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Light-assisted O-methylation of Phenol with Dimethyl Carbonate 
over Layered Double Oxide Catalyst 

Xiaoyu Wang,a,b Ruiyi Wang,*a Xianmo Gu,a Jianfeng Jiac and Zhanfeng Zheng*a,b

Layered double oxide (LDO) exhibit high catalytic activity in O-

methylation of phenol under light irradiation, owing to the 

synergism of the light absorption of phenol molecules to achieve 

excited states as well as the facilitated adsorption of reactant 

molecules by acid-base pairs of Mg3Al-LDO, which can both 

promote phenol deprotonation. 

The O-methylation of phenols is of crucial importance in synthesis 

products for used as stabilizers for plastics and antioxidants for oils 

and grease as well as intermediates in the field of dyes, agricultural 

chemicals, and fragrances.1 Traditional synthesis methods generally 

involved the use of toxic alkylating agents (methyl halide, phosgene 

or dimethyl sulfate), high reaction temperature 2-5 and generating 

large quantity of waste. Dimethyl carbonate (DMC) is found to be 

an efficient methylating agent, the by-product methanol can be 

recycled for the production of DMC.6 The O-methylation of phenol 

with DMC has been reported over potassium carbonate 7,8 and 1-n-

butyl-3-methylimidazolium chloride.9 To avoid the limitations of 

homogeneous catalytic process with the difficulty of catalyst 

recovery and product separation, the development of an 

environmentally benign heterogeneous catalyst for the O-

methylation of phenol continues to attract significant interest.  

A variety of catalysts have been investigated for the O-

methylation of phenol reaction. Bal and co-workers found that 

alkali loaded silica catalyst can efficiently drive the selective O-

alkylation of phenol at 673 K.10 Fu et al. reported that X-zeolites can 

be used for the O-methylation of phenol with DMC at 553K.11 Both 

of the above reactions need to be completed in the gas phase and 

high temperature conditions. Recently, Gadge and co-workers 

demonstrated that magnesium oxide was used as heterogeneous 

catalyst for the O-methylation of phenol with DMC, in which reduce 

the reaction temperature to 443 K by using microwave method.12 

Layered double oxides (LDO) originated from thermal 

decomposition of Layered double hydroxides (LDHs). LDO have the 

advantages of high surface area and thermal stability, along with 

the tunable acidity and basicity, which are characterized by the 

presence of acid-base pairs.13-15 These acid-base pairs could 

facilitate the adsorption of reactants molecules. According to 

Chizallet et al.,16 the contact between a protic reactant molecule 

and an oxide surface can provoke its deprotonation. Jyothi and co-

workers demonstrated that LDO catalysts can efficiently drive the 

O-methylation of catechol with DMC, at 573 K.17 Till now, the O-

methylation of phenols at a milder condition is rarely reported. 

Herein we describe a light-assisted green process for O-

methylation of phenol with dimethyl carbonate to synthesize 

anisole on LDO catalysts with high conversion and product 

selectivity. The catalytic performance of various LDO catalysts: 

Mg3Al-LDO, Ni3Al-LDO, and Zn3Al-LDO in the O-methylation of 

phenol were evaluated in presence and absence of light (high-

pressure mercury lamp), respectively. As shown in Fig. 1a, Mg3Al-

LDO exhibits the highest activity with the DMC conversion at 82.5% 

and selectivity to anisole at 95.6% under high-pressure mercury 

lamp irradiation at 160 °C for 6 h, which is much higher than Ni3Al-

LDO (Conv.=56.3%, Sel.=88.4%) and Zn3Al-LDO (Conv.=47.2%, 

Sel.=69.7%).  It is noted that all the catalyst exhibit much higher 

activity under light irradiation than in the dark. Normally, the 

difference between the activation energies of the light irradiated 

system and the system in the dark indicates the contribution of 

irradiation towards reducing the apparent activation energy.18 The 

activation energies of light-driven and thermal-driven reaction were 

calculated according to the Arrhenius equation shown in Fig. 1b 

(calculation details shown in the ESI), being 97.55 and 106.58 

kJ/mol, respectively. This means that light energy can facilitate the 

reaction.18
 The catalyst activity remained stable (Fig. S4a) and the 

structure of Mg3Al-LDO had no obvious change (Fig. S4b) after 

reused for five cycles. Thus we choose catalyst Mg3Al-LDO to 

investigate the activation of reactants. 
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  In-situ FT-IR spectra after coadsorption of phenol and DMC 

