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ABSTRACT 

The ring-opening reactions of the furanose forms of the penturonic acids D-arabinuronic acid (I), 

o-lyxuronic acid (2), D-riburonic acid (3), and D-XyluroniC acid (4) in aqueous solution have been studied as a 

function of temperature and solution pH by “C saturation-transfer n.m.r. (s.t.-n.m.r.) spectroscopy using 

l-‘3C-substituted compounds. Unidirectional rate constants of ring-opening (k,,,,) have been determined 

for thecyclic forms of 1Id in their protonated (pH 1.5) and ionized (pH 4.5) forms, and have been compared 

to the k-values measured previously for structurally related furanose sugars. At 50’ and pH 1.5. kopen values 

decrease as follows: a-xyluronic acid (2.57 SK’) > z-riburonic (1.65 SK’) > /?-arabinuronic (I .52 SC’)> 
/Gxyluronic (1.09 SK’) > b-riburonic (0.76 s-l) > /&lyxuronic (0.55 SK’) > a-arabinuronic (0.46 SK’) > 

a-lyxuronic (0.40 SK’). At 50” and pH 4.5. this order changes significantly (e.g., /Garabinuronate is most 

reactive); in general k,,, values for/j’ anomers appear to be enhanced relative to those for corresponding z 

anomers, suggesting the involvement of intramolecular catalysis in which the carboxylate anion assists in 

abstracting the hydroxyl proton from O-l. Activation energies of ring-opening. determined for the a and /J’ 

anomers of 14, were found to depend on ring configuration and solution PH. 

INTRODUCTION 

The anomerization of reducing sugars in solution involves spontaneous ring- 

opening and ring-closing reactions that produce a dynamic, equilibrating mixture of 

cyclic and acyclic forms. The unidirectional rate constants of ring-opening of D- 

aldotetrofuranoses’, 5-O-methyl-D-pentofuranoses’, 5-deoxy-t_-pentofuranoses’, D-ta- 

lofuranose?, D-idofuranoses4, DL-apiofuranoses5, D-2-pentulofuranose?, 6-O-methyl- 

D-fructofuranoses’, and D-pentofuranose 5-phosphates’ have been studied previously 

by saturation-transfer n.m.r. (s.t.-n.m.r.) spectroscopy. In neutral furanoses (i.e., those 

that do not have an ionizable functional group) at pH 4.5, a dependence of koprn on 

anomeric configuration has been observed, namely, that anomers having the anomeric 

hydroxyl group and adjacent hydroxyl group cis (O-1,0-2 cis for aldofuranoses, 

O-2,0-3 cis for 2-ketofuranoses) open at rates similar to, or greater than, the rates for 

anomers having these groups trans. However, furanoses that carry an ionizable phos- 

phate group, such as the o-pentofuranose 5-phosphates, exhibit different behavior’; in 

these compounds at pH 4.2, CI anomers open at rates similar to, or greater than, those for 

the p anomers, regardless of the relative configurations of the hydroxyl groups near the 

anomeric carbon. Ring-opening is catalyzed by the phosphate monoanion’, and this 
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Solution-pH measurements were made at 23” with a microelectrode purchased 

from Microelectrodes, Inc., and a Corning Model 125 pH meter. 
Sample temperature in the n.m.r. spectrometer was measured with a Fluke Model 

2160A digital thermometer equipped with a copper-constantan thermocouple. The 
the~ocouple was inserted into a 10 mm n.m.r. tube cont~~illing a duplicate unenriched 

sample solution and secured with a plastic cap, the assembly was lowered into the nm. r. 
probe, and the solution temperature was recorded after it had stabilized (> 20min). The 

assembly was then removed and replaced by an idential ‘“C-substituted sample solution, 
which was allowed to equilibrate in the probe for 0.5 h before measurements were 

jnitiated. This indirect method of temperature measurement was adopted in order to 
avoid potential metal contamination of the experimental sample by exposure to the 

thermocouple. 
Preparation and quantitation of sample solutions. - Aqueous solutions of known 

concentrations {determined calorimetrically by the phenol-sulfuric assay’ using D- 
glucuronic acid as the standard) of ~-Al-‘~~)penturonic acids were treated batchwise 

