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Characterization of Polymers. The *C NMR spectra were
recorded in the Fourier-transform-proton-noise-decoupied mode
with a Varian XL-100-15 spectrometer. The *C NMR spectra
of substituted glucopyranans were measured at ambient tem-
perature in chloroform-d or benzene-dg with tetramethylsilane
(Me,Si) as the internal standard. The chemical shifts are ex-
pressed in ppm downfield of the internal Me,Si absorption. The
13C spectra of unsubstituted glucopyranans were recorded at 70
°C in dimethyl-dg sulfoxide, which also served as internal standard.
Chemical shifts are expressed in ppm relative to the central
absortion of dimethyl-dg sulfoxide (6 39.5). A 60° pulse, 6151-Hz
spectral width, 0.666-s acquisition time, and 8192 data points were
used for all 3C NMR spectra.

Optical rotations were determined in chloroform for benzylated
or bromobenzylated polymers and in 1 N NaOH for free poly-
saccharides at 23 °C in a Perkin-Elmer Model 141 polarimeter
with a jacketed 1-dm cell. Optical rotations for free poly-
saccharides were measured after allowing approximately 1 h for
complete dissolution.

Molecular weight distributions of the substituted polymers were
analyzed by gel permeation chromatography in tetrahydrofuran.
A Glenco septumless injector (Model SV-3), a Glenco pump
(Model HPLPS-1), a Waters differential refractometer (Model
R-401), and five 30-cm-long stainless steel columns packed with
micro-styragel (Waters, 1 X 105, 1 X 104, 1 X 10%, 5 X 102, and
1 % 10? A) were used. The flow rate was 2.0 mL/min. Calibration
curves were obtained by using polystyrene standards (Waters).
Viscosities were measured in chloroform with a Cannon-Ubbelohde
viscometer at 25 °C. The absolute number-average molecular
weights of the substituted polymers were determined in chloroform
at 25 °C with a Mechrolab Model 301 vapor-phase osmometer.
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Ring-Opening Polymerization of
1,4-Anhydro-2,3,6-tri-O-benzyl-a-D-glucopyranose and
1,4-Anhydro-2,3,6-tri-O-benzyl-8-D-galactopyranose
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ABSTRACT: Ring-opening polymerization of 1,4-anhydro-2,3,6-tri-O-benzyl-a-D-glucopyranose (ABGLU)
(=1,5-anhydro-2,3,6-tri-O-benzyl-3-D-glucofuranose) by phosphorus pentafluoride catalyst gave new stereoregular
polysaccharide derivatives, 2,3,6-tri-O-benzyl-(1—5)-a-D-glucofuranans with [a]p value of +82° and num-
ber-average molecular weights of 8.5 X 10° (DP, = 20). Natural cellulose and amylose, (1—4)-3-D-glucopyranan
and (1—4)-a-D-glucopyranan, respectively, were used to determine the structure of the synthetic glucan by
means of 3C NMR spectroscopy and optical rotation. Cationic catalysts other than phosphorus pentafluoride
provided poly(ABGLUs) with mixed structures depending on the polymerization conditions. The ring-opening
polymerization of 1,4-anhydro-2,3,6-tri-O-benzyl-8-D-galactopyranose (ABGAL) (=1,5-anhydro-2,3,6-tri-O-
benzyl-a-D-galactofuranose) yielded polymers with- mixed structures consisting, under all polymerization
conditions employed, mainly of (1—5)-8-D-galactofuranosidic units. The structure of poly(ABGALSs) was
influenced by relatively minor changes in polymerization conditions. The mechanism of the ring-opening

polymerization of ABGLU and ABGAL is discussed.

In addition to the successful synthesis of dextran-type
polysaccharides from several D-aldohexoses,? a cellu-
lose-type polysaccharide, (1-+4)-8-D-ribopyranan, has been
prepared with D-ribose as the starting monosaccharide.?
Although it has been revealed that the ring-opening po-

lymerization of 1,6-anhydro sugars is an excellent method
for obtaining stereoregular (1—6)-a-D-glycopyranans, the
application of the same method to 1,4-anhydro sugars has
not always provided a cellulose-type polysaccharide, i.e.,
a (1—4)-8-D-glycopyranan. Previously, 1,4-anhydro-a-D-
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Table 1
Ring-Opening Polymerization of 1,4-Anhydro-2,3,6-tri-O-benzyl-a-D-glucopyranose by Lewis Acid Catalysts®

no. catalyst mol % to monomer temp, °C time, h yield, % [@)®p,’ deg 107°M,
1 PF; 3 ~-20 96 44.5 +82.2 8.5
2¢ PF; 5 -40 263 73.5 +70.0 5.8
3 PF, 10 -60 94 468 +71.2 6.1
4 PF; 10 -78 116 58.3 +82.4 8.5
5 SbCl; 5 0 142 15.5 +54.2 6.2
6 ShCl; 5 -20 159 55.7 +59.2 3.0
7 SbCl; 5 -40 140 40.0 +70.9 9.0
8 SbCl; 5 ~40 264 37.0 +62.6 49
9 SbCl, 5 -78 43 444 +76.8 10.9
10 BF3'0(02H5)2 5 "20 115 63.6 +69.4 9.0
11 BF;-0(C,H;), 5 -78 241 6.2 +35.0 9.7
12 SnCl, 7 -78 136 0

