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RESEARCH ARTICLE | CHEMISTRY

A metal-free route based on a carbon catalyst to synthesize biphenyls through oxida-
tive dehydrogenation (ODH) of phenyl cyclohexene has been investigated. Among the 
samples examined, an air-oxidized active carbon exhibits the best activity with a 9.1 ×  
10−2 h−1 rate constant, yielding 74% biphenyl in 28 h at 140 °C under five bar O2 in 
anisole. The apparent activation energy is measured as 54.5 kJ⋅mol−1. The extended 
reaction scope, consisting of 15 differently substituted phenyl cyclohexenes, shows the 
wide applicability of the proposed method. The catalyst’s good recyclability over six 
runs suggests this ODH method as a promising route to access the biaryl compounds. 
In addition, the reaction mechanism is investigated with a combination of X-ray pho-
toelectron spectroscopy, functional group blocking, and model compounds of carbon 
catalysts and is proposed to be based on the redox cycle of the quinoidic groups on 
the carbon surface. Additional experiments prove that the addition of the catalytic 
amount of acid (methanesulfonic acid) accelerates the reaction. In addition, Hammett 
plot examination suggests the formation of a carbonium intermediate, and its possible 
structure is outlined.

biaryl synthesis | catalysis without metal | carbon | oxidative dehydrogenation |  
reaction mechanism

Biaryls are a common structural unit in a wide range of fine chemicals, which find 
application in various fields, e.g., pharmaceuticals, agrochemicals, precursors of elec-
tronic materials, and ligands to metal ions or atoms (1). This unit is also vastly present 
in natural products (1). According to an early 2,000s article, the biaryl structure exists 
in 4.3% of the known drugs, making it a crucial subunit for the pharmaceutical indus-
try (2). At present, two are the main routes industrially employed to access biaryls: 
transition metal catalyzed reactions, e.g., classic Pd-catalyzed couplings, which offer 
reliable and convenient procedures, but make use of toxic substrates, i.e., boronic acids, 
and an unstable and precious catalyst, a Pd0 complex (3, 4), and the direct aromatiza-
tion of functionalized aryl cyclohexenes via oxidative dehydrogenation (ODH) (5, 6). 
In this case, the substrates, aryl cyclohexenes, are commercially available and easy to 
prepare via Grignard reactions (7, 8), which makes this route more environmentally 
benign.

Traditional ODH reactions are catalyzed by various transition metal and metal oxide 
catalysts like nickel (9, 10), copper (11, 12), palladium (11, 13), platinum (14, 15), and 
vanadium oxide (16). For example, the industrial production of styrene from ethylbenzene 
utilizes vanadium oxide as the catalyst, while Cu0/Selectfluor (commercialized fluorine 
donor) is employed for the ODH reaction of phenyl cyclohexene (17).

Over the past decades, carbon has been developed as a metal-free and green alter-
native catalyst for ODH reactions (18). A wide range of carbon materials have been 
utilized as catalysts in ODH reactions, including both well-defined nanostructures like 
nanodiamonds (19), carbon nanotubes (19), graphenes, fibers (20), and amorphous 
activated carbons (ACs) (21). In addition, a broad range of substrates have been inves-
tigated, such as ethane (22), propane (23, 24), n-butane (25), i-butane (26), ethylb-
enzene (20, 27), and N-heterocyclics (28, 29). Su and his coworkers (27, 30) explored 
the ODH reaction of ethylbenzene to styrene with carbon nanotubes as a catalyst and 
proposed ketonic and quinoidic groups as the active site of carbon nanotubes in 
gas-phase ODH reaction. Recently, Enders et al (28) investigated the ODH reaction 
of N-heterocycles in the liquid phase with activated carbon as the catalyst and proposed 
the redox cycle of the surface quinoidic group as the active site. However, the 
carbon-catalyzed ODH reaction of aryl cyclohexenes in the liquid phase to access 
biaryls is currently limitedly investigated.

Herein, the carbon-catalyzed ODH of aryl cyclohexenes to biaryls is investigated. 
The activity of different AC catalysts is compared using kinetic parameters and the 
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apparent activation energy of the reaction. In addition, the 
applicability of this reaction is discussed with the extended reac-
tion scope, consisting of 15 substituted phenyl cyclohexenes. 
Compounds mimicking the functional groups on the carbon 
surface are utilized as models to study the reaction mechanism 
and combined with the blocking of specific functional groups 
on the carbon surface to identify the active sites. Additionally, 
the effect of acid addition is examined to further investigate the 
mechanism.