with excess Dowex HCR-W2 (H’) resin to generate the free acid, the resin was removed 

by vacuum filtration, and the resulting solutions were concentrated to N 0.5 mL at 30” in 
uacuo. The solutions were transferred to 2 mL glass vials, ‘H,O (0.6 mL) was added, and 

the solution pH was adjusted to pH 4.5 with M NaOH [no correction”’ was applied to the 
meter reading to account for isotope effects since ‘H,O concentration (30% v/v) was 

low]. Sample volumes were adjusted to 2 mL with distilled water and the solutions were 
transferred to 10 mm n.m.r. tubes. Teflon vortex plugs were inserted and the tubes were 

sealed with plastic caps. 
Measurement ofring-opening rate constants. -- ‘-?C-S.t.-n.m.r. spectra were recor- 

ded with saturation times varying from 5 JEG to 15 s and relaxation delays > 15 s. At least 
ten (10) saturation times were employed in each experiment (four transients per 

spectrum), and signal intensities were treated graphically (Fig. 1C) as described previ- 
ously’ in order to obtain r, from the slope. Using T, (spin-lattice relaxation time) and r, 

values, ring-opening rate constants (k,,,,) in s- ’ were determined’ from the relationship, 
l/z, = kopcn + l/T,. 

RESULTS AND DISCUSSION 

Unidirectional rate ccwstants qf’ring-opening (k,,,$ in l-4. - ‘“C-N.m.r. spectra 
of l-4 substituted with “C at C-l show the presence of several equilibrating forms in 
aqueous solution? a-furanose, Bfuranose, acyclic hydrate (1, I -gem-dial), acyclic alde- 
hyde, and/or 2,5-lactone hydrate (Fig. IA, Scheme I). The acyclic aldehyde 3c (Scheme 

1) is the presumed intermediate ‘.’ in the interconversion of the Z- and /Gfuranose forms 

3a and 3b; thus, the transfer of saturation from the C-l signal of the acyclic aldehyde 

form (Sc., - 206p.p.m.) to the C-l signals of the cyclic forms (a,., -98-104 p.p.m.) may 
be treated quantitatively by considering 3a = 3c and 3b e 3c as separate two-site 
exchange reactions in order to obtain the ring-opening rate constant (kopcn) of each 
furanose form (Fig. IA-C). The transfer of saturation to C-l of the acyclic hydrate form 



3d may. in principle, bc ~tsecl to determine the rate constant of dchJ,dration (A ,r_c,): 

however. the presence of a cyclic pathway involving 3c. 3d. 3e. and 3f (Schemes I ) 

complicates the interpretation of data. as discussed below. 

The acyclic aldehydc for-m accounts for <(I.2 mol “/o of the tc)tal f~~rrns prcscnt’ in 

aqueous solutions of 1 ~4 at 13’ This low abundance. and the significant line-broad- 

ening of the aldchyde C-I rcwnance caused by chemical echangc. made it difficult to 

achieve spectral signal-to-noiw ratios at 75 MH7 th;it wcrc’ ~ufficienr for ;L rcliablc 

integration of the signal. Therefore. the equilibrium wnstauts for the ct~mponent 

reactions (Scheme I). and thcrcfore kCi,,,, \~aluc\ derii,ed from them and I,,,,,,,,. were 

subject to large errors. C’onsequently. ring-closing rate C!)llStitlltS (X,,,x,) wcrc not 

examined in this study. 

The tl-penturonic acids I 4 have an ionizable carhosyi group I<‘-5) M IILK p/i,, is 

expected to be similar to that of the carboxyl group in I>-glucuron~c acid (pK<, 2”y) (ref. 

1 1); recently a pK,, of - _. ’ 0 wxs determined for 3 based on “C’ chtmicul-xhift titration 

curves’. Thus, at pH I .S, [hi:, group exists primaril\: in the protonateti (1.~1.. unch:~rged) 

state. whcrcas at pF_l 4.5. it exists primarily in the ionkd (i.c,.. negatiwl> charged) state, 
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Therefore, kopen values were determined at pH 1.5 and pH 4.5 (Tables I and II) to assess 
the effect of the carboxyl ionization state on the ring-opening kinetics of 14. Rate 

constants were also determined over a 40” temperature range at both pH values (Tables 
I and II) to evaluate ring-opening activation energies (Table III). 

