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ABSTRACT: The polymerization of 1,3-anhydro-2,4,6-tri-O-(p-bromobenzyl)- (I) and 1,3-anhydro-2,4,6-
tri-O-benzyl-D-mannopyranose (IT) was studied under a variety of conditions with different catalysts. Cationic
catalysts like trifluoromethanesulfonic anhydride, triphenylcarbenium perchlorate, and the radical cation
salt tris(4-bromophenyl)amminium hexachloroantimonate caused stereoregular polymerization to give virtually
completely a-linked (1—38)-D-mannopyranan derivatives in high yield and with DP 60-90. Other cationic
catalysts caused polymerization with high yields of predominantly o-linked polymers under some conditions.
Coordination catalysts and some metal complexes caused polymerization in poor yield, but anionic catalysts
failed to polymerize the monomers. The influence of monomer structure, temperature, and solvent on
stereoregularity of the polymers was investigated. The substituted polymers were characterized by optical
rotation, gel permeation chromatography, osmometry (vapor phase and membrane), intrinsic viscosity, and
circular dichroism. The relation of C-1 configuration and molecular volume of the polymers is discussed.
Debromobenzylation and debenzylation of the polymers afforded the unsubstituted linear 1,3-D-mannopyranans,
which were characterized with optical rotation, IR, *C NMR, and ! H NMR spectrometry and by complete
hydrolysis to mannose by trifluoroacetic acid. Anomeric purity was investigated by selective oxidations of
the triacetates. The 3C NMR spectra of the synthetic mannan and fully acetylated mannan were assigned.

For several years, we have been engaged in the devel-
opment of methods for the synthesis of stereoregular po-
lysaccharides since the polymers obtained are useful model
compounds for immunological and allergic reactions and
also for studying protein—polysaccharide interactions.? A
number of other laboratories are also involved in research
of this area.®5 A (1—6)-a-D-mannopyranan of high mo-
lecular weight previously synthesized® in this laboratory
has proven to be cross-reactive with a mannan of similar
structure produced by the skin dermatophyte Tricho-
phytum rubrum.” It is not, however, cross-reactive with
most antigenic mannans of yeasts® although (1—6)-a-D-
mannopyranosyl units constitute the backbone of these
polysaccharides. It is therefore, interesting to prepare
structures characteristic of the branches which shield the
backbone from interaction with antibodies and which,
themselves, serve as determinants for yeast mannan. It
has recently been shown that the major fraction of poly-
saccharides extracted from the capsular material of
Cryptococcus bacillisporus serotypes B and C%1® and from
C. clinovii and C. uniguttulatus'! are D-mannosyl residues
linked a-(1—3) in a linear backbone. It is also found that
the fruit bodies of Dictyophora indusiata Fisch contain
a partially acetylated linear (1—3)-a-D-mannan!? that
exhibits antitumor and antiinflammatory activities. Me-
thylation analysis of another heteropolysaccharide isolated
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from the culture medium of 7. mesenterica NRRL Y-6158
shows it to be an essentially a-(1—3)-linked manno-
pyranose backbone with 20% of 2-O-8-D-glucopyranosyl-
uronic acid and 2-O- and 4-O-B8-D-xylopyranose as
branches.!® Also, the glycosyl side chains of a number of
glycoproteins are known to contain a-D-mannopyranosyl
units linked (1—3).14® On the other hand, (1—3)-8-linked
mannopyranose residues have been found in cell wall po-
lysaccharides.!1%20

Previously a number of stereoregular polymerizations
have been reported for 1,2-anhydro-,2 1,4-anhydro-,% and
a number of 1,6-anhydroglycopyranose derivatives.? Re-
cently, the synthesis and polymerization of 1,3-anhydro-
2,4,6-tri-O-benzyl-B3-p-glucopyranose have been report-
ed,?*% and the mannopyranose analogues 1,3-anhydro-
2,4,6-tri-O-(p-bromobenzyl)- (I) and 1,3-anhydro-2,4,6-
tri-O-benzyl-8-D-mannopyranose (II) have also been syn-
thesized by us.7® We now wish to report the stereoregular
polymerization of I and II, which has now led to the for-
mation of a number of mannopyranans of different mo-
lecular weight and stereoregularity, some of which are
completely stereoregular, according to NMR analysis.

