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Poly(4-vinylpyridinium) perchlorate has been used as a supported, recyclable, environmental-
ly-benign catalyst for the formation of acylals from aliphatic and aromatic aldehydes in good to
excellent yields under solvent-free conditions. Notably, the reaction conditions were tolerant of
ketones. This methodology offers several distinct advantages, including its operational simplicity

and high product yield, as well as being green in terms of avoiding the use of toxic catalysts and
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solvents. Furthermore, the catalyst can be recovered and reused several times without any loss in
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1. Introduction

Considerable research efforts have recently been directed
towards the development of “cleaner production” methods
aimed at preventing the occurrence of serious environmental
pollution problems, and four main approaches have been de-
veloped in this regard, with the use of solvent-free conditions
and low loadings of the catalyst representing two of the most
effective of these methods for the synthesis of compounds in an
environmentally friendly manner [1,2]. Green chemistry also
requires the recovery and reuse of the catalyst. One way to
overcome the problem of reusability associated with the use of
a homogeneous catalyst is to chemically anchor the reactive
centers onto a solid support with a large surface area [3]. In
systems of this type, the reactive centers are highly mobile, in
the same way as traditional acid catalysts. At the same time,
however, these species have the advantage of being recyclable.
Poly(4-vinylpyridine) (P(4-VP)) has been reported as an at-

tractive support for the immobilization of mineral acids be-
cause of the basic nature of its pyridyl groups [4].

Research towards the development and application of solid
acids as economically and environmentally benign catalysts has
attracted considerable attention from both academia and in-
dustry, because as well as being inexpensive and environmen-
tally friendly, these reagents are non-corrosive and their dis-
posal does not lead to any significant effluent problems [5-16].

The protection of aldehydes serves as an important trans-
formation for the preparation of feedstocks for the synthesis of
poly functional compounds and natural products. The acetyla-
tion of aldehydes represents one of the most useful strategies
for the protection of aldehydes because of the ease with which
these compounds can be prepared and subsequently converted
back to the parent aldehydes [17-21]. Furthermore, these
compounds are stable to neutral and basic conditions [19]. The
synthesis of acylal is usually achieved via the reaction of an
aldehyde with acetic anhydride (AC20) in the presence of a
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protic acid [15,22-30], Lewis acid [19,30-44], or heterogene-
ous catalyst [45-54]. This transformation can also be conduct-
ed under neutral conditions [55].

Many application of these methods, however, has been lim-
ited either by (1) the requirement for costly and water sensi-
tive catalysts (e.g, triflates); (2) the special effort required for
the preparation of the catalyst (e.g, Bi(OTf)s, Nafion-H, and
yttria-zirconia); (3) the requirement for an excess of acetic
anhydride; (4) the requirement for low temperature condi-
tions; or (5) the potential for the occurrence of side reactions
with acid sensitive substrates (e.g., triflates). The high cost and
moisture sensitivity of these catalysts has become a major
concern for the industrial application of these processes. Alt-
hough these methods are generally efficient, they can some-
times be difficult to implement, in that there can be issues asso-
ciated with the preparation of an acylal from furfural [51] and
longer reaction time may be required for the preparation of
aliphatic and o,-unsaturated aldehydes [48]. Furthermore,
some of these catalysts have been reported to give the protec-
tion products as well as the deprotection products. With this in
mind, there is an urgent need for the development of a new
methodology using an inexpensive and mild catalyst that is
capable of overcoming the limitations described above for the
preparation of acylals from the corresponding aldehydes.

We recently demonstrated the applicability of poly(4-vi-
nylpyridinium) perchlorate (P(4-VPH)CIO4) for the acetylation
of alcohols, phenols, amines and thiols [56], as well as its appli-
cation to the one-pot synthesis of substituted coumarins under
ultrasonic irradiation [57]. Herein, we report the development
of a new mild and efficient method for the chemoselective
preparation of 1,1-diacetates from aldehydes at room temper-
ature under solvent-free conditions (Scheme 1).

2. Experimental
2.1. General

All chemicals were purchased from Merck, Aldrich and
Fluka and were used without further purification. The reaction
products were characterized based on their physical properties
and by comparison with authentic samples. The reactions were
monitored by thin-layer chromatography (TLC) using silica gel
SIL G/UV 254 plates.

