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Abstract 

4-Nitrophenyl-fl-xylobioside was synthesized by an improved short chemical-enzymatic 
method, based on the use of xylobiose as a starting material. Xylobiose was prepared 
following extensive enzymatic digestion of birchwood xylan with xylanase T-6. The resulting 
digest, containing mainly xylobiose and xylose, was directly subjected to an acetylation step, 
which after silica gel chromatography, provided highly pure hexaacetate of xylobiose. 
Bromination with HBr in acetic acid gave in quantitative yields the corresponding bromide, 
which after the coupling and deprotection steps, afforded the target 4-nitrophenyl-fl-xylobio- 
side. © 1997 Elsevier Science Ltd. All rights reserved. 
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Xylanases (1,4-fl-D-xylan xylanohydrolase; EC 
3.2.1.8) are hemicellulases that hydrolyze xylan, a 
major constituent of the hemicellulose complex. Xy- 
lan is composed of /3-(1-~ 4)-linked xylopyranose 
units that are acetylated or glycosylated on the free 
hydroxyls with a-D-glucuronic acid, a-L-arabinose, 
or /3-D-galactose. The complete degradation of xylan 
requires a variety of enzymes including esterases and 
glycosidases. The most important enzymes are the 
endo-xylanases which cleave the major backbone. 
Xylanases have many biotechnological uses and po- 
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tential applications, including bioconversion of ligno- 
cellulase material to fermentation products, clarifica- 
tion of juices, and improvement of the consistency of 
beer and the digestibility of animal feedstock [1]. 
Recently, the utilization of hemicellulases in bleach- 
ing of Kraft pulp has become one of the most impor- 
tant new large scale industrial applications of en- 
zymes [2,3]. In fact, the large-scale use of xylanases 
for bio-bleaching is currently being considered by 
various paper manufacturers [2-4]. 

The biochemistry of xylanases is of major interest 
for both applied and basic science. However, good 
substrates for these enzymes are not available com- 
mercially. To date, the standard assay for xylanase 
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has been based on the accumulation of reducing 
sugars during the degradation of partially soluble 
xylan. Since the average molecular weight of the 
substrate changes during the reaction, this assay is 
highly variable and true kinetic constants cannot be 
obtained [5]. In addition, the use of different xylan 
substrates with different types and degrees of substi- 
tution hinders accurate comparison of reported activi- 
ties. 

Aryl glycosides of xylobioside have been recog- 
nized previously as superior substrates for xylanases. 
However, the direct method of making significant 
amounts of xylobiosides has been hampered by the 
very limited accessibility of /3-(1 ~ 4)-linked xylo- 
oligosaccharides. Recently, Ziser and Withers [6] have 
developed a synthetic pathway for the preparation of 
nitrophenyl-/3-xylobiosides via coupling of a suitably 
partially protected nitrophenyl-/3-D-xylopyranoside 
with C~-D-xylopyranosyl trichloroacetimidate. Al- 
though this synthetic route was successful, the proce- 
dure is very long and gives poor overall yields. An 
alternative approach for the synthesis of these nitro- 
phenyl derivatives is to use xylobiose as a starting 
material. However, the high price of this commer- 
cially available compound limits its use. 

In the present note, we describe an efficient, com- 
bined enzymatic and chemical synthesis for the 
preparation of 4-nitrophenyl-/3-xylobioside that uti- 
lizes xylobiose as the starting sugar. Known proce- 
dures for the preparation of xylobiose include the 
enzymatic degradation of xylan [7,8], followed by 
tedious extraction and chromatographic steps which 
usually yield xylobiose in about 80-85% purity [8- 
10]. We have improved significantly the above proce- 
dure in the following ways: (1) Birchwood xylan was 
used as the starting material. Birchwood xylan is 
more homogeneous and has less substituents and 
branching points on the main xylose chain than other 

commercially available xylans (for example, oat spelts 
xylan [8]). (2) For the complete degradation of xylan, 
high quantities of recombinant xylanase T-6 were 
used. Xylanase T-6 is capable of completely degrad- 
ing xylan to a mixture of xylobiose (target-product) 
and xylose (side-product). (3) This mixture, without 
any purification, was then directly subjected to acety- 
lation (Ac20, pyridine, DMAP) which, after chro- 
matography on silica gel, provided highly pure ( >  
95%) hexaacetate 1 (Scheme 1) as a mixture of 
anomers ( /3 :~  1.2:1). The pure /3 anomer could be 
separated from this mixture by recrystallization from 
ethanol; however, the subsequent bromination reac- 
tions were successfully conducted on the anomeric 
mixture as described in the Experimental section. It is 
noteworthy that deacetylation of hexaacetate 1 is an 
efficient route for obtaining high amounts of pure 
xylobiose. 

