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Abstract

Phenolic resins are widely used as moulding plastics, coatings, industrial bondings and
ablative materials. An essential reaction step for preparing phenolic resins is aromatic
electrophilic substitution. However, the current understanding of this reaction mechanism is
kind of too general, making them not able to explain some phenomena such as highly
exothermic characteristic of the early reaction stage between phenol and aldehyde under acid
catalysis, and how attacking species form when the reaction begins. We studied the detailed
catalytic mechanism by quantum mechanics. A new hydrogen-bond (H-bond) catalytic
mechanism is suggested. It reveals that the essence of the acid catalytic mechanism is
electrophile activation through hydrogen-bonding, and the substrate-catalyst complex formed
through an H-bond is the attacking species. Besides, the study discloses that oxalate anion
takes part in the reaction through bonding with arenium ion.The thermodynamic and kinetic
characters based on this mechanism are quite different from the current theories.
Keywords: H-Bond Catalytic Mechanism; Aromatic Electrophilic ~ Substitution;

Computational chemistry



Introduction

Phenolic resins have broad applications such as moulding plastics, coatings, industrial
bondings and ablative materials.!> Thermoplastic phenolic resins are synthesized by the
reaction of phenol with formaldehyde in an acidic medium. It is a strong exothermic reaction
at the beginning of the process.” The large amount of heat is thought to result from the
aromatic electrophilic substitution, which is usually called addition-elimination process as
shown in Figure 1. However, there is no reasonable explanation for the strong exothermic
phenomenon based on the mostly accepted mechanism. According to this mechanism, an
arenium ion firstly forms in an endothermic step, which is thought to be the rate determining
step. Next is deprotonation, and it is faster than the first one.* There is no sign that a lot of
heat is released in this step. In spite of its broad acceptance, the essential reaction to produce

phenolic resin has not been sufficiently studied.

G-y +h*

reaction coordinate —»

Figure 1. Potential energy diagram of the classical mechanism of aromatic electrophilic

substitution.

Some experimental studies on phenolic resin preparation focused on the kinetics of

substitution (namely addition) and condensation reactions in alkaline medium, including



reaction rate constant and reaction order.””’ However, the details for every step cannot be
obtained by experimental methods.

Computational chemistry is especially important for elucidating mechanisms of chemical
reactions.®1? Aromatic electrophilic substitution is also one of the objects of computational
chemistry. 315 As a research mothod, it gives new thoughts on it. '8 Hill and Conner
studied the reactivity of phenolic compounds with formaldehyde under basic conditions.!'® %
But computational studies on the reaction under acidic condition are very few.2! % It is
generally accepted that in the arenium ion mechanism the attacking species may form in
various ways, but what happens on the aromatic ring is basically the same in all cases. For
this reason, most mechanism studies mainly focus on the identity of the attacking entities and
how they are formed. The acid-catalyzed mechanism has been investigated at the PW91/DNP
level with COSMO (conductor-like screening model) solvent model. 2! However, the data
cannot explain the highly exothermic characteristic of the reaction, because protonated
methanediol or protonated formaldehyde is treated as the attacking entities. Besides, the
effect of the counterion of proton (i.e., the catalyst anion, or the conjugated base) has not
been revealed in the acid catalyzed mechanism. A more detailed mechanism is needed to help
us further understand the reaction.

From the beginning of this century, small-molecule chiral hydrogen-bond (H-bond) donors

have been used to catalyze an array of C-C and C-heteroatom bond-forming reactions with

24,25

high enantioselectivity and broad scope of substrates. 2> The derivatives of thiourea and

phosphoric acid 2628

are the most representative catalysts employed in H-bond catalyses.
Experimental and theoretical studies of catalytic reactions reveal that H-bonding interaction

between catalysts and substrates is the key activation mechanism. For example, Jacobsen



testified the formation of an imine-catalyst complex through an H-bond between the imine
nitrogen and an acidic proton of the urea catalyst in Strecker reaction. 2* In their review
article on small-molecule chiral H-bond donors, Doyle and Jacobsen pointed out that
elucidation of fundamentally distinct modes of activation of Brgnsted-acid catalysts would
likely inspire the design of new H-bond acid catalysts and bring in new reactions and reaction
partners for enantioselective catalysis. >