Experimental Section

Materials. The monomer I [mp 91-92 °C, [«]%, +31.7° (c
0.8, CHCl,)] was synthesized in a large scale (5 g) according to
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the reported method.?? Monomer II was synthesized by a ring-
closure reaction®® from 3-O-acetyl-2,4,6-tri-O-benzyl-a-D-
mannopyranosyl chloride in a sufficient quantity (1-1.5 g) for a
few polymerizations. Because monomer II did not crystallize,
purification by liquid chromatography was repeated and the
resulting pure monomer [[a]®p +53.3° (¢ 1.1, CHCl;)] was dried
by distilling dichloromethane from a monomer solution several
times on a high-vacuum line.

Dichloromethane, toluene, benzene, xylene, and dimethoxy-
ethane were dried by refluxing on calcium hydride, distilled, and
then further dried and kept on calcium hydride under high
vacuum.

Phosphorus pentafluoride was generated in situ by pyrolysis
of p-chlorobenzenediazonium hexafluorophosphate crystallized
from water or methanol and dried on a high-vacuum line. Boron
trifluoride etherate, antimony pentachloride, and trifluoro-
methanesulfonic anhydride were distilled three times on a
high-vacuum line, with the center cut taken each time, and dis-
tributed (by distillation in vacuo) to calibrated capillary tubes
connected to a break seal.

Triphenylcarbenium perchlorate was prepared from tri-
phenylcarbinol and perchloric acid according to a reported me-
thod.® The yellow crystalline triphenylcarbenium perchlorate
(mp 145 °C; lit.3% mp 144 °C) thus obtained could be used for
polymerization directly. The perchlorate catalyst could also be
prepared from triphenylchloromethane and silver perchlorate.
An exactly weighed amount of triphenylchloromethane was put
into a tube with a magnetic bar on a high-vacuum line, a certain
volume of dichloromethane was distilled into the tube under high
vacuum, an equivalent amount of silver perchlorate was added,
and the reaction was conducted under high vacuum overnight.
The supernatant was transferred quantitatively into break seals
used for polymerization. The perchlorate catalysts obtained by
using the two different methods had the same catalytic activity
and gave polymers with the same properties.

Cobalt carbonyl [Cos(CO)g}, molybdenum carbonyl [Mo(CO)g},
and tris(4-bromophenyl)amminium hexachlorantimonate were
crystalline compounds from commercial sources (reagent grade)
and were used directly.

The coordination catalysts AlEt;/H,0 (1:1), AlEt;/H,0/
(CH,;-CO),CH, (1:0.5:0.5), and ZnEt,/H,0 (1:1) were prepared
according to the reported method.?

Anionic catalyst potassium tert-butoxide (mp 256-258 °C)
obtained from a commercial source (reagent grade) was used
directly for polymerization.

Polymerization. The transfer of solvents and most of the
catalysts and all the polymerizations were carried out under high
vacuum as previously reported.?® Some of the polymerization
conditions are summarized in Table II. Polymerizations were
terminated at the polymerization temperature by adding cold
methanol. Reprecipitation was repeated three times into pe-
troleum ether. The solutions from coordination catalyst polym-
erizations were diluted with chloroform, terminated with methanol,
and then poured into petroleum ether. The recovered polymer
was dissolved in chloroform and precipitated into petroleum ether
twice after filtering out the catalyst residue.

All the substituted polymers were freeze-dried from benzene.

Preparation of (1—3)-D-Mannopyranans. Isolated polymers
were debromobenzylated or debenzylated by a published method.?
The polymer solution was purified by dialysis until ion free using
a UM-5 membrane (Diaflo Ultrafilter, Amico Co.) and isolated
as white fluffy solids by freeze-drying from distilled water. El-
emental analysis indicated that the products after equilibration
in the atmosphere contained one molecule of water.

