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ABSTRACT 

The anomerization of 5-deoxy-L-pentoses (l-4) and 5-0-methyl-D-pentoses 

(5-S) in aqueous solution has been studied by 13C saturation-transfer n.m.r. (s.t.- 

n.m.r.) spectroscopy, using compounds substituted with 13C at the anomeric carbon 

atom. Unidirectional rate-constants of ring-opening (/copen) and ring-closing (kclose) 

have been obtained for these compounds under identical solution conditions (50mM 

acetate buffer, pH 4.0 at 60”), and have been compared to those measured for the 

D-tetroses (9 and 10) and the four D-pentose 5phosphates (11-14). Based on these 

comparisons, several correlations between furanose structure and reactivity have 

been revealed, and models have been proposed to explain the observed kinetic 

behavior of compounds l-10. The effect of exocyclic structure on acid-catalyzed 

rate-constants was also examined by comparing the behavior of 5-deoxy-L-(1-13C)- 

lyxose and 5-O-methyl-D-(l-13C)lyxose. Some consideration has been given to 

identifying the factors (enthalpic and entropic) that may play roles in determining 

the effect of structure on anomerization reactivity. 

INTRODUCTION 

Recent studies of the unidirectional rate-constants of anomerization of such 

monosaccharides as D-erythrose and D-threose’, D-idose2, D-fructose3, DL-apiose4, 

and D-talose5 have shown that anomeric configuration influences the ring-opening 

rate-constants (/copen) of neutral furanose sugars (i.e., furanoses that do not contain 

an ionizable group such as phosphate or carboxylate). In the tetrofuranoses and 

idofuranoses, for example, anomers having O-l and O-2 cis (p-three, a-erythro, 

and P-ido) open at similar rates to, or faster than, anomers having these atoms 

trans (a-threo, /?-erythro, and a-ido)‘,*, regardless of the relative thermodynamic 

stabilities of the anomers. Likewise, the ring-opening rates of p-D-fructofuranose 

and 6-0-methyl-P-D-fructofuranose, which have O-2 and O-3 cis, are greater than 

those of a-D-fructofuranose and 6-0-methyl-a-D-fructofuranose, respectively3,‘j. 

The ring-opening rate-constants of apiofuranoses also depend on the number and 

configuration of the substituents. For instance, 3-C-(hydroxymethyl)-@L- 

threofuranose contains the greatest number of destabilizing interactions [two c&l,2 

000%6215/88/$03..50 0 1988 Elsevier Science Publishers B.V. 
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interactions (OH-OH, OH-CH,OH) and one cis-1,3 interaction (OH-CH20H)], 

and its ring opening is the fastest of those of the four apiofuranose anomers?. 

From observations to date, it appears that the number and nature of substitu- 

tent interactions, particularly &s-1,2 interactions, affect the rate of ring opening of 

neutral furanoses, with kinetic instability increasing as the number of interactions 

increases. However, furanoses, such as the pentose 5-phosphates, that contain an 

ionizable functionality behave differently, with (Y anomers opening at rates similar 

to or greater than those of the j3 anomers at pH 4.2, regardless of the configuration 

of the other ring-carbon atom@. This behavior was previously explained” by invok- 

ing the participation of the phosphate group as an intramolecular catalyst that acts 

more effectively when O-l and C-5 of the pentofuranose ring are tram, an arrange- 

ment found only in their cy anomers. 

To explore the effect of pentofuranose structure on ring-opening and ring- 
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closing rates further, we have studied the behavior of the 5deoxypentoses (l-4) 

and 5-0-methylpentoses (5-S) having the arubino (1 and 5), 1~x0 (2 and 6), ribo (3 

and 7), and xylo (4 and 8) configurations. These compounds are similar in structure 

to the pentose 5-phosphates 11-14, but lack the ionizable phosphate moiety at C-5, 

allowing an assessment of the effect of a nonionizable, exocyclic C-5 substituent on 

the anomerization kinetics of pentofuranoses. 

