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Abstract. The gas phase OH hydrogen abstraction reaction from
leucine has been studied using Density Functional Theory (B3LYP)
calculations and the 6-311G(d,p) basis set. The structures of the dif-
ferent stationary points are discussed. Reaction profiles are modeled
including the formation of pre-reactive complexes, and negative net
activation energy is obtained for the overall reaction. BSSE correc-
tions are included. A complex mechanism is proposed, and the rate
coefficients are calculated using Transition State Theory over the
temperature range 250 — 350 K. The rate coefficients are proposed for
the first time and it was found that in the gas phase the hydrogen
abstraction occurs almost exclusively from the gamma site. The fol-
lowing expressions, in L-mol-L.s1, are obtained for the alpha and
gamma H-abstraction channels, and for the overall temperature
dependent rate constants, respectively: k, = (2.19 + 0.05) x 107
exp[(905 + 12)/T], k, = (3.19  0.05) x 107 exp[(2450 + 10)/T], and
Kot = (3.80 = 0.08) x 107 exp[(2378 + 12)/T].
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Resumen. Se estudia la reaccién de abstraccion de hidrogeno de
leucina por OH en fase gaseosa usando célculos de la teoria de fun-
cionalesdeladensidad (BYLYP) y e conjunto de bases 6-311G(d,p).
Se discuten las estructuras de los diferentes puntos estacionarios. Se
modelaron los perfiles de reaccion, incluyendo la formacion de com-
plgjos pre-reactivos, y se obtuvo una energia de activacion negativa
para la reaccién completa. Se incluyeron correcciones BSSE. Se pro-
pone un mecanismo de reaccion complejo, y se calcularon los coefi-
cientes de velocidad usando la teoria del estado de transicion en el
rango 250-350 K. Se proponen por primera ocasion los coeficientes
de velocidad y se encontré que en fase gaseosa, |a abstraccion del
hidrégeno procede casi exclusivamente de la posicion gama. Las
siguientes expresiones, en L mol s, se obtienen de los canales de
abstraccion afay gama, respectivamente, y para las constantes de
velocidad dependientes de la temperatura: k, = (2.19 + 0.05) x 107
exp [ (905 £ 12)/T], k, = (3.19+ 0.05) X 10" exp [ (2450 + 10)/T],
and ki, = (3.80 % 0.08) X 107 exp [ (2378 + 12)/T].

Palabras clave: leucina, radical OH, abstraccion de H, velocidad,
mecanismo.

I ntroduction

Leucine is an essential amino acid that is found as a structural
element in the interior of proteins and enzymes. It is a member
of the branched-chain amino acid (BCAA) family. Leucine is
the third most abundant amino acid and its frequency of occur-
rence in proteins is 7.5% [1]. Leucine has two methyl groups
in the side chain attached to Cy.

Oxidative damage to proteins has been involved in several
pathological disorders and it is generally initiated by OH radi-
cals, which may be formed intracellularly by a Fenton type
reaction, by Haber-Weiss recombination, via water radiolysis,
or by other radicals created from enzyme reactions [2-6]. OH
radicals can also be produced by ultraviolet and ionizing radia-
tions [7]. In addition, most amino acids and their derivative
synthesis have been based on ionic procedures in the past, but
recently, the discovery that radical reactions can be performed
with a high degree of regio and stereo control [8-10], has con-
tributed to the increased interest in this kind of reactions.

Goshe and coworkers [11-12] have studied the sites of
OH radical reaction with some amino acids solution, by EPR
spin trapping and 2H NMR detection of induced H/?H

exchange. They reported that methine and methylene positions
are more reactive than methyl positions, and that this reactivity
is reduced by their closer proximity to the a-amino and car-
boxylate groups. The authors aso suggest that knowledge of the
reactivities of the amino acid C-H bonds with OH is required to
predict sites of biologica oxidative damage to proteins.

