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Abstract 
Er(OTf)3 was found to be an effective Lewis acid catalyst for the conversion of aldehydes into 
acylals. Unlike most of the other known catalysts, it is able to give acylals from acetic anhydride 
as well as other anhydrides. Moreover, it can react with cyclic ketones to give unstable acylals, 
which can be isolated as enol esters. Other advantages are the very low loading of catalyst, 
excellent chemoselectivity, and solvent-free and mild conditions. 
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Introduction 
 
Acylals (geminal diacetates) or gem-bis(acyloxy)-alkanes have been considered to be important 
protecting groups in organic synthesis, as alternatives to acetals1 for protection of aldehydes, 
owing to their stability towards aqueous acids2 and bases.3 They are also used as substrates for 
nucleophilic substitution reactions.4 Their utility as cross-linking reagents for cellulose in cotton,5 
as well as activators in the composition of bleaching mixture used for the treatment of wine-
strained fabrics is also well established.6 Various catalysts have reported for their synthesis.7,8 

Many of these reagents are highly corrosive and difficult to handle, while some Lewis acid 
catalysts are rather expensive and moisture sensitive. Some procedures require the use of a large 
excess of acetic anhydride to effect acylal formation. Further, there are very few reports in the 
literature on the formation of acylals using other anhydrides,7k,u and finally, despite the plethora 
of synthetic methods for formation of aldehyde acylals, no data are reported on the reaction of 

ISSN 1424-6376 Page 181 ©ARKAT 

mailto:denino@unical.it


Issue in Honor of Prof. Giuseppe Bartoli ARKIVOC 2006 (vi) 181-189 

ketones. Given the synthetic utility of acylals, newer reagents that are inexpensive, non-toxic, 
chemoselective, and effective for acylal formation with a variety of anhydrides would provide a 
valuable addition to the literature. 

In the last few years, we have been interested in many reactions catalyzed by Lewis acids.9 
However, the lanthanoid family possesses the interesting feature of a regular variation of their 
properties along the series, which can be tuned through a proper choice of the cation. Therefore, 
many examples exist where rare-earth metal triflates are used as Lewis acid catalysts with 
efficacy varying from one reaction to another.10 Recently, the relative Lewis acidities of 
lanthanoid(III) triflates were evaluated by the use of tandem mass spectrometry,11 and in that 
study erbium(III) proved to be one of the most active cations. In fact its pKH and WERC values 
are 7.9 and 1.4 x 108 respectively, which are perfectly in accordance to Kobayashi statement.12 
Nevertheless, Er(III) triflate has so far been neglected among lanthanide triflates, as useful and 
environmentally friendly catalysts for many acid-catalyzed reactions, such as the acylation of 
alcohols,13 or dioxolane protection removal,14 epoxide rearrangement,15 and the synthesis of C-
pseudoglycals.16

In this paper we demonstrate that erbium triflate is a very valuable catalyst for the synthesis 
of both acylals of aldehydes and enol esters of ketones. 
 
 
Results and Discussion 
 
The most commonly used reagent for acylal formation is acetic anhydride, which results in the 
formation of 1,1-diacetates. To set up reaction conditions, three sample runs were tested: (i) 
benzaldehyde (1a) and acetic anhydride (2a) in acetonitrile without catalyst; (ii) 1a and 2a in 
acetonitrile and 0.1% erbium triflate; (iii) 1a and 2a and 0.1% erbium triflate in solvent free 
conditions (Scheme 1). 
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As expected, the presence of a catalyst was shown to be essential for the occurrence of the 
reaction: in fact, in Run (i) the reagents were unaffected after 48 h. On the other hand, in the 
presence of the catalyst, the reaction was almost complete, and when solvent-free conditions are 
used the reaction times are much shorter. To exclude catalysis of adventitious of TfOH in 
Er(OTf)3, we performed a sample reaction in the presence of 0.1% of DIPEA without loss of 
reactivity. 

Since these conditions are also more environmentally benign, acetic acid from the excess of 
anhydride being the only by-product, these conditions were chosen to extend the reaction to a 
series of aldehydes (1b–m) (Table 1). 
 
Table 1. Reaction of aldehydes with acetic anhydride (2a) in solvent-free conditions and with 
0.1% erbium(III) triflate, at RT 

Run Aldehyde (1) Diacylal Time (min) Yield (%) 
a PhCHO PhCH(OAc)2 (3aa) 15 95 
b 4-ClC6H4CHO 4-ClC6H4CH(OAc)2 (3ba) 15 98 
c 2-ClC6H4CHO 2-ClC6H4CH(OAc)2 (3ca) 20 97 
d 4-NO2C6H4CHO 4-NO2C6H4CH(OAc)2 (3da) 15 99 
e 2-NO2C6H4CHO 2-NO2C6H4CH(OAc)2 (3ea) 20 97 
f 4-MeC6H4CHO 4-MeC6H4CH(OAc)2 (3fa) 15 94 
g 4-MeOC6H4CHO 4-MeOC6H4CH(OAc)2 (3ga) 15 96 
h 4-OHC6H4CHO 4-AcOC6H4CH(OAc)2 (3ha) 10 98 
i 2-OHC6H4CHO 2-AcOC6H4CH(OAc)2 (3ia) 10 91 
j 4-Me2NC6H4CHO 4-Me2NC6H4CH(OAc)2 (3ja) 2160 0 
k PhCH2CHO PhCH2CH(OAc)2 (3ka) 5 98 
l PhCH=CHCHO PhCH=CHCH(OAc)2 (3la) 10 94 
m C5H11CHO C5H11CH(OAc)2 (3ma) 5 98 

