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ABSTRACT: A new DL-polysaccharide containing one hydroxyl group in its repeating unit, 
3,4-dideoxy-(1-->6)-a-DL-erythro-hexopyranan, was synthesized by the cationic ring-opening poly
merization of 4(a)-benzyloxy-6,8-dioxabicyclo[3.2.l]octane (1), followed by debenzylation. The 
bicyclic acetal 1 was prepared from 3,4-dihydro-2H-pyran-2-carbaldehyde via six step reactions. 
Ring-opening polymerization of 1 was initiated by antimony pentafluoride, antimony pentachlo
ride, and trifiuoromethanesulfonic acid to give polyacetal (2) with number average molecular 
weights of 6700-13500 at -60°C or below. Boron trifluoride etherate, a highly effective initiator 
for stereospecific polymerization of 6,8-dioxabicyclo[3.2.1]octane, was practically ineffective in 
initiating the polymerization of 1. Debenzylation of 2 with sodium metal in liquid ammonia 
afforded a white powdery polymer identified as 3,4-dideoxy-(1-->6)-a-DL-erythro-hexopyranan (3) 
by 13C NMR spectroscopy. The synthetic polysaccharide 3 having number average molecular 
weights of 4300-7800 was soluble in dimethyl sulfoxide, N,N-dimethylformamide, and methanol, 
and insoluble in other common organic solvents and water. It melted at 130-140°C and 
decomposed in air at 280-300°C. Water sorption of 3 was measured at different relative humidities 
and compared with that of natural dextran having an analogous structure. 
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In recent years, many attempts have been made 
to synthesize structurally well-defined polysac
charides and their analogues, aiming at obtaining 
model polymers that would elucidate the sophis
ticated functions of naturally occurring poly
saccharides in relation to molecular structure as· well 
as new polymeric materials for potential biomedical 
utility. 1 - 5 Most of the work done so far in this field 
has used carbohydrates as starting materials. In 
contrast, we recently synthesized several dextran
type polymers having hydroxyl, amino, and sulfate 
groups starting from non-carbohydrate sources:6 -g 

These polymers were obtained by appropriate 
chemical modifications of a polyacetal containing 
dihydropyran rings, poly(5,6-dihydro-2H-pyran-
6,2-diyloxymethylene), derived from 3,4-dihydro-
2H-pyran-2-carbaldehyde (acrolein dimer). Gen
erally, this approach leads to optically inactive 

DL-polysaccharides, but we have also devised a 
synthetic route for L-polysaccharides and their ana
logues from a similar starting material through 
optical resolution. 10•11 

However, this method has the drawback that 
epoxidation of the dihydropyran rings in the poly
mer takes place non-stereospecifically, thus result
ing in structurally irregular polymers by subsequent 
chemical reactions of the epoxidized polymers.6 •9 

Therefore, we adopted an alternative synthetic pro
cedure, namely, the synthesis of bicyclic acetals 
having appropriate substituents readily convertible 
to hydroxyl groups and their ring-opening poly
merization. The present paper describes the chemi
cal synthesis of a new DL-polysaccharide (3) having 
one hydroxyl group regiospecifically in its repeating 
unit by the ring-opening polymerization of 4(a)
benzyloxy-6,8-dioxabicyclo[3.2.l]octane (1,6-an-
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hydro-2-0-benzyl-3,4-dideoxy-erythro-hexopyra
nose) (1) and subsequent debenzylation of the re
sulting polymer (2). 

EXPERIMENTAL 

4(a)-Benzyloxy-6,8-dioxabicyclo[3.2.l]octane (1) 
was prepared from 3,4-dihydro-2H-pyran-2-carb
aldehyde (acrolein dimer) (4) via six step reactions 
as shown in Scheme I. The precursor of 1, 4(a)
hydroxy-6,8-dioxabicyclo[3.2.l]octane (9) was syn
thesized from 4 by the procedures described by 
Brown et al. 12 - 14 with some modifications. 

