁ”’W (6)

where R is the universal gas constant, AGx, and An are the free energy differences and change in
the number of moles between products and reactants respectively.

The rate constants for each step of the three-step fumarate addition mechanism (Scheme 1) for
each stereoisomer of toluene and butane resulted in a total of 72 reactions (toluene-26 and
butane-46) with 41 species (toluene-14, butane-24 and common-3). CHEMKIN-PRO ver. 15131
was used for kinetic modelling and analysis.** The sensitivity coefficients are calculated by using
logarithmic sensitivity gradients,

S; = Olog F (7)
Ologa;

where F is the observable (the concentration of a particular species at a specific time) and o is
the parameter that is varied (the A-factor for a reaction rate constant).

In general the formation of reactant and product complexes in this system could be considered
as a chemically activated reaction with pressure-dependent rate constants due to the competition
between dissociation, stabilization, and reaction of the initially-formed energized adduct. In this
study, high-pressure rate constants were considered since the enzyme catalyzed fumarate
addition reaction takes place in the condensed phase and therefore the rate constants are expected

to be at the high-pressure limit.

3. Results and Discussion

3.1 Potential Energy Surfaces

3.1.1 Initial H-Abstraction

11
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The PESs computed for the first step of the mechanism reveal differences between benzyl and
butyl radical formation as shown in Figure 1. Since this step involves the cleavage of a C-H bond
and the formation of an S-H bond, the difference in the overall AH,, (i.e., AAH,,) for butane

and toluene should be comparable to the difference in their bond dissociation energies. Our

calculations indicate a AAHPuare-toliene  of 7.8 kcal/mol while the experimentally measured

difference in bond dissociation energies for CH3;CH,(CH3;)CH-H and C¢HsCH,-H is 8.440.8

verifying the accuracy of the computational protocol employed in this study

kcal/mol,45
Considering only separated reactants (and products) for toluene, Himo and coworkers estimated

the AH,x, to be 3.4 kcal/mol and the barrier to be 10.7 kcal/mol,18 whereas this study reveals the

AH, to be 4.5 kcal/mol and the barrier to be 7.8 kcal/mol. The differences in reaction enthalpies

and reaction barriers are attributed to the use of different levels of theory
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. CHg
CH3 CH, CHgy % Lo .
- A HiC—SH HiC—S — CH HsC—SH
- + HC—s' == \ +° i = we 0t
/ HaC ¢
12 + 12 + o= 12.3
g====- «11.2 /s
— / N !
E P T 9.2
£ s ey 78 8 1 :
© H \ /
@] 1 \ )
=3 H \ !
1 ' N s 4.5 4 !
5 4 : 4 f
(] " \\ 4 "
LIC_I l, \ / "
) \, 4 )
o 0 -y P e 702 O !
2 \ ! \ !
- \‘ " AN ,'
= \\ l, \\ "
o .l | ~___d
L a1 \\‘ ": a4 3.4
Nt 61 i
d Reactant Transition Product Separated
Complex State Complex Products

g 4
Separated Reactant Transition Product Separated Separate
Reactants Complex State Complex Products ) |Reactants

Figure 1: Potential energy surfaces for the first step (initial H-abstraction) of fumarate addition in
the case of toluene (left) and butane (right). The schematic (inset) indicates the sub-mechanism

for reaction progress in the presence of reactant and product complexes
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The significance of fuel structure and its impact on the fumarate addition mechanism is
immediately evident upon comparison of the energies of reactant and product complexes for
butane and toluene. For the reactant complex, the stabilization energy in the case of toluene is
almost 2.7 kcal/mol greater than in the case of butane (i.e., 6.1 kcal/mol vs. 3.4 kcal/mol). This is
attributed to the favorable interactions between the m-electron cloud of toluene and the methyl
group of the thiol, which stabilizes the toluene complex and is absent in the butane complex. The
common factor that stabilizes both reactant complexes is observed to be the non-covalent
interactions of the sulfur atom with hydrogens on the hydrocarbons (Supplementary Information
Figure S1). A comparative analysis of the spin density distributions, utilizing Mulliken spin
density, between the reactant and product complexes in the case of the toluene indicates that 26%
of the spin density from the sulfur radical is shared amongst carbons of the aromatic ring in the
product complex, while in the case of butane, only 3% spin is shared amongst the other alkyl
carbons in the product (Supplementary Information Section S1.1) The increased spin density
delocalization in the case of toluene is indicative of resonance and hence accounts for a high
degree of stabilization. The implications of the difference in stabilization between toluene and
butane on the fumarate addition mechanism are discussed in more detail in the kinetic modeling
section.

