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In this paper the first variational transition-state theory rate constant calculation for tHe CH4SH reaction

and several isotopic variants involving OD, ¢3D, and CRSH is presented. Multidimensional tunneling
corrections have been included when necessary. The potential energy surface has been described by low-
level calculations at the MP2(full)/cc-pVDZ level combined with higher level calculations using the multilevel
MCCM-CCSD(T)-CO-2m method. We have found that the reaction takes place by forming first a weakly
bound complex that presents two hydrogen bonds between the hydroxyl radical and methanethiol. From this
complex two different reaction pathways have been found: abstraction of the hydrogen atom attached to the
sulfur atom and abstraction of the hydrogen atom of the methyl group. To take into account the different
kinetic channels, the canonical and the competitive canonical unified statistical theories have been used to
calculate the global rate constant of the perprotio reaction. Due to the slower nature of the H-abstraction of
the methyl group, the global rate constant turns out to be equivalent to the overall rate constant for the abstraction
of the hydrogen atom attached to the sulfur atom. It is only at the higher temperature range when a significant
percentage of C§$H is predicted. An activation energy ©0.54 kcal/mol in the range 225130 K is obtained

for the global reaction, in very good agreement with the experimental results. Several kinetic isotope effects
of the global reactions have also been calculated and analyzed in view of previously published experimental
results.

1. Introduction CH3SH:--OH complex could be formed prior to the hydrogen
atom abstraction. Hatakeyama and Akinfqtooposed that the
first step of reaction 1 produces that complex or an addition
product CHS(OH)H. Lee and Tangusing the discharge flow

The atmospheric sulfur cycle plays a central role in many
adverse effects which may result from sulfur emissions such as

acid rain or climate modification. Biological reduction of sulfur resonance fluorescence technique, obtained a rate constant of
compounds is generally believed to be a major natural source '
b ¢ y J = (2.56 £ 0.44) x 10 cm® molecule® s1 at room

of atmospheric sulfur. One of the simplest of all those reduced

sulfur compounds is C#8H (methanethiol), which accounts for ~ temperature below 3 Torr pressure.

around 10% of the global flux of sulfur compounds. On the other hand, an indirect determination of the rate
Atmospheric degradation of reduced sulfur compounds seemsconstant of reaction R1 was reported by Cox and Sheppard

to be initiated by reaction with the hydroxyl radical. For this Who, using competitive kinetics techniques, obtained a value

reason, the kinetics of the reaction about a factor of 3 larger than the ones mentioned ab&ve:
(9.04+ 0.85) x 10 cm?® molecule! s™1 at 297+ 2 K and
OH + CH,SH— products (R1) 1 atm pressure. They suggested that the reaction is enhanced at

high pressure and postulated that it proceeds via addition to

has been the subject of intensive experimental research in thefOrm an adduct. Hynes and Wiffealso studied reaction R1

past 25 years. A brief summary of the main kinetic data reported Under atmospheric conditions using a pulsed-laser photelysis
in the literature to date follows. pulsed-laser-induced fluorescence technique at 270 and 300 K.

Atkinson and co-worketsstudied that reaction in argon at They concluded that all available data in the absence :0of O
50-100 Torr over the temperature range 296 K by aflash ~ Support a high-pressure limit value lof= (3.3+ 0.3) x 107"
photolysis-resonance fluorescence technique. They obtained ancM® molecule™ s at 300 K, with the high-pressure limit being
Arrhenius expression &{(T) = 8.89 x 10-12 exp[(398+ 151)/ reached at argon pressures of less than 30 Torr. Moreover, they
T] cm® molecule® s~%, which implies a small negative activation ~ found that CRSH reacts with OH 13% slower than G5H,
energy and gives a rate constant at room temperatuke=of ~ suggesting that abstraction of a methyl hydrogen may be a minor
(3.39 + 0.34) x 10711 cm?® molecule! s'1. They suggested  but not totally negligible channel for reaction R1. As the same
that hydrogen atom abstraction may be the major reaction authors indicate, this result turns out to be somewhat sur-
pathway. Using the same technique in argon at 420 Torr, prising considering that the-€H bonds in CHSH are thought
Wine and co-workefsconfirmed those results by obtaining an to be 6 kcal/mol stronger than the-8 bond. On the other
Arrhenius expression ¢{T) = (1.15+ 0.39) x 10 ' exp[(338 hand, Wine and co-workeishad previously found that Gi$H
+ 100)/T] cm® molecule* s over the temperature range 244  and CHSD react with OH at identical rates, so these authors
367 K, with a value ofk = (3.37 & 0.41) x 10711 cn? deduced that the dominant reaction pathway was addition to
molecule’l s! at 298 K. They suggested that a weakly bound the sulfur atom.
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Calculations of OHt+ CH3SH and Isotopic Variants

