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Tert-butylation of phenol with tert-butyl alcohol (TBA) over H-3 zeolite was studied using the ONIOM
approach with two proposed reaction paths: stepwise and concerted mechanisms. The results obtained
by the ONIOM2 (B3LYP/6-31G(d,p):UFF) method reveals that the tert-butylation of phenol preferentially
occurs through a co-adsorbed, concerted mechanism without prior dehydration of tert-butyl alcohol,
rather than via a stepwise mechanism through dehydration to form tert-butyl carbenium ion as the first
step followed by tert-butyl cation attack on the 2- or 4-position on phenol. The kinetic difference between
2- and 4-tert-butylation is more apparent in the concerted path, where 4-tert-butylation proceeds over
a lower activation barrier. Decreasing the acid site strength, via substitution of Ga for Al, reduces the
H-bonding interaction between the zeolitic proton and tert-butyl alcohol and increases the apparent

activation barriers, which slows the overall reaction, and also lowers the selectivity to 4-tert-butyl phenol.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Zeolites, as eco-benign solid catalysts, are widely used in petro-
chemical processes due to their high activity and selectivity [1-8].
Tert-butylation of phenol with tert-butyl alcohol (TBA) over zeo-
lites has been extensively investigated owing to the industrial
interest in the production of 4-tert-butyl phenol as an antioxi-
dant, ultraviolet adsorber and heat stabilizer of polymeric materials
[9-11]. H-B zeolite has potential as an effective catalyst for this
reaction by virtue of its high silica content and suitable acid site dis-
tribution [9,12]. Tert-butylation of phenol with TBA over zeolites
includes two competitive reactions to produce the mono-C-tert-
butylation products—2-tert-butyl phenol (2-TBP) and 4-tert-butyl
phenol (4-TBP), respectively. High selectivity to 4-TBP is desired
because this product imparts improved performance to metallic
detergents (phenates) used in lubricating oils [13], and can be used
in the manufacture of phenolic resins, antioxidants, polymeriza-
tion inhibitors, lube additives, and substituted triaryl phosphates
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[10]. With zeolites as the acidic catalysts, 4-TBP is produced as the
dominant product.

The choice of an optimal solid acid catalyst for tert-butylation
requires relating the acid site structure, acidity, and strength to the
activity and selectivity for the given reaction. The acidity is defined
by the number of acid sites in a unit weight or unit surface area,
and for a specific zeolite structure, it is dictated by the Si:Al or
Si:Ga ratio. A number of experimental measures may be used to
characterize the acid strength of a solid acid, including the Ham-
mett acidity function (Hy), adsorption of basic probe molecules, and
TH nuclear magnetic resonance. These measures can differ in their
ranking of acid strength. Computationally, the proton affinity of a
conjugate base site can be used to rank acid strength.

Anumber of experimental studies have related the zeolite activ-
ity and selectivity for tert-butylation of phenol to acid properties.
Zhang et al. [9] reported that, for tert-butylation of phenol with TBA
over H-f3 zeolite, medium strength acid sites are advantageous in
producing 4-TBP, whereas weak acid sites are effective in producing
2-TBP. Sakthivel et al. [10] carried out the para-selective tert-
butylation of phenol with TBA over mesoporous H-AIMCM-41, and
found that H-AIMCM-41 with moderate acidity is advantageous
for 4-TBP formation. Song et al. [11] studied the alkylation of phe-
nol with TBA catalyzed by a mesoporous material with enhanced
acidity synthesized from zeolite MCM-22, and demonstrated weak
acid sites mainly produce 2-TBP, moderate acid sites give 4-TBP,
and strong acid sites enhance the selectivity to 2,4-di-tert-butyl
phenol (2,4-DTBP). Despite these experimental kinetic studies, the
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Fig. 1. 116T cluster model of H-Al-3 zeolite subdivided into two layers according to the two-layer ONIOM (ONIOM2) approach: the inner 14T cluster (balls) was computed
with the B3LYP/6-31G(d,p) level of theory, and the remainder (lines) was treated with the universal force field (UFF) method (blue: silicon, red: oxygen, pink: aluminum,
white: hydrogen). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

reaction mechanism for tert-butylation of phenol with TBA over
solid acid catalysts remains unclear. Without knowledge of how
the intermediate or transition state interacts with the active site,
determination of optional acid properties of a zeolite catalyst for
this reaction remains empirical.

