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Abstract

G2(+) level molecular orbital calculations have been carried out for the identity nucleophilic substitution at saturated
oxygen, X− + HOX → HOX + X− (X = F, Cl, Br, I). A comparison with data for the analogous reactions at saturated
nitrogen, X− + NH2X → NH2X + X−, and at saturated carbon, X− + CH3X → CH3X + X−, indicate that the substitution
reaction at saturated oxygen proceeds via a classic SN2 pathway. The calculated intrinsic barriers�H

�=
cent for substitution at

oxygen are found to be much higher than the corresponding barriers for substitution at carbon and nitrogen, decreasing in the
order F(106.3 kJ/mol) > Cl(92.5 kJ/mol) > Br(70.3 kJ/mol) > I(58.6 kJ/mol). Stabilization energies of the ion–molecule
complexes decrease in the order F(187.9 kJ/mol) > Cl(97.5 kJ/mol) > Br(81.2 kJ/mol) > I(66.5 kJ/mol), that are also
significantly higher than the corresponding values at carbon and nitrogen, and correlate well with the halogen electronegativ-
ities. The overall barriers relative to the reactants (�H

�=
ovr) are negative for all halogens F(−81.7 kJ/mol), Cl(−5.1 kJ/mol),

Br(−10.7 kJ/mol), I(−8.1 kJ/mol). These trend is similar to that for the analogous reaction at nitrogen, but contrasts to that
for the reactions at carbon where the�H

�=
ovr are negative only for X= F. (Int J Mass Spectrom 220 (2002) 1–10)

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The nucleophilic substitution reaction is a funda-
mental reaction which has played an important role
in the development of modern physical chemistry
[1]. Most theoretical and experimental investigations
have been devoted to substitution at carbon atoms
[2–7]. Recently interest has grown in substitution
at non-stereogenic atoms—nitrogen[8–11], sulfur
[12–15], oxygen[16,17], silicon [18–23] and phos-
phorus[24–28]. The paucity of studies of nucleophilic
substitution at neutral oxygen[16,17] has stimu-
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lated our computational investigations of this kind of
reaction.

Here, we report our high level ab initio calculations
on nucleophilic substitution reactions at saturated oxy-
gen in the gas phase. In particular, we investigate the
reaction profile and the mechanism for identity nucle-
ophilic reaction and compare the energy profiles with
analogous reactions at saturated nitrogen and carbon
atom.

2. Methods

Energy profiles for nucleophilic substitution reac-
tions are very sensitive to the level of theory employed
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[29–33]. The G2(+) theory introduced by Radom and
co-workers had been used successfully in theoreti-
cal studies of nucleophilic reactions at neutral carbon
[3–5] and nitrogen[10] and appeared to be able re-
produce quite well the experimental available data.
In this paper we applied this method to the identity
nucleophilic reactions at oxygen listed in following
Eqs. (1)–(4):

F− + HOF → FOH+ F− (1)

Cl− + HOCl → HOCl + Cl− (2)

Br− + HOBr → HOBr + Br− (3)

I− + HOI → HOI + I− (4)

All calculations were performed with the GAUSSIAN-98
package[34]. All electron (AE) calculation were
done for first- and second-row atoms, while Wadt
and Hay effective core potential (ECP)[35] were
used for bromine and iodine—species, referred to as
G2(+)-ECP. Full details of the basis set and proce-
dures were presented elsewhere[36].

All reactant, ion–molecular complexes and tran-
sition state structures for reactions 1–4 were com-
pletely optimized at the HF/6-31+G(d) level first and
re-optimized by MP2/6-31+G(d) with the frozen-core
approximation. The nature of all optimized struc-
ture was determined using frequencies analysis at
the HF/6-31+G(d) level. Charge distribution were
obtained from the wave functions calculated at the
MP2/6-311G(3df,2p) level on MP2/6-31+G(d) ge-
ometries, employing natural population analysis
(NPA) [37–41]. Enthalpies at 298 K were derived us-
ing HF/6-31+G(d) harmonic frequencies scale by a
factor of 0.8929[42] and standard statistical thermo-
dynamics formulas.

