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a b s t r a c t

SO3H-functionalized ionic liquids (FILs) have been used to catalyze the alkylation of phenol, o-cresol
and catechol with tert-butyl alcohol (TBA), and the catalytic performances are promising. During these
Brønsted acid-catalyzed tert-butylations, t-butyl phenol ether (TBPE) and t-butyl o-cresol ether (TBOCE)
are found, but no t-butyl catechol ether (TBCE) is detected. With the help of density functional theory
(DFT) calculations, the reaction mechanisms of Brønsted acid-catalyzed tert-butylation of phenol, o-cresol
eywords:
henol
-Cresol
atechol
rønsted acid-catalyzed tert-butylation
ensity functional theory

and catechol were examined. The steric effect of t-butyl group does not have an apparent impact on the
regioselectivity to t-butyl ether. The differences in the stability of O-alkylation intermediates, resulted
from different ortho-substituents, account for the regioselectivity to t-butyl ether. For catechol tert-
butylation, an intramolecular hydrogen bond is formed within the O-alkylation intermediate, which leads
to extra stability of this intermediate and obvious increase of the activation barrier for TBCE formation. The
intramolecular hydrogen bond formed within the O-alkylation intermediate facilitates its isomerization,

on, th
inhibits the TBCE formati

. Introduction

Ionic liquids (ILs) have been applied and found to be effective
n some catalytic conversions [1–4]. Apart from their superior cat-
lytic performances, they also exhibit unique characteristics, such
s low vapor pressure, excellent chemical and thermal stability,
ecoverability and convenience in product separation [5–8]. Espe-
ially, the Brønsted acidic functionalized ionic liquids (FILs) have
een reported as novel eco-benign catalysts for some acid catalyzed
eactions [9–12].

Our laboratory-synthesized SO3H-functionalized ionic liquids
SO3H-FILs) show promising catalytic performances on tert-
utylation of phenol, o-cresol and catechol with tert-butyl alcohol
TBA) [13–17], and the results on conversion and selectivity
s a function of reaction time are illustrated in Supporting

nformation Fig. S1. Under the optimum reaction conditions with
he most promising [(CH3)3N(CH2)4SO3H][HSO4] ionic liquid, tert-
utylation of phenol yielded a conversion of phenol as high as
9.6% and selectivity to 2-tert-butyl phenol (2-TBP) as 52.4% [13].
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∗∗ Corresponding author at: Dalian University of Technology, PO Box 39, No. 158
hongshan Road, Dalian 116012, PR China. Tel.: +86 411 39893990;
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us making the reaction kinetics for catechol tert-butylation unique.
© 2010 Elsevier B.V. All rights reserved.

The conversion of o-cresol was 80.9%, and the selectivity to 4-tert-
butyl o-cresol (4-TBOC) was 44.1%. The conversion of catechol and
the selectivity to 4-tert-butyl catechol (4-TBC) could reach 41.5%
and 97.1%, respectively [14]. In experiments, the selectivity to t-
butyl phenol ether (TBPE) can reach nearly 35% and is almost the
same as that to 2-tert-butyl phenol (2-TBP) at the beginning of
phenol tert-butylation. As the reaction time goes, the selectivity
to C-alkylation products increases at the expense of TBPE selectiv-
ity [13]. The reaction kinetics for o-cresol tert-butylation is similar
to that for phenol, however, the reaction properties for catechol
tert-butylation are dramatically different from those for phenol
and o-cresol [14,15]: the products are mixture of only C-alkylation
products, and t-butyl catechol ether (TBCE) is not detected through-
out the reaction, which is in agreement with the previous studies
by Yoo et al. [18] and Zhou et al. [19]. Experimental results indicate
a strong dependence of the reaction path on the nature and struc-
ture of the reactant, but little is known on the detailed conversion
mechanisms of these Brønsted acid-catalyzed tert-butylations and
the factors impacting the selectivity to t-butyl ether.

