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but no C?>- C° cyclization product (detection limit 5% ). The 2-
aminoquinoline 11 is clearly derived from biradical 10
through hydrogen abstraction, which is indicative of a novel
C?- (7 biradical cyclization in enyne-carbodiimides.

In conclusion, we have provided theoretical and exper-
imental evidence for two novel biradical cyclizations triggered
thermally from enyne-carbodiimides. The C?—C° cyclization
pathway via an azafulvene amine biradical is operative with
aryl and trimethylsilyl groups at the alkyne terminus, and
opens the way to a convenient synthesis of substituted 6H-
indolo[2,3-b]quinolines with interesting pharmacological ac-
tivity.'®! Conversely, the presence of a hydrogen atom at the
alkyne terminus leads to the C?- C’ cyclization. The fact that a
clean switch between C2—C% and C?-C’ cyclizations can now
be effected in enyne-allenes, enyne-ketenes, enyne-keteni-
mines, and enyne-carbodiimides points to a rather general,
hitherto little known motif to control the regioselectivity of
biradical cyclizations.
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Synthesis of Hyperbranched
Aminopolysaccharides

Jun-ichi Kadokawa,* Mitsuru Sato, Masa Karasu,
Hideyuki Tagaya, and Koji Chiba

Dendritic polymers such as dendrimers and hyperbranched
polymers have a highly branched backbone and exhibit very
different properties compared to their linear analogues.
Dendrimers, which have a perfect branched and exact
monodisperse structure, are prepared by either divergent or
convergent methods.!!l However, their preparation normally
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involves numerous protection, deprotection,
and purification procedures.

Hyperbranched polymers can be prepared
more easily than dendrimers by the polymer-
ization of AB, monomers, where x is generally
2 or 3. Although the concept of such materials
was described by Flory in 1952, synthesis and
characterization of this class of polymers have
been undertaken only in recent years.P! Inter-
est has since increased, and several new
hyperbranched polymers have been descri-
bed.l!l Recently, sugar-carrying multibranched
glycopolymers and glycodendrimers with ter-
minal sugar residues have been prepared.r
However, synthesis of a hyperbranched poly-
saccharide has so far not been reported.

Various oligosaccharides with branched
chain structures are found in glycoproteins at
cell surfaces and in intercellular systems.
Examples include oligosaccharides isolated
from calf thyroglobulin,} immunoglobulin
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Scheme 1. Synthesis of hyperbranched aminopolysaccharide.

glycopeptide,®! and ovalbumin.’! Chemical

syntheses of these oligosaccharides have been

achieved, which has allowed further study of their biological
functions and unique structures.'” Synthesis of a hyper-
branched polysaccharide would also be very interesting, for
such a polysaccharide can be expected to have unusual
properties.

We have recently reported that benzyl-protected sugar
dihydrooxazole monomers with a free hydroxyl group at
position 4 or 6 undergo acid-catalyzed polymerization to give
aminopolysaccharides.'!' The polymerization proceeds by
stereoregular glycosylation of an alcohol group with the
dihydrooxazole ring('? to give aminopolysaccharides with
natural (dibenzylchitin) and nonnatural structures. This
polymerization method is not limited to the synthesis of
linear polysaccharides, but can be extended to the formation
of a hyperbranched compound from an AB, saccharide
monomer. Here we report the synthesis of such a hyper-
branched aminopolysaccharide 2 by the acid-catalyzed poly-
merization of a sugar dihydrooxazole monomer, 2-methyl-(6-
O-tosyl-1,2-dideoxy-a-D-glucopyrano)-[2,1-d]-4,5-dihydroox-
azole (1; tosyl = 4-toluenesulfonyl) with two hydroxyl groups
at positions 3 and 4 (Scheme 1), which can be considered as an
AB, monomer.

