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Analysis of a pyruvic acid acetal-containing polysaccharide
by the reductive-cleavage method*
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ABSTRACT

The applicability of the reductive-cleavage method to the analysis of polysaccharides bearing
pyruvic acid acetals has been demonstrated. Direct reductive cleavage of fully methylated gum xanthan
yielded the expected products, including 1,5-anhydro-4,6-0-[(S)-1-methoxycarbonylethylidene]-2,3-di-O-
methyl-D-mannitol. The latter product was not observed when reductive cleavage was performed sub-
sequent to reduction of ester groups in the fully methylated polysaccharide and mild hydrolysis to remove
pyruvic acid acetal substituents. Instead, the latter experiment yielded 1,5-anhydro-2,3-di-O-methyl-D-
mannitol, establishing the presence in the polysaccharide of terminal (nonreducing) D-mannopyranosyl
groups bearing 4,6-O-(1-carboxyethylidene) substituents. The products of reductive cleavage were charac-
terized, where appropriate, by comparison of the gas chromatographic retention times and chemical
ionization- and electron ionization-mass spectra of their acetates to those of authentic standards. Alterna-
tively, the products of reductive cleavage could be characterized without resort to comparison with authentic
standards by analysis of the '"H-n.m.r. spectra of their benzoates, which were obtained in pure form by
high-performance liquid chromatography. By either method of product characterization, this two-step
procedure of analysis reveals the presence of pyruvic-acetal residues in polysaccharides and establishes both
the identity of the sugar residue to which they are attached and their positions of attachment.

INTRODUCTION

In a previous report', the applicability of the reductive-cleavage method? to the
analysis of polysaccharides bearing pyruvic acid acetal (1-carboxyethylidene) sub-
stituents was investigated by examining the fate, under reductive-cleavage conditions,
of compounds that model the various structural states that might be encountered.
Because we envisaged that such analyses might potentially be accomplished directly
after (a) permethylation, (&) sequential permethylation and reduction of ester groups, or
{c) sequential carboxyl reduction and permethylation, model compounds were chosen
that contained l-methoxycarbonylethylidene, 1-(hydroxymethylethylidene, and 1-
(methoxymethyl)ethylidene substituents. From these studies it was established that
1-methoxycarbonylethylidene substituents were quite stable to the usual conditions™
of reductive cleavage but that 1-(hydroxymethylethylidene and 1-(methoxymethyl)
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cthylidene substituents were not. Based upon these studies we proposed! that the
analysis of polysaccharides bearing pyruvic acid acetal substituents could be accom-
plished by a two-step procedure involving total reductive cleavage of both the fully
methylated polysaccharide and its ester-reduced (LiATH,) and mild acid-treated deriv-
ative. As a test of this proposal, the extracellular polysaccharide (gum santhan) from
Xanthomonays campestris was analyzed. and the results are described hercin,

RESULTS ANDY DISCUSSION
Reductive cleavage of per-O-methylated xanthan (1a. Scheme 1) was carried out
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Scheme 1

in the presence of 5 equiv. of tricthylsilane (Et,SiH), 1 cquiv. of boron trifluoride
etherate (BF -Et,0), and 5 equiv. of trimethylsilyl methanesulfonate (Me,SiOSO.Me)
as previously described”. A portion of the mixture of products was acetvlated. and the
resulting anhydroalditol acetates were analyzed by gas liguid chromatography (g.l.c.).
Peaks 1--5 (Fig. 1. uppery were identified by comparison of their ¢.1.¢. retention times
and chemical-tonization (c.i.-} and electron-ionization (¢.0.-) mass spectra to those of
authentic standards. Peak | was identified as 1.5-anhydro-2 3.4 6-tetra-0-methyl-n-
mannitol (7) {ref. 5). arising from terminal (nonreducing) v-mannopy ranosyl groups.
and Peak 2 was idenufied as 2-O-acetyl-1.5-anhydro-3.4 6-tri-O-methyl-p-mannitol
(4a) (ref. 5), ansing from 2-O finked p-mannopyranosyl residues. Peaks 2 and 4 were
identified as 4-O-acetyl-1.5-anhvdro-2.3.6-tri-O-methyl-p-glucitol (2a) (ref. 6). and
3.4-di-O-acetyl-1,5-anhydro-2,0-di-O-methyl-np-glucitol (3a) (ref. 7). arising from the
4-Olinked and 3.4-di-O linked p-glucopyranosyl residues of the hackbone. respectively.