Theoretical calculations based on quantum chemistry are a
helpful tool to investigate the reaction mechanism at a molec-
ular level. Small clusters are often adapted as models of zeolite
reaction sites, however, these models do not include the frame-
work influence, which may play an important role for reactions
in zeolite pores [14-16]. The “own-N-layered integrated molecular
orbital + molecular mechanics” (ONIOM) method combines differ-
ent theoretical levels of calculation to investigate adsorption and
reaction of hydrocarbons over zeolites [17-21]. The active site and
inner-pore surface are considered using density functional the-
ory and the extended framework is represented with molecular
mechanics. In this work, the ONIOM approach is used to determine
the reaction mechanism of tert-butylation of phenol in the H-[3 zeo-
lite pore, and to study the influence of H-[3 acid site strength on this
reaction.

2. Models and methods

The acidic H-3 zeolite was represented by the 116T cluster
model taken from the lattice structure of beta zeolite [22-25],
as shown in Fig. 1. The cluster was terminated by H atoms
bonded to Si atoms, with the terminal Si-H bond length fixed
at 1.47A. We first used a single Al atom substituted for Sil
(T1) to introduce an acid site [25], then substituted Ga for Al
to alter the acid site strength. A two layer ONIOM (ONIOM2)
approach was employed for computational efficiency. Within
this method, density functional theory based calculation at the
B3LYP/6-31G(d,p) level was applied to the inner 14T cluster, cov-
ering the 12-membered ring and two additional basal T units.
This was considered to represent the active region of the [3-
zeolite. The remaining extended zeolite framework was treated
with the universal force field (UFF) [26]. During optimization, only
the basic 5T cluster of the 14T active region, [(=(Si0)3Al(OH)Si=]
or [(=(Si0)3Ga(OH)Si=], was allowed to relax, whereas the rest
of the model was fixed at the crystallographic coordinates. The
QST method within the framework of DFT was used to iso-
late transition states, and each transition state was confirmed to
have a single imaginary vibrational frequency along the reaction
coordinate. Zero-point energy (ZPE) corrections were included.

All calculations were conducted with the Gaussian 03 package
[27].

We calculated the proton affinity (PA) of zeolites and adsorption
energy of an NH3 molecule to characterize the acid site strength of
the Al and Ga substituted beta zeolites. The PA is calculated as:

PA = Ezeon) — Ezeo-) — Eqry: (1)

where E(zeon) is the total energy of the zeolite cluster ZeOH, E .o~
is the total energy of the corresponding anion, and E -+, is the total
energy of a proton (defined as zero in Gaussion 03). The adsorption
energy of NH3 was referred to that of the isolated NH3 molecule in
gaseous phase and the zeolite system:

AE(ads) = E(NH;-zeolote) — E(NH3) — E(zeolite) (2)
3. Results and discussion

We proposed two reaction paths for tert-butylation of phenol
with TBA over H-[3, based on relevant studies regarding acid-
catalyzed alkylation reactions [19,28,29]: the stepwise and the
concerted mechanisms, as shown in Scheme 1(a) and (b), respec-
tively. ONIOM results for the reaction path of each mechanism are
presented in Sections 3.1 (stepwise) and 3.2 (concerted) followed
by a comparison of the two mechanisms (Section 3.3) and exami-
nation of the impact of Ga substitution on energetics (Section 3.4).
The Cartesian coordinates for all stationary points included, as well
as the imaginary frequency values for each transition state created
in both the reaction mechanisms with Al-H-8 and Ga-H-f3 are given
in Supplementary Data.

3.1. Stepwise mechanism

3.1.1. Formation of the tert-butyl carbenium ion

In the stepwise mechanism, we first examined the TBA dehy-
dration. A TBA molecule adsorbs at the active site of acidic H-8
zeolite through formation of an O,coho1—Hzeolite hydrogen bond.
The TBA C-0 bond is then cleaved to generate a tert-butyl carbe-
nium ion product, releasing a water molecule. This dehydration
step produces a tert-butyl carbenium ion that can either deproto-
nate to form isobutene, or react with co-adsorbed phenol, to form
the tert-butylation product.

The stepwise path occurs through the creation of a tert-butyl
carbenium ion product in the first step. In relevant studies on alco-
hol dehydration over acidic zeolites, an alkoxide state is found after
alcohol dehydration, with the central carbon atom (Cyjcono;) Of the
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Scheme 1. Proposed reaction paths for tert-butylation of phenol with TBA over H-f3, (a) the stepwise mechanism and (b) the concerted mechanism.

alkyl carbenium ion bonded with the negatively charged basic site
(Ogeolite) Of the zeolite [18,28-33]. Therefore, we first tried to con-
struct a tert-butyl alkoxide state inside the H-[3 pore. However,
after geometric optimization, the Cyjconoi—0zeolite PONd dissociated
to form a tert-butyl carbenium ion interacting with the negatively
charged basic site. Rotation of the initial tert-butyl alkoxide struc-
ture did not allow for the Cyjcon01—Ozeolite PONd to be stabilized. The
difference in TBA dehydration product structure compared to other
alcohols (such as methanol, ethanol and propanol) may result from
the larger repulsive van der Waals (vdW) interaction between the
bulky tert-butyl group and the zeolite framework.