on Mg3Al-LDO was conducted (Fig. 2a and Fig. 2b) to understand 

the activation process of the reactants (detailed explanation shown 

in the ESI). The diminished in intensity of O-H stretching vibrations 

band of phenol at 3662 cm-1 and 3639 cm-1 indicating the hydroxyl 

of phenol has been deprotonated.19 Low frequency shift of the C-H 

stretching vibrations bands of the aromatic ring of phenol at 3064 

cm-1 and 3036 cm-1 indicating the phenol H-bonded (of hydroxyl) to 

base sites of LDO. Low frequency shift of the vibration band of DMC 

carbonyl oxygen group at 1683 cm-1  indicating the carbonyl oxygen 

atoms of DMC associated with the acidic sites of LDO.20 The 

asymmetric variable angle vibration band of anisole methyl group at 

1446 cm-1 appeared from nothing and increased in intensity 

indicating the anisole production. It is revealed that both reactants 

are adsorbed on the catalyst surface during the O-methylation 

reaction. Phenol is activated by H-bonding (of hydroxyl) to the basic 

sites of LDO, while DMC is adsorbed on the acidic sites of LDO via its 

carbonyl oxygen, as the pre-literature.21  

The surface acidic and basic sites were determined by CO2-

TPD and NH3-TPD technique as shown in Table S2, Fig. 2c and Fig. 

2d. For the CO2-TPD profiles (Fig. 2c), broad CO2 desorption peak in 

the range 100-700 °C can be deconvoluted into two peaks with 

desorption peaks with maximal temperatures at 300 °C and 500 °C, 

which can be assigned to the medium and strong basic sites, 

respectively. The weak, medium and strong basic sites are derived 

from OH-, metal-oxygen pair (Mg2+-O2-, Al3+-O2-) and low-

coordination oxygen anion (O2-), respectively.22 In the NH3-TPD 

profiles (Fig. 2d), a broad peak from NH3 desorption between 100-

800 °C can be deconvoluted into three contributions with a maximal 

temperature in the region 120-220 °C, 250-450 °C and 450-700 °C, 

which can be identified as the weak (Mg2+), medium and strong 

acidic site (Al3+), respectively.23 Notably, it is observed that the 

catalyst Mg3Al-LDO gives the largest amount of both medium basic 

site with 1.50 mmol/g and medium and strong acidic site with 0.71 

mmol/g and 0.29 mmol/g, respectively (Table S2). It indicates that 

the medium strength Lewis basic sites (mostly Mg2+-O2-) serve as 

active center to activate phenol to produce phenoxyl species, while 

medium and strong acidic site (Al3+) act as active site toward 

associated to carbonyl oxygen of DMC.  

 

To further prove the role of acidic and basic sites, control 

experiments with a series of catalysts with different amount of 

acidic and basic sites (Mg3Al-LDHs, MgO, Al2O3, MgO-Al2O3) were 

conducted (Fig. 1a). The physical properties of catalysts are shown 

in Table S1. Obviously, the surface area is not the decisive factor on 

the performance, as the optimal catalyst has a relatively small 

Fig. 2  (a) In-situ FT-IR spectra of Mg3Al-LDO after co-adsorption of phenol and 

DMC: from 4000 cm-1 to 2000 cm-1 and (b) from 2000 cm-1 to 600 cm-1. 

(downward arrow: band intensity decreases with the increase of time; upward 

arrow: band gradually appears with the increase of time); (c) TPD profiles of CO2-

TPD and (d) NH3-TPD of Mg3Al-LDO, Ni3Al-LDO, and Zn3Al-LDO. 

