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Scheme 1. Regioselective reductive benzylidene cleavage reaction and c
tant silylation reaction.
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Hafnium(IV) tetratriflate was shown to be an effective catalyst for the regioselective reductive benzyli-
dene ring opening with concurrent silylation reaction. The synthetic conditions were optimized, and
the scope and limitations were identified. In addition to glucose and glycosamine derivatives, mannose
and galactose were successfully employed as substrates. Various protecting groups such as acetyl, allyl,
and benzyl were found to be stable under the reaction conditions. By using a deuterated reducing
reagent, the reaction was deduced to proceed via an SN1 mechanism.
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oncomi-
Regioselective ring opening of benzylidene acetals is an impor-
tant reaction in the field of carbohydrate chemistry, as such acetals
are valuable protecting groups for block 1,3-diols. Benzylidene
acetals can be opened selectively under appropriate reaction con-
ditions to yield primary or secondary alcohols (Scheme 1).1 Since
Bhattacharjee and Gorin introduced the method to the field of
carbohydrate chemistry,2 a number of effective systems for achiev-
ing reductive benzylidene acetal ring opening have been reported.
Of these, AlH3 and i-Bu2AlH have been used to obtain cleavage at
the O6 position,3,4 and Et3SiH–Lewis acid combinations have been
shown to cleave at the O4 position.5 For the reaction mediated by
Et3SiH, the amount of Lewis acid required is usually more than
stoichiometric, and the reaction takes several hours to complete.
Recently, various metal triflates such as Cu(OTf)2 and V(O)(OTf)2

have been reported to be effective Lewis acid catalysts for this
reaction.6,7 We carried out the Cu(OTf)2 (5 mol %) catalyzed benzyl-
idene cleavage reaction of methyl 2,3-di-O-benzyl-4,6-O-benzyli-
dene-a-D-glucopyranoside 1 using Et3SiH (2 equiv) in CH3CN
according to Hung’s procedure,7 giving 4-hydroxy alcohol 2f
(67%) and the corresponding TES ether 2a (21%). Although the
concomitant TES formation reaction was not reported by Hung,
we were interested in direct TES ether formation during the ben-
zylidene acetal cleavage reaction. As an initial attempt, we focused
on Hf(OTf)4, as it was recently found to be a good mediator of
glycosyl fluoride activation in an operationally simple manner.8
Kobayashi and other groups have reported that Hf(OTf)4 is an effec-
tive Lewis acid for a variety of different reactions.9 We therefore
speculated that Hf(OTf)4 could work as an effective Lewis acid for
the regioselective benzylidene acetal cleavage reaction and con-
comitant silylation reaction.

As the opening of methyl 2,3-di-O-benzyl-4,6-O-benzylidene-a-
D-glucopyranoside 1 has evolved into a standard reaction when
comparing different methods for reactions of this type, we selected
this as an initial substrate for optimizing the synthesis conditions.
The reaction was completed in the presence of 2 equiv of Et3SiH
and 0.05 equiv of Hf(OTf)4 within 30 min (Table 1, entry 1). The
ratio of direct TES ether formation was increased using Hf(OTf)4.
4-alcohol 2f and its corresponding TES ether 2a were obtained in
37% and 44% yields, respectively. To facilitate the purification
process, the TES group of compound 2a was cleaved under aqueous
conditions in a one-pot reaction by the addition of 1 M HCl (entry
2). The yield of alcohol 2f was reduced after a prolonged reaction
period of up to 2 h (entry 3). When the amount of Hf(OTf)4 was
increased to 15 mol %, yield of alcohol 2f was increased (entry 4).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.tetlet.2013.10.011&domain=pdf
http://dx.doi.org/10.1016/j.tetlet.2013.10.011
mailto:smanabe@riken.jp
mailto:yukito@riken.jp
http://dx.doi.org/10.1016/j.tetlet.2013.10.011
http://www.sciencedirect.com/science/journal/00404039
http://www.elsevier.com/locate/tetlet


Table 1
Regioselective benzylidene acetal cleavage reaction catalyzed by Hf(OTf)4

OO
O

BnO
BnO OMe

Ph OBnO
HO
BnO

BnO OMe

OBnO
RO
BnO

BnO OMe

1 2f2a-2e

reducing
reagent

Lewis acid +

2a R = TES
2b R = Me2Et
2c R = TIPS
2d R = Ph3Si
2e R = TMS3Si

Entry Reducing reagent Lewis acid amount (mol %) Time (h) Solvent Products 2a–2e (%) 2f (%) Recovery of 1 (%)

1 Et3SiH 5 1/2 CH3CN 2a 44 37 0
2 Et3SiHa 5 1/2 CH3CN 2a 0 79 0
3 Et3SiH 5 2 CH3CN 2a 44 28 0
4 Et3SiH 15 1/6 CH3CN 2a 24 62 0
5 Et3SiH 1 3 + 1/2 CH3CN 2a 53 33 0
6 Et3SiH 5 1/2 CH2Cl2 2a 21 26 0
7 Et3SiH 5 1/2 Toluene 2a 0 0 90
8 Et3SiH 5 1/2 Et2O 2a 0 0 94
9 Me2EtSiH 5 1/3 CH3CN 2b 13 58 0
10 iPr3SiH 5 1/2 CH3CN 2c 11 16 64
11 Ph3SiH 5 1 CH3CN 2d 0 23 46
12 TMS3SiH 5 1/2 CH3CN 2e 0 12 80
13b BH3�THF 5 2 CH3CN — 0 0 0
14b BH3�NMe3 5 12 CH3CN — 0 0 80
15c Et3SiHg 200 2 CH2Cl2 2a 0 77 0

