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Abstract

The reaction mechanisms of the H-exchange and methylation of benzene catalyzed by various Lewis acid catalysts are investiga
DFT calculations. The reactions are concerted and no stable charged intermediates are formed. Reaction rate constants and H
reactivity descriptors are calculated to compare the activity of the different Lewis acids. AlCl3 is always more active than BF3, in agreement
with experimental results. The ranking of Al(OH)3 and the L1 site of zeolites, which have comparable active centers, in this activity sequ
is less obvious.Σ(�sAB)

2 values appear to be a good reactivity descriptor for describing the intermolecular reactivity sequences
reactions.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The Friedel–Crafts alkylation is the most famous exam
of an acid-catalyzed electrophilic aromatic substitution
action. Traditionally, homogeneous Lewis acids, like AlC3

or BF3, are used as catalyst, but homogeneous Brøn
acids like H2SO4 can also catalyze the reaction [1]. Furth
more this reaction can be catalyzed by environmentally m
friendly solid acid catalysts, like zeolites [2]. When ac
zeolites are used, it is not entirely clear whether the br
ing hydroxyl groups are the sole reaction centers or whe
there are also Lewis acid sites involved.

Steaming of zeolites results in dealumination of the z
lite framework and the formation of a variety of extrafram
work Al species [3]. These extraframework Al species
possible electron acceptors or Lewis acids. The exact na
of these Lewis sites is still not fully understood but pos
bly tri- or penta-coordinated Al species are involved [4].
catalysis these Al species appear to play an important
but the exact role of the Lewis acid sites is still a matter of
bate. According to Biaglow et al. [5] and Sohn et al. [6] th
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exists a synergy between the Brønsted acid sites or b
ing hydroxyl groups and the Lewis acid sites. The Lew
acid sites are believed to polarize nearby bridging hydro
groups, thus enhancing their catalytic activity. On the ot
hand, Schoofs et al. [7] explained their results for the H
exchange of isobutane by assuming initiation of the reac
by hydride extraction on Lewis acid sites, thus propos
Lewis acid sites to be involved directly in catalysis.

Theoretical studies of the catalytic activity of Lewis ac
sites in zeolites are, in contrast with those of Brønsted
sites [8–13], rather rare. Some attempts were made to m
the interaction of Lewis acid site with probe molecules l
CO by Pelmenschikov et al. [14], Bates and Dwyer [1
and Neyman et al. [16]. Recently ab initio molecular dyna
ics simulations have been performed to study the struc
properties of Al(OH)3(H2O) and Al(OH)3(H2O)3 particles
inside the zeolite framework [17]. As there is very litt
known about the structure of Lewis acid sites, all these s
ies assumed Al(OH)3(H2O)x systems, withx varying be-
tween 0 and 3, to represent the Lewis acid sites. Lamb
et al. [18] used AM1 calculations to study the dealuminat
process of high-siliceous zeolites. They found theoret
evidence for a possible pathway for generating Lewis a
sites. Their Lewis acid sites consist of tri-coordinated Al
can be seen in Fig. 1. The L1 site appears to be the stronge

http://www.elsevier.com/locate/jcat


334 A.M. Vos et al. / Journal of Catalysis 220 (2003) 333–346

o the
e.

e of

of
ely,
ids.

(see

and
a

use
ec-
n B

nd
ewis
tri-
gen
ants
25].
ate
M1
c-
ion
ep-

order
other
of
the
ures

by
ral

d
ry

n,
ansi-
. The

-
tion
in-

ang-
d
/6-
to

Ar-

n-

state

the

AB)
on of
ard
refer
sult
Fig. 1. Lewis acid sites according to Lamberov et al. [18] (a) L1 site, (b) L2
site. The Si atoms are terminated by H atoms. In reality they belong t
zeolite lattice. Thus, H atoms replace the remainder of the zeolite lattic

Fig. 2. Scheme of the studied reactions.

Lewis acid, though they could not exclude the existenc
other, stronger Lewis acid sites.

In this work we investigated the reaction mechanism
simple electrophilic aromatic substitution reactions, nam
H-exchange and methylation, catalyzed by Lewis ac
Both traditional homogeneous Lewis acids, BF3 and AlCl3,
and the Lewis acid sites in zeolites are investigated
Fig. 2).

2. Method

2.1. Geometry optimizations

The geometry of reactants, transition structures,
products are optimized with Gaussian 98 [19] using
B3LYP exchange-correlation functional [20,21]. Beca
Otto [22] has demonstrated that diffuse functions are n
essary for describing the weak interaction bond betwee
and F correctly, a 6-31+G** basisset is used for these a
all other systems. The cluster used to represent the L
acid site in zeolites is given in Fig. 1a. To preserve elec
cal neutrality, dangling bonds are saturated with hydro
atoms. After geometry optimization, reaction rate const
and DFT-based reactivity descriptors are calculated [23–

The complete reaction path (intrinsic reaction coordin
or IRC) of the reactions has been calculated at the A
level [26], using GAMESS [27]. First the transition stru
ture was optimized at the AM1 level and from this transit
structure, the IRC was reconstructed by following the ste
est descent path using the Gonzalez–Schlegel second-
method toward reactants at one side and products at the
side [28,29]. The AM1 level of calculation is the result
balancing the cost of IRC calculations and the quality of
obtained structures. As shown in Section 3, the struct
obtained by AM1 calculations resemble those obtained
B3LYP/6-31+G** close enough to give the same gene
picture of the course of the reactions studied here.

