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The [H2, C2, O2]+ potential energy surface was explored through the use of G2 high-level ab initio calculations.
The global minimum can be viewed as the result of inserting the C+ monocation into the CdO bond of
formic acid. However, the products of the C+ + HCOOH reactions do not arise from the unimolecular
decomposition of this species, but from the structures that correspond to the attachment of C+ either to the
carbonyl oxygen atom or to the OH group of the neutral. Both attachment processes are almost equally
exothermic and yield HCO+, HCO•, and COH• as dominant products. This is in agreement with the fact that
HCO+ is the sole product molecular ion detected in this reaction. The unimolecular decomposition of the
global minimum would yield, as the dominant product, the HCOH+ cation, which is not experimentally
observed. This is consistent with our results, which show that this process cannot compete with the previous
ones. The two functional groups present in formic acid perturb each other to a significant extent, and C+ +
formic acid reactions present some interesting peculiarities with respect to C+ + formaldehyde and C+ +
methanol reactions. Significant differences are also observed with respect to the analogous Si+ reactions.

Introduction

In the last few years our group has been interested in the
study of gas-phase reactions involving open-shell monocations.1

These processes are quite often a challenge for the theory, since
the treatment of open-shell systems may present complications
that are not usually found when dealing with closed-shell
species.1,2 The reactions involving C+(2P) ions are particularly
interesting because many of them are involved in the formation
of new species in the interstellar space, where Si+(2P) is also a
relatively abundant species.3,4 This moved us to undertake a
systematic study of different reactions involving these two
monocations and different neutral systems. In previous work
we have found that there are significant differences in the
reactivity of C+ and Si+. In fact, we have shown that while the
most stable molecular ion when Si+ interacts with formaldehyde1i

corresponds to the adduct of the monocation to the carbonyl
oxygen, in the formaldehyde-C+ interactions1j the global
minimum of the potential energy surface (PES) corresponds to
the insertion of the monocation into the CdO bond of the
neutral. On the other hand, the global minimum of the
methanol-Si+ PES1k corresponds to the insertion of the
monocation into the C-OH bond of the neutral while that of
the methanol-C+ PES1i corresponds to a H2ĊsCHOH+ distonic
ion. Also, interestingly, in silanol-C+ interactions the insertion
of C+ into the OH linkage is more favorable than the insertion
into the SisOH bond.1k

These differences in gas-phase reactivities are also reflected
in significant dissimilarities in the corresponding charge dis-
tributions. Actually, we have found that while the adduct of
Si+ to the CdO bond of formaldehyde (H2ĊdOSi+) is a distonic
ion,1i the adduct of C+ (H2CdOC+) is not,1j and vice versa,
while the insertion of Si+ into the CdO bond of formaldehyde
yields a nondistonic (H2CsSisO+) ion, the insertion of C+

yields a distonic one (H2ĊsCsO+).
There are also significant differences in the binding energies

depending on the functional group to which the monocation is

attached. Actually, the attachment of Si+ to the hydroxyl group
of methanol1k was predicted to be 8.0 kcal/mol less exothermic
than its attachment to the carbonyl group of formaldehyde; but
when both functional groups coincide in the same neutral, as
in formic acid,1m the gap between the estimated binding energies
becomes more than twice as large. One obvious question will
be if something similar is expected for formic acid-C+

reactions. To answer this question as well as to offer plausible
mechanisms for the formation of the experimentally observed
products,5 we have explored, in this paper, the PES associated
with such a reaction through the use of high-level ab initio
techniques.

Computational Details

The [H2, C2, O2]+ doublet PES has been explored through
the use of the G2 theory.6 The G2 theory is a composite
procedure based on the 6-311G(d,p) basis set and several basis
extensions, where electron correlation effects are treated at the
MP4 and QCISD(T) levels of theory. The final energies are
effectively at the QCISD(T)/6-311+G(3df,2p) level, assuming
that basis set effects on the correlation energies are additive. A
small empirical correction (HLC) to accommodate remaining
deficiencies is finally added as well as the corresponding zero
point energy (ZPE) correction, estimated at the HF/6-31G* level.
The reader is addressed to ref 6 for a complete description of
this method. Also, recently, an assessment of the G2 theory for
the computation of enthalpies of formation has been published.7

Although in the standard G2 procedure the harmonic vibrational
frequencies are evaluated at the HF/6-31G* level, in our case
they have been obtained at the MP2(full)/6-31G* level and the
corresponding ZPE corrections were scaled by the empirical
factor 0.9646.8 All these calculations have been carried out using
the Gaussian-949 series of programs.