The first direct measurement of the product yield in the
reaction of OH with an organic sulfide was carried out by
Tyndall and Ravishankafavho, using laser-induced fluores-
cence, determined that the yield of €3(the product corre-
sponding to the abstraction of the sulfur hydrogen) in reaction
R1 was 1.1+ 0.2. However, this result does not exclude a
process involving first the addition product @5{OH)H that
would then eliminate kD to give CHS.

Recently, Butkovskaya and Setédrave used an infrared
chemiluminiscence method to determine the vibrational distribu-
tions of HO and HOD molecules formed from the room
temperature reactions of OH and OD with €31 for a total
pressure of 0.5 Torr. They conclude that the dominant mech-
anism is attack at the sulfur atom followed by rearrangement
to give O (or HOD) from the S-H side of the adduct.
Moreover, they estimate the corresponding secondary kinetic
isotope effect (KIE) to bekon/kop = 0.68. In later studies,
Butkovskaya and Setsehave found that, for a total pressure
of 0.5 Torr, the abstraction of a hydrogen atom from the methyl
group accounts for 1% 2% of the total reaction rate from the
OD + CH3SD reaction and for 24 8% from the OH+ CHsSD
reaction. In that work they confirmed the value of 067.10
for the OH/OD+ CH3SH KIE, whereas the specific OH/OD
KIE for the reaction with CHSD giving CHS turns out to be
0.60+ 0.05.

In contrast with the experimental effort, from the theoretical
side, to our knowledge, only an ab initio study of the reaction
R1 exists to date. Wilson and Hitétlistinguish between a direct
hydrogen atom abstraction from the sulfur atom (that is, without
any intermediate along the reaction pathway) and the formation
of the addition product CE6(OH)H. The direct abstraction,
highly exothermic AH® = —24.7 kcal/mol) and without
enthalpy barrier, would be the major reaction channel. Con-
versely, the formation of the G33(OH)H adduct turns out to
be slightly endothermic (1.4 kcal/mol).

From the results explained above, it can be realized that a
number of points still remain unclear. For instance, the way in
which the hydrogen abstraction atom from the sulfur end of
methanethiol takes place should be clarified: direct abstraction,
abstraction through a weakly bound complex, or formation of
an addition product prior to the abstraction? In addition, some
kinetic isotope effects need further analysis. Then, in this paper
we present the first variational transition-state theory rate
constant calculations including multidimensional tunneling
corrections (when necessary) of the @HCH3;SH reaction and
several isotopic variants, with the aim being to provide a
complementary information to the already existing experimental

data and to contribute to the understanding of the mechanism

and kinetics of that chemical reaction.

2. Method of Calculation

For the electronic structure calculations we used one of the
multi-coefficient correlation methods (MCCM) of Truhlar et
al11~16 This family of methods attempts to extrapolate to the
full configuration interaction and to the infinite basis set limits.
Particularly, we used the MCCM-CCSD(T) method in its
Colorado version and with then2set of coefficients, which is
described elsewhef8.In comparison with other high-level
electronic methods, the MCCM-CCSD(T) method provides a
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Figure 1. Scheme of the adiabatic ground-state energy (classical
potential energy+ ZPE corrections) for the OH CH3;SH reaction.
Two different pathways are depicted from the complex in the entrance
channel: abstraction of the hydrogen atom bonded to the sulfur atom
(solid line) and abstraction of the hydrogen atom from the methyl group
(dashed line).

A search for the stationary points involved in the £ +
OH reaction was carried out on the MP2(full)/cc-pVDZ potential
energy surface (PESY:2°First and second energy derivatives
were also calculated at the same level of theory. The reactions
were found to occur via the formation of a complex in the
entrance channel, which then can lead to two different path-
ways: the abstraction of the hydrogen atom bonded to the sulfur
atom and the H-abstraction from the methyl group (see Figure
1). The association of the reactants takes place without a saddle
point, whereas each abstraction has one. The two abstraction
pathways also present a complex in their respective product
sides. The MCCM-CCSD(T)-CO-2m multilevel energy, used
as a high level (HL) in this work, was then evaluated at all the
stationary points.