The optimized geometric parameters of the adsorbed TBA, the
dehydration transition state, and the tert-butyl carbenium ion
product are given in Table 1. In the structures of these three
molecules, O represents the conjugated base site of the original
acid site for H-3 zeolite, O is for interacting with tert-butyl carbe-

Table 1
Geometric parameters of all species involved in tert-butyl carbenium ion formation
in the stepwise mechanism over Al-H-(3? (atom labels are given in Fig. 2).

Parameter Ads_t-Bu TS_Car Int_Car...H,0
Distances
C1-03 1.48 3.22 3.50
03-H; 1.39 0.97 0.98
Hq1-04 1.09 2.12 2.05
Si-04 1.64 1.57 1.58
Al-0,4 1.77 1.68 1.68
Si-0, 1.59 1.58 1.58
Al-0, 1.67 1.69 1.69
Angles
Si-01-Al 135.2 139.1 137.2
Si-0,-Al 131.0 132.8 133.7

2 Distances are in Angstroms, angles are in degrees.

nium ion, and O3 belongs to the hydroxyl group of TBA molecule.
The adsorption geometry of TBA, Ads_t-Bu, is shown in Fig. 2(a). The
initial O;-H; bond of H-B zeolite is lengthened from 0.97 A prior
to TBA adsorption to 1.09 A and the interatomic distance between
03 and Hj is 1.39A, which indicates a hydrogen bond is formed
between the TBA hydroxyl group and the acid site of the zeolite
framework. In the adsorption structure of TBA, the C;-03 bond is
elongated from 1.43 A in the isolated state to 1.48 A due to inter-
action with the Brgnsted acid site. The TBA C-0 bond is therefore
activated toward cleavage.

The transition state, TS_Car, for formation of the carbenium ion
product is shown in Fig. 2(b). The C;-03 bond is broken at the tran-
sition state, as demonstrated by its elongation from 1.48 A in the
adsorbed state to 3.22 A. The atomic distance between O3 and H;
is 0.97 A, which is similar to the O-H bond length (0.96-0.98 A) of
water, indicating a water molecule is formed at the transition state.
The geometry about the C; atom of the tert-butyl group changes
from tetrahedral in adsorbed TBA to trigonal planar, owing to the
C; hybridization state change from sp3 to sp2.

The adsorbed tert-butyl carbenium ion product (Int_Car. . .H,0)
isshowninFig. 2(c). The C; substituents of the tert-butyl carbenium
ion are co-planer with the C; atom, indicating the hybridization
state of the C; atom is sp2. The structure within the acid site, carbe-
nium ion, and water molecule are similar between the dehydration
transition state and product, however, they show differences inrel-
ative location. At the transition state, the tert-butyl carbenium ion
has a further distance between the central carbon atom and the
framework O atom of zeolite (C;-05 is 4.26 A), but a nearer dis-
tance with the O atom of water (C;-03 is 3.22 A). At the product
state, the tert-butyl carbenium ion moves further from the O atom
of water (C;-Oj3 is 3.50A) and closer to the O atom of the zeolite
framework (C;-0; is 3.56 A).



X. Nie et al. / Catalysis Today 165 (2011) 120-128 123

a

Fig. 2. Optimized geometries of (a) TBA adsorption, Ads-t-Bu; (b) the transition state for tert-butyl carbenium ion product formation, TS_Car; (c) the tert-butyl carbenium
ion, Int_Car. . .H,0. (Only the active region of the Al-H-{3 zeolite is shown for clarity) (blue: silicon, red: oxygen, pink: aluminum, white: hydrogen). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of the article.)

The relative energy of all species involved in formation of the
carbenium ion product is depicted in Fig. 3. The energy of sepa-
rated TBA plus the zeolite cluster is used as the reference point.
The adsorption energy of TBA is —30.0 kcalmol~!, which is more
exothermic compared with the experimental estimation of the
methanol adsorption enthalpy in acidic H-ZSM-5 zeolite, ranging
from —15 to —27 kcal mol~1 [34,35]. The more exothermic adsorp-
tion energy of TBA over H-[3 zeolite likely results from the attractive
vdW interaction with zeolite pore for the bigger TBA molecule
and the stronger acidity of H-f3 than H-ZSM-5 [36]. The activation
energy barrier (Eact) for Int_Car. . .H,0 formation is 30.6 kcal mol !,
which is 9.0 and 9.9 kcal mol~! lower than that for methoxide for-
mation over H-FAU [29] and ethoxide formation over H-ZSM-5 [28].
The formation of the tert-butyl carbenium ion product is endother-
mic relative to the adsorbed TBA state by 27.4 kcal mol—1.