In this paper, an H-bond catalytic mechanism for aromatic electrophilic substitution
between phenol and formaldehyde in a Brgnsted-acidic medium is presented. It discloses that
the essence of the catalysis is electrophile activation through H-bonding. Besides, the effect
of the conjugate Brgnsted base is also proposed. This mechanism illustrates that the aromatic
electrophilic substitution is a highly exothermic reaction, which is well consistent with the

experimental observation. 3

Methods
Optimized geometries of all species and the stationary points on the potential surface

were obtained at the MP2(fc)/6-31+G(d,p) level of theory. 233 The single point energies of
all optimized structures were obtained at the level of MP2(fc)/6-311++G(3df,2p) to increase
the accuracy of the energy values. The solvent effect in water was modeled using the
self-consistent reaction field (SCRF) method with the Tomasi's polarized continuum model
(PCM). 3* 35 The corresponding harmonic frequencies were calculated based on the
MP2(fc)/6-31+G(d,p) optimized geometries to obtain zero-point energies (ZPEs) and to
determine all stationary points as either minima (no imaginary frequencies) or transition
states (only one imaginary frequency). The reaction paths were examined by intrinsic
coordinate reaction (IRC) calculations at the MP2(fc)/6-31+G(d,p) level. The IRC results are

reported in the Supporting Information. Based on the MP2(fc)/6-31+G(d,p) optimized



geometries, natural bond orbital (NBO) analyses at the same level were then used. *® The

Gaussian 09 series of programs were employed in all calculations. *’

Results and discussion
Formation of Attacking Specie: H-bonded complex

For the aromatic electrophilic substitution, the most important thing is to determine the
attacking species. Formaldehyde is usually used in aqueous solution. So in a previous
computational study, methylene glycol was thought to be the existence form of formaldehyde
in aqueous solution, then protonated methylene glycol and protonated formaldehyde were

t.2! But this leaves a few

treated as the attacking entities considering an acid environmen
things not well explained. First, according to our calculations, the process from formaldehyde
to methylene glycol has a barrier of 153.1 kJ/mol though it is exothermic of 21.6 kJ/mol
(Figure S1). Second, it is well known that methylene glycol is thermodynamically unstable
and is liable to revert to formaldehyde through dehydration under acidic conditions.* Our
calculations show that this dehydration reaction proceeds without a barrier (Scheme S1),
which testifies that protonated methylene glycol is difficult to exist in an acidic system. If
protonated formaldehyde is considered as the attacking entity, it should be formed first.
However, the calculated results show that the formation of protonated formaldehyde is

endothermic (Scheme S2). So, in terms of energy, both protonated methylene glycol and

protonated formaldehyde are not the dominant attacking entities.
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Figure 2. NBO charge distribution of benzene, phenol and formaldehyde at

MP2(fc)/6-31+G(d,p) level.

The charge distributions can help to predict the initial state of reaction system and to
judge the reactive site. Natural bond orbital (NBO) analysis was carried out and the NBO
charges are shown in Figure 2. It can be seen that phenolic hydroxyl changes the charge
distribution of the aromatic ring. The carbon atoms on ortho or para positions carry more
negative charges than meta ones. Therefore, the ortho- and para-carbon atoms are more likely
to be attacked by electrophilic reagents. *® Considering the high dissociation constant of
oxalic acid (pKai = 1.27) in aqueous, hydrated proton instead of oxalic acid molecule is
involved in the reaction. The oxygen atoms of phenolic hydroxyl and carbonyl of
formaldehyde as well as aromatic ring are all possible hydrated proton acceptors. Thus, three
types of substrate-catalyst complexes through an H-bond have been optimized as shown in

Scheme 1 as well as their binding energies.
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Scheme 1. The formation of H-bonded complexes, regarding proton only (left) and regarding

hydrated proton (right).