The minimum-energy path (MEF)?2in an isoinertial mass-
weighted Cartesian coordinate system was calculated starting
from each saddle-point geometry, by following the Page
Mclver?3algorithm at the MP2(full)/cc-pVDZ level of theory.
For the H-abstraction from the sulfur atom (we will denote it
Hs-abstraction) a step sizés, of 0.02 bohr was used (lenotes
the distance along the MEP in an isoinertial mass-scaled
coordinate system with a scaling mass equal to 1 awuf at
the saddle point, positive on the product side of the MEP and
negative on the reactant side). The HL energy was evaluated at
14 nonstationary points along this MEP. For the H-abstraction
from the methyl group (we will call it lj-abstraction) a step
size of 0.01 bohr was used. The HL energy was evaluated at
15 nonstationary points along this MEP. The calculation of the
MEPs confirmed that the two abstractions are preceded by the
formation of the same complex in the entrance channel.

For the association region, that is the formation of the
complex as the reactants approach each other, we have
constructed a distinguished reaction coordinate path (DCP) by

good compromise between the accuracy of the reaction energyfixing the intermolecular distanc®(C—O0) (see Figure 1) and

and the energy barriers (see Supporting Information). On the
other hand, the MCCM-CCSD(T) method has been proven to
give very good rate constants for similar abstraction reac-
tions17.18

allowing the other degrees of freedom to relax at the MP2(full)/
cc-pVDZ level. A total of 11 nonstationary structures, from
R(C—0) = 6.97 to 3.67 A, were calculated, together with their
corresponding first and second energy derivatives and their HL
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energies. For the dissociations of the product complexes formedgeneralized frequencies along the abstraction MEPs and to get

after each H abstraction, no DCPs were calculated, as it will be reliable values along the DCP.

explained below. The rate constants for the isotopic substituted reactions were
For the dynamical calculations the canonical and the competi- calculated following the same procedure, by using the perprotio

tive canonical unified statistical theories (CUS and CCUS, MEPs and DCP and applying again the RODS algorithm, this

respectivelyd*?®> must be applied because there are several time, to account for the isotopic substitution.

dynamical bottlenecks, both consecutive and competitive. The The symmetry numbers for each region are calculated

global rate constankg:(T)) for the CHSH + OH reaction (R1) according to the expressitif4wheren stands for the number

is then given by

1 1 1 1 n a(s) = no™o®'(9) (4)
kra(T)  Kas(T) ker(T)  ko(T) + k(T of kinetically equivalent transition statesR is the usual
rotational symmetry number for the reactants (or the product
of these symmetry numbers if there are two molecular reactants,
as in the present case), and7(s) corresponds to the usual
rotational symmetry number of the generalized transition state
ats. In our applicationg®T is independent o§, and thuso(s)
becomes a constant In all the cases studied in this papdt

where kas(T), ks(T), and ky(T) are the one-way flux rate
constants for the association region, thedthstraction, and the
Hwu-abstraction, respectively, ardr(T) is the one-way flux
evaluated at the free energy minimum along the reaction path
related to the complex formation in the entrance channel. In
agreement with the original presentation of CUS thééhe o " © o .
reactant partition function for all these one-way flux rate — 1,067 =1, andn = 2, leading to a symmetry number of 2.

constants is the same and corresponds to the asymptotic reactants.;lr—]hfhel%Kggcsztxj_l?égicalﬁégﬂ? ?hs foEr)g}g MIEdPtshwehrp ﬁlone
partition function. Note that the dissociations of the product wi € -{ COOS, N and the nign-

complexes are not taken into account in the evaluatioggT), level energies were calculated with GAUSSIANS&nd the

as they are not expected to have any effect due to the highrate constants were calculated with POLYRATE®&.7.
exothermicity of the reactions. Despite this, the product
complexes are included in the calculationkgfT) and kw(T),
since their existence modifies the shape of the abstraction-energy In this section we will first present the results for the
profiles. association region, thed-hbstraction, the k-abstraction, and
As mentioned in the Introduction, reaction R1 can be the global reaction without isotopic substitution. Afterward we
decomposed in two different channels that lead to different will comment on the different kinetic isotope effects obtained.
products: A. CH3SH + OH Reaction (R1).
As it has already been introduced, the reactants approach each
OH+ CH;SH— H,0 + CH;S (R1S) other to first form a weakly bound complex (CR), which presents
two hydrogen bonds (see Figure 1): one between the oxygen
atom of the hydroxyl radical and a hydrogen atom of the methyl
group of methanethiol, and the other between the hydrogen atom
of the hydroxyl radical and the sulfur atom in methanethiol. In
the DCP that we have constructed for this association region,

