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Abstract

Quantum chemical simulation of the adsorption of phenylethanol on a tetrahedral Au,, cluster was carried out

using the density functional theory, DFT/B3LYP/LANL2DZ. It has been shown that gold atoms located at the top
of the cluster have the highest activity in the adsorption of alcohol. Possible reactions of phenylethanol on
Au,, cluster to form phenylacetaldehyde were studied. Based on the calculated thermodynamic and kinetic values,
it is concluded that the transformation proceeds predominantly through the metal hydride mechanism.
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INTRODUCTION

One of the essential industrial processes from
the viewpoint of green chemistry is the oxidation
of alcohols [1]. The traditional methods of their
synthesis involve the use of toxic oxidisers (for
example, chromium oxides and salts, 2-iodoxy-
benzoic acid, sodium hypochlorite) or hazardous
organic solvents (dimethylsulphoxide — in the
case of the Swern oxidation, carbodiimides — for
the Pfitzner—Moffatt oxidation) and often require
rigid reaction conditions [2—6]. As a consequence,
the search of catalysts is carried out to provide
efficient implementation of the environmentally
friendly process of alcohol oxidation under soft
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and safe conditions using oxygen or peroxides as
the oxidising agent.

One of the promising catalysts of low-temper-
ature oxidation is gold nanoparticles deposited on
various oxide supports [7]. The catalytic proper-
ties of gold nanoparticles in the oxidation of CO,
aromatic and aliphatic alcohols, carbonyl com-
pounds, alkenes are known [8—10]. In particular,
the catalytic properties of gold nanoparticles have
been studied in the oxidation of phenylethanol [11]
with the formation of phenylacetaldehyde, the com-
pound used in cosmetics and in food chemistry.

The catalytic oxidation of phenylethanol on
gold nanoparticles was considered in a number of
works [11—-18]. For instance, the relationship be-
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tween the activity of a catalyst and the size of
metal particles has been detected [12]: spherical
gold nanoparticles less than 3 nm in size can oxi-
dise various alcohols in high yields into the cor-
responding carbonyl compounds and exhibit high
selectivity in this process. The effect of the elec-
tron properties of gold on the process mechanism
is under discussion. In the opinion of some re-
searchers, fine gold without changed centres is
responsible for activity [13—15], however, there
are also the followers of the cation or anion na-
ture of active gold centres in this process [16—18].

Modern quantum chemical methods are a
powerful research tool in catalysis. These meth-
ods allow not only simulation of the catalytic pro-
cess at the molecular level but also investigation
of the structure of active centres and prediction
of reaction mechanism.

In the present work, simulation of phenyletha-
nol activation and its subsequent transformation
into phenylaldehyde at the tetrahedral Au,, clus-
ter has been carried out to reveal the nature of
active centres and the mechanism of this reaction.

CALCULATION

Objects of investigation

A gold nanoparticle was simulated by the tet-
rahedral Au,, cluster. Its stable structure is a
regular tetrahedron, which has been confirmed
by numerous experimental and theoretical stud-
ies [19—22]. The cluster contains atoms having
different coordination numbers: at the top, at the
edge, and on the face. Each face of the Au, clus-
ter can be considered as a fragment of Au(111)
surface.

Investigation procedure

The main stages of phenylethanol oxidation on
gold cluster can be represented as follows. At
first, adsorption of the alcohol and its activation
occur (stage 1):

Au,, + PhCH,CH,0OH — Au, ,PhCH,CH,OH
Then the rupture of O—H bond in the adsorbed
alcohol takes place (stage 2):

Au, PhCH,CH,0OH — HAu,,PhCH,CH,O
followed by dehydrogenation with the formation
of phenylacetaldehyde (stage 3):

HAu,,PhCH,CH,0 — Au,, + H, + PhCH,CHO

Energy changes were calculated for these
three stages of the process under consideration.
The transition states were determined to cal-
culate activation energies and reaction rate con-
stants.

Method of investigation

The structures of Au,, cluster, its complex with
phenylethanol and all reaction participants were
completely optimised by the density functional
theory DFT using a three-parameter hybrid Becke—
Lee—Yang—Parr functional (BSLYP) [23]. Calcula-
tions were carried out on the basis set LANL2DZ
with effective pseudo-potential LANL2DZ-ECP,
which is employed to describe the relativistic ef-
fects of gold [24]. Optimisation of local and global
minima on the potential energy surface was car-
ried out according to the BFGS algorithm [25].
Calculation of vibration frequencies, performed
for all reaction participants for the purpose of
testing the absence of imaginary frequencies in
initial substances and in the products of each
stage, and the presence of the imaginary fre-
quency corresponding to the reaction coordinate,
was carried out in the harmonic approximation.
Identification of the transition state was per-
formed by IRC. Calculations were carried out
using the ORCA 5.0.3 software package [26, 27].