It can be seen in Scheme 1 (right) that when H-bonded complexes are formed, H>O
molecule disassociates from the hydrated proton and forms an H-bond with phenolic
hydroxyl. This is the same in all five complexes. This type of H-bonding stabilizes the initial
state of the reaction system. However, it is not the reactive site for electrophilic substitution.
Therefore, H2O does not affect the acid catalytic mechanism much, but proton plays the
major role. Proton can bridge phenol and formaldehyde to form another type of H-bond,
which not only stabilizes the initial state of the reaction system, but also decides the next
reaction.

With this consideration, we also optimized a simplified model of H-bonded complex
regarding proton only (Scheme 1, left). It can be seen that the ways of formation of H-bond in
reactive site are not affected by H>O molecule. The involvement of H,O molecule only
influences the absolute values of the binding energy of the five H-bonded complexes, but it
does not affect the relative magnitude of their stability.

Since there is no barrier to form H-bonded complexes, it can be confirmed that their
formation is not the rate determining step for the multi-step aromatic electrophilic
substitution.

As can be seen in Scheme 1, 3 is the most stable complex, which is formed by oxygen
atom of phenolic hydroxyl, proton, and formaldehyde. The bridging interaction stabilizes 3
by 43.9 kJ/mol, which is stronger than the classical O—H-++O H-bond. 2* The complexes 4, 5,
6, and 7 use & electrons on aromatic ring as electron donor at ortho or para positions. The O

—H---m H-bond leads to 21-25 kJ/mol stabilization energy to the complexes, because O—



H---7is a relatively weak H-bond.?’

There are experimental evidences that a class of uncertain structure intermediates, named
encounter complexes, are present before arenium ion is formed.*® They are called as =
complexes. However, experimental results on m complexes contradict each other. Some

3941 while some

suggested that ® complex formation might be the rate determining step,
suggested that arenium ion was formed in the rate determining step.***® Based on the
above results, we supposed that the encounter complexes are attacking species, and are

substrate-catalyst complexes through an H-bond. Their formation hence leads to a new

mechanism for the aromatic electrophilic substitution.

H-bond catalysis mechanism
As mentioned above, H-bonded complex is formed between catalyst and substrates. The
distribution of the frontier molecular orbitals (FMOs) on the reaction system can help to

predict the reactivity in the next step.
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Figure 3. Frontier molecular orbitals of reactants and two models of H-bonded complex.

The FMOs of reactants (formaldehyde and phenol) and H-bonded complexes (3~7, 3'~7',)
are shown in Figure 3. In order to further investigate the acid catalytic mechanism, FMOs of

the two models of H-bonded complex were considered. From Fig.3 (right), it can be seen that



there are no distributions of FMOs on H>O molecule which is released from hydrated proton.
In other words, H2O molecule does not take part in the catalytic reaction. By now, it is
reasonable to say that it is proton which plays the major role in catalytic action of oxalic acid.
Therefore the simplified model of H-bonded complexes regarding proton only will be used as
the attacking species and also for the sake of brevity, H>O molecule is not considered in the
following sections.

It can be seen that in complex 3 the HOMO is located on the phenol fragment, while the

LUMO is located on formaldehyde fragment. O—H---O H-bond exists in this complex. In

complexes 4, §, 6, and 7, the HOMO formed by using & electrons on aromatic ring as electron
donor mostly distributes on phenol, and a small part is situated on formaldehyde (on

formaldehyde oxygen, specifically). The O—H--*n H-bond is formed with formaldehyde

oxygen, proton, and benzene ring in these complexes. In addition, the HOMO distribution on
formaldehyde of the para-complexes 6 and 7 is slightly larger than that on the formaldehyde
of ortho-complexes 4 and 5. It is worth mentioning that the formation of the H-bonded
complexes significantly decreases the LUMO energy of the electrophilic formaldehyde and
reduces the energy gap between the LUMO of formaldehyde and the HOMO of phenol. The
energy gap between HOMO of phenol and LUMO of formaldehyde is 10.569 eV, while the
energy gaps of the complexes are somewhat lower. For example, complex S has a decreased
energy gap of 8.939 eV. This means the bridging H-bond interaction reduces the LUMO
energy of the electrophile and enhances its electrophilic ability, thereby reduces the barrier of
electrophilic substitution and catalyzes the reaction. This is consistent well with the typical
LUMO activation mechanism of H-bond catalysis. 2+ 4’

