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ABSTRACT 

Tri-0-benzoyl-cu-L-arabinofuranosylpyridinium salts can be made in accept- 

able yields and high stereochemical purity by the reaction of 2,3,5-tri-O-benzoyl-a- 

L-arabinofuranosyl bromide and the pyridine in the presence of tetrabutylam- 

monium bromide. Analysis of the ‘H-n.m.r. signals of the sugar reveals that the 

benzoylated compounds adopt largely the E, conformation whereas the debenzoyl- 

ated compounds are largely in the oT, conformation. The a-L-arabinofuranosyl-4- 

bromoisoquinolinium ion hydrolyses by both pH-independent and base-catalysed 

pathways, complicated by the reversible formation of an inert pseudo-base in alkali. 

The comparatively low rate of the pH-independent reaction is discussed in terms of 

the acid-lability of furanosides. 

INTRODUCTION 

Glycopyranosylpyridinium salts have proved very informative about 

enzymi+ and non-enzymic5s6 glycoside hydrolysis, by virtue of the absence of any 

possibility of acidic assistance to the departure of the aglycone, and of the confor- 

mational preferences dictated by the reverse anomeric effect of the pyridinium 

moiety. The preparation of glycofuranosylpyridinium salts and investigation of 

their hydrolytic behaviour therefore seemed likely to be fruitful. Departure of 

nicotinamide from the ribofuranosyl ring of NAD+ is important biologically in the 

mono-7 and poly-ADP-ribosylation of proteinsa, and simple NAD+-glycohydrolases 

are also known and have been studied mechanistically9~10. The C-N cleavage of 

NAD+ has been subject to some mechanistic investigations11,12; strangely, it is 

accelerated by anionic buffers, especially phosphate, and, in principle, is compli- 

cated by base stacking and the lability of the pyrophosphodiester group. We there- 

fore selected cY-L-arabinofuranosylpyridinium salts for investigation, since their 

spontaneous hydrolysis would not present these problems, yet in all probabilityld 

they would be substrates for a-L-arabinofuranosidases, which are widely distri- 

buted. 
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RESULTS AND DISCUSSION 

Preparation (Table I}. - Crystalline tri-0-benzoyl-a-t-arabinofuranosyl 

bromide is conveniently obtainable from r_-arabinoser3, and was used as starting 

material. Reaction with various pyridine derivatives at room temperature gave, for 

the most part, anomeric mixtures of the pyridinium salts, although low yields of the 

4-bromoisoquinoline and 3,Sdimethylpyridine compounds were crystallised anom- 

erically pure. By carrying out the reaction in the presence of tetrabutylammonium 

bromide, however, pure, crystalline (Y salts were obtained. Rough quantification of 

the effect of tetrabutylammonium bromide was obtained as follows. When tri-O- 

benzoyl-a-L-arabinofuranosyl bromide (0.1 g) was allowed to react in [U- 

*H]pyridine (0.6 mL) overnight at room temperature, a 1: 1 mixture of the anomeric 

pyridinium salts was produced, as estimated from the anomeric proton resonances 

and the complexity of the H-2,3,4 region [the H-l resonance was a singlet superim- 

posed on a doublet (J-3 Hz) of approximately equal intensity]; in the presence of 

tetrabutylammonium bromide (0.07 g), only the clean spectrum of the CY salt was 

discernible. A related phenomenon is the reported increase in the proportion of 

a-N-glycosyl derivative obtained when 2.3,5-tri-0-benzyl-a-L-arabinofuranosyl 

bromide reacts with deazaguanine and tetra-alkylammonium chlorides under 

phase-transfer conditions’j. 

These results are reminiscent of those of Lemieux and Morgan’” with tetra-O- 

acetyl-a-D-glucopyranosyl bromide, and their basic explanation, that apparently 

“retained” pyridinium salt arises from “inverted” glycosyl halide, itself produced 

by the action of bromide ion on the starting halide, clearly also applies in this case 

(Fig. 1) (in the absence of added bromide ion, the bromide ion from first-formed 

“inverted” pyridinium salt achieves the interconversion of the glycosyl halide). 