Anal. Caled for (CgH,,05H,0),: C, 40.00; H, 6.67. Found:
C, 39.89; H, 6.65.

The observed optical rotations were corrected to the values of
anhydrous polysaccharides according to the elemental analysis.

Acetylation of (1->3)-D-Mannopyranans. Freeze-dried fluffy
homogeneous mannan was used for acetylation.’® Polysaccharide
(25 mg) was thoroughly mixed with formamide (0.5 mL) in a
50-mL flask. To this stirred solution were slowly added dried
pyridine (6 mL) and then freshly distilled acetic anhydride (4 mL).
The reaction mixture was stirred overnight at room temperature.
After the acetylation, the reaction mixture was slowly added to
40 ml of ice water with stirring. Extraction with chloroform was
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repeated several times and the organic solution obtained was
decolorized with activated carbon and then concentrated to 2 mL.
Reprecipitation was repeated five times into petroleum ether to
remove pyridine and white fluffy polymers were obtained by
freeze-drying from benzene.

Oxidation of Acetylated (1—3)-D-Mannopyranans. The
oxidation of the acetylated mannan was conducted by a published
method.33 The acetylated mannan (40 mg) was dissolved in
glacial acetic acid (8 mL) and the solution was treated with
chromium trioxide (400 mg) on an ultrasonic bath at 50 °C for
1.5 h. The material was recovered by partitioning between
chloroform and water, evaporation of the chloroform phase, and
finally freeze-drying from benzene. The polymer thus obtained
was subjected to 3C NMR determination directly.

Reduction and Deacetylation of Oxidized Acetylated
Mannan. The carefully dried oxidized 2,4,6-tri-O-acetyl-(1—
3)-D-mannopyranan (40 mg) was dissolved in dry 1,4-dioxane-
ethanol (1:1, 8 mL) and treated with sodium borohydride (100
mg) with stirring overnight. Water was added and the solution
was kept at room temperature for 3 h. The solution was acidified
to pH 3-4 with 0.1 N HCI and then subjected to dialysis. De-
acetylated mannan was obtained by freeze-drying the dialyzed
solution and characterized by *C NMR.

Hydrolysis of (1—3)-D-Mannopyranans and Identification
of Sugar. (1-—3)-D-Mannopyranan (2-4 mg) was placed in a
50-mL flask equipped with a reflux condenser. Trifluoroacetic
acid (2 N, 3 mL) was added, and the mixture was refluxed for
1 h according to a reported method.® The solution was evaporated
in a rotary vacuum evaporator to dryness, and the residue was
redissolved in distilled water (10 mL). The evaporation was
repeated three times. The sugars thus obtained were dissolved
in distilled water (0.1 mL), spotted on Whatman no. 1 paper, and
separated by means of a moving phase of ethyl acetate/pyri-
dine/water (10:2:1, upper layer) for 40 h. Sodium hydroxide (5%)
in 95% ethyl alcohol and AgNOj; (5%) in acetone were used as
spray reagents. Control solutions of mannose and altrose clearly
showed both sugars. The hydrolysate showed only mannose, no
altrose or disaccharides.

Characterization of Polymers. 'H and 3C NMR spectra
of free mannan were measured in dimethyl-dg sulfoxide, which
also served as standard, with a Varian XL-100 spectrometer at
room temperature or at 70 °C. The latter temperature gave better
resolution. *C NMR spectra of acetylated and benzylated
polymers were obtained in chloroform-d with tetramethylsilane
as internal standard. The ratio of a- and §-linkages of free
mannans could be estimated by comparing the average peak area
of the anomeric centers, C-5 and C-3. The DP of the mannans
could be roughly estimated by comparing the peak area of the
C-2 (or C-3) units in the chain with the C-2 (or C-3) units of the
nonreducing end group. Optical rotations were determined in
chloroform for benzylated and bromobenzylated polysaccharides
and in Me,SO/H,0 (2:1) for free polysaccharides at 23 °C in a
Perkin-Elmer Model 141 polarimeter with a jacketed 1-dm cell.
The ratio of a- and g8-linkages of free mannans could also be
estimated from the specific rotation.