EXPERIMENTAL 

Materials. - K13CN (99 atom-% 13C) and *H,O (98 atom-% *H) were pur- 

chased from Cambridge Isotope Laboratories. The 5-deoxy-L-pentoses l-4, 5-0- 

methyl-D-pentoses 5-8, and the tetroses 9 and 10 were synthesized with 13C- 

enrichment at C-l, and purified according to procedures described previously7-9. 

Instrumentation. - Saturation-transfer (s.t.) 13C-n.m.r. spectra were re- 

corded with a Nicolet NT-300 300-MHz, superconducting, F.t.-n.m.r. spectrometer 

operated at 7.5 MHz for carbon, and equipped with quadrature phase-detection and 

a 293B pulse programmer. Spectrometer-hardware modifications and the pulse 

program used to obtain s.t.-n.m.r. spectra on the NT-300 spectrometer, and data 

analysis, have been described previously’,*. S.t.-‘“C-n.m.r. spectra were recorded 

with saturation times ranging from 0.1 to 20 s and relaxation delays of ~20 s. At 

least 10 saturation times were employed in each experiment (64 transients per spec- 

trum), and signal intensities were plotted semi-logarithmically as described previ- 

ouslyiJ, in order to obtain 71 from the slope. Using T, (spin-lattice relaxation- 

times) and T] values, ring-opening rate-constants in s-l were determined from the 

relationship’J l/r, = kopen + l/T,. The assignments of the i3C-n.m.r. spectra of the 

5-O-methyl- and 5-deoxy-pentoses have been published previously9. 

Measurements of pH were made with an n.m.r. combination micro-electrode 

purchased from Microelectrodes, Inc. and a Corning Model 125 pH-meter. Temp- 

erature measurements (k 1”) were made with a Fluke Model 2160A digital thermo- 

meter equipped with a copper-constantan thermocouple. Solution temperatures in 

the n.m.r. probe were determined by securely placing the thermocouple in a dupli- 

cate, unenriched-sample solution in a lo-mm, n.m.r. tube, lowering the tube into 

the probe, and recording the observed temperature after equilibration (-15 min). 

RESULTS 

Ring-opening rate-constants for the Sdeoxy- and 5-0-methyl-pentoses. - The 

ring-opening rate-constants (kopen ) for the 5-deoxy- and 5-0-methyl-pentoses at pH 

4.0 in 5hM acetate buffer at 60” are given in Table I. Within each structure, the 

anomer having O-l and O-2 cis (P-arabino, p-Zyxo, cr-ribo, and ‘Y-xylo) opens at 

approximately the same rate as, or greater than, that having these atoms trans. 
This behavior differs markedly from that of the pentose 5-phosphates 11-14, in 

which (Y anomers open at rates similar to, or greater than, those of p anomers, 
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TABLE 1 

RING-OPENING RATE-CONSTANTS FOR TETROSES". C-S-SUBSTITUTED PENTOSEV, AND PENTOSE 5-PHOS- 

PHATF.Sh 

Compound Compound 
number 

k,,,/k,,, 

5-Deoxy-t.-arabinose 
5-Deoxy-L-lyxose 
S-Deoxy-L-ribose 
5-Deoxy-L-xylose 

5-O-Methyl-D-arabinose 

S-O-Methyl-D-lyxose 
5-0Methyl-u-ribose 

5-O-Methyl-n-xylose 

o-Erythrose 9 
D-Threose 10 

Arabinose 5-P 11 0.64 0.39 1.3 
Lyxose 5-P 12 0.24 0.22 1.1 
Ribose 5-P 13 0.86 0.44 2.0 
Xylose 5-P 14 0.42 0.17 2.5 

0.13 (1.3)” 0.23 (1.4) 0.6 
0.14(1.1) 0.13 (0.9) I.1 
0.44(1.3) 0.41 (1.3) 1.1 
0.53 (1.4) 0.20 (1.3) 2.7 

0.10 0.16 0.6 
0.13 0.14 0.Y 
0.35 0.31 1.1 
0.37 0.15 2.5 

0.6Y 0.53 1.3 
0.21 0.70 0.3 

“Conditions: 0.25M aldose, 15% (v/v) ‘H,O, 50mM acetate, pH 4.0. 60”. hData taken from ref. 2; 0.15~ 
sugar phosphate, 15% (v/v) ‘H,O. pH 4.2, 40”. [The error in kopen values was estimated from un- 
certainties in the experimental values of TV and T, used to compute k open (see Experimental). Walues in 
parentheses are k,lkocF,,, that is, the ratio of kopcn for a given 5-deoxy anomer to that for the corre- 

sponding anomer in the S-O-methyl series. 

regardless of ring configuration6 (see Table I). Under the same solution conditions, 

the ring-opening rate-constants of the tetrofuranoses, erythrose (9) and threose 

(lo), exhibit a dependence on anomeric configuration similar to that observed for 
l-8 (see Table I). 

