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The DFT calculations of allylbenzene double bond migration were performed in the pres-
ence of gold ions Au~ and Au™ and the cluster Au,, which are models of active sites of the gold-
containing catalysts. The mechanism of isomerization is determined by the charge of the metal.
For the allylbenzene + Au™ system, the most appropriate mechanism is the multistage metal-
allylic process passing through either the formation of a gold-hydride complex, or no hydride
complex is formed in the presence of Au~. The calculated rate constant of the rate-determining
step of the catalytic reaction increases in the order Au® < Au~ < Au™. The Aud* particles are
active sites in allylbenzene isomerization. Additional routes of accumulation of the frans-isomer
result in the selective formation of frans-p-methylstyrene observed in the catalytic conversion
of allylbenzene in the presence of gold nanoparticles. The metal-allylic mechanism is the most
preferential in the presence of Auy cluster. The high energy of the bond of allylbenzene with the
cluster is possibly due to the high reactivity of the latter.
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Isomerization of olefins is interesting from the view-
point of fine organic synthesis and chemical technology.
According to the Woodward—Hoffmann classification,
hydrogen migration in hydrocarbon (1) is the [1,3]-sigma-
tropic shift.!

R—CH,CH=CH, —»
—— R—CH=CHCH; (trans + cis). (1)

Although the formation of the isomerization product is
thermodynamically favorable in most cases, the reaction does
not occur spontaneously because of high energy barriers.

Almost all compounds of d-elements catalyze double
bond migration in olefins. Two main mechanisms of
isomerization are distinguished, assuming the formation
of metal-alkyl?:3 or metal-allyl intermediates.#5 The
isomerization of hex-1-ene to hex-2-ene on the palladium
complexes includes alkene coordination to the PdA—H bond
to form the n-complex and the further insertion of alkene
into the Pd—H bond to form the 6-alkyl complex (metal-
alkyl intermediate). B-Elimination of the reaction prod-
uct occurs at the last stage.®

A similar mechanism was proposed for allylbenzene
isomerization in the presence of the It''T complexes’ and

HCo(CO),.3 In the presence of tungsten carbide,’ but-1-
ene is transformed into but-2-ene due to intramolecular
hydrogen migration in the allylic system via two possible
mechanisms to form various intermediates: metal-cyclo-
butanel?® or the n-allyl intermediate.!! Double bond mi-
gration in terminal alkenes is catalyzed by the Pt!I com-
plexes at relatively low temperatures.12

For allylbenzene isomerization, the ratio of frans/cis
products achieves 98 : 2. The selectivity increases in favor
of trans-B-methylstyrene due to the possibility of transfor-
mation of the Pt!I-cis-B-methylstyrene complex into the
trans-product. The study of the mechanism of this reac-
tion showed that the insertion of the substrate into the
Pt—ligand bond at the intermediate stage resulted in the
intermediate with the agostic Pt...H bond followed by
B-hydride elimination.

Catalysts based on supported ultradispersed metal par-
ticles, including gold, become more and more popular in
the recent time. They exhibit high activity and selectivity
in many reactions involving hydrocarbons.13—16 Allyl-
benzene (PhCH,CH=CH,) isomerization to frans- and
cis-p-methylstyrene is catalyzed by gold nanoparticles sup-
ported on y-Al,O5 (see Ref. 17). This reaction is interest-
ing for investigation because of the size and synergetic
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effects found in the system. It was established, in particu-
lar, that metallic gold and large particles with the defect-
free surface exhibit a substantially lower catalytic activity
than the nanoparticles smaller than 40 nm.

The reaction rate increases, when nickel is introduced
at the stage of metal particle growth, which is due to the
coexistence of positively charged and neutral gold parti-
cles on the catalyst surface.13 Another interesting feature
of this reaction is associated with the selective formation
of frans-B-methylstyrene, which is also characteristic, as
it was shown, of the Pt!l complexes. For the metal particle
size 13—34 nm, the trans/cis ratio was 4.7+0.2.17 However,
the nature of active sites, the reason for selective frans-p-
methylstyrene formation, and the mechanism of allylbenz-
ene isomerization in the presence of gold were not reliably
determined.