3.1.2 Fumarate addition

It is known that in nature, the fumarate addition mechanism is stereo-preferential, as observed
in the anaerobic biodegradation of toluene where R-benzylsuccinate was found to be the
predominant isomer.'” More recently, it has also been observed that anaerobic biodegradation of
n-hexane yields only the RR and RS stereoisomers of the resulting methyl-pentyl-succinate

product.22 These experimental findings indicate that the mode of action for the fumarate addition

13
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step plays an important role in determining the stereo-preference of the resulting product(s).
Hence, separate PESs for each stereoisomer were investigated for this step of the mechanism.
Although the reactant complexes in both butane and toluene are similarly stabilized (Figure 2),
the barrier for addition in the case of toluene (~6.5 kcal/mol) is significantly higher than butane
(~1.5 kcal/mol). This difference is consistent with literature on carbon radical addition where the
difference in activation energies for benzyl radical addition (10.9 kcal/mol) and secondary propyl
radical addition (5.3 kcal/mol) to ethene is ~5.4 kcal/mol.*® This difference is attributed to the
loss of resonance stabilization in the benzyl radical. Considering the infinitely separated
reactants and product, the AH,y, and activation barrier for toluene in the current study is around
10 kcal/mol lower (AHxn: ~-21 vs. -10 kcal/mol; E,: ~0 vs. 8.5 kcal/mol) when compared to
previously published results.'® This is attributed to the differences in the level of theory utilized,

specifically the accounting of non-covalent interactions at the M06-2X level.
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Figure 2: Potential energy surfaces for the second step (i.e. fumarate addition) in the case of
toluene (left) and butane (right). For toluene the PES of for stereoisomers R-benzylsuccinate is
shown in red and S-benzylsuccinate is shown in black. For butane, the color scheme for the
succinate stereoisomers is RR - red, SR - blue, RS - and SS - black.
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Amongst the stereoisomers for toluene, the PES corresponding to the R stereoisomer is slightly
more stabilized than that of the S stereoisomer while in the case of butane, the RS and RR
isomers are slightly lower in energy than the SS and SR isomers. In this fumarate addition step,
the exothermicity arises from the fact that a C=C double bond is converted to a C-C single bond
and another C-C single bond is formed. It is observed that the AH,y, in the case of butane is ~9
kcal/mol more exothermic than in the case of toluene, which is attributed to the loss of resonance

stabilization of the benzyl radical.

3.1.3 CH;S regeneration

The third step of the mechanism involves the hydrogen atom transfer from thiol to the
succinate radical to yield the succinate product and regenerate the thiyl radical for subsequent
reaction. The stabilization of the reactant complexes, the barriers for the reaction as well as the
reaction enthalpies (AHx,) for butane and toluene are very similar, unlike the first two steps of
the mechanism (Figure 3). This is not surprising considering the fact that for the CHj3S
regeneration step, the reactive center is on the fumaric acid portion of the succinate radical and
hence there is almost no impact of the hydrocarbon fuel structure on this step. Comparison of
calculated results in Figure 3 with previous work by Himo et al. shows a relatively lower
activation barrier (7 vs. ~3 kcal/mol, relative to the infinitely separated reactants) and a more
exothermic reaction for CH3S regeneration AH, (-5.8 vs. -7 kcal/mol) in this s‘[udy.18 Amongst
the stereo-isomers of toluene, R-benzylsuccinate is relatively more stabilized at all stages of the
reaction as compared to S-benzylsuccinate, which is similar to what was observed for Step 2. In

the case of butane, one can observe differences in the stabilization of reactant and product

15
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complexes amongst isomers, which are attributed to the specific non-covalent interactions that

arise due to the different geometries in each case, although there seems to be no particular trend

in the stabilization amongst the isomers.
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Figure 3: Potential energy surfaces for the third step (i.e. CH3S regeneration) in the case of
toluene (left) and butane (right). For toluene the PES of for stereoisomers R-benzylsuccinate is
shown in red and S-benzylsuccinate is shown in black. For butane, the color scheme for the
succinate stereoisomers is RR - red, SR - blue, RS - and SS - black.