Results

The ODH Reaction. The ODH of phenyl cyclohexene was 
employed as the standard reaction for the screening of the 
catalytic activity of carbon materials. The reaction was run in 
anisole at 140 °C under five bar O2 for 28 h, according to the 
previous optimization for analogous oxidative aromatization 
reactions (28). In the absence of the catalyst, the reaction did not 
proceed at all, confirming the catalytic role of the added carbon 
material. ACdm converted 60% phenyl cyclohexene, yielding 
22% biphenyl with a 37% selectivity. With oACair and oACHNO3 
as catalysts, phenyl cyclohexene was completely converted, and 
the biphenyl yields were up to 74% and 69% with a 74%  
and 69% selectivity, respectively. SI Appendix, Fig. S2, shows 
the product and by-product distribution in the GC spectra  
of the crude when the oACair is the catalyst. The main by-
products are an oxidative product and a coupling product with 
anisole.

The yields of biphenyl obtained with the three catalysts are 
plotted as a function of the reaction time in Fig. 1A. The experi-
mental data fit well with the exponential function (Eq. 1), (dashed 
lines in Fig. 1A).

	 [1]

With assumptions: 1) oxygen is more excessive than the reaction 
demand. 2) The side reactions are ignorable. 3) Internal and exter-
nal diffusion barriers are ignorable, in the low conversion range, 
i.e. <6 h, the rate constant is derived with correlation

	 [2]

where k is the rate constant, C0 is the phenyl cyclohexene initial 
concentration, Ct is the phenyl cyclohexene concentration at time 
t, and t is the reaction time. The quality of the correlation is 
illustrated in Fig. 1B. The slopes derived are the reaction rate con-
stants with values 8.3 × 10−3, 9.1 × 10−2, and 6.3 × 10−2 h−1 for 
the samples ACdm, oACair, and oACHNO3, respectively.

With the increase of temperature from 100 to 140 °C, the 
reaction rate constant of oACair catalyzed ODH reaction increased 
from 1.6 × 10−2 h−1 to 9.1 × 10−2 h−1, see Fig. 2A. The apparent 
activation energy of the ODH reaction with sample oACair as the 
catalyst follows the Arrhenius law:

	 [3]

Ct = C0exp(−kt),

ln
(

Ct∕C0

)

= −kt,

ln(k) = ln(A) − Ea∕(RT).

Fig. 1. (A) The yield-time curves of the ODH reaction in anisole with different catalysts under five bar O2 at 140 °C (B) The relationship between ln(Ct/C0) and 
reaction time with different catalysts.

Fig. 2. (A) The relationship between ln(Ct/C0) and reaction time with temperature (B) The relationship between ln k and 1,000/T. The reactions are carried out 
with the oACair catalyst under five bar O2 at different temperatures.D
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where k is the rate constant, A is the preexponential constant, Ea 
is the apparent activation energy, T is the temperature, and R is 
the gas constant, 8.314 J⋅mol−1⋅K−1. As shown in Fig. 2B, the slope 
gives the apparent activation energy as 54.5 kJ⋅mol−1, which is in 
the range of chemical reaction and an indication that the reaction 
is intrinsic kinetics controlled.

The oACair catalyst was reused 6 times, and the yield versus 
cycling time is presented in Fig. 3. The conversion of phenyl 
cyclohexene decreases from 91 to 73%, and the biphenyl yield 
decreases from 58 to 48% after six runs. The kinetic study shows 
that the reaction rate constant of the oACair-catalyzed ODH reac-
tion decreased to 4.8 × 10−2 h−1 after six runs (SI Appendix, 
Fig. S4). Despite the slower conversion rate, the obtained product 
yield only drops by 10% after six cycles. The recycled catalyst after 
one reaction cycle was reactivated under N2 at 450 °C for 4 h, but 
the activity was not recovered, only resulting in a 86% conversion 
of phenyl cyclohexene and a 53% yield of biphenyl.