The MS spectra were measured under gas chromatograph
(GC, 70 eV) conditions. The infrared (IR) spectra were recorded
on a Perkin Elmer 781 Spectrophotometer. The Ultraviolet
(UV) spectra were recorded on an Agilent 8453 UV-vis spec-
trophotometer at room temperature. The 1H NMR spectra were
recorded on a Bruker Avance 300 MHz instrument, whereas
the 13C NMR data were collected on a Bruker Avance 75 MHz

P(4-VPH)CIO,

Ac,0, solvent-free, r.t.

R = Alkyl or aryl

Scheme 1. Chemoselective preparation of 1,1-diacetates from alde-
hydes.

R-CHO R-CH(OAc),

instrument. All chemical shifts are quoted in parts per million
(ppm) relative to tetramethylsilane (TMS) in a deuterated sol-
vent. The melting points were recorded on a Biichi B-545 ap-
paratus in open capillary tubes.

2.2. General procedure for the acetylation of aldehydes

P(4-VPH)CIO4+ was prepared according to literatures
[56,57]. Briefly, the aldehyde (5 mmol), Ac20 (5-7.5 mmol) and
P(4-VPH)CIO4 (20 mg, 0.016 mmol) were added to a 25-mL
batch reactor equipped with a distillation condenser, and the
resulting mixture was stirred at room temperature for a speci-
fied time (Table 1). The amount of AC20 used in the reaction
was varied in the range of 1.0-1.5 equivalents to assist in the
dissolution of the aldehyde and the stirring of the reaction
mixture. Upon completion of the reaction (as determine by
TLC), the mixture was diluted with diethyl ether (Etz0, 2 x 10
mL) and filtered to allow for the recovery of the catalyst. The
ether layer was collected and washed sequentially with a satu-
rated solution of NaHCOs (5 mL) and water (3 x 5 mL) before
being dried over anhydrous NazSOs. The solvent was then re-
moved in vacuo to give the pure acylal product as a residue,
which was recrystallized from n-hexane or cyclohexane. The
recovered catalyst was dried in an oven under vacuum at 50 °C
and reused.

2.3. General procedure for the deprotection of 1,1-diacetates

A mixture of the 1,1-diacetate of the aldehyde (5 mmol) and
P(4-VPH)CIO4 (20 mg) in ethanol (5 mL) was stirred at 50-60
°C. Upon completion of the reaction (as determined by TLC),
the mixture was filtered to remove the catalyst. The filtrate was
collected and distilled to dryness to give a residue, which was
partitioned between water (10 mL) and Et20 (5 mL). The ether
layer was collected and the aqueous layer was back-extracted
with Et20 (2 x 5 mL). The combined ether layers were washed
with a saturated solution of NaHCOs3 (5 mL) and dried over
anhydrous NazS0O4. The solvent was removed under vacuum to
give the crude product as a residue, which was purified by silica
gel column chromatography (n-hexane:ethyl acetate = 85:15
(v/v)) to afford the pure aldehyde.

The spectral data of some representative products as fol-
lows.

1,1-Diacetate of 2-methylbenzaldehyde (Table 2, entry 7).
White solid; m.p. 65-67 °C; IR (KBr): v = 3650, 3500, 3010,
2910, 1760, 1610, 1590, 1490, 1430, 1370, 1245, 1200, 1160,
1060, 1010, 970, 940, 917, 790, 760, 700, 670, 600 cm-1; 1H
NMR (DMSO-ds, 300 MHz) 6 = 2.13 (s, 6H, 2 x COCH3s), 2.38 (s,
3H, CHs), 7.02 (d, ] = 7.9 Hz, 1H, ArH), 7.50 (d, / = 7.9 Hz, 1H,
ArH), 7.60-7.66 (m, 2H, ArH), 8.04 (s, 1H, CH(OAc)2); 13C NMR
(DMSO-ds, 75 MHz) § = 167.5, 147.7,135.4,133.8, 127.9, 125.1,
123.5,87.8,21.9, 21.0.