Once the tert-butyl carbenium ion is generated, the water
molecule may be released from the pore. We did not consider the
impact of adsorbed water on the subsequent alkylation reactions,
and this assumption is discussed further in comparing the step-
wise and concerted mechanisms (Section 3.3). We therefore define
the “stepwise mechanism” to require water desorption prior to
tert-butylation. The desorption energy of water is 12.7 kcal mol~1.
The carbenium ion (Int_Car) could further deprotonate to form

TS 2-TBP

TS Isob (17
Int_ Caregy g_z) TS 4TBP

(1u (T6.2)
/* £_7P

20+

ALHBEA TS Car
|_TBA (06) —H.

Int) 211!' .Phed
| | Tnt Cnr -HO g?)mez

=T d)
B

Energy (keal/mol)

(4"?0) | Ads_2-TBP(312)
— Ads 4 TBP(35.3)

40

Fig. 3. Relative energy (kcalmol~') of all species involved in the stepwise mecha-
nism of phenol tert-butylation with TBA over Al-H-B. (The energy of separated TBA
plus Al-H- is used as the reference point).

isobutene or react with phenol. Isobutene is produced by depro-
tonation of the carbenium ion, and it must be reactivated by a
Brensted acid site to recreate the tert-butyl carbenium ion for tert-
butylation to occur. The E,¢ for formation of Int_Car from isobutene
is 9.5kcalmol~!, whereas the E, for formation of isobutene is
2.1kcalmol~!. This implies that interchange between isobutene
and the carbenium ion is facile even under moderate temperature,
and this reaction can be considered equilibrated within the overall
tert-butylation reaction scheme.

3.1.2. Tert-butylation of phenol

Toinitiate the tert-butylation sequence, a phenol molecule is co-
adsorbed in the zeolite pore with the carbenium ion. The important
geometric parameters of the co-adsorbed species, transition states,
and product states for 2- and 4-tert-butylation in the stepwise
mechanism are given in Table 2. In 2-tert-butylation, the optimized
co-adsorbed phenol with the tert-butyl carbenium ion is shown in
Fig. 4(a) and labeled Ads_Car...Phe2. The distance between the
H atom of the hydroxyl of phenol and the zeolite framework O
atom s 2.54 A, indicating possible weak hydrogen bond interaction
between these two atoms. The atomic distance between C;-C; and
C,-0; is 4.70 and 3.18 A, respectively. Phenol is largely stabilized
by the tert-butyl carbenium ion through partial positive-negative
charge interaction between the carbenium ion and the 1 electrons
in the benzene ring of phenol. Therefore, the positive charge in the
carbenium ion may be stabilized by both the negatively charged
basic site of the zeolite and the m electrons in the benzene ring
of phenol. For 4-tert-butylation, the co-adsorbed phenol with the
carbenium ion is shown in Fig. 4(b), Ads_Car. . .Phe4. The C{-C,
and C,-0, atomic distance is 4.48 and 3.20 A, respectively. The co-
adsorption energy of phenol with the carbenium ion is —16.3 and
—8.8 kcal mol~! for 2- and 4-tert-butylation, as shown in Fig. 3. This
difference in co-adsorption stability results from difference in the
hydrogen bond interaction involving in the Ads_Car...Phe2. The
co-adsorption of phenol with the carbenium ion is exothermic and
therefore these two species can co-locate inside the zeolite pore.

The formation of the transition state, TS_2-TBP, as shown in
Fig. 4(c), involves the concerted action of formation of a Ci-
C, bond and cleavage of the C;-H; bond. Similar bond cleavage
and formation occur at the transition state in 4-tert-butylation,
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Table 2

Important bond parameters of all species involved in the tert-butylation step within the stepwise mechanism over Al-H-2 (atom labels are given in Fig. 4).

Parameter Ads_Car...Phe2 Ads_Car...Phe4 2-Tert-butylation 4-Tert-butylation
TS-2-TBP Ads_2-TBP TS_4-TBP Ads_4-TBP
Distances
Ci-C 4.70 4.48 1.59 1.54 1.59 1.54
Ci-Hy 1.09 1.10 1.36 3.14 135 3.07
H;-04 3.78 243 1.65 0.98 1.61 0.98
Si-04 1.57 1.57 1.65 1.66 1.66 1.66
Al-0;4 1.66 1.66 1.78 1.81 1.80 1.81
Si-0, 1.57 1.57 1.59 1.60 1.59 1.60
Al-0, 1.69 1.69 1.67 1.67 1.67 1.67
Angles
C,-Ci-H;4 42.0 56.6 110.7 102.2 110.3 96.9
Cy-H;1-04 124.3 154.6 173.7 155.1 174.0 156.6
Si-07-Al 140.0 140.0 127.9 136.5 133.5 136.6
Si-0,-Al 134.2 134.2 1313 1283 129.9 1284