POLYSACCHARIDE ANALYSIS 311

3
2l 4
[} 56
[72]
= |
Q
Q
[
: FJ
3 4
b=t 2[ (7
©
]
Qo | 8
(o)
~
[ T T T T B 1
0 10 20 30

Time (min)

Fig. 1. Gas-liquid chromatograms of the anhydroalditol acetates derived by reductive cleavage of per-O-
methylated xanthan (upper) and its reduced (LiAlH,) and mild acid-treated derivative (lower). The
numbered peaks were identified as follows: 1, 7: 2, 4a: 3, 2a; 4, 3a; 5. Sa; 6, 6; 7, 8a; and 8, 9a.

Peak 5 was identified as methyl 2-O-acetyl-3,6-anhydro-4,5-di-O-methyl-L-gulonate
(5a) (ref. 8), arising from 4-O linked D-glucopyranosyluronic residues; the product 5a
was a furan anhydroalditol, as expected, since 4-O linked D-glucopyranosyluronic
residues are known® to undergo ring contraction during reductive cleavage.

The remaining component, Peak 6 (Fig. 1, upper), was found by c.i.-m.s. tohavea
molecular weight of 276, as would be expected for the pyruvic-acetal-containing
anhydro-p-mannitol residue 6 or, indeed, any di-O-acetyl-di-O-methyl anhydrohexitol.
That Peak 6 was indeed 1,5-anhydro-4,6-0-[(5)-1-methoxycarbonylethylidene]-2,3-di-
O-methyl-D-mannitol (6) was evident from the fact that its g.l.c. retention time did not
change upon acetylation; its structure was verified by isolation and characterization
(vide infra).

Integration of all peaks and correction for molar response”'® gave the molar ratio
of each product (2a-5a, 6, and 7) derived from per-O-methylated xanthan (Table I). As
is evident, the experimental values were in good agreement with those expected, with the
exception that 3a and 5a were derived in lower-than-expected proportions. The reason

TABLE |

Molar ratios of products (compounds 2a-9a) derived by reductive cleavage of per-O-methylated xanthan 1a
and its reduced (LiAlH,) and mild acid-treated derivative 1b

Polysaccharide Molar ratio
2a 3a 4a Sa 6 7 8a 9a
la 1.0 0.76 0.98 0.59 0.44 0.47 — —

ib 1.0 0.90 0.75 — — 0.24 0.62 0.27
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for the low proportion of 3a is not known. but similar results in other experiments'’
suggest that the loss occurs during work-up of the reductive-cleavage reaction mixture.
Similarly. the low proportion of product 5a derived from 4-O linked b-glucopyranosyvi-
uronic residues has been previously noted”. It should also be noted that the combined
molar ratio (0.91) of products 6 und 7 arising from termmal (nonreducing) D-mannopy-
ranosyl and pyruvic-acetal-containing D-mannopyranosyl groups of the side chains was
in good agreement with the expected value. In addition. products 6 and 7were denved i
approximately equimolar proportions. as expected'.

