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What Influences Barrier Heights in Hydrogen Abstraction from Thiols by Carbon-Centered
Radicals? A Curve-Crossing Study
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High-level ab initio molecular orbital calculations have been used to study the barriers and enthalpies for
hydrogen atom abstraction reactions of the form-RiS+ *R' — RS + H—R' for combinations of R, R=

CHjs, CH.CI, CHCL, CCl; CHyF, CH,OH, CH,SH, CHCN, CH,CHs, CH,CH,CHs;, CH,Ph, and CHC(CHj)s.

The results are analyzed with the aid of the curve-crossing model. Hydrogen abstraction by carbon-centered
radicals from thiols is generally an exothermic process in which a strefig Kond is formed at the expense

of the weaker SH bond of the thiol. However, the exothermicities are strongly influenced by substituents
on the attacking radical (and, to a lesser extent, the thiol), and the reverse reaction could be thermodynamically
preferred for appropriately substituted systems. The barrier heights are predominantly influenced by polar
factors, with the reactions of nucleophilic radicals (such'@4d,0OH) being favored over reactions with
electrophilic radicals (such a8H,CN). However, other factors, such as the reaction exothermicity, the strength

of the forming and breaking bonds, and (in some cases) direct H-bonding interactions in the transition structures,
also contribute to the trends in the barriers.

1. Introduction Y—H and X—H substrate§; 1912 or the corresponding XH

and Y—H bond dissociation energi€d%15 or the “intrinsic
barriers” (as defined in Marcus theéfyfor the corresponding
identity reaction$:1%14In contrast, other studies have concluded
that the long-range triplet repulsive interactions, involving
unpaired electrons on the centers between which the hydrogen
is transferred, are also important, and hence the reaction barrier
also depends on the properties of the-X bond#~7 Both
theories have thus far been able to account for the effects of
substituents in the majority of hydrogen atom abstraction
reactions, though the physical validity of the alternative models
has been a point of contentién.

The role of polar effects in hydrogen abstraction reactions
has also been the topic of some debate. For example, Pross et
al® concluded that polar effects were not important in determin-
ing the trends in the barriers for the reaction of alkyl radicals
with hydrogen atoms, but were important for the corresponding
reactions with chlorine atoms. Polar effects have also been
reported by Fox and Schledgéffor the reactions ofCH,CN
with CHzOH and CHNH>, and by Salikhov and Fischérfor
model three-electron systems. More generally, the empirical
scheme of Roberts and Sté&lwhich has been successfully
fitted to the reaction barriers of a wide range of abstraction
reactions, includes a specific contribution from polar interac-
tions, measured as the difference in the Pauling electronegativity
parameters for the reactants. In contrast to this work, Song et
all% recently noted that, for the nonidentity reactions involv-
ing transfer between combinations ®Hs, *SiCHs, *GeH;,
*SnHs, and*PbH; radicals, there was a significant contribution
of the ionic resonance structures in the transition structure.
However, these polar interactions were not contributing to the
trends in the reaction barriers, because the covalent-ionic
resonance energy was relatively constant within the series

*To whom correspondence should be addressed. E-mail: mcoote@ d€SPite the differences in the electronegativities of the various
rsc.anu.edu.au. radicals.

Hydrogen abstraction is one of the most fundamental reactions
of free radicals, featuring in applications as diverse as combus-
tion, polymerization, atmospheric chemistry, interstellar chem-
istry, and biochemistry. An important class of these reactions
is hydrogen atom abstraction from thiols by carbon-centered
radicals:

RS—H+ 'R —RS + H-R' @)

This process is important in free-radical polymerization, where
thiols are often used as chain transfer agents to limit the
molecular weight of the resulting polyméihe reaction also
features in organic synthesis, where it forms the first step of an
organotin-free catalytic reduction procéskloreover, in the
biological field, the reaction of thiols with polypeptide radicals
is generally regarded as an important repair mechanism for
limiting oxidative damage in proteirfsAn understanding of the
factors influencing radical reactivity in these reactions is
important, as this can aid in the design of improved methods
for modeling and controlling these reactions.

Hydrogen abstraction reactions have long been the focus of
efforts to model and interpret trends in reactivity via theo-
retical#~16 group additivityl”18and empirical®~23 approaches.
Despite this attention, the factors influencing reactivity in these
reactions remain the topic of considerable debate. For example,
some theoretical studies have indicated that the barrier height
in the reaction X+ H=Y — X—H + *Y is primarily influenced
by the reaction exothermicity and thshort-range triplet
repulsive interactions in the forming and breaking-M and
Y —H bonds?121415This latter interaction has in turn been
modeled by using the singletriplet gap of the closed-shell
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There have also been mixed results concerning the role of
polar effects in hydrogen atom abstraction from thiols by carbon- DAt
centered radicals. For example, Zavitsas and Chatgiligfoglu

argued that polar effects are not important in reactions of methyl DA
radicals with thiols, on the basis of the small electronegativity

difference between sulfur and carbon. However, in response, .
Robert$° argued that, while not important for the reaction of e
CHgz* with CH3SH, the polar effect would be predicted to v}

become more important for reactions with more nucleophilic

radicals. Indeed, experimental studies have indicated that the

reactivity of thiols is strongly influenced by the electronegativity

of the attacking radic&25-28 More recently, Reid et &30 DA?

examined hydrogen abstraction from thiols by hydroxyradicals,

and also hydrogen abstraction from peptides by thiyl radicals,

and observed a large influence of polar interactions in these

reactions. It thus seems clear that polar effects do play a role in

certain hydrogen abstraction reactions, but their general impor-

tance is yet to be clearly established. Understanding the role of

polar effects in hydrogen abstraction from thiols will contribute Reaction Coordinate

to a better understanding of the effects of the solvent on suchFigure 1. State correlation diagram for hydrogen abstraction from

reactions, and will assist in improving synthetic procedures (such thiols by carbon-centered radicals. The reactant (DA), producf(DA

as polarity reversal catalygjs and charge-transfer (A~ and D"A™) configurations are as shown in
The aim of the present work is to provide a more general eq 3.

understanding of the factors influencing barrier heights in

hydrogen abstraction from thiols by carbon-centered radicals.