However, as far as we know, there is no study of the pro-
portion in which the different possible leucine radicals may be
formed. Logically, the chemical behavior of an amino acid in
its free form and in a peptide chain is not the same, because it
depends on the chemical environment. However, it is reason-
able to assume that for those sites in the side chain, the closer
to the alpha carbon, the more affected by the peptidic sur-
roundings. A reactivity study should begin with an analysis of
the intrinsic reactivity, due to its strong influence in the reac-
tivity that the amino acid will exhibit in solution or in a pep-
tidic environment. Following this way of thinking, the attack
of an OH radical to a protein can be considered as an attack to
one of the amino acids in it. This reaction is postulated as the
first step of a complex mechanism, which ends with the frag-
mentation of the peptide chain of the protein. The mechanism
of such areaction is not completely understood.
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To our knowledge, neither activation energies nor rate
constants have been reported for the leucine + OH reaction in
gas phase. There is aso alack of knowledge about the transi-
tion structures and the mechanism, as well as about the tem-
perature dependence of the rate coefficients. Therefore, the
objective of this work is to provide quantitative information
about the mechanism and kinetics of this reaction, which can
be considered as the very first step of the oxidative damage.
Two different channels have been modeled corresponding to
H abstractions from the apha and gamma sites. The abstrac-
tions from the terminal CH; and from beta CH, were not
included, based on previous finding [13-16] that the abstrac-
tion of those H atoms should be neglected compared to the
other two possible channels.

The reaction paths were modeled taking into account the
results of previous studies performed by our group on similar
systems. According to references [13-16], it is a reasonable
assumption that the amino acid + OH reactions occur via a
two step mechanism, with a reversible first step leading to a
pre-reactive complex, and a second step yielding the corre-
sponding radical and H,O (for more details on the mechanism
see reference 17).

Computational Details

Electronic structure calculations have been performed with
the Gaussian 98 [18] program. Full geometry optimizations
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Fig. 1. Free leucine (L). Numbers from 10 to 22 represent hydrogen
atoms.
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Fig. 2. Pre-reactive complex (PRC) for leucine + OH reaction.
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were made for all the stationary points using the B3LYP
method and the 6-311G(d,p) basis set. Restricted calcula-
tions were used for closed shell systems and unrestricted
ones for open shell systems. Frequency calculations were
carried out for al the stationary points at the corresponding
level of theory. Local minima and transition states were
identified by the number of imaginary frequencies (NIMAG
=0 or 1, respectively). In addition, the vibrational mode with
imaginary frequency was inspected using the GaussView
program, and it was confirmed that it does connect reactants
and products. Zero point energies (ZPE) were included in the
determination of energy barriers and thermal corrections to
the energy (TCE) were included in the heats of reaction calcu-
lations.

Basis Set Superposition Error (BSSE) has been included.
The relevance of the BSSE has been well established from a
theoretical point of view [19,20] and its utility has been
proved in systems relatively similar to the amino acids [21].
However the counterpoise method [22,23] of calculating it
has often been criticized [24,25]. B3LYP methods show a
tendency to underestimate the activation energies for mole-
cule + radical reactions and the inclusion of the BSSE correc-
tion would improve the correspondence with experimental
results.

The Transition State Theory (TST) methodology [26,27],
implemented in the Rate 1.1 program [28], was used to calcu-
late the rate coefficients since it has the advantage of being
non-expensive for high level ab-initio calculations.

Results and Discussion
Molecular Structures

Leucineisan aliphatic amino acid, with a methyl group linked
to the gamma carbon. It was fully optimized at B3LY P/6-
311G(d,p) level of calculation and an intramolecular interac-
tion was found between N, and Hqg (Fig. 1), with the interac-
tion distance equal to 2.47 A. In this figure the carbon atoms
numbered as 2, 3 and 4 correspond to the sites known as
alpha, beta and gamma, respectively. A Bader topological
analysis [29] of the B3LY P/6-311G(d,p) wave function was
performed in order to confirm the existence of the interaction.
The electronic charge density (p) at the bond critical point was
found to be p;.19 = 0.0134, and the Laplacian of p, V2p;.49=-
0.0100, confirming the existence of the interaction.