Throughout this paper, bond lengths are in
angstroms, and bond angles are in degrees. Relative
energies correspond to enthalpy changes at 0 K [�H
(0 K)] or 298 K [�H (298 K)].

G2(+) total energies at 0 and 298 K of all species
involved in reactions 1–4 are listed inTable 1.

Table 1
Calculated total energy (a.u.) for all species involved in the identity
reaction X− with HOX at 0 and 298 K

Species G2(+) (0 K) G2(+) (298 K)

F− −99.760599 −99.758239
HOF −175.353358 −175.335683
F−· · · HOF −275.185532 −275.167655
[F−· · · HO· · · F]−�= −275.145064 −275.126623

Cl− −459.808996 −459.80664
HOCl −535.408543 −535.391786
Cl−· · · HOCl −995.254637 −995.235052
[Cl−· · · HO· · · Cl]−�= −995.219470 −995.201751

Br− −13.229281 −13.226921
HOBr −88.831103 −88.814764
Br−· · · HOBr− −102.09127 −102.07204
[Br−· · · HO· · · Br]−�= −102.06447 −102.04697

I− −11.446856 −11.444496
HOI −87.057936 −87.041898
I−· · · HOI −98.530183 −98.511149
[I−· · · HO· · · I]−�= −98.507859 −98.490501

3. Results and discussion

Our results show that the complete energy pro-
file for gas-phase nucleophilic substitution at oxy-
gen is described by a double-well potential curve
(Fig. 1), analogues to those at carbon and nitrogen.
The reaction involves an initial formation of a reac-
tant ion–molecule complex1, with a complexation
energy �Hcom relative to the separated reactants.
This complex must then overcome central activa-
tion barrier�H

�=
cent to reach a symmetrical transition

structure2. The latter then breaks down to give the
product ion–molecule complex1′, finally dissoci-
ates into the separated products. The overall acti-
vation barrier relative to the separated reactants is
denoted�H

�=
ovr.
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Fig. 1. Schematic potential energy surface for reactions 1–4.

3.1. Hypohalous acids HOX

The geometries of the hypohalous acids HOX are
given inTable 2. Comparison of the calculated results
for HOX (X = F, Cl, Br, I) with experimental struc-
tural data[43] shows reasonable agreement. The theo-
retical O–X bond lengths differ from the experimental
values by up to 0.035 Å (for HOBr) while the largest
deviation for the H–O bond lengths is 0.021 Å (for
HOI). The calculated∠H–O–X angles differ from ex-
perimental values by up to 2.9◦. The largest relative

Table 2
Geometrical parameters for reactants HOX (X= F, Cl, Br, I) at
the MP2/6-31+G(d) level

Species Level r(H–O) r(O–X) ∠(H–O–X)

HOF MP2/6-31+G(d) 0.981 1.454 97.3
Exptl. [43] 0.966 1.442 96.8

HOCl MP2/6-31+G(d) 0.968 1.718 103.5
Exptl. [43] 0.964 1.689 103.0

HOBr MP2/6-31+G(d)- 0.981 1.869 103.3
ECP
Exptl. [43] 0.961 1.834 102.3

HOI MP2/6-32+G(d)- 0.981 2.019 105.3
ECP
Exptl. [43] 0.960 1.959– 102.4

1.995

error in all the theoretical values is less than 3%. The
theoretical bond lengths of O–H in HOX are about
0.98 Å and the lengths of O–X bond increase consid-
erably from HOF (1.454 Å) to HOI (2.019 Å).

NPA [44] shows that F atom in HOF bears a nega-
tive charge, and the X atoms in HOX (Cl, Br, I) bear
a positive charge. The charge on the hydrogen atom
changes modestly, the charge on the hydrogen atom in
HOF being less positive than in other HOX. The neg-
ative charge on oxygen increases considerably from
HOF to HOI.