The foregoing experiment established the presence m the polysaccharide of o
non-reducing terminal hexose group containimg acetul-linked pyruvic acid, but 1t did
not establish the identity of the parent hexose or the positions of substitution of the
I-carboxyethyiidene acetal. The strategy emploved in the second experiment was 1o
selectively remove the pyruvic acid acetal from the fully methyvlsted polysaccharnde.
then again perform reductive cleavage so as to identify the newlv-produced. partially
methylated anhydrohexitol acetate. The fully methylated polvsaccharide was therefore
subjected to reduction with LiATH, (ref. 13). and the newly formed 1-(hvdroxymethyh
ethylidene acetal was hydrolyzed. The resultant polysaccharide Th (see Scheme 1) was
then subjected to reductive cleavage as betore. and the products were analvzed by gl c.
(sec Fig. 1. lower) and g.lc. mus. Asisevident in Fig. 1. reduction of fully methviated
xanthan 1a and mild hydrolysis to remove pyruvic acid acetal substituents resufted in
the disappearance of Peak 3 (compound Sa) and Peak & (compound &) and the
appearance of two new peaks (Peaks 7 und 8) i the chromatogrum. Based upon a
comparison of their g.l.c. retention times and c..- and ci.-mass spectra with those of
authentic standards, Peak 7 wasidentified as 4.6-di-O-acetyl-1. 5-anhvdro-2 3-d1i-0-me-
thyl-p-glucitol (8a) (ref. 8). and Peak & was identified as 4.6-di-0-acetyl-1.5-anhy-
dro-2.3-di-O-methyl-n-mannitol (9a) (ref. 14). Peak 7 (compound 8a) obviously arose
from 4-O linked p-glucopyranosyluronic residues in the polysaccharide. and Peak ¥
(compound 9a) arose from 4.6-Q-(1-carboxyethylidenc)-D-mannopyranosyl groups.
Integration of Peaks 14, 7. and 8 and correction for molar response guve the molar
ratios listed in Table I. Asis evidentin Table I, the molar ratios of 2a (1 0y and 3a ¢0.90).
derived, respectively. from the 4-O linked and 3.4-di-O linked D-glucopyranosyl resid-
ues of the backbone, were close to those expected. but the proportions of 4a {00.75). 8a
(0.62). and 7 + 9a (0.51}) were significantly lower than expected. The fact that all
side-chain residues gave lower than expected molar ratios suggests that, i part. some
cleavage of the side-chain from the backbone oceurred during e mild acid hvdroisysis
step to remove the reduced pyruvic acid acetal substituent. The proportions of these
products were not critical to the analysis. however.
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Fig. 2. High-performance liquid chromatograms of the anhydroaldito]l benzoates derived by reductive
cleavage of per-O-methylated xanthan (upper) and its reduced (LiAIH,). and mild acid-treated derivative
(lower). The numbered peaks were identified as follows: 1, 4b: 2, 2b; 3, 5b; 4, 3b; 5. 9b; and 6. 8b.