3. Results and Discussion

OH + CH,SH— H,0 + CH,SH (R1M)

The corresponding rate constarkg,sandkgiv, are obtained
from eqs 2 and 3 respectively:

ks(T) the hydroxyl radical does not approach methanethiol keeping
= 2 the C-S and the G-H bonds parallel, but by the SH-side, with
1 + 1
ks(T) + k() the hydrogen atom of the hydroxyl radical directed to the sulfur
atom. As commented, in the CR complex this interaction is still
Ky (T) = kw(T) Key(T) 3) present with a OH-SH distance of 2.53 A, which is shorter
M ke(T) + ky(T) than the HCH-+-OH distance of 2.62 A. The MCCM-CCSD(T)-

CO-2m potential energy at this low-level CR structure-#.44

The one-way flux rate constants were evaluated by means ofkcal/mol (see Table 1). However, the HL minimum along the
canonical variational transition state theory (C\T)32 plus the LL reaction path is found at a structure lying 4.45 kcal/mol
small-curvature tunneling (SC¥y37 transmission coefficient ~ below reactants and with OHSH and HCH---OH distances
when necessary. of 2.59 and 3.11 A, respectively. Although the association

For the regions with a saddle point (the two H-abstractions), presents neither a saddle point nor a maximum in the adiabatic
the mapped interpolated scheme for single-point energy cor-energy profile, it presents a free energy maximum in the
rections (ISPE}3° was used to correct the energetics of the temperature range 22330 K. Therefore, the CVT rate
low-level (LL) MEP with the HL energy calculations mentioned constants for the association can be calculated from 225 to 430
above. For the Etabstraction, a total of 346 nonstationary points K. As can be seen in Table Ras(T) has a slight dependence
from s = —3.12 to+3.80 bohr were included in the LL MEP,  on temperature, with values between 56720 %! and 5.85x
with the Hessian calculation at every 0.04 bohr. For thg H 107 cm® molecule s~ and with the minimum value at 298
abstraction, the LL MEP consisted of 880 nonstationary points 300 K. The one-way flux rate constant value obtained at the
going froms = —4.99 to+3.81 bohr and with the Hessian free energy minimum corresponding to G&x(T), is also given
calculation at every 0.02 bohr. The fit of the information along in Table 2. At 500 K this free energy minimum has disappeared
the DCP in the association region was done by a Lagrangianand the free energy maximum in the association region has
interpolation of order 4. collapsed to the H-abstraction free energy barrier (see Figure

The normal-mode analysis was done in redundant internal 2). Therefore, at temperatures above 500 K the global rate
coordinate® within the harmonic approximation and with a constant is given solely by the two abstraction processes.
scaling factor of 0.9796¢" for the vibrational frequencies. The After the CR complex is formed, the reaction can proceed
RODS* algorithm was applied in order to improve the viatwo different pathways: Habstraction and ktabstraction.
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TABLE 1: MCCM-CCSD(T)-CO-2m/cc-pVDZ Energetics (kcal/mol) for the Different Regions Described in the OH+ CH3;SH
Reactior?

AV AV8 V(s=0) S(Vimay) Vinax Val(Vinay) s(V*©) VAe
association —4.44 -3.10
Hwu-abstraction —25.53 —24.91 0.74 —0.26 1.41 2.22 -0.35 2.31
M-dissociation —22.24 —23.00
Hs-abstraction —37.44 —34.05 —-3.25 -0.37 —-2.30 -1.22 —0.50 —-1.15
S-dissociation —33.40 —31.88

a From left to right: classical potential and adiabatic energy of reaction for the region; classical potential energy at the MP2 saddle point structure
s value at the classical potential energy maximum; MCCM energy barrier height; adiabatic energy at the classical potential energy siaximum;
value at the adiabatic energy maximum; adiabatic energy barrier height. All energies are relative to reactanwsludseare in bohr.