The difference in kopen between tetro- and pento-furanose anomers that have 

O-2 and O-3 tram (e.g., 1, 4, 5, 8, and 10) is greater than for anomers that have 
O-2 and O-3 cis (e.g., 2, 3, 6, 7, and 9). This effect of relative configuration at C-2 

and C-3 on kopen is not found for the pentose Sphosphates 11-14 (see Table I). 

Although compounds 9 and 10 are structural homologs of pentofuranoses 

having the ribo-lyxo and arabino-xylo configurations, respectively, it appears that, 

with respect to kopen, compounds 9 and 10 resemble the pentofuranoses having ribo 
and arubino configurations, respectively. Considering the more-ring-destabilizing, 

c&-1,2 interactions only, 9 and 10 contain H-H and H-OH interactions between 

the C-3 and C-4 substituents. urubino-ribo-Pentofuranoses contain H-OH and 

CH,OH-H interactions, whereas xylo-lyxo-pentofuranoses contain H-H and 

CH,OH-OH interactions. The effect on furanose-ring conformation and dynamics 

upon substituting a CH,OH-H interaction for an H-H interaction is probably 

smaller than that resulting on substituting CH,OH-OH for H-OH, and may 

explain the observed correspondence in ring-opening behavior between tetro- 

furanoses and pentofuranoses. 
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In general, 5-deoxypentoses open faster than 5-0-methylpentoses at pH 4.0 

(Ukoc,, = -1.3; see Table I), but the relative rates of ring-opening of anomers 

are conserved in each series (see Table I). 

Catalysis by hydronium ion. - It is well known that monosaccharide 

anomerization is catalyzed by hydronium ion. It is generally considered that H+- 

catalyzed ring-opening proceeds I0 by initial protonation of the ring-oxygen atom, 

as shown in Scheme 1. The response of kobs for ring-opening of 2 and 6 to solution 

pH (see Tables I and 11) shows that H+-catalysis is not equally potent for both 

anomers of a furanose sugar, although H+ does stimulate ring-opening as expected. 

At pH 4.0 in acetate buffer at 60”, kopen for 5-deoxy-a-r_-lyxose is 0.14 s-l, whereas, 

in HCl at pH 2.5 at 37”, kopen = 0.27 s-i. Despite the temperature difference of 23”, 

the observed rate-constant increases two-fold as the pH is decreased by 1.5 units. 

The response of 5-deoxy-L-lyxose (2) and 5-O-methyl-D-lyxose (6) to pH differs 

(see Table II), with the latter compound less sensitive to catalysis by Hf. 

The observed rate-constant, kobr, for ring-opening is composed of H,O- 

catalyzed (kHzO) and H,O+-catalyzed (kHTO+) contributionsl” according to the 

following equation: 

ko,x = kn,o + k,30+W,0+l. (1) 

The value of k H,O+ is calculated from Eq. 1 by plotting kohs (see Table II) against 

hydronium ion concentration (pH), and estimating the slope. Plots were obtained 

for 5-deoxy-L-lyxose (2) and 5-O-methyl-D-lyxose (6) in order to compare the 

H,O+-catalyzed ring-opening rate-constants for one configuration in each series. A 

linear relationship was found (see Fig. 1) between [H+] and the ring-opening rate- 

constant for both compounds. Values of kHTOL for 5-deoxy-L-lyxose (2) anomers 

were greater (a, 78 s-l.M-l; 0, 190 s-~.M-~) than for corresponding 5-O-methyl-D- 

lyxose (6) anomers (CK, 24 s-‘.M- ‘; 65 s-.M-I). These results are consistent with 

those obtained previously for the hydronium-ion-catalyzed mutarotation of 6- 

deoxy-D-glucose and 6-O-methyl-D-glucose, the former being faster than the 

latter”, although these studies measured the effect on kmut, not on kopen. Apparently, 

the more electron-donating character of the exocyclic methyl group increases 

electron density at the ring-oxygen atom, and facilitates ring-oxygen protonation of 