In this work, with the help of density functional theory (DFT)
calculations, we examined the reaction mechanisms of Brønsted

acid-catalyzed tert-butylation of phenol, o-cresol and catechol,
and explained the regioselectivity to t-butyl ether at a molecu-
lar level. Instead of the steric effect due to the size and structure
of t-butyl agent and the ortho-substituent within the reactant
molecule, we found that the intramolecular hydrogen bond formed

dx.doi.org/10.1016/j.molcata.2010.09.010
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:csong@psu.edu
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Table 1
Parameters for PCM salvation-model used in phenol, o-cresol and catechol tert-
butylation.
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are highly reactive for C-alkylations because they hold higher fr(E).
Due to the resonance effect of the nonbonding pz orbitals on the
oxygen atoms and the � bonding orbital on the benzene ring, the
local charge density and frontier electron density [fr(E)] on oxygen

Table 2
Calculated fr(E) for phenol, o-cresol in cyclohexane, and catechol in toluene.a

Reactant Solvent fr(E)

OH
2

4

Cyclohexane
C2 C4 O
0.162 0.303 0.386

OH CH3

4

6
Cyclohexane

C6 C4 O
0.127 0.295 0.372

OH
OH Toluene

C3 C4 O
0.042 0.232 0.344
Phenol tert-butylation Cyclohexane 2.023 2.815 18
o-Cresol tert-butylation Cyclohexane 2.023 2.815 18
Catechol tert-butylation Toluene 2.379 2.820 19

ithin O-alkylation intermediate has a significant impact on the
egioselectivity to TBCE, and alter the reaction kinetics of catechol
ert-butylation.

. Computational methods

The current work aims at examining the reaction mechanisms
nd uncovering the factors impacting the regioselectivity to t-
utyl ether in phenol, o-cresol and catechol tert-butylations. As
hese reactions are Brønsted acid catalyzed conversions, proton
ransfer among the components should be vital. The molecular
tructures of the experimentally synthesized SO3H-FILs (IL1–IL4)
13–15] are provided in Supporting Information Table S1. The
ation group (quaternary ammonium part) of SO3H-FIL plays a
inor role in catalyzing these reactions [13–17], so a simple

rønsted acid model can be adopted to represent the SO3H-FIL.
CH3SO3H molecule includes a sulfonic group, and its acid site

trength is similar to that of quaternary ammonium ion substi-
uted sulfonic acid FILs (IL1–IL4) according to the DFT calculation
esults on proton affinities (PAs) of these Brønsted acid models
PA for CH3SO3H is −1349.0 kJ/mol, while it is −1312.7, −1344.9,
1325.1 and −1357.8 kJ/mol for IL1, IL2, IL3 and IL4, respectively).
o balance the need for setting up a representative model and the
omputational efficiency, a CH3SO3H was introduced to represent
he SO3H-FIL as a Brønsted acid catalyst.

All the calculations were performed using Gaussian 03 pack-
ge [20]. The equilibrium geometries were obtained by Becke-style
hree-parameter functional (B3) with the Lee–Yang–Parr cor-
elation functional (LYP) within the framework of DFT at the
-311 + G(d,p) level [21–24]. The stability of the wave function was
ested for each state, and zero point energy (ZPE) corrections were
ncluded. Local atomic charge and frontier electron density [fr(E)]

ere calculated. Transition states were located using the QST [19]
ethod in DFT. Each transition state was confirmed by the single

maginary frequency along the reaction coordinate first, and then
y the intrinsic reaction coordinate (IRC) scan [25,26].

The polarized continuum model (PCM) developed by Tomasi
27–30] was employed to include the impact of solvent. In this

odel, the atomic radii of the sphere used to build the molecular
avity was adjusted by involving consideration of local chemical
nvironment, such as hybridization, formal charge, and first neigh-
or inductive effect. The impact of the escaped electronic charge
utside the cavity was corrected with an additional set of charge
n the cavity surface distributed according to the solute electronic
ensity in each point of the surface. In this study, we introduced
yclohexane solvent for phenol and o-cresol tert-butylation, and
oluene solvent for catechol tert-butylation based on the experi-

ental work [13,14]. The parameters employed in PCM are given
n Table 1.

. Results and discussion
In our recent work [15], we proposed two reaction paths for
atechol tert-butylation with t-C4H9OH, one mechanism with t-
4H9OH as the t-butylation agent directly without dehydration, and
he other mechanism with dehydration of t-C4H9OH by interaction
ith CH3SO3H to produce the CH3SO3–t-C4H9 (sulfonic ester inter-
is A: Chemical 332 (2010) 145–151

