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Introduction

Hydrogen-transfer reactions from the OH group to oxygen-
centered radicals [Eq. (1)] play an important role in various
complex systems, especially in the chemical degradation of

many organic molecules in the troposphere[1] and also in
combustion chemistry.[2]

RO�Hþ COR0 ! ROC þH�OR0 ð1Þ

From a general point of view, the reactions depicted in
Equation (1) are a subclass of more general hydrogen atom
abstraction reactions by free radicals [Eq. (2)].

X�Hþ CY ! XC þH�Y ð2Þ

It is generally accepted that such reactions proceed by the
concerted breaking and making of strong covalent chemical
bonds to the transferring atom (i.e., X�H and Y�H); as the
radical CY approaches the X�H bond with its unpaired elec-
tron, the Y�H bond is formed, while the X�H bond is ho-
molytically broken. This implies the formation of a three-
center three-electron bond in the transition structure, in
which the unpaired electron of the radical is delocalized
over X, H, and Y. Another common belief is that the energy
barrier for the transfer of a hydrogen atom between X and
Y depends on the triplet repulsion energy for the XC/YC pair
at the transition structure.[3±5] This is caused by the necessary
occurrence of parallel electron spins on X and Y during the
course of the hydrogen-transfer reaction, namely,
[X›¥¥¥Hfl¥¥¥Y›]�.

[a] Prof. S. Olivella, Dr. J. M. Anglada
Institut d×Investigacions QuÌmiques i Ambientals de Barcelona
CSIC, Jordi Girona 18, 08028-Barcelona, Catalonia (Spain)
Fax: (+34) 932-045-904
E-mail : sonqtc@iiqab.csic.es

jarqtc@iiqab.csic.es

[b] Dr. A. Solÿ
Centre Especial de Recerca en QuÌmica TeÚrica
Departament de QuÌmica FÌsica
Universitat de Barcelona, MartÌ i Franquõs 1
08028-Barcelona, Catalonia (Spain)

[c] Dr. J. M. Bofill
Centre Especial de Recerca en QuÌmica TeÚrica
Departament de QuÌmica Org‡nica
Universitat de Barcelona, MartÌ i Franquõs 1
08028-Barcelona, Catalonia (Spain)

Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. (Cartesian coor-
dinates of all structures reported in this paper, Tables S1±S6 summa-
rize total energies, zero-point vibrational energies, and topological
properties of bond critical points)

Abstract: High-level ab initio electron-
ic structure calculations have been car-
ried out with respect to the inter-
molecular hydrogen-transfer reaction
HCOOH+ COH!HCOOC+H2O and
the intramolecular hydrogen-transfer
reaction COOCH2OH!HOOCH2OC. In
both cases we found that the hydrogen
atom transfer can take place via two
different transition structures. The
lowest energy transition structure in-
volves a proton transfer coupled to an
electron transfer from the ROH spe-

cies to the radical, whereas the higher
energy transition structure corresponds
to the conventional radical hydrogen
atom abstraction. An analysis of the
atomic spin population, computed
within the framework of the topologi-
cal theory of atoms in molecules, sug-

gests that the triplet repulsion between
the unpaired electrons located on the
oxygen atoms that undergo hydrogen
exchange must be much higher in the
transition structure for the radical hy-
drogen abstraction than that for the
proton-coupled electron-transfer mech-
anism. It is suggested that, in the gas
phase, hydrogen atom transfer from
the OH group to oxygen-centered radi-
cals occurs by the proton-coupled elec-
tron-transfer mechanism when this
pathway is accessible.
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For X=Y=O [i.e. , Eq. (1)],
the presence of lone pairs of
electrons on the oxygen atoms
may lead to a different ap-
proach of the reactants intend-
ing to avoid the triplet repul-
sion between the unpaired elec-
trons centered at these atoms.
This requires RO�H species
with R carrying a terminal
atom, Z, with a lone pair of
electrons. In this case, in addition to the simple hydrogen
atom transfer mechanism depicted in Scheme 1, one may
envisage a situation involving a R�OH¥¥¥OR’ hydrogen bond
and a ZD¥¥¥COR’ two-center three-electron bond, as depicted
in Scheme 2. Such an entity may react by undergoing a
proton transfer coupled to the transfer of an electron from
ZD to COR’ (or the incipient [HOR’]C+ species). The net
result of this process is identical to that of a simple hydro-
gen atom transfer, except that the Z�R�OC species is left in