The IR spectra of free polysaccharides were obtained with a
Perkin-Elmer Model 137 double-beam recording spectrometer
on 1% of polymer in potassium bromide pellets.

The CD spectra of substituted polymers were recorded on a
JASCO ORD/CD-5 spectropolarimeter equipped with the Sproul
Scientific 8S-107 modification in the wavelength region from 300
to 200 nm at 23 °C, using a xenon high-pressure lamp as the light
source according to the reported method.?!:3

Molecular weight distributions of 2,4,6-tri-O-(p-bromobenzyl)-
and 2,4,6-tri-O-benzyl-(1--3)-D-mannopyranans were obtained by
high-pressure gel permeation chromatography in tetrahydrofuran.
A Waters Model 200 chromatograph equipped with a UV spec-
trometer (fixed at 245 nm), a Model 6000 pump, and a Valvco
septurmless injector (1.0 mL) were used. Four 30-cm-long stainless
steel columns packed with u-Styragel (1 X 10%, 1 X 103, 5 X 102,
and 1 X 102 A) were used for the analysis of distribution. Flow
rate was 2.0 mL/min. A calibration curve was obtained by using
polystyrene (Waters) standard samples. Viscosities of the sub-
stituted polymers were determined at 25 °C in chloroform with
a Cannon-Ubbelohde viscometer. A Mechrolab Model 301 vapor
pressure osmometer was used for most of the measurements of
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Figure 1. °C NMR spectra of (1—3)-D-mannopyranans in
Me,S0-dg at 70 °C: (A) DI26 (DP ~40, ~100% a); (B) DII6 (DP
~50, ~80% a); (F) DII6 (after acetylation, oxidation, deacety-
lation, and reduction).

number-average molecular weight, using chloroform as solvent
for substituted polymers. A Mechrolab Model 501 high-speed
membrane osmometer was also used for the measurements of some
polymers of high molecular weight.

Results and Discussion

Monomers I and II were both readily polymerized by
cationic catalysts to polysaccharide derivatives. Ten
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(1—=3)--D-Mannopyranan
representative samples with varying molecular weights and
specific rotations were debenzylated or debromobenzylated
and hydrolyzed to their constituent sugars. In all cases
hydrolysis was complete to the monosaccharide stage and
the only sugar present was mannose. Its 3-epimer, altrose,
was specifically excluded. The only structural problem,
therefore, was the assignment of configuration at the
anomeric center.

The stereoregularity of free mannans was established
by 3C NMR spectra. The reported C-1 signal of (1—
3)-a-D-mannopyranan, prepared from a complex hetero-
polymer of Candida bogoriensis,*! was 103.8 ppm*? (in D,0O
containing 5% NaOD). To assign 3C NMR spectra of the
synthetic mannopyranans, a-D-mannopyranose and §-D-
mannopyranose® served as model compounds. Spectra A
and B (Figure 1) are the spectra of typical stereoregular
(100% a-linkage) and nonstereoregular (~80% «-linkage)
polymers. The assignments are in Table I.

For pure (1—3)-a-D-mannopyranan, as expected, C-3
had a large downfield shift, 7.1 ppm, and C-2 and C-4 had
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Figure 2. '3C NMR spectra of fully acetylated (1—3)-D-
mannopyranans in CDCl; at 20 °C: (C) DII26 (DP ~20, 100%
a); (D) DII6 (~80% «, before oxidation); (E) DII6 (after oxi-

" dation).

upfield shifts of 2.3 and 1.8 ppm, respectively, compared
with the model compound a-D-mannopyranose.®® C-1
(101.5 ppm) is upfield of the reported value*? as our value
is determined in dimethyl sulfoxide. The small peaks at
70.8, 70.1, and 67.4 ppm in spectrum A were assigned to
C-2, C-3, and C-4 of nonreducing end groups, respectively,
by comparison with the 13C spectra of 3-O-a-D-manno-
pyranosyl-D-mannopyranose‘® and methyl-3-O-a-D-
mannopyranosyl-a-D-mannopyranoside.®’

