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ABSTRACT

Mo~ catolyst

A novel mechanism for the selective activation of benzyl alcohol by graphene oxide and N-doped graphene has been proposed using density
functional theory based calculations. Interestingly, the proposed mechanism opens new avenues for graphene and its derivative-based catalysis.

In recent years, graphene and its functionalized forms
have emerged as a promising material for various applica-
tions such as heterogeneous catalysis,' ™ electron trans-
port,”® energy storage,”® sensors,”'® and biomedical
devices."""'? Interestingly, N-doped graphene (NG) acts
as a catalyst for a variety of organic reactions such as selec-
tive oxidation of hydrocarbons,'*'* aromatic alcohols,'?
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and oxygen reduction reactions'®~'® in fuel cells. More-

over, such oxidative transformations occur in the aqueous
phase with dioxygen as the ultimate oxidant and water
as a byproduct.'® Hence, usage of N-doped graphene as a
catalyst is environmentally benign and highly selective
compared to traditionally used transition-metal-based
complexes and organic compounds.

In a seminal report, Bielawski and co-workers have
elucidated that graphene oxide can catalyze oxidation of
benzyl alcohol (BA) to benzaldehyde (BZ) with >90%
conversion efficiency, using O, as terminal oxidant, with-
out the formation of H,O,." This study indicates that the
conversion results in the reduction of epoxide to form
reduced GO and chemically modified graphene (CMG).
This reduction process is then followed by the release of
water. However, the mechanism and the key intermediates
controlling this reaction remain elusive.'” In another com-
putational study on benzyl alcohol oxidation by graphene
oxide, Boukhvalov et al. have also highlighted that the
epoxide plays a major role in the reaction.?
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Wang and co-workers have reported that N-doping of
graphene enhances the aerobic oxidation of aromatic
alcohols to aldehyde or ketone with >99% selectivity.'
Further exploration revealed that graphitic nitrogen is ac-
tively involved in the catalysis, apart from the defects. For
benzyl alcohol, the activation barrier of the reaction is found
to be 13.4 &+ 0.8 kcal/mol. Also, the same study indicates the
absence of the formation of OH", O, *, or H,0,."

Ma and co-workers have investigated the aerobic oxida-
tion of hydrocarbons, and they have indicated the immense
role of graphitic nitrogen in catalysis.'* They have demon-
strated that the carbon atom which is ortho to nitrogen is
“metal-like”. It activates the dioxygen to form the reactive
species, which may be “peroxide or epoxide”-like species,
through spin and charge polarization. This finding pro-
vides a picture of the activation of dioxygen by graphitic
nitrogen. Nevertheless, the structure of the reactive oxi-
dant and the mechanism of the substrate oxidation without
the formation of H,O, have not completely unravelled.'*

Epoxides have high reduction potentials (—2.3 V for
stilbene oxide®"), whereas the oxidation potential of benzyl
alcohol is very low* (0.17 V), which makes the reduction
of epoxide by benzyl alcohol highly unfavorable. Gener-
ally, acidification of epoxides opens up the ring to form
hydroxyether, with monoalcohols.>* Moreover, the possi-
bility of acid—base reaction between benzyl alcohol and
epoxide is ruled out by the pK, of benzyl alcohol (15.4).*
The above studies and arguments point out that the
oxidation of benzyl alcohol by epoxide is dictated by a
new mechanism. In this study, an attempt has been made to
elucidate the reaction mechanism of oxidation of benzyl
alcohol as catalyzed by coronene epoxide and N-substituted
coronene using electronic structure methods. Previous stu-
dies have shown that coronene can be taken as a model
for graphene.”>*® Hence, in this study, the same has been
considered as a model system. The calculations were carried
out at M06-2X/6-3114g**//M06-2x/6-311g***"~* level of
theory using the Gaussian 09°° suite of programs. The
solvent effect was included using polarizable continuum
method®' (PCM) at the same level of theory.

Scheme 1. Coronene Epoxide Formation from Dioxygen and
Coronene
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Dioxygen activation is the initial step in the catalytic
pathway of GO. This activation step involves a compli-
cated pathway. However, experiments have shown that the
rate-determining step is the reaction between activated
oxygen and benzyl alcohol.'® Hence, no attempt has been
made to study the activation of O», but such an activation
process could be guessed to get an idea about the structure
of the activated species. Scheme 1 illustrates an adduct
formation between a carbon—carbon double bond and
dioxygen, which then undergoes O—O bond cleavage to
form coronene epoxide (CEP).

Once the epoxide (O1) is formed, the next step is the
reduction of epoxide by benzyl alcohol. This reaction
occurs by a proton (HP) and a hydride (H) transfer from
benzyl alcohol to coronene epoxide. Epoxides are well-
known for their ability to accept a proton rather than
hydride. Hence the OH group of benzyl alcohol is inter-
acted with epoxide. Among the various possible modes of
interaction, the most stable structure (ECgp) is taken for
further reaction (Figure 1a). Scheme 2 illustrates the entire
pathway along with a description.