The polymerization of 1 was carried out in 1,2-dichloro-
ethane at reflux temperature out with 10-camphorsulfonic
acid (CSA, 10 mol % )3 as catalyst.['¥] The polysaccharide was
isolated as a diethyl ether insoluble fraction. It was soluble in
highly polar organic solvents such as N, N-dimethylformamide
(DMF), dimethyl sulfoxide (DMSO), and pyridine, but
insoluble in organic solvents of low polarity and water. The
'H and "*C NMR spectroscopic data of the product supported
that each unit has the -D-glucopyranan structure 2.1 As no
peak attributable to C1 of an a-glycoside (6 =90-95) was
observed in the *C NMR spectrum, only the 3 configuration
was tenable within the sensitivity of the method.

The number-average molecular weight (M,) obtained by
the reaction time of 3 h was calculated to be 6300 (degree of

2374 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998
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polymerization ca. 17.6) by gel permeation chromatography
(GPC) with polystyrene as standard and DMF as eluent. On
the other hand, the weight-average molecular weight (M,,) of
the same product determined by the light-scattering method
with RI detector and DMF as eluent was 4.5 x 10°. Branched
polymers are known to be of spherical conformation in
solution.['®l Therefore, it may be considered that the actual M,
value of the present polysaccharide is larger than that
estimated by GPC.

The degree of branching (DB) can be defined as the
number of branched units relative to the number of total units.
For polymers of high molecular weight, the number of
branching points is nearly equal to the number of terminal
units. To determine the DB value by the molar ratio of
terminal units to total units, 2 was treated with 1,3-dichloro-
1,1,3,3-tetraisopropyldisiloxane (TIPDSCIl,), a reagent for the
protection of two adjacent hydroxyl groups in a saccharide.['”]
Each terminal unit in 2 has two hydroxyl groups, whereas only
one hydroxyl group exists in each linear unit. To confirm the
reactivity of TIPDSCI, toward the terminal and linear units,
the reactions of methyl 2-acetamido-2-deoxy-6-O-trityl-D-
glucopyranoside (3) and methyl 2-acetamido-4,6-O-benzyli-
dene-2-deoxy-D-glucopyranoside (5) with TIPDSCIl, were
carried out (Schemes 2 and 3); 3 and 5 are model compounds
for the terminal and linear units, respectively.

Tro o TIPDSCl, TrO
HO OCHs pyridine R. O OCHjs
NHAc ~ NHAC

3 4
HsC. CHa CH,

Tr = C(CgHs)s R = TIPDS

Scheme 2. Model reaction of 3 with TIPDSCI,.
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Scheme 3. Model reaction of § with TIPDSCI,.

The results of the model reactions indicated that the
terminal units in 2 should be able to react quantitatively with
TIPDSC], to give disiloxane-bridged derivatives, whereas the
linear and branched units should not react with TIPDSCI,.['8]
The reaction of 2 with TIPDSCI, was carried out in pyridine,
and the product was isolated as a hexane-insoluble fraction.

The 'H NMR spectrum (CDCL;) of the reaction product
shown in Figure 1 contains in comparison to 2 a new peak at
around 0 =0.7-1.4 for isopropyl groups. From the integrated
ratio of this peak and the methyl peaks of the acetamido and
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Figure 1. '"H NMR spectrum (CDCL;) of the reaction product of 2 with
TIPDSCL,.

tosyl groups, the content of the terminal units in the polymer
could be calculated as 0.51. In the complete hyperbranched
polymer, the content of the terminal units is nearly a half of
the total units when the molecular weight of the polymer is
high. Therefore, the DB of 2 synthesized here can be
considered to be almost perfect.['”!

Table 1 summarizes the polymerization results under var-
ious reaction times. The DB of the polymers obtained with
reaction times of 3—5 h was almost perfect, as, in each case,
the ratio of the terminal units to the total units was about 0.5
(determined by 'H NMR spectroscopic analysis after the
reaction with TIPDSCI,, entries 3 and 4). The ratio of the
terminal units in the polymers obtained with reaction times of
1-2 h was 0.44-0.45, which indicates incomplete DB in these
polymers (entries 1 and 2).