 
Reaction was complete in few minutes and smoothly afforded the corresponding acylals at 

RT in excellent yields. Side-product formation was not observed in any reaction. Hydroxy 
groups were also acetylated to afford the corresponding triacetates (3 ha, ia). 

The presence of electron-donating or electron-withdrawing groups on the aromatic ring of 
benzaldehyde, irrespective of their position, did not substantially modify yields or reaction times. 
On the other hand, AlPW12O40 works better with aldehydes carrying electron-donating groups,7r 
whereas Bi(NO3)3.5H2O is better with electron-withdrawing ones.7u

As observed with other catalysts (InBr3),7w In(OTf)3,7y AlPW12O40,7r H6P2W18O62.24H2O),7q 
4-(N,N-dimethylamino)benzaldehyde, (1j), was deactivated and remained unaffected after 36 
h.17

In order to show the merit of the present work, the results for 4-nitro- (1d) and 4-hydroxy-
benzaldehyde (1h) can be compared with the catalyst amount, the reaction time and the yields 
recently reported in other protocols (Table 2). Er(OTf)3 promotes both reactions more effectively 
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than all the other catalysts, as far as the amount of catalyst and reaction times are concerned. 
Only InBr3 leads to 3da in comparable yields and efficiency, but it is less effective in the 
synthesis of 3ha.7w

The utility of the present method was further extended by employing it in the formation of 
other gem-diacyls. The reaction proceeded without loss of efficiency. Only benzoic anhydride 
(2e) lowered the yields (Table 3), very likely owing to electronic effects of phenyl rings on the 
anhydride moiety. 
 
Table 2. Comparison of the effect of catalyst for gem-diacetate synthesis 

4-Nitrobenzaldeyde 
Catalyst mol. % Time Yield (%) Ref 
Er(OTf)3 0.1 15 min 99 - 

I2 10 2 h 99 7e 
InCl3 10 4 h 88 7m 
InBr3 0.1 15 min 99 7w 

In(OTf)3 0.1 15 99 7y 
LiOTf 20 15 h 94 7t 

Cu(OTf)2 2.5 4 h 94 7h 
Sc(OTf)3 2 10 min 99 7f 

ZrCl4 5 30 min 92 7s 
AlPW12O40 0.1 45 min 89 7r 

LiBF4 100 7.5 h 80 7k 
Cu(BF4)2.xH2O 1 3 min 92 7v 

CAN 10 24 h 96 7p 
Bi(OTf)3.xH2O 0.1 1.5 h 95a 7j 
Bi(NO3)3.5H2O 10 2.5 h 85a,b 7u 

H6P2W18O62.24H2O 1 30 min 92 7q 
Zr(MePO3)1.2(O3PC6H4SO3H)0.8 0.05 24 min 91 7o 

4-Hydroxybenzaldehyde 
Er(OTf)3 0.1 10 min 98 - 
In(OTf)3 0.1 40 min 96c 7y 

InBr3 0.1 12 h 96 7w 
Bi(OTf)3.xH2O 0.1 20 min 98 7j 
Bi(NO3)3.5H2O 10 - d 91 7u 

H6P2W18O62.24H2O 1 30 min 95c 7q 
a Refers to 2-nitrobenzaldehyde. b At reflux. c Refers to 3-hydroxybenzaldehyde. d Two-step 
procedure: (i) formation of 4-acetoxybenzaldehyde without catalyst, (ii) conversion to gem-
diacetate. The one-step procedure gives rise to complex product mixture. 
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Table 3. Reaction of 1a with anhydrides in solvent-free conditions and with 0.1% erbium(III) 
triflate, at RT. 

Run Anhydride (2) Diacylal (3) Time (min) Yield (%) 
a (MeCO)2O PhCH(OCMe)2 (3ab) 15 95 
b (EtCO)2O PhCH(OCEt)2 (3ac) 10 96 
c (i-PrCO)2O PhCH(OC-i-Pr)2 (3ad) 10 99 
d (Me3CO)2O PhCH(OCMe3)2 (3ae) 10 99 
e (PhCO)2O PhCH(OCPh)2 (3af) 150 45 