Preparation of 4 ( a)-Benzyloxy-6,8-dioxabicyclo
[ 3.2.1 ]octane (1) 
Sodium hydride (1.0 g in 50% oil dispersion) was 

repeatedly washed with n-hexane to remove mineral 
oil, and dissolved in dry dimethyl sulfoxide (1 0 ml). 
The solution was added to a solution of 4(a)
hydroxy-6,8-dioxabicyclo[3.2.l]octane (2.6 g, 21 
mmol) in the same solvent with vigorous stirring. 
The reaction mixture was stirred at room tempera
ture for about 30 min. Subsequently, freshly distil
led benzyl chloride (2.8 g, 22 mmol) was added 
dropwise to the mixture which was then heated at 
60°C for 1 h. After being cooled to room tempera
ture, the reaction mixture was poured into a mixture 
of ice and water (250 ml), followed by extraction 
with chloroform. The chloroform extract was 
washed repeatedJy with water and dried over an
hydrous magnesium sulfate. The solvent was re
moved by a rotary evaporator and the resulting vis
cous oil was chromatographed (column, silica gel: 
eluent, n-hexane-ethyl acetate (7: 3, vol)) to pro
vide 1 in a yield of 88%. It was dried over calcium 
hydride for several days and distilled under re
duced pressure before use. bp, 137-138°Cjl.O 
mmHg. Anal. Calcd. for C13H160 3 : C, 70.89%; 
H, 7.33%; Found: C, 71.27%; H, 7.35%. 13C 
NMR (CDC13 , TMS), [J 138.34 phenyl (ipso), 128.25 
phenyl (ortho), 127.52 phenyl (meta and para), 
100.67 C(5), 72.90 C(4) and C(1), 71.14 benzyl, 
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66.56 C(7), 25.14 C(2), and 20.17 ppm C(3). 

Polymerization of 4 (a)-Benzyloxy-6,8-dioxabi
cyclo[3.2.1 ]octane (1) 
Polymerization of 1 was carried out in methylene 

chloride at different temperatures between - 78 and 
0°C. Antimony pentafluoride, antimony penta
chloride, trifluoromethanesulfonic acid, and boron 
trifluoride etherate were used as initiators. A mono
mer solution was charged into a glass ampoule and 
after being frozen in a liquid nitrogen bath, an 
initiator solution was added to the ampoule. The 
ampoule was then evacuated, sealed off, and kept in 
a constant temperature bath. After a prescribed 
period of time, a small amount of pyridine was 
added to the reaction mixture to terminate the 
polymerization. The mixture was poured into a 
large volume of methanol to precipitate a white 
powdery polymer. This polymer was purified by 
repeated reprecipitation using methylene chloride 
and methanol as a solvent and precipitant pair, 
and dried under reduced pressure at 50°C. 

Debenzylation of Poly( 3-benzyloxytetrahydropyran-
6,2-diyloxymethylene) (2) 
To liquid ammonia (50 ml) in a three-necked flask 

equipped with a finger trap, there was added drop
wise a solution of polymer 2 (2.06 g) dissolved in a 
mixture of toluene ( 60 ml) and 1 ,2-dimethoxyethane 
(20 ml) with external cooling with a dry ice
methanol bath. The dry ice-methanol bath was 
removed, and small pieces of sodium metal (0.56 g) 
were added in portions to the solution until a dark 
blue color persisted. After stirring reaction mixture 
for 1 hr, a small amount of ammonium chloride was 
cautiously added to the mixture to decompose the 
excess sodium, followed by the dropwise addition of 
water (15 ml). The finger trap was removed, and 
stirring was continued until most of the ammonia 
evaporated. The residual reaction mixture was cen
trifuged to separate precipitates which were then 
dissolved in methanol to remove dark-colored, in
soluble impurities and reprecipitated by pouring the 
methanol solution into a large volume of water. The 
resulting white powdery polymer was dried under 
reduced pressure •.v a constant weight. Yield of the 
water insoluble polymer, 89%; Mn=4.3 x 103 • 

The organic layer of the supernatant of the re
action mixture was separated from the aqueous 
layer and extracted with water several times. The 
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water extract combined with the aqueous layer was 
extracted with methylene chloride and dialyzed in a 
stream of water for a few days. It was concentrated 
by a rotary evaporator and subsequently freeze
dried to yield a small amount of a white polymer. 
Yield of the water soluble polymer, 2%. 