The two-step procedure just described indeed established both the identity of the
sugar residue bearing the pyruvic acid acetal and the positions of substitution of the
pyruvicacid acetal. However, the analysis as presented was based upon a comparison of
the g.l.c. retention times, and e.i.- and c.i.-mass spectra of the products with those of
authentic standards. Recognizing that such comparisons may not always be feasible,
the validity of this method of analysis of polysaccharides containing acetal-linked
pyruvic acid was also demonstrated by isolation and direct characterization of the
products by '"H-n.m.r. spectroscopy’. Shown in Fig. 2 are the chromatograms obtained
when the benzoylated reductive cleavage products derived from per-O-methylated
xanthan (upper) and its reduced (LiAlH,) and mild-treated derivative (lower) were
subjected to high-performance liquid chromatography. The individual peaks were
collected, solvent was removed by evaporation under vacuum, and the 'H-n.m.r.
spectra of the samples were acquired without further purification. The identities of the
components and the positions of substitution of benzoyl and methyl groups were
established based upon a straightforward analysis of the multiplicities and coupling
constants of the ring-proton resonances'”. Peaks 1-3 (Fig. 2) were identified as mono-0O-
benzoyl derivatives, namely 1,5-anhydro-2-0-benzoyl-3,4.6-tri-O-methyl-D-mannitol
(4b), 1,5-anhydro-4-0-benzoyl-2,3,6-tri-O-methyl-D-glucitol (2b) (ref. 15), and methyl
3,6-anhydro-2-0-benzoyl-4,5-di-O-methyl-L-gulonate (5b), respectively. Peaks 4-6
(Fig. 2) were identified as di-O-benzoyl derivatives, namely 1,5-anhydro-3.4-di-O-
benzoyl-2,6-di-O-methyl-D-glucitol  (3b),  1,5-anhydro-4,6-di-O-benzoyl-2,3-di-0-
methyl-p-mannitol (9b), and 1,5-anhydro-4.6-di-O-benzoyl-2,3-di-O-methyl-p-glucitol
(8b), respectively. As expected, methyl 3,6-anhydro-2-O-benzoyl-4,5-di-O-methyl-L-
gulonate (5b) was present (Peak 3; Fig. 2, upper) in the product mixture derived from
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fully methylated xanthan (1a). but it was absent (Fig. 2. lower} in the product mixture
derived from its reduced and mild acid-treated derivative (1b). In place of compound Sh.
the product mixture derived from Ib contained a new component {8b: Peak 6. Fig. 2
lower) originating from the 4-O linked p-glucopyranosyluronic residue. as expected.
Importantly, the product mixture derived from 1b alse contained another component
(Peak S, Fig. 2. lower) not seen in the product mixture derived from fully methyiated
xanthan la, and its identification as 1.5-anhydro-4.6-di-O-benzovi-2 3-di-O-methyl-p-
mannitol (9b) unequivocallv establishes that the pyruvic acid acetal substituent is inked
to the O-4 and 0-6 positions of a terminal, nonreducing p-mannopyranosy! group.
Obviously. products 6 and 7 which fack a benzovi group were not detected by
high-performance liquid chromatography (Fig. 2) since the efffuent was monitoved for
absorbance at 254 nm. The pyruvic-acetal-containing anhyvdro-t-mannitol derivative 6
was. however, isolated in a second experiment {see Experimental section) and character-
ized by '"H-n.m.r. spectroscopy. The 'H-nan.r_ spectrum of 6 displaved singlets for an
equatorial™'®

-

acetalic methyl group (5 1.55), twe O-methyi groups (0 345 3.3 and a
methyl ester {0 3.82). in addition to the expected number of ring hydrogen resonances,
Importantly, the H-le resonance was observed as a doublet of doublets /2.0, 12.8 Hey
which is characteristic™* for | 5-anhydro-p-mannitol derivatives. Thus. the spectrum of
6 1s fully in accord with its structure, demonstrating that the behavior during reductive

cleavage, of the 4.6-0-(1-carboxyethylidene)-n-maunnopyranosvi group was that to be
expected based upon the prior studies with model compounds

EXPERIMENTAL

General. — 'H-N.m.r. spectra were recorded with an IBM NR-300 or IBM
NR-200 AF n.m.r. spectrometer for solutions in CDCI, and were referenced to nternal
tetramethyisilane (CHCI, resonance at 4 7.26). Gas-liquid chromatography {g.l.c.)y was
performed in a Hewlett Packard Model 5890A gas-liguid chromatograph equipped
with a Hewlett-Packard Maodel 3392A integrator, a lame-ionization detector. and a 1.
& W. Scientific DB-5 fused-silica capillary columm (0.25mm > 30 my; Glm thickness .25
#m). The temperature of the column was held for 2 min at 110, and then programmed
to 3007 at 6 /min. G.Le-m.s. analyses were performed using a VG Analvtical Lid,
Model VG 7070E-HFE high-resolution, double-focusing mass spectrometer, High-per-
formance liquid chromatography th.p.l.c.) was performed using a Beckman model 338
System Gold chromatograph. Chromatography was performed on a column (9.2 mm