To this end, barriers and enthalpies have been calculated for

reaction 1 for a wide range of both polar and nonpolar . P e

substituents (R, R= CHs, CH,Cl, CHCb, CCk CH,F, CH,OH, CH-S<C-H'S<C'H'S <-C H'S 3)

CH,SH, CHCN, CHCHa, CH,CH,CHs, CH,Ph, CHC(CHy)3), DA DA’ DA” DA"

on both the carbon-centered radical and the thiol. To provide a

theoretical framework for rationalizing the results we make use ~ The state correlation diagram showing (qualitatively) how

of the curve-crossing modé}. 33 This model has recently been the energies of these configurations should vary as a function

DA

simple extension to apply them to the present system (i&. X
C and Y=S), as follows:

used to study other types of hydrogen abstraction reactidhs? of the reaction coordinate is provided in Figure 1. In plotting
as well as other radical reactions, such as radical addition tothis figure we have arbitrarily designated the & configu-
C=C bonds**and to other types of multiple bon&s:3” A more ration to be lower in energy than the'B™ configuration, but
complete description of the model can be found in these previousit is conceivable that the DA™ could be lower in energy for
studies, but the main features are outlined briefly below. specific combinations of substituents on the alkyl radical and
the thiol. In the early stages of the reaction, the reactant
2. Curve-Crossing Model configuration (DA) is the lowest energy configuration and

dominates the reaction profile. This is due to the stabilizing
influence of the bonding interaction in the+$ bond of the
DA configuration, which is an antibonding interaction in the
DA’ configuration. However, as the reaction proceeds, th&H
bond is stretched and the—® distance decreases. This
destabilizes the HS bond in the DA configuration but stabilizes
the DAZ configuration due to the increasing bonding interaction
in the forming C-H bond (which is an antibonding interaction
in the DA configuration). As the relative energies of the DA
and DA® configurations converge, the increasing interaction
between the alternative configurations stabilizes the ground state
wave function, with the strength of the stabilizing interaction
decreasing with the energy difference between the alternate
XeH=-Y <= X-HY <X 'HY <X HY" (2 configurations. It is this mixing of the reactant and product
DA DA3 DA™ D A" configurations that leads to the avoided crossing, and accounts
for barrier formation. Beyond the transition structure, the product
The first configuration (DA) corresponds to the arrangement configuration is lower in energy and dominates the wave
of electrons in the reactants, the second to that of the productsfunction. The charge-transfer configurations of the isolated
(DA3), and the latter two (DA~ and D"A*) to possible charge-  reactants and the isolated products are high in energy, but in
transfer configurations. Additional ionic configurations (such the vicinity of the transition structure they are stabilized via
as X~ H™ Y*and X" H™ Y*) can also be written, but these are favorable Coulombic interactions and can sometimes be suf-
resonance contributors to reactant or product configurations, andficiently low in energy to interact with the ground-state wave
can thus be omitted from a compact state correlation diagram. function. In those cases, the transition structure is further
It should be noted that the configurations shown in (2) were stabilized, and (if one of the charge-transfer configurations is
previously:1° defined for abstraction reactions involving com- lower than the other) the mixing is reflected in a degree of partial
binations of X, Y= C, Si, Ge, Sn, and Pb; however, it is a charge transfer between the reactants.

The curve-crossing mod@t33 (also known as the valence-
bond state correlation model, the configuration mixing model,
or the state correlation diagram) was developed by Pross and
Shaik1~33 as a unifying theoretical framework for explaining
barrier formation in chemical reactions. It is largely based on
valence bond (VB) theor§t but also incorporates insights from
qualitative molecular orbital theo.In broad terms, it seeks
to build the energy profile for a chemical reaction in terms of
the resonance interactions between the principal VB configura-
tions of the reacting species. In the case of hydrogen abstraction
the principal VB configurations would &0
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work we have opted to model the relative energies of the C
H* S~ and C H* S* configurations at the transition structure
using the charge-transfer energies between the isolated alkyl
. and thiyl fragments. Thus, for example, the 8°* S~ config-
¢ uration is modeled as the difference of the (vertical) ionization
energy of the alkyl radical and (vertical) electron affinity of
the thiyl radical. This effectively considers the three fragments
of the configuration € H* S~ at infinite separation (i.e.
Ct--+H*---S is calculated relative to ©-H*---S’). Of course,
this (and any other approximation based on the isolated reactants
and/or products) provides a somewhat crude model of the
(b) (@ importance of the charge-transfer configurations at the transition
Figure 2. State correlation diagrams showing separately the qualitative structure. Hence, as a secondary test of their importance in these

effects of (a) increasing the reaction exothermicity, (b) decreasing the reactions, we also directly examine the charges on these

singlet-triplet gap, and (c) decreasing the energy of the charge-transferfragmemS at the transition state geometry
configuration. For the sake of clarity the adiabatic minimum energy ’

path showing the avoided crossing, as in Figure 1, is omitted from
panels a and b.

3. Theoretical Procedures

Barriers and enthalpies for the hydrogen abstraction reactions
pn Were obtained with use of standard ab initio molecular orbital
dtheory10 and density functional theatycalculations, carried out
with the GAUSSIAN 98}2 GAUSSIAN 03/ and MOLPRO
2000.6“ programs. Calculations were performed at a high level
of theory, which was chosen on the basis of our recent
assessment study for hydrogen abstraction reactions involving
garbon-centered radicaf’sGeometries of the reactants, products,
and transition structures were optimized at the MPW1K/6-
31+G(d,p) level of theory, and zero-point vibrational energy
(scaled by a factor of 0.951%)was also calculated at this level.
To ensure that the geometries were global (rather than merely
local) minimum energy structures, alternative conformations of
the reactants, products, and transition structures were first

related to the singlettriplet excitation gap of the closed shell Scréened at the B3-LYP/6-31G(2df,p) level of theory. Having

species (i.e. the thiol at the reactant geometry and the alkane afPtained the MPW1K/6-3tG(d,p) optimized geometries, im-
the product geometr)® It is also related to the bond proved energies were then calculated at the G3X(MP2)-RAD

dissociation energy of the breaking and forming bohHsit level of_ theory?” This is a high-level C(_)mposite procedure @hat
should be noted that, in studies of radical addition reactions, 2PProximates coupled cluster energies [URCCSD(T)] with a

the DA—DA3 separation at the reactants only is used to model 'a79€ tripleg basis set, using additivity approximations.
the barrier heigh#4-37 and this is justifiable in terms of the To assist in the qualitative rationalization of the results, the
early transition structures in these reactions. In hydrogen vertical singlet-triplet gaps of the closed shell reactants (i.e.

abstractions, however, the transition structure generally has mordXS—H) and products (i.e. HR'), and the vertical ionization
product-like character, and it has been shown that the barrier €N€r9I1€s (IEs) and electron affinities (EAs) of the alkyl and thiyl
height is related to the average of the reactant and produet DA radicals were also calculated. So that all of the calculations could

DA3 promotion gap? be pgrformed at a consistent Ievgl of .theory, we adopted a
The relative energies of the charge-transfer configurations at Modified G3X(MP2)-RAD method, in which the URCCSD(T)/
the transition structure are somewhat more difficult to model 6-31G(d) and ROMP2/6-31G(d) calculations are replaced with

in terms of the properties of the isolated reactants or products. calculations using the 6-31G5(d) basis set. The extra diffuse