The bromination of glycosyl acetates is also a 
problematic step, since the resulting glycosyl bro- 
mides are unstable and difficult to obtain in large 
quantities. Consequently, various methods for bromi- 
nation of sugars have been developed over the past 
years [11-15]. 

The target penta-O-acetylxylobiosyl bromide (2) is 
a known compound [15], but is difficult to obtain in 
large quantities and no data on this compound is 
available. In addition, 2 is usually obtained by a 
dangerous procedure which involves treatment of the 
reactant sugar with red phosphorus and bromine [11]. 
In the current study, compound 1 is treated with 
hydrogen bromide in acetic acid to produce the corre- 
sponding a-bromide 2 in near-quantitative yield. This 
reaction can be performed on a relatively large scale 
(up to 10 g) and the product bromide can be stored 
for long periods at - 2 0  °C in ethyl acetate solution. 
Condensation of 2 with 4-nitrophenol in the presence 
of 2,6-1utidine and silver carbonate [9] affords the 

1. T-6 Xylanase 
Xylan ,, 

2. AC20, Py, DMAP 

AcO'~"--~ O O..-'k'--.-~ q 
A c O - ~  ~ c o ~ O A c  

AcO AcO 

HBr, AcOH 

A~o"k " - ' ~  ° ~"~ '~ -~  R 

2 

1. ROH, 2,6-1utidine, Ag2CO 3 

2. NaOMe, MeOH 

3b R1 R2 
3a 4-nitrophenyl Ac 

4-nitrophenyl H 

Scheme 1. Chemical-enzymatic synthesis of 4-nitrophenyl-fl-xylobioside (3b). 
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crystalline 3a (67%), which is O-deacetylated to pro- 
vide the nitrophenyl xylobioside 3b in 36% overall 
yield from hexaacetate 1. 

In conclusion, a straightforward five-step chemi- 
cal-enzymatic transformation has been devised to 
convert commercial xylan into 4-nitrophenyl-/3- 
xylobioside in high overall yield. The synthesis has 
been used to provide several grams of the desired 
product in the course of a few days. 

I. Experimental 

General methods.--~H NMR spectra were 
recorded on a Bruker AM-400 spectrometer, and 
chemical shifts reported (in ppm) relative to internal 
Me4Si (6 0.0) with CDC13 as the solvent and to 
HOD (6 4.63) with D20 as the solvent. ~3C NMR 
spectra were recorded on a Bruker AM-400 spec- 
trometer at 100.61 MHz and the chemical shifts 
reported (in ppm) relative to the residual solvent 
signal for CDC13 (6 77.00) or to external sodium 
2,2-dimethyl-2-silapentane sulfonate (6 0.0) for D20 
as the solvent. Mass spectra were obtained on a 
TSQ-70B mass spectrometer (Finnigan Mat) under 
fast-atom bombardment (FAB) condition in glycerol 
matrices or by negative chemical ionization (NCI) in 
isobutane. 

Reactions were monitored by TLC on Silica Gel 
60 F254 (0.25 mm, Merck) and spots were visualized 
by charring with a yellow solution containing 
(NH4)6Mo7024 • 4H20 (120 g) and (NHz)2Ce(NO3) 6 
(5 g) in 10% H2SO 4 (800 mL). Flash column chro- 
matography was performed on Silica Gel 60 (70-230 
mesh). Melting points were determined using a Elec- 
trothermal IA-9300 melting point apparatus in open 
capillary tubes and are uncorrected. Optical rotations 
were measured at 20 °C using a Jasco DIP-370 digital 
polarimeter. Xylanase T-6 (E.C. 3.2.1.8) [16,17] 
(specific catalytic activity 400 U/mg)  was overpro- 
duced and isolated from strain E. coli BL21(DE3) 
(pET9d) according to a recently published procedure 
[181. 

2, 3, 4, 2', 3', 4'- hexa- O-acetyl-xylobioside (1).--Bi- 
rchwood xylan (3 g, Sigma, St. Louis) was suspended 
in 100 mL of 0.25% MOPS (3-[N-morpholino]pro- 
panesulfonic acid) buffer, pH 7.0. The enzymatic 
digestion was performed at 60 °C by portional addi- 
tion of recombinant xylanase T-6 (2.8 mg in each 
addition) and the reaction progress was monitored by 
the reducing-sugar assay [19]. The complete digestion 
of xylan (12 h, and 3 enzyme additions) produced 
122 /zmol xylose equivalent per mL, which corre- 

sponds to a molar ratio of about 1:1 of xylose and 
xylobiose. The reaction mixture was precipitated by 
addition of cold acetone (to a final concentration of 
70%) and centrifuged (20 min, 4 °C, 15,000 rpm). 
The supernatant was first rotary-evaporated under 
reduced pressure followed by lyophilization to give a 
mixture (2.3 g) of xylobiose (Rf  0.54, 5:4:1 ace- 
tone-n-butanol-water) and xylose (Rf  0.65) as a 
white foam. 