a different electron configuration, with Z instead of O carry-
ing the unpaired electron. Intramolecular electron transfer
from O to ZC restores the DZ�R�OC entity.

In this article, we wish to report the results of ab initio
electronic structure calculations on two examples, one inter-
molecular and the other intramolecular, of hydrogen atom
transfer from hydroxylic oxygen to oxygen-centered radicals,
which is predicted to occur through a proton-coupled elec-
tron-transfer mechanism.[6] The first example is the abstrac-
tion of the acidic hydrogen atom of formic acid (HCOOH)
by a hydroxyl radical (COH) [Eq. (3)].

HCOOHþ COH ! HCOOC þH2O ð3Þ

The second example is the intramolecular 1,4-hydrogen
transfer in the peroxy radical COOCH2OH [Eq. (4)].

COOCH2OH ! HOOCH2O
C ð4Þ

Both reactions play a key role in environmental science.
For the sake of comparison, the simplest bimolecular hydro-
gen atom transfer from hydroxylic oxygen to oxygen-cen-
tered radicals, namely the identity exchange reaction
[Eq. (5)], has also been considered in this theoretical study.

H2Oþ COH ! HOC þH2O ð5Þ

Computational Methods

We optimized the geometries of the reactants and transition structures[7]

for Equations (3)±(5) by means of analytical gradient procedures,[8] em-
ploying the (frozen core) quadratic configuration interaction with the sin-
gles and doubles method, based on a unrestricted Hartree±Fock (UHF)
reference determinant,[9] designated UQCISD, in conjunction with the
split-valence 6–311+G(2df,2p) basis set.[10] This basis set includes a
single diffuse sp shell on carbon and oxygen atoms,[11] double d-polariza-
tion, as well as a single additional f-polarization on carbon and oxygen
atoms, and double p-polarization on hydrogen atoms. To characterize the
nature (minimum or saddle point) of the calculated stationary points and
evaluate the zero-point vibrational energies (ZPVEs), the harmonic vi-
brational frequencies were computed. For Equation (5), the frequencies
were calculated at the UQCISD/6-311+G(2df,2p) level. To lower the
enormous computational cost involved in the calculation of the frequen-
cies of the stationary points found for Equations (3) and (4) at this level
of theory, the geometries and harmonic vibrational frequencies of these
points were calculated with the (frozen core) second-order M˘ller±Ples-
set perturbation theory, based on a UHF reference determinant,[12] desig-
nated UMP2, with the 6-311+G(2df,2p) basis set. Moreover, we per-
formed intrinsic reaction coordinate (IRC) calculations[13] on the transi-
tion structures to check their connection with the designated reactants

