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Abstract

The hydrolysis of ether bonds is a potentially green method for using plants as a source of chemicals. Although the arylalkyl
ether anisole can be hydrolyzed to phenol and methanol in the presence of aluminum chloride, the method has the disadvantage
that it produces large amounts of alumina as by product. Since the carbon atoms of ethers that are directly bound to the oxygen
have carbonium ion character, nucleophilic attack is a possible route to inducing cleavage of these carbon—oxygen bonds.
The hydrolysis of the carbon—oxygen bond in ethers is induced by molybdate as nucleophile, or by aluminum phosphate in
combination with ultrasound. High yields are obtained with epoxides, and significantly lower yields with trimethylene oxide
and tetrahydrofuran. The molybdate or phosphate oxoanion acts as the nucleophile. Calculations have been carried out to
determine patterns affecting the enthalpy of the hydrolysis of ethers to alcohols. These show that the reaction is close to being
thermoneutral, but that both ether hydrolysis and ether ammonolysis are enthalpically favored, especially for ethers that have
sterically bulky or fluorinated substituents. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction and speciality chemicals, selective reactions for the

cleavage of carbon—oxygen bonds will be required. In
Many of the fuels and commodity chemicals devel- this paper we report our results aimed at catalyzing

oped and used during the 20th century were derived the hydrolysis of carbon—oxygen ether bonds.

from oil. Although this has led to strong economic Biomass, humus materials, and lignin contain

growth, there is a need to consider alternate feedstockcarbon—oxygen ether bonds where the carbon bonded

in order to guarantee that this growth continues. One to the oxygen is part of either an aliphatic or aromatic

such feedstock is biomass, which is a renewable re- functionality. Hydrolysis of an ether results in the

source that represents a useful involvement of solar formation of alcoholsEq. (1).

energy in the production of chemicals. A significant 0

difference between oil and biomass is that the former

is assembled with carbon—carbon bonds, but the latter R R, + H,0O ——= R—OH + R,—OH (1)

has both carbon—carbon and carbon—oxygen bonds. If

biomass is to be used as a source for both commodity This reaction has however received little study, and
for simple aliphatic and aromatic ethers the reaction
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ion character. A strategy to effecting ether hydrolysis ring ether, trimethylene oxide, gives only a 3-5% con-
therefore is to target nucleophilic attack at this carbon version to 1,2-propanediol under the same conditions.
center in conjunction with increasing the electrophilic- The cyclic ethers tetrahydrofuran and 1,4-dioxane that
ity at this carbon by coordinating a metal cation to have even less strained rings do not undergo hydrol-
the ether oxygernl-6]. Since there is precedent for ysis. Similarly, the acyclic ethers anisole and phenyl
ether hydrolysis in the conversion of ethylene oxide ether are not hydrolyzed to alcohols. Based on the con-
into ethylene glycol in the presence of molybdate as a cept that catalyzed hydrolysis may be observed with
nucleophile, this gives a point where to begih. An a nucleophilic anion and an electron poor cation, we
advantage of a nucleophile such as molybdate is that have studied these reactions in the presence of a sus-
the intermediate molybdenum alkoxide that is formed pension of aluminum phosphate as a heterogeneous
undergoes subsequent hydrolysis to the alcohol andcatalyst. The concept is that the aluminum(lll) cation
molybdic acid, thereby allowing for the molybdate to is a strong Lewis acid, and that the phosphate an-
act as a catalyst. The molybdate ion is introduced as ion is a potential nucleophile for an ether molecule
its bis-(triphenylphosphine)iminium (PPNisaltin or- that is bound to the aluminum phosphate surfge
der to make it more compatible with the organic ether No alcohols are observed under thermal conditions,
phase. but under ultrasound conditions a 3-5% conversion
of an ether into the corresponding diol is observed
with 1,2-epoxybutane, trimethylene oxide, tetrahydro-
2. Results and discussion furan, and anisolet The effect of the ultrasound is at
present unknown, but a possibility is that its function
As an initial survey of catalyzed hydration reac- is to facilitate desorption from the aluminum phos-
tions of ethers we have chosen examples of cyclic phate surface, thereby making it available for further
ethers of different ring sizes, a sterically hindered reaction. No reaction is found with either 1,4-dioxane
aliphatic ether, an aromatic ether, and an ether with or anisole. These experimental results are collected in
both an aliphatic and aromatic substituent. Initially Table 1 These data show diols can be obtained under
we investigated whether Friedel Crafts type reaction thermal conditions in the presence of (PEMdOsq,
conditions could lead to the hydrolysis of an ether or under sonication conditions with aluminum phos-
bond. This reaction was carried out using anisole as phate. For the highly strained 3-membered ring epox-
the ether. We find that refluxing a solution of anisole ide the yield of diol is high, but the yield decreases
in benzene with aluminum chloride for 6 h, followed with the 4-membered ring trimethylene oxide, and the
by cooling to O°C and transfer into water results in  5- and 6-membered ring analogs, tetrahydrofuran and
two layers. Extraction of the organic materials into dioxane. Although these conversions to alcohols with
diethyl ether followed by TLC analysis shows that both molybdate ion and aluminum phosphate are low,
there has been a 20% conversion to phenol. Although these are still two of the very few examples for the
this reaction results in the hydrolysis of anisole, it is hydrolysis of a carbon—oxygen ether bond to give an
environmentally unacceptable because it results in the alcohol.
formation of large amounts of aluminum salts, and  From thermodynamic considerations, the hydrol-
is of little potential value. We have therefore sought ysis of an ether molecule to a pair of alcohols is a
more environmentally benign methods of carrying out conversion that is close to being thermoneutral. An
the hydrolysis of carbon—-oxygen ether bonds using alternate strategy to addressing which ethers may
molybdate as a nucleophile, or aluminum phosphate undergo hydrolysis is to take a computational ap-
as an electrophile—nucleophile combination. proach. Using the SPARTAN package of programs
For molybdate as the nucleophile we have inves- we have computationally estimated the enthalpic
tigated 3-, 4-, 5-, and 6-membered ring epoxides, as change in the hydrolysis of a series of ethi®s The
well as an aromatic and a sterically bulky aliphatic
acyclic ether. Refluxing 1,2-epoxybutane and water in Teultrasound experiments were carried out using a Branson