2, generating a greater steady-state concentration of 15 (see Scheme 1) and increas- 

ing the reaction rate. 
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TABLE II 

5-Deoxy-I.-lyxose 2 2.51) 0.27 0.?7 2.1 
2.26 0.38 1.03 2.1 
2.06 0.59 1.11 2.4 
1.95 O.Yl 2.13 2.d 
I.83 I.19 2.71) 2.3 

5-0Methyl-u-lyxose 6 2.37 0. 11 0.22 2.0 
2.10 0.23 0.57 2.5 
I.84 0.3U I .02 2.6 
1.70 0.70 1.71 1.1 

1.43 0.90 7.3’) 1.7 

“Conditions: (1.25M sugar. 50mbt KCI, 37”. adjusted to the indicated pH with HCI. 15% (v/v) ‘H,O. “The 
error in k<,pcn values was estimated from uncertainties in the cxpcrimental values of T, and T, used to 
compute k,,,,,, (see Experimental). 

The difference in kopen between anomers in the 5-deoxy and S-O-methyl series 

increases significantly under conditions of H+-catalysis (for 2 in acetate buffer at 

pH 4.0, k,lk, = 1.0, whereas, in HCl at pH 1.8, kp/ka = 2.3: see Tables I and II) 

and probably reflects the different mechanisms of catalysis by HZ0 and H,O+. The 

latter observation points to the importance of solution conditions in the interpreta- 

tion of anomerization structure-reactivity data. 

IO3 x [H+] 

Fig. 1. Effect of hydrogen-ion concentration on kopen for the cy- and fi-furanose forms of S-deoxy-L-(l- 

13C)lyxose (2) and s-O-methyl-D-(l-“C)lyxose (6). Slopes obtained from these plota were used to calcu- 
late acid-catalyzed ring-opening rate-constants (k,,, ) for each form (XC text). 
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DISCUSSION 

The spontaneous and reversible formation of hemiacetals is a characteristic 

reaction of aldoses in solution. In one direction, the process involves ring formation 

through intramolecular attack by a lone electron pair of an oxygen atom on a carbo- 

nyl carbon atom. In general, rates of ring-closure of such bifunctional molecules as 

aldoses are determined by the difference in the free energies of the acyclic and 

transition-state structures in their most stable conformations, assuming that ring 

closure is rate-determining, that is, that a preprotonation step is not rate-limiting. 

Reactivity in cyclization reactions is generally interpreted12 in terms of activation 

energy (enthalpic factors) and the probability of end-to-end encounters (entropic 

factors). On the other hand, ring-opening rates will be relatively unaffected by the 

enthalpic differences between the cyclic and transition-state structures, because 

similar destabilizing forces (e.g., steric factors) should be present in each. In 

general, the factors influencing reaction rates are less understood for ring-opening 

than for ring-forming reactions. 

Furanose structure and ring-opening rate-constants. -A potential mechanism 

that explains the dependence of kopen on pentofuranose anomeric configuration is 

shown in Scheme 2. The enhanced value of kopen for anomers having cis-O-l-O-2 

suggests that O-2 may assist in the abstraction of the proton on O-l during ring 

opening. Anchimeric assistance is not feasible in trans-O-l-O-2 anomers, because 

of structural constraints. The fact that compounds having cis-0-2-O-3-atoms show 

a smaller difference in kopen between anomers, at least at pH 4.0-5.0, may suggest 

the existence of intramolecular hydrogen-bonding between these substituents, 

thereby eliminating (or minimizing) potential assistance by O-2. Caution must be 

exercised, however, in invoking this explanation, as the solution conditions can 

drastically affect the ratio of k&,/k&~, as demonstrated for 2 and 6. Under solu- 

tion conditions where acid catalysis becomes important, even compounds having 

O-2 and O-3 cis exhibit marked differences in kopen between anomers that were not 

observed under conditions of H,O-catalysis (pH 4-5). 

