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The 1,3-intramolecular hydrogen transfer in the HSCH(O)h (S)CHOH and HSNOh SNOH reactions is
studied through density functional theory calculations. The reaction force together with structural and electronic
properties is monitored along the reaction path to characterize the mechanism of hydrogen transfer. It is
found that in both reactions the hydrogen transfer is activated by the structural rearrangement of the backbone
atoms that allow the electrostatic interactions to promote the hydrogen transfer in a stepwise mechanism.

1. Introduction

Hydrogen bonds are attractive weak interactions between a
polar bond, usually CH, NH, OH, or SH, and a polar neighboring
atom bearing a negative charge.1-4 Hydrogen transfer may thus
occur between the donor atom (D) that is bonded to the
hydrogen (D-H) and a near neighbor acceptor atom (A) that
is hydrogen bonded with theD-H moiety.5-9 In this paper, a
study of the hydrogen-transfer reactionD-H‚‚‚A f D ‚‚‚H-
A, whereD andA are oxygen and sulfur atoms, is presented.
The main goal of this work is to characterize the mechanism of
hydrogen transfer in HSCH(O)h (S)CHOH (R1) and HSNO
f SNOH (R2), as shown in Figure 1.

Characterization of the mechanisms that activate the intramo-
lecular hydrogen transfer can be achieved by monitoring the
energy and the reaction force profiles during the process; their
critical points along the reaction coordinate help identify the
different mechanisms that operate during the transfer. The
energy profile along a reaction path not only gives information
about kinetics and thermodynamics properties of the reaction
but also about the reaction mechanism.10,11Part of this informa-
tion can be obtained from the reaction force profile, the
derivative of the energy profile, and the simultaneous analysis
of structural and electronic properties such as bond distances
and angles, electronic populations and dipole moments. The
profile of the reaction force leads to the definition of different
regions along the reaction coordinate10-13 in which different
reaction mechanisms might be operating. To each of these
regions there are associated specific amounts of work that are
calculated by integrating the force profile within the specific
region, this allows the quantification of the energy cost of each
step of the reaction.

This paper is organized as follows: in section 2 we present
the conceptual frame that characterizes the different regions
along the reaction coordinate. Section 3 is devoted to the

computational details, and in section 4, we present and discuss
the results; section 5 contains our concluding remarks.

2. Energy and Force Profiles

A chemical reaction occurs through the simultaneous change
of different geometrical parameters in a multidimensional space.
This multidimensional motion is condensed toω, the intrinsic
reaction coordinate (IRC), such that the energy profile along
ω, E(ω), is the lowest energy path relaying reactants to products.
Numerical differentiation ofE(ω) leads to the Hellmann-
Feynman reaction force10,12,13

This is a global property of the reaction that contains all the
information concerning the specific interactions that drive the
reaction from reactants to products, although in most cases this
information is hardly available since the multidimensional
reaction coordinate is yet unknown. However,F(ω) provides
the elements to characterize the different reaction mechanisms
that might be operating along the reaction coordinate. As the
derivative of the energy profile,F(ω) present two critical points,

* Author to whom correspondence may be addressed. E-mail:
atola@puc.cl.

† Universidad de Talca.
‡ Pontificia Universidad Cato´lica de Chile.
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Figure 1. Sketch of the HSCH(O)h (S)CHOH (R1) and HSNOh
SNOH (R2) hydrogen-transfer reactions.
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atω1 andω2; these points are the inflection points of the energy
profile and define different regions alongω where different kind
of processes take place, see Figure 2.