The interaction of C+(2P) with formic acid leads to a drastic
reorganization of the charge distribution of the whole system,
which has been analyzed in terms of the atoms in molecules
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(AIM) theory of Bader.10 The AIM theory is based on a
topological analysis of the electron charge density,F(r ), and
its Laplacian,∇2F(r ). More specifically, we have located the
so-called bond critical points (bcps), i.e., points whereF(r ) is
minimum along the bond path and maximum in the other two
directions. In general, the values ofF and∇2F at these points
provide useful information on the bonding characteristics of the
system.

Since as mentioned above, electron correlation effects are
crucial for the systems under study, this population analysis was
performed at the MP2 level using the AIMPAC11 series of
programs.

Results and Discussion

The optimized geometries of the different minima located in
the [H2, C2, O2]+ PES are given in Figure 1. The different
minima were numbered in decreasing stability order. When a
given isomer presents several conformations, these were dis-
tinguished by adding a, b, c, ... to the number that designates
the isomer. Their total and relative energies are summarized in
Table 1. This table also includes the〈S2〉 expectation values for
all the species investigated, just to show that in no case is the
spin contamination of the unrestricted wave function signifi-
cant.

Structures. It can be observed that the global minimum of
the PES,1a, corresponds to the insertion of C+ into the CdO
bond of the neutral. The insertion of C+ into the OsH bond of
the formic acid results in a large activation of the CsOH
linkage, which practically dissociates, yielding species3a,b,
which can be viewed as tightly bound complexes between
COH+ and COH•. Species2a,b, which are slightly more stable

than the previous ones, can be viewed as the result of a different
rearrangement of the same two interacting moieties. It is also
worth noting that species2a,b can alternatively be envisaged
as the radical cation of dioxetane.

The insertion of the C+ monocation into the C-OH bond
yields species5a-c, while the insertion into the C-H bonds
apparently leads to the formation of a COC three-membered
ring (6a,b). However, an inspection of the topology of the
electron charge density of these structures shows that there is
no bond critical point between the CH group and the oxygen
atom, and therefore the CH is only bonded to the other carbon
atom. Consistently, these structures are distonic, the unpaired
electron being associated with the CH carbon while the positive
charge is located on the carbonyl carbon.

The attachment of C+ to the carbonyl oxygen atom yields
structures8a-d, which lie quite high in energy with respect to
the insertion into the bond, which, as we mentioned above, is
the global minimum of the PES. It is worth mentioning that
structures8 are clearly distonic since the unpaired electron is
located at the terminal carbon atom, and the positive charge is
mainly on the central carbon atom. The attachment of the C+

monocation to the OH group yields, apparently, two kinds of
structures, namely,7a-c and 9. It is important to emphasize
that this interaction implies a large activation of the C-OH
bond, which practically dissociates. In principle, one may
consider that the only difference between structures7 and9 is,
as in the case of species2 and3, the different rearrangements
of the two interacting moieties. However, an inspection of their
charge distributions reveals that they present completely different
electronic configurations. In species7 the unpaired electron
appears associated with the HCO moiety, while the COH subunit

Figure 1. MP2(full)/6-31G* optimized geometries of the local minima of the [H2, C2, O2]+ PES. Bond lengths are in Ångstroms, and bond angles
are in degrees.
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supports most of the positive charge of the system. In contrast,
in species9 the positive charge is located on the HCO moiety
while the unpaired electron is associated with the COH subunit.
On the other hand, if one takes into account that the energy of
the COH+ + HCO• noninteracting systems is 3.7 kcal/mol lower
than that of COH• + HCO+, it is reasonable to expect species
7 to be more stable than species9. All this would imply, in
principle, that the attachment of C+ to the OH group can lead
to two alternative heterolytic dissociations of the C-OH bond,
depending in which moiety retains the bonding electron pair.
When the bonding pair remains associated with the COH moiety,
the products are COH• + HCO+, and when they remain
associated with the HCO subunit, the dissociation would yield
COH+ + HCO•. However, when a C+ is approached to the OH
group of the formic acid only structure9 is formed. Furthermore,
any attempt to optimize structure9 by approaching COH+ and
HCO• failed. Hence, we must conclude that the attachment of
C+ to the hydroxyl group of formic acid yields exclusively
structure9 and, as we shall discuss later, species7 can be only
generated from structure8a through an appropriate hydrogen
transfer mechanism.