Extension of Biaryl ODH Reaction. To examine the applicability 
of the reaction system and the effect of the substitution groups, 
the ODH aromatization of phenyl cyclohexene with different 
substitution groups on both the phenyl and cyclohexene moieties 
was tested. The results are listed in Table 1. oACair shows high activity 
for the ODH of substrates with electron-donating groups (EDG) 
in para- and meta-positions (4- and 3-substituted) of the aromatic 
ring: 4-methoxy-substituted, 4-methoxy-3-methyl-substituted, 
4-methoxy-3,5-dimethyl-substituted phenyl cyclohexenes (1b, 
1c, and 1d) were completely converted and produced 4-methoxy 
biphenyl, 4-methoxy-3-methyl biphenyl, and 4-methoxy-3,5-
dimethyl biphenyl (2b, 2c, and 2d) with yields of 77%, 83%, and 
85%, respectively, higher than the yield of biphenyl (2a) produced 
from phenyl cyclohexene (1a), and comparably higher selectivities 
(77%, 83%, and 85%). The presence of an electron-withdrawing 
group (EWG) in the meta-position, instead, lowered the reaction 
selectivity, as 3-fluoro-4-methoxy-substituted phenyl cyclohexene 
(1e) was almost completely converted, but 3-fluoro-4-methoxy 
biphenyl (2e) was obtained in a 66% yield and a 68% selectivity. 
The same trend is observed when an EDG is situated in 2-position: 
2-methoxy biphenyl (2f) was obtained only in a 54% yield and a 
55% selectivity from 2-methoxy substituted phenyl cyclohexene 

(1f) despite being almost completely converted. As expected, 
the addition of an EWG in the para- and meta-position further 
lowered the yield, while an EDG in the para-position improved 
the yield. 5-fluoro-2-methoxy biphenyl, 4-fluoro-2-methoxy 
biphenyl, and 2-methoxy-5-methyl biphenyl (2g, 2h, and 2i) 
were obtained from 5-fluoro-2-methoxy substituted, 4-fluoro-2-
methoxy substituted, and 2-methoxy-5-methyl substituted phenyl 
cyclohexene (1g, 1h, and 1i) with, respectively, 61%, 74%, and 
92% as conversion and 41%, 48%, and 67%, as yields. The 
reaction proceeds more slowly in the presence of EWG in the para-
position, 4-fluoro biphenyl and 4-trifluoromethyl biphenyl (2j 
and 2k) were obtained from 4-fluoro and 4-trifluoromethyl phenyl 
cyclohexene (1j and 1k) with rather low yields, 28% and 26%, 
respectively. 1j and 1k were converted 88% and 64%, respectively. 
In contrast, the reaction system tolerates EDG in the 4′-position 
on the cyclohexene ring (R1), 4-fluoro-4′-tertbutyl biphenyl, 
4′-tertbutyl biphenyl, and 4-tertbutyl-4′-methyl biphenyl (2l, 2m, 
and 2n) were obtained from 4-fluoro-4′-tertbutyl, 4′-tertbutyl, 
and 4-tertbutyl-4′-methyl phenyl cyclohexene (1l, 1m, and 1n) in 
good yields, 74%, 65%, and 67%, respectively, and the substrates 
were almost completely converted. Due to the already partially 
unsaturated naphthalene ring, 1-phenyl naphthalene (2o) was 
obtained with an 88% yield from the complete consumption of 
1-phenyl-3,4-dihydronaphthalene (1o). As a valuable and well-
known intermediate of the antiapoptotic protein Bcl-xL, 4-fluoro-
4′-methyl biphenyl (2p) was obtained in 60% yield from 4-fluoro-
4′-methyl phenyl cyclohexene (1p) at 67% conversion. Beyond 
the substituted phenyl cyclohexenes, 1-methyl cyclohexene was 
tested to determine whether alkyl-substituted cyclohexenes 
could be aromatized as well with this method, resulting in a 24% 
conversion and a 7% yield of toluene under the above condition.

Hammett plot is a method to describe how the meta- or 
para-phenyl substituents influence the activity of the substrates 
related to reaction rates (31). Different reactions will exhibit dif-
ferent influences which are related to the charging state of inter-
mediates. Hammett plot of 4-substituted phenyl cyclohexene (1a, 
1b, 1j, and 1k) based on the data in Table 1 is illustrated in 
Fig. 4A. Linear fitting of the values obtained for substrates with 
only one substituting group on the phenyl ring shows excellent 
correlation (R2 = 0.985) between the substituent constant σpara 
values and the ratio of reaction rate constant with substituent to 
the rate without substituent log(k/k0). The observed negative reac-
tion constant ρ-value (−0.96, Fig. 4A) indicates the formation of 
a positively charged intermediate (28).