the presence of (PPBIM0O, results in @ 90% conver- 1200 ultrasonic bath. Diols were analyzed both by thin layer
sion to 1,2-butanediol. By contrast the 4-membered chromatography against authentic samples, and spot tests.
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Table 1
Hydrolysis of ethers in the presence of (PPMPO,4 or AIPO,
Compound Product Hydrolysis

(PPNRMo0O4 AIPO4 (ultrasound)
1,2-Epoxybutane 1,2-Butanediol Yesq0%) Yes (~3-5%)
Trimethylene oxide 1,3-Propanediol Yes (3-5%) Yes3¢{5%)
Tetrahydrofuran 1,4-Butanediol No Yes 3-5%)
1,4-Dioxane Ethylene glycol No No
tert-Butyl methyl ether tert-Butanol and methanol No No
Diphenyl ether Phenol No No
Anisole Phenol and methanol No Yes3-5%)

ethers have been chosen so that there are examples oénthalpically more favorable. Because of the unavail-
aliphatic, aromatic, and sterically hindered ethers, in ability of these fluoroethers we have not tested this
addition to ones with strongly electron withdrawing prediction by experiment. For the sterically hindered
fluorine substituents. These calculated enthalpy datatert-butyl methyl ether we observe no products of
for ether hydrolysis that have been obtained by both hydrolysis (Table 1), but we cannot discount the pos-
semi-empirical methods and density functional theory sibility that steric factors inhibit nucleophilic attack at
are collected ifmable 2 These calculations have been the carbon atom of theert-butyl group that is bound
carried out by calculating the enthalpy of each com- to the ether oxygen.

pound in the reaction to obtain the enthalpy change An alternate approach to achieve the cleavage of
in the reaction. The calculations using density func- the carbon—oxygen ether bond is to carry out an am-
tional theory have been carried out using geometry monolysis reaction. Since there are close similarities
optimization at the DN* level, which is the highest  between the chemistries of water and ammda@,
level of density functional theory calculation avail- such a comparison is a useful one. Nevertheless, dif-
able in the SPARTAN package. Although differences ferences are to be expected since the ammonolysis re-
between the lower level semi-empirical PM3 and the action involves the cleavage of an N-H bond rather
higher level density functional theory methods are than an O—H bond, and it results in the formation of
apparent, some general features emerge. These datan alcohol and an amine rather than a pair of alco-
show that for simple ethers the hydrolysis is close hol molecules. The computational data on such am-
to being thermoneutral, with the higher level density monolysis reactions are shownTable 3 Again, the
functional theory calculations being closer in value PM3 method gives somewhat more negative values
to this premise. The introduction of either fluorine or

sterically bulk substituents causes the reaction to be

Table 3
Computational enthalpies (kcalmd) for the ammonolysis of
ether§
Table 2
Computational enthalpies (kcal ma) for the hydrolysis of ethefs Ether AHy AHz
Ether AHq AH; EtOEt -10 -3
Me3COCMe; —-17 +3
EtOEt -55 +1 PhOMe -8, —14° b, 3¢
Tetrahydrofuran -3 -1 (CR3)3COC(CR)3 - —40
Me3COCMe; -12 -13 PhOPh - —4
PhCH.OMe -3 +1 CeFs0OCsFs —22 -23
(F.;:IZ(CDE@FS —1?) —1?. _ a8 AH;, semi-empirical (PM3) methodsAH,, density func-
tional theory.
8 AH;, semi-empirical (PM3) methodsAH,, density func- b Ammonolysis to PhOH and MeNH

tional theory. ¢ Ammonolysis to PhNK and MeOH.
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than does the density functional theory, and again in-
troducing fluorine substituents onto the ether leads to
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