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2,4,6-Trimethylphenol oxidation with ferrous chloride
catalyst: Effect of acetoxime addition
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Abstract

The promoting effect of acetoxime ((CH3)2C NOH) addition on the catalytic performances of FeCl2 catalyst for catalyzing the selective
oxidation of 2,4,6-trimethylphenol (2,4,6-TMP) to 3,5-dimethyl-4-hydroxybenzaldehyde (DMHB) was studied with a high-pressure batch
reactor in the temperature range of 50–90◦C. A marked increase of the reaction rate upon the addition of acetoxime was observed. The
extent of activity improvement increased with the reaction temperature and reached a six-fold increase of the reaction rate at 90◦C. The
maximum DMHB yield obtained with the FeCl-acetoxime catalyst was 80%, which was higher than that (75%) obtained with FeClalone.
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he rate of 2,4,6-TMP disappearance was found to exhibit zero-order dependence of the TMP concentration up to 76% conversion. A
echanism, similar to that proposed previously for the oxidation of substituted toluene by cobalt(III) acetate in acetic acid soluti
mployed successfully to explain the experimental results obtained. The activity improvement with the addition of acetoxime was as

ts better electron-donating ability, which enhanced the dissociation rate of the intermediate complex.
2005 Elsevier B.V. All rights reserved.
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. Introduction

2,6-Dimethylphenol (2,6-DMP) is used as the start-
ng material for the manufacture of an important engi-
eering polymer—poly(2,6-dimethyl-1,4-phenylene oxide),
bbreviated as PPO[1–5]. The blends of PPO/polystyrene,
PO/polyamide and PPO/PBT have considerable commer-
ial significance, are widely used in automotive, business
achines and computer, house or office appliances, elec-

ronic or electrical equipments[1].
The industrial method employed for the synthesis of 2,6-

MP is based on the reaction between phenol and methanol
n the presence of a metal oxide catalyst[6]. The following

ultiple reactions occur during the synthesis of 2,6-DMP:

henol+ methanol→ o-cresol+ H2O (1)

∗ Corresponding author. Tel.: +886 4 23590262; fax: +886 4 23590009.
E-mail address: ktli@thu.edu.tw (K.-T. Li).

o-cresol+ methanol→ 2, 6-DMP + H2O (2)

2, 6-DMP + methanol→ 2, 4, 6-trimethylphenol+ H2O

(3)

Reaction(3) is a side reaction, which produces an und
sired by-product 2,4,6-trimethylphenol (2,4,6-TMP). It i
desirable to convert 2,4,6-TMP into 2,6-DMP to improv
the process economic benefit because 2,4,6-TMP has l
practical use. A known method for converting 2,4,6-TM
back to 2,6-DMP includes the following two steps: (1) sele
tive oxidation of 2,4,6-trimethylphenol to 3,5-dimethyl-4
hydroxybenzaldehyde (DMHB) in the presence of a copp
based catalyst and (2) deformylation of the resulting DMH
to 2,6-dimethylphenol in the presence of a palladium catal
[7].

In previous papers, Cu(II)-oxime and Cu(II)-amine ca
alysts have been employed for catalyzing the oxidati
of 2,4,6-TMP to 3,5,-dimethyl-4-hydroxybenzaldehyde an

381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2005.06.062



K.-T. Li, P.-Y. Liu / Journal of Molecular Catalysis A: Chemical 241 (2005) 72–78 73

2,6-dimethyl-p-benzoquinone (DMBQ)[8–10]. Following
are the reactions for the oxidation of 2,4,6-TMP in alcohol
solution to form DMHB and DMBQ[9]:

(4)

(5)