It is also interesting to note the existence of structures4a,b,
which correspond to weakly bound complexes between carbon
monoxide and the two isomers of the HCOH+ molecular ion.
These species are quite stable, reflecting the large stability of
the CO molecule, and in principle could be the result of the
dissociation of the C-OC bond of species8. However, as we
shall discuss in forthcoming sections, it is not easy to establish
reaction mechanisms connecting both structures.

Relative Stabilities. Formic Acid Reactions vs Formalde-
hyde and Methanol Reactions.As we have mentioned in the
introduction, one of the goals of our study was to compare the
C+ reactivity, with respect to a typical bidendate base as
formic acid, with that exhibited by formaldehyde and methanol,
where only one of the basic functional groups is present. For
the sake of conciseness we are going to focus our attention on
the reactions of attachment of C+ to the CdO and the OH
groups and the insertion of C+ into the CdO and the C-OH
bonds.

It is apparent from Figure 2 that the insertion of C+ into the
CdO bond of formic acid is less exothermic than its insertion
into the CdO bond of formaldehyde. This reflects the stabiliza-
tion of the carbonyl group by OH substitution. As has been
shown by Wiberg et al.,12 electronegative substituents signifi-
cantly stabilize the CdO function, and therefore one should
expect the insertion into the CdO bond to be less favorable,
from the energetic point of view, in formic acid than in
formaldehyde. This is also consistent with the fact that the
charge density at the CdO bond critical point is sizably larger
in formic acid (0.408 au) than in formaldehyde (0.395 au).

Addition of C+ to the carbonyl group is also less exothermic
in formic acid than in formaldehyde. This could be anticipated
in terms of the smaller intrinsic basicity of this group when the
hydrogen atom of formaldehyde is substituted by an electron-
withdrawing OH group. Nevertheless, it is important to note
that the basicity dampening of the carbonyl group dominates
with respect to the reinforcement of the bond. Accordingly,
while the energy gap between the insertion and the addition
mechanisms is about 64 kcal/mol in formaldehyde, it becomes
about 74 kcal/mol in formic acid.

Attachment of C+ to the OH group as well as its insertion
into the CsOH linkage are also less exothermic than analogous
processes in methanol The reasons are similar to those invoked
above when discussing the addition and the insertion mecha-
nisms to the CdO bond. The CsOH linkage becomes reinforced
on going from methanol to formic acid, while the intrinsic
basicity of the OH group decreases. However, in this case the
first effect dominates and we found that the energy gap between
insertion and addition mechanisms, which for methanol is about
70 kcal/mol, for formic acid is only about 29 kcal/mol.

It can also be observed that while the insertion of C+ into
the CdO bond of formaldehyde is about 11 kcal/mol more
exothermic than its insertion into the CsOH bond of methanol,
in formic acid the energy gap between both processes (46.5
kcal/mol) increases dramatically.

The relative intrinsic basicities of the carbonyl and the
hydroxyl groups are also affected when both functional groups
coincide in the same system. As shown in Figure 2, attachment
of C+ to the OH group of methanol is 18 kcal/mol less
exothermic than addition to the CdO group of formaldehyde.
However, in formic acid both attachment reactions are almost
equally exothermic.

Comparison of C+ vs Si+. We have considered it also of
interest to compare the reactivity of C+ with that of Si+ when
they interact with the same neutrals. The first important
difference, as illustrated in Figure 2, is that in formic acid+
Si+ reactions1m the addition of the monocation to the carbonyl
oxygen is more exothermic than its insertion into the CdO bond,
but more importantly, its insertion into the CsOH linkage is
the most favorable process, leading to the global minimum of
the PES. This is consistent, as shown in the same figure, with
the fact that for Si+ reactions, the insertion of the monocation