1,1-Diacetate of 3,4-dimethoxybenzaldehyde (Table 2, entry
11). White solid; m.p. 72-74 °C; IR (neat): v = 3035, 2985, 1760,
1610, 1595, 1530, 1465, 1370, 1310, 1245, 1210, 1170, 1100,
995, 970, 840, 760 cm-1; 1H NMR (CDCls, 300 MHz) 6 = 2.10 (s,
6H, 2 x COCHs), 3.06 (s, 3H, OCH3), 3.89 (s, 3H, OCHs), 6.81 (d, /
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=4.9 Hz, 1H, ArH), 6.88 (dd, /= 4.9,] = 1.1 Hz, 1H, ArH), 6.98 (d,
J=1.1Hz, 1H, ArH), 7.97 (s, 1H, CH(OAc)2); 13C NMR (CDCls, 75
MHz) § = 167.5, 149.8, 148.3, 147.7, 123.5, 113.4, 113.3, 87.8,
55.6,54.5,23.3.

1,1-Diacetate of isophthaldehyde (Table 2, entry 19). White
solid; m.p. 96-98 °C; IR (KBr): v = 3002, 2920, 1752, 1430,
1362, 1340, 1240, 1200, 1158, 1106, 1060, 1000, 942, 910,
808, 710, 680, 650, 600, 530, 510 cm-1; 1H NMR (DMSO-ds, 300
MHz) 6 = 2.10 (s, 12H, 4 x COCH3), 7.52 (d, ] = 7.8 Hz, 1H, ArH),
8.00 (d,J = 7.9 Hz, 1H, ArH), 8.17 (s, 2H, 2 x CH(OAc)2), 8.43 (m,
2H, ArH); 13C NMR (DMSO-ds, 75 MHz) 6 = 167.0, 141.1, 129.6,
128.8,126.3,102.3, 22.5.

1,1-Diacetate of terephthaldehyde (Table 2, entry 20). White
solid; m.p. 164-166 °C; IR (KBr): v = 3020, 2910, 1758, 1430,
1378, 1338, 1200, 1118, 1060, 1008, 960, 940, 910, 852, 818,
604, 580, 540 cm-1; 1H NMR (CDCls, 300 MHz) 6 = 2.37 (s, 12H,
4 x COCHs), 7.41 (s, 4H, ArH), 8.26 (s, 2H, 2 x CH(OAc)z2); 13C
NMR (CDCls, 75 MHz) § = 167.0, 141.1, 129.8, 104.3, 21.5.

3. Results and discussion

The reaction between 4-chlorobenzaldehyde (5 mmol) and
acetic anhydride (5 mmol) was selected as a model reaction to
optimize the reaction conditions. The model reaction was con-
ducted at room temperature in a variety of different solvents (5
mL), as well as being conducted under solvent-free conditions,
using P(4-VPH)ClO4 (20 mg) as the catalyst. The results of these
solvent screening experiments are shown in Table 1. The yield
for the reaction varied depending upon the solvent used and
decreased in the order solvent-free > AcOH > diethyl ether >
acetonitrile (MeCN) > ethanol > dichloromethane (DCM) and
tetrahydrofuran (THF). The highest yield for the reaction with
the shortest reaction time was achieved under solvent-free
conditions (Table 1, entries 7-11). The polar aprotic solvent
acetonitrile (Table 1, entry 4) and the polar protic solvent eth-
anol (Table 1, entry 6) gave similar conversion. Surprisingly,
however, when ethanol was used as the solvent, diethyl ether
and ethyl acetate also were observed as major products from
the reaction after 1 h. The use of the polar aprotic solvents DCM
and THF led to significant reductions in the conversion (Table
1, entries 2 and 3). This could be attributed to (I) a reduction in

Table 1
Effects of different amounts of catalyst, acylating agent, and solvent on
the 1,1-diacetylation of 4-chlorobenzaldehyde.

Entry Catalyst Acz0 Solvent Time Yield?
amount (mg) (equiv.) (5mL) (min) (%)
1 20 1 AcOH 60 89
2 20 1 DCM 60 trace
3 20 1 THF 60 trace
4 20 1 MeCN 60 18
5 20 1 Et0 60 32
6 20 1 EtOH 60 12
7 20 1 — 1 92
8 20 1.5 — 1 97
9 10 1 — 1 82
10 10 1.5 — 1 85
11 30 1 — 1 92
12 — 1 — 120 —

aDetermined by GC-MS.

the diffusion of the substrate and acylating agent molecules in
the presence of the solvent, and (II) interference from the sol-
vent molecules, which could be adsorbed onto the active sites
of the P(4-VPH)CIOx to effectively block the activity of the cata-
lyst [58-60].

