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Abstract: A safe, facile and low-leaching (up to
0.04 ppm) method has been developed for the re-
moval of allyl, prenyl and benzyl protecting groups
from the corresponding esters, using a sulfur-modi-
fied gold-supported palladium (SAPd) nanoparticle
catalyst, which is known to be non-flammable. The
catalyst itself was found to be recyclable and the re-
action appeared to proceed on the surface of the
SAPd.
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Introduction

The allyl group is one of the most commonly used
protecting groups in organic chemistry, especially for
the protection of carboxylic acids as the correspond-
ing allyl esters.[1] The key feature of this protecting
group is its stability towards both acidic and basic
conditions, and allyl protecting groups are commonly
removed using transition metal-catalyzed methods, in-
cluding palladium catalysis.[1,2] Despite these available
methods, there remains a need to develop more effi-
cient, milder and safer protocols for the general cleav-
age of allyl groups as there are several limitations to
the existing procedures described above. One of the
biggest limitations of the palladium-mediated cleav-
age of allyl groups is the removal of residual palladi-
um species from the product material and/or the reac-
tion mixture,[3] because this material can have an ad-
verse impact on subsequent reactions and can also

pose a serious risk to human health if it is not re-
moved to a suitably low level from pharmaceutical
products.

Supported transition-metal nanoparticles (NPs)
provide catalytic systems under low catalyst loading
and ligand-free conditions, and they are recyclable.
These benefits are attributed to the very large surface
areas and quantum size effects of metal NPs.[4]

Herein, we wish to report our development of
a new method for the removal of allyl protecting
groups from allyl esters using a safe, low-leaching, re-
cyclable and ligand-free palladium nanoparticles cata-
lyst. We recently described the development of
a sulfur-modified Au-supported Pd (SAPd) material,[5]

which is essentially an immobilized Pd catalyst bear-
ing Pd nanoparticles (Pd-NPs) of approximately 5 nm
in size on its surface. This material was prepared via
the mixing of piranha treated Au with Pd(OAc)2 in
xylene (Figure 1). SAPd can repeatedly catalyze
ligand-free Suzuki–Miyaura cross coupling, ligand-
free Buchwald–Hartwig cross coupling, and carbon
(sp3 and sp2)-hydrogen bond activation reactions, with
no more than 1 ppm of Pd ever leaching into the reac-
tion mixture.[5]

Figure 1. Preparation of SAPd.
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Results and Discussion

To achieve the Pd-NP-catalyzed removal of allyl pro-
tecting group on allyl esters, we initially examined the
deprotection of benzoic acid allyl ester (1a) by treat-
ing a solution of this material (0.2 mmol) in acetoni-
trile (0.1 m) with SAPd (Au 100 mesh, 12 ×14 mm2)[5,6]

under conventional conditions instead of a homogene-
ous Pd catalyst[1,2] (Table 1). Under some typical con-
ventional conditions, no reaction proceeded or only
trace amount of 2 a was yielded (entries 1–3). When
the reaction was performed with a combination of
formic acid and Et3N as scavenger agents at 80 88C for
2 h, the desired benzoic acid product 2 a was obtained
in 96% yield (Table 1, entry 4). To determine the ap-
propriate conditions for the reaction, we then
screened a variety of solvents, temperatures and reac-
tion times. Several different solvents were screened
for the reaction, including acetonitrile, dioxane,
EtOH and N,N-dimethylformamide; the desired prod-
uct 2 a was isolated in good to excellent yield in all
cases, but acetonitrile gave the best result and was se-
lected for further optimization work (Table 1, en-
tries 4–7). The reaction was then conducted at lower
temperatures such as 60 and 40 88C, which give 2a in
90 and 63 % yields, respectively (Table 1, entries 8
and 9). It is noteworthy, however, that the starting