(b)

Figure 1. Schematic illustration of the formation of encounter
complex (ECgp) between (a) BA and CEP, (b) BA and N1-CK.

The transfer of HP to O1 results in the rearrangement of
si-bonds. This causes the carbon atom (C1), which is in the
para-position to Ol, to accept the hydride, leaving benzalde-
hyde as a product. Hence, the transfer of H” to O1 and H" to
Cl is a concerted reaction with activation energy (TS1gp) of
25.4 kcal/mol (Supporting Information Figure S6a).

The next step is the formation of water, through the
combination of H" (bonded to C1) and hydroxyl oxygen
(O1). This occurs in two ways: (i) the direct recombination
(DR) and (ii) the solvent (benzyl alcohol)-assisted recom-
bination (SAR). In direct recombination, H" interacts with
Ol to form water with an activation energy of 65.1 kcal/
mol. The solvent-assisted recombination occurs by the
concerted transfer of H” to the oxygen of benzyl alcohol
and the hydrogen (bonded to the oxygen of benzyl alcohol)
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to the hydroxyl group with an activation energy of 30.7
kcal/mol (Supporting Information Figure S6b). Compar-
ison of the activation energies of both the recombination
pathways indicates that the solvent-assisted recombination
is the most feasible step.

Scheme 2. Reaction Mechanism for the Entire Pathway of
Oxidation of Benzyl Alcohol by Coronene Epoxide
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Further oxidation of benzaldehyde to acid by epoxide is
schematically represented in the Supporting Information
(Scheme S1). The reaction profile and optimized structures
are given in Supporting Information (Figures S7 and S10).
Mulliken charge analysis indicates that epoxide is nega-
tively charged (—0.35, nucleophilic) and carbonyl carbon
of benzaldehyde is positively charged (0.06, electrophilic).
Hence, the reaction proceeds by the internal S22 attack of
epoxide oxygen (O1) on the carbonyl carbon (C,) of
benzaldehyde. This leads to the transition state (TS2pz)
with an activation energy of 34.4 kcal/mol. The intermediate
(IM1gz) formed is more stable than ECg by —14.9 kcal/mol.
For the reaction to complete, the carbonyl hydrogen has to
transfer to O1. This occurs through a transition state (TS2gy)
with an activation energy of 45.4 kcal/mol. The above finding
clearly reveals that the significant difference in the activation
energies between the oxidation of benzyl alcohol to benzalde-
hyde and benzaldehyde to acid leads to the high selectivity in
the conversion of benzyl alcohol to benzaldehyde. When
compared to the previous study,” the present investigation
provides a detailed concerted mechanism for proton and
hydride transfer from benzyl alcohol to coronene epoxide
and all possible regeneration reaction pathways.

Graphitic nitrogen substitution in coronene epoxide can
be carried out in three distinct positions: N1, N2, and N3,
as shown in Supporting Information (Figure S5). The
calculations reveal that the formation of N1 is highly
feasible when compared to other substitutions.

Also, substitution at the N1 position results in the
breaking of the N—C bond and rearrangement of the epoxide
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Scheme 3. Schematic Illustration for the Formation of Reactive
Oxygen Species
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to form a “ketone-like” structure (N1-KC) as illustrated in
Scheme 3. Figure 1b depicts the structure of N1-KC with
nomenclature. The steric environment in the coronene ring
restricts the conjugation of “ketonic oxygen” (OY) with
nearby sp>-hybridized carbons, which could possibly lead
to the reactivity of O*.

In the course of this rearrangement, the unpaired elec-
tron located on N1, perpendicular to the plane of the ring,
migrates to the meta-position (C™), as depicted in Sup-
porting Information (Figure S14). This spin density on C™
can activate benzyl alcohol through spin-induced polariza-
tion. The initial step of oxidation of benzyl alcohol by N1-
KC can take place by the abstraction of either a hydroxyl
proton (HP) (P1) or Cy-hydrogen (H") (P2). Both abstrac-
tions lead to different reaction pathways.

The pathway leading to the product by hydroxyl
proton abstraction (P1) is illustrated in Supporting
Information (Scheme S3) along with a description. The
reaction profile and optimized structures are presented
in Figure 2 and Supporting Information (Figure S11).
All spin density isosurfaces are given in Supporting
Information (Figure S14).

