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Abstract

Computational chemistry methods can be used to
explore the theoretical chemistry behind reactive sys
tems, to comparetherelativechemical reactivityd dif-
ferentsystems, and, by extension, to predict thereactiv-
ity of new systems. Ongoing research has focused on
the reactivity of awidevariety d phenolic compounds
with formaldehyde using semi-empirical and abinitio
computational chemistry methods. This research has
been expanded to study theoretical transition states
formed on reacting phenol with formadehyde. Accord-
ing to transition state theory, theenergy d atransition
stateisrelated to the reactionrate. Transitionstatesfor
reaction d formaldehydeat the ortho- and para-posi-
tions o phenol were determined by computational
means. These theoretical calculations predict that
formaldehyde reactsfaster at thepara-position d phe-
nol than at the ortho-position, in agreement with ex-
perimental data.

Introduction

Thereactiond phenoliccompoundswith formalde-
hydeformsthebasisfor synthesisd animportant class
d adhesives used to manufacture bonded wood prod-
ucts. Better understanding d thefundamental chemis-
try behind the synthesis and cured phenolic adhesive
systemswould makeit possibleto utilizethesesystems
moreeffectively to bond wood, to modify thesesystems
for use under awider set d bonding conditions, and to
develop new systems based upon the same genera
chemistry. Newer computational chemistry methods
can be used to explorethetheoretical chemistry behind
reactivesystems, to comparethe relativechemical reac-
tivity d differentsystems, and, by extension, to predict

the reactivity d new systems. Research on the reactiv-
ity d a wide variety d phenolic compounds with
formal dehyde 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.

Resultsand Discussion

Previous research showed that the reactivity d a
largenumber d phenoliccompoundstoward formalde-
hydecould becorrelatedwith atomicchargesat reactive
sites on the aromatic nucleus (2). These chargeswere
caculated using ab initio computational chemistry
methods. Calculationsat a relatively high level o the-
ory (i.e,, RHF/6-31+G) showed that for agiven pheno-
lic compound the sum d the atomic charges at those
carbon atoms d the phenolic nucleus on which the
highest occupied molecular orbital residescan becorre-
lated with the experimental reactivity d that com-
pound (Fig.1).In addition, it wasshown that the corre-
lated data could be used to calculate the relative
reactivity d formaldehydeat thevariousaromatic posi-
tionson the phenolic nuclei (Fg. 2).

Dataintheliteraturefor thereactivity d the pheno-
lic compounds with formaldehyde (11 ) used in these
calculationswere collected prior to the availability d
modern anaytical techniques, such as nuclear mag-
netic resonance (NMR)and HPLC. Instead, the data
were calculated from the disappearance d formalde-
hyde. The formaldehyde consumption reactions were
not necessarily limited to the formation & monomeric
hydroxymethyl derivatives d the phenols, although
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Figure 1.—Correation of relative reaction rate for se-
ries of phenolic compounds with formaldehyde with
sumof charges (Sqg) calculatedat RHF/6 31+ Glevel of
theory (2). For explanationof compound abbreviations

seeFigure 2.

only theinitial reactiontimeswereconsideredin calcu-
latingthekineticdata. Thus, the correlationsof charge
with reactivity were consdered to be qudlitative. In
somecases, i nconsi stenci eswere noted with other data
in theliterature. Specificaly, it is generally recognized
that the para-position of phenol is more reactive than
the ortho-position (1,3,5,7,9,10, 13) (Table1, FHg. 3).
Y¢, thechargecal cul ationspredicted that theortho-po-
sition was dightly more reactive than the para-posi-
tion. Thisinconsistencywas probably dueto theinade-

quate accounting of steric interactions at the ortho-
position. Other computational methods need to be ex-

plored to overcome this limitation.

As areaction proceeds, it goes through an activated
complex (transition state) in which the reactants as-
sumeproper relational positionsthat dlowthereaction
to take place. According to transition-state theory, the
energy barrier for theformationof thetransitionstateis
directly related to the reaction rate. Computational
chemistry methods are availablefor calculatingthe en-
ergiesd reactants, the products, and atheoretical tran-
sition state. I n the study reported here, semi-empirical
PM 3 coupled withRHF/STO-3G methodswereused to
calculate energy profiles for the reaction of formalde
hydewith phenol.

Formal dehyde does not occur as free forma dehyde
in water solution. Instead, it occurs predominately as
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Figure2.—Calculated relativepositional rateconstants
for reactions of series of phenolic compounds with
formaldehyde(2). Relativereactivity of para-positionof
phenol is defined as unity.

methylene glycol (methanediol)and higher polymeric
addition products, HO(CH,0),H (wherex on average

equalsapprox. 3). For the purposes o 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 mechanismsfor the re-
actiond formaldehyde (i.e., methanediol )with phenaol.
Thefirst was a 4-centered reaction mechanism, illus-
trated in Figure4 for thereaction d methanediol at the
parapositiond phenol. Thesecondwasan S,2-likere-
action mechanism,illustratedin Figure5. The§,2-like
reaction mechani sm necessitatestwo transition states:
onefor thereactiond methanediol at thearomaticnu-
cleus to form an intermediate with the loss d a
hydroxyl anion, and the second for the abstractiond a
hydrogenionfrom theintermediate. The latter should
beavery facilereaction; itstransition statewasnot cal-
culated. Both reaction mechanisms result in the same
products, namely hydroxymethylphenol and water.