The energy gap between LUMO and HOMO can be employed to predict the reactivity. A

smaller energy gap represents a higher reactivity. Complexes 4, S5, 6, and 7 possess similar

energy gap. The complex 3 formed by proton, formaldehyde and phenolic hydroxyl group

10



has the highest energy gap. It can be predicted that the reaction starting with complex 3 has

higher barrier than those of the reactions starting from other four complexes.

From H-Bonded Complex to Arenium Ions
1. Ortho Arenium Ion

3 is the most stable complex. Starting from it, the ortho-arenium ion 10 is formed through
three steps, as shown in Figure 4. The first step is the rate determining step with a barrier of
28.6 kJ/mol. Considering 43.9 kJ/mol of heat that is released in the last step, the barrier is
overcome easily. In this step, H-bond breaks and proton transfers to formaldehyde in
transition state TS1, leading to the formation of intermediate 8. In the following two steps
phenol and protonated formaldehyde get to close each other by adjusting their relative
position via transition states TS2 and TS3 till ortho arenium ion 10 forms, in which C
(phenol)-C (formaldehyde) bond is formed. There is almost no heat effect in the two steps,
just endothermic by 0.8 kJ/mol. It can be seen that the ortho arenium ion 10 is more stable
than reactants by 43.1 kJ/mol, although its aromaticity is destroyed. The covalent bonding
and the delocalization of lone pair electrons of oxygen atom of phenolic hydroxyl to benzene

ring contribute to its stability.
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Figure 4. Energy profile of the formation of ortho arenium ion 10.

Starting from complexes 6 and 7, ortho arenium ion 10 and 11 are formed after
overcoming barriers of 8.6 and 9.2 kJ/mol, via transition states TS4 and TS5, respectively
(Figure 5). In these two paths, para H-bonded complex with phenol, proton and formaldehyde
first turns to ortho complex between phenol and protonated formaldehyde in transition state,
and then C (phenol)-C (formaldehyde) bond is formed. The two paths are exothermic by 17.7
kJ/mol and 14.0 kJ/mol, respectively. Overcoming a barrier of 18.8 kJ/mol, ortho arenium ion

11 turns to para arenium ion 12 via transition state TS6.

12
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Figure 5. Energy profile of the formation of ortho arenium ions 10 and 11.

Consider the reaction barriers, ortho arenium ion 10 is mainly formed from complex 6

rather than complex 3. Arenium ions 10, 11 and 12 are more stable than the corresponding

reactants. The reason is given above.

2. Para Arenium Ion

Figure 6 shows that para arenium ion 12 is formed from complex 4 or complex 5. The two
paths are exothermic by 32.9 kJ/mol and 33.5 kJ/mol, respectively. Para arenium ion is also

more stable than reactants, just like the ortho arenium ion.

13
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Figure 6. Energy profiles of the formations of para arenium ion 12.

In summary, the formation of arenium ion is an H-bond catalysis process. Oxalic acid
decreases the reaction barrier through LUMO activation mechanism. Complexes 4, 5, 6 and 7
lead to paths with barriers not more than 10 kJ/mol, especially the paths from complexes 4
and S to para arenium ion 12, only 4.7 or 5.7 kJ/mol. This means that the rate constants to
form arenium ions are quite high. Once the four complexes are formed, they turn to arenium
ions quickly. The path starting from complex 3 has a barrier of 28.6 kJ/mol, higher than those
of other paths. The results testify our prediction on the reaction barriers based on the energy
gaps between LUMO and HOMO of the complexes. The smaller the energy gap is, the lower

the reaction barrier will be.