Polysaccharide 2 can be expected to have unusual proper-
ties because of the hyperbranched structure. The thermal
properties of 2 were examined by thermogravimetric analysis
(TGA). Decomposition of the tosyl group started at 166°C
and showed a 45% weight loss up to 337°C. The residual
material exhibited thermal resistance above 337°C, but a
second weight loss occurred at 510°C. Decomposition was

Angew. Chem. Int. Ed. 1998, 37, No. 17
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Table 1. Polymerization of (1).12]

Entry (R Yield® M, 10-56 pg,d MMyl
[h] [%]

1 1 573 23 5500 1.44 045

2 2 485 29 4800 1.23 0.44

3 3 494 45 6300 131 051

4 5 575 7.6 6600 1.93 0.49

[a] Polymerization was carried out with 1 (0.20 mmol) and 10-camphorsul-
fonic acid (10 mol % relative to 1) in 1,2-dichloroethane (2.0 mL) at reflux.
[b] Fraction insoluble in diethyl ether. [c] Determined by the light-
scattering method with DMF as eluent. [d] Determined by GPC with
DMEF containing lithium chloride (0.02 molL™") as eluent and polystyrene
standards. [e] Ratio y of terminal units to total number of units determined
by 'H NMR spectroscopy.

complete at 600°C. The TGA trace of 2 indicated that the
thermal stability of 2 was much higher than that of normal,
linear polysaccharides. For example, chitin showed a signifi-
cant weight loss at 275-428°C.

Finally, detosylation of 2 was carried out under alkaline
conditions (sodium hydroxide) in aqueous ethanol at reflux
temperature to yield a free hyperbranched aminopolysac-
charide. The product was isolated as a methanol-insoluble
fraction, and is insoluble in common organic solvents and
water, but soluble in formic acid. The IR spectrum of the
product showed the disappearance of the absorptions at 1358
and 1176 cm™ for the tosyl SO group. These IR data
strongly supported the conclusion that complete detosylation
had taken place to give the free hyperbranched aminopoly-
saccharide. Partial deacetylation of the acetamido groups of 2
is possible, although the absorption at 1647 cm™!, attributable
to the C=0 moiety of the acetamido group, was present in the
IR spectrum of the product. More detailed studies on the
optimum conditions for detosylation are in progress.

In conclusion, we have synthesized a hyperbranched
aminopolysaccharide 2 by acid-catalyzed polymerization of
the AB,-type saccharide monomer 1. This polymerization
provides the first example of the synthesis of a hyperbranched
polysaccharide.