Abstract in Catalan: S×han realitzat c‡lculs d×estructura elec-
trÚnica ab initio d×alt nivell per la reacciÛ de transferõncia
d×hidrogen intermolecular HCOOH+ COH!HCOOC+H2O i
per la reacciÛ de transferõncia d×hidrogen intramolecular
COOCH2OH!HOOCH2OC. En abmdÛs casos trobem que la
transferõncia de l×‡tom d×hidrogen tÿ lloc via dues estructures
de transiciÛ diferents. L×estructura de transiciÛ d×energia mÿs
bixa implica una transferõncia de protÛ acoblada a la transfe-
rõncia d×un electrÛ des de l×espõcie ROH al radical, mentre
que l×estructura de transiciÛ d×energia mÿs alta correspon a
una abstracciÛ d×hidrogen radical‡ria convencional. Una
an‡lisi de les poblacions ‡tomiques d×spÌn electrÚnic, calcula-
des en el marc de la teoria topolÚgica d×‡toms en molõcules,
suggereix que la repulsiÛ dels electrons no aparellats localit-
zats sobre els ‡toms d×oxigen que experimenten el bescanvi
d×hidrogen ha de ser molt mÿs alta en l×estructura de transiciÛ
per l×abstracciÛ d×hidrogen radical‡ria que en l×estructura de
transiciÛ del mecanisme de transferõncia de protÛ acoblada a
la transferõncia d×un electrÛ. Es suggereix que, en fase gas,
les transferõncies de l×‡tom d×hidrogen de l×OH a radicals
d×oxigen tenen lloc per un mecanisme de transferõncia de
protÛ acoblada a la transferõncia d×un electrÛ quan aquest
cami de reacciÛ ÿs accessible.

Scheme 1. Conventional hydrogen atom transfer from a R�OH species to
an oxygen-centered radical COR’. The oxygen 2p-type orbitals are repre-
sented by if in the plane of the paper and by * if perpendicular to
this plane.

Scheme 2. Proton transfer from a R�OH species to an oxygen-centered radical COR’ coupled to an electron
transfer from R to COR’. The oxygen 2p-type orbitals are represented by if in the plane of the paper and
by * if perpendicular to this plane.
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and products. All of these calculations were carried out with the GAUS-
SIAN 98 program package.[14]

Total energies were obtained from single-point (frozen core) coupled-
cluster[15] calculations including all single and double excitations, based
on a reference UHF single determinant, together with a perturbative
treatment of all connected triple excitations,[16] designated UCCSD(T).
In addition, total energies were also evaluated from partially spin-adapt-
ed CCSD(T) calculations based on a restricted open-shell Hartree±Fock
(ROHF) reference determinant,[17] designated RCCSD(T), to accomplish
the spin contamination problem in UCCSD(T) wave functions.[18] Both
the UCCSD(T) and RCCSD(T) calculations were performed with the 6-
311+G(2df,dp) basis set. Relative energies discussed in the text refer to
energies computed at the RCCSD(T) theory level, unless stated other-
wise. The UCCSD(T) calculations were carried out with GAUSSIAN 98,
whereas MOLPRO 98[19] program package was employed for the
RCCSD(T) calculations.

To examine the characteristics of the bonding and interactions in the
most relevant structures, we also performed an analysis of the electron
charge and electron spin density within the framework of the topological
theory of atom in molecules (AIM)[20] making use of a locally modified
version[21] of the PROAIM and EXTREME programs of Bader et al.[22]

The Z density matrix obtained from UQCISD gradient calculations with
the 6-311+G(2df,2p) basis set, an effective correlated density matrix,[23]

was used in this analysis. The coefficients of selected natural orbitals gen-
erated from that density matrix were used to elucidate the topological
nature of the molecular orbitals (MOs) describing the unpaired electron
and the more relevant electron pairs.

Results and Discussion

Hydrogen atom transfer between two hydroxyl radicals : In
good agreement with previous high-level ab initio calcula-
tions,[24±29] we found a transition structure with C2 symmetry
for Equation (5).[30] Selected geometrical parameters of this
transition structure and atomic spin populations are shown
in Figure 1.

The electronic state symmetry of the transition structure
is 2B. The coefficients of the natural orbital carrying the un-
paired electron indicate that the spin population in the tran-
sition structure is concentrated on the two oxygen atoms
which undergo hydrogen exchange, but shows a small nega-
tive value on the hydrogen atom being transferred. This
result is consistent with a three-center three-electron bond
and indicates that the transition structure of Equation (5) is
of the hydrogen atom abstraction by radicals type.