On increasing the catalyst amount from 10 to 20 mg, the
product yield also increased (Table 1, entries 7-10). Further
increases in the catalyst amount (20-30 mg) did not have a
discernible impact on the yield or the reaction time (Table 1,
entries 10 and 11). An increase in amount of the acetic anhy-
dride led to a small increase in the product yield (Table 1, en-
tries 7, 8 and 9, 10). Interestingly, when the reaction was con-
ducted in the absence of the catalyst at room temperature, no
product was formed, even after a reaction time in excess of 2 h.
The use of 1.5 equivalents of Ac20 was preferred to 1.0 equiva-
lent, because the reaction did not always proceed to completion
with 1.0 equivalents due to the solidification of the
1,1-diacetate.

Blank experiments for the 1,1-diacetylation of furfural were
carried out in the presence of the starting materials (i.e.
P(4-VP) and HCIO4) used for the preparation of the
P(4-VPH)CIO4 reagent under similar reaction conditions. Fur-
fural was selected as a model substrate for the optimization
experiments because the diacetylation of furfural is usually
difficult to achieve under conventional conditions because of
the occurrence of competitive side reactions (i.e., decomposi-
tion or polymerization). When the reaction was conducted in
the presence of P(4-VP), the product was formed in a yield of
69% after 30 min, whereas the use of aqueous HClO4 led to a
mixture of products after the same time period. These results
were in sharp contrast to the result achieved using
P(4-VPH)ClO4. The poor performance of HClO4 was attributed
to its strong acidity, which would enhance the occurrence of
side reactions. Based on these results, it is clear that the current
protocol is much more effective for the 1,1-diacylation of fur-
fural in terms of reaction time and yield (Table 2).

Based on the results above, it was decided that the optimum
conditions for the acetylation reaction would be the use of sol-
vent-free conditions at room temperature with 20 mg of the
catalyst. With the optimized conditions in hand, we proceeded
to evaluate the scope of the transformation with a variety of
different aldehydes, and the results are summarized in Table 3.
It clearly indicated that the optimized conditions could be suc-
cessfully applied to a variety of different aldehydes. Benzalde-
hyde derivatives (Table 3, entries 1-13), as well as furfural
(Table 3, entry 14), aliphatic (Table 3, entries 15 and 16), and
allylic (Table 3, entry 17) aldehydes were all successfully acet-

Table 2

Controlled blank experiments for the 1,1-diacetylation of furfural in the
presence of P(4-VP) cross-linked with 2% divinylbenzene 60 mesh;
Fluka Chemica, HCIO4 ( as a 70% aqueous solution) and P(4-VPH)ClO4.

Catalyst Time

Entry Catalyst Yield2 (%)

amount (min)
1 P(4-VP) 20 mg 30 69
2 HCIO4 0.05 mL 30 Mixture of products
3 P(4-VPH)CIO. 20 mg 1 90

Reaction conditions: furfural 1.0 mmol, Ac;0 1.5 mmol, room tempera-
ture, solvent free.
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Table 3
Acylation of aldehydes in the presence of P(4-VPH)CIO4 at room tem-
perature under solvent-free conditions.

Protection Deprotection

Entry Substrate Time Yieldab Time Yieldab

(min) (%) (min) (%)
1 CsHsCHO 1 98 8 95
2 2-NO2-CsH4CHO 1 91 8 70
3 4-NO2-CsH4+CHO 1 97 8 68
4 2-Cl-CH4CHO 1 97 10 90
5 4-Cl-CéH4CHO 1 97 15 96

(1,1,1,1)¢ (97,96,96,95)4

6 4-CN-C¢H4CHO 1 92 12 72
7 2-Me-C¢H4CHO 1 92 15 89
8 4-Me-C¢H4CHO 1 94 12 86
9 2-Me0-CeH4+CHO 1 91 25 78
10 4-Me0-CsH4sCHO 1 93 25 75
11 3,4-(Me0)2-C¢HsCHO 1 93 30 70
12 2-OH-CeH4CHO 1 92¢ 5 95
13 4-OH-C¢H4+CHO 1 94e 5 96
14 Furfural 1 90 15 85
15 CeHsCH2CHO 1 88 25 82
16 Me(CH2)sCHO 1 86 30 70
17 CsHsCH=CHCHO 1 95 5 94
18 1,2-CsH4(CHO): 5 92f 5 90
19 1,3-C¢H4(CHO)2 5 92f 5 95
20 1,4-CsH4(CHO): 5 96f 5 90
21 2-Naphthaldehyde 1 89 10 94
22 CsHsCOCH3 120 0 — —

a The products were characterized based on their physical properties
and IR and NMR analyses.

b[solated yield.