TABLE 1: Total G2 Energies (hartrees) and Relative
Energies (kcal/mol) to the Global Minimum and the Value of
〈S2〉

species E (G2) ∆E 〈S2〉
1a -227.16652 0.0 0.790
1b -227.16181 2.9 0.790
2a -227.12954 23.2 0.840
2b -227.12324 27.2 0.837
3a -227.12382 26.8 0.763
3b -227.12265 27.5 0.764
4a -227.11056 35.1 0.759
4b -227.10516 38.5 0.774
5a -227.09589 44.3 0.765
5b -227.09403 45.6 0.763
5c -227.09231 46.6 0.765
6a -227.09500 44.9 0.799
6b -227.09465 45.1 0.803
7a -227.05894 67.5 0.763
7b -227.05588 69.4 0.764
7c -227.05554 69.6 0.788
8a -227.04762 74.6 0.761
8b -227.04551 75.9 0.759
8c -227.04517 76.1 0.764
8d -227.04498 76.3 0.760
9 -227.04667 75.2 0.761
TS4a1a -227.10564 38.2 0.759
TS8a9 -226.98193 115.8 0.767
TS1a5c -227.04866 74.0 0.811
TS1b2a -227.06007 66.8 0.832
TS1a1b -227.15060 10.0 0.791
TS8d3a -227.04167 78.3 0.761
TS8c9 -226.98751 112.3 0.772
TS8a7b -226.98613 113.2 0.771
TS8a8d -227.04240 77.9 0.763
HCOOH -189.51647
HCO• -113.69870
COH• -113.63127
HCO+ -113.40344
COH+ -113.34174
HCOH•+ -113.92649
CO -113.17779
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into the CsOH bond of methanol is more exothermic than its
addition to the CdO group of formaldehyde.

Similarly to what was discussed above for C+ reactions, the
addition and insertion mechanisms in Si+ + formic acid
reactions are systematically less exothermic than the corre-
sponding process associated with Si+ + formaldehyde and Si+

+ methanol reactions. There are, however, some quantitative
differences when the intrinsic basicities of carbonyl and hydroxyl
groups are considered. For both C+ and Si+ the addition to the

carbonyl group of formaldehyde is more exothermic than the
addition to the hydroxyl group of methanol, but the energy gap
is more than twice as large for C+ (18.6 kcal/mol) as for Si+

(8.0 kcal/mol). On the other hand, while this gap almost
disappears in formic acid+ C+ reactions (0.6 kcal/mol), in
formic acid+ Si+ reactions it increases significantly (17.5 kcal/
mol).

Energy Profile of the Formic Acid + C+ Reaction. The
energy profile of the reaction between C+ and formic acid is

Figure 2. Energetics of the addition and insertion processes into the CdO and the C-OH bonds of formaldehyde, methanol, and formic acid in
reactions with C+(2P) and Si+(2P). The global minimum of each reaction has been framed within a rectangle.
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Figure 3. Energy profile of the C+(2P) + formic acid reactions. Relative energies (in kcal/mol) referred to the global minimum.
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presented in Figure 3. The structures of the different transition
states that connect the different minima are given in Figure 4,
and their energies, in Table 1.

It is reasonable to expect that the first step in the reaction
between formic acid and C+ in the gas phase would be the
attachment of the monocation either to the carbonyl oxygen atom
(to yield species8a-d) or to the hydroxyl oxygen (to yield
species9). Since, as we have mentioned above, the first process
is only slightly more favorable than the second one, the
mechanisms with origins in species8 and 9 are likely to be
equally significant.

As we have discussed in previous sections, the attachment
of C+ to the OH group of formic acid leads to a C-OH bond

fission, so that species9 is an ion-dipole complex between
HCO+ and COH that lies 7.5 kcal/mol below the noninteracting
products (mechanism I in Figure 3). On the other hand, species
9 can be alternatively formed from species8c by a carbon
transfer process through the transition stateTS8c9(mechanism
II). A 1,3 hydrogen process through theTS8a9transition state
would also connect species8awith structure9 (mechanism III).
All these mechanisms that involve as the final step the direct
dissociation of structure9 would yield HCO+ + COH• as
products of the reaction.

A fourth alternative mechanism (IV in Figure 3) is associated
with the 1,3H transfer that connects structures8aand7b through
the TS8a7b transient species. As we have mentioned above,

Figure 4. Optimized structures of the transition states located in the [H2, C2, O2]+ PES. Bond lengths are in in Ångstroms, and bond angles are
in degrees.
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species7b, which is a COH+‚‚‚HCO• ion-dipole complex, will
eventually dissociate into the two interacting subunits.