2 Distances are in Angstroms, angles are in degrees.

TS 4-TBP, as shown in Fig. 4(d). The vibrational animation of
the single imaginary frequency for these two transition states
shows both C;-C, formation and the hydrogen transfer from the
carbon atom of phenol to the negatively charged basic site of
the zeolite. The activation barriers are 23.6 and 14.9 kcal mol!
for 2- and 4-tert-butylation from the co-adsorbed states. The
8.7kcalmol~! difference indicates that formation of 4-TBP is
kinetically more favored than 2-TBP formation. As the proton is
back-donated to regenerate the acid site of the zeolite during tert-

butylation, the final step is product desorption from the active
site of the zeolite. Fig. 3 shows that formation of adsorbed 2-
TBP from the co-adsorbed state is exothermic by 25.0 kcal mol—1,
whereas it is 36.6 kcalmol~! exothermic for adsorbed 4-TBP for-
mation. The overall reaction energy is —9.4 kcalmol~! exothermic
for 2-TBP formation and —10.9 kcal mol~! exothermic for 4-TBP
formation. The more exothermic reaction energy for 4-TBP for-
mation indicates that 4-TBP is the thermodynamically more stable
product.

C

d

Fig.4. Optimized geometries of the co-adsorbed states and tert-butylation transition states in the stepwise mechanism. Co-adsorbed states are shown in (a) 2-tert-butylation,
Ads_Car. . .Phe2 and (b) 4-tert-butylation, Ads_Car. . .Phe4; transition states are shown in (c) 2-tert-butylation, TS_2-TBP and (d) 4-tert-butylation, TS_4-TBP (Al-H-f3 zeolite
structure is shown in part for clarity) (blue: silicon, red: oxygen, pink: aluminum, white: hydrogen). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of the article.)
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Fig. 5. Relative energy (kcalmol~') for each state in the concerted mechanism of
phenol tert-butylation with TBA over Al-H-(. (The energy of separated TBA, Al-H-3
plus separated phenol is used as the reference point.)

3.2. Concerted mechanism

The concerted tert-butylation mechanism occurs with initial co-
adsorption of phenol and TBA, followed by the tert-butylation of
phenol with TBA directly without formation of a tert-butyl carbe-
nium ion. The relative stability for each state of this path is shown
in Fig. 5, reactant and transition state structures are illustrated in
Fig. 6, and the optimized structural parameters of species involved
are given in Table 3. In the molecular structures, O; represents the

C

C

conjugated base site of the original acid site for H-3 zeolite, O, is
for proton donation after tert-butylation reaction, and O3 belongs
to the hydroxyl group of TBA molecule.

To construct an initial co-adsorbed configuration, the adsorp-
tion of TBA and phenol were first separately optimized. For phenol,
there are two kinds of adsorption models including that via hydro-
gen bond interaction between the -OH group of phenol and the acid
site of H-3 zeolite, and that via m-H bond interaction between the
benzene ring of phenol and the acid site of H-3 zeolite, as shown
in Supplementary Data. By comparison of the adsorption ener-
gies of these two adsorption structures, phenol adsorbs through
a hydrogen bond interaction is thermodynamically more stable,
with an adsorption energy of —19.3 kcalmol~!, which is slightly
lower than the DFT result (—22.3 kcalmol~!) by Sasaki et al. [37]
using the Re401¢ cluster of H-ZSM-5. The adsorption energy of TBA
over H-{3 zeolite is —30.0 kcal mol~!, which is comparable with the
computational results on silicalite (27.3 kcal mol~!) and H-ZSM-5
(30.8 kcalmol~1) by Shubin et al. [38], thus TBA adsorption is pre-
ferred thermodynamically over phenol adsorption. TBA is adsorbed
over the acid site of H-f3 zeolite via a hydrogen bond interaction,
and the phenol molecule is co-adsorbed nearby. These structures
are labeled Co2_Ads for 2-tert-butylation and Co4_Ads for 4-tert-
butylation, as shown in Fig. 6(a) and (b). In Co2_Ads, the H atom of
the hydroxyl group of phenol has a hydrogen bond interaction with
a framework O atom of the zeolite with a Hpnenoi=Ozeolite distance
of 2.54 A. The tert-butyl group of TBA has partially delocalized pos-
itive charge because the negative charge on the hydroxyl O atom

d

Fig. 6. Optimized geometries of the co-adsorbed reactants and transition states in the concerted mechanism. Co-adsorbed reactants are shown in (a) 2-tert-butylation,
Co2_Ads and (b) 4-tert-butylation, Co4_Ads; transition states are shown in (c) 2-tert-butylation, TS_2-TBP and (d) 4-tert-butylation, TS_4-TBP. (Al-H-3 zeolite structure is
shown in part for clarity) (blue: silicon, red: oxygen, pink: aluminum, white: hydrogen). (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of the article.)
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Table 3

Optimized structural parameters for each state involved in 2- and 4-tert-butylation in the concerted mechanism over Al-H-3? (atom labels are given in Fig. 6).