 
To our knowledge, gem-diacylals of benzaldehyde are only reported, under Yb(OTf)3 

catalysis, as intermediates for the reductive esterification of aldehydes.18 However, a solvent 
(MeCN), 10% mol of catalyst per mole of aldehyde, and longer reaction times (12 h) are 
required. ZrCl4 is able to give gem-dipivalates in high yields at RT, but with 5 mol.% of catalyst 
per mole of aldehyde.7s Lithium tetrafluoroborate leads to gem-dipivalates at higher temperatures 
(60 °C) and longer reaction times (25 h).7k The gem-butyrate and -isobutyrate of benzaldehyde 
and 4-chlorobenzaldehyde were also obtained under Bi(NO3)3.5H2O catalysis, with longer 
reaction times (4-16 h), higher catalyst amounts (5-10 % mol), and lower yields (68-91 %).7u

All the known catalysts were unable to give ketone gem-diacylals, apart from 
Zr(MePO3)1.2(O3PC6H4SO3H)0.8 which is reported to give cyclohexanone 1,1-diacetate in low 
yields.7o Therefore a high stereoselectivity towards aldehydes in competitive acylation reactions 
is limited by the applicability of the reaction. 

A competition experiment was attempted for the acylation of 1a in the presence of 
cyclohexanone (1n) under solvent-free conditions, at RT in the presence of 0.1% mol. of erbium 
triflate. After 15 minutes, only 1a was acylated, while 1n was still unaffected. After 24 h, 
however, GC-MS analysis of the reaction mixture revealed, together with 1n and 3aa, the 
presence of two new peaks, whose fragmentation patterns were in agreement with 
cyclohexanone 1,1-diacetate (3na) and 1-acetoxycyclohexene (4na). Therefore, 2a and 1n were 
allowed to react, under the same reaction conditions. After 24 h, GC-MS analysis of the mixture 
revealed the presence of 1n, 3na and 4na in comparable amounts. Longer reaction times did not 
modify the relative percentages of the three products. Workup of the reaction, however, allowed 
the isolation only of starting 1n.19

The reaction mixture was then refluxed for 30 minutes and starting material was completely 
converted into the enol ester 4na in 75% isolated yield (Scheme 2). 
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Analogously α-tetralone 1o afforded the expected enol acetate 4oa in comparable yields. 
Acetophenone 1p, instead, gave rise to a complex reaction mixture, where dimers and oligomers 
from aldol condensation, together, enol ether were recognized by GC-MS analysis. 

1,1-Diacylals of ketones are, therefore, very unstable under employed acidic conditions and 
cannot be isolated.20 When formed they must be converted in more stable compounds such as 
enol ester by acetic acid elimination. However, aldol condensation side-reaction occurs with 
open chain ketones during elimination process. 
 
 
Conclusions 
 
Er(OTf)3 was found to be a novel Lewis acid catalyst for the conversion of aldehydes into 
acylals. Erbium was revealed as the most efficient among the known catalysts, since it is able to 
give acylals of anhydrides other than acetic. Unlike other catalysts, erbium triflate can react with 
cyclic ketones to give unstable ketone acylals, which can be isolated as enol esters. Other 
advantages are the very low loading of catalyst, excellent chemoselectivity, and solvent-free and 
mild conditions. 
 
 
Experimental Section 
 
General Procedures. 1H- and 13C-NMR spectra were recorded with a Bruker WM300 
instrument, at 300 MHz and 75 MHz respectively. Reactions were monitored by a GC-MS 
Hewlett-Packard workstation, formed by a GC-HP 6890 (30-m HPS capillary column, 1 mL/min 
He as carrier gas) and an HP 5973 mass detector. Commercial products (Aldrich or Fluka) were 
used without further purification. Commercial Er(OTf)3·6H2O was stored in an oven at 110 °C or 
over P2O5 at RT. RT denotes room temperature. 
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Representative procedure for formation of acylals using acetic anhydride 
Aldehydes. A solution of benzaldehyde (1a) (0.50 g, 4.72 mmol) in acetic anhydride (2a) (1 mL) 
was stirred and Er(OTf)3 (3 mg, 0.0048 mmol, 0.1 mol.%) was added at RT. The reaction 
progress was monitored by TLC. After 15 min, a solution of 10% NaHCO3 was added and the 
mixture was extracted with ether (2x2mL). The combined organic layers were dried (Na2SO4). 
The solvents were removed on a rotary evaporator to give 0.93 g (95%) of benzylidene diacetate 
(3aa). 
Ketones. A solution of cyclohexanone (1n) (0.50 g, 5.10 mmol) in 2a (1 mL) was stirred as 
Er(OTf)3 (3.1 mg, 0.005 mmol, 0.1 mol.%) was added at RT. The mixture was then refluxed and 
the progress monitored by TLC. After 30 min, a solution of 10% NaHCO3 was added and the 
mixture extracted with ether (2x2mL). The combined organic layers were dried (Na2SO4). The 
solvents were removed on a rotary evaporator to give 0.53 g (75%) of 1-acetoxycyclohexene 
(4na). 

All isolated compounds gave satisfactory microanalyses, EI-MS and NMR spectra 
comparable with reported ones: 3aa, 3ba, 3fa, 3la, 3ac;7u 3ca, 3da, 3ea, 3ma;7w 3ga, 3ha;7j 
3ka;21 3ia;7q 3ab, 3ad, 3ae;18 4na;22 4oa.23
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