The reactants region is defined within the interval-∞ e ω
e ω1, where the chemical species are expected to present most
characteristics of the reactants and begin to be activated to reach
the transition state (TS) region. The TS region is defined within
the intervalω1 < ω < ω2, in this region the chemical species
define their unique TS structure to pursuing the reaction. Finally
the product region is defined within the intervalω2 e ω e ∞
where the system relaxes to reach the product. The first step of
the reaction requires an amount of workW1 ) - ∫-∞

ω1F(ω)
dω, necessary to bring the donor and acceptor atoms as close
as possible to each other to activate the hydrogen transfer.11,13

The work that is necessary to reach the TS fromω1 is W2 ) -
∫ω1

0 F(ω) dω, which is usually smaller thanW1.11-13 Note that
W1 + W2 is equal to the energy barrier∆E*.

3. Computational Details

Calculations along the reaction coordinate were performed
at the B3LYP/6-311G** level of theory.14,15The reaction path
followed by the hydrogen atom from the donor atom to the
acceptor atom passing by the transition state always lied in the
molecular plane. The profiles of energy, force, bond distances
and angles as well as Mulliken populations and dipole moments
were obtained through single-point calculations on the previ-
ously optimized geometries given by the IRC procedure.16 All
calculations were performed using theGaussian 98/03pack-
ages.17,18

4. Results and Discussion

4.1. Energy and Force Profiles.The energy and force
profiles along the intrinsic reaction coordinate ofR1 and R2

are shown in Figure 2, and the energetic parameters are
displayed in Table 1. It is remarkable that the values of∆E°
associated with theR2 reaction are about five times those of
R1. Both reactions are endoenergetic, indicating that the oxygen
atom makes a stronger hydrogen bond in the reactant structure
than does the sulfur in the product. On the other hand, since
the barriers for the hydrogen transfer of the direct reactions are
higher than that of the reverse reactions, the donor-acceptor
couple sulfur-oxygen of the reactants is not as good as the
oxygen-sulfur couple of the reverse reactions. In fact, it is well-
known that oxygen is a better hydrogen acceptor and a worse
hydrogen donor than sulfur; barrier heights seems to say the
contrary. However, since the energy barriers take into account
different specific interactions that are activated at different steps
as the reaction goes by, they are not only determined by the
relative hydrogen donor-acceptor power of sulfur and oxygen
atoms but also by contributions associated to the initial structural
rearrangement necessary to activate the hydrogen transfer. Once
the transfer is activated by the structural motion, the donor and
acceptor capabilities of the involved atoms start to play a role
to achieve the transfer.

Also displayed in Figure 2 are the reaction forces associated
to both reactions. The minimum and maximum of the force
profiles are indicated by the vertical dashed lines that are also
displayed in the profiles of energy and forthcoming properties.
The regions defined by aF(ω) are specific regions in which
different steps of the reaction mechanism operates; at the
reactant region, the backbone structural rearrangement activate
the reaction, and the work required for this process that brings
the donor and acceptor atoms closer to each other isW1 ) -
∫-∞

ω1 F(ω) dω. From ω1, the work necessary to reach the
transition state isW2 ) - ∫ω1

0 F(ω) dω. Note that during the
activation process occurring within the whole interval-∞ e
ω e 0 the energy of the system increases and therefore the
work is positive and it is assumed to be done on the system by
the surroundings. In this way, a quantitative approach to the
reaction mechanism is obtained through the analysis of the
reaction force profiles. The values ofW1 andW2 (W1 + W2 )
∆E*) are displayed in Table 1, it is interesting to note that these
quantities forR1 and R2 are quite close, thus stressing the
similarity of both reactions.

Within the reactant region, the donor and acceptor power of
the atoms are not playing an important role to promote the
hydrogen transfer; it is only at the TS region where the power
of the donor and acceptor atoms drives the hydrogenic motion,
note that in both reactions the energy barrier involved only in
this step, i.e., fromω1 to 0, is smaller than the one associated
to the reverse reaction thus confirming the expected result:
oxygen is a better hydrogen acceptor than sulfur. The barrier
when going fromω2 to 0 in the reverse reactions shows that
oxygen is a worse hydrogen donor than sulfur because the OH
bond is stronger than the SH bond. These results are in
agreement with what is expected from chemical grounds.