The nature of the solvent does not appear to play a major role in determining 

the relative effect of anomeric configuration on kopen of furanoses. For example, in 

the nonhydroxylic solvent, acetonitrile, containing acetic acid as a catalyst, the /3- 

furanose of 10 opened 4 to 5 times as fast as the a-furanose, behavior which is 
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similar to that observed in water (see Table I). This fact suggests that the intrinsic 

structure of the furanose ring is the primary determinant of ring-opening reactivity. 

Relative rates of ring opening in the S-deoxypentoses decrease in the order 

a-xylo > cu-riho = P-rib0 > P-arubino = @xylo > cu-1~x0 = a-arabino I- /.%lyxo. A 

similar, but not identical, trend is found for the S-O-methylpentoses. These relative 

rates show clearly that the thermodynamic stability of the furanose does not affect 

the rate of ring opening: the P-lyxo configuration is presumably the least stable of 

the furanoses, and yet it opens most slowly. The cy-xylo configuration appears to 

confer the greatest kinetic instability towards ring opening, probably because of the 

presence of three structural features that enhance reactivity: a &-O-l-O-2 con- 

figuration required for anchimeric assistance. a tram-0-2-0-3 configuration which 

prevents potential intramolecular H-bonding between these hydroxyl substituents. 

and a cis-O-3-C-5 configuration that destabilizes the ring. Of course, ring con- 

formation and dynamics, and stereoelectronic effects in the transition state, prob- 

ably play important roles in ring opening and may dominate the aforementioned 

features. 

Furanose structure and ring-closing rate-constants. - The relative rates of 

ring closing in the S-deoxypentoses and 5O-methylpentoses differ markedly from 

those of ring opening, and decrease in the deoxy series in the order P-rib0 > wriho 
> LX-xylo > cy-arahino = P-arabino > wlyxo = p-xylo > p-lyxo. This difference is 

expected, as rates of ring opening and closing are distinct kinetic events affected by 

different structural parameters (see earlier). Apparently, the acyclic conformation 

of 5-deoxy-/3-L-ribose in solution must more closely resemble the transition-state 

structure during ring closure than dots the acyclic conformation of 5-dcoxy-P-t_- 

lyxose. The acyclic aldehyde having the ribo configuration is expected to assume a 

pseudocyclic conformation in solution, predisposing itself to efficient ring-closure 

(i.e., the entropic factor is more favorable). On the other hand, the acyclic lyxo 

configuration appears less able to undergo closure, especially to afford the p 

anomer, suggesting that the structures of the acyclic carbonyl form and transition- 

state are significantly different. These conclusions are consistent with observations 

made by Horton and Wander-l3 on the conformations of aldehydo-pentose per- 

acetates in CHCI,. Structures having the ribo and xylo configurations were found 

to favor sickle or pseudocyclic conformations in solution in order to alleviate de- 

stabilizing 1,3-interactions that occur in the alternative, extended zigzag conformers. 

Structures having the arabino and 1~x0 configurations assume an extended zigzag con- 

formation, because destabilizing 1,3-interactions are absent in these forms. There 

appears, then, to be a correlation, albeit fortuitous, between the favored aldehydo 
conformation and the rates of ring closure. This correlation must, however, be 

viewed with caution, as the conformational studies were conducted on aldehyde 

peracetates in organic solvents; it is possible that unsubstituted, hydroxy aldehydes 

have different conformational and dynamic properties in aqueous solution. 