X. Nie et al. / Catalysis Today 165 (2011) 120-128

Parameter Co2_Ads Co4_Ads 2-Tert-butylation 4-Tert-butylation
TS_2-TBP Ads_2-TBP TS_4-TBP Ads_4-TBP
Distances
C-03 1.48 1.48 4.10 4.09 415 412
Ci-C 4.72 4.69 1.59 1.54 1.57 1.54
Ci-Hq 1.09 1.09 1.46 3.25 1.47 3.15
0,-H;, 3.99 3.87 1.36 0.98 1.36 0.98
Si-04 1.63 1.65 1.56 1.58 1.56 1.58
Al-04 1.77 1.78 1.67 1.66 1.66 1.65
Si-0, 1.59 1.59 1.65 1.68 1.63 1.68
Al-0; 1.67 1.66 1.76 1.81 1.75 1.81
Angles
Cy-Cy-H;4 75.1 494 108.8 102.2 115.6 102.8
Cy-H;-0; 136.3 158.3 176.6 146.8 177.8 1471
Si-01-Al 134.1 134.1 140.5 134.4 140.3 135.2
Si-0,-Al 131.1 1311 124.9 131.1 126.6 1314

2 Distances are in Angstroms, angles are in degrees.

transfers in part to the H acid site of the zeolite. The partially delo-
calized positive charge on tert-butyl group of TBA appears to be
stabilized by the 1 electrons in the benzene ring of phenol for both
the Co2_Ads and Co4_Ads.

After the co-adsorption, phenol is attacked by TBA directly,
leading to the formation of 2-TBP or 4-TBP and releasing a water
molecule. The concerted reaction breaks the O,eqjite—Hzeolite PONA,
forms the O,jcohol~Hzeolite bONd, breaks the C,icono1=Oalconol PONd,
forms the Cyiconot=Cphenol PoNd, breaks the Cppenol~Hphenol Pond and
forms the Hppenoi=Ozeolite PONd in a single step. The transition states
for 2-tert-butylation, TS_2-TBP and 4-tert-butylation, TS 4-TBP in
the concerted path are shown in Fig. 6(c) and (d), respectively. At
the transition state, the O,qjite—Hzeolite PONd is broken, with the
0,eolite—Hzeolite (01-Hz) distance of 4.68 A for TS_2-TBP and 4.60 A
for TS_4-TBP. The Ogjcono1—Hzeolite (O3—H>) bond is formed and the
Caicohol=Oalconol (C2—-03) bond is completely broken to produce a
water molecule for both transition states. The other H atom in
water interacts with a framework O atom of the zeolite, which is not
shown in the figure for clarity. The Cyjconoi—Cphenol (C2-Cq) bond is
partially formed, with the Cyjcohoi~Cphenol bond length of 1.59 A for
TS_2-TBP and 1.57 A for TS_4-TBP, which are 0.05 and 0.03 A longer
than the C,jcono1—Cphenol bond length (1.54 A) in the adsorbed prod-
ucts. The Cppenol—Hphenot (C1-Hyp)bond is elongated at the transition
state, but the Hypenol=Ozeolite (H1-02) bond is incompletely formed.
The atomic distance between the Cppenol and Hppenol 1S 1.46 A for
TS_2-TBP and 1.47 A for TS_4-TBP, which are much longer than the
original Cphenoi~Hphenol bond length (1.09A) in the co-adsorbed
reactants. However, the Hppenoi=0zeolite PONd distance (1.36 A for
both transition states) is too far to form a H-O bond completely,
as compared with the H-O bond length (0.96-0.99 A) of the acid
site of H-B3. Though the transition state is for the “concerted” path,
the transition state structure indicates that proton transfer from

Table 4
Major comparison items between the stepwise and concerted mechanisms?.

phenol to the zeolite occurs as the Cyiconol~Cphenot Pond is formed
whereas the alcohol dehydration portion is already completed.

