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a b s t r a c t

A new chemo-enzymatic route to tetra-O-acetyl-l-ribofuranose from d-lyxose is described. Lipase-
catalyzed regioselective transesterification of acetate proceeded on C-4 of the d-lyxopyranoside.
Subsequently, stereochemistry of liberated secondary alcohol was inverted by way of oxidation and
reduction by IBX and NaBH(OAc)3 to give l-ribopyranoside. After deprotection, the furanose–pyranose
isomeric mixture was converged to the target molecule, taking advantage of lipase-catalyzed preferential
eywords:
-Ribose
-Nucleoside
-Lyxose
ipase

acetylation of primary alcohol on C-5.
© 2009 Elsevier B.V. All rights reserved.
egioselective reaction
tereochemical inversion

. Introduction

l-Nucleosides, the enantiomeric forms of d-nucleosides have
ecently been gaining interest as antiviral drugs [1,2]. Among syn-
hetic precursors, peracylated form of l-ribofuranose is a good
lycosyl donor [3] to control the stereochemistry in �-orientation.
o far, many synthetic efforts toward the parent pentose, l-ribose
ave been devoted [4–7]. In this paper, we describe a chemo-
nzymatic short-step synthesis of peracetylated form 1af from
-lyxose 2a. As shown in Scheme 1, if we compare the pyranose

orms of l-ribose and d-lyxose, only a simple inversion of the abso-
ute configuration at C-4 is enough. The transformation, however,
equires the regioselective protection of hydroxyl groups at C-1, C-2,
nd C-3 on the pyranose form of d-lyxose.

. Experimental

IR spectra were measured as thin films for oils or ATR for solid on
Jeol FT-IR SPX60 spectrometer. 1H NMR and 13C NMR spectra were
easured at 400 and 100 MHz respectively, on a VARIAN 400-MR

pectrometer. Optical rotation values were recorded on a Jasco P-

010 polarimeter. Silica gel 60 (spherical, 100–210 �m, 37558-79)
rom Kanto Chemical Co. and florisil (100–200 mesh) from Nakarai
hemical were used for column chromatography.

∗ Corresponding author. Fax: +81 3 5400 2665.
E-mail address: sugai-tk@pha.keio.ac.jp (T. Sugai).

381-1177/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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2.1. 4-Methoxyphenyl 2,3-di-O-acetyl-˛-d-lyxopyranoside (2d)

4-Methoxyphenyl 2,3,4-tri-O-acetyl-�-d-lyxopyranoside 2c [8]
(1.043 g, 2.73 mmol) was dissolved in toluene (20 mL). Cyclopen-
tanol (0.8 mL) and Candida antarctica lipase B (Roche Diagnostics,
Chirazyme L-2, 0.994 g) were added to the solution with stirring.
The mixture was stirred for 24 h at 60 ◦C. The reaction was mon-
itored by silica gel TLC (hexane/AcOEt = 2:3). After cooling, the
mixture was filtered and the filtrate was concentrated in vacuo.
The residue was purified by silica gel column chromatography
(46 g). Elution with hexane/AcOEt = 1:1 afforded 2d (0.898 g, 97%)
as a colorless oil. [�]D

25: +46.4 (c 1.52, CHCl3); 1H NMR (400 MHz,
CDCl3): ı 2.10 (s, 3H, Ac), 2.13 (s, 3H, Ac), 3.71 (dd, J4,5b = 10.0 Hz,
J5a,5b = 11.4 Hz, 1H, H5b), 3.75 (s, 3H, ArOCH3), 3.87 (dd, J4,5a = 5.5 Hz,
1H, H5a), 4.13 (ddd, J3,4 = 9.6 Hz, 1H, H4), 5.31 (d, J1,2 = 2.2 Hz, 1H,
H1), 5.31 (dd, J2,3 = 3.3 Hz, 1H, H3), 5.38 (dd, 1H, H2), 6.78–6.99
(4H, Ar-H); 13C NMR (CDCl3, 100 MHz): ı 20.8, 20.9, 55.6, 63.1,
65.6, 69.6, 72.1, 96.8, 114.6, 117.9, 149.9, 155.2, 170.0, 171.1; the
signal 114.6 and 117.9 included totally four carbons; IR: 3460,
2945, 2837, 1743, 1506 cm−1; anal. calcd for C16H20O8: C 56.47,
H 5.92; found: C 56.07, H 5.96. When the same triacetate 2c was
treated with C. antarctica lipase in buffer solution, the reaction
resulted in the highly polar mixture. Instead, hydrolysis of 2c with

