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Abstract

Alkylation reaction of phenol withert-butyl alcohol (TBA) catalyzed by S{i-functionalized ionic liquids has been investigated. The
influences of different ionic liquids, reaction time, reaction temperature, reactant ratio (mole ratio of phenol to that of TBA), the amount and
the recycle of ionic liquid were studied. The conversion of phenol and the selectivity of 2,4-DTBP were 80.4 and 60.2%, respectively, under
optimum reaction condition. At the same time, the reaction mechanism was discussed based on the distribution of products.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction in moderately acidic media. When strongly acidic catalysts
are used, 2,4-diert-butylpheol (2,4-DTBP) is a dominant
Alkylation reaction of phenol withtert-butyl alcohol product; o- and p-isomers formed initially are isomerized

(TBA) is an important reaction both in organic synthesis to mTBP at high temperatures or in strongly acid media.
and chemical manufacturing. The alkylated phenol products At the same time, small amounts of 2,6tdit-butylphenol
are used as raw materials for the manufacture of a variety(2,6-DTBP), 2,4,6-tritert-butylphenol (2,4,6-TTBP) and 4-
of resins, durable surface coatings, varnishes, wire enam-(2,2,4-trimethylpenthyl)-phenol are also formed. Catalysts
els, printing inks, surface-active agents, rubber chemicals,used for this reaction include Lewis acids, such as AICI
antioxidants, fungicides, petroleum additives, ultraviolet ab- and BF; [6], Bransted acids, such aglPiO,, HoSOy, HF,
sorbers, and heat stabilizers for polymeric materfiais5]. HCIOq4 [7], cation-exchange res|B], mesoporous materials
Investigation of both homogeneous and heterogeneous catafl], zeoliteq2,3], molecular sievefs], and also supercritical
lysts for this typical Friedel-Crafts alkylation reaction results and near-supercritical watgf]. Liquid acid catalysts cause
in different selectivity and activities based mainly on the acid- equipment corrosion and environmental pollution while solid
ity of the catalysts used. Weak acid catalysts mainly lead to acids deactivate rapidly due to the build-up of coke. Al-
an etherified product (phenyl alkyl eth&BPE). The pres-  though cation-exchange resins show a good performance,
ence of phenolic (—OH) group kinetically favarsalkylation thermal stability and fouling of the resins are also major
(o-isomer, e.g.0-TBP); however, due to steric hindrance problems.
thermodynamically unfavoureatisomer 0-TBP) is readily lonic liquid is a new class of solvent entirely composed
isomerized into less hindergeisomer p-TBP), especially of ions. Their use as an environmentally benign alternative
for conventional solvents has received much atterjled5].
* Corresponding author. Tel.: +86 413 6650364; fax: +86 413 6650866. Recently, advancement in the field of ionic liquids research
E-mail addresszIsun62@hotmail.com (Z. Sun). provides another route for achieving task-specific ionic lig-
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Fig. 1. The Bbnsted acidic ionic liquids used in this study.

uids in which a functional group is covalently tethered to
the cation or anion of the ionic liquid, especially to the two N
atoms in the imidazole ringg. 6—18] When an alkane sulfonic
acid groupis covalently tethered to the IL cation, the IL would
be a strong Binsted acid19]. These S@H-functionalized
ionic liquids have exhibited great potential in replacement
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2.2. Preparation of ionic liquids

The SQH-functionalized ionic liquids -1V were syn-
thesized according to literatuif@9,22] 1-Ethylimidazole,
1-butylimidazole and 1-hexylimidazole were prepared from
imidazole and halogenated hydrocarbon in ethanol using
slightly excess of sodium as a sacrificial reagent according to
literature[25].

2.2.1. Preparation of 1-alkyl-3-(butyl-4-sulfonate)
imidazolium betainegl9,22]

N-Alkylimidazole (10 mmol) is stirred solvent free with
1,4-butanesultone (10 mmol) at room temperature for 4 days.
After solidification of the mass, it was washed three times
with ethyl ether and dried under high vacuum (yield of
1-methyl-3-(butyl-4-sulfonate) imidazolium betaine: 2.1g,
96.2%).