Since two reaction paths have been considered, the hydro-
gen abstraction from the alpha, and gamma carbons, two reac-
tant complexes (RC) were modeled from the optimized transi-
tion structures. For each channel an Intrinsic Reaction
Coordinate (IRC) calculation was performed and the final
structure towards the reactants side was fully optimized as a
minimum. The reactant complexes obtained this way for the
alpha and gamma channels are identical and show the leucine
structure almost identical to the free molecule (Fig. 2). The
main differences between the RC and the free molecule are a
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dight elongation (0.01 A) of the N;-C, bond length and the
dihedral angles associated to the NH, group (C,CsC,N-; =
—84.8°, C,C,N;H,;=134.0°, C;C,N;H»=15.5°). The formation
of the studied reactant complexes is caused by the interaction
between the H atom in the OH radical and the N atom in
leucine, the distance between them being 1.86 A, which corre-
sponds to a hydrogen bond interaction distance. This interac-
tion provokes the torsion of the amino group, described above,
and its bond critical point is characterized by p7.,, = 0.0386,
and V 2p;.,,4 = -0.0247, according to Bader’s topological
analysis. An additional interaction was also found between the
O atom in the OH radical and one of the hydrogens in leucine,
with 023-H19 distance of 2.91 A, P19-23 = 0.0042, and V2p19_23
=-0.0035.

The fully optimized geometries of the transition states
corresponding to alpha (TSo) and gamma (TSy) H-abstrac-
tions are shown in Figure 3. Two mgjor changes occur due to
the TSo formation, the C,-H;o bond elongation by 0.05 A and
the C,-N; bond shortening by 0.01 A. The H-attack on the
alpha site was found to be non-collinear, with the C,H1¢O03
angle, equal to 145.9°. An attractive interaction was found
between the O atom in the OH radical and H19 atom in the
amino acid, with the distance N;gH,3 equal to 2.43 A. Due to
this attractive interaction the optimized TSo. shows aring like
structure (Fig. 3). The interaction was analyzed by the Bader's
topological analysis, and a bond critical point was found, with
P19-23 = 0.0110, and V2p19_23 =-0.0081.
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Fig. 3. Transition states corresponding to abstractions from alpha
(TSor) and gamma (TSy) sites.

The main structural change associated to the TSy forma-
tion (Fig. 3) is the C,-H,3 bond elongation by 0.06 A. The
attack of the OH radical on the gamma site was found non-
collinear, with the C4H;30,5 angle equal to 168.5°. For this
channel it was found an attractive interaction between the H
atom in the OH radical and the N atom in leucine, with the
N,H,, distance equal to 1.97 A and showing a seven members
ring like structure. The topological analysis leads to a bond
critical point with p;.,, = 0.0307, and V ?p;.,4 = -0.0218.
Comparing these values with those corresponding to TSao, it
can be seen that in TSy there are a stronger interaction and a
larger stabilization than in TSa.

According to the fully optimized transition structures dis-
cussed above, the stabilizing ring- like arrangement seems to
be feasible for other than alphatransition statesin amino acids
with aliphatic side chains. They would just differ in the atoms
forming the ring, and their number logically depends on the
abstraction site.

The distance between the O atom in the OH radical and
the H to be abstracted was found to be equal to 1.61 A in TSo,
and 1.44 A in TSy, indicating that the first one is an earlier
transition state and suggesting a lower energy barrier and a
process more likely to occur. This leads an expectation in the
opposite direction than the stabilizing hydrogen bond like
interaction discussed above. Thus, based on the hydrogen
bond like stabilization in the transition structures, it should be
expected the gamma H-abstraction channel energy barrier to
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Fig. 4. Radical products corresponding to abstractions from alpha
(Ror) and gamma (Ry) sites.



142  Rev. Soc. Quim. Méx. 2004, 48

be lower than that of the alpha channel. Conversely, it was
found that TSo is an earlier transition state, which suggests a
lower barrier and a process more likely to occur. Therefore,
energetic and kinetics analyses are necessary to determine
which of these channels is predominant in the H abstraction
from leucine.

