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ABSTRACT: Selective oxidation of substituted phenols to p-
benzoquinones is known to be ineflicient because of the
competing C—O coupling reaction caused by phenoxy radicals.
The poor stability of conventional metal-based catalysts
represents another bottleneck for industrial application. Here,
we describe a metal-free reaction pathway in which onion-like
carbon (OLC) as a low-cost catalyst exhibits excellent catalytic
activity and stability in the selective oxidation of mono-, di- and
trisubstituted phenols to their corresponding p-benzoquinones,
even better than the reported metal-based catalysts (e.g., yield,
stability) and industrial catalysts for particular substrates.
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Together with XPS, Raman, DFT calculations, and a series of comparative experiments, we demonstrate that the zigzag
configuration as a type of carbon defects may play a crucial role in these reactions by stabilizing the intermediate phenoxy

radicals.
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Natural products with a benzoquinone structure typically
play an important role in biomedicine and the synthesis
of fine chemical compouncls.l’2 For example, 2,6-di-tert-butyl-1,
4-benzoquinone (DTBQ) is a highly active antioxidant with
antiaging properties.” 2-Methyl-1,4-naphthoquinone (MNQ,
vitamin K3) is a kind of popular coagulant.*> 2,3,5-Timethyl-
1,4-benzoquinone (TMBQ) is an important key intermediate
of vitamin E. Traditionally, selective oxidation preparation of p-
benzoquinones from the substituted phenols is known to be
ineflicient because of the rather favorable C—O coupling
reaction, as facilitated by phenoxy radicals.”” Current studies
have focused on various metal-based catalysts, such as Co(II)—
Schiff base complexes,” supported heteropolycompounds,”"’
molecular sieves,''~'* heteropoly acids," and noble metal
catalysts.'® For the reaction pathways, alternative routes in the
presence of H,O, or O, have been developed to improve the
yields of desired products in a homogeneous catalytic
environment. The yields of target p-benzoquinones by these
approaches could reach to ~55—93%.”'"~*" Despite this, the
drawbacks of these methods involve low selectivity of the
desired p-benzoquinones, the overproduction of byproducts
(e.g. dimeric or polymeric C—O coupling products),
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cumbersome preparation processes, inactivation and structure
shrinkage of the catalysts, high toxicity of the catalysts, and
required strongly acidic/highly corrosive conditions. Develop-
ment a new catalytic system with high efficiency and a smaller
environmental footprint for the production of various p-
benzoquinones is therefore demanded.

Metal-free nanocarbon materials have been shown to be
alternative candidates to conventional metal-based catalysts for
some important reactions.””>* Onion-like carbon (OLC)
obtained by a high-temperature thermal treatment (1500—
1800 °C; see Figure S8 of the Supporting Information) of
nanodiamond in a graphite furnace exhibits a quasi-spherical
morphology consisting of multiple closed concentric fullerene-
like shells and possesses some unique chemical and physical
properties.”>*® OLC have been widely investigated for gas-
phase catalytic reactions, magnetic materials, electrode
materials, and supercapacitors.”” "’
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Table 1. Catalytic Oxidation of 2,3,6-Trimethylphenol (TMP) over Various Samples under Different Conditions”