On the basis of the large value of the spin population on
the oxygen atoms that undergo hydrogen exchange, one
would expect triplet repulsion between these atoms to be
important in the transition structure, leading to a sizeable
potential energy barrier for Equation (5). In fact, our
calculations predict a barrier of 10.3 (UCCSD(T)) or
10.6 kcal mol�1 (RCCSD(T)) for this reaction, which is in
reasonable agreement with the prediction of 9.6 kcal mol�1

obtained by Uchimaru et al.[29] from UCCSD(T) calculations
with the aug-cc-pVQZ basis set. Inclusion of a thermal cor-
rection of the enthalpy of 2.2 kcalmol�1 (Table S1, Supporting
Information), evaluated from the UQCISD/6-311+G(2df,2p)
calculations, leads to a predicted activation enthalpy of
DH�=8.4 kcal mol�1 at 298 K. Furthermore, an Arrhenius
activation energy of Ea=9.6 kcal mol�1 at room temperature
is obtained from Ea=DH�+2RT. However, this is still
much higher than the experimental Ea=4.2�0.5 kcal mol�1,
determined over the temperature range 300±420 K.[31] For
Equation (5), Uchimaru et al. have calculated a contribution
to the Arrhenius activation energy of �4.6 kcal mol�1 arising
from quantum-mechanical tunneling.[29] Therefore, the pre-
dicted Arrhenius activation energy would be further re-
duced to the value of 5.0 kcal mol�1, which is in reasonable
agreement with the experimental value given above.

Acidic hydrogen atom abstraction from formic acid by a hy-
droxyl radical : For Equation (3), we found two transition
structures, designated TS1 and TS2. Selected geometrical
parameters and atomic spin populations of TS1 and TS2 are
shown in Figure 2. Relative energies calculated at different
levels of theory with the 6-311+G(2df,dp) basis set are sum-
marized in Table 1, while the total energies and ZPVEs are

collected in Table S3 in the Supporting Information. Calcu-
lated topological properties of the bond critical points for
these transition structures are given in Table S4 in the Sup-
porting Information. Structures TS1 and TS2 differ essen-
tially in the orientation of the COH radical with respect to
the molecular plane of the formic acid. While the O1�H1
bond is nearly orthogonal to that plane in TS1, it lies within
that plane in TS2. The geometry of TS2 is close to that of
the planar transition structure reported by Galano et al. ,[32]

which was computed at the MP2, MP4, and QCISD theory
levels with the 6-311++G(d,p) basis set. Moreover, the ge-
ometry of TS1 is comparable to that of the nonplanar tran-
sition structure with a dihedral angle H1-O1-H2-O2 of
�908 reported in the same study, which was obtained from

Figure 1. Selected parameters (bond lengths [ä] and angles [8]) of the
UQCISD/6-311+G(2df,2p) optimized geometry of the transition struc-
ture for the hydrogen atom transfer between two hydroxyl radicals.
Atomic spin populations from an AIM analysis, calculated by the same
method, are given in italics.

Table 1. Relative energies [kcal mol�1] calculated at different levels of
theory with the 6-311+G(2df,2p) basis set[a] of the reactants and the tran-
sition structures[b] for the acidic hydrogen atom abstraction from formic
acid by a hydroxyl radical.

Species UQCISD UCCSD(T) RCCSD(T)

HCOOH+ COH 0.0 0.0 0.0
TS1 7.0 3.3 3.1
TS2 10.5 7.2 8.7

[a] With UQCISD/6-311+G(2df,2p) optimized geometries. [b] See
Figure 2.
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B3LYP and BH&HLP density functional theory (DFT) cal-
culations with the 6-311++G(d,p) basis set. However,
Galano et al. concluded that this nonplanar transition struc-
ture is an artifact of the DFT calculations, because they
found that it has two imaginary frequencies both at the
UMP2 and the UMP4 levels of theory. In contrast, we found
TS1 to be a true transition structure (i.e., only one imagina-
ry frequency) at the UMP2 level of theory with the 6-
311+G(2df,2p) basis set.

