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One-pot Synthesis of Phenols by Hydroxylation of Aromatics with Hydroxylamine
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In this study, a new approach for one-pot synthesis of
phenols is presented, i.e., benzene, ethylbenzene, and xylene
were hydroxylated with hydroxylamine to give the correspond-
ing phenols in good yield using molybdenum as a key catalyst.

Hydroxyaromatics including phenol, cresol, ethylphenol,
and xylenol are valuable intermediates for the production of
phenolic resins, plastics, pharmaceuticals, etc. These phenols
were originally extracted from coal tar and other natural sources.
To this day, several synthetic routes have been developed, such
as sulfonation or chlorination of the benzene ring, and the well-
known cumene/cymene process.! However, these processes
suffer from some drawbacks such as multistep procedures and
harsh reaction conditions. Vapor-phase alkylation of phenol is
another way to produce cresols, ethylphenol, or xylenol.?
Additionally, synthesis of xylenol has been achieved by reaction
of methanol and cyclohexanone.? The processes, however, use
relatively expensive starting materials and require high capital
costs for separation of products.

Fortunately, direct hydroxylation of aromatics has been
realized in recent years. It has attracted considerable attention for
its potential economic advantage and eco-efficiency.* Currently
there are several approaches, involving catalytic oxidation of
aromatics employing N,0,° 0,° and H,0,’ as oxidant.
Recently, it was reported that cresols can be formed as by-
products in the reaction of direct amination of toluene with
hydroxylamine.® In our previous work,’ cresols were success-
fully synthesized as the main product from toluene and
hydroxylamine catalyzed by (NH4)s[M070,4]+-4H,0.

Here, a question came to our mind. Could other aromatics
be hydroxylated with hydroxylamine to give the corresponding
phenols? Therefore, a variety of aromatics including benzene,
ethylbenzene and xylene, were examined by using molybdenum
(Mo) catalyst in this work. A schematic representation of the
one-pot reaction is given in Scheme 1.

Analytical grade (NH4)s[M070,4]-4H,0O and Nay[MoOg]-
2H,0 were obtained commercially and tested as homogeneous
catalysts. Supported Mo oxide catalyst was prepared by
impregnation,'® and the reactions were carried out separately
in open air and in closed systems.!!

Initially, the reaction between ethylbenzene and hydroxyl-
amine sulfate was selected as a model reaction for optimizing

R? R?

Mo catalyst , 70-90 °C Rl
OH

Rl@ + NH,0H >
H,0-HOAc¢-H,SO4 medium
Scheme 1. Schematic representation of the one-pot reaction.

(R'=H, CH3, C,Hs; R?>=H, CHs)
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the reaction conditions in an open air system. First, several
acidic solvents were tried for hydroxylation of ethylbenzene. As
shown in Table 1, incorporation of water into HOAc-H,SOy4
acidic medium is favorable to the hydroxylation. And H,O-
HOAc-H,SO4 medium with a volume ratio of 4:10:1 provides
high yield of ethylphenol.

Table 2 shows the influence of reaction temperatures and
time on the hydroxylation. The yield of ethylphenol increases
first, passing through a maximum at 80 °C, and then decreases.
Among the reaction times, ethylphenol yield can be improved
by having longer reaction times. However, ethylphenol yield
increases slightly as the time exceeded 4h. Hence, the ideal
reaction temperature and time are 80 °C and 4 h, respectively.