In radical addition reactioré ¥’ the energies for charge transfer functions in this modified method, which we refer to as
between the isolated reactants are frequently used to model thé>3X(MP2)-RAD(t), allow for a better description of the
corresponding energies at the transition structures, and this car?Nionic species in EA calculations. To help establish the impor-
be justified in terms of the early transition structures in these tance of charge-transfer configurations in the transition struc-
reactions. In the case of the present abstraction reactions, thidUres, we also examined the natural bond orbital (NBO) charges
would entail using the energy for the €-(H—S)~ configuration on the reacting fragments. These were _calculqted with use of
at infinite separation, to model the'G4* S~ configuration at e MPW1K/6-31%G(3df,2p) wave function, using the struc-
the transition structure. However, since theatbm is close to  tUres optimized at the MPW1K/6-315(d,p) level of theory.
and almost midway between both the S and C centers at the To_ldentlfy the fa_lctors |nf_|u_encmg the barrier helg_hts |n_these
transition structure, one might equally well have chosen the "€actions, correlation coefficients between the barrier hejght (
product configuration, (EH)*++-S, instead. In fact, neither a.nd various individual quantities, such as the enthalpy, average
configuration is particularly appropriate as, by assigning the singlet-triplet gap of substrates, orthe.energy for charge transfer
charge to the whole thiol (or to the whole alkane), one implicitly Petween the isolated alkyl and thiyl fragments), (were

By using this state-correlation diagram, in conjunction wit
simple VB arguments, the curve-crossing model can be use
to predict the qualitative influence of various energy parameters
on the reaction barrie¥—33 In particular, the barrier is lowered
by the following: an increase in the reaction exothermicity (see
Figure 2a), and/or a decrease in the PBAS3 separation in the
reactants and/or products (Figure 2b), and/or a decrease in th
relative energies of one or both of the charge-transfer configura-
tions, provided that these are sufficiently low in energy to
contribute to the ground-state wave function (Figure 2c). Of
these parameters, the reaction exothermicity is of course directly
accessible from ab initio molecular orbital calculations. For the
hydrogen abstraction reactions, the BBAS separation is

includes contributions from configurations such as & S calculated via the following standard statistical formtfla.
(in the thiol case) or CH* S~ (in the alkane case). As noted
above, these configurations are resonance contributors to the Z(xi =X, —Y)

(4)

product and reactant configurations, rather than the (excited) r= — —
charge-transfer configurations. For these reasons, in the present \/(Z(Xi —X) )(Z(yi —y))
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TABLE 1: Forward Barrier ( AH%,q), Reverse Barrier (AH*.,), Enthalpy (AH), Charge-Transfer Energies (R* SR~ and R'~
SR"), and NBO Charges QQ) on the Alkyl and Thiyl Fragments in the Transition Structures for *CH; + H—SR — CH3;—H +
‘SR

H—SR TS AH¥q AH¥ oy AH R* SR R~ SR* Q(alkyl) Q(thiyl)
H—SCH; 1 17.2 90.1 -72.8 7.97 10.69 0.008 -0.123
H—SCCh 2 5.7 72.2 —66.5 6.67 10.95 0.045 ~0.170
H—SCHCL 3 6.9 73.0 —66.0 6.91 10.93 0.043 —0.168
H—SCHCI 4 11.4 81.6 -70.2 7.32 10.95 0.027 ~0.146
H—SCHF 5 13.2 86.7 -735 7.53 11.22 0.023 -0.141
H—SCH,(OH) 6 13.1 83.8 -70.7 7.63 - 0.020 —0.140
H—SCH,(SH) 7 12.6 84.8 -72.2 7.64 9.42 0.023 -0.142
H—SCH,(CN) 8 9.9 77.2 -67.3 7.09 11.45 0.037 -0.158
H—SCH,(CHa) 9 16.0 87.5 -715 7.88 10.50 0.006 -0.119
H—SCH,(CF) 10 121 76.5 —64.4 7.32 11.39 0.028 —0.150
H—SCHy(Et) 11 15.9 87.2 -71.3 7.87 10.43 0.005 -0.119
H—SCHy(Ph) 12 11.8 81.1 -69.3 7.65 9.02 0.017 -0.135
H—SCHy(t-Bu) 13 14.0 815 —67.5 7.75 10.32 0.009 -0.127

aBarriers and enthalpies (0 K, kJ méj were calculated at the G3X(MP2)-RAD level of theory and include MPW1K/3(d,p) scaled
zero-point vibrational energy. Charge-transfer energies (eV) were calculated as the difference in the vertical ionization energy of theidsnor spec
and the vertical electron affinity of the acceptor, as calculated at the G3X(MP2)-RAByel of theory. R" SR™ refers to charge transfer from
the alkyl fragment to the thiyl fragment, whileé RSR refers to charge transfer from the thiyl to the alkyl fragment. NBO charges were obtained
from the MPW1K/6-31%G(3df,2p) wave function, calculated with use of the MPW1K/6+&(d,p) optimized geometrie8 Transition structure
number, as illustrated in Figure 3.

The (linear) correlation for thea samples was then deemed to CH,C(CHg)3) in reactions with CHSH (see Table 2). We also
be statistically significant at an% level of significance if the examined reactions involving various combinations of the
following inequality was satisfietf substituted alkyl radicals with the substituted thiols (see Table
3). Schematic diagrams showing the main features of the
rv/n—2 transition structures for the reactions in Tables3lare provided
‘—2 Z lyon-2 ®) in Figures 3-5, respectively; complete geometries of all species
-r are provided in the Supporting Information.

V1
L ) - ) The aim of the present work is to identify the principal factors
It is important to stress that this statistical analysis assumes tha‘influencing the barrier heights of the hydrogen abstraction

the errors in the calculated barriers, enthalpies, singtgilet reactions. To assist in the analysis, the natural bond orbital

gaps, charge-transfer energies, and charges are random, whic\go) charges on the alkyl and thiyl fragments in the transition

is unlikely to be the case. Nonetheless, in the absence of moreg;r ciyres and the energies for charge transfer between the
specific information on the error distribution in these variables

) . Leriess jsolated alkyl and thiyl radicals have also been calculated, and

the above analysis should at least provide a reasonable indication,q included in Tables-13. The charge-transfer energies were

of the statistical significance of any observed correlations.  htained as the difference of the vertical ionization energy (IE)
Finally, it should be noted that the aim of this study is 10 ot the donor species and the vertical electron affinity (EA) of

understand the underlying influences on barrier heights in yhe acceptor species, and the individual IE and EA values of
hydrogen abstraction reactions, rather than to predict actualie 5iky| and thiyl radicals are shown in Table 4. The vertical

reaction rates. For this reason, barriers were calculated at 0 K'singlet—triplet gaps of the corresponding alkanes and thiols,
and corrections for quantum-mechanical tunneling have not beentogether with their R-H and RS-H bond dissociation ener-
included. Without these additional calgulations, direct.compari- gies (BDESs), are also included in Table 4. In what follows, we
sons between the calculdté® K barriers and experimental ,qe these quantities in conjunction with the curve-crossing
Arrhenius activation energies are not meaningful. Fortunately, ,oqep-331to provide a qualitative rationalization of the trends
however, such comparisons are not necessary for the present, reacivity in hydrogen abstraction from thiols by carbon-
purposes. For the present analysis to be meaningful, it is only centered radicals. Before proceeding to the analysis of the barrier

necessary Fhat the level of theory _be _sufficiently accurate for heights, we begin with a brief examination of the reaction
the trends in the data to be quantitatively reproduced. In the enthalpies.