3.2. Ion–molecule complexes

There are two conformers for the ion–molecule
complexes. The first conformer takes the form of the
halide anion complexing to the HOX through the
hydrogen, whereas in the second conformation, the
halide anion is in complexation through the halogen
of HOX to form a so-called “X-philic” pre-reaction
complex (HOX· · · X−). For the Br−· · · HOBr species,
Flowers and Francisco found that the minimum en-
ergy structure involves complexation with the hy-
drogen of the hypohalous acid. The total energy of
Br−· · · HOBr is lower than Br−· · · BrOH by about
7.5 kJ/mol [45]. Therefore, X-philic complexes are
not considered here.
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Table 3
Geometrical parameters for ion–molecule complexes at the
MP2/6-31+G(d) level in the identity reaction of X− with HOX and
relative elongation of the O–H bond (%O–H) due to complexation

Species r(X–H) r(H–O) r(O–X) ∠(H–O–X) %(O–H)

F−· · · HOF 1.212 1.173 1.474 101.0 19.6
Cl−· · · HOCl 1.961 1.026 1.708 104.6 4.7
Br−· · · HOBr 2.180 1.028 1.854 104.3 3.8
I−· · · HOI 2.421 1.011 2.001 105.3 3.1

3.2.1. Geometries
The calculated geometries of the complexes are pre-

sented inTable 3. The geometries of the HOX moi-
eties in the X−· · · HOX species differ from those of
the unperturbed HOX molecules. The main changes
are the elongation of the H–O bonds in the complex.
The extent of elongation of the O–H bond can be mea-
sured by the parameter %O–H defined by theEq. (5),
wherercomp(O–H) andrreact(O–H) are the O–H bond
lengths in the ion–molecule complex1 and in the re-
actant HOX molecule, respectively,

%O–H= 100[rcomp(O–H) − r react(O–H)]

r react(O–H)
(5)

The %O–H values are direct proportional to the cor-
responding complexation energies�Hcomp. There is
a well defined linear relationship between %O–H and
the�Hcomp in X−· · · HOX (R2 = 0.977,Fig. 2).

Fig. 2. Plot of G2(+) complexation energy (�Hcomp, 0 K) of the
ion–molecular complex1 vs. the extent of elongation for bond
O–H, denoted as %O–H.�Hcomp values are listed inTable 5,
%O–H values are listed inTable 3.

Fig. 3. Plot of G2(+) complexation energy (�Hcomp, 0 K) of the
ion–molecular complex1 vs. the Mulliken electronegativities (in
Pauling units, taken from[46]). �Hcomp values are listed inTable 5.

3.2.2. Complexation energies
G2(+) complexation energies (�Hcomp) for

X−· · · HOX are presented inTable 5with correspond-
ing values for the X−· · · CH3X and X−· · · NH2X
complexes at the same level.

Our calculated complexation energies for X−· · ·
HOX are greater than the corresponding�Hcomp in
X−· · · CH3X [3] and X−· · · NH2X [10]. This may
be attributed to the greater electronegativity of oxy-
gen atom in HOX, which renders the O–H group a
more effective proton donor, leading to significant
X· · · H–O hydrogen bonding in the X−· · · HOX com-
plexes. The complexation energies for X−· · · HOX
(X = F, Cl, Br, I) are found to decrease in
the order, F(187.9 kJ/mol) > Cl(97.5 kJ/mol) >

Br(81.2 kJ/mol > I(66.5 kJ/mol), which is also con-
sistent with the basicity order in gas phase (F− >