another lipase from Burkholderia cepacia (Amano PS-IM) provided
2d, which was contaminated with an impurity whose proton chem-
ical shifts at C-2 and C-3 appeared upfileded: ı 4.19 (dd, J1,2 = 3.2 Hz,
J2,3 = 3.2 Hz, 1H, H2), 4.27 (dd, J2,3 = 3.2 Hz, J3,4 = 9.2 Hz, 1H, H3),
respectively.

http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:sugai-tk@pha.keio.ac.jp
dx.doi.org/10.1016/j.molcatb.2009.02.014
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Scheme 1.

.2. 4-Methoxyphenyl 2,3-di-O-acetyl-4-deoxy-4-oxo-
-d-lyxopyranoside (3)

Diacetate 2d (444 mg, 1.31 mmol) was dissolved in AcOEt
10 mL). IBX (1.14 g, 4.07 mmol, 3 eq.) was added to the solution with
tirring. The mixture was stirred for 32 h at 75 ◦C. The reaction was
onitored by silica gel TLC (hexane/AcOEt = 2:3). After cooling, the
ixture was filtered and concentrated in vacuo to afford 3 (435 mg,

9%) as a white solid. 1H NMR (400 MHz, CDCl3): ı 2.13 (s, 3H, Ac),
.18 (s, 3H, Ac), 3.77 (s, 3H, ArOCH3), 4.11 (d, J5a,5b = 15.3 Hz, 1H, H5a),
.40 (d, 1H, H5b), 5.57 (d, J1,2 = 2.4 Hz, 1H, H1), 5.65 (dd, J2,3 = 3.9 Hz,
H, H2), 6.01 (d, 1H, H3), 6.82–7.03 (4H, Ar-H). This was employed
or the next step without further purification.

.3. 4-Methoxyphenyl 2,3-di-O-acetyl-ˇ-l-ribopyranoside (1b)
nd 4-methoxyphenyl 2,3-di-O-acetyl-˛-d-lyxopyranoside (2d)

Ketone 3 (435 mg, 1.29 mmol) was dissolved in a mixture
f CH3CN (6.5 mL) and AcOH (6.5 mL). After stirring at −45 ◦C,
aBH(OAc)3 (826 mg, 3.90 mmol, 3 eq.) was added to the solution.
he mixture was stirred for 7 h, by slowly raising to 10 ◦C, and
uenched by adding saturated aqueous NaHCO3, and the aque-
us layer was extracted with AcOEt. The combined extracts were
ashed with saturated aqueous NaHCO3 and brine, dried over
a2SO4, and concentrated in vacuo to afford a mixture (10/1) of
b and 2d (430 mg, 98%). 1H NMR spectrum (400 MHz, CDCl3)
ttributed to 1b is as follows: ı 2.13 (s, 3H, Ac), 2.17 (s, 3H, Ac), 3.75
s, 3H, ArOCH3), 3.84 (dd, J4,5a = 2.7 Hz, J5a,5b = 12.3 Hz, 1H, H5a), 4.00
m, 1H, H4), 4.07 (dd, J4,5b = 1.2 Hz, 1H, H5b), 5.29–5.40 (3H, H1-3),
.80–6.99 (4H, Ar-H). This was employed for the next step without
urther purification.

.4. 2,3-Di-O-acetyl-l-ribose (1c) and 2,3-di-O-acetyl-d-lyxose

2e)

The mixture of 1b and 2d (391 mg, 1.15 mmol) were dis-
olved in a mixture of CH3CN (54 mL) and H2O (13.5 mL). CAN
(NH4)2[Ce(NO3)6]] (4.42 g, 8.06 mmol, 7 eq.) was added to the solu-
ysis B: Enzymatic 59 (2009) 197–200

tion at room temperature. The reaction was monitored by silica gel
TLC (hexane/AcOEt = 1:2). After stirring for 1 h at room temperature,
the reaction was quenched by adding Dowex® 1X8 resin (Cl− form).
After adjusting its pH to 7–8, the mixture was filtered and concen-
trated in vacuo. The residue was refined through a short column
of florisil (7.8 g). Elution with hexane/THF = 2:1 afforded a mixture
of 1c and 2e. This was employed for the next step without further
purification.

