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ABSTRACT

Methyl b-pentofuranosides were prepared by Fischer glycosidation of the aldopentoses p-arabi-
nose, D-lyxose, D-ribose, D-xylose, and 2-deoxy-D-erythro-pentose, and oxidized with O, over a platinum
oxide catalyst to give the corresponding methyl p-pentofuranosiduronic acids. After purification by
anion-exchange chromatography, these glycosides were hydrolyzed to give the corresponding p-penturonic
acids [p-arabinuronic acid (1), b-lyxuronic acid (2), D-riburonic acid (3), b-xyluronic acid (4), and 2-deoxy-
p-erythro-penturonic acid (5)] in 80% yield based on the starting pentofuranoside. 1-“C-Substituted
p-aldopentoses were used to prepare D-(1-"’C)penturonic acids. Aqueous solutions of the 1-"*C-substituted
penturonic acids, studied over a range of pH values by *C-n.m r. spectroscopy, were found to contain «- and
f-furanoses, acyclic aldehyde and hydrate, and/or hydrated 2,5-lactone. The ratio of D-riburonic acid
anomers was most sensitive to solution pH (2/# = 0.49 and 1.2 at pH 1.9 and 4.9, respectively). The values of
the 'H and "*C chemical shifts, and '"H-'H, *C-'H, and *C-"*C spin-coupling constants, were determined by
'H-(300, 500. and 620 MHz) and “C-(75 MHz) n.m.1. spectroscopy with the aid of 2-D *C—"H chemical shift
correlation maps, 2-D '"H-'H COSY data, and "*C substitution, and were compared to those determined
previously for structurally-related furanose rings. Isomerization of the penturonic acids at pH 5.0 and 50°
gave the corresponding 4-pentulosonic acids.

INTRODUCTION

Uronic acids are constituents of biologically important glycosaminoglycans such
as heparin (L-iduronic acid), hyaluronic acid, and chondroitin 4-sulfate (D-glucuronic
acid) in vertebrates, and of plant pectic substances (D-galacturonic acid). Although the
hexuronic acids occur more widely in nature, naturally occurring penturonic acids have
also been reported; for example, D-riburonic acid appears to be a constituent of an
extracellular polysaccharide synthesized by Rhizobium meliloti'. In contrast to the
hexuronic acids, however, the solution properties of the penturonic acids have not been
examined previously.

As part of our structure-reactivity studies of furanose sugars we have prepared
five D-penturonic acids [D-arabinuronic acid (1), b-lyxuronic acid (2), p-riburonic acid
(3), p-xyluronic acid (4), and 2-deoxy-D-erythro-penturonic acid (5)), the first four with
B3C substitution at C-1. The "H- and “C-n.m.r. spectra of 1-5 have been assigned, and
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the tautomeric compositions of aqueous solutions of 1-4 have been examined as a
function of solution pH by "*C-n.m.r. spectroscopy. Values for the 'H-'H, "C 'H, and
HC-"C spin-coupling constants were obtained from 'H- (300. 500 and 620 MHz) and
“C- (75 MHz) n.m.r. spectra. and these parameters were used to compare the conforma-
tional behavior of 14 1o that reported previously for the 5-O-methylpentoses™. The
isomerization of 1-4 to 4-pentulosonic acids has been studied, and the general applica-
tion of D-penturonic acids as potential intermediates in the synthesis of stable-isotop-
ically substituted carbohvdrates is discussed.
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EXPERIMENTAL SECTION

Materials. - D-Ribose, p-arabinose, D-xylose. p-lyxose, 2-deoxy-D-erythro-pen-
tose, D-glucuronic acid, Dowex ion-exchange resins, DEAE-Sephadex A-25 (40 120
mesh), and Amberlite IRA-68 (16-50 mesh) resin were purchased from Sigma Chemical
Co. Platinum oxide, platinum on activated carbon (5%), 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride, and N, O-bis(trimethylsilylitrifluoroacetamide
(BSTFA) containing 1% chlorotrimethylsilane (TMCS) were purchased from Aldrich
Chemical Co. Potassium ("'C)evanide [K"CN. 99 at. % "Cland deuterium oxide ( H,0O.
98 at.% "H) were obtained from Cambridge Isotope Laboratories. p-Ervthrose and
D-threose were prepared {rom 4,6-0-ethylidene-p-glucose” and 4.6-O-cthylidene-D-
galactose®, respectively, Methyl -p-(2-"C)ribofuranoside was obtained from Mr. Paul
Kline, Department of Chemistry and Biochemistry. Uiniversity of Notre Dame.

D-(1-""C)Pentoses were synthesized from the parent tetroses (p-ervthrose and



D-PENTURONIC ACIDS IN SOLUTION 53

p-threose) and K*CN by the cyanohydrin reduction method*® and purified by chroma-
tography on Dowex 50-X8 (200-400 mesh) resin in the calcium form’.

Instrumentation. — Broad-band 'H-decoupled *C-n.m.r. spectra (75 MHz) and
'"H-n.m.r. spectra (300 MHz) were obtained at room temperature (~20°) on Nicolet
NT-300 or General Electric GN-300 300-MHz F.t.-n.m.r. spectrometers equipped with
quadrature-phase detection and 293B pulse programmers. '"H-N.m.r. spectra at 500
MHz were obtained on a Varian VXR-500S F.t.-n.m.r. spectrometer located in the
College of Science High-Field NMR Facility at the University of Notre Dame. “C-
N.m.r. spectra were referenced to sodium 4,4-dimethyl-4-silapentane-1-sulfonate
(DSS) by measurement from the C-1 signal of external a-b-(1-*C)mannopyranose (95.5
p.p.m.), and 'H-n.m.r. spectra were referenced internally to DSS. Values for ’C and 'H
chemical shifts are accurate to +0.1 p.p.m. and +0.01 p.p.m., respectively, and
spin-coupling constants are accurate to +0.1 Hz.