2.2. Calculation of reaction rate constants

The reaction rate constants,kr , have been calculate
within the framework of Eyring’s transition state theo
as [30–32]

(1)kr = (NAV )
i−1

(
RT

NAh

)
Q++∏
i Qi

e−Eact/RT ,

with NA Avogadro’s number,V the molar volume,h the
constant of Planck,R the universal gas constant, andT
the temperature.Eact, the activation energy of the reactio
equals the energy difference between reactants and tr
tion state and contains the zero point energy corrections
molecular partition functions of the transition state (Q++)
and of thei reactants (Qi ) are evaluated using a rigid ro
tor harmonic oscillator approximation under the assump
that rotational, vibrational, and electronic movements are
dependent of each other.

The rate constants were calculated for a temperature r
ing from 300 to 800 K with partition functions obtaine
after a vibrational analysis by Gaussian 98 [19] (B3LYP
31+G**), where the frequencies were scaled according
the procedure proposed by Scott and Radom [33].

When these kinetic data are analyzed in terms of an
rhenius expression [30] by plotting ln(kr) againstT −1 and
fitting a straight line through it, the Arrhenius activation e
ergy (EArr) and the preexponential factor (A) are obtained

(2)lnkr = lnA− EArr

RT
.

The preexponential factor (A) is proportional to the
entropy difference between reactants and transition
(�Sact) [32],

(3)�Sact=R
[
lnA− ln

(
kBT

h

)
− (1−�n)+ lnV �n

]
,

with �n the change in the number of molecules from
reactants to the transition state.

2.3. Calculation of density functional-based reactivity
descriptors

In 1963, the term “hard and soft acids and bases” (HS
was introduced by Pearson, to enable a better descripti
the interaction between Lewis acids and bases [34]. H
acids prefer to coordinate to hard bases and soft acids p
to coordinate to soft bases. Hard–hard combinations re
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mainly in ionic bonds whereas soft–soft combinations re
in covalent bonds. With the application of density functio
theory (DFT) to chemical systems, it became possible to
fine sharply and to quantify the—until then rather intuitive
concepts of hardness and softness [35–40].

Within this conceptual branch of DFT the global hardn
(η) is defined as the second derivative of the energy (E) with
respect to the number of electrons (N ) at constant externa
potential (v(r)) [41]

(4)η= 1

2

(
∂2E

∂N2

)
v(r)

= 1

2S
,

whereS is the global softness. In the finite difference a
proachη can be written as

(5)η= IE − EA

2
,

with IE andEA the first vertical ionization energy and th
electron affinity of the molecule. In the frozen core appro
mation,η equals the HOMO–LUMO gap

(6)η= ELUMO −EHOMO

2
.

The HSAB principle is not only valid at the molecul
level, but also at the local level (atoms, functional group
for example, soft atoms react preferentially with other s
atoms and hard atoms react preferentially with other h
atoms [42–45].

The atomic softness can be calculated as [46]

(7)sik = f ik · S with i = + or −,
where f ik is the atomic Fukui function.f−

k is an index
describing the reactivity toward an electrophilic atta
while f+

k describes the reactivity toward a nucleoph
attack [47,48].f−

k andf+
k are evaluated using atomic po

ulations (qk) [49]

(8)f+
k = [

qk(N + 1)− qk(N)
]
,

(9)f−
k = [

qk(N)− qk(N − 1)
]

and the atomic charges are obtained using a natural p
lation analysis (NPA) [50] in Gaussian 98 [19] (B3LYP/
31+G**).

The local HSAB principle has often been used invok
softness matching through calculation of the difference
atomic softness between an electrophilic atomA and a nu-
cleophilic atomB [42–45]

(10)�sAB = ∣∣s−A − s+B
∣∣.

For orbital controlled reactions, the difference in atom
softness (�sAB) should be as small as possible to prom
the reaction. By analogy one could propose that for a ch
controlled reaction the difference in atomic hardness (�ηAB)
of the two interacting atomsA andB should be as small a
possible [24,25].

However, the definition of the local hardness is ambi
ous [51–55] and the same is true for any condensed ve
-

of the local hardness. Nevertheless, we are interested i
ing a quantity for describing hard–hard or charge contro
interactions as a counterpart of the atomic softness [56
the original definition of hard and soft acids and bases, a
acid has an acceptor atom with high positive charge. Th
fore, the atomic charge is used here as a measure fo
local hardness, as they both quantify essentially the rea
ity in charge controlled reactions or reaction steps. In
work NPA charges [50] are used as an approximation for
condensed local hardness

(11)ηk ≈ |qk|.
Obviously, the actual valuesqk are dependent on th

method used; however, trends obtained with the method
basis set used in this work can be expected to remain u
tered whatever the method or basis set.

For interaction complexes with more then one interac
center none of the calculated local reactivity descriptors
its own can take into account all the interactions that
important. Therefore, following the approach of Pal and
workers [57] and the present authors [43], a sum of squ
of the�sAB values was calculated,Σ(�sAB)

2, with A and
B being any pair of atoms that interact with each other.
analogy also the sum of squares of the�ηAB values was cal
culated,Σ(�ηAB)

2.
TheΣ(�sAB)

2 value and/orΣ(�ηAB)
2 value should be

as small as possible to promote the reaction.

3. Results and discussion of the geometry optimizations

3.1. Overview of the molecules involved in the reactions

Four different models for Lewis acid catalysts were u
in this study: Al(OH)3, BF3, and AlCl3 as examples of tra
ditional homogeneous catalysts and a cluster to repres
Lewis acid site (L1 site) inside a zeolite. For the H-exchan
reaction these Lewis acids are used in combination w
respectively, H2O, HF, HCl, and H2O (see Fig. 2). Thes
molecules provide the proton necessary for the H-excha
reaction. For the methylation of benzene, the Lewis a
are used in combination with respectively CH3OH, CH3F,
CH3Cl, and CH3OH as methyl-donating molecules (s
Fig. 2).