TABLE 2: Rate Constants (cn® molecule s71; power of 10 in parentheses) and Branching Ratio of the Hydrogen Abstraction
from the Methyl Group

T(K) kas(T) ker(T) ks(T) kr1(T) ku(T) kram(T) kry(T) % branching
225 5.81¢11) 1.22(-9) 1.73¢11) 1.35¢11) 1.41(-14) 1.10¢14) 1.35¢11) 0.08
244 5.69(¢11) 7.23(-10) 1.44(-11) 1.17¢-11) 1.81¢-14) 1.47¢-14) 1.17¢-11) 0.13
298 5.57¢11) 2.49(-10) 1.01¢-11) 8.85(-12) 3.37(-14) 2.95(-14) 8.88(12) 0.33
300 5.57¢11) 2.48(-10) 1.00¢11) 8.78(-12) 3.44(-14) 3.02(-14) 8.81(-12) 0.34
350 5.63¢11) 1.28(-10) 8.37(12) 7.726-12) 5.51(14) 5.08(-14) 7.77¢-12) 0.65
400 5.75¢11) 8.30(-11) 7.49(-12) 7.20(-12) 8.21(-14) 7.89(-14) 7.28(-12) 1.08
420 5.82(11) 7.25¢-11) 7.32(-12) 7.14(-12) 9.48(-14) 9.25(-14) 7.23(¢12) 1.28
430 5.85(11) 6.82(-11) 7.23¢12) 7.10(-12) 1.02¢-13) 1.00(13) 7.20(12) 1.39
500 6.96(-12) 6.96(-12) 1.57¢-13) 1.57¢-13) 7.12(-12) 2.21
600 7.11¢12) 7.11(-12) 2.61(13) 2.61(-13) 7.37¢-12) 3.54
800 8.32¢-12) 8.32(-12) 5.73¢-13) 5.73(-13) 8.89(-12) 6.45

1000 1.03¢11) 1.03¢11) 1.04(-12) 1.04{-12) 1.13¢-11) 9.19

2% branching= (kriv/(kr1s + krim)) x 100.

114 pathway (31.88 kcal/mol) is in very good agreement with the
exothermicity value of-32.0 kcal/ moB In Table 1 it can also
cf 112 be seen that there is a further displacement to reactants of the
8 110 | adiabatic maximum g(VA®)) from the HL potential energy
- | maximum 6(Vmay). However, as temperature increases, the
w 108 H variational transition state moves toward products usti=
@ 106 1 ! —0.31 bohr at 1000 K. In any case the variational effects on
E’_r) 104 - ' the Hs-abstraction rate constant are relatively small, wikyd/
< ! K™ST ratio of 0.93 and 0.99 at 225 and 1000 K, respectively,
102 ' and with no variational effects around 500 K. In the fourth
' column of Table 2 the CVT rate constantks)( for this
! abstraction region are listed. As a result of the negative barrier,
« 25 ! the calculated rate constants are very fast {10102 cm?
© 24 - molecule! s71) in the whole range of temperatures studied.
PN 23 | Between 225 and 500 K, theskabstraction presents a negative
T 290 | activation energyk;) (with a value of—0.77 kcal/mol in the
@ o1 | range 225-430 K), which turns out to be positive at temper-
%, 20 | atures above 500 K. When the association region is taken into
< 49 account, that is, for the G§3H + OH — CR — CHsS + H,0

reaction pathway (R1S, see fifth column in Table B)225—

430 K) slightly changes te-0.56 kcal/mol. The Arrhenius plots
for the Hs-abstraction alone (dashed linkg, and for the overall
"He-abstraction (solid line)kg:s are depicted in Figure 3. As it
can be seen, the incorporation of the association region below
500 K slightly slows down the rate constants, what provokes a

S

Figure 2. Gibbs free energy curves (kcal/mol) for the overali-H
abstraction channel (225 and 1000 K) at the association and abstractio
regions of the R1 reaction.

The abstraction of the hydrogen atom bonded to the sulfur .
atom takes place through a LL saddle point structure with a €SS negative slope. _ .
forming and breaking distance of 1.43 and 1.41 A, respectively. ~ The other possible reaction pathway after the formation of
When the HL energy is evaluated along the LL MEP, the the CR complex is the abstraction of a hydrogen atom of the
classical potential energy maximurVy(s) corresponds to a  methyl group. The overall HL adiabatic energy of reaction for
more reactant-like structur®(O--+H) = 1.59 A andR(S-+-H) this abstraction<{23.00 kcal/mol) underestimates by 2.7 kcal/
=1.36 A), which has a HL energy 6f2.30 kcal/mol (see Table ~ mol the proposed exothermicity-25.7 kcal/mol). As it can be
1). At this point it has to be noted that since the adiabatic energy seen in Table 1, the jttabstraction is less exothermic than the

barrier A®) is also negative£1.15 kcal/mol), there will be
no tunneling for this H-abstraction. In the product side of this
channel, a complex is formed by the interaction of the two
products with an adiabatic energy €84.05 kcal/mol (CRin
Figure 1). The overall HL adiabatic energy of reaction for this