The co-adsorption energies of Co2_Ads and Co4_Ads are —44.4
and —39.4 kcal mol~!. This 5.0 kcal mol~! difference in adsorption
energy mainly results from the difference in adsorption structure of
the phenol molecule. In 2-tert-butylation, phenol co-adsorbs with
TBA through formation of a hydrogen bond between the H atom
in hydroxyl and the zeolite framework O atom (Hphenoi=Ozeolite 1S
2.54 A)in addition to the o— interaction between phenol and TBA.
However, in 4-tert-butylation, phenol co-adsorbs with TBA only
by o- interaction. Therefore, the co-adsorbed reactant Co2_Ads
in 2-tert-butylation is more stable. The activation barriers for 2-
and 4-tert-butylation are 29.0 and 21.4kcalmol~!, respectively.
4-Tert-butylation, with a lower E,, is kinetically favored over 2-
tert-butylation. Formation of adsorbed 2-TBP from the co-adsorbed
state is exothermic by 6.1 kcal mol~!, whereas it is 16.6 kcal mol~!
exothermic for adsorbed 4-TBP formation.

3.3. Comparison of the stepwise and the concerted paths

The above results can be used to examine tert-butylation of
phenol with TBA over Al-H-[3 zeolite through either the stepwise
or the concerted mechanism. Table 4 lists the major comparison
items between these two reaction paths. Based on the definition in
Murdoch’s procedure [39], the apparent activation barrier (Eapp-act)
can be approximated as 47.4 kcalmol~! for 2-TBP formation and
46.2 kcal mol~! for 4-TBP formation in the stepwise path, whereas
it is 33.1 kcal mol~! for 2-tert-butylation and 26.6 kcal mol-! for 4-
tert-butylation in the concerted path. The 14.3 and 19.6 kcal mol~!
differences in Eapp-act for 2-TBP and 4-TBP formation between these
two reaction paths indicate that the concerted mechanism is pre-
ferred for phenol tert-butylation. The Eapp-act difference between
2- and 4-tert-butylation is more obvious in the concerted path

Comparison item Stepwise path

Concerted path

2-Tert-butylation

4-Tert-butylation

2-Tert-butylation 4-Tert-butylation

Eapp-act 47.4 46.2 33.1 26.6

TS stability® 17.4 16.2 -154 -18.0
TS structure TS_2-TBP TS_4-TBP TS_2-TBP TS_4-TBP
thenol donated Ozeolite 04 0,

Hphenot=Ozeolite 1.65 1.61 1.36 1.36
Cphenol~Oxeolite 3.01 2.95 2.83 2.82

Water Desorbed prior to tert-butylation

Retained throughout the reaction

3 Energy unit is in kcal mol~', and bond distances are in Angstroms.

b The energy of separated TBA, Al-H- plus separated phenol is used as the reference point.
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Table 5
Comparison energetics of tert-butylation of phenol with TBA in both reaction paths over Ga-H-3 and Al-H-f3 zeolites®.
Reaction path Key step Ga-H- Al-H-B
Stepwise E.qs of TBA -27.0 -30.0
Eact on formation of t-butyl carbenium ion product 33.3 30.6
Eapp-act ON 2-tert-butylation 53.1 47.4
Eapp-act On 4-tert-butylation 52.8 46.2
Concerted Eco-ads of TBA with phenol® -41.0, -351 —44.4, -394
Eapp-act ON 2-tert-butylation 40.5 33.1
Eapp-act On 4-tert-butylation 36.2 26.6

2 Enpergy unit is in kcal mol~"'.
b Data in front belongs to 2-tert-butylation.

(6.5kcalmol~1) than in the stepwise path (1.2 kcal mol~1), where
4-tert-butylation proceeds faster.

Though the apparent activation barrier differences are less than
20kcalmol~! between the concerted and stepwise paths, the sta-
bility of the transition states between these two reaction paths
show larger differences (32.8 and 34.2 kcal mol~! for TS_2-TBP and
TS_4-TBP, respectively). To explain the big difference in transition
state stability, we examine the molecular structure of each transi-
tion state. The transition state configurations in the stepwise path
shown in Fig. 4(c) and (d) and in the concerted path shown in
Fig. 6(c) and (d) all involve the formation of a C;-C, bond, complete
dissociation of the C;-H; bond, and partial creation of a H;—0cjjte
bond. However, the phenol tert-butylation intermediate donates
a proton to different zeolite O atoms between these two mecha-
nisms. In the stepwise path, the Hppenol g0€s back to Oy, whereas
the Hppenol donates to O3 in the concerted path. Therefore, the dif-
ferences in the corresponding Hppenol=Ozeolite iNteraction and the
Cphenol=Ozeolite distance likely impact the transition state stabil-
ity of these two paths. As shown in Table 4, the transition states
created in the concerted mechanism should be more stable than
those in the stepwise path as reflected by a stronger hydrogen bond
between the Hppenol and Oyelite, as Well as a closer distance of the
Cphenol=Ozeolite- However, the choice of which O atom the proton
begins the reaction bound to was arbitrary, and presumably the
next catalytic cycle would begin with the proton in its final posi-
tion. Therefore, though these differences contribute to the reported
transition state stability differences, they are not significant in dif-
ferentiating whether the stepwise or concerted paths would be
preferred.