present work, the barriers, enthalpies, and associated thermo- g a5ction Enthalpies. From Tables 3, it is clear that
dynamic quantities have been calculated at a consistent Ievelhydrogen abstraction by carbon-centered radicals from thiols
of theory, G3X(MP2)-RAD. The accuracy of this (high) level <aenerally an exothermic process, in which a strorg#®ond

of theory has been established in previoysly published assessig tormed at the expense of the weakerFs bond. This is in
ment studies ,Of both hydrogen abstrgctlon bartfeand the accord with previous studies of biologically relevant systés,
thermodynamic properties of free radicafs. and is consistent with the idea that hydrogen transfer from a
thiol to a carbon-centered radical could help to limit oxidative
damage in proteins. Nonetheless, the exothermicities are affected
Barriers and enthalpies were calculated for hydrogen atom by the substituents on the alkyl radical and, to a lesser extent,

4, Results and Discussion

abstraction reactions of the form R8l +*R' — RS + H—R'. the thiol. For example, the substituents in the present work cause
We explored the effect of the thiol substituentfRCHs, CH,CI, variations in the exothermicities of approximately 10 kJ mol
CHCbL, CClkL CH,F, CH,OH, CH,SH, CHCN, CH,CHs, in the reactions of the substituted thiols witbH3 (Table 1),

CH,CH,CHjs, CH,Ph, CHC(CHg)3) in reactions with the methyl ~ and over 65 kJ mot in the reactions of the substituted alkyl
radical (R = CHj3) (see Table 1), and the effect of the alkyl radicals with HSCH (Table 2). The reaction of the stable alkyl
radical substituent (R= CHs;, CH,CIl, CHCL, CClz CH,F, radical*CH,Ph with HSCH is only weakly exothermic, and it
CH,OH, CH,SH, CHCN, CH.CHs;, CH,CH,CHs;, CH,Ph, is thus conceivable that abstraction from alkanes by thiyl radicals
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TABLE 2: Forward Barrier ( AH%,q), Reverse Barrier (AH*.,), Enthalpy (AH), Charge-Transfer Energies (R* SR~ and R'~
SR"), and NBO Charges QQ) on the Alkyl and Thiyl Fragments in the Transition Structures for *‘R' + H—SCH; — R'—H +
*SCHz?

‘R TS AH¥iy AH* o AH R* SR R~ SR* Q(alkyl) Q(thiyl)
“CHs 1 17.2 90.1 -72.8 7.97 10.69 0.008 -0.123
“CCls 14 14.2 43.6 -29.3 6.65 9.69 -0.077 —0.057
*CHCl, 15 17.6 56.4 -38.9 6.70 10.15 —0.042 -0.085
“CH.CI 16 19.7 70.4 -50.8 6.96 10.52 -0.013 -0.105
“CH,F 17 18.1 77.4 -59.3 7.65 11.03 0.029 -0.117
“CH,OH 18 16.4 55.9 —39.6 6.15 11.53 0.062 -0.165
*CH,SH 19 21.3 54.8 -335 5.70 10.87 0.013 -0.147
“CH,CN 20 27.8 67.4 -39.7 8.44 9.06 -0.075 —0.046
*CH,CHs 21 11.2 69.5 -58.3 6.75 11.06 0.017 -0.140
“CH,CF; 22 10.7 90.6 ~79.9 8.96 9.60 -0.038 —0.068
*CH,CH,CHs 23 7.7 67.5 -59.9 6.61 10.87 0.018 -0.143
“CH,Ph 24 31.0 43.4 ~12.4 5.46 9.78 -0.011 -0.129
“CHy(t-Bu) 25 2.1 66.9 -64.8 6.42 10.59 0.013 -0.141

aBarriers and enthalpies (0 K, kJ méj were calculated at the G3X(MP2)-RAD level of theory and include MPW1K/3(d,p) scaled
zero-point vibrational energy. Charge-transfer energies (eV) were calculated as the difference in the vertical ionization energy of theidsnor spec
and the vertical electron affinity of the acceptor, as calculated at the G3X(MP2)-RAByel of theory. R" SR™ refers to charge transfer from
the alkyl fragment to the thiyl fragment, whileé RSR refers to charge transfer from the thiyl to the alkyl fragment. NBO charges were obtained
from the MPW1K/6-31%G(3df,2p) wave function, calculated with use of the MPW1K/6+&(d,p) optimized geometrie8 Transition structure
number, as illustrated in Figure 4.

TABLE 3: Forward Barrier ( AH%,q), Reverse Barrier (AH*.,), Enthalpy (AH), Charge-Transfer Energies (R* SR~ and R'~
SRY), and Charges Q) on the Alkyl and Thiyl Fragments in the Transition Structures for ‘R’ + H—-SR— R'—H + * SR?