However, in the pyranose series, with halide-ion catalysis, 1,2-cis-glycosyl- 

pyridinium salts are formed exclusively, whereas in this case the 1,2-tram com- 

pounds are formed exclusively. 

Although CPK models of the /? pyridinium compounds can be constructed 

and are not inordinately strained, it is likely that a factor contributing to the exclu- 

sive formation of cy salts when the two glycosyl halides are equilibrated is the steric 

clashes consequent upon having a bulky pyridine, a benzoyloxy group, and a ben- 

zoyloxymethyl group on the p face of the furanosyl ring. This factor must over-ride 

the ion-dipole interactions that seem to account for observed reactivities in the 

pyranosyl serie@. 

Debenzoylation of the benzoylated pyridinium salts proved exceedingly 

tricky, and success was achieved only with ice-cold methanolic ammonia16. Crystal- 

line salts suitable for kinetic studies have been obtained only with the 4- 

bromoisoquinoline and 3,5-dimethylpyridine aglycones. There is no doubt as to 

their anomeric configuration, since they are hydrolysed by the Q-L- 

arabinofuranosidase III of Monilinia fructigena17. 
Conformation. - The ‘H-n.m.r. data for the sugar moieties of the benzoyl- 
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Pyrldlne 

0 

Fig 1. Reaction of pyridine with 2.35tri-0benzoyl-a-L-arabmofuranosyl bromide 

ated pyridinium salts are given in Table Il. Dihedral angles were calculated from 
the sJ values, using the modified Karplus equation, J = 10.1 cos? @ - 1.2 cos 0. 
proposed18 for use in furanoid rings with nitrogen attached to C-l. However, this 
equation is parameterised on data for nucleosides and nucleotides. and there is the 
probability that. with a quaternary nitrogen attached to C-l, the estimated angles 
are too small. 

Since the furanoid ring is flexible, observed couplings may be the time-aver- 
age of several conformations. However, the Ez conformation (I) can account for 
observed couplings of the benzoylated derivatives; indeed. if J, ,? and J:., are zero, 
this conformation is occupied exclusively. The contrast between splittings observed 
for this compound and for 2,3,5-tri-O-benzoyl-a-D-arabinofuranosyl fluoride is 
noteworthyi9. Here, occupation of the V3(~) [- -‘E(L)] conformation was mixed 
with appreciable occupation of other parts of the pseudo-rotational itinerary, V,(D) 

[= ME] and 5T3(~). The occupation of the former conformation by the fluoride is 
readily explained by the anomeric effect; the reverse anomeric effect, expected to 
be operative with the pyridinium salts, would strongly disfavour it. In the E, confor- 
mation, the C-N+ dipole nearly exclipses one of the lone pairs on the ring oxygen 
atom (if these are regarded as in equivalent sp3 orbitals). 

When these compounds are debenzoylated, all couplings increase. This is 
consistent with population of other conformers on the pseudo-rotational itinerary 
of the furanoid ring, particularly those in which the favourable dipolar interactions 
of the reverse anomeric effect can be maximised [e.g., OE (2)]. However, again one 
conformation [OT, (3)) can account by itself for the observed splittings, and this is 
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adjacent to the “E conformation (2)bn the pseudo-rotational itinerary. As with the 
benzoylated compound, conformational preferences are the reverse of those ex- 
hibited when the glycone-aglycone dipole is in the other sense; methyl a-~- 

arabinofuranoside adopts the E, conformationzO. 
This change of the position of the conformation of a glycosylpyridinium salt 

on the pseudo-rotational itinerary of a flexible ring, consequent upon deacylation, 
is reminiscent of the behaviour of ~-D-~ucopyranosylpyridinium salts; the acety- 
lated compounds in CDCI, adopt the B,,, ~onfo~ationzl and the deacetylated com- 
pounds in D,O adopt6 the S, conformation. It is possible that attractive inter- 
actions between acyloxy substituents2* (see 1) are one reason for the change. 