3.2 Kinetic Modeling

While the PESs provide insight into the energetics (reaction enthalpies and reaction barriers) of
fumarate addition, this is only a part of the overall picture. The electronic structure calculations
allow us to use statistical mechanics to calculate reaction entropies and free energies for the
reactions involved in this mechanism. Hence the next step towards understanding the impact of
hydrocarbon structure on the fumarate addition reaction is to calculate the rate constants
associated with the various parts of the mechanism using the thermodynamic quantities obtained
from the electronic structure calculations as inputs for reaction rate theory. The derived rate

constants (1.€. Kre, Kore, Kist, Ketst, kpe and k.pe) for the complete mechanism at 298 K for toluene and

16
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butane are listed in Table 1. The comprehensive list of reactions, their associated A-factors and

activation barriers are listed in Table S3 of the Supplementary Information. In order to have a

kinetic model that is representative (to a certain extent) of the enzyme system, we chose initial

mole fractions of 0.18% for the hydrocarbon and fumaric acid, 72 ppm for the thiyl radical and

the remainder to be an inert gas Ar (99.63%). A pressure of 1000 atm (representative of the

condensed phase) and a temperature of 298 K were used in a closed homogenous batch reactor.

The reactions were allowed to progress until the hydrocarbon (i.e. toluene or butane)

concentrations were negligible and the final succinate products concentrations were constant.

Table 1: The set of rate constants that constitute the reaction mechanism for toluene and butane

at 298K.
krc 1Crc ktst 1Ctst kPC kpc
(cm®/mol.s) (sec™) (sec™) (sec™) (Sec'l) (cm®/mol.s)
Step 1 Initial H-abstraction
Toluene 1.36E+14 2.81E+12 4.27E+01 2.26E+07 5.17E+14 1.36E+14
Butane 1.49E+14 5.88E+13 4.42E+00 2.06E+09 4.63E+14 1.49E+14
Step 2 Fumarate Addition
Toluene R 1.06E+14 4.80E+11 6.66E+05 5.78E-04
Toluene S 1.06E+14 1.49E+13 1.72E+07 2.36E-03
Butane RR 1.23E+14 1.00E+13 1.04E+10 2.16E-05
Butane RS 1.23E+14 3.05E+12 2.38E+09 1.03E-06
Butane SR 1.23E+14 3.69E+13 6.96E+09 1.33E-05
Butane SS 1.23E+14 6.27E+13 6.51E+09 1.27E-05
Step 3 Thiyl Radical Regeneration
Toluene R 1.22E+14 1.73E+14 1.62E+05 8.60E-02 1.14E+13 1.23E+14
Toluene S 1.22E+14 3.09E+14 7.11E+06 1.61E-01 5.20E+11 1.23E+14
Butane RR 1.24E+14 5.45E+12 3.08E+04 6.94E-01 1.24E+13 1.25E+14
Butane RS 1.24E+14 7.33E+12 1.12E+05 3.95E+00 5.88E+12 1.25E+14
Butane SR 1.24E+14 1.57E+12 1.34E+06 1.32E+02 5.58E+13 1.25E+14
Butane SS 1.24E+14 4.63E+13 5.59E+05 3.75E+01 2.30E+14 1.25E+14

17



Physical Chemistry Chemical Physics

An important aspect of this study is the impact of the formation of reactant and product
complexes. While we have seen how these complexes modify reaction barriers, a closer look at
some of the TS crossing rate constants (ki) offers an indication of how complexes impact
reaction kinetics. For example, in the initial H-abstraction step, if we were to ignore the presence
of complexes and consider just the separated reactants and products, we have toluene being less
endothermic than butane by 7.8 kcal/mol. If this difference correlated with the difference in