It is interesting to note that in the two cases the overall
reaction is determined by the first step in which the backbone

Figure 2. Relative energy (in kcal/mol) and chemical force profiles
(in kcal/mol‚ω) of R1 andR2. The dashed vertical lines indicate the
limits of the different regions identified along the reaction coordinate.

TABLE 1: DFT/B3LYP//6-311G** Reaction Energy (∆E°),
Energy Barrier ( ∆E*), Work Performed by the System
during the Structural Rearrangement (W1), and the Work
Necessary to Bring the Hydrogen at the Transition State
(W2) for the Two Hydrogen Transfers R1 and R2 (All
Values Are in kcal/mol)

reaction ∆E° ∆E* W1 W2

HSCH(O)h (S)CHOH (R1) 1.43 32.75 22.35 10.40
HSNOh SNOH (R2) 6.99 33.48 22.72 10.76
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motion brings the donor and acceptor atoms near to each other
in order to allow the subsequent hydrogen transfer. In other
words, the transfer is activated if and only if the donor and
acceptor atoms arrange themselves to be in the right position
to promote the transfer. The energy needed to produce this
structural rearrangement isW1, and it is quite similar in both
reactions. TheW3 ) - ∫0

ω2F(ω) dω andW4 ) - ∫∞ω2F(ω)
dω may be used in a similar way to interpret the reverse reaction.

4.2. Structural Rearrangement.When comparing the evolu-
tion alongω of the backbone bond distances and angles that
are displayed in Figure 3, we note quite similar trends in both
reactions. The bond distances CO (R1) and NO (R2) increase
monotonically, whereas the bond distances CS (R1) and NS
(R2) decrease monotonically when going from reactants to
products. This is due in the first case (CO and NO) to the loss
of double-bond character and in the second case (CS and NS)
to the gain of double-bond character. The overall small changes
of the backbone bond distances alongω indicate that these are
quite inactive modes in promoting the hydrogen transfer.

On the other hand, when analyzing the evolution of the SCO
angle inR1 and the SNO angle inR2, it becomes evident that
these are the reactive modes that activate the hydrogen transfer.
In the reactant regions, these angles decrease drastically allowing
the donor and acceptor atoms to get closer to each other thus
activating the transfer; the energetic cost associated isW1 and
in both reactions is about 22 kcal/ mol, see Table 1. Within the
TS region, the bond angles change slightly to allow the
hydrogenic motion, then at the product region the structural
relaxation causes them to increase sharply to reach the equi-
librium value of the product molecule. The relatively small
variation of the SNO angle inR2 with respect to SCO inR1
indicates that the system involved inR2 is somewhat more rigid
than the one involved inR1.

Figure 4 displays the variation of the distancesD-H and
H-A between the donor (S) and acceptor (O) atoms with the

hydrogen being transferred along the reaction coordinate inR1
and R2, respectively. Note that the H-A distances decrease
monotonically from reactants to the product region’s limit at
ω2, thereafter they remain constant. Interestingly in the reactant
region theD-H distance remains practically constant, therefore
the shortening of the H-A distance is basically due to the
decrease in the backbone bond angles and not to the motion of
the hydrogen itself. Clearly the hydrogenic motion practically
starts atω1 and ceases inω2.

4.3. Bond Electronic Populations.The precedent discussion
indicates that activation and relaxation processes should be
characterized by specific interactions; these can be identified
through the simultaneous analysis of the reaction force and local
electronic populations.11-13 Profiles of specific Mulliken’s bond
populations (Fbond) along the reaction coordinate are shown in
Figure 5.