One of the possible methods for studying the reaction
mechanism is quantum chemical calculation, which makes
it possible to predict the existence of the molecule and
reveal the predominant direction of the chemical reac-
tion. The catalytic properties of 1-ethyl-3-methylimid-
azolium towards the conversion of but-1-ene to but-2-ene
were predicted!® by the DFT methods (B3PW91/6-
31G(d,p), 6-311++G(d,p), aug-cc-PVDZ). The assumed
mechanism includes proton transfer from the imidazole
ring to the terminal bond of hydrocarbon followed by the
elimination of the proton from the adjacent ordinary bond.

It was shown!® by the B3LYP/6-31G(d,p) method
that the isomerization of pent-1-ene to pent-2-ene on
the zeolite model can proceed via the step-by-step (£, =
= 31.5 kcal mol~!) or concerted (E, = 20.5 kcal mol~1)
mechanisms. In the first case, the reaction proceeds
through the alkoxy intermediate. In the second case, the
proton migration results in the formation of the final pro-
duct pent-2-ene. The study of the isomerization of but-1-
ene to but-2-ene by quantum chemical methods of various
levels (DFT/PBE, MP2, CCSD) showed that even an
isolated gold atom can be an efficient catalyst of the pro-
cess that proceeds in several stages through the formation
of the gold-hydride complex.20

According to numerous works21—25 studying active sites
of the gold-containing catalysts, surface atoms with ma-
ximum coordination unsaturation are the most active. Thus,
it seems interesting to consider one gold atom represented
the ultimate case of coordination unsaturation as the sim-
plest model of the catalyst. The migration of the double
bond of allylbenzene was studied in the presence of the
neutral gold atom.26 The reaction was found to proceed in
four stages via the metal-allylic mechanism resulting in the
migration of the hydrogen atom to the gold atom to form
a gold-hydride complex. The high selectivity of trans-pro-
duct formation was not explained for this model system.

It seems fruitful to compare the results obtained for the
isolated atom with the data for the cluster containing more
atoms. We chose the Auy cluster exhibiting a higher activ-

ity in the adsorption and activation of ethylene and hydro-
gen.27—29 The study of the catalytic properties of molecu-
lar gold and silver clusters revealed their enhanced activity
to CO oxidation, propene epoxidation, and propane dehy-
drogenation.3? It was shown that the small clusters are
catalytically more active than the large particles when they
are simultaneously present on the metal surface.31—33 The
charge appeared on the active sites of the catalyst, for
example, due to the interaction with the support or the
synthesis method used34—37 was simulated by the simplest
Aut and Au~ ions.

In this work, we performed the quantum chemical sim-
ulation of allylbenzene isomerization to cis- and trans-p-
methylstyrene on the gold ions and cluster and studied the
influence of the gold atom charge on the mechanism and
potential barriers. The study is aimed at determining the
nature of active sites of the gold-containing catalysts in
the migration of the double bond of allylbenzene, studying
the mechanism of this reaction, and explaining the reason
for the selective formation of frans-B-methylstyrene.

Calculation Procedure

The necessary calculations were performed using the
Priroda 06 (see Ref. 38) and Gaussian 03 (see Ref. 39)
programs in the framework of the DFT method with the
PBE (Perdew—Burke—Ernzerhow) nonempirical func-
tional.4? Considerable relativistic effects for the gold atom
were taken into account in the nonrelativistic approach
using the SBK (Stevens—Basch—Krauss) pseudo-poten-
tial.#1 The following basis sets were used for the description
of valent electrons: [311/1] for the H atom, [311/311/11]
for four electrons of the C atom, and [51111/51111/5111]
for 19 electrons of the Au atom.

Testing of the chosen method included a comparison
of the calculated equilibrium interatomic distances (R,)
and dissociation energies (D, or D,) of molecules Au,,
AuH, and AuCH,* with experimental values and hybrid
B3LYP functional values (Table 1). It is seen that for the
used basis set and pseudo-potential the PBE functional
better describes the experimental data42-43 than the B3LYP
functional.

For the pseudo-potentials SBK, CEP-121G, LANL2DZ,
and MWB60 using the PBE functional, the maximum
deviations from the R, values were 3, 7, 3, and 3% and
those from the experimental values of D, were 6, 4, 29,
and 8%, respectively. Thus, the PBE/SBK method well
describes the gold-containing systems.