Table 1 shows that, at all levels of theory, the relative
energy of TS1 with respect to the reactants HCOOH+ COH
is lower than that of TS2. At first sight, this result is surpris-
ing, because, as noted by Galano et al. ,[32] the short distance
between H1 and O3 in TS2
suggests a hydrogen-bond-like
interaction that should lower
the energy of this transition
structure with respect to that of
TS1. Actually, our AIM analy-
sis of the electron charge densi-
ty in TS2 revealed the presence
of a bond critical point located
between the atoms H1 and O3,
indicating that there is a bond-
ing interaction between this
atom pair. The low value of the
electron charge density (1(rb)=

0.0226 e bohr�3) and the positive value of the its Laplacian
(521(rb)=0.0808 e bohr�5) and local electronic energy densi-
ty (Ee(rb)=0.0013 hartree bohr�3) calculated for this bond
critical point (see Table S4, Supporting Information) is typi-
cally associated with interactions between closed-shell sys-
tems (e.g., hydrogen bonds). If Equation (3) were to take
place via TS2, the hydrogen-bond-like interaction would ex-
plain the lower potential energy barrier calculated for this
reaction (8.7 kcal mol�1) compared to that calculated for
Equation (5) (10.6 kcal mol�1).

Now we address the question of why the energy of TS1 is
lower than that of TS2. As in the case of the transition
structure found for Equation (5), Figure 2 shows that the
spin population in TS2 is concentrated on the oxygen atoms
between which the hydrogen atom is being transferred with
a small negative value (�0.033) on the hydrogen atom. In
contrast, the spin population in TS1 is concentrated on the
oxygen atoms O1 and O3, whereas the spin population on
atom O2 is negligible. From these results, it follows that the
triplet repulsion between the unpaired electrons centered at
the two oxygen atoms involved in the hydrogen atom trans-
fer in TS2 should be comparable to that of the transition
structure of Equation (5), while this repulsion is expected to
be negligible in TS1. Therefore, the lower energy of TS1
compared to TS2 can be mainly attributed to the lack of
triplet repulsion between the two oxygen atoms involved in
the hydrogen atom transfer in the former transition struc-
ture.

At this point one may wonder whether the high spin pop-
ulation on O1 and O3 in TS1 might cause a triplet repulsion
between these atoms. In this respect, it is worth noting that
the AIM analysis of the electron charge density in TS1 re-
vealed the presence of a bond critical point located between
the atoms O1 and O3, indicating that there is a bonding in-
teraction between this atom pair. The small electron charge
density (1(rb)=0.0482 e bohr�3) and the positive value of the
its Laplacian (521(rb)=0.1970 e bohr�5) and local electronic
energy density (Ee(rb)=0.0036 hartree bohr�3) calculated for
this bond critical point (see Table S4, Supporting Informa-
tion) suggest that O1 and O3 are weakly bonded by a non-
covalent interaction. What is the origin of this interaction?
To answer this question we inspected the natural orbitals
shown in Figure 3, which have electron occupancies of
1.9110 (bottom) and 1.0424 (top). Basically, these orbitals
are two-center O3±O1 bonding and antibonding MOs, re-

Figure 2. Selected parameters (bond lengths [ä] and angles [8]) of the
UQCISD/6-311+G(2df,2p) optimized geometry of the two transition
structures found for the acidic hydrogen atom abstraction from formic
acid by hydroxyl radical. Atomic spin populations from an AIM analysis,
calculated by the same method, are given in italics.