As illustrated in Figure 3, once the8a adduct is formed, its
evolution through an internal rotation of the OC group to yield
the8d conformer requires a low-energy barrier (mechanism V).
A subsequent 1,4H transfer through theTS8d3atransition state
would yield structure3a, which lies much lower in energy and
which would eventually dissociate into HCO+ + HCO•, which
are the experimentally5 observed products for this reaction.

It is evident from the values of the barriers shown in Figure
3, that mechanisms II, III, and IV cannot compete with
mechanisms I and V. It is also apparent that mechanism V is
the most favorable one, since it originates from the most stable
adduct and implies the lowest activation barriers. This is in nice
agreement with the experimental results that found HCO+ +
HCO• as the only products of the reaction. Our results predict,
however, that attachment of C+ to the hydroxyl group of formic
acid is only 0.6 kcal/mol less favorable than attachment to the
carbonyl group, and that this attachment induces a direct
dissociation of the system into HCO+ and COH•. Therefore,
we must conclude that the formation of COH• as a product of
the reaction cannot be discarded, although in both mechanisms
(I and V) the cationic species formed (HCO+) is the same. Also
in agreement with the experimental evidence, no formation of
COH+ cation should be expected due to the large activation
barrier associated with mechanism IV.

Unimolecular Reactivity of the Global Minimum. It can
be observed that the energy profile described above does not
include the global minimum of the [H2, C2, O2]+ PES,1a. In
fact it is difficult to envisage a mechanism that would easily
connect the adducts to the carbonyl or to the OH groups of
formic acid with the insertion of the monocation into the CdO
bond. Apparently, the most suitable mechanism would be one
connecting the adducts to the carbonyl group (8a-d) with the
complexes4a,b, through the cleavage of the CsOC bond and
subsequent reorientation of the CO molecule. However, we were
not able to locate the transition state for this process using the
standard procedures. In view of these difficulties we studied

the potential energy corresponding to this bond cleavage by fully
optimizing the structure of the8a molecular ion for different
CsOC distances. The results of this scan have been plotted in
Figure 5. It can be seen that the curve presents a sharp maximum
for a CsOC distance of 1.580 Å. However, the structure
corresponding to this maximum is not a transition state but a
saddle point of second order. One of its imaginary frequencies
(886i cm-1) corresponds indeed to the stretching of the CsOC
bond, which is being dissociated, but there is another imaginary
frequency (85i cm-1) associated with the flipping of the HCOH+

moiety. Actually, it can be observed that while in structure8a
the HCOH and the CO subunits are coplanar, in species4 the
CO molecule is almost perpendicular to the HCOH plane. The
conclusion is that the curve shown in Figure 5 corresponds to
the superposition of two potential energy curves, which do not
intersect because they lie on different potential energy surfaces.
In other words, there are two different states for the same Cs
OC distance, one in which the CO fragment lies in the same
plane of the HCOH moiety, and another in which it lies in a
perpendicular plane. Hence, we must conclude that the CsOC
distance is not the unique reaction coordinate connecting
structures8a and4a.

In any case it is important to emphasize that this second-
order saddle point lies about 18 kcal/mol above the adduct8a.
This value is much higher than the energetic barriers associated
with mechanisms I and V, and therefore the formation of the
global minimum from the adducts of C+ to formic acid cannot
compete with the unimolecular dissociation of these adducts
into HCO• + HCO+. This is consistent with the fact that
experimentally the HCOH+ cation has not been detected as a
product of the C+ + HCOOH reaction, although it should be
the dominant product of the unimolecular decomposition of the
global minimum1a. As shown in Figure 6, species1a may
evolve through theTS4a1a transition state to yield structure
4a, which would eventually dissociate into CO+ HCOH+

(mechanism A). A 1,2H shift connects also the global minimum
with species5c (mechanism B) , which would dissociate into
HCO• + COH+. Alternatively, the isomerization1a-1b, implies

Figure 5. Potential energy curve associated with the lengthening of the C-OC bond of species8a. For each value of the reaction coordinate the
remaining geometrical parameters were fully optimized at the MP2(full)/6-31G* level.
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a low-barrier OH internal rotation. Once the species1b is
formed, a 1,3H shift, involving theTS1b2a transient species,
would yield structure2a, which dissociates into HCO+ + HCO•

(mechanism C). Since the barriers involved in mechanisms B
and C are very high as compared with those involved in
mechanism A, this must be the dominant process, leading to
the loss of CO. The fact that no loss of CO has been
experimentally observed ratifies that the formation of the global
minimum1a, from species8, cannot compete with the reactive
channel V leading to HCO• + HCO+ as dominant products.