It was shown445 that the use of the SBK pseudo-
potential in the DFT framework resulted in errors in equi-
librium distances of ~0.001 A for the systems consisting of
the first-row elements (H) and 0.005—0.010 A for the
systems consisting of the second-row elements (C). The
inaccuracy of the calculation of the relative energies is
10 kJ mol~!. In this work, the interatomic distances are
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Table 1. Calculated and experimental equilibrium interatomic distances (R,/A) and dissociation energies

(D, or D,/eV) of molecules

Method Au, AuH AuCH,*

R, D, R, D, R, (Au—C) D,
PBE/SBK 2.55 2.168 1.55 3.08 1.90 4.10
B3LYP/SBK 2.57 1.860 1.55 2.95 1.93 4.83
Experiment 2.47242 2.29442 1.523742 3.20942 1.8943 >4.1243

given with the accuracy to 0.01 A and the relative energies
have the accuracy to 1 kJ mol~!.

An additional testing calculation of some small gold-
containing molecules was performed in the two-compo-
nent scalar relativistic DFT approximation with the mo-
dified Dirac—Coulomb—Breit Hamiltonian.4® A compari-
son of the values calculated in the nonrelativistic and scalar
relativistic approaches revealed no especially preferred ac-
curacy in any method. The nonrelativistic approach using
the SBK pseudo-potential was applied to decrease time
expenses to calculations.

The DFT calculations were carried out assuming that
the reaction was adiabatic and the energy terms were not
overlapped. This assumption is based on the data, accord-
ing to which the ground electron states of the AuH (1=*)
and Au, ('Z,") molecules and Auy cluster ('A)) lie by 3.27
(see Ref. 47) and 2.277 (see Ref. 48) and by 0.98 eV (see
Ref. 49) lower than the corresponding first excited states.

The relative energies were calculated including the
zero-point vibration energies in the harmonic approxima-
tion. The bond energies (£,) of a molecule of substrate R
with the Au,, gold cluster were calculated using the formula

E, = E%Au,) + E°(R) — E%(Au,R),

where E%Au,), E°(R), and E°(Au,R) are the total ener-
gies including zero-point vibration energies of the isolated
gold atom or cluster, the molecule and its complex with
the atom or cluster, respectively.

The testing calculation of the error of the superposi-
tion of the basis set (BSSE) for some hydrocarbon com-
plexes with gold atoms, ions, and clusters showed that the
BSSE value changed from 0.3 to 2.3 kJ mol~!, depending
on the charge and size of the catalyst model. This correc-
tion is lower than the accuracy of the method used. The
bond energies ignoring BSSE are presented. The atomic
charges were calculated by a natural population analysis.

The study of the mechanism included the optimiza-
tion procedure (search for local minima on the potential
energy surface (PES)) for the geometries of the reactants
(allylbenzene) and products (cis- and trans-B-methyl-
styrene) and their complexes with gold particles. The
ground states with the spin multiplicity equal to 1 were
studied for all systems. The structures of transition states
were localized and identified, and the PES cross sections

were constructed along the intrinsic reaction coordinates
in the mass-weighted coordinates by the Newton—Raph-
son method.5! The type of stationary points on the PES
was determined by analysis of the second derivative matrix.
In some cases, scanning over the specified torsion angle
was carried out.

The activation energy of each stage was calculated by
the formula

E,= EX(TS) — E°(R), )

where E, is the activation energy, TS is the transition
state, and R is the reactant. Based on the statistical sums
of the starting substances, products, intermediates, and
transition states, we determined the rate constants k
of particular reaction stages using the activated complex
theory>? and the changes in the Gibbs energy (A,G°),
enthalpy (A H°), and entropy (A.S°) for these states at
T=298 K.

The energy diagrams were constructed for each possi-
ble reaction path. They represent the total energies of the
reaction participants relative to the sum of energies of the
isolated starting substances. One cycle is shown in each
diagram: the process begins from the addition of allylben-
zene to the gold atom and ceases by the desorption of
B-methylstyrene with simultaneous binding of the next
allylbenzene molecule with the gold particle.