F.t.-n.m.r. spectra ('"H) at 620 MHz were obtained at the NMR Facility for
Biomedical Studies, Department of Chemistry, Carnegie Mellon University.

Two-dimensional "C—"H chemical shift correlation spectra were obtained on the
GN-300 n.m.r. spectrometer using a revised GN software program CSCMR; 64 blocks
of 2056 data points were collected per spectrum. Two-dimensional 'H-'"H homonuclear
shift correlation (COSY) spectra (absolute-value) were obtained on the same spectro-
meter using standard GN software; 512 blocks of 1024 data points were collected per
spectrum.

Gas-liquid chromatography—mass spectrometry (g.l.c.-m.s.) of the per-O-tri-
methylsilylated derivatives of p-penturonic acids 1-5 was performed on a Finnigan-
MAT 8430 mass spectrometer coupled to a Varian 3400 gas chromatograph and
operated in the positive-ion chemical 1onization mode with ammonia as the reagent gas.
An aqueous sample (100 xL) containing 100 ug of the D-penturonic acid (free acid) was
mixed with pyridine (150 #L) in a small vial, BSTFA (200 g) containing 1% TMCS was
added, and the vial was sealed with a Teflon-lined cap and heated for 30 min at 70°. The
o and § anomers of the derivatized penturonic acids were separated on a Supelco SPB-1
gas-liquid chromatographic capillary column (0.32 mmi.d. x 15 m), with the temper-
ature programmed from 35 to 320° at 20°/min after isothermal operation for 1 min at
35°. The quasimolecularion (M + 1)* occurring at m/z 453 was used to characterize the
penturonic acids; this value increased by 1 amu for the 1-"*C-substituted compounds.

Methy! glycosidation of D-pentoses. — D-Arabinose, D-xylose, or D-lyxose (1.5 g,
10 mmol) was dissolved in 50 mL of anhydrous methanol and the solution was
concentrated to a syrup at 30° in vacuo; this process was repeated twice more to remove
residual water. The resulting syrup was dissolved in anhydrous methanol (60 mL) and
concentrated sulfuric acid (0.25 mL) was added with efficient stirring. After 24 h atroom
temperature (~ 23°), the reaction mixture was applied to a chromatographic column
(2.8 x 23 cm) containing excess Amberlite IRA-68 (OH ™) resin to neutralize the acid.
The column was washed with anhydrous methanol until a negative phenol-sulfuric acid
assay™ was obtained. The neutral effluent was concentrated to ~ 5 mL at 30° in vacuo,
and loaded on a chromatographic column (2.8 x 60 cm) containing Dowex 1-X2
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(OH ) resin (200400 mesh)*™. The column was eluted with CO.-free distilled water at a
flow rate of | mL/min, and fractions (18 mL) were collected and assaved with phenol
sulfuric acid®™. The elution order of the glycosides (furanosides and pyranosides) and the
proportions present after glycosidation are given in Tables [ and . respectively.
Fractions containing the purified glycosides were pooled and concentrated (o ~ 10 mi
at 35 in vacuo.

For the preparation of methyl p-ribofuranosides™, p-ribose (1.5 g. 10 mmol) was
dissolved in 30 mL of anhvdrous mecthanol at 47, concentrated sulfuric acid (0.15 mL}
was added. and the reaction mixture was incubated at 4° for 12- 16 h, The furanosides
were purified as just described. For the preparation of methyl 2-deoxy-p-ervifiro-
pentofuranosides, 2-deoxy-D-crytfiro-pentose (1.3 g, 10 mmoly was dissolved in 0.5%
v/v HCl in methanol (100 mL). After 6 min at 23", the acidic solution was neutrahized by
the batchwise addition of Amberhite IRA-68 (OH )resin (80 gi. and the glveosides were
purified as described above

Catalytic oxidation of methyl D-pentofuranasides to methiyl v-peniofuranosiduron-
ic acids. - - Methyl »- or fl-p-pentofuranoside (5 mmol) was dissolved i 100 mL of
distilled water (pH ~7.5) in a side-arm vacuum flask, and sodium hydrogencarbonate
{ ~ 100 mg) was added. Platinum oxide (150 mg), or 5% plattnum on activated carbon
(300 mg), that had been pre-reduced with hydrogen, was added. and the reaction Hask
was placed in anoil bath at 307, Oxygen was bubbled through the suspensionat a rate of
~ 250 mL,;min. and the mixture was stirred magnetically. As the production of acids
proceeded. the solution pH dropped from an mttial value of 89, but was maintained
above 7 by occasional additions of sodium hydrogencarbonate (80 mg), to facilitate the
reaction and prevent glycoside hydrolysis. The reaction was judged complete when no
further drop in pH was noted (7 11 h),

After completion of the reaction the catalyst was removed by vacuum filtration
through a Whatman GF;B filter and Millipore AW prefilter. The reaction mixture was
applied to a column (2.8 x 35 cm) of DEAE-Sephadex A-25 in the hydrogencarbonate
form, and the components were eluted with a 3000 mL lincar gradient (0.01- 0.08Mm) of
sodium hydrogencarbonate (pH 8.5) at a flow rate of 0.8 mL min. Fractions (18 mL)
were assayed with phenol sulfuric acid™. In each case fractions ~8 18 contained
unreacted methyl D-pentofuranoside and {ractions ~ 60 95 contained the product
methyl pentofuranosiduronates. The latter fractions were pooled and concentrated at
30 invacuo to ~10 ml..

