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Abstract This work is an extension of our investiga-
tion of the mechanism of the Kolbe-Schmitt reaction
of sodium 2-naphthoxide. The carboxylation reaction
of sodium 2-naphthoxide in the position 6 is ex-
amined by means of the B3LYP/LANL2DZ method.
After the initial formation of sodium 2-naphthoxide-
CO, complex, the carbon of the CO, moiety performs
an electrophilic attack on the naphthalene ring in po-
sition 8. Further transformations lead to the formation
of sodium 6-hydroxy-2-naphthoate. Our findings are
in good agreement with the experimental results on
the carboxylation reaction of sodium 2-naphthoxide.
Keywords Kolbe-Schmitt reaction; Sodium 2-naphthoxide;

Sodium 6-hydroxy-2-naphthoate; Reaction mechanism;
B3LYP/LANL2DZ.

Introduction

The Kolbe-Schmitt reaction is an important source of
numerous industrial products. Although the reaction
has been known for almost 150 years [1-9], it is a
subject of novel experimental and theoretical inves-
tigations [10-20]. The details on carboxylation re-
actions of alkali metal phenoxides [7—19] and early
investigations of the Kolbe-Schmitt reaction of sodi-
um 2-naphthoxide (1) [4—8] can be found in cited
literature, and the references given therein. Here we
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refer to the novel investigations concerning the car-
boxylation reaction of 1.

The work of Rahim, Matsui, and Kosugi has pro-
vided valuable information on the carboxylations of
various alkali and alkaline earth metal 2-naphth-
oxides [11]. It has been shown that 1 needed to
be heated above 200°C to produce a mixture of 2-
hydroxy-1-naphthoic acid and 3- and 6-hydroxy-
2-naphthoic acids. For example, in an experiment
performed at 5 MPa and 230°C, the yields of 2-hy-
droxy-1-naphthoic, 3-hydroxy-2-naphthoic, and 6-
hydroxy-2-naphthoic acids amounted to 14.5, 71.5,
and 2.5%. In spite of the low yield of 6-hydroxy-2-
naphthoic acid, it is an important product of the
Kolbe-Schmitt reaction, since a copolymerization of
4-hydroxybenzoic and 6-hydroxy-2-naphthoic acids
gives an engineering plastic of high quality [21].

In a recent study [20], the mechanism of the
carboxylation reaction of 1 in the positions 1 and 3
has been investigated by means of the B3LYP/
LANL2DZ method. It has been shown that after the
initial formation of the sodium 2-naphthoxide-CO,
complex, the carbon of the CO, moiety performed
an electrophilic attack on the naphthalene ring in
position 1. Further transformations led to the for-
mation of sodium 2-hydroxy-1-naphthoate, whereas
sodium 3-hydroxy-2-naphthoate was formed by a
1,3-rearrangement of the CO,Na group. In Ref. [20]
the formation of sodium 6-hydroxy-2-naphthoate has
not been considered. The aim of this work is to fill
this gap. Thus, we investigate the carboxylation re-
action of 1 in position 6.
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Results and discussion

Before we present our results we need to fix the
notation used in this work. Formulae numbers 2, 4,
6, 8, and 10 represent intermediates; 3, 5, 7, 9, and
11 stand for transition states; 12 denotes a free
radical, whereas 13 represents sodium 6-hydroxy-
2-naphthoate (Fig. 1).

Our calculations reveal that the carboxylation re-
action in position 6 of 1 (i.e., the formation of 13)
proceeds via five intermediates and five transition
states. The scheme of the mechanism and energetic
diagram of the reaction are presented in Fig. 1. The
values of the total energies, enthalpies, and free en-
ergies of all relevant species are given in Table 1.
The optimized geometries of all transition states in
the reaction are presented in Fig. 2, whereas the
bond lengths of all intermediates and transition states
are given in Table 2. The values of the natural bond
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Fig. 1 Mechanistic scheme and energy profile for the car-
boxylation reaction of sodium 2-naphthoxide in position 6.
1+ CO, —reactands; 2, 4, 6, 8, 10 — intermediates; 3, 5, 7, 9,
11 — transition states; 12 — free radical; 13 — product
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Table 1 Total energies (E), enthalpies (H*®), and free ener-
gies (G**®) forall participants in the investigated reaction. The
values for 1+ CO; and 2 are given in Ref. [20]

Species —FE/a.u. —H**/a.u. —G**/a.u.
3 649.0641 649.051112 649.102758
4 649.065583 649.052115 649.104725
5 649.047688 649.035011 649.085801
6 649.054701 649.041145 649.095821
7 649.002482 648.989084 649.042523
8 649.015899 649.002235 649.05685

9 648.998015 648.984655 649.037886
10 649.059649 649.046165 649.100521
11 648.970076 648.956549 649.010809
12 648.489701 648.476685 648.529776
13 649.112391 649.099127 649.151822

orbital charges for all heavy atoms of the intermedi-
ates are presented in Table 3.

