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Abstract 
Computational chemistry methods can be used to 

explore the theoretical chemistry behind reactive sys- 
tems, to compare the relative chemical reactivity of dif- 
ferent systems, and, by extension, to predict the reactiv- 
ity of new systems. Ongoing research has focused on 
the reactivity of a wide variety of phenolic compounds 
with formaldehyde using semi-empirical and ab initio 
computational chemistry methods. This research has 
been expanded to study theoretical transition states 
formed on reacting phenol with formaldehyde. Accord- 
ing to transition state theory, the energy of a transition 
state is related to the reaction rate. Transition states for 
reaction of formaldehyde at the ortho- and  para-posi- 
tions of phenol were determined by computational 
means. These theoretical calculations predict that 
formaldehyde reacts faster at the para-position of phe- 
nol than at the ortho-position, in agreement with ex- 
perimental data. 

Introduction 
The reaction of phenolic compounds with formalde- 

hyde forms the basis for synthesis of an important class 
of adhesives used to manufacture bonded wood prod- 
ucts. Better understanding of the fundamental chemis- 
try behind the synthesis and cure of phenolic adhesive 
systems would make it possible to utilize these systems 
more effectively to bond wood, to modify these systems 
for use under a wider set of bonding conditions, and to 
develop new systems based upon the same general 
chemistry. Newer computational chemistry methods 
can be used to explore the theoretical chemistry behind 
reactive systems, to compare the relative chemical reac- 
tivity of different systems, and, by extension, to predict 

the reactivity of new systems. Research on the reactiv- 
ity of a wide variety of phenolic compounds with 
formaldehyde using semi-empirical and ab initio com- 
putational chemistry methods has been expanded to 
study theoretical transition states formed on reacting 
phenol with formaldehyde. Preliminary results are re- 
ported in this paper. 

Results and Discussion 
Previous research showed that the reactivity of a 

large number of phenolic compounds toward formalde- 
hyde could be correlated with atomic charges at reactive 
sites on the aromatic nucleus (2). These charges were 
calculated using ab initio computational chemistry 
methods. Calculations at a relatively high level of the- 
ory (i.e., RHF/6-31 +G) showed that for a given pheno- 
lic compound the sum of the atomic charges at those 
carbon atoms of the phenolic nucleus on which the 
highest occupied molecular orbital resides can be corre- 
lated with the experimental reactivity of that com- 
pound (Fig. 1). In addition, it was shown that the corre- 
lated data could be used to calculate the relative 
reactivity of formaldehyde at the various aromatic posi- 
tions on the phenolic nuclei (Fig. 2). 

Data in the literature for the reactivity of the pheno- 
lic compounds with formaldehyde (1 l )  used in these 
calculations were collected prior to the availability of 
modern analytical techniques, such as nuclear mag- 
netic resonance (NMR) and HPLC. Instead, the data 
were calculated from the disappearance of formalde- 
hyde. The formaldehyde consumption reactions were 
not necessarily limited to the formation of monomeric 
hydroxymethyl derivatives of the phenols, although 
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Figure 1.-Correlation of relative reaction rate for se- 
ries of phenolic compounds with formaldehyde with 
sum of charges (Σq) calculated at RHF/6 31 +G level of 
theory (2). For explanation of compound abbreviations 
see Figure 2. 

only the initial reaction times were considered in calcu- 
lating the kinetic data. Thus, the correlations of charge 
with reactivity were considered to be qualitative. In 
some cases, inconsistencies were noted with other data 
in the literature. Specifically, it is generally recognized 
that the para-position of phenol is more reactive than 
the ortho-position (1,3,5,7,9,10, 13) (Table 1, Fig. 3). 
Yet, the charge calculations predicted that the ortho-po- 
sition was slightly more reactive than the para-posi- 
tion. This inconsistency was probably due to the inade- 
quate accounting of steric interactions at the ortho- 
position. Other computational methods need to be ex- 
plored to overcome this limitation. 

As a reaction proceeds, it goes through an activated 
complex (transition state) in which the reactants as- 
sume proper relational positions that allow the reaction 
to take place. According to transition-state theory, the 
energy barrier for the formation of the transition state is 
directly related to the reaction rate. Computational 
chemistry methods are available for calculating the en- 
ergies of reactants, the products, and a theoretical tran- 
sition state. In the study reported here, semi-empirical 
PM3 coupled with RHF/STO-3G methods were used to 
calculate energy profiles for the reaction of formalde- 
hyde with phenol. 