Hydrolysis of methyl D-pentofuranosiduronic acids to p-penturonic acids. - - Aque-
ous solutions of purified methyl 2- or f-D-pentoturanosidurenates {3 mmol i 100 mL of
water) were treated with Dowex HCR-W2 (H ") ion-exchange resin (30 g) for 7-8h at
room temperature with magnetic stirring: this treatment also removed hydrogencarbo-
nate. which was lost as CO,. The resin was removed by vacuum filtration, vielding an
acidic filtrate containing the p-penturonic acid (free acid), as assayed by "Conomor.
spectroscopy. The hydrolysis of methyl »-p-lyxofuranosiduronic acid was conducted
for 7-8 h at 50"

Reduction of methy! f-p-ribofuranosiduronic acid v methy{ f-n-riboturanoside.



D-PENTURONIC ACIDS IN SOLUTION 55

Methyl f-p-ribofuranosiduronic acid (5 mmol) was dissolved in 150 mL of water, the
solution was adjusted to pH ~4.7 with M HCI, and 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (10 mmol) was added. Since the reaction consumes
hydrogen ion, the solution pH was maintained at ~ 4.7 with periodic additions of 0.1m
HCI. The reaction was allowed to proceed until H" uptake ceased. Sodium borohydride
(50 mL of a M aqueous solution) was then added dropwise at room temperature while
maintaining the solution pH at 7.0 with M HC], and the mixture was heated for 2 h at 50°
with stirring. The solution was cooled in an ice bath and the excess borohydride was
destroyed by dropwise addition of 1.5M H,S0O, until hydrogen evolution ceased. The
resulting solution was cooled at 4° overnight and filtered (vacuum) through Whatman
GF/B filter paper. The filtrate was treated batchwise with Dowex 1-X8 resin in the
hydrogencarbonate form, concentrated to ~5 mL at 35° in vacuo, and applied to a
column (2.8 x 30 cm) containing Dowex 50-X8 (200400 mesh) resin in the calcium
form’. The column was eluted with distilled water at a flow rate of 1 mL/min, and
fractions (18 mL) were collected and assayed with phenol-sulfuric acid®. Fractions
12-20 were pooled and concentrated at 30° in vacuo to a syrup, which was identified as
methyl -D-ribofuranoside by its characteristic C-n.m.r. chemical shifts*. The yield
was .74 g. 4.5 mmol, 90%.

Base-catalyzed isomerization of D-penturonic acids. — Aqueous solutions (0.2M)
of D-(1-"*C)penturonic acid and D-(2-"*C)riburonic acid (10 mL) were adjusted to pH
5.0 with NaOH and incubated for 48 h at 50°. The resulting solutions were assayed by
PC-n.m.r. spectroscopy.

RESULTS AND DISCUSSION

The synthesis of the D-penturonic acids 1-5 involves the preparation of the
appropriate methyl D-pentofuranosides and their catalytic oxidation at C-5 with O,.
The glycosidation of D-pentoses was examined using HC1 (0.4m) or H,SO, (75mM) as the
acid catalyst; the latter consistently gave better yields of pentofuranosides. The sep-
aration of pentofuranoside anomers was achieved by chromatography on Dowex 1-X8
(200400 mesh) anion-exchange resin in the hydroxide form® (Table I).

The oxidation of the primary alcohol groups of suitably protected sugars over a
platinum catalyst has been reported previously'™". Platinum-catalyzed oxidation of the
methyl p-pentofuranosides (o or f anomers) was highly selective for the primary alcohol
functionality at C-5, giving the corresponding methyl D-pentofuranosiduronate salt in
high yield (Fig. 1A,B), and this was separated from the unreacted pentofuranoside by
chromatography on DEAE-Sephadex in the hydrogencarbonate form (Fig. 1C). The
overall yield (~ 80%) of penturonic acid from methyl p-pentofuranoside is acceptable
for the preparation of *C-substituted compounds.

Taylor et al.'™ have reported that the carboxyl group of uronic acids in poly-
saccharides can be activated by a carbodiimide and reduced to the alcohol with sodium
borohydride. This strategy was used to reduce methyl g-p-ribofuranosiduronic acid, in
good yield, to methyl g-b-ribofuranoside. Hence, this method may be applied with
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TABLE 1

Separation of methyl p-pentofuranosides and -pentopyranosides by chromatography on Dowex [-X2
(200400 mesh) resin in the hydroxide form*

Starting pentose Efution order of glycosides”

D-Arabinose ap-pyranoside (25- 501 ff-furanoeside (62--R(): z-furanoside
(140 2001

2-Deoxy-t-cryvthro-pentose x-furanoside (25 40): /)’ furanoside (43 75

D-Lyxose 1.fi- p\Ian\]dL( 17 35y f-furanoside (38 43} x-furanoside
(150:-220)

D-Ribose 2-furanoside (35 05); f-furanoside (80 14

b-Xvlose a.fi-pyranoside (26 -40). x-furanoside (42 70); f-furanoside
(72100

“ Column dimensions and elution conditions are given in the text. " Values in parentheses are fraction
numbers defining the elution volumes of the successive glycosides, which were identified by their character-
istic "*C chemical shifts™,

sodium borodeuteride as the reducing agent to afford methyvl (5-"H,)pentofuranosides.

(1-"C)Penturonic acids may serve as useful precursors in the synthesis of multiply
PC-labeled aldopentoses and aldohexoses. For example, D-(1-"C)lyxuronic acid could
be reduced with NaBH, to yield D-(5-""Cjarabinonic acid'" (6). and s‘ubscqucm
lactonization, reduction, carbon addition™. and molybdate epimerization'™ should
give D-(1.6-"C,)glucose and n-(2.6-"'C,)glucosc.