WD TPy (L W "
oy S 5 CH3+ o< <" )0+ =
o HsC HsC CH; HyC  CHy
TMP TMBQ HMPQ PPO
sel. (%) yield (%)
entry catalyst Sger (m? g7) T (°C) conv. (%) TMBQ HMPQ PPO TMBQ
1° 80 16.5 13.9 3.1 81.1 23
2 OLC-1 463 80 99.8 82.5 157 trace 82.3
3 OLC-2 476 380 91.6 72.1 252 trace 66.1
4 OLC-3 459 80 88.6 72.3 25.8 trace 64.1
5 OLC-4 430 380 60.1 45.5 522 trace 27.4
6 AC 1178 80 524 30.4 66.7 trace 159
7 graphite 80 30.3 24.9 73.2 trace 7.5
8 UDD 305 80 65.5 134 84.3 trace 8.8
9 HHT 35 80 40.1 323 61.6 trace 13.0
10° graphene 520 80 81.4 58.9 39.2 trace 47.9
11 OLC-1 463 30 448 135 81.7 trace 6.0
12¢ OLC-1 463 80 97.3 2.5 55.4 trace 414
13 Ti-HMS 60 97 87 843
14% Ti-HMS 60 3 66.7 2
15" Ti—Si 1288 80 100 100 100
16 Ti—Si 1288 80 90 99 89
17 OLC-1 463 80 99.1 76.7 19.7 trace 76.0
18* 40% H,SO, 60—70 >99 >85 >85
19! CuCl, MgCl, 380 >99 >90 >90

“Reaction conditions: 8 mg of catalyst, 0.1 mmol of substrate, 0.36 mmol of tert-butyl hydroperoxide (TBHP), S mL of TFT solvent, t = 12 h.
YConducted in the absence of catalyst. “Obtained from ref 42, the Sgpr was recorded on the Micromeritics ASAP2020 analyzer. “The reaction
conditions are the same as in footnote a, except the oxidant is 30% H,O,. “The reaction conditions are the same as in footnote 4, except the oxidant
is cumyl hydroperoxide.f Referencel6, 200 mg of catalyst, t = 240 min, n(H,0,)/n(phenol) = 1, MeOH as solvent. £The reaction conditions are the
same as in footnote f, except the oxidant is TBHP. #Reference 11, 20 mg of catalyst, t = 40 min, 0.1 mmol of substrate, 0.44 mmol of H,0,, 1 mL of
CH,CN solvent. “The seventh cycle test of catalyst under the footnote h conditions.”’7 g of catalyst, 12 g of substrate, 3.6 equiv of TBHP, 200 mL of
TFT solvent, t = 12 h. anO2 as oxidant. 102 as oxidant. Desired product: 2,3,5-timethyl-1,4-benzoquinone (TMBQ). Byproducts: 2,2,3,3,5,5-
hexamethyl-4,4-diphenoquinone (HMPQ), polyphenylene oxide (PPO).

In the present study, we demonstrate the excellent catalytic
acitivity of OLC for selective oxidation of representative
substituted phenols (seven examples) to their corresponding p-
benzoquinones. To the best of our knowledge, it is the first
time that the substitute phenol has been catalyzed by metal-free
nanocarbons with decent activity. From XPS, Raman, and other
comparative experiments, we show that the zigzag configuration
rather than the oxygen species is responsible for the enhanced
activities for these catalytic reactions.

Figure S9A—D shows the structures of various OLC samples
consisting of multilayer sp® fullerene-like shells. The identified
interlayer spacing of ~0.340 nm in the shell of OLC is assigned
to the (002) of turbostratic carbon graphite.*' The particle sizes
of all OLC samples are ~5—8 nm, and some lattice disorder can
be observed on the OLC samples (Figure S9, marked by red
arrows). Regarding the N, physisorption results, there is only a
small difference in the surface area of the OLC samples (Figure
S10 and Table 1).