Our investigation shows that the reaction of 1 with
CO, begins with the formation of the intermediate
sodium 2-naphthoxide-carbon dioxide complex 2
(diagram in Fig. 1). The formation and properties
of 2 have been described in Ref. [20]. Here we point
out that in 2 Cl1 bears strong positive charge,
whereas C1, C3, C6, C7, and C8 are partially nega-
tively charged. In addition, the greatest contribution
to the HOMO comes from the C1, C4, C5, C6, and
C8 atoms. On the basis of the natural bond orbital
charge and HOMO analyses of 2 one can assume
that the strongly electrophilic C11 can perform an
attack on a partially negatively charged carbon atom
with a great contribution to the HOMO, i.e., on C1,
C6, or C8. A reaction path in position 1 has been
examined [20]. Our calculations show that an attack
of C11 on C8 proceeds via the transition state 3 with
the formation of the intermediate 4 where sodium is
chelated with the O13 and O14 atoms (Table 1 and
Figs. 1 and 2). A significant feature of the structures
3 and 4 is that O13, Na, O14, and C11 form a bridge
between the C2 and C8 atoms. As a consequence,
the C2 and C8 atoms of 3 and 4 lie out of the plane
of the naphthalene ring by around 7 and 5°. It is
worth pointing out that an electrophilic attack of
C11 on C6 is also examined, but a reaction path
is not found. This is apparently due to the short
ionic radius of sodium, so that possible geometries
analogous to 3 and 4 (where O13, Na, O14, and
C11 form a bridge between the C2 and C6 atoms)
would require significant deformations of the naph-
thalene ring.
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Fig. 2 Optimized geometries of all transition states

Table 2 Selected distances between atoms for all intermediates, transition states, and the free radical®

Dist./nm 3 4 5 6 7 8 9 10 11 12
C5-C6 0.143 0.143 0.145 0.145 0.140 0.137 0.140 0.150 0.142 0.140
C6-C7 0.139 0.138 0.137 0.136 0.143 0.150 0.147 0.151 0.145 0.143
C7-C8 0.146 0.147 0.149 0.151 0.145 0.149 0.141 0.136 0.138 0.139
C8-C9 0.147 0.148 0.153 0.154 0.143 0.140 0.143 0.147 0.144 0.144
C9-C10 0.145 0.146 0.146 0.147 0.147 0.148 0.148 0.148 0.144 0.145
0O12-Na 0.450 0.447 0.244 0.228 0.234 0.228 0.234 0.227 0.226 0.226
0O13-Na 0.232 0.235 0.317 0.630 0.723 0.940 0.829 0.994 1.046 1.045
0O14—-Na 0.218 0.216 0.235 0.226 0.232 0.229 0.230 0.227 0.226 0.226
C8-Cl11 0.190 0.178 0.160 0.156 0.213 0.254 0.273 0.371 0.382 0.381
C7-Cl11 0.270 0.263 0.260 0.253 0.192 0.157 0.190 0.255 0.260 0.253
Co6-Cl11 0.373 0.369 0.361 0.365 0.278 0.258 0.214 0.156 0.152 0.150

% Some bond lengths do not undergo significant changes during the reaction. The C2-013, C11-012, and C11-0O14 bond
lengths amount to around 0.13 nm, whereas the C1-C2, C1-C9, C2-C3, C3-C4, C4—-C10, and C5-C10 bond lengths lie in the

interval of 0.14-0.15nm

The natural bond orbital analysis of 4 reveals a
weak single C8—C11 bond whose hybrid composi-
tion is O.76(sp5'31)cg + O.65(sp2'84)cu. The predomi-
nant p character with little s mixing in hybridization
on C8 is in agreement with the C8—C11 bond length
of 0.1781 nm. A consequence of the strong p char-
acter on C8 is that the C7—C8 and C8-C9 bonds are
elongated (Table 2) in comparison to intermediate
2 [20].

In 4 the positively charged sodium is attracted by
the negatively charged O12 and O14 (Table 3). This
attraction leads to the formation of the intermediate
6 via the transition state 5 (Table 1 and Figs. 1 and 2).
In 5 sodium is chelated with three oxygen atoms, so

that the bridge over the naphthalene ring still exists,
and the carbonyl group significantly deviates from
the plane of the naphthalene ring (by about 15°).
In 6 the link between the Na and O13 atoms is
broken, and sodium is now chelated with the O12
and O14 atoms (Fig. 1). Consequently, the planar
structure of the naphthalene ring is reestablished.
The C8—-C11 bond is completely formed, and its hy-
brid composition is 0.73(sp>**)cs + 0.68(sp" "1 1.
A significant reduction of the p character in hy-
bridization on C8 in comparison to 4 is observed
(Table 2).