Characterization 
1 H and 13C NMR spectra were recorded on 

JEOL MH-100 and JEOL FX-100 instruments 
working at 100 and 25 MHz, respectively. 
Chloroform-d1 and benzene-d6 were used for the 
benzylated polymer 2, and methanol-d4 and dimeth
yl sulfoxide-d6 for the debenzylated polymer 3. 
Tetramethylsilane was used as the internal refer
ence.· Number average molecular weights of the 
polymers were measured by a Hewlett Packard 
vapor pressure osmometer on solutions in benzene 
for 2 and in dimethylformamide for 3 at 37°C. 

Measurement of Water Sorption 
Samples were dried to constant weight in a 

vacuum at 50°C prior to measuremnt. A sample was 
weighed in a phial and placed in a desiccator whose 
relative humidity was adjusted to a constant value 
by a saturated aqueous solution of appropriate 
inorganic salts.16 The desiccator was kept in a room 
controlled at 25°C. Water sorption was represented 
as the percent of weight increase based on the dry 
samples. 

RESULTS AND DISCUSSION 

Synthesis of 4 ( a)-Benzyloxy-6,8-dioxabicyclo-
[3.2.1]octane (1) 
4(a )-Benzyloxy-6,8-dioxabicyclo[3.2.l]octane 

( 1, 6-anhydro-2-0-benzy 1-3, 4-dideoxy-/J-DL-ery-

thro-hexopyranose) (1) was synthesized from 
3,4-dihydro-2H-pyran-2-carbaldehyde (4) via six 
step reactions as shown in Scheme I. The synthetic 
procedures for 4(a)-hydroxy-6,8-dioxabicyclo
[3.2.l]octane (9) from 4 reported by Brown et 
a/.12 - 14 were employed with some modifications. 
Benzylation of 9 was successfully carried out 
using sodium hydride and benzyl chloride in di
methyl sulfoxide. The overall yield of 1 based on 
the starting material 4 was 11 %. 

The bottleneck step for the synthesis of 1 is the 
dehydrobromination of 4-bromo-6,8-dioxabicyclo
[3.2.l]octane. (6) to 6,8-dioxabicyclo[3.2.1]oct-3-
ene (7). In this reaction, only 4(a)-bromo-6,8-di
oxabicyclo[3.2.1]octane is dehydrobrominated to 
give 7, its 4(e)-counterpart remaining unreacted. 
Since the bromination of 2-hydroxymethyl-3,4-
dihydro-2H-pyran (5) accompanied by cycliza
tion gave a nearly equimolar stereoisomer mix
ture of 4(a)- and 4(e)-bromo-6,8-dioxabicyclo
[3.2.l]octane/5 the yield of 7 in the subsequent 
dehydrobromination was generally below 50%. 

The epoxidation of 7 by m-chloroperbenzoic acid 
in methylene chloride followed by reduction with 
lithium aluminum hydride proceeds highly stereo
specifically to give 9.12 Accroding to Brown et al., 12 

the epoxidation of 7 provides a stereoisomer mix
ture of 8 ( > 95%) and 10 ( < 5%). On lithium 
aluminum hydride reduction, 8 would give rise to 
9 exclusively, since both polar and steric factor favor 
the attack of the reagent on the C(3) atom of 8. In 
contrast, 10 would produce a mixture of 11 and 12, 
since a polar factor favors the attack of the C(3) 
atom of 10, while a steric factor favors the attack of 
the C( 4) atom.17 (Numbering is based on the IUPAC 
nomenclature of organic chemistry.) 

0 
CHO NaBH4 Br2 NaH J::\ Cl \;;:;0 \::.7 

Br 
4 5 6 7 

m-CIC.H,CO,H $ CsHoCH,CI 

0 OH OBn Bn:-CH2CsH5 

8 9 I 

Scheme I. Synthetic route of 4(a)-benzyloxy-6,8-dioxabicyclo[3.2.1]octane (1). 
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In this connection, it was reported that on lithium 
aluminum hydride reduction, 1,6: 2,3-dianhydro-4-
deoxy-fJ-o-ribo-hexopyranose (corresponding to 8) 
exclusively afforded 1 ,6-anhydro-3,4-dideoxy-fJ-o
erythro-hexopyranose (corresponding to 9), while 
1,6: 2,3-dianhydro-4-deoxy-fJ-o-/yxo-hexopyra
nose (corresponding to 10) gave a mixture 
of 1,6-anhydro-2,4-dideoxy-fJ-o-threo-hexopy
ranose (corresponding to 11) and 1,6-anhydro-
3,4-dideoxy-/J-o-threo-hexopyranose (correspond
ing to 12) in a ratio of 62.5:37.5.18 Therefore, 
the reaction product 9 in the lithium aluminum 
hydride reduction in the present monomer syn
thesis might be contaminated with a small amount 