Catalyst Characterization. The surface area, mean pore diameter, 
and total pore volume of the catalyst samples used in this work 
were characterized with a N2 adsorption technique, and the results 
are listed in Table 2. All four samples, in which Re-oACair was the 
recovered sample after six runs, have type IV adsorption isotherms. 
Mesopores exist in all the four samples, and the oxidation 
treatments have a minor influence on the mean pore diameter 
(3.55 to 3.77 nm) but have a remarkable influence on the surface 
area. The surface areas measured are 7.56 × 102, 1.28 × 103, 6.42 
× 102, and 1.12 × 103 m2/g for ACdm, oACair, oACHNO3, and Re-
oACair samples, respectively. In addition, the total pore volume of 
the 4 samples follows the same trend, and they are 7.14 × 10−1, 
1.17, 5.40 × 10−1, and 1.02 cm3/g, respectively.

Fig. 5 shows the Fourier transform infrared spectroscopy 
(FTIR) spectra of the three fresh samples. In the spectrum of 
ACdm, the weak peaks at 3,250 cm−1, 1,725 cm−1, and 1,550 cm−1 
are ascribed to the vibration of –OH, C=O in the carboxylic group 
and C=O in the carbonyl group (27, 30), and the strong peaks in 
the range of 1,150 to 900 cm−1 are assigned to the vibration of 

Fig. 3. Catalyst recyclability test over six cycles in anisole with oACair for 24 h  
under five bar O2 at 140 °C. The conversion and yield were determined via GC 
using dodecane as an internal standard.
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C-O in esters and hydroxyl groups (32). In the spectra of oACair 
and oACHNO3, the intensities of the peaks for C=O and C-O are 
obviously strengthened, indicating that the oxidation treatments 
increase the amount of the oxygenated functional groups of the 
carbon catalysts.

The O1s XPS spectra of the four samples are shown in Fig. 6. 
The O1s spectra are deconvoluted into five bands which are attrib-
uted to H2O, O-C=O, C-O esters, C-OH, and C=O, respectively. 
The total amount of the oxygenated functional group is the sum 
of the five bands. The total amount of the oxygenated functional 
groups is 13.1% for ACdm. After oxidation with air and HNO3, 

these values are enhanced to 27.2% and 40.0%. After being recy-
cled for six times, this value of oACair increases to 32.0%. In 
addition, comparing Fig. 6B with Fig. 6D, the carbonyl content 
of oACair decreases from 8.47 to 7.85% after recycling, while the 
contents of O-C=O, C-O, C-OH, and H2O increase.

Reaction with Scavengers and Acid. Two radical scavengers, 
butylated hydroxytoluene (BHT) and 2,2,6,6-tetramethylpiperidin-
1-yl oxidanyl (TEMPO), were added to the reactor during the 
reaction with oACair as the catalyst, respectively. BHT is often 
used as an antioxidant for its ability to trap oxygen radicals such 

Table 1. Dehydrogenative aromatization of substituted phenyl cyclohexenes
Conversion of substrate Isolated yield (selectivity) Conversion of substrate Isolated yield (selectivity)

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.o
rg

 b
y 

A
A

LT
O

 U
N

IV
ER

SI
TY

 T
K

K
 L

IB
R

A
R

Y
 o

n 
A

ug
us

t 1
5,

 2
02

3 
fr

om
 IP

 a
dd

re
ss

 1
30

.2
33

.1
91

.1
8.



PNAS  2023  Vol. 120  No. 31  e2303564120� https://doi.org/10.1073/pnas.2303564120   5 of 9

as superoxide and hydroperoxyl radicals, while TEMPO has been 
employed for the trapping of both peroxyl and benzyl radicals 
(33, 34). The reaction was slightly slowed down with the addition 
of both the compounds, as the yields after 6 h (36% and 38%) 
were slightly lower than the yield without these additives (43%). 
However, after 28-h reaction, the final conversion showed no 
obvious difference, and the yields were close for the three reactions. 
In addition, no radical was trapped by the scavenger. These results 
indicate that the phenyl cyclohexene ODH reaction does not 
happen via a free radical pathway.

The methanesulfonic acid addition was tested, and the effect 
of the acid amount is plotted in Fig. 7A. With 0.015 mmol of the 
acid, the reaction rate was noticeably higher than that in the test 
without the acid in the initial stage of the reaction, increasing the 
yield from 42 to 57% in 6 h. Nevertheless, the final yield achieved 
the same value as in the test in the absence of the acid, and the 
substrates were completely converted. With 0.15 mmol of the 
acid, the final yield at 28 h was lower than that in the test without 
the acid. Fig. 7B plots the results of the reaction at the beginning 
of 6 h according to (Eq. 1); the three rate constants are 9.1 × 10−2 
h−1, 1.3 × 10−1 h−1, and 9.5 × 10−2 h−1 for the tests with adding 
0.0, 1.5 × 10−2, and 1.5 × 10−1 mmol of the acid, respectively.