In Fig. 3, a general scheme for these reactions is gi
The molecules first have to approach each other to f
a Lewis acid–HX–benzene complex (for H-exchange)
Lewis acid–CH3X–benzene complex (for methylation). W
also studied the Lewis acid–HX and Lewis acid–CH3X com-
plexes without benzene to get information about the inte
tions between the Lewis acid and HX or CH3X, respectively.
The geometry of all the structures are given in Fig. 4. T
structures are symbolized by the following letter code:r, ts,
or p for reactants, transition structures, or products, res
tively, andH or M for structures involved in the H-exchang
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Fig. 3. Energy diagrams for the studied reactions (a) H-exchang
benzene, (b) methylation of benzene. The interaction energies (E1,E2,

E′
1,E

′
2), activation energies (Eact,Eapp), and reaction energies (Er), used

in Table 2 are indicated here.

or methylation reaction, followed by the name of the ca
lyst.

3.2. Interaction between Lewis acids and HX or CH3X

The geometries of the complexes formed by the Le
acids and the proton or methyl-donating molecules are s
marized in Table 1. The optimized structures are sh
in Fig. 4. Isolated Al(OH)3, BF3, or AlCl3 are planar, bu
in contact with a HX or CH3X molecule the Lewis acid
is slightly distorted (dihedral angle is between−3.18 and
−18.19◦) and the AlO-, BF-, or AlCl-bond distances a
elongated. This can be derived from the increase of the m
MX distances in Table 1. The distance between the ce
metal ion and the ligand of HX or CH3X (d(MX1)) is al-
ways longer than the distance between the central meta
and the original ligands. The same is true for the Al(OH)2O
part of the L1 site and its interaction with water or methan
Al(OH)2O is planar, but when water or methanol adsorb
Lewis center is slightly distorted and the AlO distances
elongated.

The distances B–F(H) and B–F(CH3) are too long to
draw a bond. BF3 forms weakly bonded van der Waals co
plexes with HF and CH3F: the complexation energy (E1 in
Table 2) is very small and the B–F(H) and B–F(CH3) dis-
tances (d(MX1) in Table 1) are much longer than the oth
B–F distances (meand(MX) in Table 1). Other studies o
the BF3–HF and BF3–CH3F complexes gave similar result
Phillips et al. [58] compared the structure of BF3−HF ob-
tained by high level ab initio calculations with the exp
imental structure obtained by microwave spectroscopy
the MP4/d95v++(2df,2p) level of theory the BF distanc
(d(MX1)) was 2.45 Å. Correction for the basis set super
sition error yielded a BF distance in the range 2.45–2.5
The complexation energy was−14 to−16 kJ mol−1. Analy-
sis of the rotational spectra yielded a BF distance of 2.54
in excellent agreement with theoretical results. Van
Veken and Sluyts [59] calculated the BF distance (d(MX1))
of BF3–CH3F to be 2.3216 Å at a MP2/6-31+G** level.
This is in close agreement with the distance of 2.42 Å
tained by microwave spectroscopy [60]. Van der Veken
Sluyts [59] also compared the calculated complexation
ergy of BF3–CH3F, which was−25.97 kJ mol−1, with the
experimental complexation energy. In liquid krypton this
ergy was−18.0 kJ mol−1, but after correction for the solve
effect it increased to−23.4 kJ mol−1, in good agreemen
with the calculated one. Both HF and CH3F form weakly
bonded van der Waals complexes with BF3. In the gas phas
no ion pairs (BF4− H+ or BF4

− CH3
+) are formed.

Charge transfer between the Lewis acid and HX or CH3X
occurs: Lewis acids are electron acceptors and donatio
electrons by HX or CH3X to the Lewis acids creates a po
tive charge on HX or CH3X.

Note that the Al(OH)3–H2O and the Al(OH)3–CH3OH
complexes are similar toT1-cluster models of a Brønste
acid site [61]. In the Al(OH)3–H2O complex Al is tetrahe
drally coordinated and carries and OH group in the same
as the acidT1 cluster, while Al(OH)3–CH3OH corresponds
the aT1 cluster with a methoxy group. Note also that mo
d

Table 1
Geometry of isolated molecules and their interaction complexes (distances in Å, dihedral angle in degrees), charge separationq between Lewis acid, an
interacting HX or CH3X (in electron)

Isolated molecules Lewis acid–HX complex Lewis acid–CH3X complex

Al(OH)3 BF3 AlCl3 L site Al(OH)3 BF3 AlCl3 L site Al(OH)3 BF3 AlCl3 L site

MX (mean) 1.708 1.321 2.087 1.704 1.737 1.324 2.106 1.732 1.738 1.326 2.115 1.734
X2X3X4M 0.00 0.00 0.00 0.02 −14.10 −3.18 −14.10 −14.38 −16.95 −4.86 −18.19 −16.39
MX1 – – – – 1.988 2.552 2.634 1.981 1.967 2.383 2.477 1.965
HX1 0.965 0.929 1.287 0.965 0.973 0.930 1.293 0.972 – – – –
CX1 1.426 1.399 1.806 1.426 – – – – 1.450 1.413 1.831 1.450
qHX or qCH3X – – – – 0.110 0.172 0.152 0.112 0.107 0.030 0.195 0.108
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Fig. 4. Optimized structures: (a) All structures involved in the H-exchange and methylation of benzene catalyzed by gas-phase Lewis acids (Al(OH)3, BF3,
and AlCl3). (b) Interaction complexes of molecules with the L1 site.
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n

Fig. 4. Continued.