of 11 and 12 (at most a few percent). In fact, 
unidentified signals, although .of very weak in
tensities, were observed in the 13C NMR spec
trum of the product after being purified by subli
mation. However, subsequent benzylation followed 
by purification by column chromatography 
provided pure 4(a)-benzyloxy-6,8-dioxabicyclo
[3.2.1]octane (1) as judged from a single spot in 
thin layer chromatogram, a single peak in gas 
chromatogram, and a single set of ten signals in 13C 
NMR spectrum. 

Polymerization of 4 ( a)-Benzyloxy-6,8-dioxabi
cyclo[ 3.2.1 ]octane (1) 
Polymerization of 1 was carried out in methylene 

chloride at different temperatures between -78 and 
0°C. Antimony pentafluoride, antimony penta
chloride, trifluoromethanesulfonic acid, and boron 
trifluoride etherate were used as initiators. Table I 
summarizes some of the results of the polymer
ization of 1. 

It is noteworthy that boron trifluoride etherate 
which acts as an effective initiator for stereospecific 
polymerization of the parent bicyclic acetal, 6,8-
dioxabicyclo[3.2.1]octane, 19,20 was practically in
effective in initiating the polymerization of 1 under 

Table I. Polymerization of 4(a)-benzyloxy-6,8-dioxabicyclo[3.2.l]octane (t)• 
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Initiator Temp 

mmol oc 

SbF5 0.25 0 
SbF5 0.25 -30 
SbF5 0.25 -60 
SbF5 0.25 -60 
SbF5 0.25 -60 
SbF5 0.10 -60 
SbF5 0.25 -78 
SbC15 0.25 -78 
CF3S03H 0.63• -78 
BF30Et2 0.25 -60 
BF30Et2 0.25 -78 

a Monomer, 5mmol; solvent, CH2Cl2 , l.Oml. 
b Methanol-insoluble polymer. 
c By vapor pressure osmometry in benzene. 
d By 13C NMR spectroscopy. 

Time 

day 

2 
2 
2 
5 
7 
5 
7 
7 
7 
7 
7 

Yieldb a-Contentd 
M.x I0-3c 

% % 

46' 6.2 56 
64 4.6 85 
40 6.7 -100 
71 9.9 -100 
80 10.9 -100 
3Y 11.2 -100 
31 13.5 -100 
54 11.0 
80 9.6 -100 
2 3.6 -100 

trace 

' Besides methanol-insoluble polymer, methanol-soluble oligomeric products were obtained. Yield, 15%; M., 
1.2 X 103• 

' Elemental analysis. Calcd for (C13H160 3).: C, 70.89%; H, 7.33%. Found: C, 70.90%; H, 7.25%. 
• Monomer, 12.5mmol; solvent, CH2Cl2 , 3.3ml. 
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similar reaction conditions. Stronger acids such as 
antimony pentahalides and trifluoromethanesul
fonic acid were required to obtain polymer 2 in 
moderate yield. The apparent reduced polymer
izability of 1 compared with its parent com
pound is presumably due to increased activation 
enthalpy in the propagation caused by steric hin
drance of the axially substituted bulky benzyloxy 
group in a terminal unit toward the approach of an 
incoming monomer. 

On the other hand, the axially substituted ben
zyloxy group of 1 gives rise to a non-bonded strain 
in the monomeric state, which on polymerization 
can be relieved because of the equatorial orein
tation of the benzyloxy group in the resulting 
polymer. This factor should enhance the thermo
dynamical polymerizability of 1 compared with that 
of the unsubstituted parent compound. However, 
this factor is not so dominative as to offset the 
opposed effect due to steric hindrance encountered 
in the propagation as mentioned above. 