2.2.2. Preparation of SgH-functionalized ionic liquids

of conventional homogenous and heterogeneous acidic cata[19 22]
lysts because they are fluxible, nonvolatile, noncorrosive and A stoichiometric amount of concentrated sulphuric acid

immiscible with many organic solveng0-22]

Shen et al. have reported that 1-butyl-3-methylimida-
zoliumhexafluorophosphate ([omim]pEan catalyze alkly-
ation of phenol with TBA with high conversion and selectivity
towards 2,4-DTBH23]. However, the acidity of [bmim]P4
for its pronounced effect on the selectivity may be attributed
to HF produced as a result of PFdecompositiorf24]. In

was added dropwise to 1-alkyl-3-(butyl-4-sulfonate) imida-
zolium obtained and stirred for 4h at 353K to form the
ionic liquid. The IL phase was then washed repeatedly with
toluene and ethyl ether to remove nonionic residues, and
dried in vacuum (393 K, 0.01 Torr). The product was formed
guantitatively and in high purity as assessed by NMR spec-
troscopy (Varian Mercury-plus 300BB instruments). Spectro-

this case, issues like safety and corrosion should be taken intoScopic data for ionic liquid I*H NMR (300 MHz, DMSO-
account and additional efforts and costs should also be con-; TMS); 5 1.526 (m, 2H) 1828 (m, 2H), 2 554 (t, 2H

sidered to avoid the liberation of toxic and corrosive HF into

J=7.8Hz), 3.820 (s, 3H), 4.125 (t, 2H= 6.9 Hz), 7.697 (s,

the environment. Meanwhile, the recycle of the ionic liquid 1H), 7.753 (s, 1H), 9.157 (s, 1H), 11.543 (bs, 2HC NMR
is not discussed. Therefore, further investigation is necessary(75iv”;|z DM,SO-(,j; .TMS)',S 2214 29 14. 36.36. 49.06

to elucidate the merits of using ionic liquid as catalyst for this
alkylation.

In this paper, we first report an efficient and environmen-
tally benign alkylation reaction of phenol with TBA using
SOsH-functionalized ionic liquids Fig. 1) as a substitute

51.08, 122.97, 124.28, 137.33. Positive-ion FABMSZ
ZAB-HS instrument): 57.0, 137.1, 184.9, 218.9, 437.0. The
thermal decomposition point of ionic liquid | was determined
by TGA (Perkin-Elmer TGA Pyrislinstrument, 10 K mih
heating rate under nitrogen) to be 600.2 K.

for conventional homogenous and heterogeneous acidic cata- lonic liquid II: 'H NMR (300 MHz, DMSO-@, TMS);
lysts. The influences of different ionic liquids, reaction time, 5 1.379 (t, 3H J':7 5Hz), 1.530 (M ,2H) 1 866 m 2|’_|)
reaction temperature, reactant ratio (mole ratio of phenol to 5 s 4 (t 2'H,J=’7 5 Hz) 4168 (m 4I-i) 7764 (s, 1H) 7790

that of TBA), the amount and the recycle of ionic liquid were

(s, 1H), 8.616 (bs, 2H), 9.229 (s, 1HFC NMR (75 MHz,

investigated. The present work revealed that alkylation reac- pMso-gs TMS);5 15.71, 22.15, 29.10, 44.86, 49.12, 51.06

tion of phenol with TBA could be accomplished with high
yield and good selectivity via the use of those ionic liquids
as catalysts.

2. Experimental
2.1. Materials and reagents

All solvents and chemicals in the experiment were com-
mercially available and used without further purification un-
less otherwise stateN-Methylimidazole and 1,4-butane sul-
tone were purchased from Aldrich.

122.81, 123.10, 136.49.
lonic liquid 111: *H NMR (300 MHz, DMSO-@, TMS); 8
0.852 (t, 3HJ=7.2 Hz), 1.211 (m, 2H), 1.528 (m, 2H), 1.738

(m, 2H), 1.864 (m, 2H), 2.577 (t, 2H,=7.5Hz), 4.155 (m,
4H), 7.782 (s, 2H), 7.950 (bs, 2H), 9.239 (s, 1HC NMR
(75MHz, DMSO-@, TMS); 8 13.94, 19.45, 22.15, 29.10,
31.95, 49.15, 51.06, 123.13, 136.73.

lonic liquid IV: *H NMR (300 MHz, DMSO-@, TMS); 8
0.808 (t, 3H,J=6.6 Hz), 1.216 (m, 6H), 1.530 (m, 2H), 1.748
(m, 2H), 1,863 (m, 2H), 2.561 (t, 2H,=7.5Hz), 4.150 (m,
4H), 7.782 (s, 2H), 8.140 (bs, 2H), 9.239(s, 1HC NMR
(75MHz, DMSO-@¢, TMS); 8 14.49, 22.12, 22.52, 25.80,
29.13, 29.94, 31.17, 49.15, 49.49, 51.04, 123.15, 136.76.
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2.3. Catalytic experiment _\.. ——