The structures of the radical products due to the alpha
(Ror) and gamma (Ry) hydrogen abstractions are shown in fig-
ure 4. Ro. shows the expected planar section around the alpha
carbon and the shortening of the C;-C,, C,-C5 and C»-N; dis-
tances by 0.16, 0.05 and 0.02 A, respectively, compared to the
free leucine. Ry presents a planar section around the gamma
carbon (C,) and the shortening of the C3-C, C4-Cs and C4-Cq
distances by 0.06, 0.06 and 0.07 A, respectively.

Energiesand Mechanisms

The heats of reaction (AE,) including thermal corrections
to energy (TCE) at 298 K, and the L parameters were calcu-
lated for the two channels (Table 1). The L parameter
denotes if a transition state structure is reactant-like (L < 1)
or product-like (L > 1) and also quantifies the corresponding
trend. Conse-quently, there must be a direct relation between
the L value and the heat of reaction of a specific pathway,
according to Hammond's postulate [30]. L parameters were
calculated for each modeled channel, following references
31 and 32, as:

8H{C_H_)
Lig)m o toa el
H_ O
& 3 O
Br(C_H )
Liy)m o L

In these equations, or(C,H,) and or(C,H,) represent the
variation in the breaking bond distance between transition
states and reactants, along the different channels, while
or(HyOon) and or(H,O0n) represent the variation in the form-
ing bond distance between transition states and products.

The direct relation between L parameter values and the
heats of reactions is very well accomplished in the leucine +
OH reaction. In addition, there is a consistent pattern for the
value of these two magnitudes and the nature of the abstrac-
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tion site. The alpha abstraction shows a very low value of L,
about 0.07, and a AE, g = —41.49 kcal/mol, being the most
exothermical channel, while for the gamma channel L = 0.13
and AE, gy = -20.12 kcal/mol.

The formation of the pre-reactive complex leads to a
stabilization energy of 2.97 kcal/mol, suggesting that the
corresponding mechanism is complex. The reaction path has
been modeled by two steps, the first one leading to the for-
mation of the pre-reactive complex (or reactant complex,
RC), and the second one yielding the corresponding radical
and water:

Step A: L+ OH* =2 [L--01°]
wd:[;,...gﬁ'*} i, Ly +HO

In figure 5, the energies of four critical points of the
potential surface, relative to reactants, have been represented
for each abstraction channel. They are: the isolated reactants,
the pre-reactive complex, the transition states and the isolated
products. The energy profiles show that the energies of al the
studied stationary points are lower than the energy of the reac-
tants. Therefore, a negative apparent energy barrier (Egp, =
Ers -2Eec) Was found for both channels, the gamma abstrac-
tion transition state being 0.91 kcal/mol lower than the isolat-
ed reactants and 1.53 kcal/mol lower than that of the alpha
channel (Table 1). The existence of a reactant complex, about
3 kcal/mol more stable than the isolated reactants, justifies
the gamma E,,, sign and leads to a complex mechanism,
characterized by areversible first step with no energy barrier
and a non-reversible second step with barriers of 2.06 and
0.53 kcal/mol for the alpha and gamma channels, respectively
(Fig. 5).

According to the reaction profiles features it can be
assumed that because of its lower energy barrier the gamma
H-abstraction channel is the most likely to occur, regardless
of the larger exothermicity of the alpha channel. This
assumption can be made based on the fact that heats of reac-
tion mainly depend on the strength of the breaking and form-
ing bonds, while the barriers also include dynamic effects in
the transition structures, like the intramolecular stabilization
discussed above.

Table 1. B3LYP Energiesrelative to reactants including ZPE corrections and L parameter.

