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The outcome of the solvent-free benzylation of phenol and 4-substituted phenols (such as 4-cresol and 4-
chlorophenol) under MW irradiation was found to depend on the absence or presence of the base (K2CO3)
and catalyst (triethylbenzylammonium chloride (TEBAC)). Reaction of benzyl halides at 80–120 �C in the
presence of K2CO3 and TEBAC resulted in O-alkylation in high (89–96%) chemoselectivities. In the absence
of TEBAC, the proportion of C-alkylation was considerable (16–34%). Omitting also K2CO3 from the reac-
tion mixture, C-alkylation became predominant. In the case of 4-tert-butylphenol, the presence of TEBAC
promoted C-alkylation. The selectivity of the alkylations can be fine-tuned by choosing the appropriate
conditions.

� 2008 Elsevier Ltd. All rights reserved.
Phase transfer (PT) catalysis1 and microwave (MW) techniques2

have become powerful tools in environmentally friendly (‘green’)
chemistry. It was a logical extension to combine PT catalysis and
the MW technique, and to date, many publications have disclosed
the advantages of MW assisted PT catalytic reactions.3

We found that the MW-promoted solid–liquid (S–L) phase PT
catalytic alkylation of active methylene-containing substrates can
also be carried out in the absence of any PT catalyst, in a solvent-
free manner.4 This also means that in certain C-alkylations the
onium salts can be replaced by MW irradiation. This is a ‘green’
modification of the reaction under discussion, as there is no need
of a catalyst or a solvent. The former typically forms a waste unless
it is bound to a solid support.

Evaluation of the role of PT catalysts in MW-assisted liquid–
liquid (L–L) or S–L phase reactions may bring further surprises.
We have studied the effect of catalysts on heterogeneous phase
O-alkylations carried out under MW conditions. The alkylation of
phenols was chosen as a model to be investigated.

Surveying the literature, alkyl halides were used mostly as the
alkylating agents and onium salts applied as the catalysts. Litera-
ture examples demonstrate that the rate of the PT catalytic alkyl-
ation of phenols can be synergistically enhanced by MW
irradiation. In a few instances, the reactions were carried out in
ll rights reserved.
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ich).
S–L phase using organic solvents and alkali hydroxides as the
base.5,6 Solvent-free alkylations in the presence of K2CO3 or
K2CO3/NaOH are also known.7,8 In one case, a sodium phenolate
formed the solid phase,9 while in another example a L–L phase
alkylation applying aq NaOH was described.10 In the latter two
cases, benzyl chloride was the reagent and toluene was the solvent.
It is noteworthy that a few O-alkylations were carried out in the
absence of a PT catalyst. This was possible when K2CO3 was used
in methanol,11 or in acetone.12 In the former case, in particular,
the slight solubility of the potassium salt in the solvent made the
alkylation possible. Another catalyst-free example is the combined
MW and ultrasound promoted L–L phase alkylation of phenols.13

The combination of the PT catalytic and MW techniques is
advantageous from the rate enhancement point of view, but no
other details, such as effect on the selectivity and yield have been
disclosed. In the above O-alkylations, the yields ranged between
52% and 99%, but comparison and even reproduction of the data
is rather difficult, as the early experiments were carried out in
domestic MW ovens, where detection of the exact temperature
was not possible. Moreover, the role of the PT catalysts in MW-
assisted O-alkylations has not yet been clarified.

In the present Letter, we evaluate the impact of the PT catalysts
on the course of the MW-assisted S–L phase benzylation of phe-
nols. The effect of the presence or absence of the onium salt on
the rate and especially on the selectivity, and also the role of the
base applied were studied.
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The alkylation of phenol and 4-substituted phenols with
1.2 equiv of benzyl bromide or benzyl chloride in the presence
(or in a few cases, in the absence) of 1.0 equiv of K2CO3 under
solvent-free conditions served as the model reaction. The benzyl-
ations were carried out in the range of 80–120 �C isothermally,
under MW irradiation in the presence of 0–5% of triethylbenzyl-
ammonium chloride (TEBAC)14 and the reactions were monitored
by GC and GC–MS.