Hydrolysis. - Table III gives measured first-order rate constants for the hy- 
drolysis of the a-L-arabinofuranosyl-4-bromoisoquinolinium ion at various pH val- 
ues and temperatures; data extrapolated to 25.0” are displayed as a function of pH 
in Fig. 2. The observed data can be quantitatively accounted for by three processes: 
(a) a pH-independent S,l hydrolysis of the salt similar to that observed for other 
glycosylpyridinium salts 5,6, (b) a specific base-catalysed pathway, and (c) the revers- 
ible formation of an inert pseudo-base at high pH. 

These three processes give rise to a rate expression of the form 

k = ko + bffH+l 
obs 1 + KJ[H+] ’ 

and the solid line of Fig. 2 is drawn with k, = 2.6 x 10d9 s-l, k, = 6 x lo-r5 M.S-I, 

and K, = 3.2 x 1O-11 M. The value of K,, describing the formation of an inert 
pseudo-base, is that measured (as a pK, of 10.5) in a separate, non-kinetic experi- 
ment. The behaviour of the cw+arabinofuranosyl derivative in forming a pseudo- 
base is very similar to that of the p-D-gahCtOpyI'anOSyl derivative, in which the 
ionisation is governed23 by a pK, of 10.1. This similarity of pK, values is an indica- 
tion that the two pseudo-bases are being formed by the direct addition of hydroxide 
ion, rather than of the ionised HO-2 of the sugar, to the heteroaromatic system. 
Were tetracyclic structures being formed, the much higher strain of two transfused 
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30 50 70 

PH 

90 110 

Fig. 2. pH-Dependence of the rate of hydrolysis of a-L-arabinofuranosyl-4-bromoisoquinolinium Ion in 
1 .OM NaClO,. 

five-membered rings would be expected to result in a much higher pK, for the 
cY-L-arabinofuranosyl derivative. 

At both pH 3.02 and 9.06, L-arabinose (76% and 69%) and 4- 
bromoisoquinoline (90% and 85%) are the products; kinetically significant quan- 
tities of 1 ,Sanhydro-L-arabinose are not formed. Therefore, the base-catalysed 
pathway probably involves participation by ionised HO-2 in the normal mechanism 
for base-catalysed glycoside hydrolysis (Fig. 3). No buffer catalysis could be de- 
tected; values of kobs at 79.8” of 6.46 x 10e4 s-i in 5OmM phosphate (pH 7.04) and 
5.34 x 10m4 s-l in 150mM phosphate buffer (pH 6.91) were obtained. The reaction 
is therefore specific base catalysed. The specific base-catalysed pathway is much 
more important in the present case than with analogous /3-o-galactopyranosyls, (Y- 
D-xylopyranosyl, or a-D-glucopyranosyP compounds, in the hydrolysis of which 
base-catalysed pathways are important only above pH 9. The 109” H-l/H-2 dihedral 
angle for a-L-arabinofuranosyl-4-bromoisoquinolinium ion (Table II) implies that 
the HO-2/N+ dihedral angle is 131”. Such a ground-state dihedral angle permits 
much readier nucleophilic participation by HO-Z at C-l than the 60” dihedral angle 
of P-D-galactopyranosyl derivatives: hence, the much greater importance of the 
base-catalysed pathway. For much the same reason, the base-catalysed hydrolysis 
of NAD+ is relatively more important than its spontaneous hydrolysis”. Likewise, 
methyl cr-L-arabinofuranoside is much more base-labile than the pyranoside; in- 
deed, small quantities of the pyranoside accumulate during base-catalysed hy- 
drolysis24, implying that, when the leaving groups at C-l have comparable nuc- 
leofugacity (both being alkoxide ions), the ring-opening pathway, via an acyclic 
epoxide, is important. When the exocyclic leaving-group, as in the present case, 

has a much higher nucleofugacity, the endocyclic pathway is unlikely to be im- 
portant. 
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TABLE III 