R H—SR TS AHg AH ey AH R+ SR R~ SR Q(alkyl) Q(thiyl)
“CH,CI H—SCH(CI) 26 12.5 60.6 —48.1 6.30 10.78 0.008  —0.131
“CH,CI H—SCH,(OH) 27 15.6 64.2 —48.6 6.62 0.003  —0.127
“CH,CI H—SCH,(CN) 28 11.0 56.3 —45.3 6.07 11.28 0.021  —0.147
“CH,CI H—SCHy(CHs) 29 17.0 66.5 —495 6.86 10.33 —0.016 ~0.102
“CH,CI H—SCH,(CF) 30 12.5 54.8 -42.3 6.30 11.22 0.011  —0.138
“CH,CI H—SCH(t-Bu) 31 13.6 59.0 —45.4 6.74 10.15 -0.011 -0.112
“CH,OH H—SCHy(CI) 32 —0.9 36.1 -36.9 5.49 11.79 0.088  —0.201
“CH,OH H—SCH(OH) 33 2.2 35.2 374 5.81 0.074  —0.189
“CH,OH H—SCH,(CN) 34 -9.3 24.8 —-34.1 5.26 12.29 0.110  —0.229
“CH,OH H—SCHy(CHs) 35 15.7 53.9 -38.3 6.05 11.35 0.060  —0.163
“CH,OH H—SCHy(CFs) 36 2.8 33.9 -31.1 5.49 12.23 0.090  —0.204
“CH,OH H—SCHy(t-Bu) 37 10.1 443 —-34.2 5.93 11.17 0.065 —0.175
“CH,CN H—SCH(CI) 38 23.5 60.6 -37.0 7.79 9.33 —0.056 —0.070
“CH,CN H—SCHy(OH) 39 27.0 64.5 -375 8.10 —0.059 —0.069
“CH,CN H—SCH,(CN) 40 236 57.8 -34.2 7.56 9.83 ~0.042 —0.086
“CH,CN H—SCHy(CH) 41 24.9 63.3 —38.4 8.35 8.88 —0.080 —0.042
“CH,CN H—SCHy(CFs) 42 235 54.7 —-31.2 7.79 9.77 —0.052 —0.077
“CH,CHs H—SCH(CI) 43 3.0 58.7 —55.7 6.10 11.32 0.036  —0.165
“CH,CHs H—SCH,(OH) 44 6.6 62.8 ~56.2 6.41 0.030  —0.158
“CH,CH, H—SCH(CN) 45 2.1 54.9 -52.8 5.87 11.82 0.048  —0.179
“CH,CHs H—SCHy(CHs) 46 10.0 67.1 -57.0 6.66 10.87 0.015  —0.137
“CH,CH;s H—SCH(CF) a7 3.8 53.7 —49.9 6.10 11.76 0.039 —0.171
“CH,CHs H—SCH(t-Bu) 48 7.1 60.1 —53.0 6.54 10.69 0.020  —0.147
“CHy(t-Bu) H—SCHy(CI) 49 -5.1 57.1 —-62.2 5.76 10.85 0.032  —0.165
“CHy(t-Bu) H—SCHy(CHs) 50 0.6 64.1 -63.5 6.33 10.41 0.011  —0.139

aBarriers and enthalpies (0 K, kJ méj were calculated at the G3X(MP2)-RAD level of theory and include MPW1K/3(d,p) scaled
zero-point vibrational energy. Charge-transfer energies (eV) were calculated as the difference in the vertical ionization energy of theidsnor spec
and the vertical electron affinity of the acceptor, as calculated at the G3X(MP2)-RAByel of theory. R" SR™ refers to charge transfer from
the alkyl fragment to the thiyl fragment, whileé RSR refers to charge transfer from the thiyl to the alkyl fragment. NBO charges were obtained
from the MPW1K/6-31%G(3df,2p) wave function, calculated with use of the MPW1K/6+&(d,p) optimized geometrie8Transition structure
number, as illustrated in Figure 5.

could be thermodynamically preferred for appropriately sub- By contrast, the same substituents exert substantial effects on
stituted systems. Indeed, on the basis of th¢iBDEs in Table the corresponding €H BDEs of the alkanes. This reduced
4, one would predict that H-abstraction by thesCH,S' radical sensitivity of thiols to substituent effects can be explained in
from H—R would be exothermic when R is a strong radical terms of the location of the substituent. In the case of the
stabilizing substituent such as @EH=CH, (the previously alkanes, the substituent is attached directly to the hydrogen of
reported® R—H BDE in this case being 355.7 kJ mélat the the C-H bond, and bears the unpaired electron in the corre-
G3(MP2)-RAD level of theory). sponding alkyl radical. In contrast, the substituents are removed

As noted above, the effect of the thiol substituent on the from the hydrogen atom of the-34 bond in the thiols (and
reaction enthalpy is much smaller than that of the alkyl from the unpaired electron in the corresponding thiyl radical)
substituent. This is reinforced in Table 4, where it is seen that by the intervening sulfur atom. This to some extent insulates
the S-H BDEs of the thiols fall into a relatively narrow range the substituent from the breaking-8l bond, thereby reducing
despite the wide variation in the properties of the substituents. its effect on the SH bond dissociation energy.
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parameters in the MPW1K/6-31G(d,p) optimized transition structures
for the reaction ofCHs with various thiols (H-SR; R= CHjz, CH,ClI,
CHCl,, CCk CH,F, CH,OH, CH,SH, CHCN, CH,CHs;, CH,CH,CHj,
CH:Ph, CHC(CHy)s). Figure 4. Schematic diagrams showing the principal geometric
parameters in the MPW1K/6-31G(d,p) optimized transition structures
Reaction Barriers. As outlined above, the curve-crossing for the reaction of HSCH; with various alkyl radicals'R’; R' = CHs,
model predicts that the barrier height in the hydrogen abstractionCHzCl, CHCh, CCls CHF, CHOH, CHSH, CHCN, CH,CHj,
reactions is influenced by the reaction exothermicity, the-DA ~ CH2CHCHs CHPh, CHC(CHy)s).
DAS separation in the reactants or products (measured using
the singlet-triplet gaps or bond dissociation energies of the be understood when it is noted that, within a series, the enthalpy
closed-shell substrates), and the relative energies of the D is itself weakly correlated with the electron affinity of the
and D"A* charge-transfer configurations, if these are sufficiently product thiyl species (for example, the correlation coefficient
low in energy to contribute to the ground-state wave function. is 0.680 for the*CHs series). At least over the substituents
To explore the effect of each of these quantities on the hydrogenconsidered in the present work, the enthalpy within a series
abstraction barriers, we have plotted the reaction barriers againsgenerally increases as the electron affinity of the Ryl
(a) the reaction enthalpy, (b) the average singleplet gap of increases, and this probably reflects a strengthening of the
the closed-shell reactants and products, (c) the energy for chargd)RS—H bond of the reactant thiol through its increasing ionic
transfer between the isolated alkyl and thiyl fragments, and (d) character. As will be seen below, the barrier height decreases
the difference in the charges on the alkyl and thiyl fragments with the relative energy of the’'RSR™ configuration (and hence
of the transition structures (see Figure 6). The correspondingwith the increasing electron affinity of the thiyl species), due

correlation coefficients for the individual series in partsdeof to the stabilizing influence of polar interactions in the transition
Figure 6, as well as those for the overall data sets in each casestructures. It thus seems that the barrier-lowering influence of
are provided in Table 5. the increasing electron affinity of the thiyl dominates the barrier-