Channel CR Stabilization Eapp AErence L
(kcal/moal) (kcal/moal) (kcal/mol)

Alpha -2.97 -0.91 —41.49 0.07

Gamma -2.97 —2.44 -20.12 0.13

*Including BSSE

“Including TCE, instead of ZPE.
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Rate coefficients

We have assumed that the reaction occurs according to a two
step mechanism involving a fast pre-equilibrium between
reactants and the pre-reactive complex, followed by the elimi-
nation of a water molecule. If k; and k ; are the forward and
backward rate constants for the first step, and k, corresponds
to the second step then, a steady state analysis leads to a rate
coefficient for the overall reaction (k) of each channel. The
mathematical expression for k can be written as:

Ay £ )R

g =ity ={faﬁ_
k 4,

=

3)

In equation 3 it has been assumed that k 1 is much larger
than k,. According to the difference Erg — Eg, this assumption
can be true only if the pre-exponentia factor (A) of k, is at
least two orders of magnitude larger than that of k,. The rate
constant of the step 1 reverse reaction, which goes from reac-
tant complex to isolated reactants, can not be calculated within
the TST frame, but it can be considered as a dissociation reac-
tion. According to the data reported in the NIST Chemical
Kinetics Database [33] the pre-exponential factor for this kind
of reaction is about 10%° L mol! s, while the pre-exponential
factor calculated in thiswork for step 2 is about 10™ L mol-1 s2.
These values make A ; about four orders larger than A, and
validate the assumption made in equation 4. The larger value
of A.; can be explained by the activation entropy (4S%), which
is small and negative for step 2 because the transition state
structure is tighter than the reactant complex, while AS”; is
large and positive because six vibrational degrees of freedom
are being converted into three translational plus thee rotational
degrees of freedom. The assumption that k, is much larger
than k, was proposed for a similar system by Singleton and
Cvetanovic [34].

Since E; is equal to zero (see Figure 5), the apparent ener-
gy barrier (E4yp) for the overall reaction is:

Ew=El_E:-I={Eﬂ_'ﬁﬂ}_{'ﬁﬂ_'ﬁ-ﬁ}=3fﬂ_£& (4)

where Eg, Erc and E;g are the total energies of the reactants,
pre-reactive complex and transition state, respectively.

Applying basic statistical thermodynamic principles, the
equilibrium constant of the first step can be expressed in terms
of the partition functions (Q) as:

K‘=Qw:.¢[&—ﬁe;w
< (5)
and k, can be obtained from TST in the form:
[« P
g Nt Mg (B ET
k=K P EM.E
(6)
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Fig. 5. Energetic profiles for the OH hydrogen abstraction reaction
from leucine, including ZPE and BSSE.

where x is the tunneling factor which is calculated as the ratio
of the quantum-mechanical to the classical barrier crossing
rate, assuming an unsymmetrical, one dimensional, Eckart
function barrier.

The rate coefficient for each channel overall reaction is
obtained by the following expression:

k=K, k= K AT Oy AR mar o o gotniar

hG ™

The leucine + OH reaction is a complex system with two
different pathways included in the kinetics study; each of them
moves forward its own transition structure to a set of various
products. To simplify its analysis we have assumed that once a
specific pathway started it proceeds to completion, indepen-
dently of the other pathways, i.e.: there is no mixing or
crossover between different pathways. On this basis, the total
rate (ki) constant that measures the rate of the OH disappear-
ance, can be determined by summing up the rate coefficients
calculated for two pathways (ki = K,*k;) [35]. In addition, in
this paper the temperature dependence of k was also studied
and calculated Arrhenius parameters are presented.

The tunneling factor, the rate coefficients and the gamma
branching ratio (I',=k, /ki,: x 100) for the OH hydrogen
abstraction reaction from leucine, are reported in Table 2. The
rate coefficients for the studied reaction are reported here for
the first time. At 298.15 K the proposed values are 1.00 x 108,
1.99 x 109, and 2.09 x 10° L-mol-1-s%, for the alpha and
gamma channels and the overall reaction, respectively.
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Table 2. Rate coefficients (k), tunneling factors (x) and gamma branching ratio (I'=k, /k x 100) for

leucine + OH gas phase reaction.

T Ky Ky K, Ky ot r,
(K) (L-mol-t-s) (L-molt-s?) (L-mol-t-s?)