2.5. 1,2,3,5-Tetra-O-acetyl-l-ribofuranose (1af)

The mixture of 1c and 2e as above was dissolved in vinyl acetate
(8 mL). C. antarctica lipase (576 mg) was added to the solution with
stirring. The mixture was stirred for 24 h at 30 ◦C. The reaction was
monitored by silica gel TLC (hexane/THF = 1:1). The mixture was fil-
tered and the filtrate was concentrated in vacuo. The residue was
purified by silica gel column chromatography (13 g). Elution with
hexane/THF = 1:2 afforded 1df (142.9 mg, 45%). This was acetylated
by a conventional manner to give 1af (153.7 mg, 93%) as an insepa-
rable mixture of �- and �-anomers (1/6). 1H NMR (400 MHz, CDCl3)
signals attributed to 1af(�): ı 2.05 (s, 3H, Ac), 2.07 (s, 3H, Ac), 2.08
(s, 3H, Ac), 2.10 (s, 3H, Ac), 4.12 (dd, J4,5a = 5.3 Hz, J5a,5b = 11.9 Hz, 1H,
H5a), 4.31 (dd, J4,5b = 3.5 Hz, 1H, H5b), 4.35 (ddd, J3,4 = 6.3 Hz, 1H,
H4), 5.31–5.34 (2H, H2, H3), 6.14 (s, 1H, H1); signals attributed to
1af(�): 4.18 (dd, J4,5a = 3.9 Hz, J5a,5b = 12.1 Hz, 1H, H5a), 4.28–4.33
(1H, H5b), 4.41 (ddd, J3.4 = 2.7 Hz, J4,5a = 3.3 Hz, 1H, H4), 5.20 (dd,
J1,2 = 4.1 Hz, J2,3 = 6.7 Hz, 1H, H2), 5.23 (dd, 1H, H3), 6.40 (d, 1H, H1);
13C NMR (CDCl3, 100 MHz) signals attributed to 1af(�): ı 20.4, 20.5,
20.7, 21.0, 63.6, 70.5, 74.1, 79.3, 98.2, 169.0, 169.4, 169.7, 170.4; sig-
nals attributed to 1af(�): 63.3, 69.7, 70.0, 81.6, 94.0; IR: 2958, 2926,
1741, 1367, 1211 cm−1. Its NMR spectrum was identical with that
reported previously [7].

3. Results and discussion

To acquire the key intermediate with a liberated hydroxyl
group on C-4 of lyxose (2dp), we focused our attention on the
regioselective lipase-catalyzed ester exchange reaction, which was
observed on p-nitrophenyl 2,3,4-tri-O-acetyl-d-xylopyranoside by
Mastihubovà and Biely [9].

The peracetylated pyranoside form of d-lyxose, 2bp [10],
was treated with p-methoxyphenol under acidic conditions for
temporary blocking the hydroxyl group on C-1. The desired p-
methoxyphenyl glycoside 2c was obtained with an exclusive
�-orientation at the anomeric position [8]. The first trial was the
treatment with immobilized form of B. cepacia lipase (Amano PS-
IM) and n-butanol, exactly followed by the reported procedure. The
reaction was slow, and only as low as 12% of the desired product 2d
was obtained. Then, we turned our attention to the use of certain
secondary alcohols as nucleophile [11,12]. In our case, transesterifi-
cation between cyclopentanol worked well to give 50% yield of 2d.
Higher reactivity of cyclopentanol, compared with so far reported
cyclohexanol (2%) [11] and 2-propanol (14%) [12], suggested the
importance of steric hindrance as well as the conformational mobil-
ity of secondary alcohols. An enhanced yield by applying secondary
alcohol is understandable, by suppressing reverse transesterifica-
tion between the resulting cyclopentyl acetate and 2d to regenerate
2c. Moreover, it should be noted that C. antarctica lipase B (Chi-
razyme L-2), instead of B. cepacia lipase, improved the yield to be
as high as 97%. Through above-mentioned elaboration, the yield

became much higher than that (68%) under originally reported con-
ditions for p-nitrophenyl 2,3,4-tri-O-acetyl-d-xylopyranoside [9].