RESULTS AND DISCUSSION

Adsorption and activation
of phenylethanol on Au,, (stage 1)

We performed quantum chemical simulation
of the interaction of phenylethanol with Au,,
cluster (stage 1). Coordination of the alcohol to
different gold atoms located at the top, on the
edge, and on the face of the cluster was consid-
ered. Three isomeric structures obtained as a re-
sult of optimisation are presented in Fig. 1. The
formation of IM, complex in which phenylethanol
is coordinated at the gold atom at the top of the
cluster is most favourable: energy change at
stage 1 is =45 kJ/mol in this case. Activation of
OH-bond at the cluster edge involves the forma-
tion of IM, cluster, and the corresponding energy
change is =28 kJ/mol. The IM, structure in which
the alcohol is located along the edge of Au, is
found. The calculated energy change accompany-
ing the formation of IM, is equal to —27 kJ/mol.
For a more thorough investigation of the interac-
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Fig. 1. Optimised structures of the complexes of phenylethanol and gold cluster Au,,. Intera-
tomic distances are indicated in Angstroms (A). Here and in Fig. 2, 3: the gold cluster is
marked with yellow colour, the complex of phenylethanol is grey, and the oxygen atom of
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phenylethanol is red.

tion, we analysed molecular orbitals localised in
the IM; structure, which revealed the absence of
a covalent bond between the carbon atom in the
benzene ring and Au atom in the cluster. There-
fore, the aromatic system does not participate di-
rectly in the interaction with the cluster. Stability
of the complex corresponding to phenylethanol
position at the cluster face was not detected. So,
gold atoms located at the top and edge of the
cluster play a significant part in the activation of
alcohol.

Rupture of O—H bond in phenylethanol
on Au,, (stages 2 and 3)

The possibility of O—H bond rupture in the
alcohol under investigation at the formation of
adsorbed complexes IM,, IM, and IM, will be now
considered. The result of quantum chemical mod-
elling is shown in Fig. 2 in the form of energy

diagrams as energy changes in three processes:
A — rupture of the O—H bond with the participa-
tion of the gold atom at the top of the cluster;
B — rupture of the O—H bond with the participa-
tion of the gold atom at the edge of the cluster;
C — rupture of the C—H band at the carbon atom
bound with the hydroxyl group, participated by
the gold atom at the top of the cluster. According
to computational data, the rupture of O—H in
process A requires overcoming a substantial acti-
vation barrier and leads to the formation of a
stable hydride complex IM,, in which the formed
structure HAu,, PhCH,CH,O is coordinated at
the cluster edge. A decrease in activation energy
is possible if the O—H is broken at the cluster
edge. The formed hydride complex IM, is stable,
too; it is an isomer of IM, with a similar structure.

Possible subsequent transformations of the
complexes HAu,, PhCH,CH,O formed in pro-
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Fig. 2. Energy diagrams illustrating energy changes (kJ/mol)
during phenylethanol transformations on Au,, (relative to the
total energy of phenylethanol and Au,): rupture of OH-bond
with the participation of the gold atom at the top (A) and on
the edge (B) of the cluster; C — rupture of C—H-bond at the
carbon atom bound with the hydroxyl group, with the partici-
pation of the gold atom at the top of the cluster. The key in-
teratomic distances in the structures are: TS, R(Au-0) = 2.172 A,
R(Au—H) = 1.180 A; IM, R(Au—O) = 2123 A, R(Au—H) = 1.640 A,
TS, R(Au-O) = 2241 A; IM, R(Au-O) = 2117 A,
R(Au—H) = 1.652 A; TS, R(Au—0) = 2.387 A, R(Au—H) = 1.639 A,
IM; R(Au—0) = 2.252 A, R(Au—H) = 1.622 A. For designations,
see Fig. 1.

cesses A and B are to be considered now. Possible
reactions participated by hydrogen, for example,
for IM;:

IM, + H = H, + IM, +145 kJ/mol
IM, = 0.5H, + IM, —87 kJ/mol
IM, + Au,, = HAu,, + IM, —177 kJ/mol

lead to the formation of complex IM, (Fig. 3), in
which the structure PhCH,CH,O is coordinated
by oxygen to the gold atom at the top of the clus-
ter. Then dehydrogenation proceeds through the
transition state TS, (see Fig. 3) with activation
energy 103 kJ/mol, leading to the formation of the
final product, phenylacetaldehyde, and Au, H:

IM, = HAu,, + PhCH,CHO —64 kJ/mol

From the complex IM,, the route IM, — TS, — IM,
proceeding through hydrogen detachment from
the carbon atom at the hydroxyl group (see Fig. 2)
was found. The complex IM; is unstable and trans-
forms almost without any barrier through the
transition state TS5 (see Fig. 3) into the major
product phenylacetaldehyde, H2 and initial cluster:

IM, = Au,,+ H, + PnCH,CHO +172 kJ/mol

So, this route is preferable.