2 Monomer (0.2 g) was polymerized at a 100% w/v monomer concentration. Solvent, CH,Cl,. ®Measured in CHCl; (¢ 1%). ¢ Monomer

concentration 50% w/v. Solvent, toluene.

ribopyranose derivatives have been polymerized into (1—-
4)-B-D-ribopyranan, but a 1,4-anhydro-a-D-xylopyranose
derivative did not give the cellulose-type polysaccharide,
but a new synthetic polysaccharide, (1—5)-a-D-xylo-
furanan.*

Furthermore, the polycondensation of unsubstituted®
and substituted D-glucoses® failed to provide a stere-
oregular cellulose with high molecular weight. Kops and
Schuerch first investigated the cationic ring-opening po-
lymerization of 1,4-anhydro-2,3,6-tri-O-methyl-8-D-
galactopyranose, revealing that the polymer obtained has
fairly high molecular weight but low stereoregularity.”

Micheel and co-workers attempted the stereospecific
ring-opening polymerization of 1,4-anhydro-2,3,6-tri-O-
benzyl-a-D-glucopyranose with the aim of synthesizing
cellulose.?? They reported that the polymers obtained were
composed of mixed structures of mainly (1—4)-g-linked
(cellulose type) and (1—4)-a-linked (amylose type) D-
glucopyranosidic units, though the molecular weight was
low. Since 1,4-anhydro-a-D-glucopyranose, which can
equally be regarded as 1,5-anhydro-3-D-glucofuranose, has
two ring-opening modes of 1,4- or 1,5-ring scission, there
are four possible structural units in the polymer obtained,
which are caused by the ring-opening modes and the a-
and @-configurations. Thus, Micheel and co-workers re-
vealed that it was possible to control the bond to be
cleaved. However, Kops and Schuerch found that in the
polymerization of the 1,4-anhydrogalactopyranose the
structure of the polymer obtained consisted mainly of
(1—5)-linked units. Furthermore, 2,7-dioxabicyclo-
[2.2.1]heptane, which is considered to be a model com-
pound of the 1,4-anhydro sugar, has been polymerized by
cationic catalysts to give a polymer with a backbone
structure consisting of five-membered rings.!°

We have reported that the selective ring-opening po-
lymerization of 1,4-anhydroglycopyranose derivatives de-
pends on the kind of monosaccharide, the O-substituents,
and the polymerization conditions, especially the kind of
catalyst.>!!

In this study, we have investigated the possibility of
synthesizing (1--4)-3-p-glucopyranan {cellulose) and (1-—>-
4)-a-D-galactopyranan through the selective ring-opening
polymerization of 1,4-anhydro-2,3,6-tri-O-benzyl-a-D-gluco-
and -3-D-galactopyranoses, respectively. The structures
of synthetic polyglucose derivatives are elucidated by
comparing their °C NMR spectra with those of benzylated
natural cellulose and amylose.

Results and Discussion

Ring-Opening Polymerization of 1,4-Anhydro-
2,3,6-tri-O-benzyl-a-D-glucopyranose (ABGLU). AB-
GLU was polymerized by various cationic catalysts at low

temperatures from 0 to 78 °C. The results of polymer-
izations are summarized in Table I. When the polymer-
ization was carried out with phosphorus pentafluoride as
catalyst in methylene chloride, poly(1,4-anhydro-2,3,6-
tri-O-benzyl-D-glucopyranoses) [poly(ABGLUs)] with high
positive specific rotations of +71° to 82° were obtained in
44-58% yield (nos. 1, 3, and 4). The specific rotation of
poly(ABGLUs) prepared by SbCl; catalyst increased from
+54° to +77° as the temperature of polymerization was
decreased from 0 to —78 °C (nos. 5-9). Although the po-
lymerization with boron trifluoride etherate as the catalyst
gave the polymer only in low yield, increasing temperature
resulted in the formation of polymer in 64% yield. Stannic
chloride did not produce any polymer at —78 °C in a longer
period, perhaps due to too low temperature. With a change
to a less polar solvent, toluene, lower specific rotations of
polymers were obtained (nos. 2 and 8).