Table 2
Energy differences in kJ mol−1 (for definition, see Fig. 2), imaginary frequency at the transition structure (ν) in cm−1, charge on benzenium ion at transitio
structure (qC6H7) in e for H-exchange reactions, and charge on methyl group at transition structure (qCH3) in e for methylation reactions

H-exchange Methylation

Al(OH)3 BF3 AlCl3 L1 site Al(OH)3 BF3 AlCl3 L1 site

E1 −80.85 −8.21 −16.24 −82.50 −90.65 −11.94 −39.44 −91.48
E2 −97.63 −24.91 −39.16 −99.47 −99.09 −15.17 −46.12 −106.34
Eact 115.22 95.67 33.91 114.49 214.46 136.61 96.54 216.06
Eapp 98.44 78.97 10.99 15.01 206.01 133.39 89.87 109.72
Er 0.00 0.00 0.00 0.00 −60.05 −63.51 −27.61 −55.52
E′

1 – – – – −80.85 −8.21 −16.24 −82.50
E′

2 – – – – −99.51 −26.86 −40.88 −102.24
ν 1362.55i 46.38i 14.44i 1345.58i 311.31i 311.97i 321.30i 285.97i
qC6H7/qCH3 0.585 0.873 0.800 0.587 0.402 0.455 0.384 0.395
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eling the Brønsted acid site of a zeolite as a Lewis aci
interaction with a proton-donating group is not so unrea
tic, as the original model of the bridging hydroxyl group
zeolites is a Si–OH group in interaction with tri-coordina
Al [62].

3.3. Reaction mechanism for H-exchange of benzene

The H-exchange of benzene catalyzed by Al(OH)3, BF3,
AlCl3, or the L1 site proceeds in one step, with an alm
symmetrical transition structure (see Fig. 4 and Table
At the transition structure the proton of H2O, HF, or HCl
is attached to benzene and the charge on the Whe
like C6H7 fragment is 0.55, 0.78, 0.71, and 0.54e for, re-
spectively, tsH_Al(OH)3, tsH_BF3, tsH_AlCl3, and tsH_L
site. The geometry of the isolated Wheland intermed
in the gas phase is given in Fig. 5c. Comparison sh
that the distances between Cb and the proton are longer
tsH_Al(OH)3, tsH_BF3, tsH_AlCl3, and tsH_L site than in
the isolated Wheland intermediate and the H1CbH2 angles
are smaller. For tsH_BF3 and tsH_AlCl3, the C6H7 fragment
is stabilized by close interaction between a nonexch
-

ing proton of benzene (H3) and a ligand of the Lewis aci
(X3). For tsH_Al(OH)3 and tsH_L site this extra stabiliza
tion does not exist, but here the charge on the C6H7 fragment
is smaller and the C6H7 fragment approaches the cataly
site closer.

The activation energies are 115.22, 95.67, 33.91,
114.49 kJ mol−1 for Al(OH)3, BF3, AlCl3, and the L1 site,
respectively (see Table 2). Hence, AlCl3 is the most active
catalyst as it reduces the activation energy most, follo
by BF3 and by the L1 site and Al(OH)3. The imaginary
frequencies are very small for BF3 and AlCl3 (46.38i and
14.44i cm−1). For Al(OH)3 and the L1 site the imaginary
frequencies are higher (1362.55i and 1345.58i cm−1. The
magnitude of the imaginary frequency is an indication
the curvature of the potential energy surface (PES) at
transition structure: in the case of a BF3 or a AlCl3 catalyst
the PES is more flat than for the two other catalysts.

This one-step reaction mechanism is in accordance
MP2/6-31+G** calculations by Heidrich [63] on the benz
ne–HF–BF3 supermolecule, where an activation energy
130.54 kJ mol−1 and similar geometries for the different s
tionary points were found.
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Table 3
Geometry of interacting reactants, transition structures, interacting products for H-exchange, and methylation of benzene catalyzed by different Lewis acids
(in Å)

H-exchange Methylation

Reactants TS Reactants TS Products

Al(OH)3 rH_Al(OH)3 tsH_Al(OH)3 rM_Al(OH)3 tsM_Al(OH)3 pM_Al(OH)3

MX1 1.936 1.834 1.955 1.819 1.749
X1H1/X1Cm 0.979 1.352 1.450 2.449 3.564
H1Cb/CmCb 2.228 1.293 3.897 1.942 1.511
CbH2 1.086 1.293 1.807 1.091 2.517
H2X2 2.838 1.352 2.369 2.628 0.980
X2M 1.747 1.834 1.742 1.786 1.960
H3X3 4.283 4.043 4.289 3.620 4.418
X1H1Cb/X1CmCb 171.07 173.55 151.97 151.97 88.83
CbH2X2 114.67 173.55 132.50 132.50 163.68

BF3 rH_BF3 tsH_BF3 rM_BF3 tsM_BF3 pM_BF3

MX1 2.384 1.445 2.362 1.472 1.331
X1H1/X1Cm 0.942 1.776 1.417 2.209 3.823
H1Cb/CmCb 2.287 1.138 4.031 2.009 1.510
CbH2 1.086 1.138 1.086 1.088 2.637
H2X2 3.151 1.776 3.122 4.028 0.945
X2M 1.330 1.445 1.326 1.412 2.373
H3X3 4.312 2.290 4.766 4.552 6.215

AlCl3 rH_AlCl3 tsH_AlCl3 rM_AlCl3 tsM_AlCl3 pM_AlCl3

MX1 2.503 2.207 2.459 2.245 2.114
X1H1/X1Cm 1.326 2.231 1.837 2.608 5.256
H1Cb/CmCb 2.116 1.136 3.925 2.067 1.510
CbH2 1.087 1.136 1.086 1.088 2.876
H2X2 3.376 2.229 3.582 4.017 1.328
X2M 2.119 2.207 2.120 2.170 2.505
H3X3 3.501 2.767 6.242 4.478 3.417

L1 site rH_L site tsH_L site rM_L site tsM_L site pM_L site

MX1 1.957 1.829 1.944 1.813 1.746
X1H1/X1Cm 0.979 1.357 1.449 2.460 3.682
H1Cb/CmCb 2.296 1.291 3.977 1.918 1.511
CbH2 1.086 1.292 1.087 1.090 2.496
H2X2 2.774 1.353 3.417 3.255 0.980
X2M 1.744 1.831 1.744 1.784 1.954
H3X3 4.800 4.525 2.612 4.055 4.526
s,
zene

and
for
The
cture

The

hed
to a

and

d by
re

d-
nd
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Fig. 5. B3LYP/6-31+G** optimized structures of isolated molecule
with some characteristic bond distances and bond angles: (a) ben
(b) toluene, (c) protonated benzene, (d) protonated toluene.