Formaldehyde does not occur as free formaldehyde 
in water solution. Instead, it occurs predominately as 

 

 
 

Figure 2._ Calculated relativepositional rate constants 
for reactions of series of phenolic compounds with 
formaldehyde (2). Relative reactivity of para-position of 
phenol is defined as unity. 

methylene glycol (methanediol) and higher polymeric 
addition products, HO(CH2O)xH (where x on average 
equals approx. 3). For the purposes o f our calculations, 
we considered formaldehyde to exist in solution as 
methylene glycol. Because the reaction occurs under 
basic conditions, phenol was assumed to exist as the 
phenolate anion. 

We considered two possible mechanisms for the re- 
action of formaldehyde (i.e., methanediol) with phenol. 
The first was a 4-centered reaction mechanism, illus- 
trated in Figure 4 for the reaction of methanediol at the 
para-position of phenol. The second was an Sn2-like re- 
action mechanism, illustrated in Figure 5. The 
reaction mechanism necessitates two transition states: 
one for the reaction of methanediol at the aromatic nu- 
cleus to form an intermediate with the loss of a 
hydroxyl anion, and the second for the abstraction of a 
hydrogen ion from the intermediate. The latter should 
be a very facile reaction; its transition state was not cal- 
culated. Both reaction mechanisms result in the same 
products, namely hydroxymethylphenol and water. 

The results of our transition state calculations are 
shown graphically in Figure 6. The energies were deter- 
mined from single-point calculations at the 
RHFISTO-3G level of theory using the IPCM 
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Figure 3.-Reaction scheme for formation of hydroxy- 
methylphenols on reacting formaldehyde with phenol. 
Relative rates for each reaction are listed in Table 1. 
Note from Table 1 that the reaction of formaldehyde at 
the para-position(kO4 )     of phenol is faster than that at 
the ortho-position (kO2 ),       as predicted from the calcula- 
tions. 

model to simulate reaction in water. The single-point 
calculations were made on the PM3-optimized struc- 
tures for the reactants, transition state, products, and 
intermediate. Reactants (phenol and formaldehyde 
[methylene glycol]) occur on the left side of the reaction 
coordinate and products (hydroxymethylphenol and 
water) on the right. The calculations show that both the 
para- and ortho-transition states for the 4-centered 

Figure 4.-Illustration of 4-centered reaction mecha- 
nism for reaction of formaldehyde (i.e., methanediol) at 
para-position of phenol. 

mechanism occur at higher energy than the para- and 
ortho-transition states of the Sn2-like mechanism. 
Thus the calculations suggest that the Sn2-like mecha- 
nism is favored over the 4-centered mechanism. In ad- 
dition, the calculations suggest that in both reaction 
mechanisms, the para-transition states occur at a lower 
energy than do the ortho-transition states. Therefore, 
the calculations suggest that reaction of formaldehyde 
at the para-position of phenol is favored over reaction at 
the ortho-position. This is in agreement with experi- 
mental data (Table 1). 
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Figure 5.-Illustration of Sn2-like reaction mechanism 
for reaction of formaldehyde (i.e., methanediol) at 
para-position of phenol. 

Computational Methods 
Structure optimizations and energies of the reac- 

tants (phenol and methylene glycol), products (water 
and p- and o-hydroxymethylphenol), intermediates, 
and the hydroxyl anion were calculated at RHF/PM3 
using HyperChem 4.5 (8) or MOPAC (version 6) (12). 
The optimized structures and energies were then re- 
fined with Gaussian 98 (6). Transition states were cal- 
culated using the Berny algorithm (TS) and the synchro- 
nous transit-guided quasi-Newton (STQN) methods. 
Transition states were confirmed by the presence  of one 
and only one imaginary (negative) vibration in the IR 
spectra calculated with HyperChem or Gaussian 98. 
The reactions were simulated as occurring in water by 
conducting single-point calculations on the PM3-opti- 
mized reactants, products, intermediates, and transi- 
tion states at RHF/STO-3G using the IPCM solvation 
model (4) as implemented in Gaussian 98. 

Conclusions 
Transition state theory seems to be better than 

charge calculations as a means of comparing positional 

 

Figure 6.-----   Energy profile for reaction of formaldehyde 
at ortho- and para-positions of phenol. Energies were 
determined from single-point calculations at RHF/
STO-3G level of theory using IPCM solvation model to 
simulate reaction in water. Single-point calculations 
were made on PM3-optimized structures for the reac- 
tants, transition state, products, and; in the case of the 
Sn2-like reaction mechanism, the intermedzate. 

reactivity of formaldehyde with phenol. Calculations of 
the transition state automatically account for elec- 
tronic interactions, steric interactions, and overlap be- 
tween orbitals to form bonds during the course of a re- 
action. However, transition state calculations are much 
more difficult and require more computational time 
than do charge calculations. Further work is needed to 
fully assess the usefulness of these methods for explain- 
ing and predicting reaction of other phenolic com- 
pounds with formaldehyde. 
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