Number-average molecular weights of the polymers were

in the range of 3.0 X 10% (DP, = 8) to 11 X 10° (DP,, = 25)
under the various experimental conditions shown in Table
I. The highest molecular weight was obtained with anti-
mony pentachloride at =78 °C. Since, in the cationic po-
lymerization of di-O-benzylated 1,4-anhydropentoses, it
was found that polymers with very large molecular weights
were achieved with such moderate Lewis acids as boron
trifluoride etherate and stannic chloride,*!! the low mo-
lecular weight of the glucan derivatives may be attributable
to the presence of the 6-benzyloxymethyl group in ABGLU
and to impurities in the monomer.

When ABGLU was also polymerized by catalysts other
than complexing Lewis acids, results were somewhat dif-
ferent, as shown in Table II.  Polymerizations with
((CzH5)3O)BF4, CFsSOgH, and (CFgSOz)QO as catalyst
afforded poly(ABGLUs) with lower positive specific ro-
tations than those of the polymers catalyzed by PFs and
SbCl;. The triethyloxonium tetrafluoroborate catalyst
produced the poly(ABGLU) with the lowest positive [«]p
+22.5°, in agreement with Micheel and Brodde.? Coor-
dination catalysts based on Al(i-Bu); did not produce any
polymer from ABGLU, although it was recently found that
they are good catalysts for the ring-opening polymerization
of oxacyclobutane derivatives with low polymerizability.!?

Structure of Poly(ABGLU). There are four possible
structural units in the poly(D-glucose) prepared by the
ring-opening polymerization of 1,4-anhydro-2,3,6-tri-O-
benzyl-a-D-glucopyranose, namely, the (1—4)-3- ((1—-
4)-3-P) (1) and (1-—>4)-a-D-glucopyranosidic ((1—4)-a-P)
(2) units and the (1—5)-8- ((1—5)-8-F) (3) and (1—5)-a-
D-glucofuranosidic ((1—5)-a-F) (4) units (Figure 1). The
structure of the synthetic glucan was determined by 3C
NMR spectroscopy and optical rotation. Since there are
no available *C NMR spectra of benzylated cellulose and
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Table II
Ring-Opening Polymerization of 1,4-Anhydro-2,3,6-tri-O-benzyl-a-D-glucopyranose by Various Catalysts®
no. catalyst mol % to monomer temp, °C time, h yield, % [@]®p,’ deg 10°M,
13¢ ((C,H,);0)BF, 10 -20 90 24.0 +66.6 13.0
0 112

14 ((C;H4);0)BF, 10 -78¢ 94+ 55.7 +22.5 3.7
15 CF,SO.H 2 -40 96 75.9 +40.0 8.7
16¢ (CF,80,),0 5 0 138 441 +33.4 2.4
17 (CF,80,),0 2 78 70 10.0 +30.8 2.5
18¢ (i-Bu);Al-H,0 (1:0.5) ~78 112 0

19¢ (i-Bu)3Al-H,0-Acac (1:0.4:0.8) +30 190 0

s Monomer (0.2 g) was polymerized at a 100% w/v monomer concentration. Solvent, CH,Cl,. ®Measured in CHC]; (¢ 1%). ¢Monomer
concentration 50% w/v. ¢Monomer concentration 50% w/v. Solvent, toluene. °Monomer concentration 40% w/v. Solvent, toluene.

Concentration of initiator (i-Bu),Al basis), 0.07 mol/L.
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Figure 1. Ring-opening modes of 1,4-anhydro-2,3,6-tri-O-
benzyl-a-D-glucopyranose.
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Figure 2. 13C NMR spectra of (A) 2,3,6-tri-O-benzyl-(1—5)-a-
D-glucofuranan prepared by PF; ([a]lp +82.4°), (B) benzylated
amylose ([a]p +78.0°), and (C) benzylated cellulose ({a]p +16.1°)
(CD,Cl, as solvent).

amylose, the natural polysaccharides were benzylated.
13C NMR spectra of synthetic and natural benzylated
glucans are shown in Figure 2. In the spectrum 2A of
poly(ABGLU) having [a]p +82.4° (no. 4 in Table I), in-
dividual carbon absorptions due to the sugar moiety appear
as single peaks, indicating that the polymer has high

CHaPh

T

A

" . " "

150 100 ppm 50

Figure 3. ®C NMR spectra of poly(1,4-anhydro-2,3,6-tri-O-
benzyl-D-glucopyranose) prepared by (A) CF;SO;H ([a]p +40.0°)
and (B) ((C,H;);0)BF, ([a]p +22.5°) (Me,Si as reference zero).

stereoregularity. Taking into account the high positive
specific rotation, one may conclude that this poly(ABGLU)
is 2,3,6-tri-O-benzyl-(1—>5)-a-D-glucofuranan (4) or 2,3,6-
tri-O-benzyl-(1-+4)-a-D-glucopyranan (2).