Theresults d our transition state calculationsare
showngraphicalyin Figure6. Theenergiesweredeter-
mined from single-point calculations at the
RHFISTO-3G leve d theoryusingthe|IPCM solvation



Table 1.—Comparison of rates for reaction of formaldehyde with phenol under basic conditions.®

Fre;nv':’z;n & i 8 And Eapen & Aldersley &
S inami o Peer Zavitsas Yeddanapalli Hope Higuchi et al.
Rate constant 1954 (5) 1956 (9) - 1959 (10) 1968 (13) 1968 (3) 1972 (1) Tooo (7)
K02 0.82 0.48 0.55 0.70 0.71 0.76 0.68
K04 1.00 1.00 1.00 1.00 1.00 1.00 1.00
K26 1.35 0.60 1.76 1.24 1.25 1.28
K24 1.18 1.24 1.27 2.12 0.63 2.29
K42 0.59 0.40 0.76 0.59 1.06 0.63
K264 6.53 1.56 3.75 3.00 1.01 3.23
K246 1.41 0.60 0.89 1.41 2.05 1.20
# Mnemonics used for rate constants are defined in Figure 3.
OH
@ Methanediol
k04 k02 + .
Phenol anion
OH OH
CH,OH
CH,OH K24 .
l k42 J 26
OH OH s
CH,OH Ko46
k2s4
OH
HOH.C CH,0H 4-Hydroxymethylphenol
+
water
CH,0H

Figure3.—Reaction scheme for formation of hydroxy-
methyl phenol son reactingformal dehydewith phenol .
Relative rates for each reaction arelisted in Table 1.
Notefrom Table 1 that thereaction of formaldehydeat
the para-position(kO,) of phenol isfaster than that at
the ortho-position (kO, ), as predictedfrom the calcula-
tions.

model to simulate reaction in water. The single-point
calculationswere made on the PM 3-optimized struc-
tures for the reactants, transition state, products, and
intermediate. Reactants (phenol and formaldehyde
[methyleneglycol])occur on theleft sideof thereaction
coordinate and products (hydroxymethylphenol and
water)ontheright. Thecal culationsshow that both the
para- and ortho-transition states for the 4-centered

Figure 4.—lllugration of 4-centered reaction mecha-
nismfor reactionof formaldehyde (i.e., methanediol) at
para-position of phenal.

mechanism occur at higher energy than the para- and
ortho-transition states of the S2-like mechanism.
Thusthe calculationssuggest that the S2-like mecha
nism isfavored over the 4-centered mechanism. I1n ad-
dition, the calculations suggest that in both reaction
mechani sms, the par a-transition statesoccur at alower
energy than do the ortho-transition states. Therefore,
the calculations suggest that reaction of formaldehyde
at the para-position of phenol isfavored over reactionat
the ortho-position. This is in agreement with experi-
mental data (Teble 1).
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Figure5.—llludration of S2-likereaction mechanism
for reaction of formaldehyde (i.e., methanediol) at

para-positionof phenol.

Computational M ethods
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 (version6) (12).
The optimized structures and energies were then re-
fined with Gaussian 98 (6).Transition states wereca-
culated using the Berny a gorithm (TS)and the synchro-
nous transit-guided quasi-Newton (STQN) methods.
Transition states wereconfirmed by the presence of one
and only one imaginary (negative)vibrationin the IR
spectra calculated with HyperChem or Gaussian 98.
The reactionswere simulated as occurringin water by

conducting single-point cal cul ations on the PM 3-opti-
mized reactants, products, intermediates, and transi-
tion states at RHF/STO-3Gusing the IPCM solvation

model (4) asimplemented in Gaussian 98.

Conclusions
Transition state theory seems to be better than
chargecal culationsasameansof comparing positional
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Figure6.—Energy profilefor reaction of formaldehyde
at ortho- and parapositions of phenol. Energies were
determined from single-point calculations at RHF/
STO-3Glevel of theoryusing!PCM solvation model to

simulate reaction in water. Sngle-point calculations
were made on PM3-optimizedstructuresfor the reac-

tants, trangition state, products, and; in thecase of the
S2like reaction mechanism, theintermedzate.

reactivityof formadehydewith phenol. Cal culationsof
the transition state automatically account for eec-
tronic interactions, steric interactions, and overlap be-
tween orbitalsto form bonds during the courseof are-
action. However, transition state cal cul ationsaremuch
more difficult and require more computational time
than do charge calculations. Further work is needed to
fully assesstheusefulnessof  thesemethodsfor explain-
ing and predicting reaction of other phenolic com-
poundswith formadehyde.
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