Catalysis Letters ol. 73, No. 2-4, 2001

121

The synthesis and hydrolysis of dimethy| acetals catalyzed
by sulfated metal oxides.
An efficient method for protecting carbonyl groups
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Sulfated metal oxides including SO3~/ZrO, SO3~/TiOp, SO2 /HfO,, SO2~ /FeyOg, SO2 /SN0, and SO2~ /Al O3 were highly
efficient catalysts for the reaction of aldehydes and ketones with trimethyl orthoformate producing dimethyl acetals under mild reaction
conditions. At room temperature, dimethyl aceta yields of 83-100% were obtained for the five carbonyl compounds chosen. These
mesoporous solid acids also effectively catalyzed the hydrolysis of dimethyl acetal to regenerate the original carbonyl compoundsin agueous
acetone. They not only provided an effective method for synthesizing dimethyl acetals of larger molecular size but also acted as a versatile
catalyst for protecting and deprotecting carbonyl groups during organic synthesis.
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1. Introduction

Recently, sulfated metal oxides (SMO) have been the
focus of intensive research worldwide due to their high
efficiencies in catalyzing the hydroisomerization of paraf-
fins [1-4]. These SMO include sulfated oxides of ZrOo,
TiOy, Fex03, SnO2, Al203, HfO2, and SIO; [5]. They were
mesoporous materials containing both Brensted and Lewis
acid sites. Although SMO displayed a stronger acidity than
other solid acids such as zeolite, Nafion-H, and heteropoly-
acid, most of their applications were limited to petrochem-
istry [6]. Compared with other solid acids, very few inves-
tigations have been reported thus far on the application of
SMO in the synthetic organic chemistry, and their potentials
in thisfield have not yet been fully explored.

In this paper, we want to report a highly efficient method
for the synthesis of dimethyl acetals from ketones and
aldehydes at room temperature utilizing the SMO as cata-
lysts. Trimethyl orthoformate was used as the acetalization
reagent. The reaction is depicted as

R1R2C=0 + HC(OCH3)3
— R1R2C(OCH3)2 + HCOOCH3 (1)

Catalystsreported for thisreaction included sulfuric acid [ 7],
p-toluenesulfonic acid [8], montmorillonite clay [9], iron
(111) chloride [10], sulfonic acidic resins [11,12], and zeo-
lites[13,14].

While some of these catalysts did have their own merits,
they had drawbacks such as the low yield, corrosive cata
lyst, separation requiring tedious aqueous workup, reagent
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requiring pre-adsorption, or steric restriction imposed by the
molecular size. We had found that SMO were excellent cat-
alysts for this reaction under mild reaction conditions. At
room temperature, the catalyzed reaction could achieve a
minimum of 83% of dimethyl acetal yield for al the car-
bonyl compounds tested. Interestingly, we found that SMO
were also effective in catalyzing the hydrolysis of dimethyl
acetals to regenerate the starting ketones and aldehydes.

Since dimethyl acetal s displayed a higher stability toward
strong bases, LiAlH4, and Grignard reagent than their parent
carbonyl compounds, SMO provided a convenient catalytic
route for protecting and deprotecting the carbonyl groups
during the organic synthesis. It should be noted that methy!|
and ethyl acetals, particularly of n-octanal and n-decena,
have widespread applications in perfume and flavor indus-
tries[15].

2. Experimental
2.1. Catalyst preparation

The sulfated metal oxides were prepared according to
the method reported in the literature [5]. Except for
SO%‘/AIZO& al the SMO were prepared by immersing the
proper metal hydroxides into a sulfuric acid solution. The
mixture was filtered, dried, and calcined at a proper temper-
ature. The metal hydroxides were obtained by precipitating
their metal salt solutions with agueous ammonia (29.5%) to
a final pH. The calcination temperatures and the final pH
of the precipitating solution are listed in table 1. The sur-
face area for SO5~/ZrO; calcined at 625°C was 95 m? g1

and that for SO; /TiO, was 85 m?g~1. The metd sdts
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Table1
Synthesis of dimethyl acetals using SMO catalysts in CCly.2

Catalyst Calcination temp. (°C)/pH Dimethyl acetal yield
(%)
S02~ 1210, 625/9.0 100
SO2/TiO, 525/9.0 100
SOZ~ /S0, 550/9.5 95
SO3~/HfO, 700/9.0 100
SO2~ [Fey03 500/8.0 %
SO2~/Al03 550 )
HY 400 15
HM 400 63
Blank rexn.P — 0

@Reaction took place at ambient temperature and for 30 min using 0.5 g of
catalyst, 15 mmol of cyclohexanone, 55 mmol of trimethyl orthoformate,
and 20 ml of CCly.