Figure 3. Representations of the natural orbitals having electron occupancies of 1.9110 (right) and 1.0424 (left)
in the transition structure TS1 for the acidic hydrogen atom abstraction from formic acid by hydroxyl radical.
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spectively, arising from the interaction between a lone pair
of electrons on O3 and the unpaired electron on O1. The
result of such a two-center three-electron interaction is a
weak bonding interaction between the reactants HCOOH
and COH in the transition structure TS1. Most importantly,
this interaction allows the transfer of a single electron from
O3 to O1, which leads to double occupation of the initially
singly occupied 2p-type orbital of the COH radical.

The remarkable feature of TS1 is that it is not a transition
structure of the conventional radical hydrogen abstraction
type. From a qualitative point of view, the primary changes
in bonding that occur in TS1 can be described as those illus-
trated at the top of Scheme 3, in which we have ignored the
2s-type lone pair of electrons on the oxygen atoms, which
are tightly bound; the curved arrows and semiarrows repre-
sent actual movement of electron pairs and single electrons,
respectively. According to Scheme 3, during the course of
the reaction, a proton and a single electron are transferred
simultaneously from the formic acid to the hydroxyl radical.
These electronic features indicate that the hydrogen atom
transfer through TS1 takes place by a proton-coupled elec-
tron-transfer mechanism. In contrast, the primary changes in
bonding occurring in TS2 can be described as the concerted
breaking and making of the O2�H2 and O1�H2 bonds, re-
spectively. These changes, depicted at the bottom of
Scheme 3, indicate that the hydrogen atom transfer through
TS2 takes place by the conventional radical hydrogen ab-
straction mechanism.

Intramolecular 1,4-hydrogen transfer in the peroxy radical
COOCH2OH : We found two transition structures, designated
TS3 and TS4, for the intramolecular 1,4-hydrogen transfer
in the peroxy radical COOCH2OH [Eq. (4)]. Selected geo-
metrical parameters and atomic spin populations of TS3
and TS4 are shown in Figure 4. Relative energies calculated

at different levels of theory with the 6-311+G(2df,dp) basis
set are summarized in Table 2, whereas the total energies
and ZPVEs are collected in Table S5 in the Supporting In-
formation. Calculated topological properties of the bond
critical points for these transition structures are given in

Scheme 3.

Figure 4. Selected parameters (bond lengths [ä] and angles [8]) of the
UQCISD/6-311+G(2df,2p) optimized geometries of the two transition
structures found for the intramolecular 1,4-hydrogen transfer in the
peroxy radical COOCH2OH. Atomic spin populations from an AIM anal-
ysis, calculated by the same method, are indicated in italics.
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Table S6 in the Supporting Information. Structure TS3
shows a planar cyclic structure with an electronic symmetry
state of 2A’’. This transition structure involves the simultane-
ous transfer of the hydrogen atom of the OH group to the
terminal oxygen atom of the peroxy radical COOCH2OH
and the breaking of the C1�O3 bond. Thus TS3 leads to the
concerted HO2C elimination from this peroxy radical, rather
than to the alkoxy radical HOOCH2OC. In contrast, TS4
shows a puckered cyclic structure and involves only the
transfer of the hydrogen atom of the OH group to the ter-
minal oxygen atom of the peroxy radical COOCH2OH to
give the alkoxy radical HOOCH2OC. As expected, the ge-
ometries of TS3 and TS4 are close to those found at the
CASSCF(7,6) level of theory with the 6-311G(d,p) basis set,
which we have reported previously.[33]

As shown in Table 2, at all levels of theory, the relative
energy of TS3 with respect to the reactant COOCH2OH is
lower than that of TS4. Evidently, the much higher energy
of TS4 relative to TS3 arises mainly from the larger strain
energy of the five-membered ring of the former transition
structure.[33] However, there is an additional electronic fea-
ture that increases the energy of TS4, with respect to that of
TS3, that can be traced to the atomic spin populations cal-
culated for the two structures (see Figure 4). As in the case
of the transition structure found for Equation (5), the spin
population in TS4 is concentrated on O1 and O2 with a
small negative value on the hydrogen atom being trans-
ferred (H2). In clear contrast, the spin population in TS3 is
concentrated on O1 and O3, while the spin population on
O2 and H2 is negligible. As a result, the triplet repulsion be-
tween the unpaired electrons centered at the two oxygen
atoms involved in the hydrogen atom transfer in TS4 and in
the transition structure of Equation (5) should be compara-
ble, while this repulsion is negligible in TS3. Therefore, the
lower energy of TS3 relative to TS4 can be attributed, in
part, to the lack of triplet repulsion between the two oxygen
atoms involved in the hydrogen atom transfer in TS3.