Results and Discussion

Potential energy surface of the ground state
of allylbenzene and B-methylstyrene

At the initial stage, the PES of the ground states of
allylbenzene and products of its isomerization (trans- and
cis-B-methylstyrenes) were studied and compared with the
known values to check adequacy of the chosen method.
Two conformers are known for PhCH,CH=CH,.53—55
Scanning of the PES of allylbenzene over the C(1)C(2)—
C(3)C(4) torsion angle (0) confirmed the existence of
stable conformational isomers 1a (6 = 0°) and 1b (6 = 123°)
having close energies (Fig. 1).

The calculated interatomic distances and angles for
the structures of allylbenzene conformers are consistent
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Fig. 1. Structures of stable conformers of allylbenzene 1a and 1b
and transition state TS (a) and the PES cross section at the
torsion angle C(1)C(2)C(3)C(4) of allylbenzene (b). The energy
is given relative to conformer 1a, and s is the internal coordinate
of rotation relative to the torsion angle C(1)C(2)C(3)C(4). The
calculated interatomic distances (A) are presented.

with the published values.33 The fundamental vibrations of
hydrocarbon in the calculated IR spectrum well reproduce
the experimentally known vibrational modes of allylben-
zene.50 The calculated rotation barrier about the C(2)—C(3)
bond is 9 kJ mol~!, which agrees with the data of the
higher-level MP4(SDQ)/6-31G** method33 (11 kJ mol~1).

Thus, the chosen method satisfactorily describes the
allylbenzene structure and qualitatively reproduces its vi-
brational modes and the difference in energies of two con-
formers. Due to free rotation, the existence of two con-
formers 1a and 1b are equiprobable. Designation 1 is ac-
cepted hereinafter for the both allylbenzene isomers.

Two structures were oprimized for B-methylstyrene:
cis- and trans-configurations (2a and 2b, respectively).

Table 2. Changes in the Gibbs energy A,G° and enthalpy A H°,
the activation energy FE,, and the rate constant k for
PhCH,CH=CH, (1) isomerization to the cis- (2a) and
trans-isomers (2b) of Ph\CH=CHCH;

Reaction Calculation Experiment5®
AH°
(o] o —1 T
AGe AH E,  kfs /K mol-!
kJ mol~!
1-TS,—»2a =29 —16 234 3-100%®  —12.3+0.6
1-TS,—»2b —14 —28 234 1-107®  —23.3%0.5

Torsion angle 6 for isomer 2a is 180°, and that for 2b is 2°.
trans-B-Methylstyrene is 11 kJ mol~! more stable than the
cis-isomer.

The simulation of double bond migration from posi-
tion 1,2 of PhnCH,CH=CH, to position 2,3 showed that
this process is thermodynamically favorable (Table 2). The
calculated enthalpies of formation of cis- and trans-B-
methylstyrene agree well with the experimental data.56
The found transition state corresponds to the high activa-
tion energy for both trans- and cis-products. Therefore,
this reaction does not occur spontaneously, and highly
efficient catalysts capable of performing new routes with
lower potential barriers are needed. According to the cal-
culation, in the presence of the Au® gold atom, the activa-
tion energy of the rate-determining step of double bond
migration in allylbenzene decreases.2® Let us consider the
systems with charged gold ions.

Migration of the double bond in allylbenzene
in the presence of Au~ and Au™ ions

System 1 + Au—. The detailed study of allylbenzene
isomerization in the presence of gold anions revealed three
routes (Fig. 2). In the first case (route 7), the reaction
proceeds via the metal-allylic mechanism. At the first
stage, PhCH,CH=CH, is adsorbed to form complex I,
(E, = 48 kI mol~!). Its structure differs strongly from
a similar complex with the Au® atom,26 which is remote at
a considerable distance from the hydrocarbon, and the
C=C bond is weakly activated. In the complex formed,
the excessive negative charge partially shifted from the
Au~ ion to the allylic system of the hydrocarbon. Then H*
migrates from C(3) atom to the gold anion to form gold-
hydride complex I,. The trans-f-methylstyrene—Au~
complex is formed through two intermediates (I, and I5)
with surmounting potential barriers of 82, 66, and
123 kJ mol~!. In the #rans-p-methylstyrene—Au~— com-
plex, the gold particle is coordinated to none of the
n-systems of the molecule.