Cl− > Br− > I−).
The complexation energies for X−· · · HOX (X =

F, Cl, Br, I) show a good linear correlation with the
halogen electronegativities using the Mulliken (R2 =
0.986), Pauling (R2 = 0.986) or Allred-Rochow
(R2 = 0.986) scale[46]. The correlation with the
Mulliken scale is shown inFig. 3. These correlation
for the X−· · · HOX (X = F, Cl, Br, I) complexes are
analogous to those found for X−· · · NH2X [10] and
X−· · · CH3X [3], although the complexation energies
are much larger for X−· · · HOX than for the corre-
sponding X−· · · NH2X and X−· · · CH3X. The larger
complexation energies for X−· · · HOX are consis-
tent with the higher electronegativity of oxygen atom
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Table 4
Geometrical parameters for transition state at the MP2/6-31+
G(d) level in the identity reaction of X− with HOX and relative
elongation of the O–X bond (%O–X�=)

r(H–O) r(O–X) ∠(H–O–X) %(O–X�=)

[F· · · H· · · OF]−�= 0.968 1.766 84.4 9.8
[Cl· · · HO· · · Cl]−�= 0.979 2.109 89.4 23.5
[Br· · · HO· · · Br]−�= 0.984 2.237 91.0 20.7
[I · · · HO· · · I]−�= 0.989 2.381 94.4 19.0

in HOX, which renders the O–H group more effec-
tive proton donor, leading to significant X−· · · H–O
hydrogen bonding in X−· · · HOX.

3.3. Transition state structures and barrier heights

G2(+) values for the central barriers�H
�=
cent

and overall barriers�H
�=
ovr relative to separated

reactants are included inTable 5. Geometries of
the C2V transition state structures are presented
in Table 4.

3.3.1. Geometries
The TS structures at the G2(+) level of theory are

found to have C2V symmetry for [X· · · HO· · · X]−�=

(X = F, Cl, Br, I) similar to the transition structures
[X · · · NH2· · · X]−�= [10] in the reaction X− + NH2X.
The O–H bond lengths in the C2V transition struc-
tures are found to be similar in magnitude, increasing
marginally from 0.968 Å (2a) to 0.989 Å (2d). This
behavior is similar to that of the N–H bond lengths in
the C2V transition structures for substitution at nitro-
gen[10] and the C–H bond lengths in the D3h transi-
tion structures for substitution at carbon[3].

The main geometric feature in the transition struc-
ture is the elongation of the O–X bond relative to the
ion–molecular complex. For SN2 reactions at carbon
[3] and nitrogen[10], the “looseness” of the transition
state at the G2(+) level decreases in the order Cl>

F > Br > I. The question arise whether this pattern
exists between�H

�=
cent of the oxygen species and tran-

sition state geometries inTable 4. We can readily char-
acterize the looseness of the C2V [X · · · HO· · · X]−�=

transition structures by a parameter %O–X�=: in a

similar way to that proposed by Shaik et al.[2]:

%O–X�= = 100[r �=(O–X) − rcomp(O–X)]

rcomp(O–X)
(6)

where r �=(O–X) and rcomp(O–X) are the O–X bond
lengths in the transition structure2 and ion–molecular
complex1, respectively. We find that %O–X�= value
for different X are close to one another and decrease
in the order Cl> Br > F > I.

3.3.2. Barriers
Calculated central barriers�H

�=
cent for the iden-

tity reactions X− + HOX → HOX + X− (X =
F, Cl, Br, I) at the G2(+) level lie within a
large range of about 48 kJ/mol, decreasing in
the order F(106.3 kJ/mol) > Cl(92.5 kJ/mol) >

Br(70.3 kJ/mol) > I(58.6 kcal/mol) at 0 K, which is
significantly greater than corresponding barrier range
in X− + H2NX → H2NX + X− (X = F, Cl, Br, I)
(∼19 kJ/mol) and in X− + CH3X → CH3X + X−

(X = F, Cl, Br, I) (∼13 kJ/mol)[10] (Table 5). The
barrier heights�H

�=
cent found in a smaller range for

the X− + CH3X reaction[3] can be explained by the
fact that transition states involves the simultaneous
making and breaking of the same bond. In the reaction
X− +NH2X, a similar reactivity pattern is reproduced
[10] even though the barrier range (48.8±9.7 kJ/mol)
at nitrogen is greater than the corresponding range at
carbon (48.4± 7.1 kJ/mol). But this reactivity pattern
breaks down for reaction X− + HOX → HOX + X−,
whose barrier heights�H

�=
cent lie within a range of

47 kJ/mol (82.4 ± 23.8 kJ/mol). It seems that the
barrier heights for halide exchange at oxygen are in-
fluenced by the nature of both the central atom and
the halogen family.