The vicinity of electron rich double C6—C7 bond
in 6 indicates that the CO,Na group can rearrange



1172

Table 3 Natural bond orbital charges on heavy atoms in in-
termediates and the free radical

Atom 4 6 8 10 12

Cl —-0322 -0.262 —-0.258 —0.258 —0.156
C2 0.436 0.461 0.386 0.465 0.382
c3 —-0.263 —-0.250 —-0.153 —-0.252 —0.238
C4 -0.171  -0.182  —0.233 0.172  —0.185
Cs —-0.106 —-0.131 —-0.220 —-0.086 —0.164
Co —-0.266 —0.251 —-0.156 —0.388 —0.112
Cc7 -0.078 -0.097 -0412 -0.151 —0.187
C8 -0398 -0381 —-0.013 -0.221 —0.172
c9 0.022 0.009 —-0.101 —-0.025 —-0.073
C10 -0.092 -0.073 —-0.009 —-0.089 —0.039
013 -0.769 —-0.602 -0.706 —-0.597 —0.522
Na 0.953 0.937 0.943 0.937 0.936
Cl1 0.885 0.829 0.837 0.835 0.794
012 —-0.646 —-0.820 -0.821 —-0.827 —0.832
014 -0.824 -0.830 —-0.809 —-0.830 —0.832

from C8 to the negatively charged C6 (Table 3), and
then undergo further transformations. Our investi-
gation shows that a migration of the CO,Na group
occurs via two successive steps. In the first step the
CO,Na group rearranges from C8 to C7, thus form-
ing 8 via the transition state 7. In the second step of
the migration the CO,Na group rearranges from C7
to C6 forming the intermediate 10 via transition state
9 (Table 1 and Figs. 1 and 2).

In 7 the C8—C11 bond is being broken, where-
as the C7-C11 bond is being formed (Fig. 2 and
Table 2). The C8, C11, and C7 atoms form a three-
membered ring. The natural bond orbital analysis of
7 shows that C6, C7, and C11 form a 3-center hyper-
bond whose occupancy is 2.93, and the contributions
of the C6—C7 and C7-C11 bonds amount to 40.5
and 59.5%. This hyperbond, as well as the C7-C11
and C8-C11 distances, indicate that 7 is a late transi-
tion state. In 8 (Fig. 1 and Table 2) the C8—C11 bond
is completely broken, whereas the C7-C11 bond
is completely formed with a hybrid composition of
0.74(sp3'21)c7 +0.68(sp1'82)cn. In comparison to 6,
where C7 is sp” hybridized, there is an increase of
the p character on C7 in 8. As a consequence, C6—
C7 is now a single bond. On the other hand, the
contribution of the s orbital in hybridization on C5
and C6 is increased, so that C5—C6 becomes a dou-
ble bond.

In 9 the C7-C11 bond is being broken, whereas the
C6-C11 bond is being formed (Fig. 2 and Table 2).
Here, a three-membered ring is formed by the C6,
C7, and C11 atoms. In 10 the C7-C11 bond is
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completely broken (Fig. 1 and Table 2), and the
contribution of the p orbital in sp hybridization on
C7 is reduced (about spz). The C6-C11 bond is
completely formed, and its hybrid composition is
0.73(sp3'17)C6+O.68(sp1'72)cn. A consequence of
the predominant p character on C6 is that the C5-
C6 and C6—C7 bonds are elongated in comparison to
8. This particularly refers to C5—C6, which is now a
single bond.

In 6, 8, and 10 the aromatic structure on the C8,
C7, and C6 atoms is perturbated, and, certainly, the
CO,Na group and the corresponding hydrogen atoms
lie out of the plane of the ring. For example, the
deviations of the CO,Na group and hydrogen on
C6 in 10 amount to approximately 22°.

A possibility of formation of free radicals in the
mechanism of the Kolbe-Schmitt reaction has not
been considered until recently [19]. Taking into ac-
count the high temperatures at which the reaction is
performed, it is reasonable to expect that free radi-
cals are likely to be formed. For this reason, homo-
Iytic cleavage of the C6—H bond of 10 is examined.
Our investigation reveals a transformation of 10 to
13 via transition state 11, with an expectedly high
activation energy (Fig. 1 and Table 1).