In Eq.(4), 2,6-dimethyl-4-(alkoxymethyl)phenol (DMAMP)
is an intermediate in the oxidation of 2,4,6-TMP in alco-
hol solution (ROH), which further reacts to form DMHB.
Therefore, there are three major products in the oxidation
of 2,4,6-TMP: DMHB, DMBQ and DMAMP. The relative
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Organics, Belgium) and 60 ml of methanol (HPLC grade,
TEDIA, Fairfield, OH, USA) were placed in the reactor. After
reaching the desired temperature, the reactor was pressur-
ized with oxygen to 10 atm. The reaction was continued for
100 min at the reaction temperature of 70 or 90◦C, and was
continued for 10 h at the reaction temperature of 50◦C. At the
end of the reaction, the reactor content was filtered and EDTA
aqueous solution was added to remove iron ions. The compo-
sition of product solution was determined by a gas chromato-
graph equipped with a 15-m long RTX-1 column and a flame
ionization detector. The 2,4,6-TMP conversion was defined
as the moles of 2,4,6-TMP reacted per mol of 2,4,6-TMP
fed to the reactor. The yield of a particular product (DMHB,
DMBQ and 2,6-dimethyl-4-(methoxymethyl)phenol, abbre-
viated as DMMMP) was defined as the moles of the product
per mol of 2,4,6-TMP fed to the reactor. The selectivity of
a particular product was defined as the yield of the product
divided by the 2,4,6-TMP conversion.

3. Results and discussion

The oxidation of 2,4,6-trimethylphenol was carried out at
three reaction temperatures: 50, 70 and 90◦C.Fig. 1presents
the dimensionless concentrations in the product solution as
a e of
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mounts of these three products depend on the catalys
ulation, and also the reaction conditions, such as 2,4,6-

onversion, solvent and reaction temperature.
Recently, we found that FeCl2 catalyst was capable

atalyzing the oxidation of 2,4,6-TMP to DMHB effective
11]. These iron-based catalysts have an ecological adva
ver the copper-based catalysts because iron ion is more
onmentally friendly than the copper ion, which can ca
erious water pollution. However, the activity of FeCl2 cat-
lyst alone is not satisfactory because it required relat

ong reaction time (10 h) to achieve high 2,4,6-TMP con
ion.

This paper reports the use of FeCl2-acetoxime comple
s the catalyst for catalyzing the oxidation of 2,4,6-TMP
MHB. We found that the addition of acetoxime significan

mproved the activity of FeCl2 catalyst.

. Experimental

A 300-ml high-pressure autoclave reactor made of
ium (supplied by Parr Instruments Co.) equipped
n impeller and a temperature control unit was emplo

or carrying out the catalytic oxidation. The autoclave
eated by a thermoregulated oven and a thermocoupl
sed to monitor the reaction temperature (the temper
as set at 50,70, or 90◦C). In a typical run, 60 mmol o
,4,6-TMP (98% purity, Lancaster Synthesis Co., Moreca
K), 3 mmol of FeCl2·4H2O (99% purity, Showa Chem
als, Tokyo, Japan), 3 mmol of acetoxime (98% purity, Ac
function of reaction time at the reaction temperatur
0◦C. The figure shows that DMHB is the dominant pr
ct from 2,4,6-TMP. It can be seen from the figure that
aximum DMHB yield was 80%, which was attained at

eaction time of 100 min with a 96% TMP conversion. T
aximum yield (80%) is higher than that (75%) obtain w
eCl2 catalyst alone[11], which was also obtained at 90◦C,
ut with a much longer reaction time (10 h) and a slig

ower TMP conversion (93%).
Fig. 2 shows the variation of DMHB yield as a functi

f TMP conversion for the FeCl2-acetoxime catalyst at thr
ifferent reaction temperatures (50, 70 and 90◦C). It can be
een that the yield of DMHB increases monotonically w

ig. 1. Product concentration as a function of reaction time for Fe2-
cetoxime catalyst.Reaction conditions: catalyst, 3 mmol; 2,4,6-TMP
0 mmol; methanol, 60 ml;P, 10 atm;T, 90◦C.
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Fig. 2. Variation of DMHB yield as a function of 2,4,6-TMP conversion for
FeCl2-acetoxime catalyst at three reaction temperatures (50, 70 and 90◦C).