The G2(+) overall barriers�H
�=
ovr for X− + HOX

are all negative analogous to the corresponding val-
ues for nitrogen, but in contrast to those for substi-
tution at carbon[10] (Table 5), which are negative
only for F, positive for X = Cl, Br and I [3], al-
though general trends in the barrier patterns are
similar (Table 5). The lower overall barrier are con-
sistent with the larger complexation energies for
X− + HOX. Fluorine has the largest complexation
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Table 5
Complexation energies (�Hcomp) of the ion–molecule complexes, over all barrier heights relative to reactants (�H

�=
ovr) and central barriers

(�H
�=
cent) for X− + HOX → HOX + X− reaction (kJ/mol)

X �Hcomp �H
�=
ovr �H

�=
cent

O Na Cb O Na Cb O Na Cb

F 187.9 114.0 56.5 −81.7 −55.8 −8.0 106.3 58.2 48.5
191.0 57.1 −85.1 −11.0 105.9 46.1

Cl 97.5 67.8 44.0 −5.1 −9.3 11.5 92.5 58.5 55.5
99.8 43.7 −7.2 9.8 92.7 53.5

Br 81.2 58.4 41.5 −10.7 −13.7 5.8 70.3 44.7 46.9
83.1 40.0 −12.3 4.5 70.8 45.0

I 66.5 50.0 36.0 −8.1 −10.8 6.5 58.6 39.1 42.5
68.3 35.3 −9.4 5.5 58.9 40.8

Calculated energies at 298 K are given in bold.
a Values are corresponding energies for X− + NH2X → NH2X + X−(G2(+)).
b Values are corresponding energies for X− + CH3X → CH3X + X−(G2(+)).

energy (187.9 kJ/mol), which correlate with the low-
est overall barrier (−81.7 kJ/mol). To our best knowl-
edge, there is no experimental data available for the
reactions X− + HOX. Our theoretical studies suggest
that gas-phase nucleophilic substitution reactions at
neutral oxygen are energetically facile. However, it is
possible that a following competitive proton transfer
reaction may be favored:

X− + HOX → HX + OX− (7)

It has previously been found[43] that hypofluorous
acid HOF is a slighter stronger acid than HF. Our
G2(+) calculated reaction enthalpy predicts that the
gas phase F− + HOF → HF + OF− reaction is
exothermic, which means that deprotonation of HOF
can compete significantly with SN2 displacement.
The other hyperhalous acids HOX are weaker than
the corresponding hydrohalic acids HX (X= Cl,
Br, I). Our calculation show that the X− + HOX →

Table 6
Enthalpies of reactions X− + HOX → HX + OX− (kJ/mol)

�H (0 K) �H (298 K) �H (298 K), exptl. [47]

F− + HOF → HF + OF− −44.9 −43.5 −37.8
Cl− + HOCl → HCl + OCl− 89.7 91.2 93.0
Br− + HOBr → HBr + OBr− 129.2 130.7 125.5
I− + HOI → HI + OI− 154.8 156.1 165.0

HX + OX− (X = Cl, Br, I) reaction are endotherrnic,
which suggest that the deprotonation of these HOX
are energetically unfavorable.Table 6 summarizes
the calculated enthalpies for deprotonation reactions
(Eq. (7)) at 0 and 298 K along with the corresponding
experimental values at 298 K.