Assignment of 7C and 'H chemical shifts. - The "C-n.m.r. signals of furanose
ring carbons are affected in a predictable fashion by the relative configurations of the
hydroxyl groups attached to these carbons. Contiguous ring carbons bearing ¢is
hydroxyl groups have "'C signals ~ 5.0 p.p.m. upfield of those for similar carbons
bearing trans hydroxyl groups™. Using this rule. the C-1 chemical shifts were assigned o
specific furanose species; thus, the downfield C-1 signals in 1-4 were assigned to the
x-arabino (1a), x- /1’\"0(23) [-ribo (3b), and f-xyio (4b) anomers (Table I11). Using these
C-1 assignments, 2-D "C-"H chemical shift correlation maps (for p-riburonic acid. sec
Fig. 2) were obtained on 1-4 to dwgn the anomeric (H-1) protons. The H-2, H-3. and
H-4 signals were identified from 'H-'"H COSY spectra (Fig. 3. Table V). and the C-2
C-3,and C-4 signals were assigned via 2-D "C 'H chemical ‘,hm correlation spectrosco-
py. The C-2 signal assignments were confirmed by the observed splitting of these signals
in 1-"C-enriched compounds, which show a large one-bond "“C -"C spin-coupling
constant (~45 Hz) (Table V). The C-5 signals were assigned {from relative signal
intensities, and are therefore reported with less certainty.

A similar strategy was employed to assign the carbon signals of several methyl
pentofuranosiduronic acids {Table VI),

The 'H chemical shifts of 2-deoxy-p-erythro-penturonic acid (5) were assigned via
2-D 'H-"H COSY data (Table I'V). For the a-furanose (5a), H-25is ¢iv to H-1 and H-3
while H-2R is ciy to O-1 and O-3. The “syn-upficld rule™ " predicts that H-2R will be
more shielded than H-25. In contrast. in the S-furanose (5b). H-2R and H-25 are each
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Fig. 1. A4, The 'H-decoupled '*C-n.m.r. spectrum (75 MHz) of methyl f-p-ribofuranoside, showing signal
assignments; B, the 'H-decoupled “C-n.m.r. spectrum (75 MHz) of the reaction mixture after oxidation of
this glycoside over Pt (from PtO,), showing high conversion to methyl #-p-ribofuranosiduronate with
minimal formation of byproducts; C, the 'H-decoupled *C-n.m.r. spectrum (75 MHz) of methyl g-»-

ribofuranosiduronate after purification by chromatography on DEAE-Sephadex (HCO,™). The small
signal at ~ 168 p.p.m. is due to residual hydrogencarbonate.

TABLE 11

Proportions of anomers in the glycosidation of D-pentoses

Pentose Percentage in reaction mixture!
a-f b-f a-p f-p Unreacted
sugar

D-Arabinose 65 25 5 5 0
2-Deoxy-D-erythro-pentose 44 54 nd nd 2
D-Lyxose 66 9 5 17 3
p-Ribose 25 75 nd nd nd
D-Xylose 43 50 2 4 1

“ g-f = g-furanoside, §-f = f-furanoside, x-p = a-pyranoside, f-p = f-pyranoside; nd = not detected.
Determined by integration of C-1 signalsin "*C-n.m.r. spectra of reaction mixtures prior to chromatography

on Dowex [(OH™) (see text).
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TABLE 11

Carbon-13 chemical shifts of the p-penturonic acids in “H,0O

Compound Chemical shift (p.p.m. -

-/ -2 -3 -4 -3
%-D-Arabinuronic acid (la) 1039 ¢102.8) 81.3(82.9) 8() (77.71 812 {R3.0} 1754
f-p-Arabinuronic acid (1b) 9%.2 ¢96.9) 76.9(77.7) TRALTHE D Hi (RO 1760
2-Deoxy-a-p-erythro-pentu-
roni¢ acid (Sa) 100.5 415 750 N 1756
2-Deoxy-f-p-errthro-pentu-
ronic acid (5b) 100.9 419 75.0 84.2 176.0
z-D-Lyxuronic acid (2a) [102.5(101.3) 77.6(77.6) T2 RO (TRT) 1739
f-o-Lyxuronic acid (2b) Q7.7 (96.0) 72.2(72.0) THO(70.7) R0.6 (78.9) 174,
a-1-Riburonic acid (3a) 9K.2(97.9) TL8(72.3) T42(T1.8) R1.4 (82.6) 17580
f-p-Riburonic acid (3b) {031 (102.8)y 78.2(76.7) T4.6(72 4 ROR (8200 1762
x-D-Xvluronic acid (4a) 98.6195.8) 76.5(76.4) 76.9(75.4) 794 (76.9) 1744
S-p-Xvluronic acid (4b) 104.3(102.1) £0.6 (80.8) 7671753 S35 (80.0) 1742

“Chemical shifts were measured on compounds as their free acids (pH 1.0). are referenced to the anomeric
carbonsignal of 2-p-(1-'Cymannepyranose (95.5p.p.m.. scetext). and are accurate to = 0L p.pm. Valuesin
parentheses are chemical shifts in the corresponding 5-O-methylpentoses™,

¢is 1o one hydrogen and one hydroxyl group, and similar chemical shifts are expected.
This predicted chemical shift behavior of the C-2 methylene protons was used as a
starting point to assign the H-1, H-3, and H-4 signals of cach ancomer of 5 vig the COSY
spectrum. The "'C chemical shifts could then be assigned riera 2-D C'H chemical shift
correlation map (Table 1H).