In order to determine the structure of the synthetic
glucan, ®*C NMR spectrum of the poly({ABGLU) was
compared with that of a natural benzylated amylose which
is 2,3,6-tri-O-benzyl-(1—+4)-a-D-glucopyranan. Spectrum
2B of benzylated amylose having [a]p +78° is completely
different from spectrum 2A of the synthetic benzylated
glucan. For instance, the C-1 absorptions of the benzylated
amylose and of the synthetic benzylated glucan appear at
96.7 and 101.1 ppm, respectively. Since the synthetic
glucan with high positive specific rotation is a glucan de-
rivative, the structure of which is different from amylose,
it was concluded that the stereoregular polymer is 2,3,6-
tri-O-benzyl-(1—5)-a-D-glucofuranan. The NMR spectrum
2C of the benzylated cellulose with [a]p +16.1°, that is,
2,3,6-tri-O-benzyl-(1—4)-8-D-glucopyranan, is also different
from the spectrum of the synthetic one.
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Table III
Structure of Poly(l,4-anhydro-2,3,6-tri-O-benzyl-D-glucopyranoses) Prepared under Different Conditions

polymerization conditions polymer structure,® %

no. catalyst temp, °C [2]%p, deg (1—>5)-a-F (1—5)-8-F (1-—+4)-a-P (1—4)-8-P
1 PF, -78 +82.4 100 0 0 0

2 PF; -40 +70.0 86 7 4 3

3 ShCl; -20 +59.2 87 13 0 0

4 CF,S0;H -40 +40.0 53 29 1 17

5 (CF;80,),0 0 +33.4 21 11 32 36

8 ((CyHj);0)BF, 0—-78 +22.5 31 36 15 18

s Determined from the proportion of C-1 absorptions in 3C NMR spectrum of poly(ABGLU).

Table IV
'H Chemical Shifts and Coupling Constants of 1,4-Anhydro-2,3,6-tri-O-benzyl-a-D-glucopyranose (ABGLU) and
1,4-Anhydro-2,3,6-tri-O-benzyl-8-D-galactopyranose (ABGAL)®

chemical shift, ppm

H-1 H-2 H-3 H-4 H-5 H-6 H-¢ 3CH,C¢H;
ABGLU 5.36 s 3.61d 391s 4.55 q 4.04 ' 3.75 q 3.80 q 4.34-4.51
ABGAL 5.46 d 3.84d 3.55d 4.59 d 3.82¢q 343 q 3.35¢q 4.46-4.62
coupling constant, Hz
Jiz Jas J34 Jis Jug Jog Js6 JIse Jog
ABGLU 0 2.08 5.00 3.85 7.63 427 7.63 4,27 10.53
ABGAL 2.29 1.22 0 1.52 0 0 4.96 7.93 9.46
¢, singlet; d, doublet; q, quartet; q’, quintet.
Table V
Ring-Opening Polymerization of 1,4-Anhydro-2,3,6-tri-O-benzyl-8-D-galactopyranose by Lewis Acid Catalyst®
no. catalyst mol % to monomer temp, °C time, h yield, % [a]®p,? deg 10°°M,
1 PF; 5 0 116 72 +12.8 2.3
2 PF; 3 -20 185 68 -1.8 3.2
3 PF, 10 -40 114 74 +5.8 2.6
4 PF, 5 -40 73 59 +17.3 2.9
5° PFy 10 -60 69 17 -2.8 3.6
6 PF; 10 -78 166 58 -2.2 2.9
7 PFs 3 -78 93 40 -10.7 3.4
8 ShClg 3 0 140 57 -2.9 2.7
9 ShCl; 3 -20 141 68 +0.2 3.4
10 SbCl, 5 -40 48 27 +6.7 2.5
11 ShCl; 5 -50 70 8 +5.5 2.3
12 SbCl; 3 -78 71 6 +0.6 3.3
13 BF;-0(C,H;), 7 -78 91 0

¢ Monomer (0.2 g) was polymerized at a 100% w/v monomer concentration. Solvent, CH,Cl,. ®Solvent, toluene. ¢ Monomer concentration

50% w/v. ¢Measured in CHCl; (c 1%).