The initial step in P1 is the abstraction of HP by O* from
the hydroxyl group of benzyl alcohol. The activation
barrier (TS1y) for the transfer of H? is 9.1 kcal/mol. This
involves the spin polarization of hydroxyl oxygen (O®) of
benzyl alcohol by C™, leading to the spin separation in the
O—H bond. Asa consequence, o and 3 spins on O" and C™
combine to form an O®—C™ bond. As a result, HP is
transferred to O with a net spin density, which then leads
to the restoration of the C—N bond through spin deloca-
lization. In TSIy, spin density is transferred from C™ to
N1 through a cyclic rearrangement of electrons. Neither
the reactant (ECy;) nor the intermediate (IM1y;) shows
any localized spin density leading to a radical. IM1y;
directly cannot undergo any further reaction because of
improper orientation of H". Hence, the structure is rotated
with respect to the coronene ring to allow possible interac-
tion between H" and O to form IM2y;. All attempts to find
a rotational transition state between IM 1y; and IM2y; are
in vain. In the next step, the C™—O" bond breaks through
TS2n1 to form IM3y, resulting in high spin density on
O® (Supporting Information (Figure S10)). The activation
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energy for this bond breakage is 19.6 kcal/mol. It could be
noted that IM3y; has a net spin density of about 0.9 and
hence acts as a radical. The formation of such a radical
intermediate is already observed through spin trapping
experiments.'®> The final step is the transfer of H" to O
with subsequent coronene—O bond breakage, resulting in
the product, water and benzaldehyde. This occurs through
TS3n; with an activation energy of 18.3 kcal/mol. Spin
density analysis shows that this transfer is radical in nature.

32.7

Relative Free Energy (kcal/mol)

TS1m IM244 IM3n1 PRODw;

ECwi 1M1y TS2m1 TS3m

Figure 2. Reaction profile for the oxidation of BA with N1-CK.

Apart from IM3y;, all other minima in this reaction
sequence do not indicate any radical nature of the unpaired
electron. This mechanism shows that the oxidation of
benzyl alcohol occurs by two one-electron reductions of
the activated oxygen species.

The second pathway (P2) occurs by the direct interaction
of benzyl alcohol with O through a C—H* bond. The
reaction pathway for P2 is shown in Supporting Informa-
tion (Scheme S4). The optimized geometries and reaction
profile are represented in Supporting Information (Figures S7
and S11). The activation energy for the transfer of H* to O" is
29.7 kcal/mol. Spin density analysis indicates the radical
formation on C, and O atoms. The intermediate formed
(IM1) is rotated to form IM2yp, so that HP interacts with oh
through a H-bond. In the next step, HP is transferred to O
through TS2y» with an activation energy of 17.9 kcal/mol to
form water and benzaldehyde. This transfer results in net
spin relocation from C, to the N1 atom, leading to two
one-electron transfer reactions. Comparing P1 and P2, it
could be possible to show that P1 is the minimum energy
pathway based on the following arguments: (i) the rate-
determining step in P1 (T'S2y1) has an activation barrier of
19.7 kcal/mol, whereas the same in P2 is 29.7 kcal/mol
(TS1np), and (ii) the experimentally observed intermediate
is C6H5CH20' (IM3N1) rather than C6H5C' (OH) (IMlNz)
as observed in P2.

Benzaldehyde oxidation to benzoic acid is then studied
to unravel the selectivity of N-doped graphene. N1-KC is
taken and interacted with benzaldehyde with similar con-
formation as that of coronene epoxide. The first step in the
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reaction is the lone pair attack of O* on the C,, atom with an
activation energy of 17.8 kcal/mol. This attack is followed by
the transfer of Cy-hydrogen to OX. This transfer takes place
through TS2 with barrier height of 45.8 kcal/mol. The reac-
tion profile is given in Supporting Information (Figure S7).
Again, the selectivity arises due to a large difference in
activation energy between benzyl alcohol oxidation and
benzaldehyde oxidation (26.3 kcal/mol).

Generally, overoxidation of aldehyde to acid by metal
oxidants arises due to the initial hydration of the carbonyl
group. Then, condensation with the oxidant takes place,
leading to the electron transfer from carbonyl hydrogen to
the metal center. Hence, the barrier height for the reaction
islow. However, the oxidation of benzyl alcohol by GO/N-
doped graphene results in atom transfer reaction, which
leads to high barrier height, and the same recation is
responsible for the selectivity in the reaction.

In summary, the present DFT study provides a complete
mechanism for the aerobic oxidation of alcohol by gra-
phene oxide and N-doped graphene using model systems.
In GO catalysis, the epoxide acts as a proton acceptor and
a sp>-hybridized carbon, which is para to epoxide, and
behaves as a hydride acceptor. Such a peculiar mechanism
is new to the chemistry of epoxide. This reaction pathway
could reduce the overall barrier height of the reaction
through the rearrangement of delocalized electrons of
graphene. In the case of NG, the model provides a great
deal of information about the initial activated oxygen
species formed by dioxygen. This species contains a
C=O0 group and catalyzes the reaction in a way similar
to that of Fe'Y=0 in enzymes. The delocalization of the
unpaired electron of the N-atom, on the ring, plays a major
role in directing this activated oxygen to abstract hydrogen
from benzyl alcohol as a radical. Such a spin-polarized
activation mechanism of benzyl alcohol is not yet reported.
This mechanism highly reduces the overall barrier height of
the reaction and makes it ideal and novel for the oxidation of
alcohols. Above all, the study provides the basis for the
selectivity in benzyl alcohol oxidation. The rate-determining
step for the oxidation of benzaldehyde involves a hydride
transfer with high activation barrier height. This result could
be very useful in controlling the selectivity of the reaction.
Even though the model has limitations, it can provide useful
information about the oxidation chemistry of graphene
oxide and N-doped graphene.
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