TMP conversion and reaches a maximum value of 80% at the
maximum conversion of 96%. This is different from the per-
formance of FeCl2 catalyst alone; in this case, DMHB yield
decreased rapidly after TMP conversion exceeded 93%. All
data points inFig. 2 can be represented by a single curve,
which suggest that the DMHB yield can be treated as a func-
tion of TMP conversion only.

Fig. 3shows the effect of reaction temperature on the yield
of the by-product DMBQ. At the same 2,4,6-TMP conver-
sion, the yield of DMBQ obtained at the reaction temperature
of 90◦C was much greater than that obtained at the reaction
temperature of 70◦C. For example, at the conversion of 76%,
the yields of DMBQ obtained at 70 and at 90◦C were 0.5 and
8.7%, respectively. The results indicate that the DMBQ yield
was very sensitive to the reaction temperature and the side
reaction for DMBQ formation became relatively important
at high temperature. Therefore, the oxidation of 2,4,6-TMP
should not be carried out at a high reaction temperature in
order to avoid the production of the undesired product DMBQ
and to improve the yield of the desired product DMHB.Fig. 3
also indicates that the DMBQ yield increased much rapidly
in the range of high TMP conversion (i.e., in the range of low

F for
F

Fig. 4. Variation of DMMMP yield as a function of 2,4,6-TMP conver-
sion for FeCl2-acetoxime catalyst at three reaction temperatures (50, 70 and
90◦C).

TMP concentration), which suggests that most of the DMBQ
should be formed from the desired product DMHB, not by
the direct oxidation of 2,4,6-TMP.

Fig. 4shows the variation of the yield of the intermediate,
2,6-dimethyl-4-(methoxymethyl)phenol, as a function of the
TMP conversion for the FeCl2-acetoxime catalyst. The yield
of DMMMP passed through a maximum (at around 18%) at
the TMP conversion of about 50%. At the higher TMP con-
version, there was a decline in the DMMMP yield, which
should be due to the conversion of DMMMP to DMHB.
The maximum DMMMP yield obtained for FeCl2 catalyst
alone was around 30% at the TMP conversion of about 55%
[11]. That is, the addition of acetoxime decreased the amount
of DMMMP yield obtained. The reaction mechanism that
will be proposed later (Eqs.(8)–(13)) suggests that DMHB
can also be formed without going through the intermedi-
ate DMMMP (i.e., Eq.(13)). The results shown inFig. 4
suggest that more DMHB was formed via Eq.(13) when
FeCl2-acetone oxime was used as the catalyst for 2,4,6-TMP
oxidation.

Fig. 5 compares the reaction time needed to achieve a
specific 2,4,6-TMP conversion for (a) FeCl2 catalyst with
acetoxime and (b) FeCl2 catalyst alone when the reaction
temperature was 70◦C. Similar comparisons for the reaction
temperature of 90◦C are presented inFig. 6. At 70◦C, the
reaction time required to achieve 88% conversion was 1.6 and
8 t
9 sion
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a
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t
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r ed
ig. 3. Variation of DMBQ yield as a function of 2,4,6-TMP conversion
eCl2-acetoxime catalyst at two reaction temperatures (70 and 90◦C).
h for FeCl2-acetoxime and for FeCl2 alone, respectively. A
0◦C, the reaction time required to achieve 93% conver
as 0.77 and 10 h for FeCl2-acetoxime and for FeCl2 alone

espectively. Therefore, the time required to achieve a sp
,4,6-TMP conversion was shortened dramatically with
ddition of acetoxime.