Hs-abstraction and has a higher barrier height. These results
agree with the stronger nature of the-B bond having to be

broken. In the product side of this channel a complex is formed
(CPRuy) as a result of a hydrogen bond between the O atom of
water and the H atom of the SH group in methanethiol. Since
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24 TABLE 3: kri/kgri (i = 2—6) Kinetic Isotope Effects
\'\_._.—-/. o = = i = >

225 1.40 0.99 0.85 1.17 0.85
-26 - 244 1.40 0.99 0.87 1.19 0.86
298 1.41 1.00 0.90 1.25 0.90
\ 300 1.41 1.00 0.90 1.25 0.90
« 350 1.41 1.00 0.93 1.29 0.92
- -28 - 400 1.40 1.00 0.94 1.30 0.93
- 420 1.40 1.00 0.94 1.31 0.94
\ 430 1.40 1.00 0.94 1.31 0.94
v, 500 1.37 1.00 0.95 1.31 0.95
-30 - \ 600 1.36 1.00 0.97 1.31 0.97
\ 800 1.32 1.01 0.98 1.30 0.99
e 1000 1.29 1.01 0.99 1.28 1.00

-32 . . \\ TABLE 4: kridkris (i = 2—6) Kinetic Isotope Effects
0 1 2 3 4 5 T (K) R2S R3S R4S R5S R6S
1000/T 225 1.40 0.99 0.85 1.17 0.85
. . . . 244 1.40 0.99 0.87 1.20 0.86
Figure 3. Arrhenius plots for the Habstraction Ks, dashed line), 208 1.41 0.99 0.90 1.25 0.90
overall Hs-abstractionKr1s, solid line), overall Hy-abstraction Kzim , 300 1.41 0.99 0.90 1.25 0.90
dashed-dotted-dotted line), and global OH CH3SH (kz1, dotted line) 350 1.41 0.99 0.93 1.29 0.92
reaction rate constants (émmolecule® s71). The Arrhenius plot for 400 1.41 0.99 0.94 1.31 0.93
the CVT rate constant (i.e., without tunneling) for thg-Hbstraction 420 1.41 0.99 0.94 1.32 0.94
is also shown (dashedlotted line). Temperatures are given in kelvin. 430 1.41 0.99 0.94 1.32 0.94
500 1.39 1.00 0.95 1.32 0.95
there is not free rotation around the-S bond, the hydrogen 600 1.38 1.00 0.97 1.33 0.96
800 1.36 1.00 0.98 1.33 0.98

atoms attached to the carbon atom can be classified into two
nonequivalent sets: one hydrogen atom in the trans position

with respect to the hydrogen attached to sulfur and the other of Tyndall and Ravishankafavho showed that the Gi3 yield

two hydrogen atoms (we will call them equatorial hydrogens) for reaction R1 was unity. Interestingly, the calculated branching
which are equivalent to each other. For thg-Bbstraction  ratio of the hydrogen abstraction from the methyl group at high
channel we have located a LL saddle point structure (see Figuretemperatures approaches the values measured by Butkovskaya
1) that leads to the abstraction of one equatorial hydrogen. Sinceand Setsérfrom the infrared chemiluminiscent spectra of the
there are two kinetically equivalent saddle points in this case \yater (or deuterated water) formed in the reaction. The global
(n = 2in eq 4), the symmetry number turns out to be 2. rate constants obtained in this work for the low-pressure limit
However, no reaction pathway corresponding to the abstractionfgr the perprotio reactionkgs, eighth column of Table 2) turn

of the hydrogen atom in the trans position has been found. In gyt to be 3-4 times smaller than the high-pressure experimental
other words, whatever attempt is made to approach the oxygenyajues in the range where experimental data are available-(244
atom of the OH radical to the hydrogen atom in the trans 426 K). The calculated activation energy for the R1 reaction
position leads to the abstraction of an equatorial hydrogen atom.petween 225 and 430 K—0.54 kcal/mol) is in very good
Then only the abstraction of the equatorial hydrogen has to be ggreement with the experimental value 6.7 & 0.2 kcal/
taken into account in the jfabstraction channel. The HL  mol.