Of the eight furanose anomers of 14, examined at pH 1.6, five give a similar
chemical shift pattern for the ring carbons: 6., > 9, > d¢., > d. . the exceptions are 1b,
3a. and 4a in which &, ;> 0, .. A similar pattern was found previously in seven of eight
5-0-methyl-D-pentofuranose anomers”. The exocyclic carboxyl carbon in 14 resonates
at 1 74-176 p.p.m. at pH 1.6, Hydrogen chemical shift data (Table TV) show H-1 and H-2
to be the most deshielded and most shiclded protons. respectively. in -4 at pH 1.6
most but not all cases, d;,, > d;,;. Similar behavior was noted previously in most of the
5-0O-methyl-pD-pentofuranoses”.

Effect of solution pH on C chemical shifts. The “C chemical shifts for
D-riburonic acid were determined as a function of solution pH (Fig. 4). The magmitude
of change in J decreases in the following order: C-5» C-d > (-3 ~ (-2 C-1. Thus. the
sensitivity of "'C chemical shift to the state of carboxyl ionization in pentofuranuronic
acids decreases as the carbon in question is further removed from the site of ionization,
The C-2-C-5 resonances shift downfield with increasing pH. whereas the C-1 signal
shifts upfield. Similar behavior has been observed in p-galacturonic and p-glucuronic
acids'™. From plots of 46 vs. pH (Fig. 4), an average pK, of ~ 2.9 was estimated for
D-riburonic acid; the pK, of the z-anomer (3a) appcars to be shghtly lower than that of
the fi-anomer (3b).
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Fig. 2. The 2-D ""C-'H chemical shift correlation map of p-riburonic acid (free acid) in *H,O. Signal
assignments are shown in the 1-D C- and 'H-n.m.1. spectra along the axes; h = acyclic hydrate, 1 =
2,5-lactone hydrate. Note the significantly different correlation signals for the two closely spaced carbon
signalsat ~ 89 p.p.m., which allows the assignment of the signal at 88.8 p.p.m. to C-1, and that at 88.6 p.p.m.
to C-2, of the 2,5-lactone (see text).

Solution composition of the D-penturonic acids. — In aqueous solution, the
D-penturonic acids 1-4 may exist in several interconverting forms (Scheme 1). The
monomeric forms include the x- and f-furanoses, acyclic aldehyde, acyclic hydrate
(1,1-gem-diol), 2,5-lactone-aldehyde, and 2 5-lactone hydrate (Fig. SA, Scheme 1).
Intramolecular 2,5-lactonization is possible in isomers having O-2 cis to C-5(e.g. 1 and
2), forming bicyclic products.

The tautomeric compositions of aqueous solutions of the D-(1-"C)penturonic
acids were determined from *C-n.m.r. spectra obtained at pH 1.6 (Table VII). The most
abundant forms in aqueous solution are the furanoses (79-93%); in 1, 2, and 3 the more
stable furanose anomer has O-1 and O-2 trans, whereas the more stable anomer of 4 has
O-1 and O-2 cis. Thus, in their protonated states, the anomeric proportions of the
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Fig. 3. The 2-I) 'H -'H COSY spectrum of D-riburonic acid (free acid) in “H.O, showing signal assignments
along the diagonal: h = acyclic hydrate, | = 2.5-lactone hydrate.

TABLETV

"H Chemical shifts of the p-penturonic acids in “H,0O

Compound Chemical shift (p.pm. j*

H-1 H-2 H-2R H-25 #H-3 4

x--Arabinuronic acid

(1a} 341523 4.08{4.02) 435 {39 46941
F-o-Arabinuronic acid

{(1h) 544 (528 4.10{4.07 4.43¢4.00% L3738
2-Deoxy-a-D-erythro-

penturonic acid (5a)  5.69 1.95 234 457 4H5
2-Deoxy-fi-n-eryihro-

penturonic acid (8b)  5.72 kAR 248 458 143
-p-Lyxuronic acid (2a)  5.40¢5.28} 4.11 (4.08) 455 (43D 397 (4.4
S-p-Lyxuronic acid (2by  5.37 (5.26) 422417y 431 (4.26) 4721471
x-D-Riburonic acid (3a)  5.50 (3.36) 4.15(4.09) 4,38 (obs) 461 {obs}
B-p-Riburonic acid (3b)y  S.37 (323 4.06 (3.9%) 45740 446 (4.04
2-D-Xyluronic acid (day  5.61 (5.4 4.15(4.0M 453429 4.89 (4.37;
f-p-Xyluronic acid (4by  5.36 (520 418 (4.06) 446 (419 490 (4 34

*Chemical shifts were measured on compounds as their free acids (pH 1.6}, are relative to internad sodium
4 4-dimethyl-d-silapentane-1-sulfonate (DSS), and are accurate to 7 0.01 p.p.n. Values in parentheses are
chernical shifts in the corresponding 5-O-methylpentoses “obs™ denotes obscured signals. © Assiunments
may he reversed.
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TABLE V

Values for some "H-'H and *C-"C coupling constants in the D-penturonic acids®

Compound Coupled nuclei
H-1,H-2 H-2,H-3 H-3,H-4 c-1,C-2 c-1,C-3  C-1.C-5

a-D-Arabinuronic acid

(1a) 1.8(2.7) 2.9 (4.6) 3.9 (6.5) 46.1 (46.4)  2.8(4.2) 2.2(br)
Methyl a-arabinofura-

nosiduronic acid 0.9 2.1 45 46.9 1.6 2.3
f-D-Arabinuronic acid

(1b) 43(4.5 63(74) 5.7(7.3) 43.5(43.7) 38(3.1)

a-D-Lyxuronic acid (2a) 5.4 (4.4) 4.8(~4.5) 39(~43) 46.3(46.6) 2122 2622
Methyl a-p-lyxofurano-

siduronic acid 42 4.7 37 46.9 1.9 3.0
p-p-Lyxuronic acid (2b) 5.1 (5.0 5.1 (~4.8) 4.5(4.3) 437 (43.0)
a-p-Riburonic acid (3a) 4.1(4.0) 53 (5.7) 4.8 42.5(42.5) 22(23) br.(2.0)
a-D-Riburonate (3a)