Note that at the reactant and product regions ofR1 all
populations remain quite constant, but when they enter the TS
region, they vary sharply, drastically changing their values. The
most noticeable changes of the population associated to bonds
of the donor and acceptor atoms with the adjacent carbon (CO
and CS) occur at the vicinity ofω1. The CO and CS bond
populations cross each other at the TS, indicating that a
maximum electronic delocalization is reached at this point.
Clearly delocalization is not required to activate the structural
rearrangement; it shows up only when the hydrogenic motion
is well advanced. On the other hand, it is interesting to notice
that CO and CS electronic populations are closer to each other
in the product region than in the reactant region, indicating that
in some extent delocalization is stabilizing the product molecule
in R1 thus leading to a quite small∆E° value, as shown in
Table 1.

At the reactant and product regions ofR2, all bond popula-
tions are quite constant except the NS population that, at the

Figure 3. Backbone bond distances and angles profiles (in angstroms
and degrees) ofR1 andR2.

Figure 4. Profiles of the distances (in angstroms) between the moving
hydrogen and the donor and acceptor atoms.

Figure 5. Profiles of the backbone bond populations involving the
donor and acceptor atoms inR1 andR2. All values are in au.
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reactant region, increases, indicating some extent of hypercon-
jugation along the SNO unit probably involving the lone pairs
of the three atoms, this is in agreement with the already observed
rigidity of the SNO group inR2 in comparison with SCO of
R1. Moreover, in contrast toR1, the difference between the
NO and NS populations is smaller in the reactant region than
in the product one, here the electronic delocalization seems to
be stabilizing the reactant molecule. The opposite behavior of
delocalization inR1 andR2 may explain the large difference
between the reaction energies. Again the NO and NS populations
cross each other at the TS region, indicating that the TS structure
is characterized by the highest degree of delocalization among
the backbone atoms.

In summary, when the hydrogen is transferred, after that the
structural rearrangement process take place,FD-H decreases,
whereasFD-A increases. The overall change of the bond
populations of donor and acceptor atoms with the adjacent
nitrogen inR2 is smaller than the changes observed in the CO
and CS populations ofR1. This indicates thatR1 occurs with
a larger redistribution of the electronic density thanR2.

4.4. Dipole Moment.Figure 6 shows the evolution of the
dipole moment (DM) that reflects the internal charge separation
during the hydrogen transfer. In general, both reactions present
a similar trend with a sharp minimum at the TS. InR1, the
backbone motion that occurs in the reactant region leaves the
DM quite constant, helped by the small electronic density
reordering observed in this region. The maximum change of
DM observed in the reactant region is quite small, about 0.2 D,
indicating again that the structural rearrangement is not produc-
ing noticeable changes in the electronic density; this is in
agreement with the already discussed behavior of bond popula-
tions. In the product region, the DM is a little larger than in the
reactant region, basically due to the structural differences
between the two systems. The minimum at the TS is consistent
with the maximum electronic delocalization indicated in Figure
5 by the crossing of the CS and CO populations.

At the reactant region ofR2, the rearrangement of the
backbone structure produces a monotonic increase of the dipole
moment by about 0.6 D to reach a maximum atω1. Then it
goes down at the transition state region reaching a minimum at
the TS, in agreement with the maximum electronic delocaliza-
tion observed in the analysis of electronic populations. In the
product region, the structural relaxation drives the DM to its
final maximum value as the product structure is attained.

5. Concluding Remarks

In light of the above results, one may speculate that these
hydrogen transfers proceed roughly as follows: the initial phase
for both reactions is essentially a structural rearrangement driven

by a bending motion of theDXA angle (X) C in R1 and X)
N in R2) that bring the donor and acceptor atoms as close
together as possible. At a certain pointω1, when the structural
rearrangement practically ceases, the growing attraction of the
proton to the electronic charge of the acceptor drives the
hydrogen transfer. Eventually the process arrives at a pointω2

corresponding basically to a stretched H-A with a bent
backbone structure; thereafter the driving force toward the
equilibrium product structure decreases as the bond becomes
shorter and bending angle becomes larger to finally reach the
products of the reactions.
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Figure 6. Profiles of the dipole moments (in Debye) ofR1 andR2.
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