material 1 a was recovered in 6 and 25% yields from
these reactions, respectively. Control experiments
were performed in the absence of SAPd and in the
presence of Au-mesh instead of SAPd (Table 1, en-
tries 10 and 11), both of which gave only a trace of 2a
even when the reaction was conducted for a longer
time. Entry 12 shows that the conventional reaction
conditions using Pd/C[7] gave the desired product 2a
in 82% yield. The amounts of Pd leached into the re-
action mixture by SAPd and an Pd/C were deter-
mined by inductively coupled plasma resonance spec-
troscopy, and the results of these experiments will be
described later in this article. Figure 2 shows a pro-
posed reaction mechanism for the removal of the
allyl-protecting group of allyl ester using a combina-
tion of a Pd catalyst and formic acid.

With the optimized conditions in hand (Table 1,
entry 4), we proceeded to examine the scope and gen-
erality of this SAPd-catalyzed method for the removal
of the protecting groups of esters using a series of dif-
ferent benzoic acid esters 1 b–i (Table 2). Prenyl and
benzyl protecting groups were readily cleaved from
the corresponding ester under the optimized condi-
tions (Table 2, entries 2 and 3), whereas n-propyl and
propargyl groups remained intact (Table 2, entries 4
and 5). Pleasingly, all of the allyl groups on allyl
esters 1 f–o, including an amino acid (entry 13), were

Table 1. Optimization of the reaction conditions for the removal of the allyl-protecting group of allyl benzoate (1 a) using
SAPd as a catalyst.

Entry Scavenger Solvent Temp [88C] Time [h] Yield [%][a]

2 a 1 a

1 N-methylaniline CH3CN 80 6 NR –
2 N,N-dimethylbarbituric acid CH3CN 80 6 NR –
3 Ph3SiH CH3CN 80 6 trace –
4 formic acid and Et3N CH3CN 80 2 96[e] –
5 formic acid and Et3N dioxane 80 1 80[e] –
6 formic acid and Et3N EtOH 80 2 62[e] –
7 formic acid and Et3N DMF 80 2 85[e] –
8 formic acid and Et3N CH3CN 60 3 90 6
9 formic acid and Et3N CH3CN 40 24 63 25
10 formic acid and Et3N

[b] CH3CN 80 2 2 82
11 formic acid and Et3N

[c] CH3CN 80 2 2 82
12 formic acid and Et3N

[d] CH3CN r.t. 3 82 –

[a] HPLC yield.
[b] Without SAPd.
[c] Au-mesh was used instead of SAPd.
[d] 10 % w/w of 10 % Pd/C was used instead of SAPd.
[e] Isolated yield.

2120 asc.wiley-vch.de Õ 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Synth. Catal. 2015, 357, 2119 – 2124

UPDATESKoji Takagi et al.

http://asc.wiley-vch.de


converted to the corresponding carboxylic acids in
good to excellent yields,[8] except 1 i, which gave
a much lower yield. This was because the tert-butyldi-
phenylsilyl group on the alcohol of this substrate was
partially cleaved under these reaction conditions,
even at a lower reaction temperature of 60 88C.

It was expected that a sufficient amount of Pd NPs
would remain on the SAPd even after deallylation,
and the reusability of the SAPd material was there-
fore evaluated together with the amount of palladium
that leached into the reaction mixtures (Table 3).
After a solution of 1 a (0.2 mmol) in acetonitrile

Table 2. Removal of the allyl protecting groups of different esters using SAPd as a catalyst.

Entry Substrate 1 Time
[h]

Product
yield [%][a]R R’

1 1 a Ph CH2CH=CH2 2 2 a (96)[b]

2 1 b Ph CH2CH=CMe2 2 2 a (96)[b]

3 1 c Ph CH2Ph 1 2 a (93)[b]

4 1 d Ph CH2CH2CH3 3 NR
5 1 e Ph propargyl 3 NR
6 1 f 4-MeOC6H4 CH2CH=CH2 1 2 f (quant.)
7 1 g 4-ClC6H4 CH2CH=CH2 1 2 g (quant.)
8 1 h c-Hex CH2CH=CH2 3 2 h (90)
9 1 i TBDPSO(CH2)3 CH2CH=CH2 2.5 2 i (44)[c]