Recently, the reactivities of some bicyclic acetals 
in the acid-catalyzed hydrolysis were evaluated and 
correlated qualitatively with their reactivities in 
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Figure 1. 13C NMR spectra of poly(3-benzyloxy
tetrahydropyran-6,2-diyloxymethylene) (2): Solvent, 
CDCI3 ; temp, 50°C; 25 MHz; internal reference, TMS. 
Polymerization conditions: A, solvent, CH2Cl2 ; initia
tor, SbF5, 5 mol%; temp, ooc; time 2 days. B, sol
vent, CH2Cl2 ; initiator, SbF5 , 5 mol%; temp, -78°C; 
time 3 days. 
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cationic ring-opening polymerization.21 •22 There
fore, the acid-catalyzed solvolysis of 1 was at
tempted at an ambient temperature in a mixed 
solvent of acetone-d6 and deuterium oxide (volume 
ratio 3: 1) in the presence of dichloroacetic acid as 
catalyst using 1 H NMR technique.21 However, 1 
was not hydrolyzed at a measurable rate under the 
conditions where 6,8-dioxabicyclo[3.2.l]octane was 
hydrolyzed at a rate of 5.0x 10- 6 s- 1 .22 This find
ing is consistent with the aforementioned reduced 
reactivity of 1 compared with that of the unsub
stituted parent compound. 

Figure I shows the 13C NMR spectra of the 
polymers obtained at ooc (A) and - 78°C (B) using 
antimony pentafluoride as the initiator. The assign
ment of the signals was made by comparison with 
13C NMR spectrum of relevant polysaccharide 
analogues of different stereoregularities11 •15 •20 as 
well as by off-resonance technique. There appears 
only a set of ten sharp signals in the spectrum B, 
indicating that the polymer obtaind at - 78°C 
consists entirely of a structural unit ( il(-form) in 
which the exocyclic acetal oxygen is axially oriented 
to the tetrahydropyran ring. In contrast, the spec
trum A of the polymer obtained at ooc is rather 
complicated due to the coexistence of both "ll(

form" and "{3-form" units. The latter is a structural 
unit in which the exocyclic acetal oxygen is equa
torially oriented to the tetrahydropyran ring. The 
"0(-form" content of the polymer can be estimated 
from the relative peak areas of the acetal carbon 
signals d and d' (D 96.95 and 105.53 ppm). As listed 
in Table I, the "0(-form" content of the polymer 
increased with a decrease in the polymerization 
temperature. The polymers prepared at - 60°C or 
below almost entirely consisted of the "0(-form" 
units. The formation of the "{3-form" unit at higher 
temperatures is interpreted as participation of an 
oxacarbenium ion in propagation.19 The structure 
of the polymer was not affected by the type of 
initiator employed. 

It should be noted here that the polymers of 6,8-
dioxabicyclo[3.2.l]octane and its 4-bromo deriv
ative showed 13C NMR spectra in which some of 
the signals were split due to the dyad tacticities of 
the D,L-enantiomer units in the polymer chains.20 •23 

In contrast, such splitting was not observed in the 
13C NMR spectra of the polymer of 1, even in the 
expanded spectra covering the acetal and ether 
carbon regions in two different solvents (chloro-
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Figure 2. 13C NMR spectrum of 3,4-dideoxy-(1-->6)-IX-DL-erythro-hexopyranan (3): Solvent, DMSO-d6 ; 

temp, 50°C; 25 MHz; internal reference, TMS. 

form-d1 and benzene-d6). 

The polymers of 1 thus obtained were white 
powdery materials with a melting point of 60-
750C. They were soluble in benzene, carbon tetra
chloride, chloroform, dioxane, and tetrahydro
furan, and insoluble in acetone, dimethyl sulfoxide, 
ethyl acetate, and n-hexane. The elemental analyti
cal data of the polymer was satisfactory (Table I). 

Preparation of 3,4-Dideoxy-( 1-+6 )-r:t.-DL-erythro
hexopyranan (3) 
Debenzylation of polymer 2 by the conventional 

method using sodium metal in liquid ammonia gave 
a water-insoluble polymer along with a small 
amount of a water-soluble polymer. 13C NMR 
spectroscopy and molecular weight determination 
revealed that the water soluble fraction was a low 
molecular weight oligomer (DP n 6) having a struc
ture identical with that of the water-insoluble frac
tion. 1 H and 13C NMR spectroscopy confirmed that 
complete debenzylation occurred. 