Next, various amounts of (NHy)s[M070,4]-4H,0 catalyst
and hydroxylamine were screened, and the results are summa-

Table 1. Effect of reaction medium on ethylbenzene hydrox-
ylation®

Product selectivity/%
Solvent (mL:mL:mL) X roduct selectivity/%

/%" Ethylphenols® Others?
HOAc-H,S0, (12:3) 36 4 (2:1:1)[1] 96
H,0-HOAc-H,S0,4 (2:10:3) 14 34 (4:21:9) [5] 66
H,0-HOAc-H,S0,4 (3:10:2) 12 60 (12:29:19) [7] 40
H,0-HOAc-H,S0, (4:10:1) 13 68 (19:35:14) [9] 32
H,0-HOAc-H;PO, (4:10:1) 10 69 (16:40:13) [7] 31
H,0-HCOOH-H,50, 10 77 (18:37:22) [8] 23

(4:10:1)

#Reaction conditions: 0.25g (NHy)s[M070,4]-4H,0 catalyst,
10 mmol (NH,OH),-H,SO,4, 20mmol ethylbenzene, 15mL
medium, 85°C, 4h. bEthylbenzene conversion. “Numbers in
parenthesis and blanket show the ratio of o-, p-, and m-
ethylphenol and the yield of ethylphenol, respectively. ‘Ethyl-
anilines.

Table 2. Effect of temperature and time on ethylbenzene
hydroxylation®

Temperature Time Xg Product selectivity/%

/°C /b /% Ethylphenols Ethylanilines
70 4 8 54(1821:15) [4] 46
80 4 13 74 (20:35:19) [10] 26
85 4 13 68 (19:35:14) [9] 32
90 4 13 60 (22:23:15) [8] 40
80 110 50 (14:25:11) [5] 50
80 2 11 68 (18:33:17) [7] 3
80 31270 (20:34:16) [8] 30
80 6 14 77 (21:3521)[11] 23

#Reaction conditions: 0.25g (NH4)s[M070,4]-4H,0 catalyst,
10mmol (NH,OH),-H,SO,4, 20 mmol ethylbenzene, 15mL
H,0-HOACc-H,SO4 medium (volume ratio is 4:10:1).
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Table 3. Effect of the amount of hydroxylamine and catalyst
on ethylbenzene hydroxylation®

Hydroxylamine Catalyst Xg Product selectivity/%

sulfate/g /g /% Ethylphenols Ethylaniline
1.6 0.10 10 59 (11:37:11) [6] 41
1.64 025 13 74 (2035:19)[10] 26
1.64 055 14 83 (24:3425)[12] 17
1.64 100 9 91 (24:33:34) [8] 9
0.88 025 4 76 (20:228:28) [3] 24
3.25 0.25 31 75 (20:38:17) [23] 25
4.89 025 40 80 (24:36:20)[32] 20
1.40b 025 6 68 (16:39:13) [4] 3
1.64 0.50° 15 83 (22:35:26) [13] 17
1.64 0200 8 59 (11:38:10) [3] 41
1.64 025  19° 71 21:34:16) [14] 29

#Reaction conditions: (NHg)s[M070,4]-4H,0 catalyst, 15mL
H,0-HOAc-H,SO,4 medium (volume ratio is 4:10:1), 80°C,
4h. "NH,OH-HCI. ®°Na,[M00,]-2H,0 catalyst. 15% MoO;/
Al,O5 catalyst. In closed system.

rized in Table 3. With increasing catalyst dosage, the selectivity
for ethylphenol increases steadily, whereas the conversion of
ethylbenzene increases first and then decreases. Better results
can be achieved at 0.25-0.55 g of catalyst. For the influence of
hydroxylamine, ethylphenol yield can be strongly improved by
increasing hydroxylamine dose. When 4.89 g of hydroxylamine
sulfate is added, ethylphenol yield increases up to 32% with
ethylbenzene conversion of 40%. In addition, hydroxylamine
hydrochloride was being substituted for hydroxylamine sulfate
in the present hydroxylation, and ethylphenol was also synthe-
sized with good selectivity. However, the conversion of ethyl-
benzene was only 6%. Hence hydroxylamine sulfate was chosen
for the rest of the experiments.

Furthermore, Na;[MoOy4]-2H,0 and supported catalysts
15% MoO;/Al,0; were tested for the hydroxylation. As shown
in Table 3, these Mo catalysts also exhibit good activity. It
means that the supported Mo oxide catalyst and dissolved Mo
species are equally effective, and the real active component may
be Mo species in the hydroxylation. To see the effect of the
absence of air, ethylbenzene hydroxylation was carried out in a
closed autoclave. Interestingly, ethylphenol yield was 14%,
which is higher than those (10%) in open air under the same
reaction conditions.