10 1 j BnO(CH2)3 CH2CH=CH2 3 2 j (75)
11 1 k Ph(CH2)2 CH2CH=CH2 0.5 2 k (quant.)
12 1 l PhOCH2 CH2CH=CH2 2.5 2 l (86)

13 1 m CH2CH=CH2 4 2 m (82)

14 1 n Z CH3(CH2)7CH=CH(CH2)7 CH2CH=CH2 1.5 2 n (92)
15 1 o Ph CH2C6H4 pNO2 4 2 a (96)[b]

[a] Isolated yield
[b] HPLC yield.
[c] Temp.: 60 88C.

Figure 2. A proposed reaction mechanism for the removal of the allyl-protecting group of allyl ester using a combination of
a Pd catalyst and a formic acid.
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(0.1 m) had been heated at 80 88C for 2 h in the pres-
ence of formic acid (5 equiv), Et3N (5 equiv) and
SAPd, the SAPd was removed and reused in the next
reaction. It was found that SAPd could be used for at
least ten reaction cycles without any significant loss in
its catalytic activity, and the deallylated products were
obtained in excellent yields in all cycles. Measure-
ments for the amount of palladium leached into the
reaction mixtures were also conducted by inductively
coupled plasma mass spectroscopy (ICP-MS) analysis,
which revealed that 0.09–0.92 mg of Pd were present
in the reaction mixture. This small amount of palladi-
um was estimated to be 0.04–0.46 ppm in the whole
mixture.[9] In a similar reaction using Pd/C instead of
SAPd (Table 1, entry 12), a much larger amount of Pd
was leached into the reaction mixture (1.50�0.37 mg).

Kinetic studies/filtration tests were conducted on
three different reactions and the time conversion
plots of these reactions were compared to develop
a deeper understanding of the nature of the catalytic
species involved in this SAPd-catalyzed process.
These investigations were conducted to confirm
whether the leached Pd-species exhibited any catalyt-
ic activity towards the removal of the allyl group
(Figure 3). The reaction with SAPd was performed

under the optimized conditions described in Table 1
(entry 4) to give the deprotected product 2 a in 93%
yield after 40 min. Another reaction was also per-
formed under the same conditions, except that the
SAPd was removed from the mixture 10 min after
starting the reaction. In this particular case, the yield
of product 2 a was determined to be only 49 % after
10 min and the chemical conversion stopped com-
pletely following the removal of SAPd, with the yield
of 2 a remaining at 49% after 120 min. These results
therefore indicate quite strongly that the active Pd
species involved in the removal of the allyl-protecting
group from the allyl ester 1 a using SAPd as a catalyst
is indeed the Pd-NPs on the SAPd surface, even
though some Pd was released from the SAPd during
the course of this reaction (Table 3). This result was
particularly interesting when compared with the
result of our previous experiments,[5] where Pd-cata-
lyzed Suzuki–Miyaura cross coupling, Buchwald–
Hartwig cross coupling and carbon (sp3 and sp2)-hy-
drogen bond activation reactions using halogen com-
pounds were catalyzed by an active Pd species that
was leached from SAPd.

Conclusion

In summary, we have developed a new safe method
for the removal of allyl protecting groups of allyl
esters using SAPd as a Pd-NP catalyst, where the re-
action proceeded on the SAPd surface. It is notewor-
thy that SAPd could be recovered and reused at least
10 times without any discernible decrease in its activi-
ty and that much less Pd leached from the catalyst
into the reaction mixture than that observed in con-
ventional methods using Pd/C. Further studies to-
wards developing a better understanding of the scope

Table 3. Removal of the allyl protecting group from an allyl
ester using SAPd as a catalyst, repeated use of SAPd and
analysis of the amount of Pd leaching into the reaction mix-
ture.