The ester exchange in hydrophobic organic solvent worked quite
beneficially, since the hydrolysis by the lipases in buffer solution
was accompanied with C-2 free hydroxyl contaminants, due to cer-
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cheme 2. Reagents and conditions: (a) p-methoxyphenol, TfOH, CH2Cl2 (76%), see
ef. [4]; (b) C. antarctica lipase B (Chirazyme L-2), cyclopentanol, toluene (97%); (c)

BX, AcOEt (99%); (d) NaBH(OAc)3, CH3CN, AcOH (98%).

ain acyl migration. The p-methoxyphenyl blocking on C-1 was
ecessary, since the treatment of 2bp with C. antarctica lipase gave
ighly polar by-products due to the hydrolysis of the acetyl groups
n both positions C-1 and C-4.

An alternative chemo-enzymatic route to liberate C-4 hydroxyl
roup of d-lyxose 2a was attempted. It was a combination of C.
ntarctica lipase-catalyzed selective acylation of anomeric hydroxyl
roup [13] and the subsequent acetonide formation between cis-
riented hydroxyl groups on C-2 and C-3. However, probably due
o some acyl migration in the acid-catalyzed acetonide formation,
he attempts only resulted in a complex mixture.

The next work was the inversion of the configuration of C-4 in
c. It was revealed that an oxidation-reduction pathway was suc-
essful. First, oxidation with IBX in AcOEt [14] provided the proper
etone 3 in 99% yield. Through the screening of reductants provid-
ng an equatorial attack of hydride, NaBH(OAc)3 in CH3CN–AcOH
15] showed the highest stereoselectivity to give 1b with the desired
xial hydroxyl group, accompanied with only small amount of 2d
91:9) as an inseparable mixture.

The introduction of the leaving group such as chloromethylsul-
onate [16,17] at C-4 of 2d, and the subsequent nucleophilic attack

ith potassium or cesium salts were also attempted. The steric hin-
rance of axially oriented acetoxy group on C-2 showed an adverse
ffect, and the reaction only resulted in the undesired elimination
roduct.
Scheme 3. Reagents and conditions: (a) (NH4)2[Ce(NO3)6], H2O, CH3CN; (b) C.
antarctica lipase, vinyl acetate, 30 ◦C; (c) Ac2O, pyridine (three steps, 42%).

Final task was the isolation of desired isomer from the mix-
ture, as well as the fixation to 1af. p-Methoxyphenyl group was first
deprotected with CAN [(NH4)2[Ce(NO3)6]] [18] to give 1c, but which
was still contaminated with 2e. And unfortunately, a small amount
of other impurities appeared, probably caused by acyl migration
under reaction conditions. The above mixture, however, was treated
with C. antarctica lipase in vinyl acetate, to give an anomeric mixture
of 1d as triacetates. Anomeric hydroxyl group was further acety-
lated in a conventional manner to give 1af as a 1:6 mixture of �-
and �-anomers, in 42% yield, through three steps from 1b as shown
in Scheme 3. It was noteworthy that the desired compound 1af, was
obtained in pure state, free from 1ap [19] or 2bf originated from the
contaminant.

We explain the reason for the formation of 1af as follows. First,
in view of the destination of the contaminant, the acylation of C-
4 hydroxyl group in 2ep might be fast, which was experienced in
the case of 2d from 2c in Scheme 2. Furthermore, even if 2ef is
major as shown in Scheme 3, the cis-oriented acetoxy group on

C-3 would exhibit steric hindrance [20] over the primary alco-
hol to some extent. The very slow reaction of 1cp is agreeable,
due to the steric hindrance essentially in axial secondary alcohol,
as well as the low nucleophilicity of anomeric hydroxyl group. In
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ontrast, primary hydroxyl group in 1cf was acylated very fast, in
ood accordance with the previous example for similar substrates
20].

. Conclusion

In this way, a new chemo-enzymatic way to tetra-O-acetyl-l-
ibofuranose from d-lyxose was established. Two regioselective
ipase-catalyzed reactions were demonstrated as the key step; first,
or the purpose of inversion of the stereochemistry on the specific
econdary alcohol in the starting material, and second, the isolation
f desired stereoisomers under the final convergence to ribofura-
ose, from a complex stereo- and structural isomeric mixture of
entoses.
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