A significant difference dictating the relative transition state
stability between the stepwise and concerted paths is the inclu-
sion of the water molecule in the concerted path. In the stepwise
path, we did not include a co-adsorbed water molecule during the
alkylation reaction, and therefore we define the “stepwise mecha-
nism” to require water desorption prior to tert-butylation. If water
isretained near to the active center during the tert-butylation step,
the “concerted” transition state would be accessible within the
stepwise mechanism with the water molecule in the same posi-
tion. We note again that the water molecule is completely formed
at the transition state for the concerted path. Therefore, the rate
of a “water-assisted stepwise mechanism” would be identical to
the concerted path, and the only meaningful kinetic differentiation
between the stepwise and concerted paths is the requirement that
water desorption precede alkylation in the stepwise mechanism.
The calculated desorption energy of water is 12.7 kcal mol~! in the
stepwise path, thus the transition states created in the concerted
path including water adsorption interaction can gain extra stability
than those produced in the stepwise path without water.

3.4. Impact of the acid site strength of H-B

Experimental studies [9-11] indicate that acid site strength
impacts catalytic activity for this reaction. We introduced Ga-H-8

as the acid catalyst to compare with Al-H-[3 to gain insight into the
influence of acid site strength. This substitution allows for directly
accessing the impact of acid site strength with minimal change
in site structure. The proton affinity [PA, Eq. (1)] and adsorption
energy of basic probe molecules [AE,qs), Eq. (2)] are two com-
mon methods to characterize the acid site strength of zeolites in
theoretical studies [40-49]. We calculated the PA of beta zeolites
and adsorption energy of an NH3 molecule over Ga-H-{3 and Al-H-
B. The PA of Ga-H-B is —294.6 kcal mol~!, which is 4.9 kcal mol~!
more negative than that of Al-H-3. A more negative PA indicates a
stronger interaction of ZeO~ with the proton, thus a weaker acid
site of the corresponding ZeOH. The acid site strength of Al-H-[3 is
therefore stronger than Ga-H-[3, which is in agreement with a pre-
vious study from Wang’s group [50]. NH3 adsorption energy results
show that adsorption on Al-H-f3 is 3.1 kcal mol~! more exothermic
than on Ga-H-f3, also indicative of the Al form being a stronger acid
site.

Tert-butylation of phenol with TBA over Ga-H-3 was inves-
tigated and compared with Al-H-(. The comparison results of
key steps in both reaction paths are given in Table 5. The
adsorption energies (—27.0 kcalmol~! for TBA adsorption, —41.0
and —35.1kcalmol-! for TBA with phenol co-adsorption) over
Ga-H-$ are weaker than those over Al-H-f3 (—30.0, —44.4 and
—39.4kcal mol~1, respectively). Over the less acidic Ga-H-{3, the
proton is more tightly bound and therefore less available to form
a hydrogen bond between the acid site and hydroxyl group of
TBA. The E, for tert-butyl carbenium ion formation in the step-
wise mechanism with Ga-H-3 increases due to the weaker acid
site strength. The Ejpp-act for tert-butylation steps are increased for
both 2- and 4-tert-butylation using Ga-H-f3. However, the AEapp-act
between 2- and 4-tert-butylation becomes smaller, indicating the
selectivity to 4-TBP formation is decreased. By adjusting acid site
strength of the zeolite, the catalytic activity and product selectivity
can be tuned. By comparison of the calculation results using these
two acidic H-3 zeolites, we can conclude that with decreasing acid
site strength, the tert-butylation rate and the product selectivity
toward 4-TBP are decreased.

4. Conclusions

The proposed stepwise and concerted mechanisms for tert-
butylation of phenol with tert-butyl alcohol over H- zeolite
have been investigated theoretically using the two-layered ONIOM
(B3LYP/6-31G(d,p):UFF) approach. Computational results reveal
that tert-butylation of phenol preferentially occurs through a con-
certed path involving co-adsorption and reaction of tert-butyl
alcohol and phenol without prior dehydration of tert-butyl alco-
hol, rather than through a stepwise path via dehydration to form
a carbenium ion as the first step followed by tert-butyl cation
attack on the 2- and 4-position on phenol. The kinetic difference
between 2- and 4-tert-butylation is more apparent in the concerted
mechanism, where 4-tert-butylation proceeds faster. Decreasing
the acid site strength increases the activation barriers, thus lower-



128 X. Nie et al. / Catalysis Today 165 (2011) 120-128

ing thereactionrate, and also decreases the selectivity to 4-TBP. The
present study on an industrially important and well-known reac-
tion demonstrates that a detailed computational study can uncover
a kinetically more favored reaction pathway (the concerted mech-
anism) which is distinctly different from the commonly envisioned
stepwise pathway.
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