Table 1 displays the catalytic performances of various carbon
materials for the selective oxidation of 2,3,6-trimethylphenol
(TMP) to 2,3,5-trimethyl-1,4-benzoquinone (TMBQ) under
different conditions. Without catalysts, only 2.3% of TMBQ
yield was obtained (Tablel, entry 1) and the main byproduct
was polyphenylene oxide (PPO). The TMP conversion and the
selectivity of the desired TMBQ_over the four kinds of OLC
samples were at reasonably high levels (Tablel, entries 2—S5).
Among the four OLC samples treated at different temperatures,
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OLC-1 (treated at 1500 °C) exhibited the best catalytic
performance, with a TMBQ yield of 82.3% under the optimized
reaction conditions (entry 2). In contrast, some other carbon
materials, such as activated carbon (AC, entry 6), graphite
(entry 7), UDD (entry 8), HHT (a commercial high-
temperature-treated nanocarbon fiber with well graphitized
structure; entry 9 Figure S11;), and graphene (G250, entry
10)," showed a lower yield of TMBQ_(~7.5—47.9%) under
the same reaction conditions. In addition, the dependences of
catalytic performance on time, the amount of TBHP,
temperature, the solvent type, and the oxidant were studied
in detail, and the results are listed in Figure S12 and Table 1,
entries 11—12. Long reaction times; elevated reaction temper-
atures; and increased amounts of TBHP and other oxidants,
including cumyl hydroperoxide and hydrogen peroxide, were
not favorable for improving the selectivity of TMBQ over
OLC-1.

As shown in Figure 1A, the conversion of TMP over OLC-1
is 99.2% along with a TMBQ_selectivity of 81.4% after seven
successive runs, indicating that OLC-1 can be repeatedly used.
This catalyst stability was further demonstrated by a low
conversion experiment (the initial conversion of TMP was
maintained at ~20%, Figure 1B). Although the OLC-1 did not
exhibit better catalytic activity than the reported Ti-HMS and
Ti—Si catalysts using H,O, as oxidant, it had a remarkable
stability in the selective oxidation of TMP (Table 1, entries 11,
12, 15, 16). Interestingly, the activity of OLC-1 was far more
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Figure 1. (A) Recycling test of OLC-1 for selective oxidation of TMP
to TMBQ. Reaction conditions: 8 mg of catalyst, 0.1 mmol of
substrate, 0.36 mmol of TBHP, 5 mL of TFT solvent, T = 80 °C, t =
12 h. (B) Recycling test of OLC-1 for selective oxidation of TMP to
TMBQ. Reaction conditions: 8 mg of catalyst, 0.1 mmol of substrate,
0.36 mmol of TBHP, 5 mL of TET solvent, T = 40 °C, t = 30 min.

than the Ti-HMS catalyst using TBHP as an oxidant (Table 1,
entry 14). It should be noted that OLC-1 still displayed the
good catalytic performance at preparative production scale
(entry 17). Compared with the conventional homogeneous
industrial catalysts (40% H,SO, and CuCl, + MgCl,), OLC-1
not only showed a competing catalytic performance but also
represented a smaller environmental footprint for the
production of TMBQ (Table 1, entries 18, 19).

Following the success of TMP oxidation, we applied OLC-1
to a series of phenols with mono-, di-, and other trisubstituted
structures (Table 2). For all these derivatives, there was a
reasonable conversion and selectivity output. For instance,
TMBQ was produced efficiently from 2,3,5-trimethylphenol
(2,3,5-TMP) and had a conversion of around 100% and
selectivity of 87.5% at 100 °C after 12 hours (Table 2, entry 1).
The selective oxidation for di-substituted phenols, including
2,6-dimethylphenol (DMP), 2,6-dimethylphenol (2,5-DMP)
and 2-methyl-1-naphthol (MNL) resulted in ~80.9—85.7%
yield of the corresponding p-benzoquinones under the
optimized reaction conditions (Table 2, entries 2, 4, 6 and
Figure S14). Compared with the reported metal-based catalysts
and the industrial homogeneous catalyst (CrO,;/CH;COOH/
H,S0,),”'° OLC-1 exhibited an excellent catalytic performance
in the selective oxidation of DMP, 2,6-di-tert-butyl phenol
(DTBP) and MNL under similar reaction conditions (Table 2,
entries 2, 3, 6). Moreover, a good catalytic performance for the
oxidation of mono-substituted phenol, 2-methylphenol (MP),
can be achieved as expected (Table 2, entry S). Thus, a cost-
effective metal-free catalytic system to realize the selective
oxidation of phenols has been achieved.