CONCLUSION

To refine the detailed mechanism of the cata-
lytic oxidation of phenylethanol on gold nanopar-
ticles and to assess the effect of atoms with low
coordination number, quantum chemical simula-
tion of phenylethanol and its subsequent trans-
formation into phenylacetaldehyde on the tetra-
hedral cluster Au,, has been carried out by the
density functional method. According to calcula-
tion results, the alcohol is adsorbed on gold atoms
with low coordination numbers, at the tops or
edges of the cluster. Further dissociation of the
O—H bond requires surpassing the high activa-
tion barrier, which becomes lower if the process
takes place at the cluster edge. An alternative
mechanism leading to the formation of phenylac-
etaldehyde through sequential dehydrogenation
of the carbon atom at the carboxyl group has
been found. It is noteworthy that this route also
requires passing over the high activation barrier.
Possible decrease in activation energy can be
achieved using bimetallic catalysts or forming
cation or anion centres on gold clusters. Future
quantum chemical studies are planned to deter-
mine the effect of charge and heteroatom on the
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Fig. 3. Optimised structures of the complex Au,, PhCH,CH,O (IM,), the transition state of its
dehydrogenation (TS,) and dehydrogenation of the intermediate complex IM,. For designa-

tions, see Fig. 1.

catalytic activity of gold nanoparticles in the oxi-
dation of phenylethanol.

REFERENCES

1. Mingalev P. G., Olenin A. Yu., Lisichkin G. V., Partial cata-
lytic oxidation of alcohols: 2. Catalysts based on transition
metal compounds (a review), Pet. Chem., 2019, Vol. 59,
No. 1, P. 1-10.

2. Collins J. C., Hess W. W., Frank F. J., Dipyridine-chro-
mium(VI) oxide oxidation of alcohols in dichloromethane,
Tetrahedron Lett., 1968, Vol. 9, No. 30, P. 3363—3366.

3. Dess D. B, Martin J. C., A useful 12-I-5 triacetoxyperiodi-
nane (the Dess—Martin periodinane) for the selective oxida-
tion of primary or secondary alcohols and a variety of re-
lated 12-I-5 species, J. Am. Chem. Soc., 1991, Vol. 113,
No. 19, P. 7277-7287.

4. Anelli P. L., Biffi C., Montanari F., Quici S., Fast and selec-
tive oxidation of primary alcohols to aldehydes or to car-
boxylic acids and of secondary alcohols to ketones mediated
by oxoammonium salts under two-phase conditions, J. Org.
Chem., 1987, Vol. 52, No. 12, P. 2559—-2562.

5. Mancuso A. J., Huang S.-L., Swern D., Oxidation of long-
chain and related alcohols to carbonyls by dimethyl sulfox-
ide “activated” by oxalyl chloride, J. Org. Chem., 1978,
Vol. 43, No. 12, P. 2480—2482.

6. Pfitzner K. E., Moffatt J. G., Sulfoxide-carbodiimide reac-
tions. I. A facile oxidation of alcohols, J. Am. Chem. Soc.,
1965, Vol. 87, No. 24, P. 5661—5670.

7. Carter J. H., Hutchings G. J., Recent advances in the gold-
catalysed low-temperature water—gas shift reaction, Cata-
lysts, 2018, Vol. 8, No. 12, Art. 627.

8. Prati L., Martra G., New gold catalysts for liquid phase
oxidation, Gold Bull., 1999, Vol. 32, No. 3, P. 96—101.

9. Mobley J. K., Crocker M., Catalytic oxidation of alcohols to
carbonyl compounds over hydrotalcite and hydrotalcite-
supported catalysts, RSC Adv., 2015, Vol. 5, No. 81,
P. 65780—65797.

10. Stratakis M., Garcia H., Catalysis by supported gold nano-

particles: beyond aerobic oxidative processes, Chem. Rev.,
2012, Vol. 112, No. 8, P. 4469—4506.