3.4. Reaction mechanism for methylation of benzene

The geometries of reactants, transition structures,
products, all interacting with the Lewis acid catalysts,
methylation of benzene are given in Fig. 4 and Table 3.
reactions proceed in one step and at the transition stru
the methyl group is somewhere in between X1 and Cb. The
methyl group is planar and resembles a methyl cation.
charge on the methyl is between 0.30 and 0.39e at the transi-
,

tion structures. Because the methyl group is not yet attac
to benzene, the transition structures do not resemble
Wheland intermediate (see Fig. 5d).

The activation energies are 214.46, 136.61, 96.54,
216.06 kJ mol−1 for Al(OH)3, BF3, AlCl3, and the L1 site,
respectively (see Table 2). Hence, AlCl3 is the most active
catalyst as it reduces the activation energy most, followe
BF3, Al(OH)3, and the L1 site The imaginary frequencies a
between 286i and 322i cm−1. For rM_Al(OH)3, tsM_AlCl3,
and pM_AlCl3, the geometry was optimized with one a
ditional very small imaginary frequency (18.75i, 8.83i, a
25.34i cm−1 for, respectively, rM_Al(OH)3, tsM_AlCl3, and
pM_AlCl3). Our attempts to remove them failed.

3.5. Complete reaction path at the AM1 level

Understanding a reaction mechanism implies knowle
of the atomic rearrangements between the reactants an
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Fig. 6. Variation of energy and atomic distances during react
(a) H-exchange of benzene with HF catalyzed by BF3, (b) methylation of
benzene with CH3F catalyzed by BF3, (c) H-exchange of benzene wi
H2O catalyzed by L1 site, (d) methylation of benzene with CH3OH cata-
lyzed by L1 site. The reaction coordinate is expressed in mass-weig
coordinates and the zero point of the reaction coordinate is situated
transition structure. The arrows represent the points at which the geom
of (b) and (c) were taken.

transition structure and between the transition structure
the products. Starting from reoptimized transition structu
at the AM1 level, intrinsic reaction coordinates (IRC) we
reconstructed by following the steepest descent path to
reactants at one side and products at the other side.
AM1 level of calculation is the result of balancing the c
of IRC calculations and the quality of the obtained str
tures. For all reactions, the obtained geometries of react
transition structures, and products are similar to those
culated at the B3LYP/6-31+G** level and no additional re
action intermediates appeared. Therefore we concluded
the reaction mechanisms emerging from AM1 or B3LYP
31+G** are essentially the same. The IRCs allow mo
toring of energy and atomic distances during reaction
Fig. 6 some typical IRCs are shown. All reactions proc
in one step without formation of stable intermediates. T
IRCs for the H-exchange of benzene are symmetrical, w
the bond distances during methylation of benzene indi
that methylation of benzene occurs at the transition struc
e

,

t

Fig. 7. AM1 results: (a) isolated Wheland intermediate in the gas ph
(b) Wheland-like structure for methylation of benzene catalyzed by B3,
(c) Wheland-like structure for methylation of benzene catalyzed by L1 site.
(b) and (c) were obtained by calculation of the IRC (see Fig. 5).

and backdonation of a proton occurs a while after the t
sition structure. For the H-exchange reaction the trans
structure corresponds to an ion pair, but for the meth
tion of benzene the transition structure does not corresp
to an ion pair. Here the ion pair is in the process of be
formed at the transition structure (reaction coordinate is
Bohr amu1/2) and is formed shortly after the transition stru
ture. This ion pair (Figs. 7(b and c)) then has to rotate be
it can give back a proton to the catalytic site (at, respectiv
50 and 25 Bohr amu1/2 for BF3 and the L1 site as catalyst)
The potential energy surface during rotation of the ion p
is very flat, but no local minimum is found and conseque
no stable intermediate is formed.

3.6. General considerations about the reaction path

All studied reactions follow a concerted pathway w
a cyclic transition structure. However a concerted reac
does not mean that all the bonds are broken or for
to the same extent at the transition structure [64]. For
H-exchange reactions, the H1Cb bond is almost completel
formed at the transition structure while the H2Cb bond is
far from being broken. For the methylation reactions
bond between the carbon atom of the methyl group (m)
and the carbon atom of benzene (Cb) is in the process of be
ing formed, while the breaking of the H2Cb bond still has to
occur.