Examining Figure 6a, we see that there is no apparentraising influence of the concurrently increasing reaction en-
correlation between the barrier height and the reaction enthalpy,thalpy, leading to the negative correlation coefficient. Interest-
and hence the Evan$olanyi rulé! does not hold for these ingly, the correlation coefficient for the combined data set,
reactions. This is confirmed in Table 5, where it is seen that though very low, is at least positive. Once the reactions of
the correlation coefficient for the collected data is low, and is differentalkyl radicals are considered together, the correlation
not statistically significanteven at the 10% level. When the between the strength of the polar interactions in the transition
reactions of a specific radical with a series of thiols are structures and the enthalpy breaks down, and the (previously
examined, the correlation is better, particularly for the less obscured) barrier-raising influence of the increasing reaction
electron-donating radicals. However, in stark contrast to the enthalpy becomes more evident, though the correlation remains
Evans-Polanyi rule, the correlations are negative. That is, the poor due to the interference of the polar interactions.
barrier decreases as the reaction enthalpy increases (i.e. as the Turning our attention to the singtetriplet gaps of the
reactions becomkessexothermic). This unusual behavior can substrates (Figure 6b), we note that there is also no apparent
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Figure 5. Schematic diagrams showing the principal geometric
parameters in the MPW1K/6-31G(d,p) optimized transition structures
for the reaction of substituted thiols (+H8R) with various substituted
alkyl radicals (R',R = CH;, CH,CI, CHCL, CCl; CH,F, CH,OH,
CH,SH, CHCN, CH,CHs, CH,CH,CH;, CH,Ph, CHC(CH)s).
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correlation between this quantity and the barrier height. This is
confirmed in Table 5, where it is seen that the respective
correlation coefficientsboth for reactions of specific radicals
with a series of thiols, and for the combined data—set not

J. Phys. Chem. A, Vol. 108, No. 35, 2004217

significant, even at the 10% level. This is in stark contrast to
previous studies of other classes of hydrogen abstraction
reactiong1%in which it was concluded that the singletiplet

gap was the dominant influence on the barrier heights. Two
factors may help to explain the lack of correlation in the present
systems. First, the relatively minor influence of the singlet
triplet gaps may be related to the early transition structures in
these reactions, which are characterized by relatively longiC
forming bonds and relatively short breaking-8 bonds. As a
result of this, the transition structure is dominated by the-DA
DAZ gap in the reactant-like geometries (i.e. thiols), rather than
the product-like geometries (i.e. alkanes). As noted above, unlike
the alkanes, the singletriplet gaps (and associated bond
dissociation energies) of the thiols are relatively unaffected by
the nature of the substituents, and fall into a relatively narrow
range for the reactions considered in the present work. This can
be seen quite clearly in Figure 6b, where the average singlet
triplet gap depends almost entirely on the attacking radical (or
more specifically, the singlettriplet of the alkane product)
rather than the substituents on the thiol. The only exception to
this is the series of reactions with th@&Hs; radical, for which

a wider range of thiols was considered. It is perhaps significant
that this series has the strongest (albeit weak) positive correlation
between the barrier height and the singleiplet gap.

The second factor distinguishing the present systems from
those of previous studig¥’ is the dominant influence of polar
interactions. This is seen quite clearly in Figure 6, parts ¢ and
d, in which there is a reasonable correlation between the barrier
height and the charge-transfer energies (Figure 6c) and the
degree of charge separation in the transition structure (Figure
6d). This is confirmed quantitatively in Table 5, in which it is
seen that the corresponding correlation coefficients are large
and statistically significant at the 5% level. In general, the barrier
for hydrogen abstraction decreases as the charge-transfer energy
decreasegpositive correlation), reflecting the increasing ability
of the charge-transfer configurations to stabilize the transition
structure. Concurrently, the barrier decreases as the charge
separatiorincreasegnegative correlationyagain reflecting the
increasing degree of charge-transfer stabilization of the transition
structures. In all cases the preferred direction of charge transfer
is from the alkyl radical to the thiyl radical (i.e. the RSR™
configuration is preferred). This is evident in both the lower
charge-transfer energies for th&"RBR™ configurations (com-
pared to the R SR' configurations) in the isolated reactants,
and also the significant negative charges borne by the thiyl
fragments in the transition structures (see Table8)1 As a
result of this, the reaction barriers are generally the lowest for
the most nucleophilic radicals (such &H,OH), and highest
for the most electrophilic alkyl radicals (such &SHCN).
Indeed, the reduced importance of polar interactions in this latter
case can help to explain the poorer correlation between the
barrier height and the charge-transfer energies, and between the
barrier height and the degree of charge separation, within this
series.

The present results thus suggest that polar interactions are
the predominant influence on barrier heights in hydrogen
abstraction from thiols by carbon-centered radicals, and this is
in accord with the conclusions of previous studies of related
reactions>?>-30 However, a closer examination of the data
reveals that other factors also play a role. For example, the
reactions involving th&CH,C(CHg); radical have lower reaction
barriers than those with th€H; and*CH,CHjs radicals, despite
the similar level of charge separation. This might reflect the
smaller singlettriplet gaps in the former case. TheéH,OH
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TABLE 4: Vertical lonization Energies (IEs) and Electron Affinities (EAs) of the Alkyl and Thiyl Radicals, and Vertical
Singlet—Triplet (S—T) Gaps and Bond Dissociation Energies (BDESs) of the Corresponding Alkanes and Thiéls

IE (eV) EA (eV) S-Tgap (eV) BDE (kJ molt)
R R RS R* RS RH RSH R-H RS—H
CHs 9.83 10.57 —-0.12 1.85 10.27 5.17 429.7 356.9
CClg 8.51 10.83 0.88 3.15 6.21 4.69 386.2 363.2
CHCl, 8.56 10.81 0.42 2.92 7.74 4.90 395.7 363.7
CH,CI 8.81 10.83 0.05 251 6.35 5.20 407.6 359.5
CHF 9.50 11.10 —0.46 2.30 9.52 5.56 416.1 356.2
CH,OH 8.00 —0.96 2.20 6.76 5.39 396.4 359.0
CH,SH 7.56 9.30 —0.30 2.19 5.17 4.79 390.3 357.5
CH,CN 10.30 11.33 151 2.74 7.33 5.14 396.5 362.4
CH,CHs; 8.61 10.39 —0.49 1.95 10.45 5.19 415.2 358.2
CH,CR; 10.82 11.27 0.98 251 10.99 5.43 436.8 365.3
CH,CH,CHs 8.46 10.32 —0.30 1.96 8.51 5.21 416.7 358.4
CH,Ph 7.31 8.90 0.79 2.17 4.56 4.39 369.2 360.4
CHy(t-Bu) 8.27 10.21 —0.02 2.07 8.24 5.33 421.7 362.2

aVertical ionization energies, electron affinities, and singteiplet gaps (0 K, eV) were calculated at the G3X(MP2)-RAMPW1K/6-
31+G(d,p) level of theory. Bond dissociation energies (0 K, kJTH)alere calculated at the G3X(MP2)-RAD level of theory, and include MPW1K/
6-31+G(d,p) scaled zero-point vibrational energy.
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Figure 6. Plots of the reaction barrier (kJ mé) versus (a) reaction enthalpy (kJ m¥| (b) average singlettriplet gap (eV) of the closed shell

reactants and products, (c) the energy for charge transfer (eV) between isolated alkyl and thiyl fragments, and (d) difference in the charges on the
alkyl and thiyl fragments in the transition structures. Each series shows the reactions of various substituted thiols with a specific alkyb radical:

= *CHs; x = *CHCN; A = *CH,OH; B = *‘CH,CI; + = *CH,CHs; ¢ = CH,C(CH)s.

series, while showing a reasonable correlation between barriertransition structures, and this may reflect the larger reaction
height and charge separation, has a different slope to the otherenthalpies in the former case.

series. This may in part be the result of additional stabilizing  The complexity of the trends in reactivity is further high-
interactions in the transition structures for the reactions with |ighted when the reactions of a wider range of alkyl radicals
the four lowest barriers. It can be seen in Figure 5 that, in those are examined. Figure 7 shows the barrier heights versus the
four transition structures3@ 33, 34, and 36), the oxygen of  charge separation for reactions of various alkyl radicals with
the*CH,OH radical lies within 3 A or less of a hydrogen atom ~ HSCH;. For the sake of comparison, this plot is superimposed
in the thiol, and hence H-bonding may be occurring. Indeed, on the data for the reactions of specific alkyl radicals with
for three of these reactions, the barriers are actually slightly substituted thiols, as plotted in Figure 6d. It can be seen that
negative-implying that some form of weakly bound precomplex the correlation between the barrier height and the charge
is formed prior to the reaction. The oth&2H,OH reactions separation is poor for the HSGHeries. In fact if we examine
have higher barriers when compared with the reactions of the correlation coefficients in Table 5, we find that there is no
radicals having similar degrees of charge separation in their statistically significant correlation between barrier height and
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TABLE 5: Coefficients of Correlation between the Barrier Height and the Reaction Enthalpy (AH), the Average
Singlet—Triplet Gap of the Reactant Thiol and Product Alkane (S—T Gap), the Relative Energy of the R* SR~ Configuration
(R'™ SR"), and the Charge Difference between the Alkyl and Thiyl Fragments in the Transition Structures of the Hydrogen
Abstraction Reactions AQ)?

correlation coefficient |test statistit towz2n-2
serie8 AH S-Tgap R'SR AQ n AH S-Tgap R'SR AQ 5% level  10% level
*CH; —0.661 0.446 0.966 —0.953 13 2.922 1.653 12.406 10.401 2.201 1.796
*CH,CN —-0.714 0.017 0.792 —0.589 6 2.042 0.035 2.596 1.459 2.776 2.132
*CH,OH —0.461 —0.095 0.897 —0.917 7 1.161 0.214 4,546 5.131 2571 2.015
*CH.CI —0.788 -0.171 0.907 —0.823 7 2.865 0.389 4812 3.242 2.571 2.015
*CH,CH3 —0.686 —0.134 0.977 —0.948 7 2.107 0.302 10.148 6.627 2571 2.015
all'in Figure 6 0.136 —0.158 0.796 —0.848 43 0.879 1.023 8.427 10.230 2.020 1.683
HSCH; 0.670 —0.557 —-0.087 —0.256 13  2.990 2.225 0.288 0.879 2.201 1.796
all'in Figure 7 0.274 —0.275 0.553 —-0.754 50 1.977 1.981 4,596 7.962 2.013 1.679

aThe correlation coefficient] for the n samples is deemed to be significanbdb level if the absolute value of the corresponding test statistic
(r(n — 2°9(1 — r?)%5) exceeds the corresponditig,—» value (see text)? See Figures 6ad and 7.

46:6 Practical Aspects.Barrier heights in hydrogen abstraction
from thiols are thus predominantly influenced by polar interac-
tions (as measured using the charge-transfer energies of the
isolated reactants or the degree of charge separation in the
transition structures), but the influence of other quantities (such
as the reaction exothermicity, the singtétiplet gaps of the
substrates, and direct interactions in the transition structures)
obscures a direct predictive relationship. Although the focus of
ola this study has been to applygaalitative treatment of the curve-
crossing model to the problem of rationalizing the trends in the
hydrogen abstraction barriers, it is worth considering whether

200

26:6 a quantitative treatment is possible. If successful, this would
Figure 7. Plots of the reaction barrier (kJ md) versus the difference  allow us to model the simultaneous effect of the various factors
in the charges on the alkyl and thiyl fragments in the transition o the barrier height, and thereby derive some useful predictive

structures. The reactions of the various alkyl radicals with HS&xd . ; : : . .
marked with a® symbol, while the reactions with the other thiols are formula for calculating the barrier heights in these reactions in

marked with at+ symbol. The numbers refer to transition structures in terms_ of simple and eas_|ly accessible quantities. .
Figure 4. Using the curve-crossing model, Song et%have derived

various formulas for predicting the barrier height in nonidentity
charge-transfer energy or charge separation for the series, thougleactions, including the following compact expression:
a statistically significant correlation remains for the combined
data set. AH* =G, + 0.5AH — B (6)

The lack of correlation between charge separation and barrier

height in the HSCHI series probably reflects (at least in part) In this equationG, andf, are the averag& andf parameters
the wider range of singlettriplet gaps and reaction enthalpies for the forward and reverse reactions, withmeasuring the
covered by the additional alkyl radicals. Indeed, within this DA—DAS promotion gap, and the fraction of this promotion
series, the correlations between the barrier heights and thegap required to reproduce the height of the crossing point. The
singlet-triplet gaps, and between the barrier heights and the parameteB is the resonance energy at the crossing point, which,
reaction enthalpies, are both statistically significant (see Table in the present reactions, will include contributions from both
5). In the case of the enthalpies, the correlation is positive, asthe resonance between the DA and¥@anfigurations, and also
would be expected under the Evarfolanyi rule. Thus, for  the resonance between these covalent configurations and the
example, the reaction of th€H,Ph radical (transition structure  charge-transfer configurations. TheG, andB parameters are
24) has a considerably higher barrier than the other reactionsdirectly accessible from quantitative valence bond theory
with similar degrees of charge separation in their transition calculations of the reactants and transition structures, but not
structures, because it is considerably less exothermic. Howeverthe molecular orbital theory calculations of the present work.
in the case of the singletriplet gaps, the correlation is  However, to render the formula more widely applicable, Song
negative-that is, the barrier height decreases as the averageet all® showed that the promotion gap is linearly related to the
singlet-triplet increases, contrary to the predictions of the curve- singlet-triplet excitation gap of the closed shell substrates, and
crossing model. To explain this unusual behavior, it is first noted (in the absence of polar interactions) tBgparameter can be
that the variation in the average singtétiplet gap reflects the approximated as half of the bond dissociation energy of the
variation in the singlettriplet gap of the alkane product (the originally weak bond (in this case the thiol). They also noted
thiol being constant within this series). Furthermore, the singlet that thef, parameter was relatively constant within a series of
triplet gap of the alkane product is expected to increase with reactions.
the strength of the forming-€H bond, and there is thus a strong To take into account the additional influence of polar
negative correlatiorr (= —0.894) between the average singlet  interactions in the hydrogen abstraction reactions of the present
triplet gap and the reaction enthalpy. As a result, within this work, eq 6 was extended as follows
series, the barrier increases as the singl@let gap decreases,
due to the concurrently increasing reaction enthalpy. This again AH* = c,(S—T)+ 0.5AH — 0.5(BDE)+ CZ(R'+ RS (7)
illustrates the complex interactions between the factors influenc-
ing barrier heights in these hydrogen abstraction reactions. whereS— T is the average singlet triplet gap (eV) of the reactant
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reactions of a specific thiol with a series of alkyl radicals, the
singlet-triplet gap of the product alkane and the reaction
enthalpy were correlated with one another. As a result, the
barrier height decreased as the singleiplet gap increased
within the series, contrary to the predictions of the curve-
crossing model.