Fig. 7 compares the reaction rate of 2,4,6-TMP ox
ion obtained at the reaction temperature of 50◦C for (a)
eCl2 catalyst with acetoxime and (b) FeCl2 catalyst alone
he reaction rate with the FeCl2-acetoxime system (curve
as maintained at an approximately constant value, whil

eaction rate with FeCl2 catalyst alone (curve b) decreas
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Fig. 5. Comparisons of the reaction time needed to achieve a specific 2,4,6-
TMP conversion for (a) FeCl2 catalyst with acetoxime and (b) FeCl2 catalyst
alone when the reaction temperature was 70◦C.

rapidly with the reaction time. The decrease in the reaction
rate in curve b might be due to the product adsorption. The
products (DMHB and H2O) are often preferentially coor-
dinated to the metal center because of their better donor
properties than the reactant (2,4,6-TMP). The addition of
acetoxime might reduce the effect of product adsorption on
the active site, resulting in a nearly constant reaction rate. It
is known that better electron-donating ligands (such as ace-
toxime) can be expected to enhance the rates of dissociative
reactions (i.e., product desorption) since they donate more
electrons to compensate for the reduction in the total number
of ligands[12].

The curve a inFig. 7exhibits zero-order behavior because
the reaction rate was almost independent of the reactant con-
centration. In addition, the reaction data at 70◦C also follow
zero-order behavior for 2,4,6-TMP conversion up to 76%, as
shown inFig. 8. The results inFig. 8and in curve a ofFig. 7
suggest that the reaction rate law for 2,4,6-TMP oxidation
might be in the form similar to the Langmuir–Hinshelood

F 2,4,6-
T t
a

Fig. 7. Comparisons of the 2,4,6-TMP oxidation rate for (a) FeCl2 catalyst
with acetoxime and (b) FeCl2 catalyst alone when the reaction temperature
was 50◦C.

Fig. 8. Test of zero-order kinetic model for 2,4,6-TMP oxidation at 70◦C.

model used in the heterogeneous catalysis:

rate= kKACA

1 + KACA
(6)

whereCA is the concentration of reactant A (2,4,6-TMP),
KA the equilibrium constant for the adsorption of reactant A
on the catalytically active center andk is the reaction rate
constant of the rate determining step. WhenKACA � 1 (i.e.,
A is strongly adsorbed or the concentration of A is large), Eq.
(6) reduces to

rate= k (7)

Eq. (7) is zero-order with respect to the concentration of
2,4,6-TMP, which is consistent with the experimental results.
The observed zero-order kinetics suggests that the catalyst
is strongly bonding to 2,4,6-TMP (i.e., the value ofKA is
large). Rate equations similar to Eq.(6)were proposed before
[13–15] for the oxidation of catechols by O2 catalyzed by
Mn(II), Co(II) and Fe(II) complexes, based on a mechanism
involving an anion radical intermediate.

Figs. 5–7clearly indicates that the addition of acetoxime
significantly improved the activity.Fig. 9shows the effect of
ig. 6. Comparisons of the reaction time needed to achieve a specific
MP conversion for (a) FeCl2 catalyst with acetoxime and (b) FeCl2 catalys
lone when the reaction temperature was 90◦C.
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Fig. 9. Effect of reaction temperature on the ratio of (the initial rate obtained
with FeCl2 + acetoxime)/(the initial rate obtained with FeCl2 alone).

reaction temperature on the initial rate ratio, which is defined
as the initial rate obtained with FeCl2-acetoxime catalyst
divided the initial rate obtained with FeCl2 catalyst alone.
The figure clearly indicates that the promoting effect of ace-
toxime addition became more profound with the increase in
reaction temperature. At 90◦C, a six-fold increase in the reac-
tion rate was observed.

The proposed mechanism for Fe(III) catalyzed oxidation
of 2,4,6-TMP (denoted by ArCH3) to DMHB in methanol
solution is expressed as Eqs.(8)–(13), in which a radical
cation ArCH3

•+ is formed via the direct electrophilic attack
of the iron(III) species on the electron-rich substrate (2,4,6-
TMP). The mechanism is analogous to that proposed by
Hendriks et al.[16] for the oxidation of substituted toluenes
by cobalt(III) acetate in acetic acid solution.