This asynchronous pathway does not result in the for
tion of stable charged intermediates, while in the presenc
a solvent Wheland intermediates are observed and the
tions proceed in two steps. These Wheland intermediate
ion pairs and are not stable in the gas phase. Although
some molecules stable ion pairs exist in the gas phase,
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Fig. 8. Schematic picture of the reaction mechanisms of (a) H-exchange of benzene and (b) methylation of benzene. The solid line representson
profile (IRC) as it is calculated in this study (gas-phase reactions). The dotted lines represent the potential energy curves of the bonds that are bren/formed
during the reaction. These potential energy curves are responsible for the shape of the IRC.�E is the energy difference between the ion pair and the reac
molecule and the arrows L and H represent the stabilization of ion pair in a low (L) or high (H) polar environment. The more polar the environment,e
the ion pair will be stabilized (�E becomes smaller). The resulting reaction profiles in a polar environment are drawn in dashed lines. When the sta
by the environment is large enough, not only the activation barrier will be lower but the ion pair can become a stable molecule, i.e., an intermediate
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NH4
+–BF4

−, NH4
+–BCl4−, and H3O+–BCl4− [65], ben-

zenium ion pairs are not stable. According to Heidrich [6
this can be explained by the fact that benzene is a large m
cule where the charge is delocalized over the whole arom
ring. When an ion pair is formed, not all the atoms car
ing a positive charge can be stabilized by interaction w
the counter ion. When the stabilization by solvent molecu
covers a large volume, these ion pairs can become s
minima. An analogous effect was observed by Re et al.
for a HSO4

− H3O+ ion pair, which becomes stable when t
number of surrounding water molecules increases.

When the polarity of the transition structure is larger th
that of the reactants, the transition structure is stabili
more by a polar environment and the activation energ
the reaction is lowered. In reactions catalyzed by enzy
this phenomenon is known as electrostatic catalysis [67

For the reactions studied here a similar effect can be
pected. Inside the cages and pores of a zeolite, electric
-

is present, making the environment for the molecules m
polar [69–71]. The transition structure of the H-exchang
an ion pair and that of the methylation resembles closel
ion pair. These ion pairs are stabilized inside zeolites.
reactant molecules are less polar and are less stabilize
sulting in a lower activation energy for the reaction [72]. T
more polar the environment, the more pronounced this e
will be.

We believe that when the electrostatic stabilization of
ion pairs is large enough—although this is not neces
the case inside zeolites, but possibly in a suitable solve
not only the activation barrier is lowered but also the re
tion mechanism can change from a one-step reaction
two-step reaction with formation of a stable intermedia
In Fig. 8 the IRCs for H-exchange and methylation of b
zene are drawn schematically (full lines). The shape of th
IRCs is the result of the superposition of potential ene
curves of the bonds broken or formed in the reaction (d
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action
ted lines) [73–75]. The dashed lines represent hypothe
reaction mechanisms in a polar solvent. In what follows
effect of the environment on the shape of the reaction
file will be discussed in detail for the H-exchange and for
methylation reaction.

For the H-exchange reaction the transition structure
responds to an ion pair, with a charge separation betw
0.587 and 0.873e (Table 2). The potential energy surfac
PES, around this ion pair is flat as can be deduced f
the low imaginary frequency of the transition structures (
ble 2). When the electrostatic stabilization of a solvent
comes large enough, the relative energy differences o
individual energy curves can change enough to make th
pair a local minimum. Between two local minima there
always a transition structure: between reactants and th
termediate there is one transition structure and also betw
the intermediate and the products. The reaction now foll
a two-step mechanism. In the first step the proton is atta
to benzene to form a Wheland intermediate, in the sec
step a proton is expelled.

For the methylation of benzene, the transition struc
does not correspond to an ion pair. According to the A
calculations of the IRC, the ion pair is in the process of be
formed at the transition structure and is formed shortly a
the transition structure ((1) in Fig. 8). This ion pair then h
to rotate ((2) in Fig. 8 and Figs. 7b and c) before it can g
back a proton to the catalyst complex ((3) in Fig. 8). The P
during rotation of the ion pair is very flat. The electrosta
stabilization of a solvent can change the relative energy
ferences of the individual energy curves, making the ion
a local minimum. As a consequence the reaction now
lows a two-step mechanism with two transition structu
one for the attack of the methyl group on benzene and a
ond for the backdonation of a proton to the cluster. Betw
these two transition structures there is a local minimum
responding to a stable Wheland intermediate.

Other theoretical calculations on the H-exchange
methylation of benzene catalyzed by the bridging hydro
l

-
n

-

groups or Brønsted acid sites of zeolites [24,61,76,77] a
dicate that the reaction mechanism for these reactions is
concerted without formation of stable charged intermedia
Corma et al. [77] explored the PES for the methylation
benzene catalyzed by a Brønsted acid site of a zeolite u
PM3. Because of the flatness of the PES, they propose
existence of a Wheland intermediate. However, they co
not find a second transition structure after this would be
termediate.

According to theoretical calculations the electrostatic
tential generated by a zeolite lattice is not strong eno
to turn ion pairs into local minima [78] and experimenta
only the most stable carbocations can be observed [79
When a solvent is used for zeolite-catalyzed reactions,
very few solvent molecules can surround the molecule
complexes at the active site inside the zeolite pores.
stabilization by the solvent will be much smaller than
stabilization in a pure solvent. Therefore, the existenc
carbocations as reaction intermediates in zeolite-catal
reactions is unlikely.

We would like to end this discussion about the influe
of the environment on the reaction path by stating that
influence of a liquid solvent on the reaction mechanism
zeolite-catalyzed reactions does not necessary lead to a
crease in reaction rate. A polar solvent can indeed com
with the reactant molecules for adsorption on the active s
inside zeolites thus limiting the reaction rate [82].