P No catalyst was used.

used were ZrOCl,-8H20, Ti[OCH(CH3)2]4, SnCl4-5H50,
Fe(NO3)3-9H,0, and HfCl4. Sulfated aluminawas prepared
by immersing y-Al>03 in 1.60 M sulfuric acid solution fol-
lowed by calcining at 550°C. HY (SiO2/Al>,03 = 5.2) and
H-mordenite (SIO2/Al203 = 12) were prepared by an ion-
exchange method: 10 g of sodium form of molecular sieves
were treated with 100 ml of 1.0 M of HCI at 90°C and
the procedure was repeated three times. The materia after
ion-exchange was filtered and rinsed with deionized water
until free from Cl~ ions. They were then dried at 100°C
overnight and calcined at 400 °C for 3 h.

2.2. Catalytic activity test and TPD/NH3 experiments

To synthesize the dimethyl acetal, 15 mmol of ketone or
aldehyde were mixed with 55 mmol of trimethyl orthofor-
mate in 20 ml of solvent. This mixture was added to 0.50 g
of SMO contained in aflask under nitrogen atmosphere and
reacted with stirring for a specific amount of time at room
temperature. At the end of the reaction, the mixture was
separated from the solid catalyst by filtration. The filtrate
was analyzed by GC using an internal standard method. The
hydrolysisof dimethyl acetal was performed in aqueous ace-
tone (H20: acetone = 1: 20 volume ratio) in a similar man-
ner.

Temperature-programmed desorption (TPD) experiments
using ammonia as adsorbate and TCD as detector were per-
formed on some of the catalyststo comparetheir acidity. Be-
fore introducing NH3, 0.2 g of catalyst was dried at 350°C
for 1.0 hiin a 20 v/v % Oz/He mixture flowing at a rate of
45 mlmin—1. The adsorption step was conducted at 100°C
using flowing NH3 of 30 ml min~—1 for 20 min. After adsorp-
tion, the gas flow was switched to 30 mi min— of He for
20 min to flush out the excess NH3. The reactor temperature
then was raised to 800°C at arate of 10°Cmin—1 inflowing
He of 45 ml min—1. The TPD spectrum of HM had been cor-
rected for water desorbed at temperatures higher than 400°C
by subtracting a blank spectrum without using NHs.
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Figure 1. Effect of the amount of catayst on di methyl acetd yield of
cyclohexanone a room temperature (¢) 0.50 g s0? 7 /ZrO, (W) 0.15 g
SO4_/Zr02 and (a) 0.5g HM.

3. Resultsand discussion

The efficiency of SMO to form dimethyl acetal was
demonstrated by the reaction of cyclohexanone with trimet-
hyl orthoformate over SOi‘/ZrOz. The results are depicted
in figure 1. Asclearly shown in figure 1, at room tempera-
ture a quantitative transformation of cyclohexanonein CCl4
was achieved in 30 min over 0.50 g of SO3/ZrO,. When
the amount of 802 1ZrO2 was reduced to O 15 g, an acetal
yield of 96% could still be obtained. Thereactionwashighly
selective. Except for a small amount of methanol, dimethyl
acetal and methyl formate were the only products observed.
There was no detectable dimethyl acetal in the absence of
the catalyst. Such high catalytic activity and selectivity are
comparableto those of sulfonic acidic resinsand K-10 mont-
morillonite clay [9,11,12], but superior to those of HY and
MCM-41 molecular sieves[13,14].