Carrying out the alkylation of cresol with benzyl bromide at
100 �C without the use of K2CO3 and TEBAC, the reaction was reluc-
tant but selective with regard to C-alkylation, as mostly 2-benzyl-
cresol 3a was formed (Table 1, entry 1). In the presence of K2CO3 at
80 �C, 45% of the expected benzyl cresyl ether 2a, 27% of 2-benzyl-
cresol 3a,15 4% and 7% of doubly benzylated derivatives 4a16 and
5a,17 along with 17% of unreacted cresol were present in the reac-
tion mixture according to GC–MS (Table 1, entry 2). The composi-
tion did not change after 50 min. At 120 �C, the situation was
similar (55% of 2a and 27% of 3a were present), but no cresol
remained in the mixture (Table 1, entry 4). The experiment carried
out at 100 �C represented an intermediate case (Table 1, entry 3).
The addition of 5% of TEBAC to the reaction mixture resulted in a
dramatic change in favour of benzyl aryl ether 2a: 94% and 96%
of product 2a was formed after 45 min at 80 �C or 35 min at
100 �C, respectively (Table 1, entries 5 and 6). The isolated yield
of 2a18 was 86% after column chromatography. The reaction with
benzyl chloride led to rather similar results (Table 1, entries 7
and 8). It can be seen that the MW promoted, solvent-free, S–L
phase benzylation of cresol takes place chemoselectively only in
the absence of K2CO3 or in the case of the combined use of K2CO3

and a PT catalyst. In the latter instance, MW irradiation and the
presence of the onium salt result in a synergic effect. 2-Benzylcre-
sol 3a must be formed by aromatic electrophilic substitution, as
benzyl cresyl ether 2a cannot undergo rearrangement to 3a. This
was proved by separate experiments. It is, however, known that
alkenyl aryl ethers undergo the Claisen rearrangement at 180–
240 �C to furnish a 2-alkenylphenol.19–22

Control experiments carried out by traditional heating at 100 �C
for 45 min also revealed the effect of K2CO3 and a PT catalyst on the
chemoselectivity of the alkylation. In the absence of K2CO3 the
benzylation became C-selective, but the reaction was reluctant
(Table 2, entry 1). In the presence of K2CO3 and in the absence of
TEBAC, 52% of the O-alkylated product (2a) and 26% of the C-alkyl-
Table 1
The reaction of cresol with benzyl halides under MW irradiation

OH

Me

OBn

Me

+    BnX
1.2 eq.

TEBAC

2a

MW
T °C

no solvent
+

1a

K2CO3

Entry X K2CO3 (equiv) TEBAC (%) T (�C) t (min)

1 Br — — 100 35
2 Br 1 — 80 50
3 Br 1 — 100 40
4 Br 1 — 120 35
5 Br 1 5 80 45
6 Br 1 5 100 35
7 Cl 1 — 120 40
8 Cl 1 5 100 40

a Determined by GC–MS or GC.
b 3% others.
c Does not disappear on further irradiation.
ated species 3a were formed, while in the presence of 5% of the
catalyst, the relative quantities of 2a and 3a were 84% and 4%,
respectively (Table 2, entries 2 and 3). The cresol was not, however,
consumed on further heating. At room temperature, without the
use of TEBAC, the O-benzylation was significantly selective, but
the reaction was slow (Table 2, entry 4). For the above reasons,
thermal heating is not a good alternative to MW heating in the
PT catalyzed alkylation under discussion.