Reaction with Blocking Compounds and Catalyst Model 
Compounds. The C=O, COOH, and C-OH functional groups on 
oACair were blocked with phenylhydrazine, benzoic anhydride, and 
2-bromoacetophenone, respectively, according to refs. 27 and 35–
37. The reactions were carried out at the typical condition (140 °C,  
five bar O2 pressure, 3 mL anisole, and 0.01 g catalyst). When 
C=O groups were blocked, the reaction resulted in significantly 
decreased activity, conversion decreasing from 98 to 55% and yield 
decreasing from 71 to 32% at 28 h. However, the blocking of 

-OH and –COOH groups did not produce considerable activity 
changes.

The activities of two model compounds, anthraquinone and 
phenanthrenequinone, of the carbon catalyst were tested at a 
higher temperature (200 °C), and the results are listed in Table 3. 
Anthraquinone is a model of ketonic carbonyl groups, but here it 
exhibited a 38% phenyl cyclohexene conversion and a 2% biphe-
nyl yield. In contrast, phenanthrenequinone, a model for qui-
noidic carbonyl groups, produced a 35% biphenyl yield at 74% 
conversion.

Discussion

Applicability and the Extended Scope. Table 4 lists the recent 
works on ODH reactions of similar molecules, catalyzed by carbon 
and metal catalysts. Compared to gas-phase ODH reactions, this 
work carried out the ODH reaction at a lower temperature. Most 
common gas-phase ODH reactions are carried out at temperatures 
higher than 400 °C (22, 23, 38), while liquid-phase ODH 
reactions are carried out at 150 °C (Table 4 entries 1, 3, 4, and 6).  
In the liquid-phase reactions, oACair as a heterogeneous catalyst 
is more efficient than the homogenous TEMPO catalyst (Table 4 

Fig. 4. (A) The Hammett plot for 4-substituted phenyl cyclohexenes (B) The relationship between the reaction rate constant and the effective oxygenated 
surface area, SO.

Table 2. Textural analysis of ACdm, oACair, oACHNO3, and 
Re-oACair

Carbon  
catalyst

BET surface 
area (m2/g)

Mean pore 
diameter 

(nm)

Total pore 
volume 
(cm3/g)

ACdm 7.56 × 102 3.77 7.14 × 10−1

oACair 1.28 × 103 3.65 1.17

oACHNO3 6.42 × 102 3.55 5.40 × 10−1

Re-oACair 1.12 × 103 3.65 1.02 Fig. 5. IR spectra of ACdm, oACair, and oACHNO3.D
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entries 2, 5, and 6) (39). Meanwhile, the activity of oACair in the 
ODH reaction is comparable with the metal catalyst (Table  4 
entries 6 and 7) (17). Therefore, the oACair is an efficient catalyst 
for the ODH reaction of aryls cyclohexenes, and it is a metal-free 
heterogeneous catalyst for this reaction.

To explore the applicability of the ODH route with a carbon 
catalyst, 15 substituted phenyl cyclohexenes were tested with 
oACair as the catalyst, including benzene ring substituted com-
pounds, cyclohexene ring–substituted compounds, and monoun-
saturated compounds. When the substituted groups were on the 

cyclohexene ring (1l, 1m, and 1n), the targeted product was 
obtained with a lower yield. When the EDG groups were on the 
benzene ring, the substituted substrates (1b, 1c, 1d, and 1f) were 
converted with an acceptable yield of targeted products. However, 
the reactions were in low efficiency when the EWG groups were 
on the para position of the benzene ring (1j and 1k). To access 
these substituted biphenyls, introducing additional EDG groups 
on the benzene ring (1j and 1h) was favorable. In addition, this 
reaction was applicable to monounsaturated compounds like 1o. 
This reaction has the potential to be applied in pharmaceutical 

Fig. 6. The O1s XPS spectra of (A) ACdm, (B) oACair, (C) oACHNO3, and (D) Re-oACair. The percentages indicate the percentage of that O atom on the surface of the 
samples.

Fig. 7. (A) The yield-reaction time curves with different methanesulfonic acid amounts with oACair catalysts under five bar O2 at 140 °C. (B) The relationship 
between ln(Ct/C0) and reaction time with different acid amounts.D
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production as it successfully synthesized product 2p which can be 
efficiently converted to 4-fluoro-4’-carbonxylic acid-biphenyl, the 
precursor of the potent inhibitor of the antiapoptotic protein 
Bcl-xL (40–42).