¢ The reaction time for recycled catalyst.

4 The product for recycled catalyst.

e 3 equiv of Ac20 was used and product isolated as triacetate.

f4 equiv of Ac20 was used and product isolated as tetraacetate.

¢ No product was detected.

ylated under the optimized conditions. Hydroxybenzaldehydes
(Table 3, entries 12 and 13) and phthaldialdehyes (Table 3,
entries 18-20) containing two types of acylatable group were
completely acetylated to give the corresponding triacetate and
tetraacetates. The application of the optimized conditions to
acetophenone did not give any of the 1,1-diacetate product
(Table 3, entry 22). For ortho-substituted aldehydes, where the
ortho substituent was an acylatable group (Table 3, entries 12
and 18), P(4-VP)Cl04 was also equally efficient in catalyzing the
acetylation.

The differences observed in the reactivity of aldehydes and
ketones towards the formation of the corresponding 1,1-diace-
tate compounds encouraged us to evaluate the efficiency of
P(4-VPH)HCIO4 for the selective formation of a 1,1-diacetate
species during inter- and intra-molecular competition between
an aldehyde and a ketone. Thus, a mixture of benzaldehyde (1
mmol) and acetophenone (1 mmol) was treated with Ac20 (1.5
mmol) in the presence of P(4-VPH)ClO4 (20 mg) at room tem-
perature under solvent-free conditions for 2 min (Scheme 2).
Benzaldehyde 1,1-diacetate was obtained in quantitative yield,
whereas none of the 1,1-diacetate of acetophenone was ob-
served (GC-MS). The treatment of 4-acetylbenzaldehyde (1
mmol) with Acz0 (1.5 mmol) for 2 min under similar condi-
tions resulted in the exclusive formation of the 1,1-diacetate of

the aldehyde group (Scheme 2).

The outstanding feature of this method was that the catalyst
could be readily recycled five times without any significant
reduction in its activity (Table 3, entry 5). There are several
disadvantages associated with the use of solid acid catalysts
such as leaching, which can lead to a reduction in the activity of
the catalyst. The leaching of P(4-VPH)CIO4 into the liquid phase
was rigorously checked using standard potentiometric and
conductometric techniques after every run and the FTIR spec-
trum of the fresh catalyst was compared with that of the recov-
ered catalyst after the 5th run [56]. The results of these anal-
yses showed that no leaching had occurred during the reaction.

A comparison of this method with several other reported
methods for the same transformation is shown in Table 4 and
clearly shows the advantages of this method over the existing
procedures. It is also clear that some of the previously reported
procedures required much longer reaction time, did not allow
for the recovery and reuse of the catalyst, or used a large excess
of the acetylating agent. Our newly developed procedure was
particularly efficient for the acetylation of 4-nitrobenzaldehyde,
with the reaction affording 97% yield in 1 min. In contrast, the
same transformation required 20 equivalents of silica sulfuric
acid so achieve similar yield in the same time period [61]. The
use of LiClOs was found to be equally as effective as our newly
developed catalyst for the acetylation of 4-hydroxybenzalde-
hyde, although an extended reaction time was required in this
case (10 h). Compared with K-10 [62], which had no effect on
the acetylation of 4-hydroxybenzaldehyde, our newly devel-
oped catalytic system gave the desired product of 94% yield in
only 1 min.