In 11 the C6—H bond is being broken (Fig. 2 and
Table 2). As a consequence, the CO,M group slight-
ly deviates from the plane of the naphthalene ring
(about 7°). On the other hand, a deviation of C6 from
the planarity is observed (about 4°).

Figure 1 shows that 11 can transform to either 10
or 13. In the text that follows we consider which
direction for the transformation of 11 is more favor-
able. For this purpose, the hydrogen atom is abstract-
ed from 11, and the so-obtained free radical 12 is
optimized (Fig. 1 and Table 1).

The natural bond orbital analysis of 12 shows that
C6 is approximately sp> hybridized. In comparison
to 10, there is an increase of the contribution of the s
orbitals in hybridization on C6. For this reason the
free radical becomes planar, and the C5-C6, C6-C7,
and C6—C11 bonds are shortened (Table 2). The nat-
ural bond orbital analysis reveals five double bonds
in 12: C3-C4, C5-C6, C7-C8, C1-C9, and C2-
O13. It is worth pointing out that single C—C bonds
are shorter than ordinary single bonds, whereas dou-
ble bonds are longer than ordinary C-C and C-O
double bonds (Table 2). This is in agreement with an
analysis of resonance structures of 12 which shows
that 12 can be presented with two major resonance
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Fig. 3 Spin density surface of the free radical 12

structures (12a and 12b in Fig. 1). In the resonance
structure 12a the unpaired electron is located on
013, whereas in the resonance structure 12b the
unpaired electron is located on C1. The resonance
weightings in the equilibrium geometry of 12 are 30
and 20% for the structures 12a and 12b. In addition,
the spin density surface of 12 (Fig. 3) shows that the
spin density is delocalized over the C1, C3, C6, CS8,
C10, and O13 atoms. This is in accord with the nat-
ural bond orbital analysis which shows that the nat-
ural spin density values of the C1, C3, C6, C8, C10,
and O13 atoms amount to 0.408, 0.087, 0.159, 0.150,
0.136, and 0.448, whereas the values of all other
atoms are very close to zero. On the basis of all these
facts it can be concluded, that O13 is the most fa-
vorable site of 12 for binding the hydrogen atom.
This binding leads to the formation of 13. A binding
of the hydrogen atom to Cl1 is also plausible, but this
binding leads to the formation of a structure whose
G**® is by 29.9kJ/mol higher than that of 13.

Table 1 and Fig. 1 show that the carboxylation
reaction of 1 in position 6 is exothermic. Using the
free energies, the activation energies for all steps of
the reaction are calculated. The activation barriers
for the formation of 5 and 9 are relatively low: 52.3
and 49.8 kJ/mol. Higher activation energies are re-
quired for the formation of 3 and 7 (114.0 and
139.9kJ/mol). The rate determining step, ie., the
homolytic cleavage of the C6—H bond requires an
expectedly high activation energy of 235.5kJ/mol.
This high activation barrier is in agreement with the
experimental conditions for the Kolbe-Schmitt reac-
tion [8, 11, 12]. It is also in accord with the values
for the energies of activation of similar homolytic
cleavages, observed in the carboxylation reactions
of alkali metal phenoxides [19].

In comparison to the carboxylation reactions of 1
in positions 1 and 3 [20], the pathway in position 6 is
energetically far less favorable. The activation ener-
gy for the formation of 3 (Fig. 1) is by 77.6 kJ/mol
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higher than that for the formation of the correspond-
ing intermediate 3 in Ref. [20]. The energy barrier of
the rate determining step (i.e., the formation of 11) is
by 8.2 kJ/mol higher than that for the formation of 7
in Ref. [20]. Finally, G**® of 11 is by 47.5kJ/mol
higher than G**® of 11 in Ref. [20]. All these find-
ings indicate that (in spite of high temperatures at
which the Kolbe-Schmitt reaction is performed) 13
will be present in the reaction mixture at very low
yield. This is in good accord with the experimental
results on the carboxylation reaction of 1 [8, 11, 12].

Methods

To provide the compatibility of the results of this work with
the findings of our previous investigation [20], we use the
same computational methods. Thus, geometrical parameters
of all stationary points and transition states for the carboxyla-
tion reaction of 1 in position 6 are optimized in vacuum, at
the B3LYP/LANL2DZ level of theory [22-24], using the
GAUSSIANO9S program package [25]. The vibrational analy-
sis and the natural bond orbital analysis are performed for all
structures [26, 27]. All the fully optimized transition state
structures are confirmed by the existence of a sole imaginary
frequency, whereas the optimized intermediate structures pos-
sess only real frequencies. From the transition state structures,
the intrinsic reaction coordinates (IRCs) are obtained, and the
free energies are maximized along these paths.
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