On the other hand, *C NMR specira of poly(ABGLUs)
with low [a]p values are shown in Figure 3. Spectrum 3A
of the polymer prepared by CF;SO;H catalyst indicates
that the C-1 absorptions consist of four peaks at 108, 103,
101, and 97 ppm, of which the peak at 97 ppm is very
small. As shown in the spectrum 3B of the polymer having
[a]p +22.5°, which was prepared by ((C;H;);0)BF, cata-
lyst, the intensities of the four peaks are different from
those of the polymer having [a]p +40.0°, although the
peaks are broad probably because of low molecular weight
of the former polymer. Since the C-1 absorptions of the
benzylated cellulose and amylose appear at 103.4 and 96.7
ppm, respectively, the four C-1 peaks at 108, 103, 101, and
97 ppm can be assigned to the (1—5)-8-F, (1—4)-8-P,
(1—>5)-a-F, and (1—4)-a-P units. For several polymers
prepared under different conditions, the four structural
units were determined from the 3C NMR spectra (Table
III). It was revealed that the polymers prepared by
CF3$03H, (CFsSOz)zo, and ((CgHs)aO)BF4 initiators are
composed of high proportions of (1—4)-D-glucopyranosidic
units. For instance, the polymer with [a]p +33.4° which
was prepared with (CF;80,),0 as initiator consisted of
32% (1—4)-a-P and 36% (1-—4)-6-P units, although the
molecular weight was very low. Micheel and co-workers

reported that the ((C,H;);0)BF, initiator afforded a
polymer composed of (1—4)-D-glucopyranosidic units,? but
we could not reproduce their result. The PF; and SbCl;
catalysts provided polymers rich in (1—5)-D-gluco-
furanosidic units.

Ring-Opening Polymerization of 1,4-Anhydro-
2,3,6-tri-O-benzyl-8-D-galactopyranose (ABGAL). The
structure of a new compound ABGAL was analyzed by
means of 'H NMR spectroscopy, as the results are shown
in Table IV as well as those of ABGLU. ABGAL was also
polymerized by Lewis acid catalysts at low temperatures
from 0 to ~78 °C, as shown in Table V. When the po-
lymerization was performed with phosphorus pentafluoride
catalyst, poly(ABGALs) with [a]p of ~11° to +13° were
obtained in 40-72% yield. The change to a less polar
solvent, toluene, resulted in the formation of polymer with
a little higher positive rotation +17°. Similarly, antimony
pentachloride as catalyst also gave poly(ABGALSs) with
[a]p of —3° to +7° in fairly high yield (nos. 8-10 in Table
V), but the yields are low in the polymerization at lower
temperatures (nos. 11 and 12). Polymerization by boron
trifluoride etherate at 78 °C did not produce any polymer
in 91 h. Table V indicates that the specific rotation of
poly(ABGALs) was influenced by relatively minor changes
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Figure 4. *C NMR spectra of poly(1,4-anhydro-2,3,6-tri-O-
benzyl-D-galactopyranose) prepared by PF: (A) [a]p +5.8°, (B)
[a]p —10.7° (Me,Si as reference zero).

in such polymerization conditions as temperature, time,
and solvent as well as the kind of catalyst.
Number-average molecular weights of the poly(AB-

GALs) were low in the range of 2.3 X 10° (DP, = 5) t0 3.6

X 10% (DP, = 8), which are much lower than those of the
polyglucose derivatives prepared under similar conditions.
The low molecular weights of poly(ABGALSs) may be at-
tributable to the steric hindrance caused by the three bulky
benzyl groups in ABGAL, because in the polymerization
of tri-O-methylated 1,4-anhydro-8-D-galactopyranose fairly
high molecular weights (DP, = 30-90) were obtained.”

Structure of Poly(ABGAL). }C NMR spectra of
poly(ABGALs) with different specific rotations are shown
in Figure 4. Comparing the spectrum 4B of the poly-
(ABGAL) having [a]p —-10.7° with spectrum 4A of poly-
(ABGAL) having [a]p +5.8°, we recognize that the former
polymer has very high stereoregularity. The splitting of
individual carbon absorptions is considered to be due to
the low molecular weight of polymers. Taking into account
the negative specific rotation and the mechanism of
ring-opening polymerization leading to stereoregular
polymer, which will be described later, we concluded that
the poly(ABGAL) with [a]p —10.7° is predominantly
2,3,6-tri-O-benzyl-(1—5)-8-D-galactofuranan.

On the other hand, spectrum 4A of the poly(ABGAL)
with a positive specific rotation of +5.8° shows that the
absorption due to C-1 carbon appears as four peaks. The
assignments of the 3C NMR absorptions were based on
the optical rotation and a comparison with the chemical
shifts of methyl D-galactosides™?, assuming that there are
minor differences due to etherification and solvent change.
For several poly(ABGALSs), the increase in proportions of
C-1 absorptions at 106.9 and 98.1 ppm caused the increase
in the negative specific rotation, while the absorptions at
100.1 and 97.1 ppm contributed to the positive specific
rotation. Thus, the C-1 absorptions at 106.9, 100.1, 98.1,
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and 97.1 ppm were assigned to (1—5)-38-D- and (1—5)-a-
D-galactofuranosidic untis, (1—4)--D- and (1—4)-a-D-
galactopyranosidic units, respectively. For a poly(ABGAL)
with [a]p +5.8°, the proportions of the four structural units
were determined from the *C NMR spectrum to be 65,
20, 7, and 8%, respectively. All the poly(ABGALs) pre-
pared under various conditions had mixed structures
consisting mainly of (1—5)-8-D-galactofuranosidic units.