classical potential energy barrier for thg;¥dbstraction is 1.41 B. Kinetic |Sot0pe Effects. We have studied the f0||owing
kcal/mol and increases to 2.31 kcal/mol when the zero-point- isotopic variants of reaction R1:

energy corrections are added. In Figure 3 the Arrhenius plot

1000 1.34 1.00 0.99 1.32 0298

for the CVT rate constants for this abstraction is depicted OH + CH,SD— products (R2)
(dashed-dotted line). Since the variational effects for this

abstraction are relatively small (0.83 and 1.00 at 225 and 1000 OH + CD;SH— products (R3)
K, respectively), the TST Arrhenius plot would be very similar

to the CVT one. Despite the low adiabatic barrier height, OD + CH;SH— products (R4)
tunneling effects are noticeable and increase the rate constant

by a factor of 2.55 at 225 K and 1.11 at 600 K. The CVT/SCT OD + CH,SD— products (R5)
rate constantk((T)) are given in the sixth column of Table 2.

They go from~10714 to ~10712 cm? molecule! s71, which OD + CD,SH— products (R6)
are 2 or 3 orders of magnitude smaller than the association ones.

Therefore, the rate constants for the overal}-&bstraction Similarly to the case of reaction R1, each one of these global

(kram(T)) are very close toku(T) in the whole range of  reactions R(i = 2—6) can be split into reactionsi® and RM

temperatures. The corresponding Arrhenius plot is also depicted(i = 2—6), depending on which is the atom that is abstracted:

in Figure 3 (dasheddotted-dotted line). the hydrogen (or deuterium) attached to the sulfur or to the
Due to the slower nature of theyHabstraction, when the  methyl group, respectivelg;, kris, andkgiv (i = 2—6) stand

global reaction rate constant for the methanethi@H reaction for the corresponding rate constants. From them the Kizs

(R1) is calculated by eq 1, it turns out to be practically the one kg, kridkris, andkrim/krim (i = 2—6) are presented in Tables

corresponding to the overalldabstraction (R1S). As it can be  3—5, respectively.

seen in Figure 3 (dotted line) and in the last column of Table It can be seen that, due to the fact that theastraction (or

2, only at high temperatures does thg-Hbstraction channel  Ds-abstraction) channel is clearly faster than the corresponding

have a significant contribution. This fact confirms the results Hy-abstraction (or R-abstraction) channel, the KIEs of each
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TABLE 5. Kkriw/krim (i = 2—6) Kinetic Isotope Effects introduces some discrepancy with the experiments of Hynes and
T (K) R2M R3M R4M R5M R6M WineGaWhO-fOl.Jnd that CmH reacts with OH 13% slower than
275 0.68 181 0.82 074 152 CH3SH. This time, we th!nk thatpur theoretical results are right
241 0.89 173 0.82 0.76 148 because any KIE for this reaction would come from thg-H
2908 0.92 1.59 0.85 0.82 1.42 abstraction (or [y-abstraction) channel, which proceeds too
300 0.92 1.58 0.85 0.82 1.41 slowly to be able to contribute significantly to the global
350 0.93 1.50 0.88 0.85 1.38 reaction, except at high temperatures. This conclusion is
400 0.95 1.44 0.90 0.89 1.35 reinforced from the knowledge of the dissociation ener@igs
238 8:32 i:ﬁ 8:3(1) 8:38 i:gi corresponding to the-SH and C-H bonds in CHSH that turn
500 0.96 1.39 0.92 0.92 1.33 out to be 86.14 0.5 and 92.4+ 2.0 kcal/mol, respectivel§?
600 0.97 1.33 0.95 0.95 1.31 Since the tunneling effect for the \Habstraction (or R-
800 0.98 1.26 0.98 0.98 1.26 abstraction) channel is unable to compensate for such a
1000 0.99 125 1.00 1.00 1.26 difference, the contribution of the JHabstraction (or R-

_ _ ) abstraction) channel turns out to be practically negligible.
global reaction Rare essentially determined by the KIEs of  Reaction R4 exhibits an inverse secondary KIE for both
the reaction IS, the RM reaction having only a small effect  gpstraction channels and for the global reaction. Reaction R5
at high temperatures. Reactlo_n R2 shows a small inversegiso shows an inverse secondary KIE for thg-&bstraction
secondary KIE for the l#-abstraction channel but a clear normal  channel, but a normal KIE resulting from a primary plus a
primary KIE for the Dx-abstraction channel and the global secondary contribution for both thesbstraction channel and
reaction. This result contrasts with the experiments of Wine and ¢ global reaction. Finally, reaction R6 presents a normal KIE
co-_work_er§b who found that CHSH and CHSD reactwith OH  egylting from a primary plus a secondary contribution for the
at identical rates, so these authors deduced that the dominanp,  _apstraction channel and an inverse secondary KIE for both