250 1.37E+08 1 4.47E+09 1 4.61E+09 97.03
260 1.27E+08 1 3.68E+09 1 3.80E+09 96.67
270 1.18E+08 1 3.07E+Q09 1 3.19E+09 96.30
280 1.11E+08 1 2.60E+09 1 2.71E+09 95.91
290 1.05E+08 1 2.23E+09 1 2.34E+09 95.52
298.15 1.00E+08 1 1.99E+09 1 2.09E+09 95.20
300 9.93E+07 1 1.94E+09 1 2.04E+09 95.12
310 9.47E+07 1 1.70E+09 1 1.79E+09 94.72
320 9.07E+07 1 1.50E+09 1 1.59E+09 94.31
330 8.72E+07 1 1.34E+09 1 1.43E+09 93.90
340 8.41E+07 1 1.21E+09 1 1.29E+09 93.48
350 8.14E+07 1 1.09E+09 1 1.17E+09 93.07

Two features of the barrier determine the extent of the
tunneling factor: the energy barrier and the barrier width,
which is directly related to the imaginary frequency () associ-
ated to the transition vector. In the studied reaction no tunnel-
ing effect was found because of the relative low barriers and
the low frequencies obtained at B3LYP. Compared to other
levels of theory , B3LYP usualy predicts much lower imagi-
nary frequencies for radical-molecul e abstraction reactions.

The gamma rate coefficient was found to be remarkably
larger than that of the alpha channel over the all temperature
range 250-350 K. The gamma branching ratio slightly
decreases with temperature, going from 97% at 250 K to 93%
at 350 K. According to k, and k, values, it seems that in the
gas phase the hydrogen abstraction mainly occurs from the
gamma site. Nevertheless, the branching ratios can be modi-
fied by the peptide environment or by the solvent. This pre-
dominance of the gamma channel can be explained by the
lower energy barrier, caused by the stronger attractive interac-

23 4
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Fig. 6. Arrhenius plots for leucine + OH reaction.

tion in the transition state, between the H atom in the OH radi-
cal and the N atom in leucine, compared to the alpha TS.

Arrhenius plots are shown in figure 6. The two parame-
ters equation for the overal rate coefficient is ki = (3.80 +
0.08) x 107 exp[(2378 + 12)/T] L-mol-1.s. This expression
shows substantial temperature dependence, with negative net
activation energy. In addition, the best fits for the alpha and
gamma H-abstraction channels were found to be k, = (2.19 +
0.05) x 107 exp[(905 + 12)/T], and k, = (3.19 * 0.05) x 10’
exp[(2450 + 10)/T] L-mol-1-s, respectively. According to
these results, the values of k,, k, and ki, decrease with temper-
ature. The Arrhenius activation energy for the gamma abstrac-
tion is about 2 kcal/mol lower than the one for the alpha
abstraction. Apparent activation energy of about -2.4 kcal/mol
can be expected for the overall reaction. In all the above
expressions the error limits represent 2 standard deviations
from the least-squares analysis.

Conclusions

Two competitive channels for the OH hydrogen abstraction
reaction from leucine have been considered, corresponding to
abstraction from the alpha and gamma sites. The studied paths
have been well described as complex reactions. Each of them
characterized by a barrier-less first step leading to the forma-
tion of a pre-reactive complex, followed by a second step,
yielding the corresponding radical and water.

Both optimized transition state geometries show ring-like
structures due to the formation of intra-molecular hydrogen
bond-like interactions. However, they differ in the atoms
involved in the ring. These attractive interactions stabilize the
transition structures and reduce the energy barriers. The
strongest interaction was found for the gamma H-abstraction
channel, and this feature was found responsible of the highest
reactivity of this site.

Rate coefficients for the leucine + OH gas phase reaction
are reported for the first time and, according to the obtained
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values, it seems that the hydrogen abstraction occurs almost
exclusively from the gamma site.

The temperature dependence of the overall rate constant
in L-mol-1.s1 can be described by the expression k= (3.80 =
0.08) x 107 exp[(2378 + 12)/T] and an apparent activation
energy of about -2.4 kcal/mol can be expected. In the same
units, the rate constants for the alpha and gamma H-abstrac-
tion channels are k, = (2.19 + 0.05) x 107 exp[(905 + 12)/T]
and k,= (3.19 * 0.05) x 107 exp[(2450 + 10)/T] L-mol-t-s?,
respectively.
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