3.3.3. Charge distribution
Charge distributions in the transition state structures

[X · · · HO· · · X]−�= reveal a substantial positive charge
on the OH moiety only for X= F [44]. This sug-
gest a significant contribution of the triple ion valence
bond configuration F−(OH)+F− in 2a, similar to that
found in the analogous reactions at nitrogen and car-
bon. This mixing of the triple ion configuration may be
responsible for the stabilization of the transition state,
leading to the lower�H

�=
ovr for X = F. For the other

halogens Cl and Br, the charges on the OH moiety are
almost zero. For X= I, the negative charge of the OH
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moiety, as well as the smaller negative charge on the
iodine atom (q ≈ −0.4e) suggest that VB configura-
tion X(OH)−X may override a reduced contribution
of X−(OH)+X−.

3.4. Correlation of ∆H
�=
cent with energetic and

geometrical characteristics of the transition state

There has been considerable discussion in the liter-
ature as to what factors might influence the barrier
heights in gas-phase SN2 reaction [3,5,10]. Here,
we will briefly discuss our computational date for
substitution at oxygen. We will seek the relationship
between the central barrier and the geometrical and
energetic characteristics of the transition state for
substitution at oxygen, and check whether the reac-
tions for substitution at oxygen show similar pattern
of behavior to substitution at nitrogen and carbon.

3.4.1. Correlation of central barriers with reactant
properties

In the previous study, a reasonable linear correlation
was found between the central barrier at carbon and
the gas-phase ionization energy value of X−, IE(X−),
(R2 = 0.857)[3], there is also a similar linear correla-
tion at nitrogen (R2 = 0.896)[10]. For the X−+HOX
reaction such a correlation breaks down for F (Fig. 4),
but there is still a definite linear correlation for Cl–I

Fig. 4. Plot of G2(+) central barriers (�Hcent, 0 K) for substitution
at oxygen vs. G2(+) gas-phase ionization energies of X−(IE(X−)).
G2(+) values of IE(X−) are taken fromTable 7, �Hcent values
are listed inTable 5.

Fig. 5. Plot of G2(+) central barriers (�Hcent, 0 K) for reactions
1–4 vs. G2(+) proton affinities of X−(PA(X−)). G2(+) values of
PA(X−) are taken fromTable 7, �Hcent values are listed inTable 5.

(R2 = 0.964). Radom and coworkers found no linear
correlation between the central barrier values and the
proton affinity of X−, PA(X−), for halide substitution
at carbon and nitrogen[3,10], but a reasonable corre-
lation relation between the central barrier and PA(X−)
value exist for substitution at oxygen in our calcula-
tions (R2 = 0.8442,Fig. 5).

We also checked whether there is a correlation
between the central barrier and O–H dissociation en-
ergiesDO–X in HOX. For substitution at carbon and
nitrogen it was found that correlation between central
barriers and bond dissociation energiesDC–X, DN–X

fails for X = F, respectively. We found here that
the correlation of central barrier at oxygen with the
DO–X bond dissociation energies in HOX also fails
for X = F (Fig. 6).

Fig. 6. Plot of G2(+) central barriers (�Hcent, 0 K) for reactions
1–4 vs. G2(+) dissociation energies of the O–X bond in HOX
(DO–X). DO–X values are taken fromTable 8.
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Table 7
Calculated G2(+) and experimental gas-phase proton affinity and ionization energies of X−

X PA(X−) (kJ/mol) IE(X−) (eV)

G2(+), 0 K G2(+), 298 K Exptl. [47] G2(+), 0 K Exptl. [47]

F 1547.0 1550.7 1554.8 3.477 3.401
Cl 1394.6 1398.3 1395.0 3.602 3.614
Br 1352.7 1356.4 1353.5 3.293 3.364
I 1319.6 1323.3 1315.0 2.969 3.059

The calculated PA(X−) and IE(X−) are listed in
Table 7. The dissociation energiesDO–X are presented
in Table 8.

3.4.2. Correlation of central barriers with the
geometries of transition state

It was reported at the G2(+) level that there was
a reasonable correlation between the central barrier
and looseness of MP2 transition structure geometries
for all halide substitution at carbon (R2 = 0.939) [3]
and at nitrogen (R2 = 0.887)[10]. Our G2(+) results
show that such a correlation is well for substitution at
oxygen for X= Cl, Br, I (R2 = 0.999), but fails for
X = F (Fig. 7).