Unidirectional rate-constants and reaction coordinate diagrams. - The differ- 

ences in k,,,,, between anomers of neutral furanoses have been explained here by 
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proposing that anomers having O-l-O-2 in the cis orientation experience intra- 

molecular catalysis via anchimeric assistance (see Scheme 2). It should be noted, 

however, that whereas a-furanoses open more rapidly than /3-furanoses for com- 

pounds having the xylo configuration (4 and 8, Table I), the cr-xylofuranoses are 

thermodynamically more stable than the B-xylofuranoses ([a],@],, = 1.3; see 

Table III) *s9 In other words, a correlation does not exist between thermodynamic . 

and kinetic stability. The thermodynamics and kinetics of anomerization can be 

viewed more carefully by using reaction coordinate diagrams that describe the 

interconversion of two cyclic compounds I and III via a common intermediate II, 

with III more thermodynamically stable than I (Scheme 3). Implicit in the following 
discussion are the assumptions that the relative energies of the putative, protonated 

cyclic intermediates and the unprotonated cyclic forms are the same, and that the 

ring-opening reaction is rate-limiting in the overall conversion of I into III and of 

III into I. The latter assumption has been validated by experiment, and can be 

invoked with confidence. The former assumption, however, remains to be tested 

by calculational approaches. With these caveats, four diagrams can be constructed 

that differ with respect to the relative energies of the transition states, TS, and 

TS,,,. An inspection of these diagrams permits some predictions about permissible 

relative ring-opening and -closing rates for I and III: (a) I may open and close more 

slowly than III (curve A); (h) I may open and close more rapidly than III (curve 

B); (c) I may open at the same rate as, but close more slowly than, III (curve C); 

(d> I may open more rapidly than, but close at the same rate as, III (curve D); (e) 

I may never open at the same rate as, but close more rapidly than, III; and cf, I 

may never open more slowly than, but close at the same rate as, III. 

Using kopen and &rose values in Tables I and III, it is possible to evaluate the 

relationship between these reaction-coordinate profiles and furanose ring configu- 

ration in compounds l-10. Only curve A is appropriate for _ryylo compounds (4 and 

S), that is, the transition-state energy for CY-xylo must be lower than for /3-xylo, and 

the energy difference between transition-state structures must exceed the energy 

difference between (Y- and j?-xyZ0 cyclic forms. Curve A is also consistent with the 

greater thermodynamic stability of the CY-xyZo configuration (see Table III), and the 

greater kinetic instability of a-xylo towards both ring opening and closing (see 
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Tables I and III). On the other hand, curve C, in which the energy differences 

between ground-state and transition-state structures are the same, appears con- 

sistent with the thermodynamic and kinetic behavior of the ribo (3 and 7) and 1~x0 

(2 and 6) compounds. The arubino compounds (1 and 5) behave in a manner 

consistent with curve D, in which both transition-state structures have similar ener- 

gies. Curve B does not fit data for any of the pentofuranoses; in this diagram TS, is 

considerably more stable than TS,,,, a situation somewhat less likely, because, in 

the ground state, I is less stable than III. Curve B does, however, appear approp- 

riate for threofuranoses 10, in which the less thermodynamically stable anomer 

(P-threofuranose) is also less kinetically stable towards ring opening and closing 

than a-threofuranose. Erythrofuranoses 9 appear consistent with a modified form 

of curve A in which the energies of the transition-state species are more similar, 

allowing for more similar rates of ring-opening between anomers. Interestingly, as 

already discussed, compounds 9 and 10 resemble ribo (3 and 7) and arubino (1 and 

5) pentofuranoses with respect to the dependence of anomeric configuration on 

ring-opening kinetics. In contrast, 9 behaves the same as lyxo, ribo, and xylo pento- 

furanoses with respect to ring closing, whereas 10 is unique. This is not surprising, 

as the conformation and dynamics of the acyclic form play key roles in affecting 

ring-closure rates, and may differ in configurationally related tetrofuranoses and 

pentofuranoses. 

The reaction-coordinate diagrams depicted in Scheme 3 are very simplistic; 

more realistic diagrams would include discrete, protonated intermediates that have 

been implicated previously in H+-catalyzed anomerization. This representation as- 

sumes that ring-opening/ring-closing events are rate-limiting, and not individual 

protonation-deprotonation steps that presumably occur during the reaction. 