The Active Site on the Carbon Catalyst. The ODH reaction rate of 
phenyl cyclohexene fits a first-order kinetics model, and the sample 
oACair exhibits the highest activity among the three samples with 
a reaction rate constant 9.1 × 10−2 h−1. The activity of oACHNO3, 
with k = 6.3 × 10−2 h−1, is higher than that of the sample ACdm, here 
k = 8.3 × 10−3 h−1. This means that the oxidation treatment is an 
effective way to enhance the activity toward ODH reactions. The 
FT-IR spectra show that surface oxygenated functional groups are 
introduced by the oxidation treatment. Comparing the XPS and 
Brunauer–Emmett–Teller (BET) results of the oxidized carbon 
catalysts with the original ACdm, the high activity of oACHNO3 
is ascribed to the remarkable amount of oxygenated functional 
groups (40.0%), while the high activity of oACair is ascribed to 
both the notable amount of oxygenated functional groups (27.2%) 
and high specific surface area 1.28 × 103 m2/g. Here, the overall 
effective oxygenated surface area, i.e., SO, is defined as the surface 
area multiplied by the total amount of the oxygenated functional 
groups. The plotting of the reaction rate constant against the 
effective oxygenated surface area gives a straight line as shown 
in Fig. 4B.

In the previously investigated ODH reactions with substrates 
such as ethylbenzenes (11, 27, 30), cyclohexanol, alkanes, and 
N-heterocycles, the quinoidic carbonyl group has been proposed 
as the active site of carbon catalysts in the ODH reactions. Here, 
the quinoidic groups are proven to be the active site in the ODH 
reaction of phenyl cyclohexene again with the functional group 
blocking experiments and model compound experiments. The 

functional group blocking experiment results show that the car-
bonyl content has a direct relationship with the ODH reaction 
activity. The reaction with the quinoidic model compound, phe-
nanthrenequinone, achieved a 35% yield of biphenyl, while only 
a 2.0% yield of biphenyl was obtained with the ketonic model 
compound, anthraquinone. These results are consistent with the 
previous conclusion that the quinoidic carbonyl group on the 
carbon catalyst surface is the active site of the ODH reaction of 
other alkanes (43–45).

In the recycling experiment, the yield of biphenyl with oACair 
slightly decreased by 10% after six runs. Meanwhile, based on the 
deconvolution of the O1s spectra of oACair and Re-oACair (Fig. 6 
B and D), the amount of carbonyl groups decreases, but the 
amount of other oxygenated functional groups increases. This 
result further proves that it is the carbonyl group rather than other 
oxygenated functional groups that directly contribute to the activ-
ity of carbon catalysts.

Reaction Mechanism. In the experiments with scavengers, no 
radical was observed, indicating that this reaction does not follow 
the free-radical–induced reaction process. The decrease in the 
reaction rate in the first stage of the reaction in the presence of 
scavengers can be ascribed to the consumption of oxygen by said 
scavengers, which inhibits the reactivation of the carbonylic active 
sites (33, 46).

The addition of a small amount of acid (1.5 × 10−2 mmol meth-
anesulfonic acid) clearly accelerates the reaction to 1.3 × 10−1 h−1. 
As previously reported, the addition of acid improves the hydrogen 
abstraction activity of carbonyl groups and makes the active sites 
easy to reoxidize (47, 48). This supports the hypothesis that the 
redox cycle of the quinoidic compound is involved in the ODH 
reaction. In addition, the substituted group on the cyclohexene 
ring has little influence on the ODH reaction activity, while the 
substituted group on the benzene ring influences the reaction 
activity. This indicates that the ODH reaction experiences a 
charged intermediate stage which is affected by the inductive effect 
of the substituted group on the benzene ring. The negative 
Hammett plot slope (ρ = −0.96) indicates that the positively 
charged intermediate exists in the first step. According to the sta-
bility of the benzylic cation and the symmetry, the structure and 
charge distribution of the positively charged intermediate are 
proposed in Scheme 1.