Data in Table I show that, within each anomeric pair at pH 1.5 and at all 
temperatures studied, anomers having O-l and O-2 cis, viz. jhm~bino (lb), p-Iyxo (2b), 
cc-do (3a), and a-x_rlo (4a), undergo ring-opening at rates greater than or equal to the 
rates for the corresponding anomers having O-l and O-2 trans, viz. ct-urabino (la), 
cc-2~x0 (2a), B-ribo (3b), and j?-~_~‘lo (4b). Thus, in their uncharged (protonated) forms, 
the D-penturonic acids behave like the electrically neutral 5-deoxy- and 5-O-methyl- 

pentoses2. A mechanism’ that may be responsible for enhancing kopcn of 0-l,O-2-cis 
furanose anomers involves the anchimeric assistance of O-2 in abstracting, either 

directly or uiu an intervening solvent water molecule, the hydroxyl proton from O-l (Eq. 

0 
At pH 1.5 and 50”, kvpen values decrease as follows: r-xyluronic acid (2.57 ss’) > 

a-riburonic (1.65 SK’) > P-arabinuronic (1.52 s’) > p-xyluronic (1.09 s. ‘) > p- 

riburonic(0.76 ss’) > P-lyxuronic (0.55 s ‘) > a-arabinuronic (0.46 SK’) > r-lyxuronic 

acid (0.40 SK’). As observed2 for the 5-deoxypentoses and 5-0-methylpentoses at pH 4.0 
and 60”, the cc-xylo configuration is most reactive towards ring-opening, whereas the 
a-arabino, a-1~x0 and j’-1~x0 configurations are least reactive. Thus, the protonated 
(uncharged) forms of l&4 behave like the electrically neutral pentofuranoses with 

respect to the effect of ring configuration on li,pen. 
The behavior of l-4 at pH 4.5 and 50° differs notably from that observed at pH 

1.5 and 50” (Table II), indicating that the ionization state of the carboxyl group 
influences furanose ring-opening reactivity. The O-1,0-2 cis effect is not observed 

throughout the series; for example, at all temperatures studied, kopen for /3-riburonate 

(3b) is greater than kopen for cc-riburonate (3a). At 50”, it appears that, upon increasing 

the solution pH from 1.5 to 4.5, kopcn for 0 anomers (k,,) is enhanced relative to that of 

corresponding a anomers (k,,) in all four compounds. For example, in 1, k,, is 3..3-fold 

greater than k,, at pH 1.5, whereas it is 4.8-fold greater at pH 4.5. The relative 
enhancement of kFO at pH 4.5 implicates the C-5 carboxylate anion in catalysis; when cis 

to O-l, as it is inpanomers, this anionic group may assist, either directly or indirectly uiu 

solvent-water molecules, in abstracting the hydroxyl proton from 0- 1 (Eq. 2). Thus, at 
pH 1.5, both hydronium ion’ and the protonated carboxyl group are expected to 

catalyze ring-opening, but neither mechanism should favor one anomer over the other if 
it is assumed that the affinity of the ring oxygen for protons, that is, its basicity, is not 

CHO 

OH 

OH 

OH 

II) 
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TABLE II 

Ring-opening rate constants for D-penturonates (pH 4.5) at different temperatures 

Compound, 
formula no.’ 

&pen (s-‘1 

23” 30” 35” 40 45” soti 59” 

a-D-Arabinuronate, la 

fi-D-Arabinuronate, lb 
a-D-Lyxuronate, 2a 

/I-D-Lyxuronate, 2b 

a-D-Riburonate, 3a 

b-D-Riburonate, 3b 

a-D-Xyluronate. 4a 

8-D-Xyluronate. 4b 

0.23h 0.31 0.36 0.4Sh 0.54h 0.67 

0.36 0.80 1.26 1.46 2.17 3.22 

0.061 0.12 0.16h 0.17 0.34 0.59 

0.13 0.32 0.45 0.71 0.77 1.12 

0.15 0.22 0.36’ 0.53h 0.76 1.03 2.12 
0.20h 0.30 0.50” 0.85 1.20 1.27 2.57 

0.24 0.32 0.56 0.79 1.14 1.58 

0.14 0.33 0.47 0.71 1.24 1.55 

’ Solution conditions: 0.3M penturonate, pH 4.5, 30% (v/v) ‘H,O. ’ These values were obtained from 

Arrhenius plots by interpolation or extrapolation. 

