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Various 1,3-dicarbonyl compounds reacted readily with benzylic and propargylic alcohols in the presence
of 10 mol % of phosphomolybdic acid supported on silica gel (PMA/SiO2) under mild reaction conditions
to produce 2-benzylic- and 2-propargylic-1,3-dicarbonyl compounds in excellent yields and with high
selectivity.

� 2008 Elsevier Ltd. All rights reserved.
The alkylation of 1,3-dicarbonyl compounds is a useful transfor-
mation involving C–C bond formation. In principle, direct nucleo-
philic substitution of the hydroxy group in alcohols with
nucleophiles generally requires preactivation of the alcohol
because of its poor leaving ability.1 Consequently, hydroxyl groups
are generally transformed into the corresponding halides, carbox-
ylates, carbonates, phosphonates or related compounds.2 However,
such processes inevitably produce stoichiometric amounts of salt
waste, and also substitution with halides requires a stoichiometric
amount of base which limits their use in scale-up. In most cases,
either a high reaction temperature or a promoter is required to
enhance the leaving ability of the hydroxyl group. Subsequently,
transition-metal based reagents such as palladium in the presence
of a base or acid and stoichiometric amounts of cobalt salts have
been reported for the direct nucleophilic substitution of unmodi-
fied alcohols.3 Most of these methods worked well only with allylic
alcohols but not with benzylic alcohols. Recently, acid catalysts
such as BF3�OEt2, InCl3, Bi(OTf)3, Yb(OTf)3, FeCl3 and H-montmoril-
lonite have been employed to perform nucleophilic substitution of
benzylic alcohols with active methylene compounds.4,5 However,
the use of high temperatures, extended reaction times and harsh
conditions in many of the above-mentioned methods limit their
practical utility in large scale synthesis. Moreover, little has been
explored on nucleophilic substitution of propargylic alcohols with
1,3-dicarbonyls.6 Therefore, the direct catalytic substitution of
ll rights reserved.

: +91 40 27160512.
alcohols with 1,3-dicarbonyls using an efficient, cost-effective
and recyclable catalyst is highly desirable.

Recently, the use of heteropoly acids, HPAs, as environmentally
friendly and economically viable solid acids, has gained increasing
attention owing to their ease of handling and high catalytic activ-
ities and reactivities.7 These compounds possess unique properties,
such as well-defined structure, Bronsted acidity, the possibility to
modify their acid–base and redox properties by changing their
chemical composition (substituted HPAs), ability to accept and
release electrons, high proton mobility, etc.8 In view of green
chemistry, the substitution of harmful liquid acids by reusable so-
lid HPAs as catalysts in organic synthesis is a promising application
of these acids.9 Among them, phosphomolybdic acid (PMA,
H3PMo12O40) is one of the less expensive and commercially avail-
able catalysts.10 However, there have been no reports on the use
of phosphomolybdic acid for the direct alkylation of 1,3-dicarbonyl
compounds with benzylic and propargylic alcohols.

In continuation of our efforts to explore the synthetic utility of
phosphomolybdic acid supported on silica gel (PMA/SiO2),11 we
herein report a direct and efficient protocol for the alkylation of
1,3-dicarbonyl compounds with benzylic and propargylic alcohols.
Initially, we attempted the alkylation of acetyl acetone (1) with
diphenylmethanol (2) in the presence of 10 mol% of PMA/SiO2.
The reaction went to completion at room temperature within
2.0 h to give product 3a in 92% yield (Scheme 1).

This interesting catalytic activity of PMA/SiO2 provided the
incentive for further study of reactions with other active meth-
ylene compounds. Interestingly, 1,3-dicarbonyl compounds such
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Table 1
PMA/SiO2-catalyzed alkylation of 1,3-diketones with benzylic alcohols

Entry 1,3-Diketone 1 Alcohol 2 Product 3a Time (h) Yieldb (%)

a

Me Me

O O
OH

Me Me

O O
2.0 92

b
Me

O O

OEt

OH
Me

O O

OEt 2.5 90

c
O O

PhPh

OH
O O

Ph Ph 2.0 90

d
Me Me

O O OH
Me Me

O O

1.5 88

e
Me

O O

OEt

OH
Me

O O

OEt 3.0 65

f
O O

PhPh

OH
O O

Ph Ph 2.5 88

g
O O

OEt

OH
O O

OEt 2.0 75

h
O O

PhPh

OH
O O

Ph Ph 2.5 88

i
Me Me

O O
OH

OMe
MeO

Me Me

O O

OMe
MeO

2.0 93

j
Me

O O

OEt

OH

OMe
MeO

Me

O O

OEt

OMe
MeO

2.5 82
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Scheme 1.
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Table 1 (continued)

Entry 1,3-Diketone 1 Alcohol 2 Product 3a Time (h) Yieldb (%)

k
O O

OEt

OH

OMe
MeO

O O

OEt

OMe
MeO

3.0 88

l
Me Me

O O OH
Me Me

O O

1.5 90

m
Me

O O

OEt

OH
Me

O O

OEt 2.0 75

n
O O

OEt

OH
O O

OEt 3.0 90

a All products were characterized by 1H, 13C NMR, IR and mass spectroscopy.
b Yield refers to pure products after chromatography.
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Scheme 2.