The rate constant of the rate-determining step I; — I
is 11072 s, which is higher than that in the case of the
Au® atom. The path of formation of cis-B-methylstyrene
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I

Fig. 2. Energy diagram of the formation of frans-B-methylstyrene in the system 1 + Au~ via routes (/), (2), and (3) (a) and the
structures of transitions states and intermediates (b). The energies (E/kJ mol=!) of the participants of the reaction are presented
relative to the total energy of allylbenzene and Au~ (a), selected interatomic distances are indicated (A) (b). Imaginary frequencies (o)
for the transition states, cm~': 381.90/ (TS,), 206.30i (TS,), 399.00i (TS;), 1170.20i (TS,), 1159.80i (TS5), and 853.90i (TS).
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in the presence of the Au~ ion somewhat differs from the
route found for the trans-isomer. The stage of formation of
the gold-hydride complex occurs with a much higher
potential barrier (97 kJ mol~!) than a similar stage of
trans-isomer formation. The difference by two orders of
magnitude in the rate constants of the rate-determining
step indicates the predominant formation of frans-p-me-
thylstyrene.

In the second possible route (2), the proton does not
shift to the gold atom but remains in the allylic system and
transfers to the adjacent carbon atom (see Fig. 2). A simi-
lar mechanism was proposed? for but-1-ene isomerization
to but-2-ene. frans-Product is formed through two transi-
tions states TS, and TS5 with activation energies of 191
and 106 kJ mol~!, i.e., higher than those for route (/). In
this case, complex I is intermediate in which the migrat-
ing hydrogen atom is coordinated to the C(2) atom of the
allylic system. The rate constant of the rate-determining
step I} — I5is 2+ 10722 57!, whereas that for the formation
of the cis-product is 4+ 10=25 s~1.

The simplest is the third route (3) of double bond mi-
gration in the 1 + Au~ system.!! In this case, the reaction
does not involve the formation of the gold-hydride inter-
mediate and the Au—H bond is formed only in the transi-
tion state (see Fig. 2). The allylbenzene—Au~ complex
with E, = 42 kJ mol~! is transformed into the trans-B-
methylstyrene—Au~ complex through one low potential
barrier of 25 kJ mol—!. The rate constant for the formation
of frans-PhCH=CH—CHj is 2-10~7 s~!, which is two
orders of magnitude higher than that for the formation of
the cis-isomer. All kinetic and thermodynamic parame-
ters calculated for the 1 + Au~ system are given in Table 3.

Thus, three directions of double bond migration are
possible in the 1 + Au~ system (Scheme 1):

(1) metal-allylic mechanism, through the formation
of the gold-hydride intermediate (four stages);

(2) allylic mechanism when H* remains in the allylic
system and transfers to the adjacent carbon atom (four
stages);

(3) allylic mechanism (three stages).

Route (3) is most preferable from the kinetic point of
view. Substantial difference between the rate constants of
formation of the trans- and cis-isomers were found for the

Table 3. Calculated changes in the Gibbs energy A,G°, enthalpy
AH°, and entropy of the reaction A.S° (J mol~! K—!) and the rate
constant k for allylbenzene isomerization to trans-B-methyl-
styrene in the presence of the Au~ ion

Stage AG° AH° AS° k/s!
-1 g-1
J mol-! Jmol™" K
Common stage for routes (1)—(3)
1+Au -1, —188 —48 470 —
(—182) (—45) (460) —
Route (1)
I, -> L (TS) —68 —77 -30 2-1072
(—60) (—69) (=30) (6-1072)
L, -» I3 (TS,) 23 25 9 18
(22) (23) @) (32)
I; - I4 (TS;) 18 -91 32 1-107°
(22) 27) (18) (4-10~1h
I, > 2a+ Au- 182 42 —471 —
(184) (—48) (456) —
Route (2)
I, - I5(TSy) 94 88 -20 2.10722
(49) 41 (=27) (4-1072)
Is — I (TS5) —102 —102 -1 2-10-6
(—45) (—43) 7 (1-10-15)
Ig—>2a+ Au~ 195 33 —543 —
(164) (32) (—443) —
Route (3)
I, - I (TS¢) -9 —16 —24 2-1077
(&) (=D (—20) (6-107%)
Ig—>2a+ Au~ 164 33 437 —
(196) (28) (561) —

Note. Temperature 298 K. The designations of the reactants in
the stages are presented in Fig. 2. The values for the formation of
the cis-isomer are given in parentheses.