: C— The curve-crossing model (at least in this simplified form)
-30 .0 s8 © 20 40 thus failed to allow for the quantitative prediction of barrier
“20° . ¢ heights in the present hydrogen abstraction reactions, in terms
of the properties of the isolated reactants. However, this does
46 not diminish the value of the curve-crossing model for studying
Figure 8. Plots of the fitted reaction barrier (kJ mé), obtained from these systems. The quantitative prediction of barrier heights is
a least-squares fit to eq 7, versus the actual reaction barrier (k3)mol not the main function of this modethis, after all, can be
The solid line shows the hypothetical perfect fit handled very effectively by quantum mechanics. Rather, the
curve-crossing model helps to provide that which is lacking from
a quantum-mechanical treatment, a qualitative understanding
of the trends in barrier heights in terms of familiar chemical

- . o concepts. The qualitative analysis of the present work, though
transfer configuration. The term(R™ SR) represents the  pighiighting the complex nature of the reactions, still has some
additional covalent-ionic contribution t, the covalent con- 55 qtical value. For example, the conclusion that polar interac-
tribution being modeled as 0.5(BDE), as in eq 6. The use of a tjong dominate the trends in the barrier heights allows one to

linear relationship between the charge-transfer energy and the, e gict qualitatively that, within a series of related reactions,
resonance energy at the transition structure was motivated by iers will generally be lower for abstraction by nucleophilic
the reasonable linear correlations between the charge-transfet,jicals (such asCH,OH) compared to electrophilic radicals
energy and the barrier height thgt were observed for the reactions(such asCH,CN). Barriers should also be lower when the thiols
of the present work (see Figure 6¢c and Table 5). The ;e rejatively high electron affinities (such as HS§Ghdeed,
pro_portlonahty_ c_onstantsl = 11.442 andc, = 20'216_ were provided the reaction exothermicities are not too dissimilar, the
estimated by fllttlr?g eq7to the. set of 50 reaction barriers in the qualitative ordering of barrier heights may be predicted on the
present work via linear regression. Theparameter incorporates  pagis of the charge-transfer energies of the isolated species. Such
the f, term o_f eq 6'_ the proportionality constant between the jnformation may allow one, for example, to identify a small
calculated s_lnglettrlplet gap and the promotion gaf), and set of possible chain transfer agents for a particular polymeri-
the conversion factor from eV to kJ mdl Thec, parameter o system by selecting substituents that are expected to
also incorporates this conversion factor, together with the \ayimize the polar interactions, while maintaining a reasonably
proportionality constant between the resonance energy andg,,oraple exothermicity. Having identified suitable target com-
charge-transfer energy._ ) ) pounds, the actual reaction barriers (and rates) could then be
It was found that the fit of eq 7 to the reaction barriers of the ca|culated quantitatively via ab initio molecular orbital calcula-
present work was extremely poor. This is illustrated in Figure tions, so as to identify the most effective transfer agent for the
8, which shows the fitted barriers, plotted as a function of the particular system. The conclusion that polar interactions domi-
actual reaction barriers. Although eq 7 assumed a linear nate the barrier heights in hydrogen abstraction from thiols by
relationship between the covalent-ionic resonance energy andcarbon-centered radicals also leads to the prediction that, in the
the charge-transfer energy, variants of eq 7, in which the charge-spution phase, solvents having high dielectric constants will
transfer term was treated as an exponential or as a quadraticenhance the rates of these reactions. Hence it should be possible

also failed comprehensively to provide an adequate fit to the o exert some degree of practical control over the reaction rates
data ThIS fa”ure IS In contrast to the eal‘|ler Study by SOI’Ig et in these systems through Variation of the So'vent_

all% in which eq 6 was extremely successful in reproducing

_the calculated barrier heights in the nonidentity r(_aactions 5. Conclusions

involving hydrogen transfer between Group IV hydrides. It

seems that the influence of polar interactions on the trends in  Hydrogen abstraction by carbon-centered radicals from thiols
the barrier heights in the present systems, absent from the earlieis generally an exothermic process in which a strorgH®bond
study, complicates the quantitative curve-crossing analysis. Theis formed at the expense of the weakertsbond of the thiol.
guantitative relationship between the initial charge-transfer The barrier heights are predominantly influenced by polar
energy and the barrier height is unlikely to be a simple analytical factors, with the reactions of nucleophilic radicals (such as
function, as it will depend not only on the change in the relative *CH,OH) being favored over reactions with electrophilic radicals
energies of the reactant, product, and charge-transfer configura{such asCH,CN). For the reactions of a specific alkyl radical
tions as the reactants approach each one another, but also owith a series of substituted thiols, there is a reasonable
the resonance stabilization energy associated with the resultingcorrelation between the barrier height and the various measures
degree of charge transfer. Additional complex inter-relationships of the importance of polar effects (such as the degree of charge
between the individual terms of the crossing-model may also separation in the transition structure or the energy for charge
contribute to the failure of eq 7. For example, it was seen above transfer between the isolated alkyl and thiyl fragments). When
that, in reactions of individual alkyl radicals with a series of reactions of a wide range of alkyl radicals with a specific thiol
thiols, the reaction enthalpy and the electron affinity of the thiyl are compared, the correlation is somewhat poorer and this
fragment were correlated with one another. As a result, the reflects the influence of additional factors, such as the reaction
barrier height decreased as the reaction enthalpy increased withirexothermicity, the DA-DAS3 gap of the alkane product, and (in

a series, contrary to the predictions of the EvaRslanyi rule some cases) the additional stabilizing influence of direct
and curve-crossing model. Moreover, when comparing the H-bonding interactions in the transition structures.

thiol and product alkaneé\H is the reaction enthalpy (kJ md),
BDE is the bond dissociation energy (kJ mblof the thiol,
and R™ SR is the relative energy (eV) of the RSR™ charge-
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