Experimental Section

Monomer 1: A solution of p-toluenesulfonyl chloride (7.56 g, 40.0 mmol) in
pyridine (24 mL) was added to a solution of N-acetyl-D-glucosamine
(8.80 g, 40.0 mmol) in pyridine (60 mL) under argon, and the mixture was
stirred overnight at 40°C. After the reaction mixture had cooled to room
temperature, acetic anhydride (40 mL) was added, and the solution was
stirred for a further 4 h. The pyridine was evaporated under reduced
pressure, and the concentrated solution was poured into a large amount of
ice water. The precipitate was isolated by decantation, washed several
times with water, and dissolved in chloroform. The solution was succes-
sively washed with 1M sulfuric acid, aqueous sodium hydrogen carbonate,
and water. The chloroform layer was dried over anhydrous sodium sulfate,
filtered, and evaporated. The residue was dried under reduced pressure to
give  2-acetamido-1,3,4-tri-O-acetyl-2-deoxy-6-O-tosyl-p-glucopyranose
(773 g, 14.6 mmol, 36.5%). 'H NMR (CDCl;): 6 =198, 2.03, 2.19 (s,
12H; CH;C=0), 2.46 (s, 3H; CH,C¢H,), 4.03-4.39 (m, 4H; H2, HS, H6),
5.02-5.53 (m, 3H; H3, H4, NH), 5.64, 6.04 (d, J=2.07,8.92 Hz, 1H; H1 (8
and a, respectively)), 7.36, 7.77 (d, J=8.11 Hz, 4H; CsH,). The product
(2.81 g, 5.63 mmol) was dissolved in 1,2-dichloroethane (20.0 mL) under
argon and treated with trifluoromethanesulfonic acid (0.900 g, 6.00 mmol).
The mixture was stirred overnight at 50°C, cooled to room temperature,
and treated dropwise with triethylamine (4.0 mL). After an additional
20 min the mixture was diluted with chloroform, washed with water, dried
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over anhydrous sodium sulfate, and evaporated. The syrupy residue was
subjected to chromatography on silica gel with ethyl acetate/hexane/
triethylamine (100/50/1, v/v/v) to give 2-methyl-(3,4-di-O-acetyl-6-O-
tosyl-1,2-dideoxy-a-D-glucopyrano)-[2,1-d]-4,5-dihydrooxazole ~ (0.895 g,
2.03 mmol, 39.5%). '"H NMR (CDCl;): 6=1.99 (s, 3H; CH;C=N), 2.03,
2.08 (s, 6H; CH;C=0), 2.44 (s, 3H; CH,C,H,), 3.60-4.12 (m, 4H; H2, H5,
H6),4.78-5.22 (m,2H; H3, H4), 5.90 (d,/ =7.30 Hz, 1 H; H1), 7.35, 7.78 (d,
J=8.11Hz, 4H; CH,). The product was dissolved in dry methanol
(3.0mL) under argon and treated with sodium methoxide (10.0 mg,
0.185 mmol) at room temperature. The reaction mixture was stirred at
that temperature, and sodium methoxide (10.0 mg, 0.185 mmol) in dry
methanol (3.0 mL) was added to the mixture every 1h until complete
consumption of the starting material was confirmed by thin layer
chromatography (TLC). The reaction mixture was then poured into a
large amount of ice water, and the aqueous phase was extracted three times
with chloroform. The chloroform extracts were combined, dried over
anhydrous sodium sulfate, filtered, and evaporated at room temperature.
The residue was dried under reduced pressure to give 1 (0.600 g, 1.68 mmol,
82.6%). 'H NMR (CDCL): 6=199 (s, 3H; CH;C=N), 243 (s, 3H;
CH,C¢H,), 3.62-3.90 (m, 5H; H3-H6), 4.08-4.28 (m, 1H; H2), 5.89 (d,
J=702Hz, 1H; H1), 734, 779 (d, J=8.11Hz, 4H; CH,); 3C NMR
(CDCL,): 6=13.6 (CH;C4H,), 21.1 (CH;C=N), 68.2 (C2), 69.0 (C6), 70.2,
70.6, 72.4 (C3, C4, C5), 99.7 (C1), 127.7, 130.3, 132.1, 145.1 (CH,), 163.9
(N=C-0).

Polymerization of 1 (Table 1, entry 3): monomer 1 (0.0715 g, 0.20 mmol)
and 10-camphorsulfonic acid (0.00465 g, 0.020 mmol) were dissolved in 1,2-
dichloroethane (1.0mL) under argon at room temperature, and the
reaction mixture was heated under reflux for 3 h. The reaction mixture
was cooled to room temperature and neutralized with pyridine. The
solution was poured into a large volume of diethyl ether, and the
precipitate was collected by filtration and washed with water. The material
was dried under reduced pressure, dissolved in methanol, and the solution
was poured into a large amount of diethyl ether. The precipitated product
was isolated by filtration and dried under reduced pressure to give 2
(0.0353 g,49.4%).

Reaction of 2 with TIPDSCl,: polymer 2 (0.100 g, 0.280 mmol) was
dissolved in pyridine (2.2mL) under argon, and TIPDSCl, (0.0397 g,
0.126 mmol) was added at room temperature. After the reaction mixture
was stirred overnight, methanol was added. The solution was poured into a
large amount of water, and the aqueous phase was extracted with 2-
butanone. The extract was dried over anhydrous sodium sulfate, filtered,
evaporated and dried in vacuo. Hexane was added to the residue, and the
insoluble product was isolated by filtration and dried in vacuo (0.125 g).

Detosylation of 2: Sodium hydroxide (0.300¢g) and 2 (0.103 g) were
dissolved in 50% aqueous ethanol (10.0 mL). The solution was heated
under reflux for 5 h, cooled, neutralized with acetic acid, and concentrated
under the reduced pressure. Methanol was added to the residue and the
insoluble material was isolated by filtration and dried in vacuo to give the
detosylated product (0.0426 g).
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