Mechanism of Polymerization. The ring-opening
polymerization of AGBLU is considered to proceed via
both a trialkyloxonium ion mechanism (Sy2 type) and a
carbenium ion mechanism (Sy1 type), as was the case in
the ring-opening polymerization mechanism of 1,4-
anhydro-2,3-di-O-benzyl-a-D-xylopyranose (ABXP).*

A stereoregular structure consisting exclusively of (1—-
5)-a-D-glucofuranosidic units can be attained by a tri-
alkyloxonium ion mechanism, as shown in Scheme I, c.
The selective 1,5-ring opening of ABGLU can be inter-
preted as due to a possibly higher nucleophilicity of the
1,5-linked oxygen than that of the 1,4-linked oxygen, or
by the antiperiplanar theory of Deslongchamps et al.,** as
in the case of the selective 1,5-ring opening polymerization
of ABXP. . _

On the other hand, Scheme I, a and b, indicates that a
mixed structure consisting of (1—+5)-a- and (1—5)-3-D-
glucofuranosidic units can be formed by a carbenium ion
mechanism. The mechanism has been described in detail
in the polymerization of ABXP.* It was revealed that the
polymerization of ABGLU by SbCl; and some other cat-
alysts (Table II) proceeds predominantly via a carbenium
ion mechanism.

It seems that in the polymerization of ABGLU the
substituents at C-2 and C-3 positions play an important
role in chain propagation, as was already observed in the
polymerization of 1,4-anhydropentose derivative. -

ABGLU is only different from ABXP with respect to
the C-5 substituent. The significant question is what the
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effect will be of the additional C-5 substituent on the chain

propagation. The low degree of polymerization (-]ﬁn =
~25) of poly(ABGLUs) can be compared with the high

DP (DP, = 32-477) of poly(ABXPs). Although it was
found that mild catalysts BF5;-OEt, and SnCl, were good
catalysts for producing high yield and high molecular
weight poly(ABXPs),* they did not produce high molecular
weight poly(ABGLUs). Therefore, the C-5 substituent in
the ABGLU was found to influence steric hindrance of the
chain propagation and to lower the polymerizability of the
monomer.

ABGAL is different from ABGLU with respect to the
direction of the 1,4-ring; that is, ABGAL has the opposite
configuration at C-1 and C-4 compared with ABGLU.
Therefore, if the selective 1,5-ring opening polymerization
of ABGAL via a trialkyloxonium ion mechanism occurs,
a stereoregular structure consisting exclusively of (1—-
5)-8-D-galactofuranosidic unit will be obtained. The
stereoregular structure was almost achieved in the ring-
opening polymerization of ABGAL in this study. Since
poly(ABGALs) are composed of mainly (1—5)-3-D-
galactofuranosidic unit, the chain propagation mechanism
of ABGAL is assumed to be similar to that of ABGLU.
The degree of polymerization in poly(ABGALs) is lower
than that in poly(ABGLUs), implying that the chain
propagation of ABGAL polymerization is more influenced
by steric hindrance originating from the monomer struc-
ture than that of ABGLU.

Experimental Section

Synthesis of 2,3,6-Tri-O -benzyl-D-glucose (5). 5 was syn-
thesized by hydrolysis of benzylated starch. To a starch (300 g)
solution in 20% sodium hydroxide (aqueous, 3.6 L), benzyl
chloride (750 mL) was added and the solution was stirred over-
night at 60 °C. The reaction mixture was successively washed
with a large quantity of water and methanol several times and
dried in vacuo. After the benzylation was repeated, the partially
benzylated compound was thoroughly benzylated according to
the method of Hakomori.! The yield of the yellow benzylated
starch was 23%, [«]?p +78.0° (c 1%, CHCl;). To a benzylated
starch (180 g) solution in 5 L of dioxane, 600 mL of 50% sulfuric
acid (aqueous) was added, and the solution was stirred for 20 h
at 95 °C. The solution was neutralized with 30% sodium hy-
droxide (aqueous), filtered, and evaporated to dryness. The syrup
was extracted with chloroform, followed by evaporating to dryness.
The dried compound was then extracted with ethanol. After a
workup procedure, the compound was separated by mean of silica
gel column chromatography, using 3:1 benzene—ethyl acetate. 5
was recrystallized from benzene—petroleum ether: yield, about
50%; mp 106-107 °C (lit.’* mp 108 °C).

Cellulose was benzylated by using the same method as that of
starch, and the benzylated cellulose was used for the NMR
measurement, [«]%p +16.1° (¢ 1%, CHCl,).