The catalytic experiments were carried outina20mlau- €7 % EE:E:?% :f EE_EDEBP
toclave with a glass tube inside equipped with magnetic stir- g 0 \.\. —#— Selecivly of 2,6-DTBP
ring at autogeneous pressure. A typical batch consisted of § _°“'\°~'—°\-%.‘.\_ .
10 mmol of phenol, 6 mmol of TBA, and 3 mmol of ionic lig- 3 40+ e "
uid. The temperature was maintained at 343K and the speedgs 1, _/.—-/"" v
of stirring was 600 rpm. Qualitative and quantitative anal- £ *° A [ y—vy—v—""Y"—"7"— ' = 4
yses were conducted with a PE Q-Mass 910GC/MS and a § , ] X_’& A A A A A A A—A—A—A
SP-3400 GC-FID detector equipped with a capillary column. 5 iN.4
The concentration of reactant and product was directly given ~ 1o _'Y
by the system of GC chemstation according to the area of j‘ R N ~
chromatograph peak. P 0 30700 %0 180150180 210 240 270 300 930 360 250 420 430 450 510 540

Time (min)

3. Results and discussion Fig. 2. Phenol conversion and product selectivity vs. reaction time. Condi-

tion: phenol: TBA:ionic liquid 1V (10:6:3) mole ratio; 343 K.

3.1. Effect of different ionic liquids version of phenol increased (<15 min), a large decrease in the

) ] ] yield of o-TBP andp-TBP was observed, and 2,4-DTBP and

The experiments were carried out at a molar ratio of phe- 5 5 pTEP were produced in order. In the all stages of the reac-
nol/TBA = 1/0.6 for two reasons: (i) to avoid the formatl_on of tion not-BPE was produced; indicating C-alkylated products
large amounts of secondary products, such as the oligomergyere not formed through theBPE rearrangement reaction
of isobutene, and (ii) to diminish the influence of the water . hydrolysig26]. t-BPE was produced when CGhas used
formed by the dehydration eért-butanol in situ. Atthe same 54 3 solvent for this reaction and the O-alkylation was simply
time, the excess of phenol is small enough to have a crucialgpyressed by a slight increase in the reaction temperature
influence on the alkylation reactid@6]. The influence of  fom 30 to 45°C [23,29] Fig. 2 also shows clearly that the

different ion_ic liquids on the catalytic _activity in alkylation catalyst activity and the selectivity of 2,4-DTBP reach an
of phenol with TBA as observed was illustratedTiable 1 equilibrium level after 8h. Therefore, all the experimental

It could be seen that alkylation of phenol with TBA in these  jata were obtained within the initial 8 h of the reaction. lonic

ionic liquids gave a mixture a-TBP,p-TBP, 2,6-DTBP and  |iqig can be entirely miscible with reactants and the reaction
2,4-DTBP. Not-BPE orm-TBP were produced even at high sy 3 homogeneous phase. The total mole of the reaction sys-

phenol conversion. Atthe same time, no products ofisobuteneyem and the concentration of catalyst do not change (1 mol of
oligomerization were detected by GC-MS, which might be \\ater needs 1 mol of TBA). So the equilibrium can be seen,
ascribed to the lower reaction temperature in this kind of ionic ;, agreement with the observations of Shen ef24].

liquids[27]. The conversion from ionic liquid IV as catalyst

(entry 4) was slight better than that from other ionic liquids 3.3. Effect of reaction temperature

(entries 1-3), which indicated that the length of the side chain

of the cation had little impact on the catalytic performance  The effect of temperature change on the conversion of

[28]. phenol was studied in the range of 313-353 K. As could be
seen fromFig. 3, the conversion of phenol increased with
3.2. Effect of reaction time an increase in temperature from 313 to 343 K. In contrast,

at reaction temperatures above 343K, little increase in phe-
Fig. 2 shows the activity and product selectivity of ionic nol conversion was observed. Therefore, the suitable reaction
liquid IV as a function of reaction time for alkylation of phe- temperature range was inferred to be from 313 to 343 K. As
nol with TBA at 343 K with a molar ratio of phenol to TBA  the temperature was raised from 313 to 343K, a decrease in
of 10:6 (based on phenol). In the early stages of the reactionthe selectivity for theo-TBP and 2,6-DTBP was observed.