Therefore, the mechanism of the phenyl cyclohexene ODH reac-
tion is based on the redox cycle of the quinoidic carbonyl group as 
shown in Scheme 1. In the 1st step, the phenyl cyclohexene is 
absorbed by the quinoidic active site. Then, the one hydrogen in the 
cyclohexene ring is abstracted by the quinoidic carbonyl group, and 

Table 3. Test of molecular model compounds mimick-
ing the possible active sites of carbon catalysts

Entry Name of compound Conversion (%) Yield (%)

1 No model compound 62 0

2
O

O
Anthraquinone

38 2

3
O O

phenanthrenequinone

74 35

Table 4. Varieties of ODH reaction catalyzed by metal or carbon catalysts

Entry Substrate Temperature Pressure Catalyst
Reaction 

time Yield/ selectivity(%)* Reference

1† Ethylbenzene 550 °C C8H10/Ar flow N-AC - 95 (22)

2 Ethylbenzene 125 oC air TEMPO 72 h 25 (36)

3† Ethane 400 °C C2H6/O2/He flow MCNT - 70 (23)

4† Propane 550 °C C3H8/He flow Nanodiamonds - 90 (35)

5 Phenyl cyclohexene 130 °C air TEMPO 72 h 50 (36)

6 Phenyl cyclohexene 140 °C 5 bar O2 oACAir 28 h 74 This work

7 Phenyl cyclohexene 80 °C air Cu0/Selectfluor 24 h 90 (17)
*Selectivity for gas phase reaction.
†Reactions are carried in gas phase.D
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the positively charged intermediate forms. In the 3rd step, the second 
hydrogen is abstracted, and the quinoidic carbonyl group is reduced 
to hydroxyl groups. The C-C double bond forms, and the molecule 
is desorbed from the active site. This molecule experiences the same 
process and the biphenyl forms. Meanwhile, to complete the redox 
cycle, the hydroxyl groups (reduced active site) are reoxidized to 
quinoidic carbonyl groups by oxygen, and one molecular water is 
released. This mechanism is consistent with the other literature 
reported ODH reactions catalyzed by carbon catalysts.

Conclusions

A metal-free route with an oxidized activated carbon, oACair, 
catalyzed ODH reaction has been developed to synthesize biar-
yls. The utilized metal-free carbon material operates in a cata-
lytic fashion using O2 as the terminal oxidant. The developed 
oAC material offers improved efficiency, compared to other 
reported carbon allotropes like carbon nanotubes and graphite. 
The high activity of oACair is illustrated by the kinetic study 
where it exhibits the highest reaction rate constant (k = 9.1 × 
10−2 h−1). We report the apparent activation energy of ODH 
reaction catalyzed with oACair, which is 54.5 kJ⋅mol−1. The cat-
alytic behavior and robustness of the oACair was confirmed by 
recyclability tests, which showed remarkable stability over six 
cycles. The quinoidic active site and the quinoidic redox cycle 
mechanism are proved via XPS, functional group blocking 
experiments, and model compound experiments, which is con-
sistent with carbon-catalyzed ODH of other substrates. 
Hammett plot suggests a positively charged intermediate, and 
the structure of this intermediate is proposed. The promoting 
effect of acid (methanesulfonic acid) toward the reaction is 
confirmed.

The devised alternative route to biaryls opens a path for the 
synthesis of a family of biaryl-containing medical compounds in 
the liquid phase, traditionally relying on highly toxic chemicals 
as well as transition metal catalysts. The extended reaction scope 
consisting of 15 differently substituted aryl cyclohexenes has 
proven the wide applicability of this ODH reaction. We expect 
that this work will pave the way for further development of 
carbon-based catalysts for ODH reactions to offer robust alterna-
tives for transition metal-mediated reactions.

Materials and Methods

Materials. Solvents (AR), including methanol, ethyl acetate, hexane, anisole, 
and dichloromethane (DCM), and the reagents, such as phenyl cyclohexene 
(>95%), anthraquinone, phenyl hydrazine, 2-bromo-1-phenyl ethanone, ben-
zoic anhydride, BHT, TEMPO, methanesulfonic acid, and dodecane (>99%), were 
all purchased from Sigma-Aldrich. The reactant, 4-methoxy- substituted phenyl 

cyclohexene, in the reaction scope was prepared with the literature method, and 
other reactants were prepared with similar method (49).

Preparation of the Catalyst. 8.0 g AC (1 kg batch (lot. H2430) from Fluka 
with 100 mesh particle size) and 65 mL 1 M HCl were added to a flask, and 
the mixture was stirred for 6 h at 70 °C. After that, the carbon was filtrated and 
washed with deionized water and dried in a vacuum oven at 140 °C for 16 h. 
The material obtained was demetallized and was denoted as ACdm. 4.0 g ACdm 
was heated to 425 °C for 16 h in air and then heated to 450 °C in Ar for 24 
h to obtain the air-oxidized AC (oACair). Nitric acid–oxidized AC (oACHNO3) was 
prepared via oxidation of 4.0 g ACdm with 8 mL nitric acid (68% aqueous) at 
140 °C for 15 h. The carbon filtrated out was washed and dried in a vacuum 
oven at 140 °C for 2 h.