Theyieldsof dimethyl acetal of cyclohexanoneover other
SMO were also screened (table 1). HY and H-mordenite
(HM) zeolites were tested to compare their catalytic effec-
tiveness with SMO in the reaction. Table 1 indicates that
in addition to SO2 /ZrO,, other SMO were also very ac-
tive and selective in producing the dimethyl acetal from cy-
clohexanone. For example, a dimethyl acetal of 100% was
obtained over the more active 802 /TiOy, but even for the
|least active SO /Al,03, a90% dir methy! acetal yield could
gtill be achleved at room temperature in 30 min. Interest-
ingly, under the same reaction conditions the dimethyl ac-
etal yields of HM and HY were only 63 and 15%, respec-
tively. Nonetheless, after a reaction period of 120 min,
an acetal yield of 98% could be achieved over the HM
catalyst (figure 1). Furthermore, it is interesting to note
that 802 [Fe0Os3 could achieve a comparable aceta yield
(99%) asthose of SO ~/TiO2 and SO ~/ZrO,. The former
was known to be much less acidic than the latter two cata-
lysts[5].

TPD experiments were performed on SO~ /TiO,, SO/
Fe,O3, and HM in order to reveal the distribution of the
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Table 2
The distribution of the strength and the number of acid sites in the catalysts.
Catalyst Desorption temperature and amount
Strong acid sites Medium-strong acid sites Weak acid sites
Peak temp./range Amount Peak temp./range Amount Peak temp./range Amount
(K) (umol g1 (K) (umol g~ 1) (K) (umol g~ 1)
SOLZ( ITiOy 808/723-843 50 —/543-723 51 475/373-543 12
SOE‘_ /Fep O3 713/623-793 85 —/543-623 23 475/373-543 35
HM 852/683-1073 93 —1543-683 24 472/373-543 51
. 964 Table3
- Synthesis? and hydrolysisb of dimethyl acetals catalyzed over SOﬁ‘/ZrOz.
] 808
4 I A . Carbonyl compound Dimethyl acetal yield Yield of carbonyl compounds
] 7 5 7|23 sis | oas \ S0, /T, (%) upon hydrolysis (%)
I
= L/ Cyclohexanone 100 100 (0.5 h)
2 Heptanal 100 89 (5 h)°
£ . Benzaldehyde 98 96 (3 h)
5 SO, /Fe,0,  Acetophenone 83 (24 h) 100 (3 h)
Phenylacetal dehyde 88 60 (24 h)©
R 852
. sz 683 ' 2Reaction took place at ambient temperature unless specified and for
| HM 30 min using 0.5 g of SOE’/ZrOZ, 15 mmol of carbonyl compound,
] 55 mmol of trimethyl orthoformate, and 20 ml of CCly.

T T T T T T T T
400 500 600 700 800 900 1000
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Figure 2. Thedistribution of the number and the strength of acid sitesin the
catalysts measured by TPD/NHg; (&) SO3 /TiOy, (b) SOF /FexO3, and
(c) HM catdysts.

strength and the number of the acid sites in these catalysts.
The results are summarized in figure 2 and table 2. The high
temperature peak at 964 K for SO7 /TiO, and that at 944 K
for SO7~/Fe;O3 were due to the decomposition of SO2~ in
these catalysts since they were also observed in the absence
of NHs. In addition to the decomposition peak, a well-
defined peak at 808 K and an asymmetric peak at 475 K
were observed for SOf(/Ti O2. The former was attributed
to the desorption of NH3 from the strong acid sites and the
latter from the weakly adsorbed NH3. In between these two
peaks, there was a plateau area (543-723 K) which was at-
tributed to the desorption of NH3 from the medium-strong
acid sites.

A similar distribution of acid sites was found in SO~/
Fe»Og, albeit that the NH3 desorption peak of strong acid
sites in SO3~/Fe;O3 was located at 713 K and the plateau
area (543-623 K) arising from the medium-strong acid
site was smaller. Surprisingly, HM displayed a NH3 de-
sorption peak at a much higher temperature, 852 K, and
its medium-strong acid sites appeared as a left shoulder
of the high peak (543-683 K). TPD results indicated that
the order of the acid strength is HM > SO37/TiO, >
S0%™/Fe;0s.