mediate, as proposed also in Tang’s work [31]) as the t-butylation
agent. We compared the kinetic differences between these two
proposed mechanisms, and found that the mechanism with t-
C4H9OH as the direct t-butylation agent is kinetically more favored
than that with CH3SO3–t-C4H9 as the t-butylation agent in terms
of the activation barrier (Ea), thus determined the acid-assisted
SN2 process without t-C4H9OH dehydration as the main reaction
route for catechol tert-butylation. The reaction paths for phenol,
o-cresol and catechol tert-butylation should be similar, thus in this
work, we discussed the favored acid-assisted SN2 mechanism with-
out TBA dehydration for Brønsted acid-catalyzed tert-butylation
of phenol, o-cresol and catechol as: the initial reaction mixture
is composed by Brønsted acid catalyst (CH3SO3H), phenol reac-
tant, TBA, and organic solvent such as cyclohexane or toluene.
TBA attacks phenol, o-cresol or catechol with CH3SO3H-assisted
interaction to produce the mono-C-alkylation or O-alkylation inter-
mediate, releasing a water molecule. Then the formed negatively
charged CH3SO3

− anion transfers to interact with the proton of the
protonated intermediate to form the second alkylation intermedi-
ate. Through deprotonation of the second alkylation intermediate,
the C-alkylation product or t-butyl ether is produced. t-Butyl ether
formation is reversible, and the O-intermediate can isomerize to
produce the C-intermediates in this acidic mixture. Partial mono-C-
alkylation product is further alkylated to produce the di-alkylation
product with the reaction proceeding. Among the reaction species,
only the hydroxyl groups of phenol, o-cresol or catechol, the
–SO3H group within CH3SO3H and the protonated intermediates
exhibit reasonable proton affinities [13–15]. The organic solvents
employed are cyclohexane or toluene, thus the proton transfer,
inside the dilute organic solution with a lower solvent proton affin-
ity, is only included in those O-involved functional groups, such as
–SO3H, –OH, and the protonated intermediate.

Several descriptors are developed to describe the reactivity of
aromatics molecules in electrophilic substitutions. Among these,
frontier electron density [fr(E)] derived from Fukui function gives a
reasonable description on the soft–soft interactions [32]. fr(E) rep-
resents the density of electrons in the highest occupied molecular
orbital (HOMO) [33], where the electrophilic attack prefers to occur
at the reaction site with highest electron density. The calculated
fr(E) values for phenol, o-cresol and catechol in organic solvents
are given in Table 2. C4 of Phenol, C4 of o-cresol and C4 of catechol
4
3

a fr(E) on O of catechol is an average value for the two oxygen atoms because they
show small difference.
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toms are relatively larger than those on carbon atoms, thus the
-alkylation should be preferred over C-alkylation. Experimental
bservations show that O-alkylation product TBPE and TBOCE are
he main components in the mixture at the beginning of phenol and
-cresol tert-butylation, but for catechol, the phenomenon is dra-
atically different: there is no O-alkylation product TBCE detected

hroughout the reaction. The different experimental results high-
ight that apart from the contribution of the HOMO orbital to the
eaction path and product selectivity, there should be other factors
lso impact the reaction kinetics and product selectivity.

.1. Reaction properties of these tert-butylation reactions

Fig. 1 shows the detailed reaction mechanisms for phenol,
-cresol and catechol tert-butyaltion with TBA to form the mono-
lkylation products catalyzed by CH3SO3H. The three-dimensional
tructures of each stationary point and transition state, as well as
heir Cartesian coordinates are provided in Supporting Information
able S2. The energy terms of each structure including elec-
ronic energy, ZPE and PCM correction are given in Supporting
nformation Table S3. The relative stability of the reactants, inter-

ediates, and final products are tabulated in Table 3. By comparison
f the relative stability of the reactants and products, the overall
eactions for both the C-alkylation and O-alkylation are endother-
ic. There are differences in the relative stability between the

econd alkylation intermediates and their deprotonation prod-
cts. For C-alkylation, the second intermediates are all less stable
han the deprotonation products, making formation of C-alkylation
roducts thermodynamically favored. For O-alkylation, the differ-
nces in the relative stability between the second O-alkylation
ntermediates and the deprotonation products vary with the reac-
ants. TBPE is 3.1 kJ/mol more stable than the second intermediate
Int’-O-P). As the ortho-substituent changes to methyl group, the
eprotonation product (TBOCE) is 4.6 kJ/mol more stable than the
econd intermediate (Int’-O-OC), but when it changes to hydroxyl
roup, the relative stability between TBCE and the second inter-
ediate is reversed, where TBCE is 26.6 kJ/mol less stable than its

econd intermediate (Int’-O-C), making TBCE formation endother-
ic. The strong correlation between the ortho-substituent and the

elative stability between the second O-alkylation intermediate
nd deprotonation product is obvious. As the ortho-substituent
aries from –H to –CH3, the stability difference between the sec-
nd O-alkylation intermediate and deprotonation product changes
rom 3.1 to 4.6 kJ/mol, with the alkylation product more stable.
owever, when the ortho-substituent changes to –OH, the rela-

ive stability between the second O-alkylation intermediate and the
lkylation product is reversed, with the intermediate more stable
han the product. Therefore, the difference in the relative stabil-
ty between the second O-alkylation intermediate and alkylation
roduct alters the reaction path and product selectivity.