25 cm) of DuPont Zorbax ODS. eluted with a 20-min gradient {carve O, maodel 160
Programmable Detector Module) (rom 40% acetonitrile i water ta 80%, acetonitrile in
water at g flow rate of 3 mL min. Medrum-pressure fiquid chromatography (m.p.le.
was carried outin an instrument consisting of'a Rheodyne 7125 injector. an Eldex modd
B-100-84 pump. a Scientific Systems model LP-21 pulse dampener. a Waters Associates
differential refractometer. and a ChiraTech Scientific instruments. Inc. ultraviolet
absorption monitor. Chromatography was conducted on a glass column (0.8 % 25 ¢m)
packed with 40A silica gel (35 70 mesh) from E. Merck. The cofumn was eluted with 201
(v/v) hexane -ethyl acetate.
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Methylation of gum xanthan (Sigma Chemical Co.) was performed by a mod-
ification of the procedure of Hakomori'’. To the lyophilized polysaccharide (150 mg) in
Me,SO (30 mL) was added 30 mL of 1.4Mm lithium methylsulfinyl carbanion'®, and the
solution was stirred at room temperature for 4 h. Cold ((-4°) methyl iodide (2.6 mL) was
then added with external cooling, and the mixture was stirred for 18 h. The reaction
mixture was then diluted with an equal volume of water, and the solution was dialyzed
against running water overnight. The contents of the dialysis bag were extracted five
times with an equal volume of dichloromethane, and the organic extracts were dried
over Na,SO, then concentrated to leave the per-O-methylated polysaccharide (110 mg)
as a clear film. Reductive cleavages were carried out as previously described*, and the
products were either acetylated’ or benzoylated. Benzoylations were carried out over-
night under nitrogen using approximately 1.2 equiv. of benzoyl chloride per hydroxyl
goup in a five-fold excess of pyridine. The reaction mixtures were worked up by direct
passage through a small column of'silica gel, and 3:1 (v/v) hexane—ethyl acetate was used
to elute the benzoylated products.

Reduction of ester groups in the fully methylated polysaccharide was accom-
plished with LiAIH, in tetrahydrofuran as previously described'’. Subsequent hydroly-
sis of the newly formed 1-(hydroxymethyl)ethylidene group was accomplished by
treatment with 2M acetic acid for 2 h at 80°. The reaction mixture was concentrated to
dryness under vacuum, and volatiles in the residue were coevaporated 3 times with
toluene. 'H-N.m.r. spectroscopy of the product verified that complete removal of the
1-methoxycarbonylethylidene substituent had been achieved.

1,5-Anhydro-3,4-di-O-benzoyl-2,6-di-O-methyl-D-glucitol (3b). — Per-O-methy-
lated gum xanthan 1a was reductively cleaved for 3 h in the presence of 5 equiv. of
Et,SiH, 1 equiv. of BF,Et,0, and 5 equiv. of Me,SiOSO,Me as previously described’,
and the products were benzoylated. Compound 3b was isolated from the mixture of
products as described in Fig. 2. For 3b: 'H-n.m.r.: § 3.34 (s, 3 H, MeO), 3.39 (s, 3 H,
MeQ), 3.34-3.80 (complex, 5 H, H-1a, 2, 4, 6, 6'),4.28 (dd, | H, J 5.2, 11.2 Hz, H-1e),
5.35(t, 1 H, J 9.5 Hz, H-4), 5.56 (t, 1 H, J 9.5 Hz, H-3), 7.32-7.40 (m, 4 H, m-Ar),
7.47-7.52 (m, 2 H, p-Ar), and 7.90-7.97 (m. 4 H, O-Ar).

1.5-Anhydro-2-O-benzoyi-3 4,6-tri-O-methyl-D-mannitol (4b). — Compound 4b
was isolated asdescribed for 3b. For 4b: 'H-n.m.r.: 6 3.36-3.69 (complex, 6 H, H-1a, 3,4,
5,6,6),3.45(s,6 H,2MeO),3.56 (s,3H,Me0),4.15(dd, 1 H, /2.2, 13.0 Hz, H-1¢), 5.56
(m, 1 H, H-2), 7.41-7.48 (m, 2 H, m-Ar), 7.54-7.63 (m, 1| H, p-Ar), and 8.05-8.10 (m, 2
H, O-Ar).