(pH 4.7) 4.5 5.4 32 429
f-p-Riburonic acid (3b) 1.7 (1.6) 4.5(4.7) 6.3 (6.8) 46.5 (46.1) 26(3.3) br
B-pD-Riburonate (3b)

(pH 4.7) 3.0 48 5.3 46.0 32
Methyl g-ribofurano-

siduronic acid 2.1 4.6 6.1 46.8 2.7
a-D-Xyluronic acid (4a) 3.7 (4.3) 3.4(4.5) 52(54) 40.7 (42.5) 3.2(~0)
B-D-Xyluronic acid (4b) 1.0(1.4) 1.8(2.2) 5.0 (4.8) 45.3 (45.5)

“ Reported in Hz, accurate to +0.1 Hz. No entry means that coupling was not observed; “‘br.”” denotes
broadened signals. Values in parentheses are couplings in the corresponding 5-O-methylpentoses”.

TABLE VI

Carbon-13 chemical shifts for methyl p-pentofuranosiduronate ions at pH 7.5

Methyl pentofuranosiduronate Chemical shift (p.p.m.)*

C-1 C-2 C-3 c-4 C-5 OCH,
a-D-arabino 110.3 81.6 81.2 85.4 178.8 56.6
2-Deoxy-f-p-erythro 107.7 41.2 75.2 86.4 178.9 56.9
o-D-lyxo 110.0 7.6 73.4 82.7 176.9 57.4
B-D-ribo 109.9 75.7 75.2 83.7 179.8 57.4
p-D-xylo 110.9 81.0 77.6 85.0 177.5 57.9

“Chemical shifts are referenced to the anomeric carbon signal of «-p-(1-*C)mannopyranose (95.5 p.p.m., see
text) and are accurate to +0.1 p.p.m.

p-penturonic acids are similar to those found for the 5-O-methylpentoses (Table VII)
and 5-deoxypentoses®. The acyclic aldehyde is present in low abundance ( <0.2%), but
was identified by its characteristic C-1 chemical shift (~206 p.p.m.)"*".

In addition to the furanose and acyclic aldehyde forms, aqueous acidic solutions
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Fig.4. Theeffect of solution pH on the *C chemical shifts of the #- and f-furanose forms of b-riburonicacid.

of 1-4 contain minor amounts of acyclic hydrate and/or 2.5-lactone hydrate (Table
VII). For example, 2,5-lactonization of the acyclic aldehvde 3¢ or hvdrate 3d gives
y-lactones 3e and 3f having the L-ribo configuration (Scheme ). The "C-n.m.r. spec-
trum of 3 at pH 1.6 contained signals at 88.6, 69.8. 69.2. and 179.7 p.p.m., which were
assigned to C-2, C-3, C-4. and C-5, respectively. of 3f, since these chemical shifts are
similar to those found for n-ribono-1.4-lactone (88.3, 71.1, 70.6. and 180.0 p.p.m. for
C-4, C-3, C-2. and C-1, respectively) by Angelotti er al.'™. The exocyclic C-1 carbon of
the putative lactone resonated at 88.8 p.p.m., indicating that the aldehvde group is
hydrated. Although d, , (88.8 p.p.m.)yand .. (88.6 p.p.m.) were very similar. the signal
at 88.8 p.p.m. correlated with a proton in the anomeric region of the 2-1 "C 'H shift
correlation spectrum (Fig. 2), confirming its assignment to C-1. The "C-n.m.r. spectrum
of D-(2-""Cjriburonic acid also gave an enriched signal at 8.6 p.p.m.. and provided
supportive evidence for the presence of 3f in aqueous solutions of 3.

The proportion of 2.5-lactone hydrate is high { ~ 10%) in aqueous solutions of
p-riburonic acid {{ree acid). but decreases withincreasing pH. becoming undetectable at
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Fig. 5. A, The anomeric region of the 'H-decoupled *C-n.m.r. spectrum (75 MHz) of p-(1-*C)riburonic
acid (3), showing the enriched C-1 carbons of the a-furanose, f-furanose, acyclic hydrate (h), and lactone
hydrate (1) forms; B, spectrum of the unenriched carbons of 3, showing signal assignments to the a- and
p-furanose and lactone forms, and the presence of *C-">C spin coupling.

neutrality. This behavior is consistent with that of aldonolactones, which hydrolyze in
alkaline solutions. In contrast to the findings for 14, lactones were not detected in
aqueous acidic solutions of 2-deoxy-D-erythro-penturonic acid (5), which lacks the
hydroxyl group at C-2 required for 2,5-lactonization; only «- and f-furanose, acyclic
hydrate, and aldehyde forms were observed. It is noteworthy that, in §, the a-furanose is
more abundant than the f-furanose (Table VII); similar behavior has been observed in
aqueous solutions of 5-O-methyl-2-deoxy-D-erythro-pentose'®.