The assignment of 3-linked units of the synthetic
mannopyranan was accomplished by comparing spectra
A and B. As expected from the model compounds a- and
B-D-mannopyranose, C-3 and C-5 of 8-linked polymer had
large downfield shifts of 2.1 and 3.5 ppm, respectively,
compared with the corresponding C-3 and C-5 of purely
a-linked polymer. It was unexpected that C-4 of 8-linked
units had a downfield shift of 1.9 ppm and C-1 had an
upfield shift of 3.2 ppm compared with the corresponding
C-4 and C-1 of pure o-linked polymers. The peak at 79.6
ppm was assigned to C-3 (a-linkage) adjacent to a (1—
3)-B-linked unit.

The C-1, C-3, C-4, and C-5 peak positions of o-linked
mers in (1—3)-a,8-D-mannopyranan were little different
from the corresponding peaks in pure (1—8)-a-D-manno-
pyranan.

The assignments above were generally confirmed by
Lindberg’s method of selective oxidation of fully acetylated
polysaccharides. Spectrum C (Figure 2) is one of an ace-
tylated stereoregular (1—3)-a-D-mannopyranan having the
same pattern as spectrum A. After oxidation the 1)C NMR
spectrum did not change. Spectra D and E (Figure 2) are
spectra of acetylated nonstereoregular mannopyranan
before and after oxidation, respectively. It can be seen that
all of the peaks related to 8-linkages disappeared after
oxidation. (Three solvent peaks are prominent at 78.5,
77.2, and 76.0 ppm.)

On the basis of spectra C, D, and E, we assigned the 13C
NMR spectra of fully acetylated (1—3)-D-mannopyranans
as shown in Table I. C-3 and C-5 of 8-linked units were
not assigned because they overlap the solvent (CDCl,)
peaks or the end group peaks. The small peak at 100.6
ppm near C-1 (a-linkage) in spectrum D was assigned to
C-1 (a-linkage) adjacent to a 8-(1—3)-linked unit.

More clear information was obtained from spectrum F
(Figure 1) of the reduced and then deacetylated polymer
after oxidation. Comparing spectrum B (before oxidation)
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and spectrum F (after oxidation) we confirmed the as-
signment of *C NMR spectra of the synthetic manno-
pyranans as shown already in Table I. The extra peaks
near C-6 and the intensity increase of C-2, C-4, and C-3
peaks of end groups were attributed to the degradation and
the existence of an open chain unit after the sequence of
reactions.

Since both spectra B and D show that the peaks adja-
cent to B-linked units have almost the same intensity as
the peaks of corresponding $-linked units, the §-linkage
in nonstereoregular (1—3)-D-mannopyranan is presumably
randomly distributed in the polymer rather than in se-
quence. The product obtained after oxidation, reduction,
and deacetylation was a collapsed glassy solid and its *C
NMR spectrum contained enhanced end groups. Both
features are characteristic of the expected oligomers and
confirm this interpretation.

'H NMR spectra of the synthetic mannopyranans
showed the same pattern at the anomeric center as the 1*C
NMR spectra. The chemical shifts of H-1 (a-linkage) and
H-1 (8-linkage) were 5.0 and 3.4 ppm, respectively.

The fact that no peaks were found in the aromatic region
of either the ®C or the 'H spectra indicated that deben-
zylation and debromobenzylation were complete.