(<5min), the products were-TBP andp-TBP. As the con- Interestingly, an increase in the selectivity for 2,4-DTBP and
Table 1

Alkylation of phenol with TBA in different ionic liquid$

Entry ILs Conversion of phenol Selectivity of TBP Selectivity ofp-TBP Selectivity of 2,4-DTBP Selectivity of 2,6-DTBP

1 | 36.5 40.2 28.1 29.5 2.2

2 1] 37.7 41.4 25.0 31.9 14

3 1] 37.9 42.6 24.3 31.6 1.4

4 v 39.2 44.2 21.8 325 15

@ Reaction condition: 343 K, phenol/TBA/ILs 10:6:3 mol/mol/mol, 6 h.
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Fig. 3. Phenol conversion and product selectivity vs. reaction temperature.
Condition: phenol: TBA:ionic liquid 1V (10:6:3) mole ratio; 8 h.

p-TBP was observed. This result could be attributed to the
transformation 0b-TBP intop-TBP under relative high tem-
peraturg24]. Considering the phenol conversion and product
distribution, the optimum reaction temperature was inferred
to be 343 K. At this temperature, the selectivity for 2,4-DTBP
was the highest at high phenol conversions.

3.4. Effect of the reactant ratio

A series of reactions were carried out to establish the ef-
fect of reactant ratio on the conversion and selectivity under
exactly the same conditions (at 343 K for 8h using 3 mmol
of ionic liquid per 10 mmol phenol) except using variable
amounts of TBA (6, 10, 20, 30 and 40 mmol) while keeping

the amount of phenol constant at 10 mmol. The results are

shown inFig. 4. It was observed that as the amount of TBA
increases, the conversion of phenol and selectivity for 2,4-

70
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DTBP passed through a maximum, while the selectivity for
o-TBP andp-TBP passed through a minimum. This might
be due to the dilution of the catalyst concentration by TBA.
Theo-TBP ando-TBP were formed especially in moderately
acidic media, while 2,4-DTBP was formed when strongly
acidic catalyst was usd@4]. The maximum phenol conver-
sion and the highest selectivity for 2,4-DTBP were observed
when the mole ratio of phenol: TBA was 1:2. Therefore, all
further experiments were carried out with the mole ratio of
phenol to TBA being 1:2, i.e. 20 mmol TBA per 10 mmol
phenol.

3.5. Effect of the amount of ionic liquid

The effect of the amount of ionic liquid on the reaction
was studied by varying the quantity of ionic liquid (3, 5, 10,
15 and 20 mmol/10 mmol phenol). The reactions were carried
out under similar reaction conditions as described previously.
As shown inFig. 5, it was observed that with an increase in
the proportion of ionic liquid, the conversion of phenol in-
crease and the selectivity for 2,4-DTBP passed through a
maximum and then decreased as the dosage of ionic liquid
was increased. At the same time, the selectivitydarBP
and p-TBP was decreased. When the amount of ionic lig-
uid was 20 mmol, 2,4,6-TTBP (ca. 10%) was produced. This
was attributed to the increase of acidity in reaction system,
which could change the distribution of products. The highest
conversion of phenol and the best selectivity for 2,4-DTBP
were obtained when the amount of ionic liquid used was
15 mmol/10 mmol phenol.

3.6. Recycle of ionic liquid

In order to examine the regenerability of the ionic liquid,
the ionic liquid was extracted bg-hexane (2 3ml) and
vacuumized for 4 h at 393 K for another cycle. The ionic lig-
uid was assessed Bid NMR spectroscopy and no traces of
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Fig. 5. Phenol conversion and product selectivity vs. amount of ionic liquid.
Condition: 343 K, 8 h, 10 mmol phenol, phenol: TBA mole ratio,1:2.
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Table 2

Recycling of ionic liquid IV in the alkylation of phenol with TBA

Run Conversion of phenol Selectivity of TBP Selectivity ofp-TBP Selectivity of 2,4-DTBP Selectivity of 2,6-DTBP
1 80.3 25.8 9.0 60.2 5.1

2 79.9 247 8.9 60.8 55

3 79.0 25.1 9.4 59.9 5.7

4 79.5 25.4 9.7 59.1 5.8

a Reaction condition: 343 K, phenol/TBA/ILs 10:20:15 mol/mol/mol, 8 h.
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