From a qualitative point of view, the primary changes in
bonding that occur in TS3 are depicted at the top of
Scheme 4. During the course of the reaction, a proton and a
single electron are transferred simultaneously from the
OCH2OH moiety to the terminal oxygen of the peroxy
group, O1. These electronic features indicate that the mech-
anism of the 1,4-hydrogen transfer in COOCH2OH leading to
the concerted HO2C elimination through TS3 is of a proton-
coupled electron-transfer type. In contrast, the primary
changes in bonding occurring in TS4 can be described as
the concerted breaking and making of the O2�H2 and O1�

H2 bonds, respectively. These changes, depicted at the
bottom of Scheme 4, indicate that TS3 can be viewed as the
transition structure of an intramolecular hydrogen abstrac-
tion of the OH group by the radical center of the terminal
oxygen, O1. As noted previously,[33] owing to the orthogo-
nality between the singly occupied 2p-type orbital of oxygen
O1 and the O�H bond in the reactant COOCH2OH, TS4
adopts a puckered ring-like structure. This allows overlap
between the 1s orbital of the hydrogen atom of the OH
group and the singly occupied 2p-type orbital of oxygen O1.

Conclusion

In this paper, we have investigated by means of quantum-
mechanical electronic-structure calculations the intermolec-
ular hydrogen atom transfer reaction HCOOH+ COH!
HCOOC+H2O and the intramolecular hydrogen-transfer re-
action COOCH2OH!HOOCH2OC. Geometric structures for
the reactants and transition states have been optimized at
the UQCISD theory level with the 6-311+G(2df,2p) basis
set. UCCSD(T) and RCCSD(T) energies were also calculat-
ed at the UQCISD-optimized geometries with the same
basis set. In both reactions, we found that the hydrogen
atom transfer can take place via two different transition
structures that correspond to different reaction mechanisms.
In each reaction, the lowest energy transition structure in-
volves a proton transfer coupled to the transfer of an elec-
tron mechanism, whereas the higher energy transition struc-
ture corresponds to the conventional radical hydrogen ab-
straction mechanism. An analysis of the atomic spin popula-
tions, obtained within the framework of the topological
theory of atoms in molecules, suggests that the triplet repul-
sion between the unpaired electrons located at the oxygen
atoms undergoing the hydrogen exchange must be much
higher in the transition structure for the radical hydrogen

Table 2. Relative energies [kcal mol�1] calculated at different levels of
theory with the 6-311+G(2df,2p) basis set[a] of the reactants and the tran-
sition structures[b] for the intramolecular 1,4-hydrogen transfer in the
peroxy radical COOCH2OH.

Species UQCISD UCCSD(T) RCCSD(T)

COOCH2OH 0.0 0.0 0.0
TS3 22.0 18.2 18.1
TS4 54.0 45.7 48.7

[a] With UQCISD/6-311+G(2df,2p) optimized geometries. [b] See
Figure 4.

Scheme 4.
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atom abstraction than in the transition structure for the
proton-coupled electron-transfer mechanism. It can be con-
cluded that, in the gas phase, hydrogen atom transfer from
hydroxylic oxygen to oxygen-centered radicals occurs prefer-
entially by a proton-coupled electron-transfer mechanism
rather than by radical hydrogen abstraction when both reac-
tion mechanisms are possible.
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