Knowing the exact 1*C NMR peak positions of a- and
B-linkages of the synthetic mannopyranans, we estimated
the stereoregularity of the polymers by the average ratio
of the peak areas of a- and §-linkages at the anomeric
centers and at C-3 and C-5. The optical rotation of the
unsubstituted mannans varied linearly with our estimate
of stereoregularity. Stereoregular mannopyranans (Table
II, DI26 and DI120), judged 100% « from *C and 'H NMR
spectra, had specific rotation of +120°, the same as the
reported value.? The specific rotation of pure (1—3)-3-
D-mannopyranan was then estimated to be —81° by linear
extrapolation of the specific rotations of the nonstere-
oregular mannans. This value is reasonable because the
model compounds, methyl-8-D-mannopyranoside® and an
alternating polymer of (1—3)-8- and (1-—>4)-3-D-manno-
pyranan,?’ had optical rotations of -70° and -80°, re-
spectively.

Similarly there was a linear correlation of specific optical
rotations between substituted and free mannans except
in the case of low molecular weight products. Therefore,
the stereoregularity of the synthetic mannans could also
be estimated from the specific rotation directly on the
polymerization products. High molecular weight bromo-
benzylated polymers with specific rotation of -38° and
benzylated polymers with specific rotation of +10° are
stereoregular while more negative values indicate some
B-linkages. Low molecular weight stereoregular polymers,
judged from *C NMR spectra, such as 1126 (+18.1°), 122
(+14.4°), and 1125 (+13.5°) did not follow this relationship.

The absolute number-average molecular weight of the
substituted mannans, determined by osmometry (M),
ranged from 6000 to 39000 for benzylated mannans and
from 15000 to 120000 for bromobenzylated mannans.

The number-average molecular weight of substituted
mannans was also determined by gel permeation chro-
matography (GPC) using polystyrene standards (Mgpc).
It was found that the values of M¢pc, which are actually
related to the polymer volume, were much smaller than
the values of number-average molecular weight (M.,,,) for
the same polymers. The ratio M,/ Mgpc, which is in-
versely related to the volume and independent of the ab-
solute molecular weight of the polymer, changed regularly
with stereoregularity: the more stereoregular the polymer,
the smaller its molecular volume. Apparently polymers
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Figure 3. Relation between stereoregularity and M,/ Mgpc: (O)
benzylated polymer, (+) bromobenzylated polymer. Points in
sequence (left to right) are samples 116, II5, 1128, 1113, 127, 126,
and II17.
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Figure 4. Relation between intrinsic viscosity and Mgpe: (a)
benzylated polymer; (b) bromobenzylated polymer.

having high stereoregularity can pack more tightly because
of their structural regularity, while polymers having
structural flaws are relatively loosely packed because of
(1—~3)-B-linkages. Although the relationship was not
quantitative, it still could serve as an anciilary method to
judge the stereoregularity of the polymers obtained from
same solvent. Figure 3 indicates this relation for some
polymers obtained from dichloromethane. Polymers
having the same stereoregularity but obtained from po-
lymerizations carried out in different solvents have dif-
ferent ratios of M.,/ Mgpc. Usually it was much bigger
from aromatic solvents than from dichloromethane. The
effect of polymerization solvent on the structure of the
polymer is an interesting puzzle. It may relate to the
randomness of distribution of 3-linkages.

The molecular weight distribution of the substituted
polymers was determined by GPC. It was found that all
had a relatively narrow and essentially symmetrical mo-
lecular weight distribution. The calculated values of
M, /M, from GPC curves of several representative samples
were from 1.4 to 1.6.

The intrinsic viscosity of the substituted polymers was
low and ranged from 0.05 to 0.2 dL/g, with bromo-
benzylated polymers having lower intrinsic viscosities than
the corresponding benzylated polymers. Intrinsic viscosity
correlated well with the Mgpc of both stereoregular and
nonstereoregular polymers but not with their M, because
of the variation in molecular volume with stereoregularity.
Since all had very similar molecular weight distributions,
this correlation holds for either number- or weight-average
molecular weights (Figure 4). Infrared and circular di-
chroism spectra could not be used to distinguish the
stereoregularity of free and substituted mannans.

About 60 polymerizations were carried out and some of
the results are listed in Table II. It was found that
stereoregular polymerization could be achieved with either
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monomer under appropriate conditions of catalyst, solvent,
and temperature.