Cycle Yield [%][a,b,c] Amount of Pd [mg] leached into
the reaction mixture[a,c,e,f]

1 93�0.9 0.92�0.91 (0.46)
2 93�2.2 0.41�0.39 (0.21)
3 95�1.4 0.15�0.02 (0.07)
4 94�1.2 0.25�0.08 (0.13)
5 92�1.7 0.12�0.03 (0.06)
6 92�1.7 0.11�0.04 (0.05)
7 92�0.8 0.09�0.01 (0.05)
8 93�3.3 0.09�0.0.2 (0.05)
9 92�0.5 0.09�0.02 (0.05)
10 92�0.5 0.09�0.01 (0.04)
Average 93�1.5 0.12�0.08 (0.06)
Pd/C[d] 81�0.9 1.50�0.37 (0.75)

[a] Reaction conditions: PhCO2allyl (0.20 mmol), SAPd (100
mesh, 12 × 14 mm2), formic acid (5.0 equiv) and Et3N
(5.0 equiv) in CH3CN (0.1 m) at 80 88C for 2 h.

[b] The HPLC yield.
[c] The standard deviation was calculated from the results of

three independent samples.
[d] Reaction conditions: PhCO2allyl (0.20 mmol), Pd/C

(10 % w/w of 10 %), formic acid (5.0 equiv) and Et3N
(5.0 equiv) in CH3CN (0.1 m) at r.t. for 3 h.

[e] The entire reaction mixture was analyzed directly by in-
ductively coupled plasma mass spectroscopy.

[f] Numbers in parentheses indicate the amount of Pd in
ppm.

Figure 3. Removal of protecting group on ester 1 a using
SAPd as a catalyst, filtration test.
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and utility of this system are currently underway in
our laboratory.

Experimental Section

General considerations

Unless otherwise indicated, all of the reactions were carried
out with magnetic stirring under an argon atmosphere. Re-
actions were monitored by thin layer chromatography
(TLC).

Preparation of Sulfur-Modified Au-Supported Pd
Material (SAPd)

SAPd was prepared according to a previously published lit-
erature procedure.[5d] Briefly, Au (100 mesh, 14 × 12 mm2,
100.7 mg) was placed in a piranha solution for 5 min and
then washed sequentially with H2O (10 ×3.0 mL) and EtOH
(6 ×3.0 mL). The resulting Au mesh was placed in a round-
bottomed flask and dried for 10 min under reduced pressure
(6 mmHg). The sulfur-modified Au mesh was placed in a so-
lution of Pd(OAc)2 (5.3 mg, 0.023 mmol) in xylene (3.0 mL)
and stirred at 100 88C for 12 h. The mesh was then rinsed
with xylene (50 × 3.0 mL) and dried under vacuum before
being placed in xylene (3.0 mL) and heated at 135 88C for
12 h. The material was then rinsed with xylene (50× 3.0 mL)
and dried under vacuum for 10 min to give SAPd
(100.8 mg), and this was the only source of SAPd used
throughout this research.

General procedure for the SAPd-catalyzed
deallylation of allyl esters

Formic acid (37.7 mL, 1.00 mmol, 5.0 equiv), triethylamine
(139 mL, 1.00 mmol, 5.0 equiv) and SAPd were added to a so-
lution of allyl ester (0.20 mmol, 1.0 equiv) in dry CH3CN
(2.0 mL, 0.1 m), and the resulting mixture was slowly stirred
at 80 88C. Upon completion of the reaction, as determined by
TLC, the reaction mixture was cooled to room temperature.
The SAPd was removed from the mixture by a pair of
tweezers (the SAPd was washed sequentially with CH2Cl2

[3× 3 mL] and EtOH [3 × 3 mL] before being stored for the
next cycle). The reaction mixture was diluted by CH2Cl2 and
concentrated under reduced pressure to give the crude prod-
uct as a residue, which was purified by silica gel chromatog-
raphy eluting with a 1:1 (v/v) mixture of hexane and EtOAc
containing 0.5 % (v/v) AcOH.[10]
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