The 13C NMR spectrum of debenzylated polymer 
3 in dimethyl sulfoxide-d6 solution is presented in 
Figure 2. There appear six relatively sharp signals 
whose assignments are shown in the figure. The 13C 
NMR chemical shift data of 3 measured in dimethyl 
sulfoxide-d6 and methanol-d4 are presented in Table 
II. 

Neither the 13C NMR signals of 3 in dimethyl 
sulfoxide-d6 nor those in methanol-d4 showed split
ting due to the tacticity of the polymer as described 
above. However, it cannot be decided at present 
whether this means undetectably small differences 
in chemical shifts between the isotactic and syndio
tactic dyad placements of the D,L-enantiomer 
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Table II. 13C NMR chemical shift data of 
3,4-dideoxy-(1--> 6)-tX-DL-erythro-

hexopyranan (3)3 

Assignment 
Solvent 

C(l) C(2) C(3) C(4) C(5) C(6) 

CD3SOCD3 98.08 66.54 26.31 26.78 67.55 69.08 

CD30D 99.56 68.53 27.71 28.14 69.58 70.56 

• Temp, 50°C; 25 MHz. Chemical shift values are given 
in ppm from internal reference, tetramethylsilane. The 
carbon atoms are numbered according to the no
menclature in carbohydrate chemistry. 

units20 or the formation of a highly stereoregular 
polymer with long isotactic or syndiotactic se
quences. 

The synthetic polysaccharide 3 named 3,4-
dideoxy-(1-->6)-r:t.-DL-erythro-hexopyranan accord
ing to the nomeclature of carbohydrate chemistry 
was soluble in methanol, dimethyl sulfoxide, and 
N,N-dimethylformamide, and insoluble in other 
common organic solvents and water. It melted at 
130-140°C and decomposed in air at 280-300°C. 

The number average molecular weight of 3 de
termined by vapor pressure osmometry on solutions 
in N,N-dimethylformamide ranged from 4300 to 
7800. Elemental analytical data were in good agree
ment with the calculated values (Calcd for 
(C6 H100 3)n: C, 55.39%; H, 7.75%. Found: C, 
55.27%; H, 7.87%). 

Water Sorption of 3,4-Dideoxy-(1-+6)-r:t.-DL
erythro-hexopyranan (3) 
The water sorption of the synthetic poly-
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Figure 3. Water sorption of 3,4-dideoxy-(1--->6)-IJ(-DL
erythro-hexopyranan (3) and its related polymers at 
25°C: O, dextran, M.=2.8 x 10''; e, 3, M.=7.8 x 103 ; 

(), 2, M.= 1.1 X 104 . 

saccharide 3 was measured at different relative 
humidities ranging from 43 to 97% at 25°C, and 
compared with those of natural dextran and the 
benzylated polymer 2. The water sorption as de
termined by the weight increase based on the dry 
samples became constant in seven to ten days up to 
87% relative humidity. At 97% relative humidity, 
the weights of natural dextran and the synthetic 
polysaccharide 3 continued to increase even after 30 
days. Therefore, water sorption at 97% relative 
humidity was tentatively determined on the basis of 
weight increase of the samples after exposure to 
moisture for 31 days. The results are graphically 
represented in Figure 3. 

Although synthetic polysaccharide 3 possesses 
only one hydroxyl group in its repeating unit, its 
water sorption at a given relative humidity up to 
87% amounts to 50-70% of that of natural dextran 
having a similar backbone structure with three 
hydroxyl groups per repeating unit. At 97% relative 
humidity, the water sorption of the synthetic poly
saccharide 3 considerably approaches the water 
sorption of dextran. The relatively high water sorp
tion of the synthetic polysaccharide 3 seems to 
arise, at least partly, from its structure consisting of 
D,L-enantiomeric monomer units; that is, the less 
ordered structure compared with the structure of 
dextran makes water molecules readily accessible to 
the hydrophilic portions of the polymer chain. The 
observed smaller difference in water sorption be
tween synthetic polysaccharide 3 and dextran at 

Polymer J., Vol. 14, No. 10, 1982 

97% relative humidity may be interpretable in terms 
of crystallization of the latter as previously dem
onstrated by Taylor et a/.24•25 The benzylated 
polymer 2 hardly sorbed water except at 97% 
relative humidity. 
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