The departure of Proton
Following the formation of arenium ion is the loss of proton, and then a neutral substitution

product is produced. It is certain that the proton departs with the help of a negative group.

14



The ready negative group in reaction system is oxalate anion. We found that oxalate anion
first combines with arenium ion through bonding the carbon adjacent to the site of
electrophilic attack, because that carbon is electron-deficient, as natural charges shows in
Figure 7 (numbers in blue). In addition, the adjacent position is favorable for the following

hydrogen abstraction of oxalate anion.

o a
\ (0.688) b
\ (n 387)

(0.025) ) (-0.432) § ? (-0.424) (0420)

\\ \
(0.021) )\ (0:083) (0.068)
. )/‘\ f\J (-0.411)
- (-0.334)
9 (-0.028)
10

Figure 7. Natural charges (in parentheses) of arenium ions.

There are two ortho arenium ions, 10 and 11. For 10, as Figure 8 shows, it combines with
oxalate anion to form a weak C-O bond (the bond length of C-O is 1.480 A) and releases heat
of 92.5 kJ/mol. Since it is a neutralization reaction between cation and anion, this step is
exothermic and proceeds without reaction barrier. Then, the oxygen of the carbonyl of
oxalate anion takes the proton from the adjacent carbon via transition state TS9, in which the
C-O bond formed in the last step breaks. Thus, catalyst oxalic acid is released, and
hydroxymethyl phenol 15 is formed. The aromatic electrophilic substitution at the ortho
position to the phenol hydroxyl of phenol is finished. The heat of 195.4 kJ/mol is released in
the process. In the case of ortho arenium ion 11, the loss of proton is more complicated. It can

be seen from Figure 9 that it goes through two steps and the reaction heat is 325.4 kJ/mol.

15
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Figure 10. Energy profile of the formation of para substitute 21.

Para arenium ion 20 has two carbons adjacent to the site of electrophilic attack. So, there
are two paths for the proton to leave. As Figure 10 shows, the reaction heats of two paths are
174.3 and 174.0 kJ/mol, respectively.

Figure 11 gives a summary of the whole reaction. It can be seen that every step, including
the formation of H-bond complexes, the neutralization reaction between arenium ion and
oxalate anion and the departure of proton, is exothermic. This means that the aromatic
electrophilic substitution is a violent exothermal reaction, which is consistent with the
experimental observation at the beginning stage to prepare phenolic resins in an acidic
medium.? The departure of proton contributes the most to the violent exothermal process. The
energy barriers are from 60 to 80 kJ/mol, higher than the barriers of the formation of arenium
ions. In other words, proton departure is the rate determining step, rather than the arenium ion
formation. Besides, arenium ion is more stable than reactants. This means the Kinetic and
thermodynamic characteristics of this mechanism are quite different from the general

mechanism of aromatic electrophilic substitution.
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Conclusions

Computational studies on aromatic electrophilic substitution between phenol and
formaldehyde catalyzed by oxalic acid suggests an H-bond catalysis process. The calculation
results of frontier orbitals show that the H-bond bridging interaction of substrate-catalyst
complexes reduce the LUMO energy of formaldehyde and thus reduce the reaction barrier,
thereby catalyze the reaction. Both the thermodynamic and kinetic characteristics based on
this mechanism are different from those based on the generally accepted mechanism.
H-bonded complexes are the attacking species of the substitution. The departure of proton,
rather than the formation of arenium ion, is the rate determining step. Arenium ions are more
stable than reactants. The whole reaction is highly exothermic, especially the step of
departure of proton. The counterion of proton, oxalate anion, takes part in the reaction by

bonding with arenium ion first, and then abstracting the proton to release the catalyst, oxalic

18



acid. The H-bond catalytic mechanism perfectly explains the highly exothermic characteristic
of the early stage reaction between phenol and aldehyde under acid catalysis. The essence of
H-bond catalysis is to lower the LUMO of the H-bond complexes of substrate-catalyst; as a

result, the reaction barrier of the formation of arenium ion is very low.
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