1,4-Anhydro-2,3,6-tri-O-benzyl-a-D-glucopyranose (AB-
GLU) (8). ABGLU was synthesized from 5 according to the
modification of Micheel and Kreuzer’s method.!® 2,3,6-Tri-O-
benzyl-a-D-glucopyranosy! chloride (6) was prepared by the re-
action of § (7 g) with dry hydrogen chloride. 6 was reacted with
silver fluoride (12 g) to give 2,3,6-tri-O-benzyl-8-D-glucopyranosyl
fluoride (7). Potassium tert-butoxide (12 g) was added to the 7
solution in toluene. The solution was kept for 1 day at room
temperature, filtered, and then evaporated to a dark brown syrup.
This syrup was separated by means of silica gel column chro-
matography, using 10:1 benzene—ethyl acetate, and 8 was obtained
as slightly yellow syrup: yield of 8 based on 5, about 30%; [«]%°,
-9.7° (¢ 1%, CHCly) (lit.® [2]%p -9.6° (¢ 1%, CHCl,).

1,4-Anhydro-2,3,6-tri-O-benzyl-3-D-galactopyranose (AB-
GAL) (13). ABGAL was synthesized from the 2,3,6-tri-O-
benzyl-D-glucose 5§ according to the modification of Kops and
Schuerch’s method which gave the 1,4-anhydrotri-O-methyl-
galactose.’® Methyl 2,3,6-tri-O-benzyl-D-glucopyranoside (9) was
prepared from 5. 5 (15 g) was added to 150 mL of anhydrous
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methanol containing 1% hydrogen chloride and refluxed overnight
in the presence of CaSO,. The solution was neutralized by
bubbling anhydrous ammonia. The compound was separated by
means of silica gel column chromatography, using 3:1 benzene-
ethyl acetate. The yield of the colorless syrup 9 was 84%. Methyl
2,3,6-tri-O-benzyl-4-0-tosyl-p-glucopyranoside (10) was prepared
by adding 6.7 g of p-toluenesulfonyl chloride to a 9 (13 g) solution
in 14 mL of dry pyridine, followed by keeping the solution for
4 days at room temperature. The syrup obtained was separated
by means of silica gel column chromatography, using 3:1 benz-
ene—ethyl acetate. The yield of the colorless syrup 10 was 95%.
1,6-Di-0O-acetyl-2,3-di-O-benzyl-4-O-tosyl-D-glucopyranose (11)
was prepared according to the method for synthesizing the 1,6-
anhydrotri-O-benzylmannopyranose.'® A cold solution of sulfuric
acid (0.2 mL) in acetic anhydride (8 mL) was added to 10 (11.3
g) in acetic anhydride (32 mL). The mixture was stirred for 75
min at room temperature, then poured into ice water, and stirred
overnight. The crude syrup was separated by means of silica gel
column chromatography, using 6:1 benzene-ethyl acetate. The
yield of the yellow syrup 11 was 84%. 1,4-Anhydro-2,3-di-O-
benzyl-3-D-galactopyranose (12) was prepared by reacting 11 with
alkali. To a 11 (9.3 g) solution in chloroform, anhydrous isopropyl
alcohol (300 mL) was added, and the solution was cooled in an
ice bath. Sodium (0.74 g) in anhydrous isopropy! alcohol (242
mL) was added to the solution. The reaction mixture was stirred
for 18 h at room temperature, followed by the addition of a small
amount of water. The crude syrup was separated by means of
silica gel column chromatography, using 1:1 benzene-ethyl acetate.
The yield of the yellow syrup 12 was 50%. 1,4-Anhydro-2,3,6-
tri-O-benzyl-8-D-galactopyranose (ABGAL) (18) was obtained by
benzylation of 12 according to the method of Hakomori.’® A 12
(1 g) solution in 5 mL of dimethylformamide was added dropwise
to a sodium hydride (0.34 g) solution in dimethylformamide and
it was reacted for 1 h. Then, a benzyl chloride (0.8 mL) solution
in 10 mL of dimethylformamide was dropwise added to the so-
lution and stirred overnight at room temperature. The compound
was separated by means of silica gel column chromatography, using
10:1 benzene—ethyl acetate: yield of the clear syrup 13, 78%; [«]%p
+57.6° (¢ 1%, CHCl;). Anal. Caled. for C;yHo505: C, 74.98; H,
6.53. Found: C, 75.98; H, 6.52.

Polymerization of ABGLU and ABGAL. High-vacuum
technique was used.? Monomer was dried in a polymerization
ampule by evacuating for several hours and dissolving in dry
methylene chloride, followed by distilling the methylene chloride
off the monomer solution. ((C,Hg)3O)BF, catalyst which was
prepared by Meerwein’s method?® was recrystallized from ni-
trobenzene—diethyl ether mixture. A coordination initiator based
on Al(i-Bu); modified with H,O and acetylacetone was prepared
by Kops’ method.!? Polymerizations were carried out at low
temperatures for 43-241 h. Polymers were purified by repreci-
pitations using chloroform and petroleum benzin and subsequent
freeze-drying from benzene.