Blocking of Functional Groups on Carbon. The procedure was carried out 
in a 50-mL glass tube under Ar according to the literature (27, 35–37). Phenyl 
hydrazine was used for blocking C=O on oACair. Phenyl hydrazine (1.37 ml, 13.9 
mmol) and 0.08 mL HCl 12 M were dissolved in 75 mL DCM, and then, oACair (744 
mg) was added. The slurry was stirred at ambient temperature for 72 h. After that, 
the solid obtained was filtrated and washed with CHCl3 and DCM sequentially 
and finally dried under vacuum at 60 °C for 24 h. For the blocking of COOH and 
OH surface groups, 2-bromo-1-phenyl ethanone and benzoic anhydride were 
employed, respectively, in a similar procedure.

Catalyst Characterization. A Kratos AXIS Ultra DLD XPS, using a mono-
chromated AlKα X-ray source (1486.7 eV) running at 100 W, was employed to 
acquire the XPS spectra. A pass energy of 80 eV and a step size of 1.0 eV were 
used for the survey spectra, while a pass energy of 20 eV and a step size of 0.1 
eV were set for the high-resolution spectra. Photoelectrons were collected at a 
90° take-off angle under ultrahigh vacuum conditions, with a base pressure 
typically below 1 × 10−9 Torr. The diameter of the beam spot of the X-ray was 1 
mm, and the area of analysis for these measurements was 300 µm × 700 µm. 
Both survey and high-resolution spectra were collected from three different 
spots on each sample surface to check for homogeneity and surface charge 
effects. The total amount of oxygenated groups is the ratio of the peak area 
of O1s to the peak areas of O1s and C1s.

Nitrogen adsorption/desorption experiments were performed with a TriStar 
3,020 instrument at −196 °C. The specific surface area of each sample was cal-
culated by the multiple points BET method. Before measurement, the samples 
were degassed under a vacuum condition at 120 °C overnight. The FTIR analysis 
was carried out with PerkinElmer UATR Diamond accessory with two polymer QA/
QC analysis systems. The spectra were recorded from 500 cm−1 to 4,000 cm−1 
wavenumbers with 16 scans.

The Catalytic Reaction. All the reactions were carried out in a 5-mL glass 
reactor equipped with a pressure gauge and a gas charging and sampling 
system. In a typical reaction, 0.15 mmol phenyl cyclohexene, 3 mL anisole, 
15 mg dodecane (as an internal standard), and 50 to 150 mg catalyst were 
added into the reactor. The slurry was stirred at 600 rpm/min and heated 
at 100 to 140 °C for 6 to 28 h under O2 with different pressure. During the 
reaction, 0.05 mL sample was taken out from the reactor at 0 h, 1 h, 2 h, 3 h, 
4 h, 6 h, 24 h, and 28 h and analyzed with a gas chromatograph (GC). After 

Scheme 1. Proposed mechanism for the ODH reaction of phenyl cyclohexene.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.o
rg

 b
y 

A
A

LT
O

 U
N

IV
ER

SI
TY

 T
K

K
 L

IB
R

A
R

Y
 o

n 
A

ug
us

t 1
5,

 2
02

3 
fr

om
 IP

 a
dd

re
ss

 1
30

.2
33

.1
91

.1
8.



PNAS  2023  Vol. 120  No. 31  e2303564120� https://doi.org/10.1073/pnas.2303564120   9 of 9

the reaction, the catalyst was separated via filtration and washed with DCM 
(3 × 50 mL). The solvent in products was removed with vacuum evaporation 
at 40 °C under 10 kPa absolute pressure, and the pure product was obtained 
with flash chromatography (hexane: ethyl acetate 400:1).

The product was quantitatively analyzed with an Agilent 7,890 GC equipped 
with a flame ionization detector and qualitatively analyzed with a Shimadzu GC 
equipped with a mass spectrometer as the detector (GC-MS). The HP-5 capillary 
column (30 m × 0.32 mm × 0.25 μm, Agilent) and a split ratio of 10 were used 
for both GCs. The oven temperature program was set from 60 to 300 °C at 15 °C/
min and then held at 300 °C for 10 min.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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