Table 2
PMA/SiO2-catalyzed alkylation of 1,3-diketones with propargylic alcohols

Entry 1,3-Diketone 1 Alcohol 2 Product 4a Time (h) Yieldb (%)

a Me

O O

OMe

OH

Me

O O

OMe 3.5 90

b
Me

O O

Me

OH
Me

O O

Me
3.0 86

c
O O

PhPh

OH
O O

Ph Ph
2.5 88

d
Me Me

O O
OH

Me

Me Me

O O

Me

3.0 88

e
O O

OH

Me

O O

3.0 85
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Table 2 (continued)

Entry 1,3-Diketone 1 Alcohol 2 Product 4a Time (h) Yieldb (%)

f
O O

PhPh

OH

Me

O O

Ph Ph

Me

2.5 90

g
Me Me

O O OH
Me Me

O O

3.0 86

h
O O OH

O O

3.5 80

i
O O

PhPh

OH
O O

Ph Ph 2.5 85

j
Me

O O

OMe

OH
Me

O O

OMe 2.5 88

k
Me Me

O O OH
Me Me

O O

3.0 85

l
O O

PhPh

OH
O O

Ph Ph 3.0 86

m
Me Me

O O OH

Ph
Ph

Me Me

O O

Ph

2.0 90c

n
Me

O O

Ph

OH

Ph
Ph

Me

O O

Ph

Ph 2.0 92c

a All products were characterized by 1H, 13C NMR, IR and mass spectroscopy.
b Isolated and unoptimized yield.
c E/Z ratio 9:1.
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as ethyl 3-oxobutanoate and 1,3-diphenyl-1,3-propanedione
reacted smoothly with diphenylmethanol to give the correspond-
ing 2-benzylic-1,3-dicarbonyl compounds in excellent yields
(Table 1, entries b and c). Other benzylic alcohols such as,
O O

Me Me +
10 OH

Ph
Ph

Scheme
1-phenyl-1-propanol, 1-phenylethanol and 1-(3,4-dimethoxy-
phenyl)-1-ethanol also reacted efficiently with 1,3-dicarbonyl
compounds at room temperature to furnish benzyl substituted
1,3-dicarbonyl compounds (Table 1, entries d–k). Interestingly,
mol% PMA/SiO2

DCE, r.t.

O O

Me Me

4m

3.
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doubly activated benzylic alcohols reacted rapidly with 1,3-dicar-
bonyl compounds at room temperature to afford the corresponding
C-2 benzylated 1,3-dicarbonyl compounds (Scheme 2, Table 1,
entries l–n).

Like benzylic alcohols, various propargylic alcohols including
1,3-diphenyl-2-propyn-1-ol, 1-(4-methylphenyl)-2-heptyn-1-ol,
1-phenyl-2-heptyn-1-ol and 2-naphthyl-2-heptyn-1-ol also re-
acted readily with various 1,3-dicarbonyl compounds to furnish
the respective 2-propargylic-1,3-dicarbonyl compounds (Table 2,
entries a–l). In addition, doubly activated (E)-1,5-diphenyl-1-pen-
ten-4-yn-3-ol also participated well in this reaction (Scheme 3,
Table 2, entries m and n).

The structure of 4m was established by various NMR experi-
ments. The product could have two possible structures depicted
as A and B. HSQC and HMBC experiments were carried out to
distinguish between the two possibilities. The HMBC correlation
between H10–C3 is very distinct (Fig. 1), which can only arise in
structure A. Further support for structure A came from the HMBC
Figure 1. Characteristic HMBC an
correlation between the acetylenic carbon C2 attached to the
phenyl ring and the aliphatic proton at C4. Both these HMBC corre-
lations in B would not be observed, being between nuclei five
bonds apart. HMBC correlations between H4–C11, H4–C9, H5–
C10 and H10–C5 provide additional evidence for the structure A
for 4m. The absence of a correlation between C7–H10 further
supports structure A.

In all the cases, the reactions proceeded efficiently with high
selectivity and were complete within 1.5–3.5 h. In the absence of
PMA/SiO2, no reaction was observed. No addition or rearranged
products were observed in the cases of allylic and propargylic alco-
hols (Table 2, entries m and n). The nucleophilic substitution of the
chiral secondary propargyl alcohol, (R)-1-(naphthalen-2-yl)-3-phe-
nylprop-2-yn-1-ol with acetylacetone gave the racemic product.
This clearly indicates that the reaction follows an SN1 mechanism.
This method is compatible with alkene, alkyne, ester and aryl alkyl
ether functional groups. As solvent, dichloroethane gave the best
results. All the products were characterized by 1H, 13C NMR, IR
d HSQC correlations of 4m.
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and mass spectroscopy. The effects of various silica-supported acid
catalysts such as HClO4/SiO2, H2SO4/SiO2 and NaHSO4/SiO2 were
screened for this reaction. Of these catalysts, PMA/SiO2 was found
to give the best results in terms of conversion and reaction time.
The scope and generality of this process was illustrated with
respect to various 1,3-dicarbonyl compounds and benzylic as well
as propargylic alcohols, and the results are presented in Tables 1
and 2.12 The advantages of this method are the ready availability
of alcohols, high atom efficiency, no salt formation and water as
the only by-product.

In summary, we have described a simple, convenient and effi-
cient protocol for the benzylation and propargylation of 1,3-dicar-
bonyl compounds with benzylic and propargylic alcohols using
recyclable PMA/SiO2 as the catalytic system. In addition to its
efficiency, simplicity and mild reaction conditions, this method
provides high yields of 2-benzyl- and 2-propargyl-1,3-dicarbonyl
compounds in short reaction times with high selectivity.
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