It is also worth noting from Figure 6 that the reaction COH+

+ HCO• would yield HCOH+ + CO, through the formation of
species5c and 1a. However, a similar process in which the
COH+ ion is replaced by HCO+ would not occur in the gas
phase because, as shown in the same figure, the2a-1b
isomerization barrier lies higher in energy than the entrance
channel.

Heats of Formation. From our G2 calculations good
estimates of the heats of formation of the ionic products of C+

+ formic acid reactions can be obtained. For this purpose we
have considered the following processes:

The enthalpies of formation of species HCO+, COH+, and
HCOH+ can be deduced when the G2 enthalpies of reactions

1-3 are combined with the experimental enthalpies of formation
of HCOOH, HCO•, CO, and C+ taken from ref 13. The
estimated heat of formation for HCO+ is 199.2 kcal/mol, which
is in good agreement with the experimental value (197.3 kcal/
mol). For COH+ our estimate (238.1 kcal/mol) is close to a
reported value of 230 kcal/mol deduced from correlation with
the oxygen 1s binding energy. The heat of formation predicted
for HCOH+ is 234.5 kcal/mol. For this system no values have
been reported in the literature so far, but we are confident in
the reliability of this value in view of the nice agreement found
between our theoretical estimate and the experimental value for
the particular case of HCO+.

Conclusions

The most stable species of the [H2, C2, O2]+ PES is the
structure1a, which can be viewed as the result of inserting the
C+ monocation into the CdO bond of formic acid. However,
the products of the C+ + HCOOH reactions do not arise from
the unimolecular decomposition of this species but from the
structures that correspond to the attachment of C+ either to the
carbonyl oxygen atom or to the OH group of the neutral. Since
both attachment processes are almost equally exothermic, the
dominant products should be HCO+, HCO•, and COH•. This is
in agreement with the fact that HCO+ is the sole product
molecular ion detected in this reaction.

The unimolecular decomposition of the global minimum
would yield, as the dominant product, HCOH+ cation, which
is not experimentally observed. This is consistent with our
results, which show that the isomerization from the carbonyl
oxygen adduct8a toward the global minimum1a cannot
compete with the unimolecular decomposition of8a into HCO+

+ HCO•.

Figure 6. Energy profile corresponding to the unimolecular decomposition of the global minimum1a of the [H2, C2, O2]+ PES. Relative energies
in kcal/mol.

C+ + HCOOHf HCO+ + HCO•

∆H°298 ) -130.6 kcal/mol (1)

C+ + HCOOHf COH+ + HCO•

∆H°298 ) -91.7 kcal/mol (2)

C+ + HCOOHf HCOH+ + CO
∆H°298 ) -132.4 kcal/mol (3)
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The two functional groups present in formic acid perturb each
other to a significant extent, and the attachment of C+ to both
the carbonyl group or the hydroxyl group is less exothermic
than the analogous processes in formaldehyde and methanol.
A similar conclusion applies to the insertion mechanisms into
the CdO or the CsOH bonds. The most important consequence
of these changes is that while the insertion of C+ into the CdO
bond of formaldehyde is about 11 kcal/mol more exothermic
than its insertion into the CsOH of methanol, in formic acid
the gap between both process widens significantly (46.5 kcal/
mol). On the other hand, while the attachment of C+ to the OH
group of methanol is 18 kcal/mol less exothermic than its
addition to the CdO group of formaldehyde, in formic acid
both processes are almost equally exothermic.

Significant differences are also observed with respect to Si+

reactions. In formic acid+ Si+ reactions the insertion of the
monocation into the CsOH linkage is the most favorable
process, rather than the insertion into the CdO bond, which in
turn is less favorable than the addition to the carbonyl oxygen
atom.
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Chem.1993, 97, 10659. (l) Gonzalez, A. I.; Ya´ñez, M. Chem. Phys. Lett.
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