The directing role of the reaction components such as K2CO3 and
quaternary onium salt is noteworthy. It seemed to be interesting to
investigate if the chemoselectivity (O-alkylation versus C-alkyl-
ation) observed is of general value or not. For this, reactions were
carried out with additional model compounds, such as 4-chloro-
phenol (1b) and 4-tert-butylphenol (1c) without and with K2CO3

and TEBAC, using the conditions established for the alkylation of
cresol (1a) using benzyl bromide. Carrying out the alkylation of
1b with BnBr in the absence of K2CO3 and in the presence of
K2CO3 and 5% of TEBAC at 120 �C for 35 min, the proportion of the
O- (2) and C-alkylated (3) products was 0/43 and 96/0, respectively
(Table 3, entries 1 and 3). Repeating the latter benzylation in the ab-
sence of TEBAC, the above ratio was 73/14 (Table 3, entry 2). It was
found that the benzylation of 4-tert-butylphenol at 120 �C in the
absence of K2CO3 yielded only C-alkylated products 3c and 5c
(44% combined) (Table 3, entry 4). In the presence of K2CO3, the
ratio of 2c and 3c was 59:20 (Table 3, entry 5). It is noteworthy that
the use of TEBAC resulted in an even slower reaction (only a 71%
conversion and selective formation of the C-benzylated products
(3c and 5c, 62% combined) (Table 3, entry 6). In all the three cases,
the reaction was reluctant to proceed. The increased proportion of
the C-alkylated product (3a) is due to the tert-butyl group activat-
ing the phenyl ring to aromatic electrophilic substitution. With
the lack of a suitably acidic hydroxy group in 4-tert-butylphenol,
formation of the potassium salt is suppressed and as a consequence
of the lipophilicity due to the tert-butyl group on the aromatic ring,
the salt formed and anchored on the surface of K2CO3 can enter the
organic phase without the assistance of the phase transfer catalyst.
Moreover, the presence of TEBAC in the organic phase prevents the
transfer of the phenolate from the surface of K2CO3 as the onium
salt content may result in decreased solubity.

Finally, the S–L phase benzylation of phenol was investigated.
Three products, benzyl phenyl ether (7) along with 4- and 2-
benzylphenol (8 and 9, respectively) may be formed as a result
OH

Me

3a

+

OBn

Me

4a

+

OH

Me

5a

Bn Bn Bn

Bn

1aa (%) 2aa (%) 3aa (%) 4aa (%) 5aa (%)

58 0 32 0 7 b

17c 45 27 4 7
9c 52 27 6 6
0 55 27 9 9
0 94 0 6 0
0 96 0 4 0

17c 53 22 4 4
0 91 4 5 0



Table 3
The reaction of 4-substituted phenols with benzyl bromide under MW irradiation

OH

Y

OBn

Y

+    BnBr
1.2 eq.

2

MW
120 °C

no solvent
+

OH

Y

3

+

OBn

Y

4

+

OH

Y

5

Bn Bn

1

K2CO3
Bn

Bn

TEBAC

Entry Y K2CO3 (equiv) TEBAC (%) t (min) 1a (%) 2a (%) 3a (%) 4a (%) 5a (%)

1 Cl (b) — — 35 46 0 43 0 11
2 Cl (b) 1 — 35 0 73b 14c 10d 3e

3 Cl (b) 1 5 35 0 96 0 4 0
4 tBu (c) — — 60 56 0 37 0 7
5 tBu (c) 1 — 60 11f 59g 20h 6i 4j

6 tBu (c) 1 5 60 29f 0 48 0 14 k

a Determined by GC–MS or GC.
b For the 35Cl isotope, M+ = 218.
c For the 35Cl isotope, M+ = 218.
d For the 35Cl isotope, M+ = 308.
e For the 35Cl isotope, M+ = 308.
f Does not disappear on further irradiation.
g M+ = 240.
h M+ = 240.
i M+ = 330.
j M+ = 330.
k 9% others.

Table 2
The alkylation of cresol with benzyl bromide under thermal conditions

2a   + 3a  +  4a  +  5a
1.2 eq.