a After the reaction, 1 M HCl aq was added and the mixture was stirred for 0.5 h.
b The reaction was carried out at room temperature.
c 2 equiv of BF3�OEt2 and 12 equiv of Et3SiH were used.
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Instead, with reduced amount of Hf(OTf)4 with 1 mol %, yield of
TES ether 2a was increased (entry 5). It is likely that the TES ether
was cleaved owing to the acidity of Hf(OTf)4 itself. In CH2Cl2, the
reaction became more complex, with 6-alcohol 3 obtained in 7%
yield together with 4-alcohol 2f and its silylated product 2a (entry
6). No reaction was observed in toluene and Et2O, and the starting
material was recovered (entries 7 and 8). When the less hindered
reducing reagent, Me2EtSiH, was employed, the efficacy of the
reaction did not change significantly (entry 9), but with hindered
reducing reagents such as Ph3SiH and TMS3SiH, the yield of alcohol
was lowered and the silyl ether was not obtained (entries 11 and
12). Although the use of a Cu(OTf)2-mediated reaction enables
the regiochemistry to be controlled to either the O4 or O6 position
by merely changing the reducing reagent, unfortunately, when
Hf(OTf)4 was used with BH3�THF as the reducing reagent, the ben-
zylidene group was removed to give diol 4 in 92% yield (entry 13).
When BH3�NMe3 was employed, no reaction was observed and
starting material 1 was recovered in good yield (entry 14). Under
the same reaction conditions as those reported in reference 5a,
and using 12 equiv of Et3SiH and 2 equiv of BF3�OEt2, 2f was ob-
tained in 77% yield, together with 3 in 6% yield after 2 h (entry
15). Compared with the conventional method (entry 15), the
Hf(OTf)4-mediated reductive benzylidene cleavage reaction has
clear advantages.

We next investigated the scope and limitations of this method.
Using the conditions as the same as in entry 1 in Table 1, (5 mol %
Hf(OTf)4, CH3CN, 4 �C, 30 min), we examined glucose 5 and 6, glu-
cosamine 7 and 8, mannose 9 and 10, galactose 11, and disaccha-
ride 12 with various protecting groups. In addition to the benzyl
group, the azide, allyl, acyl, and phthaloyl groups were all found
to be stable under these conditions (Table 2). Galactose derivative
11 also gave good results (entry 7). Disaccharide 12 readily under-
went the benzylidene ring opening reaction to give compounds
20a and 20b in good yield (entry 8). Although it is known that
substituents at C3 position may affect regioselectivity,1,10 our con-
ditions gave 6-benzyl products regardless the protecting groups of
the 3-hydroxy group.

To elucidate the details of the reaction mechanism, Et3SiD was
used as a deuteride source (Scheme 2).1,11,12 Hung and Ellervik re-
ported that the benzylidene acetal cleavage reaction proceeds via
either an SN1 or SN2 pathway, depending on the particular combi-
nation of solvent, reducing reagent, and Lewis acid. Using the reac-
tion conditions listed as in entry 1 in Table 1, with the deuterated
reducing reagent Et3SiD, we carried out the Hf(OTf)4-catalyzed
reaction with compound 1. Products 21 and 22 were given in
35% and 55% yields, respectively. As previously reported by Hung,
the stereochemistry at the benzylic position was found to be a
49:51 (R/S) mixture. TES ether 22 also gave mixture of (R) and (S)
compounds at the benzylic position. Treatment of 22 with TBAF
gave 21R:21S in a 53:47 ratio in 93% yield. The reason for this
slightly different R/S ratio is not currently clear, with further exper-
imentation required in order to elucidate this. Overall, these results
demonstrate that the Hf(OTf)4-catalyzed benzylidene cleavage
reaction proceeded via an SN1 mechanism.

In conclusion, Hf(OTf)4 has been shown to be an effective cata-
lyst for the regioselective benzylidene acetal cleavage reaction and
direct TES ether formation. Although the mechanism of TES ether
formation is not clear at this point, the selective protection of the
6-OH and 4-OH of pyranosides would be useful for further trans-
formation. As Hf(OTf)4 is a commercially available solid that is easy
to handle in air, the developed method has great potential in the
field of organic synthesis.



Table 2
Scope and limitations of Hf(OTf)4-catalyzed regioselective benzylidene acetal cleav-
age reaction
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Et3SiH
Hf(OTf)4
CH3CN

+ OBnO
HO

PO
5-12 13a-20a 13b-20b

OBnO
TESO

PO

Entry Substrate Product Yield (%) Product Yield (%)

1 5 13a 20 13b 57
2 6 14a 43 14b 43
3 7 15a 10 15b 70
4 8 16a 39 16b 56
5 9 17a 22 17b 46
6 10 18a 24 18b 42
7 11 19a 49 19b 51
8 12 20a 64 20b 33
MP = p-methoxyphenyl.
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Scheme 2. Stereochemistry of deuteride incorporation at the benzylic position.
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Typical experimental procedure

To a solution of substrate (1.0 M) and Et3SiH (2 equiv) in CH3CN,
Hf(OTf)4 (0.05 equiv) was added at 4 �C. After consumption of the
starting material, as determined by TLC or by leaving an adequate
period of time, the reaction was quenched with satd NaHCO3, and
the aqueous layer was extracted several times with EtOAc. The
combined layers were washed with brine and dried over Na2SO4.
After concentration, the crude product was purified by preparative
TLC.
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