11. Pakrieva E,, Ribeiro A. P. C., Kolobova E., Martins L. M. D.R. S,,

Carabineiro S. A. C,, German D., Pichugina D., Jiang C.,
Pombeiro A. J. L., Bogdanchikova N., Corberan V. C., Pes-
tryakov A., Supported gold nanoparticles as catalysts in
peroxidative and aerobic oxidation of 1-phenylethanol
under mild conditions, Nanomaterials, 2020, Vol. 10, No. 1,
Art 151.

12. Abad A., Corma A., Garcra H., Catalyst parameters deter-

mining activity and selectivity of supported gold nanopar-
ticles for the aerobic oxidation of alcohols: the molecular
reaction mechanism, Chem. Eur. J., 2008, Vol. 14, No. 1,
P. 212—-222.



88

13.

14.

15.

16.

17.

18.

19.

C. JIANG, D. A. PICHUGINA

Mitsudome T., Noujima A., Mizugaki T., Jitsukawa K,
Kaneda K., Efficient aerobic oxidation of alcohols using a
hydrotalcite-supported gold nanoparticle catalyst, Adv.
Synth. Catal., 2009, Vol. 351, No. 11-12, P. 1890—1896.
Wang L.-C., He L, Liu Q, Liu Y.-M., Chen M., Cao Y,
He H.-Y. Fan K.-N., Solvent-free selective oxidation of
alcohols by molecular oxygen over gold nanoparticles sup-
ported on B-MnO, nanorods, Appl. Catal., A, 2008, Vol. 344,
No. 1-2, P. 150—157.

Nepak D., Darbha S., Selective aerobic oxidation of alco-
hols over Au—Pd/sodium titanate nanotubes, Catal. Com-
mun., 2015, Vol. 58, P. 149—153.

Carabineiro S. A. C,, Ribeiro A. P. C., Buijnsters J. G., Ava-
los-Borja M., Pombeiro A. J. L., Figueiredo J. L., Mar-
tins L. M. D. R. S., Solvent-free oxidation of 1-phenyletha-
nol catalysed by gold nanoparticles supported on carbon
powder materials, Catal. Today, 2020, Vol. 357, P. 22—31.
Abad A., Concepcion P., Corma A., Garcia H., A collabora-
tive effect between gold and a support induces the selec-
tive oxidation of alcohols, Angew. Chem. Int. Ed., 2005,
Vol. 44, No. 26, P. 4066—4069.

Wang L., Meng X., Xiao F., Au nanoparticles supported on
a layered double hydroxide with excellent catalytic prop-
erties for the aerobic oxidation of alcohols, Chin. J. Catal.,
2010, Vol. 31, No. 8, P. 943—947.

Nhat P. V., Tai T. B., Electronic structure of coinage metal
clusters M,, (M = Cu, Ag, Au) from density functional

Submitted 08.05.2024
Approved 30.05.2024
Accepted 31.05.2024

20.

21.

22.

23.

24.

25.

26.

217.

calculations and the phenomenological shell model, Chem.
Phys. Lett., 2018, Vol. 706, P. 127-132.

Wang Z. W.,, Palmer R. E., Direct atomic imaging and dy-
namical fluctuations of the tetrahedral Au,; cluster, Na-
noscale, 2012, Vol. 4, No. 16, P. 4947—-4949.

Li J, Li X., Zhai H-J., Wang L.-S,, Au,;: a tetrahedral
cluster, Science, 2003, Vol. 299, No. 5608, P. 864—867.
Gruene P., Rayner D. M., Redlich B., van der Meer A. F. G.,
Lyon J. T., Meijer G., Fielicke A., Structures of neutral
Au,, Au,, and Au,, clusters in the gas phase, Science,
2008, Vol. 321, No. 5889, P. 674—676.

Becke A. D, Density-functional thermochemistry. III. The
role of exact exchange, J. Chem. Phys., 1993, Vol. 98, No. 7,
P. 5648—5652.

Hay P. J,, Wadt W. R., Ab initio effective core potentials
for molecular calculations. Potentials for K to Au including
the outermost core orbitals, J. Chem. Phys., 1985, Vol. 82,
No. 1, P. 299-310.

Schlegel H. B., Optimization of equilibrium geometries and
transition structures, Adv. Chem. Phys., 1987, Vol. 67, Part 1,
P. 249—-286.

Neese F., The ORCA program system, WIREs Comput.
Mol. Sci., 2012, Vol. 2, No. 1, P. 73-78.

Neese F., Software update: the ORCA program system —
Version 5.0, WIREs Comput. Mol. Sci., 2022, Vol. 12, No. 5,
Art. e1606.