Thermodynamic looseness may be expressed by an
index,T �=, analogous to that proposed by Shaik et al.
[2] for substitution at carbon:

T �= = Eb(TS)

DO–X
(8)

In Eq. (8), Eb(TS) is the binding energy of the transi-
tion state, defined by the following equation:

Eb(TS) = E[X · · · HO · · · X]−�= − E(X•)
− E(HO•) − E(X−) (9)

Table 8
Calculated G2(+) values of binding energies of transition structure
Eb(TS) dissociation energies (DO–X, 0 K) of the O–X bond in
HO–X and the thermochemical looseness indexT �=

X Eb(TS) DO–X T �=

F 282.9 201.2 1.41
Cl 236.2 231.1 1.02
Br 218.0 207.3 1.05
I 208.4 200.3 1.04

Fig. 7. Plot of G2(+) central barriers (�Hcent, 0 K) for reactions
1–4 vs. the central barrier geometric looseness index (%O–X�=,
seeEq. (6)). The G2(+) values of %O–X are presented inTable 4.

In the present study, we find no correlation between
T �= and �H

�=
cent, T �= and %O–X. These results are

similar to those found for substitution at carbon and
nitrogen[3,10].

In above discussion, we find the fluorine behaves
in many respects different than the other halo-
gens. This phenomena may imply the deprotonation
(Eq. (7), X = F) instead of displacement reaction
(Eq. (1)) is perhaps the best “candidate” for obser-
vation in the gas phase, as judged from energetic
consideration (Table 6).

4. Conclusions

The identity exchange reaction at the saturated oxy-
gen atom X− + HOX → HOX + X− were investi-
gated at the G2(+) level of ab initio theory, leading to
following conclusions:

1. The energy profile for the gas-phase reactions
is described by a double-well curve which is a
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classical SN2 mechanism. The following pathway
for the model reaction is established:

X− + HOX → X− · · · HOX

→ [X · · · HO · · · X]−�=

→ XOH · · · X− → HOX + X−

2. Central barrier energies�H
�=
cent for substitution at

oxygen for X= F ∼ I spans a range of 47.7 kJ/mol,
much larger than the range of 19.4 kJ/mol for
substitution at nitrogen and 13.0 kJ/mol for sub-
stitution at carbon. The barriers decrease in the
order F(106.3 kJ/mol) > Cl(92.5 kJ/mol) >

Br(70.3 kJ/mol) > I(58.6 kJ/mol). �H
�=
cent for

substitution at oxygen are significantly higher than
that for substitution at nitrogen and carbon, which
indicates that the central barrier heights are signif-
icantly affected by the nature of central atom and
the atom undergoing attack.

3. The overall barrier�H
�=
ovr for X− + HOX →

HOX + X− are negative for all halogens that is
similar to the corresponding values for nitrogen,
but in contrast with those for carbon, where the
barrier �H

�=
ovr is negative only for F. Our results

suggest that nucleophilic substitution reaction at
oxygen are likely to be relatively facile process
in the gas phase and will take place more readily
than at carbon.

4. Complexation energies�Hcomp decrease in the
order F(187.9 kJ/mol) > Cl(97.5 kJ/mol) >

Br(81.2 kJ/mol) > I(66.5 kJ/mol). These values
are larger than those found for the correspond-
ing nitrogen complexes and carbon complexes.
The complexation energies of the X−· · · HOX
complexes are found to correlate with halo-
gen electronegativity and the elongation para-
meter %O–H.

5. The correlation between G2(+) central barrier
for substitution at oxygen with the geometrical
looseness of the transition state breaks down for F.
There is no correlation between the central barrier
and thermodynamical looseness. The central bar-
riers correlate reasonably with the proton affinity
PA(X−).
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