Other considerations in anomerization structure-reactivity studies. - Future 

refinements of structure-reactivity data on anomerization will depend on an im- 

proved understanding of several more-subtle features of this reaction. Theoretical 

calculations14-16 have been conducted to evaluate potential attack trajectories by 

nucleophiles on a carbonyl center. The reaction studied in the most detail was the 

reduction of formaldehyde by hydride ion 14.15. Gas-phase calculations show that, at 

distances <2A, H- approaches the formaldehyde molecule on a lowest-energy 

pathway which makes an angle of -60” with respect to the molecular plane, and 

bisects the H-C-H bond-angle14,15. Furthermore, a recent study”j of the reaction of 

hydroxide ion with formaldehyde revealed a similar favored trajectory. The im- 

portance of attack trajectory in determining ring-closure rates in aldose anomeriza- 

tion remains to be quantitatively evaluated. However, an empirical approach to 

this problem points to some potential differences between pyranoses and furanoses. 

Inspection of models shows that, in pyranose-ring formation, O-5 approaches C-l 

favorably when a pseudo-chair conformation is assumed by the acyclic aldehyde in 

which O-l (the carbonyl oxygen atom) and C-3 are nearly antiperiplanar, and H-l 

and C-3 are nearly eclipsed, generating a P-pyranose. Now, at a minimum, C-l-C-2 

bond-rotation must occur in order to expose the opposite carbonyl face to attack, 
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forming the u-pyranose. Rotation of the C-l-C-2 bond by - 120” generates an O-5- 

C-l trajectory comparable to that available to the alternative face, making C-l-C-2 

bond rotation necessary and sufficient for pyranose anomerization. However, these 

trajectories are not structurally equivalent; for example. in one pseudo-chair con- 

former, C-5 and O-l are antiperiplanar in the transition state, whereas, in the 

other, they are gauche. Therefore, although comparable reaction-trajectories for 

ring-closure to both pyranoses are available, the intermediates are not identical 

with respect to potential steric and stereoelectronic effects. Only ring inversion (or 

conversion into a boat-like form) orients the opposite face of the carbonyl in an 

identical fashion for attack with respect to the relative orientation of “ring” atoms 

near the reaction center. Ring inversion, however, will generate a different set of 

substituent interactions farther removed from the reaction center. 

In certain circumstances, non-chair-like, acyclic conformations could be in- 

volved in the transition state. Certainly, there is destabilization of chair-like acyclic 

forms having axial hydroxyl groups at C-2, C-3 and/or C-4. Destabilizing 1,3-in- 

teractions between an axial O-2 and an axial O-4 will occur in the formation of both 

anomers, whereas an axial O-3 may preferentially hinder cY-anomer formation. 

These effects are lessened in boat-like, acyclic conformations formed by C-l-C-2, 

C-2-C-3, and C-S-O-5 bond rotations that also allow for a favorable O-5-C-l 

trajectory. The question is one of opposing effects, that is. is the eclipsing of groups 

at C-2 and C-3 in “boat” forms less destabilizing than the O-O interactions found 

in “chair” forms? 

Ring closure to form aldofuranoses involves attack by O-4 on C-l, the car- 

bony1 carbon atom. From inspection of models, the most ideal trajectory appears 

to occur in “envelope” conformations with C-l out-of-plane. For example, to form 

p-D-furanoses, a pseudo-E, conformation in the transition state may be required. 

However, C-l-C-2 bond-rotation to generate the cr-furanose does not provide a 

comparable O-4-C-l trajectory; that is, C-l-C-2 bond-rotation may not be 

sufficient for furanose anomerization. An identical trajectory is obtained, however, 

by rotating the C-l-C-2, C-2-C-3, and 0-4-O-5 bonds to form a p.reudo-‘E con- 

former. If pseudo-‘E and -E, forms are involved in forming (Y- and p-furanoses, 

respectively, the initial furanose conformers produced upon ring closure (IE and 

E,, respectively) have C-l-O- 1 bonds oriented quasi-equatorially. The C-1-0-1 

bond of furanoses favours a quasi-axial orientationr7. because of the “anomeric 

effect”r8. “Higher-energy” furanoses would. therefore, be the initial products of 

ring closure. By microscopic reversibility, then, “higher-energy” (and therefore 

less-abundant) conformers could be involved in ring opening, making pseudorota- 

tion rates a potential determinant of ring-opening rates. 

The foregoing discussion serves to emphasize that the structural and dynamic 

characteristics of furanose ring-opening and -closing are different from those of 

pyranoses. 
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