Effect of pH on the solution composition of D-penturonic acids. — Solution pH, and

thus the ionization state of the carboxyl group, appears to affect the relative proportions
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TABLE VII

Proportions of the interconverting forms of the D-penturonic acids in solutions of the {ree acids

Compound Percent (f/‘l{)lu/b

y-f st Acyalic Luctone 3

hydrate hydrate

D-Arabinuronic acid (1) 55 (60} 38(37 R 4 HERONGY
2-Deoxy-p-ervthro-penturonic acid {8)  S3 (5D 42 (45} 3 it BRERTRS
n-Lyxuronic acid (2) SEATD) 20025 1 (3 I ARRAY
p-Riburonic acid (3} 354(35) 57 (65) 2h A 062 (6.53)
p-Xyluronic acid (4) 56(55) 36 {41) Sy 3 1o 3y
CpRl ~ 160 23 0 3 (vivy HLOHLO 7 2t = sefuranose. f-f = f-furanose: values in parentheses are

percentages for the corresponding forms of the S-O-methylpentoses.

of furanose anomers in aqueous bD-riburonic acid. As shown in Fig. 6. ff-p-ribo-
furanuronic acid (3b) predominates at pH values < 1.8 (27% 3a. 37% 3b). As solution
pH increases. the percentages of the »- and f-furanoses increase and decrease to values
of §5% and 46%. respectively. at pH 5. In the protonated state, 3b is more stable than
the % anomer 3a (paralleling the behavior of neutral furanoses having the sihe config-
uration”). whereas in the wonized state, 3a predominates. In addition. the proporiion of
2. 5-lactone hydrate 3f decreases with increasing pH (~ % at pH 8.5 andetectable w
pH 5.0) (data not showny,

The effect of change in pH on the relative stabilities of furanose anomers appears
to be greatest in 3. In 1, a smaller effectis observed (Fig. 6} whercas essentially no effect
is found in 2 and 4. Apparently, the presence of one or more hydroxyl groups eis to C-3
reduces or climinates the pH effect. By comparison. selution pH (1.5 5.0} had hittle
cffect on the ratio of #- and f-furanoses in the D-pentofuranose S-phosphates'™”
Interestingly, aqueous solutions of p-glucuronic acid at pH 14 contam 48%, x-pyranose
and 52% f-pyranose, whereas at pH 4.0, the proportions are 41% and 397, respec-
tively' ™. Thus. in contrast to 3. the solution composition of the jopized form of
p-glucuronic acid is similar to that found for neutral p-glucose. which exists as ~ 4025
w-pyranose and ~ 60% fi-pyranose in aqueous solution’

Few

The factors responsible {or the change 1 the relative stabilities of p-pento-
furanuronic acid anomers with change in pH are not obvious, especially since the effect
1s essentially confined to 3. Inorganic cations have been shown to modify the equilib-
rium proportions of furanose anomers in solution. For example. turanoses having three
hydroxyl groups oriented ¢y on contiguous carbons {e.g.. x-+ibo isomers) form strong
complexes with calcium™. Although the observed effects of pH on the anomeric
proportions of' 3 might be atiributed to differential cation complexation, this explana-
tion is unlikely since divalent cations were not employed in the titrations and repeated
forward and reverse titrations on the same sample using monovalent cations vielded the
same results,
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An alternative explanation may be that, in 3, solution pH has a significant effect
on the ring conformations of one or both anomers, causing their relative stabilities to
change. '"H-N.m.r. spectra of 3 obtained at pH 1.4, 3.3,3.9, and 4.7 showed that *Jy; |
increased from 1.7 Hz to 3.0 Hz for 3b, and from 4.1 Hz to 4.5 Hz in 3a. Over the same
pH range, °J, ;. increased by < 0.4 Hz for both anomers, but this cisoidal coupling is
expected to be less sensitive to conformational change'*®. The value of *Jy 5 ,,., decreased
from 4.8 Hz to 3.2 Hz in 3a, and from 6.3 Hz to 5.3 Hz in 3b; these changes, however,
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Fig. 6. The effect of solution pH on the percent of a- and S-furanose forms of the penturonic acids 1-4 in
aqueous solution (0.2M in 30% *H,0O at 22°).
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may be partly duc to alteration of the Karplus curves caused by COOH ionization. In
contrast, the relative proportions of 4a and 4b are unaffected by solution pH, and 'H
chemical shift titrations conducted on 4 showed little (< 0.5 Hz) change n '/,
Uy and Uy, between pH 1.4 and 4.7 for both anomers, Henee. these data suggest
that the ring conformations of 3a and 3b may depend on the state of tonization of the
COOH group. and that conformational factors may centribuie to the observed depen-
dence of anomeric distribution on solution pH.

Isomerization of D-riburonic acid. — p-(1-"C)Riburomic acid (3) isomerized to the
corresponding (1-C)-d-pentulosonic acid (6) at pH 5.0 and S0 (Fig. 7). The fates of the
enriched C-1 carbons in 3 were monitored during the reaction. and the appearance of
two new signals due to enriched carbons at 67.8 and 67.4 p.p.m. alter 48 h of reaction in
a mixture of H.O and "H.O mdicated the presence of 6 and its 1-'C. I-"H-substituted
derivative (Fig. 7A B; Scheme 2). The latter compound was generated by solvent
deuterium exchange. Although probably present in the final mixture. the 1-7'C. 1.1-H,-
substituted compound would not be casily detected due to increased "C ~H splitting
and {oss of nuclear Overhauser enhancement (n.O.¢.3. A simitar experument conducted
with p-(2-""C)riburonic acid produced a new enriched-carbon signal at 212 p.p.m. (Fig.
7C). which is consistent with the expected C-2 resonance ol 6 in its acychic (Aeto) form.,
By analogy to the 2-pentuloses”. little hydrated form is expected in aqueous solutions of
6.