Monomers I and II behaved similarly under most con-
ditions although benzylated monomer II usually polym-
erized faster and gave polymers with higher DP than
bromobenzylated monomer I. The opposite was true of
polymerizations catalyzed by phosphorus pentafluoride
(Table II, I3 and I13). The stereoregularity in most cases
was not greatly different between the two monomers.
However, all of the polymers obtained from monomer 1
were more than 90% o-linked, while the stereoregularity
of the polymers obtained from monomer II was 80% in
some cases.

Solvent used in polymerization had an obvious influence
on the stereoregularity and molecular weight of the poly-
mers. Aromatic solvents gave higher stereoregularity than
dichloromethane in the polymerizations of both monomers
using (CF380,),0 as catalyst (Table II, cf. I38 and 129; cf.
1120 and I112). The disadvantage of using aromatic sol-
vents was that the polymer molecular weight and the re-
action rate decreased (Table II, cf. 129 and 1I38; cf. 1117 and
I121) because the polymerizations were carried out at low
concentrations due to decreased solubility of the monomers
in aromatic solvents. Benzene was the best of the aromatic
solvents used (Table II, cf. I38 and 139; cf. I120 and 1123).

Temperature had a dramatic influence on both the
stereoregularity and the molecular weight of the polymers.
Usually ambient temperatures gave good stereoregularity
and high molecular weight (Table II, 126, 1120, 1124, and
1127). Lowering temperature usually increased molecular
weight but decreased stereoregularity (Table II, cf. 1120
and I128; cf. I113 and 1I6; cf. 126 and 127, etc.). When the
polymerization temperature was elevated to 50 °C, how-
ever, it caused a serious decrease of molecular weight due
to termination and chain-transfer reactions, although the
high stereoregularity remained (Table II, cf. 1120 and II22;
cf. 123 and 1126).

Different catalysts have different catalytic activity.
Usually the cationic catalysts capable of generating a cation
in a single initiation stage, like tris(4-bromophenyl)-
amminium hexachloroantimonate and trifluoromethane-
sulfonic anhydride, gave polymers in higher yield with
higher stereoregularity and molecular weight than Lewis
acids involving complexation at the initiation stage, like
boron trifluoride and antimony pentachloride. The best
cationic catalysts for stereoregular polymerization were
trifluoromethanesulfonic anhydride, triphenylcarbenium
(trityl) perchlorate, and tris(4-bromophenyl)amminium
hexachloroantimonate. Trifluoromethanesulfonic anhy-
dride, which had been used as an initiator for tetra-
hydrofuran,® was an effective catalyst for both monomers
at room temperature in benzene (1120, I38). Trityl per-
chlorate, introduced by Bredereck and Hutten,* caused
completely stereoregular polymerization at room temper-
ature in dichloromethane for both monomers. Tris(4-
bromophenyl)amminium hexachloroantimonate, which has
been used for the Diels—Alder reaction,*® proved to be a
good catalyst for stereoregular polymerization at room
temperature in dichloromethane for both monomers.

Phosphorus pentafluoride, boron trifluoride, and anti-
mony pentachloride, which have been shown to be good
initiators for 1,6-anhydro sugar,® 1,5-anhydro-8-p-xylo-
furanose,®® and 1,5-anhydro-g8-D-ribofuranose® derivatives,
did not cause stereoregular polymerization although
phosphorus pentafluoride afforded the polymer of highest
molecular weight. Coordination catalysts that have been
used for the polymerization of epoxides®* and oxetane®
were not attractive in the present research because the
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polymerization rate was too slow. Anionic catalyst po-
tassium tert-butoxide did not cause polymerization of
either monomer at 60 °C.

In summary, the best conditions for stereoregular po-
lymerization were those of runs 126, I120, and II17 as in-
dicated in Table II.