1a  +    BnBr

TEBAC

Δ
T ˚C

no solvent

K2CO3

Entry K2CO3 (equiv) TEBAC (%) T (�C) t 1aa (%) 2aa (%) 3aa (%) 4aa (%) 5aa (%)

1 — — 100 45 min 78 1 16 b

2 1 — 100 60 min 10c 52 26 6 6
3 1 5 100 60 min 8c 84 4 4 0
4 1 — 26 2.5 days 0 91 2 7 0

a Determined by GC.
b 5% others.
c Does not disappear on further heating.
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of monobenzylation. Benzylphenyl benzyl ethers 10 and 11, as
well as dibenzylphenols 12 and 13 are the products of dibenzy-
lation. Applying benzyl bromide at 100 �C, a complex mixture
consisting of benzyl phenyl ether 7 (69%), benzylphenol 8
(13%—on this occasion benzylphenol 9 was not formed), as well
as benzylphenyl benzyl ethers 10 and 11 (9% combined) and dib-
enzylphenols 12 and 13 (3% combined) were present in the mix-
ture along with 6% of unreacted phenol (Table 4, entry 1). The
selectivity regarding O-alkylation was increased from 69% to
89% in the presence of 5% of TEBAC. In this case, the relative
quantities of 7, 8 + 9 and 10 + 11 were 89%, 4% and 7%, respec-
tively. No compounds 12 and 13 could be detected in the mix-
ture (Table 4, entry 2). At 120 �C, the O-selectivity was
decreased to 65% (Table 4, entry 3). Using benzyl chloride, the
results were quite similar to those obtained with benzyl bromide
(Table 4, entry 4 vs. entry 1, and entry 5 vs. entry 2). Omitting
both the catalyst and the base from the reaction mixture led
to pronounced C-selectivity. Products 8 and 9 represented 23%
and 21% in the reaction mixture (Table 4, entry 6).
To the best of our knowledge, the formation of C-alkylated
products in the uncatalyzed benzylation of phenol, 4-cresol and
4-chlorophenol has never been described. The aromatic ring of
these phenol derivatives is not reactive enough below or around
100 �C towards electrophilic alkyl halides in the absence of a
catalyst.23 Under solventless conditions, this problem can be
partially overcome, as shown by the 16–39% relative quantities
of the C-alkylated products.

In summary, the effect of K2CO3 and TEBAC is similar in the
MW-promoted solvent-free S–L phase benzylation of cresol and
4-chlorophenol. The absence or presence of the base and the PT
catalyst play a crucial role, and the outcome of the reactions
regarding O- and C-selectivity can be fine-tuned by choosing the
appropriate reaction conditions. Regarding the benzylation of phe-
nol, the situation is quite similar. The pronounced O-selectivity is a
consequence of the synergic effect of the PT catalyst and MW irra-
diation. At the same time, the benzylation of 4-tert-butylphenol
represents a quite different case due to the effect of the tert-butyl
group.



Table 4
The reaction of phenol with benzyl halides under MW irradiation

OH OBn

1.2 eq.

7

MW
T °C

+

OH

9

+

OH

12

+

OH

13

Bn Bn

Bn

TEBAC

 BnX+

OH

8

+

Bn

OBn

10
Bn

+

Bn Bn

OBn

11

Bn
+

6

K2CO3

no solvent

Entry X K2CO3 (equiv) TEBAC (%) T (�C) t (min) 6a (%) 7a (%) 8a (%) 9a (%) 10a (%) 11a (%) 12a (%) 13a (%)

1 Br 1 — 100 40 6b 69c 13 0 5 4 2 1
2 Br 1 5 100 40 0 89 3 1 2 5 0 0
3 Br 1 5 120 35 0 65 10d 10e 4f 1g 7h 3i

4 Cl 1 — 100 45 3b 77 15 0 3 2 0 0
5 Cl 1 5 100 40 0 91 0 0 5 4 0 0
6 Br — — 120 30 40 0 23 21 0 0 4 12

a Determined by GC–MS or GC.
b Does not disappear on further irradiation.
c M+ = 184.
d M+ = 184.
e M+ = 184.
f M+ = 274.
g M+ = 274.
h M+ = 274.
i M+ = 274.
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