Since the less acidic SOﬁ‘/Fe203 was as active as the
more acidic SO3~/TiO; in this reaction, it was reasonable
to postulate that both the strong and medium-strong acid
sites in SMO were the active sites for the reaction. This
hypothesis is supported by the data in table 2: Although
SO ITiO, had stronger acid sites than SO3~/Fe;Os, the

b Reaction took place a ambient unless specified and for an indicated
amount of time using 0.15 g of SOﬁ‘/ZrOz, 14 mmol of dimethyl acetal,
and 40 ml of aqueous acetone.

C Reaction took place at 50°C.

sum of the number of medium-strong and strong acid sites
was about the same in both catalysts (101 xmol g—1 vs. 108
pmol g~1).  Therefore, SO3 /Fe;O5 was able to achieve
the same level of product yield as SO /TiOz if medium-
strong acid sites were aso acidic enough to catalyze the
reaction. Such assumption was further supported by what
was observed with a MCM-41 catalyst [13]. It was reported
that the more acidic S—OH-Al aswell as the weakly acidic
silanol group in MCM-41 could catalyze the acetalization
reaction.

According to TPD results, HM was the most acidic cat-
ayst and had the highest number of strong plus medium-
strong acid sites (117 «mol g—1) among the three catalysts.
However, it produced alower acetal yield for thefirst 30 min
(figure 1). As pointed out by Corma, the pore diffusion lim-
itation imposed by the larger molecular size of the reactant
played an important role during the acetalization reaction us-
ing zeolite catalyst [13,14]. Therefore, only the fraction of
acid sites on the outer surface of HM was available to reac-
tants, and a higher product yield could only be achieved at a
longer reaction period. SMO are mesoporous materials [5]
and the effect of the pore diffusion was not as critical asin
the case of zeolite.

The reactivies of other carbonyl compounds such as
2-heptanone, benzaldehyde, acetophenone, and phenylac-
etaldehyde were examined for the reaction and the resulting
dimethyl acetal yields were exceptional. A minimum acetal
yield of 83% could be achieved for these compounds (ta-
ble 3). The lower reactivity of acetophenone might be dueto
the formation of a stable cation species (see below). Since
one of our goals is to provide a method for protecting the
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Table 4
Synthesis of dimethyl acetals in different solvents.2

Solvent Dimethyl acetal yield
(%)

Carbon tetrachloride 100

Chloroform 100

Toluene 97

Acetonitrile 90

8Reaction took place at ambient temperature and for
30 min using 0.5 g of catalyst, 15 mmol of cyclo-
hexanone, 55 mmol of trimethyl orthoformate, and 20 ml
of CCly.

carbony! group, it is important to survey the catalytic per-
formance of SMO in different solvents. The datain table 4
indicate that the dimethyl acetal yields of cyclohexanonere-
mained high in the four solvents chosen. However, the yield
dropped from 100% in CCl4 and CHCI3 to alower value of
90% in acetonitrile. Acetonitrile has the largest dipole mo-
ment among these solventsand its 7 -electroniseasily polar-
ized. It was probably competing with carbonyl compounds
for the acid sitesin SMO through its 7 -€lectrons.

There was no appreciable degree of catalyst deactivation.
We had reused a0.5 g of the SOf(/ZrOz samplethreetimes
to prepare the dimethyl acetal of cyclohexanone, and the
product yields after 30 min of the reaction were 98, 99, and
99%, respectively. However, the catalyst did turn to alight
yellow color after the first use, but the color change did not
seem to impair the efficiency of SMO. The used catalyst was
calcined at 500 °C for 3 hto regenerate the catalyst. Thecal-
cined SOﬁ‘/ZrOz regained its original white color and could
still maintain adimethyl acetal yield of 99%. In fact, no cat-
alyst deactivation was suggested by thedatain figure1,0.5g
of SOf(/ZrOz could achieve a 98% yield in 15 min, but it
only took 30 min to achieve a 96% yield using 0.15 g of
SO;/Zr0; (less than 1/3 amount).