Butane
st

Toluene
st

. . 5. . .
activation energies, k would be >10" times greater than k , assuming an Evans-Polanyi

factor of 0.6. This is in contrast to our result that k“" is only ~10 times k>**“"*. This difference

st
is due to the deeper well for the reactant complex in the H-abstraction step for toluene, which
almost equalizes the barriers for TS crossing between toluene and butane. Another interesting
outcome of considering complexes is the fact that since they are the only gateway to TS crossing,
their thermodynamics significantly impacts the overall kinetics of the mechanism. The ensuing
kinetic analyses extend these insights and are discussed in the context of the comparative
degradation rates for toluene and butane in the gas phase, the kinetically significant step(s) for
the mechanism, and a plausible basis for the observed stereo-preference of the fumarate addition
reaction.
3.2.1 Overall hydrocarbon degradation rates

One of the primary goals of this kinetic analysis is to compare the relative rates of fumarate
addition (or fuel degradation) between aliphatic and aromatic fuels. Figure 4 compares the
predicted time evolution of fuel degradation between the butane and toluene systems. It is
apparent that toluene degrades much faster than butane, requiring only ~210 s for 50%
conversion while butane requires ~22,000 s for the same conversion. It is also predicted, in the

case of butane, that the thiyl radical concentration reaches steady state almost immediately, thus
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enabling one to treat the kinetics of fuel decay as a pseudo first order reaction. The pseudo first

. -5 ° .
order rate constant for butane is calculated to be 3.2 x 10~ s at 25°C. In the case of toluene, it

takes longer to approach pseudo first order kinetics due to the time required for the CH3;S
concentration to achieve steady state (Figure 4). We obtained an approximate pseudo first order

rate constant for toluene (0 to 75% conversion) by fitting the semilog slope to obtain a value of

3.17 x 10_3 s approximately 100 times faster than butane. The predicted pseudo first order

kinetics for toluene decay are consistent with that observed experimentally; however, a
comparison of actual rate constants would not be appropriate since the rate constant depends on
the thiyl radical concentration, which is assigned an arbitrary value in this study and was not

determined experimentally.*’
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Figure 4: Overall degradation rates for toluene (left) and butane (right). Note the time scales for
butane and toluene are different. The hydrocarbon mole fractions (left axis) are represented as a
dashed line ( ) and the thiyl radical CH3S concentrations (right axis) as a dotted line (gray)
in each case. For toluene the generation of the two stereoisomers is shown in red (R-
benzylsuccinate) and black (S-benzylsuccinate). For butane the color scheme for the
stereoisomers is RR - red, SR - blue, RS - and SS - black.

3.2.2 Rate controlling reactions
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Himo et al. proposed the rate limiting step of the mechanism to be the fumarate addition step
based on the reaction enthalpies and the overall barrier for the toluene reaction mechanism.'®
However, in that study rate coefficients were not evaluated, and hence no explicit kinetic
calculations were performed. The kinetic model developed in this study allows us to perform a
sensitivity analysis on the reactions in the mechanism to identify the kinetically significant
step(s). The sensitivity analysis is insightful since it quantifies the impact of different reactions
on the production or consumption of a particular species, even though the reaction itself might
not involve that species. In this study, each step of the mechanism has the corresponding forward
and reverse reactions included explicitly with the respective rate constants satisfying microscopic
reversibility to assure thermodynamic consistency. The advantage of this approach is that it
enables the sensitivity analysis to identify reactions that might be partially equilibrated; if such a
reaction is important, it will show up with large sensitivity coefficients, but with opposite signs
for the forward and reverse directions. For such a case, the appropriate conclusion is that the
reacting system is sensitive to the thermodynamics of the reaction, i.e., it is the ratio of k¢ and
kv rather than the individual rate constants that affect the rate. Alternatively, if we were to only
specify the forward rate constant and let the program determine the reverse rate constant based
on microscopic reversibility, an increase in the forward rate would result in an increase in the
reverse rate (since the equilibrium constant remains unchanged) and the impact of the
equilibrium constant on the kinetics would remain hidden.