4. Activity of the different catalysts

4.1. Reaction rate constants

The results of the kinetic analysis for the H-exchange
the methylation of benzene are given in Table 4 and Fig
Reaction rate constants were calculated for the reac
starting from the isolated Lewis acids, HX, and CH3X in the
gas phase. However, because there exists a strong inter
Table 4
Kinetic analysis of the studied reactions:kr (m6 s−1 mol−2 when starting for isolated molecules and m3 s−1 mol−1 when starting from complexes),EArr
(kJ mol−1), A (m6 s−1 mol−2 or m3 s−1 mol−1),�Sact (kJ mol−1 K−1), and�Gact (kJ mol−1)

H-exchange Methylation

Al(OH)3 BF3 AlCl3 L1 site Al(OH)3 BF3 AlCl3 L1 site

Starting from isolated Lewis acid and HX or CH3X

kr (400 K) 8.08× 10−9 1.22×10−14 1.05× 10−5 1.48× 10−8 2.21×10−21 9.58×10−23 1.61×10−17 2.87×10−30

EArr 26.23 78.27 5.78 25.13 131.80 137.40 65.14 193.61
A 2.75× 10−5 2.50× 10−5 7.43× 10−5 3.62× 10−5 4.94× 10−4 1.15× 10−4 6.70× 10−6 7.57× 10−5

�Sact −0.262 −0.263 −0.254 −0.260 −0.238 −0.250 −0.275 −0.254
�Gact 124.54 176.89 100.78 122.51 220.50 230.94 168.14 288.55

Starting from Lewis acid–HX or Lewis acid–CH3X complexes

kr (400 K) 6.57×10−11 2.43×10−10 1.42× 10+1 1.62×10−10 3.13×10−24 2.10×10−17 8.26×10−11 6.15×10−32

EArr 105.65 80.07 16.26 104.61 217.60 140.05 96.34 282.47
A 4.72× 10+3 7.59× 10+0 2.09× 10+2 8.50× 10+3 9.86× 10+4 4.82× 10+1 3.52× 10+2 6.00× 10+5

�Sact −0.096 −0.150 −0.122 −0.092 −0.071 −0.135 −0.118 −0.056
�Gact 140.89 136.70 61.87 138.89 242.74 190.54 140.21 301.60
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(a) (b)

(c) (d)

Fig. 9. Arrhenius plots (a) H-exchange starting from isolated Lewis acid an HX, (b) methylation starting for isolated Lewis acid and CH3X, (c) H-exchange
starting for Lewis acid–HX complexes, (d) methylation starting from Lewis acid–CH3X complexes.
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between the Lewis acid and the HX or CH3X molecule, reac-
tion rate constants were also calculated for reactions sta
from a MX3–HX or a MX3–CH3X complex.

In all cases AlCl3 is the best catalyst in that it gives th
highest rates. The differences in theoretical rate constan
400 K cover a range of 106–1013. The extreme cases are t
H-exchange starting from isolated molecules and meth
tion starting from the complexes. These differences in
constants can be largely ascribed to the activation ener
which are smallest for AlCl3 in all cases studied.

The negative�Sact values indicate a decrease in entro
when going from reactants to transition state due to the
of rotational and translational degrees of freedom. The
ues for�Sact differ much less than the values forkr , but
they are more negative for reactions starting from isola
molecules than for reactions starting from complexes. R
tions that start from the complexes are entropically favo
because here all the reactant molecules are already clo
gether while for reactions that start from isolated molecu
three different molecules have to collate.

A comparison of all the rate constants is summarize
Scheme 1. The efficiency of AlCl3 as a catalyst is alway
higher than that of BF3, in agreement with experiment
t

,

-

Scheme 1. Reactivity sequence of the Lewis acids Al(OH)3, BF3, and AlCl3
and the Lewis acid site of zeolites in the H-exchange and methylatio
benzene, based on the reaction rate constants.

studies on the relative efficiencies of metal halides in
alkylation of benzene [73,74]. For the H-exchange, Al(OH3
and the L1 site of zeolites have comparable efficiency wh
for the methylation Al(OH)3 is more efficient than the L1
site. They both have a similar active center but the surrou
ing atoms, present in the L1 site, seem to disfavor the re
action rate for the methylation of benzene. To calculate
influence of a complete zeolite lattice, crystal calculatio
seem to be necessary.

4.2. DFT-based reactivity descriptors

Global reactivity descriptors like the global hardness
activation hardness (Table 5) as well as local reactivity
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Table 5
Global reactivity descriptors in atomic units for the studied reactions

ηreactants ηTS ηproducts �ηact

η= (IE − EA)/2

H_Al(OH)3 0.1685 0.1654 – 0.003
H_BF3 0.1798 0.1557 – 0.024
H_AlCl3 0.1781 0.1215 – 0.056
H_L site 0.1651 0.1583 – 0.006
M_Al(OH)3 0.1624 0.1197 0.1636 0.042
M_BF3 0.1716 0.1492 0.1708 0.022
M_AlCl3 0.1715 0.1253 0.1721 0.046
M_L site 0.1635 0.1151 0.1611 0.048

η= (EHOMO −ELUMO )/2

H_Al(OH)3 0.1199 0.1010 – 0.018
H_BF3 0.1204 0.0838 – 0.036
H_AlCl3 0.1160 0.0534 – 0.062
H_L site 0.1171 0.1030 – 0.014
M_Al(OH)3 0.1155 0.0519 0.1149 0.063
M_BF3 0.1210 0.0794 0.1141 0.041
M_AlCl3 0.1112 0.0602 0.1134 0.051
M_L site 0.1172 0.0541 0.1114 0.063

scriptors like the differences between atomic softnesse
atomic hardnesses of interacting atoms (Table 6) have
calculated in order to compare the activity of the differ
catalysts.

The global hardnesses of the different structures are g
in Table 5. The hardness of the transition structure is sm
than the hardness of interacting reactants or products.
is in agreement with the maximum hardness principle [3
Molecules arrange themselves so as to be as hard as pos
Therefore stable structures with low energy (here react
and products) are likely to be harder than less stable s
tures with high energy (here transition structures).