Apart from the stability of the alkylation intermediate, the prod-
ct selectivity is also impacted by reaction kinetics, i.e. reaction rate
nd activation barrier. The energy profiles for each tert-butylation
eaction are illustrated in Fig. 2. In phenol tert-butylation, as shown
n Fig. 2(a), the activation energy barrier (Ea) for formation of O-
lkylation intermediate (Int-O-P) is lowest, which is 105.2 kJ/mol.
a for formation of C-alkylation intermediates (Int-2-P) and (Int-4-
) are 121.4 and 138.1 kJ/mol, respectively. These Ea values indicate
hat C-alkylation reactions proceed slower than O-alkylation. For
implification, we did not consider the impact of water adsorption
n the subsequent deprotonation steps, thus requiring water des-

rption prior to deprotonation. The energy difference between the
nt and Int’ in Fig. 2 results from both the water desorption and
H3SO3

− anion transfer. Ea for the subsequent TBPE formation is
8.6 kJ/mol, which is 2.3 and 13.1 kJ/mol lower than that for 2-tert-
utyl phenol (2-TBP) and 4-tert-butyl phenol (4-TBP) formation.
Fig. 1. Proposed reaction paths of (a) phenol tert-butylation in cyclohexane, (b)
o-cresol tert-butylation in cyclohexane and (c) catechol tert-butylation in toluene.
(MsOH represents CH3SO3H.)

Therefore, formation of TBPE is faster in the product mixture with
high TBA concentration, which explains the high selectivity to TBPE
at the beginning in phenol tert-butylation. Some secondary reac-
tions occur to consume TBPE, because there is no TBPE in the final
product mixture [13]. TBPE can reverse back to Int’-O-P in this acidic
media, which will then isomerize to produce the Int’-2-P or Int’-4-
P. The difference in Ea for the forward and reverse reaction of TBPE
formation is only 3.1 kJ/mol, so the reaction can be considered equi-

librated. The Ea for Int’-O-P isomerization to Int’-2-P is 40.7 kJ/mol,
and it is 51.6 kJ/mol for Int’-O-P isomerization to Int’-4-P. The con-
version chains from Int’-O-P to other C-alkylation intermediates
speed up the consumption of TBPE.
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Table 3
Relative energya of each stationary point for phenol, o-cresol tert-butylation in cyclohexane, and catechol tert-butylation in toluene.

Reactant First intermediate Second intermediate Product

Phenol+
[t-C4H9]OH+
CH3SO3H

0
Int-2-P 49.7 Int’-2-P 171.2 2-TBP 110.3
Int-O-P 31.6 Int’-O-P 160.5 TBPE 157.4
Int-4-P 61.2 Int’-4-P 183.7 4-TBP 126.8

o-Cresol+
[t-C4H9]OH+
CH3SO3H

0
Int-6-OC 42.0 Int’-6-OC 175.1 6-TBOC 115.4
Int-O-OC 33.3 Int’-O-OC 150.6 TBOCE 146.0
Int-4-OC 42.4 Int’-4-OC 177.9 4-TBOC 121.7

Catechol+
[t-C4H9]OH+
CH3SO3H

0
1nt-4-C 53.2 1nt’-4-C 148.3 4-TBC 110.3
Int-O-C 28
Int-3-C 70

a Energy unit is in kJ/mol.
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Fig. 2. Energy profiles for (a) phenol tert-butylation in cyclohexane, (b) o-cresol
tert-butylation in cyclohexane and (c) catechol tert-butylation in toluene. (Energy
unit is given in kJ/mol.)
.7 Int’-O-C 138.5 TBCE 165.1

.1 Int’-3-C 195.6 3-TBC 137.7

Fig. 2(b) shows that the reaction properties of Brønsted acid-
catalyzed tert-butylation of o-cresol with TBA are quite similar to
that of phenol. Ea for formation of O-alkylation intermediate (Int-O-
OC) is lowest, which is 107.7 kJ/mol, and are 116.3 and 121.4 kJ/mol
for Int-6-OC and Int-4-OC formation. Ea for t-butyl o-cresol ether
(TBOCE) production is 30.1 kJ/mol, which is 6.7 and 17.4 kJ/mol
lower than formation of 6-tert-butyl o-cresol (6-TBOC) and 4-tert-
butyl o-cresol (4-TBOC).