It is noteworthy that perchlorates are potentially explosive
when heated in the presence of combustible substances at high
temperature [68,69] and care should therefore be taken when
handling perchlorates under these conditions. The conditions
used in the current study only required the use of catalytic
quantity of P(4-VPH)ClO4 under mild reaction conditions (room
temperature), and therefore circumvented the potential haz-
ards associated with the use of perchlorates. Furthermore, the
fact that P(4-VPH)ClO4 can be easily handled as a non-corrosive
powder and readily separated from the reaction mixture by
filtration and reused without any significant loss in activity

Oy _H

Oy Me AcO___OAc Oy Me

P(4-VPH)CIO, (4 mg)

Ac,0 (1.5 mmol), neat, r.t., 2 min

1 mmol 1 mmol 100% 100%*
O+ _H AcO__ _OAc
P(4-VPH)CIO, (4 mg)
Ac,0 (1.5 mmol), neat, r.t., 2 min
0~ Me 0~ Me
1 mmol 100%

Scheme 2. Selectivity in acylal formation during inter- and intra-mo-
lecular competition reactions. *Acetophenon 1,1-diacetate was not
obtained and only initial reactant was observed.
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Table 4
Comparison of the effects of different catalysts on the synthesis of the 1,1-diacetates from different aldehydes.
Entry Substrate Catalyst Ac20 (equiv.) Time (min) Yield? (%) Ref.
1 4-Nitrobenaldehyde P(4-VP)HSOs4 1.1-3.3 4 98 [29]
Silica sulfuric acid 20 50s 99 [61]
Silica supported perchloric acid 2 5 96 [63]
Cu(Cl04)2-6H20 2 10 97 [64]
Zn(Cl04)2+6H20 15 2 92 [65]
KHSO4 2 90 96 [66]
P(4-VP)CIO. 15 1 97 this work
2 4-Hydroxybenzaldehyde P(4-VP)HSO4 1.1-3.3 24 88 [29]
Silica sulfuric acid 15 70s 99 [61]
Silica supported perchloric acid 2 5 82 [63]
Cu(Cl04)2-6H20 2.5 30 92 [64]
LiClO4 1.7 600 95 [67]
P(4-VP)ClO4 1.5 1 94 this work
3 4-Cyanobenzaldehyde P(4-VP)HSO4 1.1-3.3 55 72 [29]
Solid silica sulfuric acid 15 50s 98 [61]
Zn(Cl04)2-6H20 1.5 5 98 [65]
P(4-VP)ClO4 1.5 1 92 this work
4 4-Chlorobenzaldehyde P(4-VP)HSO4 1.1-33 10 88 [29]
Silica sulfuric acid 3 1 82 [61]
Silica supported perchloric acid 2 2 98 [63]
Cu(Cl04)2-6H20 2 2 97 [64]
Zn(Cl04)2-6H20 1.5 3 91 [65]
KHSO4 2 3 99 [66]
LiClO4 1.7 30 90 [67]
P(4-VP)ClO4 1.5 1 97 this work
alsolated yield.

makes it especially suitable for industrial application.

Although a detailed mechanism for the current transfor-
mation has not yet been established, similar mechanisms have
been proposed for acetylation reactions conducted in the
presence of perchlorate as a promoter [64]. On the basis of
literature studies, a plausible catalytic cycle for the regenera-
tion of P(4-VPH)ClO4 has been proposed, as shown in Scheme
3. Thus, the acylation involves the initial formation of AcClO4
together with P(4-VPH)OAc, which subsequently reacts with
the aldehyde to give the acylal with the concomitant regener-
ation of P(4-VPH)ClO4. Further investigations aimed at fully
elucidating the precise mechanism of this reaction are current-
ly underway in our laboratory.

4. Conclusions

We have successfully developed for the first time a method
for the acetylation of aldehydes at room temperature under
solvent-free conditions using the solid phase catalyst

R-CHO R-CH(OAc),

P(4-VPH)CIO,

P(4-VPH)OAc + AcClO,
v

AC2O

Scheme 3. Proposed mechanism for the 1,1-diacetylation of aldehydes.

P(4-VPH)CIO4 as a catalyst. The methodology has several ad-
vantages from a green chemistry perspective, including avoid-
ing toxic catalysts and solvents. Furthermore, the reaction pro-
ceeds at a fast rate to afford the desired products in excellent
yields with no by-products observed. The catalyst was also
inexpensive, easy to prepare and handle, and could be readily
recovered and reused without any significant loss in its activity.
Further work is currently underway in our laboratory to ex-
plore the potential uses of this new catalyst in other organic
transformations.
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