The above mixture (2.3 g) was dissolved in freshly 
distilled dry pyridine (50 mL) and concentrated to 
dryness. This procedure was repeated twice in order 
to remove residual water. The residue obtained was 
dissolved in dry pyridine (50 mL) and 4-dimethyl- 
aminopyridine (1 g) was added. The mixture was 
cooled to 4 °C and freshly distilled acetic anhydride 
(30 mL) was introduced dropwise. The reaction 
progress was monitored by TLC (1:1 EtOAc-hexane), 
and the mixture was stirred at room temperature until 
all the starting material had been consumed (5 h). 
The reaction mixture was diluted with EtOAc (300 
mL) and ice cold water (200 mL) was added. After 
thorough extraction of the water fraction with EtOAc, 
the organic fractions were combined and sequentially 
washed with dilute aq H2504, water and saturated 
NaC1. The dried (MgSO 4) organic layer was concen- 
trated under reduced pressure, and the residue was 
purified by chromatography on a silica gel column 
(1:9 EtOAc-hexane) to give 1 (2.16 g, 4.05 mmol) as 
a mixture of anomers (fl:c~ 1.2:1), and 1.30 g (4.0 
mmol) of the peracetylated xylose, also as a mixture 
of anomers ( f l : a  1.3:1). The pure /3-1 could be 
obtained from the above mixture by recrystallizing 
twice from ethanol; mp 154-155 °C, lit 153-155 °C 
[20]; [ce] 2° -74 .0  ° (c 1, CHC13), lit. - 7 5  ° [21]; R/ 
0.54 (6:4 EtOAc-hexane); ~H NMR (400 MHz, 
CDC13): 6 5.61 (d, 1H, Ji,2 7.4 Hz, H-l), 4.94 (dd, 
1H, J2,3 8.6 Hz, H-2), 5.12 (t, 1H, J3,4 8.6 nz, H-3), 
3.83 (ddd, 1H, Ja,sa 9.3, J4,sb 5.1 Hz, H-4), 3.44 (dd, 
IH, Jsa.Sb 12.1 Hz, H-5a), 3.98 (dd, 1H, H-5b), 4.53 
(d, 1H, Jl'.2' 6.06 Hz, H-I'), 4.77 (dd, 1H, J2',3' 7.9 
Hz, H-2'), 5.06 (t, 1H, J3',4' 7.9 Hz, H-3'), 4.85 (ddd, 
IH, J4',5'~ 7.8, Ja',Yb 4.7 Hz, H-4'), 3.36 (dd, 1H, 
Js'~,5'b 12.0 Hz, H-5'), 4,06 (dd, 1H, H-5'b), 1.99, 
2.00, 2.01, 2.02, 2.03, and 2.06 (6s, 18H, Ac); ~3C 
NMR (100 MHz, CDC13): 6 20.55 (30Ac),  20.67 (3 
OAc), 61.62 (C-5'), 63.32 (C-5), 68.32 (C-2), 69.87 
(C-2'), 70.35 (C-3), 70.51 (C-3'), 71.96 (C-4'), 74.18 
(C-4), 92.19 (C-I), 99.56 (C-I'), 168.84, 168.97, 
169.40, 169.48, 169.66, and 169.81 (6 OAc); nega- 
tive CIMS m / z  533.2 [(M-H)-,  C22H29OI5 , Calcd 
533.0]. 
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2,3,2',Y , 4'-penta-O-acetyl-fl-xylobiosyl bromide (2). 
- - T o  a solution of 1 (2.53 g, 4.75 mmol) in dry 
1,2-dichloroethane (25 mL) a solution of hydrogen 
bromide in 30% acetic acid (1.32 mL, 16.53 mmol) 
was added at room temperature. The reaction progress 
was monitored by TLC (3:2 EtOAc-hexane). After 
stirring for 2 h at room temperature, the reaction 
mixture was diluted with cold CHC13 (100 mL) and 
then ice cold 5% NaHCO 3 (30 mL) was introduced. 
The aqueous layer was washed twice with CHC13 and 
the combined organic layer was washed with water 
(100 mL), dried (MgSO 4) and concentrated under 
reduced pressure to afford the bromide 2 (2.63 g, 
100% yield) as a yellow oil. This material was not 
purified by flash chromatography without decomposi- 
tion and typically was used fresh for the next step. 
However, we found that the solution of bromide 2 in 
dry ethyl acetate at - 2 0  °C can be stored for a few 
weeks without significant decomposition. Data for 2: 
[a]~ ° +39.2 ° (c 10, CHC13); Rf  0.62 (6:4 EtOAc- 
hexane); lH NMR (400 MHz, CDC13): 6 6.48 (d, 
IH, Ji.2 4.0 Hz, H-l), 4.65 (dd, 1H, J2,3 10.0 Hz, 
H-2), 5.42 (t, 1H, J3.4 9.8 Hz, H-3), 3.74-3.90 (m, 
3H, H-4, H-5a, H-5b), 4.54 (d, 1H, Jl'.2' 5.8 Hz, 
H-I'), 4.74, (dd, 1H, J2',3' 7.53 Hz, H-2'), 5.04 (t, 
IH, J3'.4' 7.55 Hz, H-3'), 4.83 (ddd, IH, J4',5'~ 7.53, 
J4'.5'b 4.5 Hz, H-4'), 3.36 (dd, 1H, Js'a,5'b 12.04 Hz, 
H-5'a), 4.05 (dd, 1H, H-5'b), 1.98, 1.99, 2.00, and 
2.01 (4s, 15H, Ac). 13C NMR (100 MHz, CDC13): 
20.57 ( 2 0 A c ) ,  20.67 (OAc), 20.73 (OAc), 20.94 
(OAc), 61.41 (C-5'), 63.11 (C-5), 68.20 (C-2), 69.93 
(C-2'), 70.12 (C-3), 70.21 (C-3'), 70.91 (C-4'), 74.05 
(C-4), 87.49 (C-I), 99.42 (C-I'), 169.25, 169.27, 
169.69, 169.84, and 169.85 (50Ac) .  