TABLE III 

Activation energies for ring-opening of the D-penturonic acids. 

PH E,,,, (kcal/mol)” 

la lb 2a 2b 3a 3b 4a 4b 

1.5 7 3 8 10 8 14 4 10 
4.5 7 14 15 14 14 14 14 I7 

’ Values were obtained from Arrhenius plots of the data in Tables I and II and are accurate to within 52 
kcal/mol. 

significantly affected by furanose anomeric configuration. At pH 1.5, the O-1,0-2 cis 

effect is the primary determinant of the relative reactivities of anomers. In contrast, at 

pH 4.5, the water-catalyzed and carboxylate anion-catalyzed reactions occur, with the 

former favoring 0- 1 ,O-2 cis anomers (a conclusion supported by previous studies’ of 

neutral furanoses at this pH) and the latter favoring /I anomers, and with the overall 

effect of enhancing the reactivity of p anomers relative to a anomers. 

Under similar reaction conditions, kopen values for 14 are significantly greater 

than &pen for 5-deoxy- and 5-O-methylpentoses”, and are similar in magnitude to those 
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only a small percent decrease in the signal intensity of C-l of the acyclic hydrate was 

observed when C-l of the aUehy& form was irradiated. Although k_,20 could not be 
measured quantitatively, the lack of saturation transfer indicated that k_,20 was 

significantly smaller than kopen of both furanose anomers. In contrast to these previous 
studies, k_ ntO could be measured at pH 1.5 for D-Tiburonic acid hydrate (Table I). 

Interestingly, at each temperature studied, k,, > k_HZO > k,. The value of kpHzo for 
D-riburonic acid hydrate at pH 1.5 and 50” (1.22 so- ‘) is significantly larger than the 
estimated k _,rzo for D-threose hydrate’ at pZH 5.0 and 55” (< 0.05 s -‘). indicating that 
hydronium ion is a potent catalyst of the dehydration reaction. However, this rate 

enhancement may not be solely attributed to catalysis by H+ ion in solution. In- 
tramolecular catalysis by the protonated carboxyl group may also play a role in 
enhancing k_,?, in D-riburonic acid hydrate. as the expected sickle conformationr3 of 
this acyclic compound would orient this group near C-l to promote intramolecular 
proton transfer. 

The acyclic hydrate forms of D-penturonic acids may be generated in aqueous 

solution either by the direct hydration of the acyclic a~~e~??~~ form, or indirectly via the 
unhydrated and hydrated 2,5-lactones (Scheme 1). Hence, the observed transfer of 

saturation to the hydrate C-l signal could be caused by contributions from both 
reaction pathways. Saturation-transfer experiments showed no change in the signal 
intensity of the 2,5-lactone hydrate (3f) when the signal at 206 p.p.m. (presumably due 
to both 3c and 3e) was irradiated for 15 s {Fig. IB). This result suggests that the 
contribution made to the loss of intensity of the acyclic hydrate signal by the indirect 

lactone pathway is small. However, until the kinetics of both contributing processes can 
be established, k H2O values determined by treating the hydrate = aldehyde equilibrium 

as an isolated two-site exchange system must be considered approximate. 
~~t~~ati#iz e~~~gje.~ jE,,.,,J of ~i~g-~p~~j~g and ~~~~~~~fft~o~ in l-4 - Activation 

energies (E,,,) of ring-opening for the D-penturonic acids l-4 were determined from 
Arrhenius plots of kopcn as a function of temperature (Fig. 2). While significant errors are 

associated with these values due to the limited temperature range studied, values range 

0.0030 0.0031 0.0032 0.0033 0.0034 

l/l- 

Fig. 2. The temperature dependence of k,,, for the x- (w) and,!?- (a) furanose forms Of D-(I-“C)ribLIronic 
acid (3), &3M, pH I .5, 30% (v/v) 2HI0. Rate constants were determined by “C-s.t.-n.m.r. spectroscopy. 



SUMMARY 
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