On the basis of the above results, benzene and xylene
isomers were examined in a closed system. Table 4 gives the
results. Benzene can also be hydroxylated with hydroxylamine
to give phenol, with the selectivity to phenol around 55%. In the
hydroxylation of xylene isomers, altogether six dimethylphenols
were obtained with good selectivity, corresponding to 2,3-
dimethylphenol, 2,4-dimethylphenol, 2,5-dimethylphenol, 2,6-
dimethylphenol, 3,4-dimethylphenol, and 3,5-dimethylphenol.
For o-xylene or m-xylene hydroxylation, the total selectivity of
dimethylphenols is around 80%.

It is not clear but we believe the reaction mechanisms of the
hydroxylations may be related to a radical mechanism. Take
ethylbenzene hydroxylation for example, the hydroxylation
gives a non-regiospecific mixture of o-, p-, and m-ethylphenols
as shown in Tables 1-3. This result is similar to former studies
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Table 4. Hydroxylation of various aromatic compounds®

X Product selectivity/%

Aromatics
C

1%" Phenol derivatives Anilines

OH NH,

© > ©55 <545

C CH3

Hs
o CHs CHy CH;
3
16 @:CH;
OH NH,
23 ©

Ho 59 Toqge
CH; CHj CH; CH3
CH3
o 18 CH3 '—CH3  OH- CH3 —CHj3
’ o 58 10 9 NHz 3
CHj3 CHj3 CHj
OH NH,
17
CH; CH; 70 CHs 304

#Reaction conditions: In closed system, 0.25g (NHy4)s[Mo7-
0,4]-4H,0 catalyst, 10mmol (NH,OH),-H,SO,4, 20 mmol
aromatic compounds, 15mL H,O-HOAc-H,SO4 medium
(volume ratio is 4:10:1), 80°C (70°C for benzene hydrox-
ylation), 4h. "The conversion of aromatics. ®Aniline deriva-
tives. YBesides dimethylaniline, trace amounts of tetramethyl-
biphenyl was also produced as by-products.

of toluene hydroxylation.” If ethylbenzene hydroxylation pro-
gressed by an electrophilic mechanism, then o- and p-ethyl-
phenols would be predominant in the products. The unselective
product formation indicates the present hydroxylation may
occur through a radical mechanism. Further studies are now in
progress.

In conclusion, a new approach for one-pot synthesis of
phenol derivatives was described in this work. Benzene,
ethylbenzene, and xylene were hydroxylated with hydroxyl-
amine to give the corresponding phenols by using molybdenum
as a key catalyst.
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The supported 15%Mo0O3/Al,05 catalyst was prepared by
wet impregnation as follows: 5 g of activated Al,Os carrier
was calcined in air at 400°C for 4h. Then 1.08g of
(NH4)6[M070,4]-4H,0 was dissolved in S5mL of distilled
water to form a solution. The solution was added to the
above Al,Oj; carrier while being stirred. Afterwards, it was
dried at 25°C for 12h and 100°C for 2h, and finally
calcined at 400 °C for 3 h in air.

For the reaction in open air: a certain amount of catalyst,
hydroxylamine salts, and acid solvents were loaded into a
three-necked flask. After stirring for about 20 min at 30 °C,
aromatics were poured into the reactor, and the reaction
mixture was heated to 80°C under intensive agitation and
reflux in air. After about 4 h, the reaction was stopped. The
resulting mixture was cooled, neutralized with a solution of
30% NaOH, and the obtained organic phase was extracted
with ether. The products were analyzed with a SP-3420 gas
chromatography using a PEG-20M capillary column. For
reaction in closed systems, the reaction was carried out in a
Teflon-lined stainless steel autoclave. The same procedure
was used as mentioned above.
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