1 + Au~ system and were not observed in the case of the
Aud atom.

System 1 + Au*. Routes (/) and (2) were studied for
the 1 + Au™ system, but the transition state of route (3)
was not localized (see Scheme 1). At the first stage, the
allylbenzene—Au™" prereaction complex is formed with

Scheme 1

—_—

PhCH,CH=CH,
/
Au

PhCH--CH-"CH, —=
H

PhCH,CH-''CH,

L

PhCH-'CHMe

A
u ; /AuH
PhCH--CH-—CH,

B —

PhCH=CHMe
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Fig. 3. Visualization of the frontier molecular orbitals of the most stable (in energy) allylbenzene—Au*t complex: HOMO (a) and

LUMO (b).

a significant energy gain and forming the strong bond be-
tween the electron-deficient gold ion and the n-system of
the double bond of allylbenzene and/or benzene ring. This
is due to the fact that the lowest unoccupied molecular
orbital (LUMO) of the positively charged gold ion is clos-
er by energy to the highest occupied molecular orbital
(HOMO) of the olefin, facilitating the electron density
transfer from the HOMO of allylbenzene to the LUMO of
the gold ion and the backward process. A substantial fea-
ture of the bond between the gold particle and the unsatur-
ated hydrocarbon system is the interaction between the
n-orbital of allylbenzene (HOMO,.,.) and the vacant
s-orbital of the Au™ ion (LUMOy,,,, ), resulting in the elec-
tron density transfer from the alkene to the metal. Howev-
er, there is a compensating flow caused by the overlapping
of the occupied d-orbital (HOMO,, ) of the gold ion
with the vacant antibonding m-orbital (LUMO,.p,.) of
allylbenzene (Fig. 3).

A similar qualitative structure of the molecular orbitals
for the formation of the metal—ethylene bond has been

1+ Au*
0

proposed earlier.5’ No efficient overlapping of the molec-
ular orbitals of the gold particles and hydrocarbon upon
the formation of the prereaction complex was observed for
the previous systems.

In the presence of the Aut ion, frans-B-methylstyrene
is formed through two gold-hydride intermediates Ig and
Iy with different coordination of the gold particle to the
allylic system (Figs 4 and 5). In complex Ig, coordination
with the gold particle involves the C(4) and C(3) atoms of
the benzene ring. In intermediate Iy, binding occurs at the
C(1) and C(2) terminal atoms. Two paths of trans-isomer
formation become possible due to the existence of two
gold-hydride intermediates in the 1 + Au® system (see
Figs 4 and 5).

The first path I; — 2a passes through intermediate Ig.
The rate constant of the rate-determining step of the first
path (Ig — I;;) is 4+ 10=¢ s~!. The second path I; — 2a
passes through intermediates Ig and Iy, and the potential
barriers of the latter two stages decrease. The rate constant
of the rate-determining step of isomerization via the sec-

—388

Fig. 4. Energy diagram of the formation of frans-B-methylstyrene in the 1 + Au* system via route (/) with paths 7 and 2. The energies
(E/kJ mol~!) of the participants of the reaction are presented relative to the total energy of allylbenzene and Au™. Imaginary
frequencies (w;) for the transition states, cm~!: 131.40i (TS;), 674.20i (TSy), 96.10i (TSy), and 226.60i (TS).
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Fig. 5. Structures of the transition states and intermediates presented in Figs 4 and 6, intermediate I;g in the formation of the
trans-isomer in the 1 + Au™ system via route (2), and transition state TS ¢ of the stage of the rotation about C(2)—C(3) bond in gold-
hydride complex. Selected interatomic distances (A) are presented.

ond path (I; - Ig) is 9+ 1073 s~1. The H™ hydride ion mi- gain of 101 kJ mol~!. trans-B-Methylstyrene is desorbed

grates to the gold particle. Regardless of the choice of the from intermediate I, or I;;, and the latter process re-
first or second path, the less stable complex trans-B-meth- quires 360 kJ mol~! to occur. A comparison of the con-
ylstyrene—Au™ (I,,) is formed at the final stage and is stants of the rate-determining steps of the formation via

isomerized to a more stable complex I;; with an energy the first or second path shows that the transformation into
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1+ Au”

0

Fig. 6. Energy diagram of the formation of cis-B-methylstyrene (/) and frans-B-methylstyrene (2) in the 1 + Au* system via route ([).
The energies (E/kJ mol~!) of the participants of the reaction are presented relative to the total energy of allylbenzene and Au™.
Imaginary frequencies (w;) for the transition states, cm~': 139.10i (TS;;), 96.10i (TS;;), 319.80i (TS,;), 232.20i (TS,,), and

731.60i (TS5).

trans-B-methylstyrene through intermediates Ig and I is
the most favorable.