 

Fig. 1 (a) Catalytic performance: conversion rate under irradiation and dark, 

selectivities of DMC using varied catalysts under irradiation. (b) Plot of (1−Xb)-1 

versus reaction time at different temperatures on the Mg3Al-LDO catalyst: the 

reaction was conducted in light (solid line) or in the dark (dotted line), and the 

activation energy scheme (upper left corner). Reaction conditions: catalyst, 0.28 

g; phenol, 135 mmol; DMC, 67.5 mmol; Ar, 1 atm; light intensity, 66 mW/cm2; 

reaction temperature, 160 °C; reaction time, 6 h. MgO-Al2O3: MgO and Al2O3 

were mechanically mixed in a mortar according to n(Mg): n(Al)=3:1. 
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specific surface area. Basic sites on the catalysts surface alone 

cannot simply be the dominate factor enhancing the catalyst 

performance, since MgO and Mg3Al-LDHs have basic surface sites 

but both exhibit low activity under irradiation and in the dark, 

respectively. Acidic sites on the catalysts alone also cannot be the 

dominating factor, since Al2O3 have acid surface sites but exhibit 

low activity either. Physically mixed MgO and Al2O3 catalyst also 

exhibit lower activity than layered double oxide, which due to that 

LDO containing the acid-base pairs. It should be noted that 

excellent catalytic results have been obtained with catalysts 

containing acid-base pairs.24,25 In this case, a cooperative role of 

acid-base sites has been found that allow substituting strong bases 

by very simple catalysts with mild acid-base pairs. The superior 

behavior of LDO could be due to a combined acid-base catalyzed O-

methylation of phenol, the acidic sites of LDO associated to 

carbonyl oxygen of DMC and the basic sites of LDO associated to 

hydrogen of phenolic hydroxyl which can activate the hydroxyl 

group of phenol adsorbed on the surface of catalyst.17,21
 Besides, 

MgAl-LDO with varied Mg/Al ratios were synthesized (Mg1Al-LDO, 

Mg2Al-LDO, Mg3Al-LDO) and the catalytic performance also agree 

with the above results (Fig. 1a). Mg3Al-LDO, which has the 

maximum amount of basic sites and acidic sites among the varied 

Mg/Al ratio of MgAl-LDO, exhibited the best catalytic performance. 

Catalyst Zn3Al-LDO with the conversion of 47.2% and Ni3Al-LDO with 

the conversion of 56.3% exhibit slightly better performance under 

high-pressure mercury lamp irradiation than in the dark with the 

conversion of 35.9% and 45.0%, respectively. Mg3Al-LDO exhibited 

the best performance under irradiation could be attributed to the 

better ability to adsorbed reactant molecule and the fact that 

irradiation can enhance the catalytic performance. Besides, 

according to the UV-Vis spectra of Mg3Al-LDO, Ni3Al-LDO, and 

Zn3Al-LDO shown in Fig. S6a, Mg3Al-LDO shows no light absorption 

in the high-pressure mercury lamp output spectrum range. 

Although Ni3Al-LDO and Zn3Al-LDO both exhibit bandgap absorption 

at ca. 370 nm in the UV-Vis spectra and can generate electron-hole 

pairs under high-pressure mercury lamp irradiation, but their 

catalytic activities are much lower than that of Mg3Al-LDO. When a 

full-spectrum Xe lamp (350-880 nm) is used, both of Ni3Al-LDO and 

Zn3Al-LDO exhibit activity similar to that under dark condition (Fig. 

S6b). Moreover, the catalytic activity of O-methylation of phenol 

over TiO2-P25 catalyst under high-pressure mercury lamp 

irradiation was conducted and the activities under irradiation and in 

the dark are similar (Fig. S6b). Therefore, it can be concluded that 

photogenerated electrons and holes in LDOs and TiO2 are not the 

key factors to promote the reaction. In addition, the influence of 

light intensity on the reactivity was conducted (Fig. S7). It is found 

that the conversion rate of DMC decreases with the decrease of 

light intensity, which indicates that the reaction is driven by light in 

the presence of Mg3Al-LDO.  

To further investigate the role of light in our reaction system, the 

UV-Vis spectra of DMC and phenol were conducted shown in Fig. 3a. 