Figure 5 illustrates the important reactions of the mechanism that impact hydrocarbon (i.e.,
toluene and butane) concentration. Since these sensitivities relate to the reactant, a negative value
means that an increase in the rate constant increases the rate of reaction and hence the

consumption of the reactant. Butane presents a relatively straightforward case with only 3
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Page 20 of 33



Page 21 of 33 Physical Chemistry Chemical Physics

reactions being important, all of which involve the initial H-abstraction. Two of these are the
forward and reverse rate constants for formation of the initial reactant complex (RC), and the
third is the subsequent TS crossing from the RC. The symmetric positive and negative
sensitivities for formation and dissociation of RC indicate this reaction is rapidly equilibrated,
with the concentration of RC controlled by the equilibrium constant for this reaction. The
sensitivity of the TS crossing is identical to the formation of RC. This indicates that two factors
dictate butane degradation; the thermodynamic equilibrium that controls the concentration of RC

and the TS crossing rate constant. These results suggest that butane conversion can be described

3
cm

as a second order reaction with rate constantk’‘ ™ = K e’ficktst =11.20 . Considering the

reduced

mol.s

steady-state concentration of the thiyl radical (Figure 4), the corresponding pseudo first order

. -5 . . . . .
rate constant is 3.2 x 10 s™', consistent with that calculated in the previous section from the

kinetic model predictions. Thus the hydrogen abstraction reaction step is rate limiting for butane

degradation, and the formation of RC plays a critical role in the degradation process.
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Figure 5: Results of the sensitivity analysis for toluene (left) and butane (right). The dashed lines
on each graph represent the time evolution of hydrocarbon mole fraction. The time evolution of
sensitivity co-efficients for important reactions that affect hydrocarbon mole fraction are
indicated as color coded lines. It may be noted that the sensitivities for the TS crossing reaction
and RC formation reaction for the H-abstraction step overlap in the case of butane. Similarly, for
toluene, the sensitivities for the TS crossing reaction and RC formation reaction overlap for the
H-abstraction and fumarate addition steps. The reactions that are not visible due to the overlap
have been indicated with the symbols A, 0, o, 0 and . Note: The time scales for toluene and
butane are different.

In contrast to butane, the toluene sensitivity analysis suggests a more complex reaction
network. Here all three steps of the mechanism turn up in the sensitivity analysis. As with
butane, the reactions involved in the initial H-abstraction step are found to be kinetically the
most significant (i.e. have the highest sensitivity coefficients), and both the equilibrium
concentration of the RC and the hydrogen abstraction are important. The next largest set of
sensitivity co-efficients belong to the three reactions (i.e. RC equilibrium followed by hydrogen
abstraction) that involve the final hydrogen abstraction to regenerate the thiyl radical. The same
sequence of reactions for the fumarate addition step show the smallest sensitivities to fuel
degradation.

It is interesting to note that the non-constant thiyl radical concentration observed in toluene at
earlier times (< 50% conversion) is a result of the thiyl radical being sequestered in the species
involved in the fumarate addition and thiyl radical regeneration step and is consistent with the
results of the sensitivity analysis. Hence the varying thiyl radical concentration during toluene

degradation and the results of the sensitivity analysis for toluene make it difficult to compare the

pseudo first order rate constants from the rate analysis and the reduced rate constant (i.e.

toluene __ RC
ot = KXCp

reduced

) as was done for butane. The fact that the initial H-abstraction step is

st

kinetically significant in the case of toluene is consistent with experimental observations by Li et

al., who measured slower rates using deuterated toluene. If the fumarate addition were rate
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limiting, one would not expect a kinetic isotope effect since the fumarate addition step does not
involve H-transfer.

When we look at the sensitivity of one of the final products (i.e. RR-butylsuccinate and R-
benzylsuccinate), the significance of the fumarate addition step is evident, as seen in Figure 6.
Although the initial H-abstraction step has the highest sensitivity coefficient at the initial stages
of the reaction in both cases, it becomes less important as the hydrocarbon is consumed while the
fumarate addition step remains significant throughout. In the case of benzylsuccinate, the
reactions in the thiyl radical regeneration step also show up in the sensitivity analysis. The
important role of the RC in the mechanism is evidenced by the fact that all the reactions that turn
up in the sensitivity analysis (for both toluene and butane) involve the RC. In the case of butane,
it is also interesting to note that the RR-butylsuccinate concentration is impacted by the rate

constants for the fumarate addition step of the RS isomer.
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Figure 6: Results of the sensitivity analysis for R-benzylsuccinate (left) and RR-butylsuccinate
(right). The dashed lines on each graph represent the time evolution of the succinate product
mole fraction. The time evolution of sensitivity co-efficients for important reactions that affect
hydrocarbon mole fraction are indicated as color coded lines. It may be noted for toluene and
butane, the sensitivities for the TS crossing reaction and RC formation reaction overlap for the
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H-abstraction, fumarate addition and the thiyl radical regeneration steps. The reactions that are
not visible due to the overlap have been indicated with the symbols A, 0, o and ¢. Note: The
time scales for toluene and butane are different.