A more complicated path via the metal-allylic mecha-
nism through three gold-hydride complexes (I3, I,4, and
I,5) differed by the position of the Au—H fragment in the
allylic system (see Figs 5 and 6) was found for the forma-
tion of cis-B-methylstyrene. The rate constant of the rate-
determining step of isomerization (I, — I;3) is 6+ 1073571,
It should be mentioned that an alternative transforma-
tion of gold-hydride complex 1,5 is possible not into I},
and further into the cis-isomer, but into the trans-B-meth-
ylstyrene—Au* complex (I;;) through a potential barrier
of 87 kJ mol~!. The stage of formation of intermediate 1,5
is the same in two routes (see Fig. 6) and, hence, the both
directions are equiprobable and competing. Thus, an ad-
ditional path for trans-isomer formation was found.

An alternative route (2) was studied for the 1 + Au™
system (see Scheme 1). Let us consider the results ob-
tained for the formation of trans-B-methylstyrene, since
similar regularities are observed for the cis-product. For
the mechanism studied, the intermediate differs strongly
from complexes I and Iy by the coordination of the hy-
dride ion. The activation energy of intermediate forma-
tion is 84 kJ mol~!. Complex I is formed at the interme-
diate state (see Fig. 5), and its structure is similar to me-
tal—cycloalkane.1? Path (2) is less probable, because the
rate constant for the rate-determining step is two orders of
magnitude lower than that for the slowest stage of route (/).
The thermodynamic and kinetic parameters of the studied
routes of the isomerization reaction in the 1 + Au* system
are listed in Table 4.

Thus, the double bond migration can occur via several
routes depending on the charge of the active site. Accord-
ing to the calculation, the metal-allylic mechanism is pref-

Table 4. Calculated changes in the Gibbs energy A,G°, enthalpy
AH°, and entropy of the reaction AS° (J mol~! K—!) and the rate
constant k for allylbenzene isomerization in the presence of the
Auion

Stage AG° AH° AS° k/s!

o mol! Jmol~! K-!

Allylbenzene + Au™ = trans-p-methylstyrene + Au*
Common stages for paths (/) and (2)

1+Aut S 1, —445 -310 453 —
I, - Ig (TSy) —16 -20 —13 8.10
Path (1)
Ig— 1, (TSy)  —56 -59 -8 41076
I, >2a+Au" 484 358 —423 —
Path (2)
Ig — I (TSy) -22 -23 -3 3.10°
Iy — 115 (TS) 51 55 13 3102
Lig—1;; -85 -91 —18 —
I,,>2a+Au" 484 358 —423 —
Allylbenzene + Au™ = cis-B-methylstyrene + Au™
I+Aut -1, -436 —306 —-195 —
I,-I;3(TS;) =5 -8 —10 541075
113—)114 (TSn) —4 -6 -7 3‘107
L4 — 15 (TSy3) -8 -8 11 4.10M
Iis > 16 (TSy5) 48 51 9 2-1072
Lig— 17 -97 —-101 —15 —
I;>2b+Au" 488 360 —430 —
I35 (TS1p* 71 =72 -3 2-1075
I, >2a+Aut* 484 358 —423 —

* Additional path for the formation of trans-B-methylstyrene.
Temperature 298 K. The designations of the reactants in the
stages are given in Figs 4—6.
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erable for the 1 + Aut system, whereas the path without
intermediate formation is preferable for the 1 + Au~ sys-
tem. The bond energy of allylbenzene with the gold parti-
cle increases on going from the negatively charged ion to
the positive one

Au~ (42 kJ mol~!) < Au® (59 kJ mol~!) << Au* (308 kJ mol!).