For catechol tert-butylation shown in Fig. 2(c), formation of
O-alkylation intermediate (Int-O-C) is faster than C-alkylation
intermediate (Int-C-C) formation as well. However, Ea for pro-
ducing TBCE is 87.7 kJ/mol, which is 52.5 kJ/mol higher than
4-tert-butyl catechol (4-TBC) formation and 46.0 kJ/mol higher
than 3-tert-butyl catechol (3-TBC) formation. Ea for the reverse
reaction of TBCE formation is 26.6 kJ/mol lower than that for the
forward reaction, indicating the fast consumption of TBCE. More-
over, the Ea for isomerization from Int’-O-C to Int’-3-C is 54.7 kJ/mol
and is 41.7 kJ/mol to Int’-4-C, which indicate that the isomeriza-
tion reactions from Int’-O-C to other C-alkylation intermediates are
faster compared with TBCE formation from Int’-O-C. Judged from
Ea for consuming Int’-O-C, it is more likely to isomerize to Int’-3-C
and Int’-4-C rather than producing TBCE.

3.2. Regioselectivity to t-butyl ether

Phenol and o-cresol tert-butylation show similar reaction prop-
erties, however, the reaction kinetics for catechol tert-butylation is
dramatically different, especially for the selectivity to t-butyl ether.
t-Butyl is a large alkyl group, so the steric effect may play an impor-
tant role in altering the selectivity to t-butyl ether, especially for
TBCE. Because the C–O bond of the alkylation intermediate may
be difficult to be stabilized due to the bulky t-butyl group close to
an ortho-hydroxyl group. Methyl group is the smallest alkyl group,
thus was introduced to compare the steric effect of alkyl group
on the regioselectivity to alkyl ether. The relative stability of the
transition states (TSs) for formation of alkylation products through
deprotonations of the second intermediates with tert-butyl alcohol
and methanol as alkylation agents were calculated in cyclohexane
solution for phenol and o-cresol, but toluene for catechol based on
the experimental details [13–15].

Here, we took the most stable TS as the reference point, and
the relative stability of other TSs in the same reaction network are
compared and given in Table 4. The TSs for both the t-butyl phenol
ether and methyl phenol ether formation are more stable than other
C-alkylation TSs in the same reaction network. For o-cresol alkyla-
tions, they show the same trend as for phenol. Regarding catechol,

the TSs for formation of t-butyl catechol ether and methyl catechol
ether are both less stable than those for 4-alkylation product forma-
tion, but more stable than those for 3-alkylation product formation.
The above computational results indicate that the relative stabil-
ity rules of the transition states for alkyl ether product formation
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Table 4
Relative energya of each transition state for the deprotonation step to form the alkylation product using t-C4H9OH and CH3OH as the electrophilic agents.b

Reactant Relative energy of the TS for the
deprotonation step using t-C4H9OH

Relative energy of the TS for the
deprotonation step using CH3OH

Phenol
TS(O-) TS(4-) TS(2-) TS(O-) TS(4-) TS(2-)

0 36.3 13.0 0 27.3 9.1

o-Cresol
TS(O-) TS(4-) TS(6-) TS(O-) TS(4-) TS(6-)

0 44.7 31.2 0 33.7 28.9

Catechol
TS(O-) TS(4-) TS(3-) TS(O-) TS(4-) TS(3-)
42.7 0 53.8 31.5 0 52.7

a Energy unit is in kJ/mol.
b TS(O-) represents the transition state for producing ether product, others represent the transition states for producing C-alkylation products.
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w
d
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0
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0
e
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T

tonated intermediate and the deprotonation transition state, as
shown in Fig. 4. There are two hydroxyl groups within a catechol
molecule seen from Fig. 4(b), and they should form an IMHB to gain
extra stability of 11.4 kJ/mol compared with structure (a). The for-

Table 5
Optimized geometric parameters of the transition states for formation of TBPE
[TS(a)], TBOCE [TS(b)] and TBCE [TS(c)].
Fig. 3. Optimized geometries of the transition st

o not change with the electrophilic substituted agent vary from a
ulky t-butyl group to a smaller methyl group, which proves that
he steric effect of t-butyl group does not have a significant impact
n the regioselectivity to t-butyl ether.