To study the origin of the catalytic performance of OLC,
XPS was employed to investigate the surface composition of
the catalysts. Figure S15A illustrates that with an increase in the
preparation temperature, the full width at half-maximum
(fwhm) value of C 1s spectra decreases from 121 eV for
OLC-1 to 1.11 eV for OLC-4. This sugguests that OLC-4 has a
more ordered graphitic structure. As shown in Figure S15B, all
the catalysts have similar oxygen concentrations (0.53—0.64 at.
%). This is also confirmed by elemental analysis (0.33—0.38 wt
%, Table S1). The oxygen peaks located at 530.8 and 533 eV
were assigned to trace C=O0 and C—O (ether group) or C—
OH groups, respectively.”> As reported earlier, oxygen species,
such as a carbonyl group, have been proven to be the active
sites in alkane oxidative dehydrogenation and nitrobenzene
reduction reactions.*>** In the present work, OLC-4 with C=
O group did not exhibit the best catalytic performacne. This
signifies that C=O is perhaps not critical to the phenol
oxidation reaction. In addition, the three other catalysts with
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Table 2. Catalytic Oxidation of Various Substituted Phenols
over OLC-1 Catalyst”

Entry Substrate Product C(C:/n)v. (Soilj Y(i;l)d
0 6 %
H [
/é(m": H,iC CHy
r HyC CH3 CHj 99.8 87.5 87.3
2,3,5-TMP
( ) ) (TMBQ)
H o
HaC Ot me S cH 993 815 809
2 1000 s 59f
(DMP)
(DMBQ)
s X &5 Wt fHs 997 925 923
H ~CH. - -
4 3"aé oy’ :HJé e, 878 8L6t 718
3 5h 80" 4
(DTBP)
(DTBQ)
H o
g
4 HC HiC 99.8 85.9 85.7
2,5-DMP
( ) (2,5-DMBQ)
H o]
S 995 821 817
(MP) !
(MBQ)
OH 0
Hs CHy
6 OO 99.6‘ 84.2i 83,8i
(MNL) ) >99'  ~50 ~50
(MNQ)

“Reaction condition: 8 mg of OLC-1 catalyst, 0.1 mmol of substrate,
0.36 mmol of TBHP, S mL of TFT solvent, T = 80 °C, t = 4 h. *T =
100 °C, t = 14 h. ¢t = S h. %t = 8 h. °0.0S mmol of substrate, T = 70 °C,
t = 12 h. /Reference 9, 1 mmol of substrate, S mLof acetone, 0.02
mmol of Cs3HIMI11PV1 heterogeneous catalyst, 22 mmol H,0,, T =
20 °C, t = 7 h. ®Reference 16, 200 mg of Ti-HMS catal{st, n(H,0,)/
n(phenol) = 1, MeOH as solvent, T = 60 °C, t = 24 h. "The reaction
conditions are the same as in footnote f, except the oxidant is TBHP.
iCrO,/ CH;COOH/H,S0, catalyst, T = 60—90 °C

similar XPS O 1s spectral profiles (only C—O/C—OH group)
showed different activities (Table 1, entries 2—4); hence, there
is no simple correlation between the oxygen species and the
observed catalytic performance. These results indicate that
oxygen species might not be the active sites in the selective
oxidation of the substituted phenols.