The synthetic (1—3)-D-mannopyranans were fluffy white
solids after freeze-drying from water. They absorbed water
from the atmosphere avidly, reaching equilibrium quickly.
The solubility of the synthetic mannans depended on their
stereoregularity. Pure (1->3)-a-D-mannopyranan was al-
most insoluble in water after precipitating during dialysis,
while less stereoregular mannans were somewhat soluble
in water because of the existence of a more disordered
structure. All of the synthetic mannans were soluble in
dimethyl sulfoxide. We estimated the degree of polym-
erization of the synthetic mannans (DI26, DII17, DII7, and
DII20, etc.) to be about 30-60 from !3C spectra of the

polymers.
The preceding evidence indicates that they are appro-

priate models of naturally occurring substances and can
serve in biological and immunological research.
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Synthesis and Free Radical Polymerization of Methyl
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ABSTRACT: Methyl a-benzylacrylate was synthesized from dimethyl malonate following well-known organic
reactions. The purified monomer was polymerized by a free radical mechanism in benzene, using 2,2’-azo-
bis(isobutyronitrile) as initiator, at several temperatures ranging from 40 to 80 °C. The absence of polymeric
species at polymerization temperatures of 70 and 80 °C, together with the low molecular weight of the polymers
obtained, seems to indicate that a ceiling temperature between 60 and 70 °C may be expected. The application
of results obtained to known kinetic treatments gives a ceiling temperature of 67 % 2 °C under the experimental

conditions used in this work.

Introduction

Polymerization of methyl and other alkyl methacrylates
has been reported by many authors; however, little at-
tention has been paid to the free radical polymerization
of a-alkyl- or a-arylacrylates. Attempts to initiate the
polymerization of a-alkyl- or a-arylacrylic esters resulted
in either low molecular weight polymers or no polymer at
all,'? which was attributed to the strong interfering effect
exerted on free-radical polymerization by the a-substituent
group.

From a thermodynamic point of view, the free energy
of polymerization mainly depends on the enthalpy of po-
lymerization, since the entropy of polymerization presents
values relatively constant or with little variation in a
narrow range and is less sensitive than the enthalpy of
polymerization to the chemical structure of monomers. As
it is well-known, the enthalpy of polymerization is low for
a,a-disubstituted monomers and therefore free energy of
polymerization is less negative and the polymerization
reaction more difficult.> Thus, free-radical polymerization
of methacrylate monomers containing phenoxy groups as
substituents on the a-methyl position with relative low
yield and molecular weights has been reported by Lenz et
al.* and the results have been attributed to the low ceiling

*Instituto de Plasticos y Caucho.
$Universidad Complutense.

temperatures of polymerization expected for these steri-
cally hindered monomers. However, in our knowledge, no
ceiling temperatures for this family of monomers have been
reported and it may be interesting to know this parameter
in order to gain more information about the reactivity of
this kind of vinyl monomers. The present report is con-
cerned with the synthesis, free-radical polymerization, and
ceiling temperature determination of methyl a-benzyl-
acrylate.

Experimental Section

Synthesis of Monomer. The synthesis of monomer involved
three steps and well-characterized organic reactions were used
in all of them.58

Step 1. Dimethyl benzylmalonate was prepared from dimethyl
malonate (0.95 mol) and sodium methoxide (0.87 mol) in 1450
mL of methanol and benzyl chloride (0.91 mol). The reaction
mixture was warmed until neutralization. The product was
fractionated under vacuum and collected at 118-122 °C at 2
mmHg. A 42.2% yield was obtained.

Step 2. Monomethyl Ester of Benzylmalonic Acid. To
a solution of potassium hydroxide (0.425 mol) in 145 mL of
methanol was added 0.425 mol of dimethyl benzylmalonate in
560 mL of dried methanol. After standing for about 24 h, the
solution was acidified with 25 mL of HCI (35%) and the monoester
was extracted with ether. A 91.3% yield was obtained.

Step 3. Methyl a-Benzylacrylate. Diethylamine (0.37 mol)
was added to monomethyl ester of benzylmalonic acid (0.37 mol)
and the mixture was kept in an ice bath with stirring while 38
mL of formaldehyde (35% in methanol-water solution) was slowly
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