4 - Nitrophenyl - 2, 3, 2', 3', 4' -penta - 0 - acetyl - fl - 
xylobioside (3a).--Compound 2 (1.38 g, 2.49 mmol) 
was condensed with 4-nitrophenol (0.69 g, 4.97 
mmol) according to a published procedure [9]. The 
product was purified by column chromatography (1:4 
EtOAc-hexane) and then crystallized from the same 
solvents to give 3a (1.15 g, 67%): mp 183-184 °C, 
lit. 182-184 °C [6]; [a]2D ° --83.4 ° (C 1, CHC13); Rf 
0.38 (1:1 EtOAc-hexane), lit. 0.38 [6]; JH NMR data 
of 3a were in agreement with the literature [6]. 13C 
NMR (100 MHz, CDC13): 6 20.59 (30Ac) ,  20.67 
(OAc), 20.74 (OAc), 61.67 (C-5'), 62.5 (C-5), 68.29 
(C-2), 70.05 (C-2'), 70.41 (C-3), 70.53 (C-3'), 71.21 
(C-4'), 73.94 (C-4), 97.90 (C-l), 99.69 (C-l'), 116.43, 
125.71, 142.97, and 161.02 (Ar), 169.08, 169.45, 
169.57, 169.72, and 169.84 (50Ac) .  FABMS: m/z 
613.4 (M++ H, C26H31NOI6 , Calcd 613.0). 

4-Nitrophenyl-~-D-xylobiose (3b).--Compound 3a 
(1.15 g, 1.88 mmol) was O-deacetylated according to 
a published procedure [6]. The crude product was 
purified by column chromatography (7:3 CHC13- 
MeOH) to give 3b (632 mg, 84%) as a foamy solid: 

20 o 1 ' [a ]  D -88 .5  (c , MeOH), ht. -88 .8  ° [6]; Rf  0.32 
(17:2:1 EtOAc-MeOH-H20),  lit. 0.32 [6]. LH NMR 
data of 3b were in agreement with the literature [6]. 
13C NMR (100 MHz, D20): 6 65.50 (C-5'), 67.69 
(C-5), 71.61 (C-2), 74.90 (C-2'), 75.18 (C-3), 75.84 
(C-3'), 78.04 (C-4'), 78.51 (C-4), 102.25 (C-l), 
104.30 (C-I'), 118.76, 128.36, 144.73, and 163.96 
(Ar). FABMS: m/z 402.6 ( M + + H ,  C16H21011, 
Calcd 403.0). 
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