The Raman spectra of the OLC samples have three main
features in the 1000—3000 cm ™" region (Figure S16A): D band
(defect-induced mode, ~1323 cm™"), the G band (1578 cm™),
and the 2D band (2652—2678 cm™'). Compared with other
OLC samples, the decreasing fwhm of the D band on OLC-4
represented a more ordered carbon network structure (Figure
S16B). In contrast, OLC-1 had a more disordered carbon
structure. The increased intensity, the asymmetric spectral
profile, and the upshift (from 2652 to 2678 cm™) of the 2D
band of the OLC samples reflected that the carbon structures
consisting of stacked graphene layers were favorable to
formation of an ordered carbon lattice under elevated
temperature.”>”®*> Moreover, Figure S17 illustrates that there
is no obvious change between fresh OLC-1 and used OLC-1,
suggesting the structural stability of OLC-1 catalyst. The Ip/Ig
ratio was used to depict the number of defects, especially at
graphene edges.”® The linear relationship of the activity with
the Ip/I;; ratio in Figure 2 reveals that the ratio is proportional
to the mass-normalized activity and the area-normalized activity
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Figure 2. Dependences of mass-normalized activity (A) and area-
normalized activity (B) on the I,/I; ratio under different reaction
conditions in the selective oxidation of TMP to TMBQ. Condition A:
80 °C, 12 h. Condition B: 70 °C, 12 h. Condition C: 60 °C, 3 h.

under different reaction conditions, that is, the OLC-1 catalyst
with the highest number of defects exhibits the best catalytic
performance. The same linear relationship could be observed in
the selective oxidation of DMP to DMBQ_(Figure S18). In
addition, when commercial HHT with a very low Iy/I; ratio
(~0.35) was used in the oxidation reaction of TMP, a low yield
(~13%) was obtained (Table 1, entry 9). All the results showed
that defects played a key role in these catalytic reactions.

Defects are rich in nanocarbons, and it has been reported
that many reactions are catalyzed by the defects in carbon;”"*’
however, an effective method to identity the type of defect and
to give an accurate description of the amounts of each type is
lacking, even for the total number of defects per square (nano)
meter. It is a challenge to identify the actual active sites because
of the diversity of defects and technical limitations. Although
first-principles calculation was used to study the influence of the
doped Stone—Wales defect structure on ORR,*® exploring the
specific structure of active defect sites in a reaction process is
still an arduous task. Here, we applied several small molecules
as model catalysts to simulate the structures of carbon catalysts
and to identify possible active sites.

As mentioned, the trace C=0O and C—O group could be
observed in OLC samples. When different loadings of benzyl
ether and anthraquinone with the mimicked C=0 and C-O
structures were added into the reaction (Table 3, entries 2—4),
it was found that the catalytic activities did not change as
compared with the blank experiment. This again illustrates that
the surface oxygen species is inconsequential to the catalytic
reaction.

We also employed a few model catalysts with specific
armchair and zigzag defect structures to identify the types of
active sites. As shown in Table 3, two kinds of model catalysts
with an armchair structure do not exhibit an enhanced catalytic
performance (entries S, 6). It is worth noting that with an
increae in the zigzag unit (Table 3, entries 7—9 and Table S2),
anthracene, naphthacene, and pentacene have an increasing
yield in the selective oxidation of TMP (from 2.7% to 8.4%). A
similar activity tendency for the model catalysts was observed in
the selective oxidation of DMP to DMBQ (Figure S19). All the
facts indicated that the zigzag configuration might have a
positive effect on these reactions. In addition, there was no
obvious synergistic effect between the zigzag and oxygen
species (C=0, C—0), as well as for armchair structures
because the yields of TMBQ were only 1.7%, 1.8%, and 2.5%
on xanthenes, pentacenequinone, and coronene catalyst
(entries 10—12), respectively.

As shown in Table S3, only 4.5% TBHP (about 0.0162
mmol) decomposed under the blank reaction conditions, which
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Table 3. Catalytic Performance of TMP over Various Model
Molecule Catalysts”

Entry Model catalyst I\s/i:un::::: ?;3 (S;Ij Y(io;l)d
1° Blank 165 139 23
2 SAAY ether 18.5 142 26
3¢ SRAY ether 188 141 27

o]
4 0O quinones 159 125 2.0
o]
S OOO armchair 17.3 13.6 2.4
6 OQOQQ armchair 18.1 11.9 2.2
7 zigzag 182 148 2.7
8 ) sigrag 238 177 42
o QI  sigeg 373 225 84
10¢ O 0\ Z;f;:f 151 111 17
[o]
zigzag
n - CXrC0 qunones 21 7118
(o]
O‘ zigzag
12 ‘OO B 171 148 2S