Methyl 3,6-anhydro-2-Q-benzoyl-4,5-di-O-methyl-1-gulonate (Sb). — Compound
Sb was isolated as described for 3b. For 5b: 'H-n.m.r.: 6 3.34, 3.40 (two s, 6 H, 2 MeO),
3.80(s, 3H,Me0,(),3.85(dd, 1 H,J2.0,9.7 Hz, H-6), 3.89-3.95 (complex, 2 H, H-4,5),
4.13(dd,1H,J4.4,9.7Hz, H-6"),4.46(dd, 1 H,J4.1,8.9Hz, H-3),5.38 (d, 1 H,/8.9 Hz,
H-2),7.44-7.48 (m, 2 H, m-Ar), 7.57-7.59 (m, | H, p-Ar), and 8.04-8.08 (m, 2 H, O-Ar).

1,5-Anhydro-4,6-O-[(S)-1-methoxycarbonylethylidene [-2,3-di-O-methyl-D-mann-
itol(6). — Compound 6 was isolated by m.p.l.c. from the product mixture resulting from
reductive cleavage (5 equiv. Et,SiH and 5 equiv. BF,-Et,0 per equiv. of acetal, 6 h) of
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permethylated gum santhan. Fractions were collected and unalyzed for the presence of
6bygl.c (see Fig. 1). For6: 'H-nm.r: 0 1.55¢s. 3 Hoacetal Mey 324 ¢di L H. /510107
Hz. H-5).3.36-3 .44 (complox. 2H H-1a, 3). 345 354 (two s, 6 HLL 2 MeO) 267 (m. L HL
H-2), 382 (s. 3 H. MeO,C5, 371 A4 (complex. 2H. H-d dar 402 ¢dd t HU/ S L1007
Hz. H-6¢). md A5 (dd VP HOT 200128 Heo H-tey e cooomas oNH positivey i o
125(37) 14382), 175(05). 20701000, 27742 and 29465y, g 1o ernam s 2 431000,
A5 (19). S8 (13). 69 (44), 75 (100 THE 260 117 (295 125¢32) and 217 (19

[ 5-Anltvdro-4 6-di-O-henzavl2 3-di-O-methvi-o-gluciro! (8hi Modified gum
xanthan (1b. 7 ing) was reductively d(,d\ul for 3 b in the presence of Sequin. Et.Sit, ]
equiv. of BEELO, and Sequiv. of Me SIOSO - Me. and the products were isolated i the
usual way® Compound 8b was solated from the benzoviated product mixture by
hople (see Fig, 2 lowery. For 8b: Henmirs o 324 (0 L HL /11O He, H-Ta)y, 338 348
(L()lﬂp]c.\. 2HOH-230 351 6 H. 2 MeO), 374 (dddL T HL 2 7 55 96 He H-S5 4 16
(dd. TH. /44 10 Hz H-ten 429(dd T HLJ S5 122 My Heay 458 ddl LHL /2T
122 Hzo H-6) 328 (o FH 296 He ), 735 7610 (complex. & HL -, p-Ax), and
7.96 807 (n. 4 H. o-Ar).

1 S-Anhydro-4 6-di-O-beszovi-2 3-di-O-methyl-v-mannitol (9by. - Compound
9b was isolated as described for8b. For9b: "H-nmor: 0 343 350 (m. | HL H-la), 343
351 two s, 6 H.2MeO), 356 (dd. F HL/ 3200 3 He, H-30 377 a1 HL 00 3,82 eddd.
FH.J3.0.6.0,93Hz2 H-3p 4. 250dd T HL 2.7 128 Hyz He e 3237 dd T HL 6 00120
Hz. H-6). 4.55(dd. § H. /3.0, 12,1 Hz, H-6"). .\h] (o HoJ 9.3 Hz. H-4). 732 756
(complex. 6 H.mi-. p-Ary, and 7.99 806 (m, 4 H. o-Ar)
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