A modified reaction mechanism for the formation of
dimethyl acetals over SMO was proposed as shown in
scheme 1 [8]. In this mechanism, the carbonyl compound
and trimethy| orthoformatearefirst protonated by a Bransted
acid site and produced species (1), (I1), and methanol.
Species (I1) and methanol then combine to form a hemiac-
etal, (I11). The hemiacetal can be dehydrated by an acid site
to produce an enol ether, which was one of the products re-
ported for MCM-41 or Amberlyst-15resin catalysts[11,13].
In another reaction route, the hemiacetal can react with (I)
to form aoxocarbocation (V) and aneutral species (V). The
|atter decomposesto form methyl formate. Theformer reacts
with methanol to form the dimethyl acetal. Step (2) is be-
lieved to be the rate-limiting step. According to this scheme,
the lower reactivity of acetophenoneis probably due to the
slow formation oxocarbocation (1V) in step (4). The bulk-
iness of the hemiacetal (111) of acetophenone might prevent
the also bulky HC*(OCHz3), from attacking its carbonyl car-
bon and the rate-limiting step is shifted from step (2) to
step (4). Recently, the protonation of hemiacetal of ace-
tophenone was shown to be partialy or wholly rate limit-
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HC(OCH3)3 + H" = HC*(OCH3), + CH3zOH (1)

Q)
||?1 ||?1
R,C=0+ HT = R,C*—OH 2)
an
iy iy
R,CT—OH + CH30H = RyC—OH + HT (3)
|
OCH3
(11
B no o
Rg(IZ—OH + HCT(OCH3)2 = R,Ct 4+ HC(OCH3)>
OCHs CH3 (4)
(V) V)
OH
|
HC(OCH3)2 = HOOCH3 + CH3OH (5)
n i
R,CT  + CH30H = R2C|Z—OCH3 + Ht (6)
CHs OCH3

Scheme 1. A proposed reaction mechanism for the formation of dimethyl
acetals from the reaction between carbonyl compounds and trimethy! ortho-

formate over SMO catalysts.
iy ¥
ReC-OCH3 + H* = R,C*  + CH30H 1)
OCH3 CHs
(V)
||?1 F|31
RoCT 4+ H20 = ReC-OH + HY 2
CH3 OCH3
(I
f i
R2C-OH + H" =R2C=0+ CH3OH + H"  (3)
|
OCH3

Scheme 2. A proposed reaction mechanism for the hydrolysis of dimethyl
acetals to regenerate carbonyl compounds in agueous acetone over SMO
catalysts.

ing during the hydrolysis of the symmetrical dimethyl and
diethyl acetals of acetophenone (see below) [16].

We had also studied the cleavage of dimethy! acetal using
SMO as catalysts. In agueous acetone, the SMO-catalyzed
hydrolysis reaction was able to produce carbony! yields be-
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tween 60 and 100% under relatively mild reaction conditions
(table 3). A three-step reaction mechanism was generally
accepted for this acid-catalyzed reaction [17,18]. The mech-
anism is depicted in scheme 2, in which the protonation of
dimethyl acetal to producethe oxocarbocation (1V) (step (1))
is regarded as the rate-limiting step. Our results were con-
sistent with the proposed mechanism in that the hydrolysis
rates of benzaldehyde and acetophenone were appreciably
higher than those of heptanal and phenylacetaldehyde. The
former two compounds were able to form much more stable
oxocarbocations (1V) whose positive charge could easily be
delocalized through the benzene ring [19]. Furthermore, it
was observed that the direct conjugation of a double bond
with the reaction carbon center increased the rate of acetal
hydrolysisby one order of magnitude[20].

4. Conclusions

Mesoporous sulfated metal oxides can effectively cat-
alyzethereaction between carbonyl compoundsand trimeth-
yl orthoformate producing dimethyl acetals at room temper-
ature. They aso catalyze the hydrolysis of dimethyl acetal
to regenerate the parent carbonyl compounds. These meso-
porous solid acids not only provide an excellent synthetic
route to manufacture dimethyl acetals of larger molecular
size but also acted as versatile catalystsin protecting and de-
protecting carbonyl groups during organic synthesis.
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