The activation energy of the rate-determining stage of
the optimum path of trans-isomer formation increases on
going from the charged ions to the neutral gold atom

Au™ (92 kJ mol~!) < Au~ (109 kJ mol~") < Au® (146 kJ mol~).

According to the calculations, the Aud* sites are active
in the isomerization of allylbenzene.

Selective formation of frans-B-methylstyrene
in the 1 + Au" system used as an example

As mentioned above, double bond migration in allyl-
benzene is characterized by the selective formation of trans-
B-methylstyrene. When studying the migration of the dou-
ble bond, we found an additional path for frans-isomer
formation competing with the route of formation of the
cis-product.

In order to understand in detail selectivity for allylbenz-
ene isomerization in the presence of the Au™ ion, we
used the assumption about the possibility of rotation about
the C(2)—C(3) bond in gold-hydride complex I 5. Transi-
tion state TS (see Fig. 5) corresponding to transforma-
tion I3 — Iy was found by scanning of the PES of
complex I;53 over the C(1)C(2)C(3)C(4) torsion angle.
The energy barrier of this transformation is rather low:
27 kJ mol—1. Therefore, the two routes of formation of the
cis- and frans-isomers can intersect, which will lead to the
predominant formation of trans-B-methylstyrene.

The mechanism via the gold-hydride intermediate is
preferable for the 1 + Au* system. The additional routes
found for the formation of the #rans-product indicate its
predominant accumulation over the cis-isomer.

Double bond migration in allylbenzene
in the presence of the Au, cluster

Neutral cluster Au, was chosen as a model of the active
site of the gold-containing catalyst to estimate the influ-
ence of the cluster composition on the reaction mecha-
nism and potential barriers. The mechanism of allylben-
zene isomerization was chosen using the formation of
cis-B-methylstyrene as an example. Two mechanisms sim-
ilar to those described above (routes (/) and (2), see
Scheme 1) were found for the 1 + Au, system.

The first stage of the metal-allylic mechanism is the
formation of the allylbenzene—Au, complex with an en-
ergy gain of 138 kJ mol~!, which considerably exceeds26

that for the 1 + Au® system — 51 kJ mol~!. A similar
adsorption activity of the Auy cluster is observed for ethylene
adsorption?8: the heat of adsorption on the Auy cluster is
139 kJ mol—!, whereas that on one gold atom is 46 kJ mol—!.
A significant activation of the olefin occurs upon the for-
mation of the allylbenzene—Au, complex, because the
elongation of the C=C bond reaches 1.40 A. At the next
stage, H* migrates to form an intermediate over a potential
barrier of 136 kJ mol~!, which is comparable with the
activation energy at the second stage of cis-isomer forma-
tion in the 1 + Au® system (E, = 134 kJ mol~!). The
electron density of the allylic system in the intermediate is
concentrated between the C(2) and C(3) atoms, indicating
double bond migration already at the stage of hydride com-
plex formation. The rate constant of the rate-determining
stage of gold-hydride complex formation is 5+ 10~ s—1.
According to the results obtained, with an increase in
the number of gold atoms in the cluster, the values of
potential barriers and the reaction mechanism remain al-
most unchanged compared to those for one gold atom.

*kk

The study of allylbenzene isomerization showed that
the double bond migration can occur via three directions,
among which the metal-allylic mechanism is preferable
for the allylbenzene + Au™ system and the path without
gold-hydride intermediate formation is preferable for the
allylbenzene + Au~ system. An increase in the size of the
gold cluster to Au, does not substantially change the regu-
larities obtained earlier for the mechanism of double
bond migration in allylbenzene in the presence of the Au®
neutral atom.

In the allylbenzene + Au™ system, the transition states
found correspond to the lower activation energies than
those for the neutral and negatively charged gold particles.
Thus, according to the calculation data, the Au®* ions are
active sites in allylbenzene isomerization. The reason for
the selective formation of trans-B-methylstyrene observed
for the catalytic conversion of allylbenzene in the presence
of gold nanoparticles is the presence of additional routes
of trans-isomer accumulation with the lower potential bar-
riers compared to the formation of the cis-isomer.

This work was financially supported by the Russian
Foundation for Basic Research (Project No. 10.03.00999)
and the Council on Grants at the President of the Russian
Federation (Program for State Support of Leading Scien-
tific Schools of the Russian Federation, Grant NSh
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