Although DMC display an absorption band in 201 nm ascribed to π-

π* transition,26 the energy of light source used (high-pressure 

mercury lamp, 240-740nm) was not enough to stimulate it. While 

phenol display strong absorption in 205 nm and 270 nm ascribed to 

π-π* transition, indicating that phenol molecules can absorb light to 

achieve the excited states.26 Using the long-range corrected cam-

B3LYP method of density functional theory (DFT) with 6-311++g 

(d,p) basis set, we have investigated the structure of phenol-DMC 

aggregate both in the ground state and in the first excited state. The 

calculation of the excited state was performed with time-dependent 

DFT method. As shown in Fig. 3b, in the ground state, the phenol 

interacts with DMC through a hydrogen bond. The calculated O-H 

hydrogen bond length is 1.825 Å. The C=O bond length of the 

carbonyl in DMC is 1.212 Å, which obviously longer than the C=O 

bond length (1.203 Å) in free DMC. The calculated irradiation 

wavelength for the first excited state is 240 nm. The transition 

density of this excitation is shown in Fig. 3b, it is mainly a n-π* 

transition on the phenol. It is obviously that the hydrogen bond 

between phenol and DMC were enhanced in the excited state. As 

shown in Fig. 3b, the calculated hydrogen bond length is 1.740 Å in 

the excited state. The enhanced hydrogen bond further activates 

the carbonyl of DMC. The C=O bond length slightly elongates to 

1.214 Å in the excited state. The above results demonstrate that 

phenol molecules absorbed light to achieve the first excited states, 

then hydrogen bond between phenol and DMC were enhanced, 

resulting in deprotonation occurs more readily in the excited state. 

This is consistent with the literature report that the lone pair of 

electrons on the phenolic hydroxyl groups tend to become more 

conjugated to the aromatic ring system in the excited state, 

resulting in the hydroxyl group more acidic.27  

On the basis of above analysis, a tentative mechanism for the 

O-methylation of phenol is proposed (Scheme 1). Firstly, phenol and 

DMC are adsorbed on the surface of LDO, the acidic sites of LDO 

(Al3+) associated to carbonyl oxygen of DMC and basic sites of LDO 

(Mg2+-O2-) associated to hydrogen of phenolic hydroxyl (I). 

Fig. 3 (a) UV-Vis spectra of DMC and phenol. (b) DFT calculation results of ground and excited states of phenol-DMC aggregate. 
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Secondly, when phenol molecules absorb light to achieve the 

excited states, the deprotonation of phenolic hydroxyl group occurs 

more readily because the electrons on the phenolic hydroxyl groups 

are shifted into the phenol ring in the excited state, making this 

hydroxyl group more acidic (II). Meanwhile, the basic sites of 

catalyst can bind the hydrogen atom of the phenol molecule and 

also facilitate the O-H cleavage on the surface.22 Thirdly, the 

formation of anisole proceeds presumably via nucleophilic attack at 

the methyl carbon of DMC by the phenol oxygen (III and IV). Finally, 

the catalyst surface regenerates for another reaction cycle by 

desorption of methanol and CO2 which are decomposed from the 

residual methyl hydrogen carbonate (V). It noted that the amounts 

of methanol and CO2 generated during reaction are in good 

stoichiometric relation and the carbon balance of the reaction is 

satisfied within experimental error (Table S3).  

 

Conclusions 

In summary, Mg3Al-LDO prepared by the facile calcination of 

hydrotalcite is found to be an efficient catalyst for O-methylation of 

phenol using dimethyl carbonate as alkylating agent under light 

irradiation. The excellent catalytic performance can attribute to the 

synergistic effects of two factors: (1) The phenol molecules can 

absorb light to achieve the excited states, which promote its 

deprotonation occurs more readily; (2) The acid-base pairs of 

Mg3Al-LDO can facilitate the adsorption of reactants molecules and 

provoke deprotonation. This simple, cost-effective, and 

environmentally benign catalytic process exhibits great potential in 

the alkylation of phenols. 
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Phenol molecules can adsorb light to achieve the excited states, which promote its 
deprotonation occurs more readily.
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