3.2.3 Differences between fumarate addition in alkanes & aromatics: Effects of reactant
complexes

The role of hydrogen bonding in hydrogen abstraction reactions has recently been explored
experimentally and computationally where it was found that triplet state hydrogen bonding could
accelerate hydrogen abstraction reactions.” Here we consider the impact of hydrogen-bonded
complexes on the fumarate addition reactions.

As discussed earlier, although the overall rate of toluene degradation is faster than butane, the
difference is not as great as was expected based on the difference in reaction enthalpies for H-
abstraction. This reduction of the anticipated impact of fuel structure in this study is caused by
two factors. First, formation of the RC for the initial H-abstraction nearly equalizes the barriers
for TS crossing. Offsetting this is the deeper well for the toluene RC (Figure 1), leading to a
larger steady-state RC concentration and thus a faster rate. We might also have expected the lack
of resonance stabilization in the product complex (PC) of butane to shift the equilibrium for the
H-abstraction step towards the RC from the PC. However, this does not occur since the reaction
product is promptly consumed in the further steps of the mechanism. Second, as revealed in the
sensitivity analysis, the fumarate addition step is crucial to determining the rate of toluene
degradation while it plays no significant role in butane degradation. This is consistent with the
PESs (Figure 2) where the RCs are equally stabilized in both cases, but the TS crossing barrier is

significantly higher for toluene as compared to butane.
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Hence, even in the gas-phase, the predicted formation of hydrogen-bonded complexes
significantly alters the expectations of the relative rates of fumarate addition between alkyl and
aromatic fuel structures. The consideration of such complexes is also of particular relevance to
understanding the mechanism in the enzymatic scenario. The presence of the protein backbone
and functional amino acid side chains in the enzyme offers numerous avenues for reactant, TS,
and product stabilization by hydrogen bonding, hydrophobic interactions and other non-covalent
interactions at the active site'” that are likely to markedly affect the relative degradation rates for

various hydrocarbon structures.

3.2.4 Possible basis for stereo-chemical preference in fumarate addition.
The experimentally observed stereo-preference for R-benzylsuccinate production from toluene

has provided insights into the active site geometry in the enzyme for fumarate addition.'”*’ I

n
the case of n-hexane degradation, the observation of the preference for RS and RR methyl-pentyl-
succinates has suggested that inversion plays a crucial role in determining stereo-chemical
preference and that the active site is primed to conduct the fumarate addition in a concerted
manner.”

The PESs described earlier show different energetics for the various stereoisomers, providing a
potential explanation for stereo-bias, and the model predictions do exhibit stereo-bias in the
isomers formed. However, the different predicted product distributions could be due to either
differences in the overall equilibrium constants, due to slightly different thermodynamics
properties of the isomer, or it could be due to kinetic effects. To differentiate these causes for

stereo-preference, in Table 2 we compare the ratios of the stereoisomers predicted by the kinetic

model to those expected if the products were formed in equilibrium amounts. The table lists the
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free energy differences for the overall reaction, the corresponding equilibrium constants, the final

concentrations predicted by the model and the reduced rate constant for the fumarate addition
step (i.e., Kyotucea =KX ki)™ for all the succinate stereoisomers formed. The corresponding

normalized entities are ratios of the specific quantity with that of the R isomer in the case of

benzylsuccinate and the RR isomer in the case of butylsuccinate.

Table 2: Overall free energy differences, equilibrium constants, steady state concentrations of
final products and reduced rate constants for the fumarate addition step.