The activation hardness,�ηact = ηreactants− ηTS was in-
troduced by Zhou and Parr [85] for describing the selec
ity of electrophilic aromatic substitutions. In reactions
which the starting points, i.e., interacting reactants are
ilar, �ηact correlates with the activation energy. Here�ηact

does not correlate withEact meaning that�ηact is less suited
to explain reactivity sequences for reactions with differ
reactant molecules and we were not able to generalize
concept of activation hardness.
n

e.

Fig. 10.�sAB and�ηAB used in Table 6 for (a) H-exchange of benze
(b) methylation of benzene.

The local reactivity descriptors, which are used in
local HSAB principle, are given in Table 6. For each re
tion, six different local reactivity descriptors are calcula
[Eqs. (7)–(11)] and the symbols are explained in Fig.
The atomic interactions between reactants and catalys
of an electrophilic–nucleophilic nature. There are three
portant pairs of such electrophilic–nucleophilic interact
atoms: (1) M–X1, (2) H1–Cb or Cm–Cb, and (3) H2–X2.
These atomic interactions are partly orbital controlled
partly charge controlled, and therefore both�sAB and�ηAB
are calculated for all three atomic interaction pairs. In mu
center interaction complexes like the structures investig
here, none of the calculated local reactivity descriptors
its own can take into account all the interactions that
important. Therefore, following the approach of Pal and
workers [57] and the present authors [43], a sum of squ
of the�sAB values was calculated. By analogy also the s
of squares of the�ηAB values was calculated.

TheΣ(�sAB)
2 values should be as small as possible

promote the reaction. In Table 6 we can see that for both
H-exchange and methylation of benzene, AlCl3 as a catalys
has a lower value than BF3. This is in agreement with th
calculated reaction rate constants and with experimenta
sults [83,84], demonstrating that AlCl3 is a better catalys
than BF3. TheΣ(�sAB)

2 values of Al(OH)3 and the L1 site
differ a lot, the value of the L1 site being much smaller tha
the value of Al(OH)3. This means that the L1 site is expected
to be more active than Al(OH)3. However, we were not abl
to see the same activity sequence in the calculated rea
rate constants (Fig. 9 and Table 4). So we have a prob
for discriminating between Al(OH)3 and the L1 site, which
have chemically similar active centers consisting of (HO2–
5
7
7
8
6
9
0
3

Table 6
Local reactivity descriptors in atomic units for the studied reactions

H-exchange Methylation

Al(OH)3 BF3 AlCl3 L1 site Al(OH)3 BF3 AlCl3 L1 site

�sMX1 1.2326 0.8256 0.3310 0.5266 �sMX1 1.3483 1.1193 0.1709 0.251
�sH1Cb 1.1026 0.1464 0.2446 0.1474 �sCmCb 0.3513 0.6521 0.0511 0.280
�sH2X2 0.2539 0.0678 0.2596 0.1635 �sH2X2 0.1948 0.0517 0.1800 0.213
Σ(�sAB)

2 1.5944 0.7077 0.2368 0.3257 Σ(�sAB )
2 1.9794 1.6807 0.0643 0.187

�ηMX1 1.0570 0.9231 1.1628 1.1008 �ηMX1 1.2451 1.1041 1.3297 1.284
�ηH1Cb 0.2633 0.3173 0.0060 0.2740 �ηCmCb 0.0737 0.0372 0.3892 0.073
�ηH2X2 0.9800 0.2570 0.2428 0.9762 �ηH2X2 0.9664 0.2594 0.2607 0.975
Σ(�ηAB)

2 2.1471 1.0188 1.4110 2.2397 Σ(�ηAB )
2 2.4895 1.2876 1.9875 2.606
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Al–O–. According to one reactivity descriptor the L1 site
is more active than Al(OH)3 for both the H-exchange an
methylation reaction and according to the kinetic para
ters both catalyst have more or less the same activity fo
H-exchange but Al(OH)3 is more active for the methylation
To the best of our knowledge there are no experimental s
ies available, which can shed some light on this issue.

In the reactions studied here, vacant orbitals of the Le
acid catalysts interact with nonbonded electron pairs of
reactant molecules, resulting in reactions that are more
bital controlled and less charge controlled. This makes
local softness better suited than the local hardness for
scribing the intermolecular reactivity sequences of the re
tions catalyzed by Lewis acids. It is therefore not surpris
thatΣ(�ηAB)

2 does not yield a good reactivity sequence

5. Conclusion

Through density functional calculations on the optimiz
structures involved in the H-exchange and methylation
benzene catalyzed by various Lewis acid catalysts, thes
actions can be better understood.

The reaction mechanisms of all the studied reactions
very similar in that the reactions are concerted and no st
charged intermediates are formed. This concerted me
nism does not mean that all the bonds are broken or for
synchronously. Some reflections about the influence of a
vent on this asynchronous one-step mechanism were m
For reactions carried out in the gas phase or inside a
lite, ion pairs are not stable but in the presence of a suit
solvent these ion pairs can become local minima or st
intermediates and the reaction mechanism changes in
two-step mechanism.

On the basis of the calculated properties we are ab
compare the activity of the different Lewis acids. AlCl3 is
always more active than BF3, in agreement with experi
mental results. The ranking of Al(OH)3 and the L1 site of
zeolites, which have comparable active centers, in this
tivity sequence is less obvious. According to the calcula
Σ(�sAB)

2 values the L1 site is more active than Al(OH)3,
but no unambiguous trend could be extracted from the
culated reaction rate constants. Since also from experim
research neither the structure nor the acid strength of L
acid sites inside zeolites are understood, further resear
this field is mandatory.

In contrast to reactivity descriptors based on the lo
hardness, theΣ(�sAB)

2 values appear to be good reactiv
descriptors for describing the intermolecular reactivity
quences of the reactions catalyzed by different Lewis ac
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