Measurements. The 400-MHz 'H and 100-MHz 3C NMR
spectra were measured on the solutions in CDCl; and CD,Cl,,
respectively, by means of a Jeol GX-400 spectrometer. The peak
assignment was performed by the decoupling method.?! Specific
rotations were measured by means of a Perkin-Elmer 241 po-
larimeter. Molecular weights of polymers were determined by
means of a Toyo Soda HLC-802UR gel permeation chromatog-
raphy using standard polystyrenes as reference and tetrahydro-
furan as solvent. For this kind of polymer, the molecular weights
determined by the GPC method are known to agree with those
by the osmotic method.??
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ABSTRACT: The reaction of 2-methyl-2-oxazoline (MeOXO) and methacrylic acid (MAA) has been studied
in bulk and solution (acetonitrile) at 60~70 °C. The products were separated by high-performance liquid
chromatography and analyzed by 'H and 3C NMR spectroscopy. Contrary to previous reports by Balakrishnan
and Periyasamy (Makromol. Chem., Rapid Commun. 1980, 1, 307) the reaction of MeOXO and MAA does
not yield high molecular weight alternating copolymer but only very low molecular weight products. All of
the products contain olefinic and acetamido end groups with varying amounts of MeOXO and MAA units
in between the end groups. A mechanism is proposed to account for the observed products and to explain

the reported results of Balakrishnan and Periyasamy.

Introduction

2-Methyl-2-oxazoline, a nucleophilic type monomer, has
been reported to undergo zwitterion polymerization with
a number of electrophilic type monomers such as acrylic
acid,'® methacrylic acid,* acrylamide,® 2-hydroxyethyl
acrylate,® succinic anhydride,” ethylenesulfonamide,® and
3-hydroxy-1-propanesulfonic acid sultone® to yield low
molecular weight alternating copolymers. Balakrishnan
and Periyasamy* studied the 2-methyl-2-oxazoline-meth-
acrylic acid (MeOXO-MAA) system and proposed a re-
action mechanism involving the initial formation of genetic
zwitterion I followed by propagation through the reaction
of I with itself and with larger-sized zwitterions to yield
the alternating copolymer II.

CH
CHa :
N | NCH,CHCOO™
( »\ + CH7=CCOOH —= C)\ —_
o) CH3 o CH3
I
CH, CH,
NCH,CHCOOCH,CHNCH,CHCO0™
+"‘ VVANAA——=
Co’ CHs CHaCO
CHy

(-CH,CHCOOCH,CH,N-), (1)

CHaCO
1

Balakrishnan and Periyasamy isolated a pale brown gum
by pouring the MeOX0-MAA reaction mixture into di-
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ethyl ether followed by drying at 70 °C. 'H NMR spectra
of the gum and its alkaline hydrolysate were presented in
support of copolymer structure II. However, our inter-
pretation of the published spectral data does not support
structure II. The 'H NMR spectrum of the gum was re-
ported as consisting of singlets at 1.95 («-CH;) and 2.05
(CH;CO) ppm and multiplets at 3.6 (CH,NCH, and CH)
and 4.3-4.4 (OCH,) ppm. The singlet at 1.95 ppm, as-
signed to the a-CHj protons of the methacrylate unit, is
too far downfield for that type of proton.l° For example,
the a-CHj protons of methyl isobutyrate are found at 1.2
ppm.!! Furthermore, the o-methyl signal for II should be
a doublet as it is for methyl isobutyrate. The H NMR
spectrum reported by Balakrishnan and Periyasamy shows
only the 1.9-5 ppm region. The ratio of various signal
areas in the reported spectrum also fails to support
structure II. The 1.95, 2.05, 3.6, and 4.3—-4.4 ppm signals
show areas in the approximate ratio 1.1:2.5:2.6:1 instead
of 3:3:5:2 as required for structure II and the spectral
assignments by Balakrishnan and Periyasamy.

The published 'H NMR spectrum of the hydrolyzed
gum also does not support structure II. The gum was
hydrolyzed by NaOH in D,0 and should yield equimolar
amounts of deuterated acetic and N-(2-hydroxyethyl)-3-
amino-2-methylpropionic acids based on structure II.

CHa CHaCO

(-CH,CHCOOCH,CHoN-), 53

D CHg

CHaCOOD + DOCH,CHoNCH,CHCOOD (2)

The 'H NMR of the hydrolysate was reported as consisting
of singlets at 1.9 (a-CHj) and 2.0 (CH;COOD) ppm, triplets
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