“Reaction conditions: 8 mg of model catalyst, 0.1 mmol of substrate,
0.36 mmol of TBHP, S mL of TFT solvent, T = 80 °C, 12 h.
bConducted in the absence of catalyst. 20 mg model catalysts. Desired
product: 2,3,5-timethyl-1,4-benzoquinone (TMBQ).

is consistent with the conversion rate of TMP (16.5%),
indicating the direct effect of TBHP on the TMP conversion. In
contrast, the decomposition rate of TBHP over OLC-1 was
85.2%, suggesting that the fullerene-like shells had an excellent
decomposition ability for TBHP. It has been reported that the
selective oxidation of substituted phenols may involve a
phenoxy radical coupling process.”” > The hydroxyl radical
derived from the decomposition of TBHP would get close to
the hydroxyl of the substituted phenol to abstract hydrogen
(this is also the reason for a blank experiment with the TMP
conversion of 16.5%),”°*** and then the phenoxy radical was
produced along with the release of water.”*>>>> As mentioned
above (Table 1, entry 1), the main product of the TMP
oxidation was PPO (81.1% selectivity) in the absence of
catalyst. This result was ascribed to the C—O coupling of
phenoxy radicals. Thus, avoiding the C—O coupling must be a
key step.

It has been suggested in the literature that the zigzag edge
may be more reactive than the armchair edge due to its unique
electronic structure and unpaired electrons.”®*” It is therefore
reasonable to expect that the phenoxy radical would be more
stable for binding at the zigzag edge than the amchair edge.

To test this hypothesis, DFT calculations were performed to
study the adsorption of the phenoxy radical at the model

DOI: 10.1021/acscatal.5b01222
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catalysts, as shown in Table 3. In Figure 3, the adsorption of the
phenoxy radical at the zigzag edge (five benzene rings) is

08s5ev (D) -0.23 eV

(@) >

Figure 3. Adsorption energies and structures of phenoxy radical
obtained from DFT calculations. (a) Armchair edge (model catalyst 6
in Table 3), (b) zigzag edge (model catalyst 9 in Table 3). The
negative adsorption energy means the adsorption is exothermic. The
structure optimization is carried out at the B3LYP/6-31G* level, and
the energy is further refined at the B3LYP/6-311G* level of theory. All
calculations are performed by using the Gaussian 09 code.”” Color
code: carbon is gray, hydrogen is white, and oxygen is red.

exothermic by 0.23 eV, and it becomes endothermic by 0.85 eV
when the adsorption occurs at an armchair edge. The
calculations clearly indicate that the zigzag edge plays an
important role in stabilizing the phenoxy radical and, hence,
restraining the coupling reaction of C—O on phenoxy radicals.
Subsequently, it could be that a bound phenoxyl continues to
react with the TBHP to afford the corresponding hydro-
quinone, which would then be readily oxidized by TBHP and
finally achieve a high selectivity of the desired p-benzoquinone
products. We believe that a clearer understanding of the
mechanism is still required.

In summary, we have developed a metal-free heterogeneous
catalytic reaction pathway for selective oxidation of substituted
phenols to p-benzoquinones. Onion-like carbon as an efficient
catalyst exhibited high conversion (>99.3%) and selectivity
(~81.5—-92.5%) toward substituted phenols at a mild reaction
condition. It was found that the defects at a zigzag edge played
an important role in these reactions. The catalytic performance
may be attributed to the stabilization of intermediate phenoxy
radicals at the zigzag configuration, as elucidated by the
experimental results and theoretical studies. Our work provides
a new opportunity for the development of metal-free catalysts
and some valuable information for insight into the role of
defects in carbon materials in liquid-phase catalytic reactions.
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