FeIII + ArCH3
k1(+CH3OH)

�
k1(–CH3OH)

[(ArCH3
•+)(CH3O−)]

+FeII + H+ (8)

FeIII + [(ArCH3
•+)(CH3O−)]

k2
�
k−2

FeIII [(ArCH3
•+)

(CH3O−)] (9)

F

F

A

A

T nol
( -
v lly
[ eac-
t

leads to the formation of the desired product 3,5-dimethyl-4-
hydroxybenzaldehyde (denoted by ArCHO)[11].

The catalyst originally added into the reaction mixture was
FeCl2·4H2O. The FeIII in Eq.(8) is formed by the oxidation of
FeII . It is known that iron-peroxo species (FeIII –O–O−) can
be obtained by the electron transfer from FeII ion to oxygen
[17]:

FeII + O2 � FeIII –O–O− (14)

The (CH3O−) in Eq.(8)might be generated by deprotonation
of the coordinated CH3OH molecules[12].

Assuming Eq.(10) is the rate determining step[16], the
reaction rate of 2,4,6-TMP oxidation is taken to be pro-
portional to the concentration of FeIII [(ArCH3

•+)(CH3O−)]
complex (denoted byCAX ). Then,

rate= k3CAX (15)

The value ofCAX is given in Eq.(16) in term of the equilib-
rium constants (K1,K2) of Eqs.(8)and(9)and the appropriate
concentrations.

CAX = K1K2[ArCH3][FeIII ]2[FeII ]−1 (16)

whereK1 = k1/k−1, K2 = k2/k−2.

The mass balance for iron species is given by Eq.(17).

[
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eIII [(ArCH3
•+)(CH3O−)]

k3−→FeIII + ArCH2
•

+CH3OH (10)

eIII + ArCH2
•CH3OH−→ FeII + ArCH2OCH3

(DMMMP)
+ H+ (11)

rCH2
• + O2 → ArCH2O2

• (12)

rCH2O2
• + FeII → ArCHO

(DMHB)
+ FeIII + OH− (13)

he intermediate, 2,6-dimethyl-4-(methoxymethyl)phe
denoted by ArCH2OCH3) formed in Eq.(11), can be con
erted to the desired product (DMHB) non-catalytica
9]. The iron(III) species can be regenerated by the r
ion of FeII with ArCH2O2

• according to Eq.(13), which
Fe]0 = [FeIII ] + [FeII ] + CAX (17)

here [Fe]0 is the total concentration of iron species in
eaction mixture, which is a constant value.

For the oxidation of substituted toluene by cobalt(
cetate under the condition of 0.7 atm O2, Hendriks et al.[16]

ound that the concentration ratio of CoIII /CoII was kept con
tant over a wide range of hydrocarbon conversion (2–9
herefore, a constant concentration ratio of FeIII /FeII should
e maintained under the condition of large excess ox
10 atm) used in this study. That is,

eII = (K4)−1FeIII (18)

hereK4 is related to the equilibrium constant of Eq.(14).

ombining Eqs.(16)–(18)gives

AX = K[ArCH3][Fe]0
1 + K[ArCH3]

(19)

hereK = K1K2K4/(1 + K−1
4 ). The value ofK4 is large

ue to the large excess of oxygen. Therefore,K ≈ K1K2K4.
q. (19) is similar to the Langmuir equation used in hete
eneous catalysis.

ubstituting Eq.(19) into Eq.(15)gives

ate= k3K[ArCH3][Fe]0
1 + K[ArCH3]

(20)

nder the condition ofK[ArCH3] � 1, Eq.(20)becomes

ate= k3[Fe]0 (21)
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Eq. (21) is zero-order with respect to the concentration of
2,4,6-TMP, which is consistent with the experimental data
observed in the curve a ofFigs. 7 and 8. The consistence sug-
gests that the proposed mechanism agrees with the observed
kinetics.