However, there are dramatic differences in TS relative stability
rder and the Ea for formation of TBPE, TBOCE and TBCE. Therefore,
e examined the corresponding molecular structures of the TSs for
eprotonation steps within these three tert-butylation reactions.
he optimized TS geometries for formation of TBPE (a), TBOCE (b)
nd TBCE (c) are shown in Fig. 3, and relevant geometric parame-
ers of the three TSs are given in Table 5. From Fig. 3, it is apparent
hat the TS configurations involve the trend of proton transfer from
he protonated intermediate to the CH3SO3

− anion. The original
2–H1 bond cleavage in the TS is observed through the elonga-

ion of the bond length. The O2–H1 bond length elongates to 0.145
rom 0.098 nm in the second alkylation intermediate for phenol,
.142 from 0.097 nm for o-cresol, and 0.120 from 0.097 nm for cat-

chol. The O1–H1 distance becomes smaller, which contracts to
.116 nm for phenol, 0.118 nm for o-cresol and 0.123 nm for cat-
chol. The O2–H1 distance is smaller, but the O1–H1 distance is
onger in TS (c) compared with TS (a) and TS (b). In particular, within
S(c), there is an additional intramolecular hydrogen bond (IMHB)
r formation of (a) TBPE, (b) TBOCE and (c) TBCE.

formed between the proton and the ortho-hydroxyl group with
the O–H distance of 0.131 nm, as shown in Fig. 3(c). Despite the
anion of CH3SO3H exhibits superior proton affinity than phenol-
hydroxyl group, the above results indicate that the proton would
rather bind with the hydroxyl group within Int’-O-C than interact
with the anion of CH3SO3H.

In order to clarify the impact of IMHB on the selectivity to TBCE,
we fall back to the structures and energies of catechol, its pro-
Parameter TS(a) TS(b) TS(c)

O2–H1 (nm) 0.145 0.142 0.120
O1–H1 (nm) 0.116 0.118 0.123
C1–O2 (nm) 0.160 0.159 0.154

H1–O2–C1 (◦) 109.5 111.3 108.9
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ig. 4. Intramolecular hydrogen bond formed within (b) catechol molecule, (d) its
nd (e) are used for comparison. (MsOH represents CH3SO3H.)

ation barrier of this IMHB is 11.9 kJ/mol, which is very modest. So,
he IMHB must exist within a catechol molecule. For Int’-O-C shown
n Fig. 4(d), an IMHB still exists, between the ortho-hydroxyl group
nd the proton. The formation barrier of this IMHB is 12.0 kJ/mol,
nd can result in extra stability of 20.1 kJ/mol compared with struc-
ure (c). With formation of an IMHB, the proton affinity of the
ntermediate is further altered. The protonation energy of TBCE is
8.1 kJ/mol higher than that of catechol, which indicates that for-
ation of the IMHB can stabilize the TBCE in its protonated form

Int’-O-C). Formation of TBCE goes through deprotonation of the
rotonated intermediate. Within the structure of the deprotona-
ion transition state shown in Fig. 4(f), there is still an additional
MHB formed between the proton and ortho-hydroxyl group, which
nhibits the proton transfer from the protonated intermediate to
H3SO3

− anion, as reflected by the bond parameters given in Fig. 3
c). Formation of the IMHB makes the protonated intermediate

ore stable, and increases the Ea for deprotonation step to pro-
uce TBCE. The isomerization barriers from Int’-O-C to Int’-3-C
54.7 kJ/mol) and Int’-4-C (41.7 kJ/mol) are also lower than Ea for
roducing TBCE (87.7 kJ/mol). Therefore, the formed Int’-O-C will
e consumed fast by the isomerization reactions instead of produc-

ng TBCE.

. Conclusions

The reaction mechanisms of Brønsted acid-catalyzed tert-
utylation of phenol, o-cresol and catechol have been examined
y a comparative computational study. The steric effect of t-butyl
roup does not have an apparent impact on the regioselectivity
o t-butyl ether. The differences in the stability of O-alkylation
ntermediates, resulted from different ortho-substituents of the
eactants, account for the regioselectivity to t-butyl ether. The
ntramolecular hydrogen bond formed within O-alkylation inter-

ediate facilitates its isomerization to C-alkylation intermediates,
nhibits the t-butyl catechol ether formation, thus making the reac-
ion kinetics for catechol tert-butylation unique.
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