The coaditions used to isomerize 3 to 6 are mild compared to those required tor
the iIsomerization of p-ribose to p-ribulose. Indeed, in the latter case. alkaline treatment
{(>pH 10) is required. and the yield of rnibulose 15 fow owing 1o its rapid rate of
degradation in agueous basc.

D-Arabinuronic acid (1) and p-xyluronic acid (4} also somerize under similar
solution conditions to give 2-keto compounds. but no 2-keto product was formed from
D-lyxurontc acid (2).

Structural interpretation of spin-coupfings in 1-5. - The values of 'J_, . in 14
(Fig. 5B. Table V) depend on anomeric configuration. with anomers having O-1.0-2-¢s
giving smaller couplings (42.6 + 1.4 Hz). in both their free acid and 1onized states. than
anomers having these atoms rrans (46,1 4+ 0.5 Hz). This dependence on anomeric

TABLE VI

Values of the 'H - 'H coupling constants for 2-deoxy-p-ervthro-penturonic acid in “H.0O"

Compound Coupled nucled

H 0 H2R  H-JH-2S  H-2RH-2S H-2RH-3 H-2S H-3 H-JH-

2-Furanose (5a) 2.0¢2.4) 5.6(5.5) -143(-142) 2037 6.6 (7.0 EREE )]
f-Furanose (5b) 4.2 (4.0) 5.2¢5.1) ~139(--14.0) 6.2(6.5) S087) 3544
Methyl fi-glycoside 4.5 4.5 S.A 3.5 3.6

“Measured on compounds in thetr free acid states (pH 1.6), reported in Hz, accurate to + 0.1 Hz. Values in
parentheses are couplings in the corresponding 5-O-methyl-2-deoxy-1-ervihro-furanoses.
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Fig.7. A,The 'H-decoupled "C-n.m.r. spectrum of p~(1-'*C)riburonate after incubation at pH 5.0 and 50°
in H,0/°H,0. showing the formation of 1-*C-substituted and 1-°C; 1-’H-substituted keto forms having C-1
chemical shifts of 67.8 p.p.m. and 67.4 p.p.m., respectively. The identity of the 1-C; 1-2H-substituted keto
form was supported by the observed one-bond *C—"H coupling (22.1 Hz) and the 0.4 p.p.m. upfield isotope
shift of C-1 upon deuteration; B, the 'H-coupled ’C-n.m.r. spectrum obtained on the same sample as in 4,
showing a triplet for the C-1 signal (CH,OH) of the nondeuterated kero form, and a doublet of triplets for the
C-1 51gna1 of the singly deuterated kero form (CH*HOH), C, the 'H-decoupled *C-n.m.r. spectrum of

D-(2-"C)riburonate after incubation at pH 5.0 and 50°.
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configuration has been noted previously in other aldofuranoses*!** and ketofuranoses'.

The values of 'J; in 1-4 (Table IX) depend on the carbon site under consid-
eration, with 'J ., (174.0 £+ 1.3 Hz) larger than 'J,y, (1509 + 3.2 Hz), 'J 355
(154.6 + 2.9 Hz), and ‘JC_‘,‘H_4 (152.8 + 1.3 Hz). A similar trend was noted previously in
the aldotetrofuranoses®.

It is well known that furanose rings are conformationally flexible structures, and
thus the interpretation of physical parameters obtained on these rings in solution (e.g.,
chemical shifts and spin-coupling constants) is complicated by conformational averag-
ing?'. Hence, conformational assignments are not made in the following discussion, but
'H-"H coupling behavior in 1-4 (Table V) is compared to that observed in the corre-
sponding 5-O-methylpentoses®. This comparison allows a reasonable assessment of the
effect on ring conformation of converting an exocyclic group at C-4 of the furanose ring
from -CH,OCH, to -COOH.

Because of the known influences of substituents on the shape and amplitudes of
Karplus curves for *Jy y,, direct comparisons of *Jy ,, and *J,, 4, only are allowable
between the two series of compounds, as these couplings describe endocyclic torsions
for fragments well removed from the site of substitution. An inspection of these
couplings (Tables V and VIIT) shows similar values (*J,; ,, differing by <0.5 Hz) for 2b,
3a, 3b, and 4b, and their corresponding 5-O-methylpentoses, suggesting that, in these
configurations, conversion to the uronic acid (free acid) does not affect ring conforma-
tion significantly. In contrast, notable differences are observed for the a-arabino (1a),
B-arabino (1b), a-lyxo (2a), and a-xplo (4a) configurations. For example, in 1a, °J, | ;4
(1.8 Hz) and J,y.,,.; (2.9 Hz) are significantly smaller than corresponding couplings in
5-O-methyl-a-D-arabinofuranose (2.7 and 4.6 Hz, respectively), suggesting a greater
predominance in the former of south (e.g., E,) conformers in which the C-1-O-1 bond is
quasiaxial. Thus, the conformational response of furanose rings to the conversion from
a -CH,OCHj; to a -COOH substituent at C-4 depends on ring configuration.

It is interesting to note that a comparison of corresponding '"H~'H couplings in
methyl pentofuranosides'®, penturonic acids (free acids), and S-O-methylpentoses’
shows similar values for the f-lyxo, a-ribo, B-ribo,and f-xylo configurations. Thus, these
configurations, in addition to being relatively insensitive to substituent changes at C-4
(see above), appear to be relatively tolerant of substituent changes at O-1, when
compared to la, 1b, 2a, and 4a. This observation suggests that strong internal factors
control ring conformation in the methyl glycosides and reducing furanoses having the
B-lyxo, a-ribo, B-ribo, and fS-xylo configurations, and these factors may function to
dampen the effect of C-4 and O-1 substituent structure on ring conformation.
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