The rate equation in Eq.(21) suggested that the rate
increase due to acetoxime addition should be due to the
increase ink3 (rate constant of Eq.(10)). The rate con-
stant k3 of Eq. (10) is related to the kinetic lability
(or cage escape ability) of the iron intermediate complex
FeIII [(ArCH3

•+)(CH3O−)], which was constrained by the
solvent (methanol) cage[18]. It is known that the better
electron-donating ligands (such as acetoxime) can enhance
the rates of dissociative reactions (such as Eq.(10)), since
they donate more electron density to compensate for the
reduction in the total number of ligands. This is called
electron-donor effects[12]. They are several possible modes
for the coordination of oxime (RR′C NOH) ligand to a metal
[19]. The most probable mode for the binding of acetoxime
((CH3)2C NOH) ligand to the iron ion is

,
in which oximato group binds through nitrogen only and the
oxygen atom is involved in hydrogen bonds. The coordina-
tion of acetoxime to iron thus increased the rate of Eq.(10),
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P
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a
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tion
n
ol-

−OArCH2OOFeIII + CH3OH � −OArCH2OCH3
(DMMMP)

+ FeIII OOH (26)

−OArCH2OOFeIII � −OArCHO
(DMHB)

+ FeIII OH (27)

In our study, no NaOH was added during the oxidation of
2,4,6-TMP. Therefore, the mechanism involving phenoxy
radical (Eqs.(22)–(27)) is hardly likely to occur (compared to
the reaction mechanism proposed in Eqs.(8)–(13)) because
of the very low acid dissociation constant of 2,4,6-TMP in
methanol (Ka < 10−14) [22,23].

4. Conclusions

In the present study, the effect of acetoxime addition
on the performance of FeCl2 catalyst for the selec-
tive oxidation of 2,4,6-trimethylphenol to 3,5-dimethyl-4-
hydroxybenzaldehyde was investigated in the temperature
range of 50–90◦C with methanol as the solvent. The
addition of acetoxime significantly increased the reaction
rate (up to six times) and also improved the yield of
the desired product—3,5-dimethyl-4-hydroxybenzaldehyde.
Zero-order rate equation was found to satisfactorily describe
t nal-
o with
C ical
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a n the
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t te of
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N

R
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New

13.
007.
neral

tra-

ull.
which resulted in the increased reaction rate for the oxid
tion of 2,4,6-TMP, as shown inFigs. 5–7and9. It has been
demonstrated in the literature that the rate of direct hydroly
(in the absence of protonic acid) of acetoxime to acetone a
NH2OH was very low[20]. In addition, the methanol used in
our experiments was HPLC grade which contained very lit
(0.05%) water. Therefore, the amount of acetoxime hydr
ysis was negligible under our experimental conditions, a
the active catalytic promoter should be acetoxime itself.

In alkaline solutions, the phenolic OH group in 2,4,6-TM
is easily dissociated to form phenoxyl radical and proto
Sheldon and de Heij[21] studied the cobalt-based catalyti
oxidation ofp-cresol top-hydroxy benzaldehyde in alkaline
(with NaOH addition) methanolic solution, and proposed
reaction pathway involving a phenolate anion (formed due
the basic nature of the reaction medium), a phenoxy ra
ical (oxidation product of phenolate anion) and an anio
benzyl radical (formed via the reaction of phenoxy radica
Based on the Sheldon’s mechanism, the possible reac
pathway for the Fe(III) catalyzed 2,4,6-TMP oxidation i
alkaline methanolic solution can be represented by the f
lowing steps:

HOArCH3 � −OArCH3 + H+ (22)

−OArCH3 + FeIII � •OArCH3 + FeII (23)

•OArCH3 � −OArCH2
• (24)

−OArCH2
•FeII ,O2

� −OArCH2OOFeIII (25)
he rate of 2,4,6-trimethylphenol disappearance. By a
gy to the oxidation of substituted toluene catalyzed
o(III) acetate, a reaction mechanism involving a rad
ation was proposed for the Fe-acetoxime complex
lyzed 2,4,6-trimethylphenol oxidation system. Based o
echanism, the activity increase with the acetoxime a

ion might be due to the increase in the dissociation ra
eIII [(ArCH3

•+)(CH3O−)] complex.
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