reaction pathway is addition to the sulfur atom. From our e g -abstraction channel and the global reaction.
calculations we discard the formation of the £3OH)H

adduct: In our PES we have not found any reaction path that
leads to that adduct. Anyway, it has to be noted that the
formation of this CHS(OH)H adduct on the PES built up by In this paper we have carried out the first variational
Wilson and Hirst® was endothermic, for which this addition transition-state theory rate constant calculations with multi-
process would be highly unfavored versus thedHstraction dimensional tunneling corrections (when necessary) of the OH
channel through the weakly bound complex CR. However, we + CHsSH reaction and several isotopic variants involving OD,
cannot exclude that our calculated KIE for reaction R2 could CHsSD, and CRSH. We have found that the reaction takes
be wrong. This KIE at 298 K comes from the free energy barrier place by forming first a weakly bound complex that presents
that exists in the ktabstraction (or B-abstraction) region, which  two hydrogen bonds between the hydroxyl radical and meth-
is clearly higher than the free energy barrier in the association anethiol. From this complex two reaction paths diverge, one
region. However, as temperature decreases, the positive entropiteading to the abstraction of the hydrogen atom attached to the
contribution TAS) to that Hs-abstraction (or [3-abstraction) sulfur atom and the other one consisting of the hydrogen
free energy barrier diminishes, so increasing the correspondingabstraction of the methyl group. The first channel proceeds much
ks rate constant (see the fourth column in Table 2). We have faster than the second one, in such a way that thgSGqifoduct
found that between 100 and 150ks already becomes smaller  is obtained almost exclusively, except at high temperatures
thanks, thus dominating the reaction rate of this channel at these where a significant percentage of ¢¥H is predicted. An
temperatures. Since the free energy barrier of the associationactivation energy of-0.54 kcal/mol in the range of 22530
region appears very early, it is not able to discriminate between K is obtained for the global reaction, in very good agreement
CHsSH and CHSD. So, our calculations predict no significant with the experimental results. A positive activation energy is
KIE between 100 and 150 K or below. This way the discrepancy found at temperatures above 500 K. The kinetic isotope effects
with the experimental measurements of Wine and co-wofkers of the global reactions are essentially determined by the channel
would focus merely on the range of temperature in which no corresponding to the abstraction of the hydrogen (or deuterium)
significant KIE exists for reaction R2. In this sense, we have attached to the sulfur. Our calculations predict some ©H
calculated that a reduction of about 1 kcal/mol in the free energy CHsSH/CH;SD KIE above 150 K (although a reduction of only
barrier of the H-abstraction (or B-abstraction) region would 1 kcal/mol in the free energy barrier of the abstraction of the
equal the rate constarksandkas already at room temperature. hydrogen attached to sulfur would delay a significant appearance
In this scenario, no significant KIE at 298 K would be of this KIE up to above room temperature), but no GH
theoretically predicted in good agreement with the experimental CHsSH/CD;SH KIE.
results. It has to be emphasized that, at the present state-of- Finally, it has to be mentioned that the calculations presented
the-art of electronic and dynamical calculations, we cannot in this work are for the low-pressure limit of the reaction, while
exclude an error of 1 kcal/mol in the free energy barrier (which some of the experimental rate constants correspond to the high-
depends on the enthalpic term, the entropic contribution, and pressure limit. This fact could explain some differences between
the variational effect). However, at least, we have demonstratedcomputed and experimental results.
that the abstraction of the hydrogen/deuterium atom attached
to the sulfur atom through a weakly bound complex (CR) is  Acknowledgment. Financial support from the DGESIC
compatible with the absence of a primary KIE for the R2 through Project PB98-0915 and the use of the computational
reaction, the formation of any GS(OH)H adduct not being  facilities of the CESCA are gratefully acknowledged.
required.

Reaction R3 shows a normal primary KIE for theyD Supporting Information Available: Energetics for the R1IM
abstraction channel but practically no KIE for the-&bstraction and R1S channels at different electronic levels of calculation
channel and the global reaction. Again, our theoretical result (Table 1S) and Cartesian coordinates of the MP2(full)/cc-pVDZ

4. Conclusions
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stationary-point structures (Table 2S). This material is available

free of charge via the Internet at http://pubs.acs.org.
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