AGoveran * K298 Final product KA = KERCk Normalized | Normalized | Normalized
[kcal/mol] ;q concentrations e M3 ed K8y concentrations A
[em’/mol] [mol/cm’] [em’/mol.s] eq reduced
Benzylsuccinate
R -11.8 1.10E+13 4.07E-5 1.47E+8 1.000 1.000 1.000
S -10.6 1.34E+12 3.18E-5 1.22E+8 0.122 0.781 0.829
Butylsuccinate
RR -11.7 1.00E+13 3.61E-5 1.28E+11 1.000 1.000 1.000
RS -12.5 3.54E+14 2.75E-5 9.60E+10 35.400 0.762 0.750
SR -10.4 1.05E+12 6.61E-6 2.32E+10 0.105 0.183 0.181
SS -10.5 1.25E+12 3.61E-6 1.28E+10 0.125 0.100 0.100

* —
ACioverall - Gsuccinate - (Gfumarale + Gtoluene/bulane)

vy Normalized by the K 62: ¥ for R-Benzylsuccinate for toluene and RR-butylsuccinate for butane

In the case of toluene, note the predicted ratio from the kinetic model agrees very well with the
ratio of rate constants for the benzyl addition step and differs significantly from that predicted at
equilibrium, a clear indication that the preference is driven by the kinetics. The non-equilibrium
product distribution can be understood by examination of the PES in Figure 3. Once the last
hydrogen transfer occurs, the barrier for the reverse reaction is sufficiently high that the products
are locked into the non-equilibrium distribution. It is interesting to note that for the enzyme
catalyzed reaction, the experimentally observed ratio between the R and S isomers concentrations

is 95:5 in favor of R, which is much closer to the equilibrium distribution of 89:11.

26

Page 26 of 33



Page 27 of 33

Physical Chemistry Chemical Physics

In the case of butane, the observed differences in final product concentrations of the stereo-
isomers are more pronounced as compared to toluene with the steady-state concentrations of the
final succinate products being in the following ratio 49:37:9:5 for the RR, RS, SR and SS isomers
(Table 2). Despite RS being the thermodynamically most favorable stereo-isomer, the RR isomer
is found to be the most favored based on steady state concentrations predicted by the model
(Table 2). The results for butane parallel those for toluene in that the product distributions are
driven by the kinetics. There is a good correlation of the ratio of model-predicted isomers with
the ratio of rate constants for the butyl radical addition step, suggesting that the kinetics of

fumarate addition step determines the stereo-bias observed in this study.

4. Conclusions

The gas-phase energetics governing the fumarate addition reaction mechanism and the impact
of hydrocarbon structure have been evaluated using high level ab initio calculations and kinetic
modeling. We have demonstrated that the formation of pre- and post-reaction complexes (due to
the presence of S, O and H atoms) modify the potential energy landscape and have a significant
impact on the reaction kinetics. At 298K, we predict the rate of degradation of toluene to be
~100 times faster than butane. Neglecting such complexes would lead to a much greater
difference in the rates, reflecting the ~8 kcal/mol difference in C—H bond strengths. The results
of the kinetic model have led us to revise the previous understanding of the mechanism by
showing that the initial H-abstraction step, and not the fumarate addition step is an important
rate-limiting step. This is also consistent with experimental observations of the deuterium isotope
effects on toluene degradation in BSS.*” The fuel degradation rate in the case of butane is found

to be dictated by the formation of an equilibrated pre-reaction complex and the subsequent TS
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crossing rate constant for the initial H-abstraction step. The observation of a steady state
concentration for the thiyl radical allows butane degradation to be described by pseudo-first
order kinetics. On the other hand, the initial H-abstraction, the thiyl radical regeneration as well
as fumarate addition steps are found to be important for toluene degradation. We have shown
that the predicted stereo-preference of fumarate addition is due to differing rate constants for the
radical addition step for both fuels.

As evidenced throughout this study, the reactant complexes play an important role in
governing the kinetics of fumarate addition. These complexes will be of particular significance
while considering the mechanism in the enzyme scenario since it provides a first-hand glimpse
into understanding the importance of the hydrogen bonds, non-covalent interactions and other
stabilization factors and how they impact the energy landscape for the mechanism. We anticipate
that these effects will be important, but their impact on the relative rates will depend on the
detailed structure in the enzyme active site. These complexes and transition states for the
fumarate addition mechanism form the basis for future hybrid quantum mechanical studies that
will incorporate the enzyme structure and evaluate the impact of the protein environment on the

fumarate addition mechanism.
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Supporting Information. The Mulliken spin density analysis, the kinetic mechanism

including all the reactions, A-factors, activation energies and equilibrium constants are provided

in the Supplementary Information. This material is available free of charge via the Internet at

http://pubs.acs.org.
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