KINETICDATAFOKHYDROLYSISQF a-L-ARABINQFURANOSYL-4-BROMOISOaUINOtlNOLlNIUM ION IN 1.0~ NaCIO, 
--- --- --I- -..----..-I_~ _____I_-._ . .._....^_. -_-_ .- 

Pff Temperarttre I@ k/s-f Rare constant 3W(kral.mol-‘) dS*(cal.mol--‘.K-‘1 

(degrees) ~xi~~~~i~ied 
to 2Y 

101.6 *o I 

3.02 

X0.1 kO.4 

--~ 

101.2 kO.1 

91.2 *cl I 

80.1 +o.‘t 

__~~-_-~- __- 

lDI.3 to.15 

4 03 

6.01 

4.95 90.3 Ito. 

80.5 zkO.4 

-_---.~-_ 

90.2 50.1 

80.3 HI.3 

70.1 io.3 

80.6 CO.3 

6 5.5 

64.2 +0.1 

.~ 

79.7 to 2 

702+01 7.04 

60.4 +o 1 

---- __- 

70.2 iD.2 

7.95 m4 +-@.I 

50.4 kO.1 

105.4 
97.8 

3.x5 x lo--~ 36.5+-0.X ;?5&1! 
5.11 
4.62 

-. 

110.4 
117.9 

37 8 
30 1 2.4, x IO-” 37.4 51 7 30 jr:, 

s.t-l 
5.30 

--- ~___.______ -__-~-_--~-- -.~--- 

106.0 
I01 .h 

31.6 
34.6 

5 77 
5.94 

--.- 

56.4 
59 3 

16.06 
15.27 

3.10 

3 ‘1 

47.0 

44. I 

3 79 

3.61 

67 6 
61.6 

17.87 
17.70 

3.83 

3.94 

4.2,, x 1lY 35.7iz.s 23r_9 

1 14 x 10-x 33.6 +O.b 22 t' 

3 1, x 10--x 

9.0 x 10-x 33 3 rtO.6 7142 

75.9 

75.4 

17 48 
17 x7 

3.1Q x 10-7 

1.74 
2.7h 

36.4 t0.x 3313 
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TABLE III (continued) 

PH Temperature 
(degrees) 

105 ws-’ Rate constant AH*(kcal.molP1) AS*(cal.moP1. K-j) 
extrapolated 
to 25” 

63.6 +0.2 77.2 
78.8 

8.55 2.33 x 1O-6 29.5 20.5 15 +2 
45.4 rtro.1 5.72 

6.08 

50.7 20.2 
26.7 
32.0 

9.06 39.8 kO.3 6.35 
6.11 

5.6 x 1O-6 28.0 +0.6 12 +2 

30.3 +0.2 
1.48 
1.42 

10.04 25.1 +0.2 4.55 
4.46 

4.50 x 10-S 

11.14 25.1 kO.2 16.15 
16.47 

1.63 x lo+ 

a-D-Xylopyranosyl and a-D-glucopyranosyl derivatives have no truns HO-2, 
and their base-catalysed hydrolysis involves other processe&. 

The rate of the pH-independent hydrolysis, which extrapolates to 2.6 x 10m9 
S-I at 25”, is in the range for various pyranosyl derivatives4$5. To avoid the errors 
inherent in long extrapolations, it is better, for purposes of more detailed compari- 
sons, to use interpolated or extrapolated data at 80”; we then find values of lo5 
k/s-* of 5.2 for a-L-arabinofuranosyl-, 6.4 for a-D-xylopyranosyl-, 1.39 for P-D- 

xylopyranosyl-, 14.5 for a-D-ghCOpyranOSyl-, and 0.36 for P-o-glucopyranosyl-4- 
bromoisoquinolinium ior&. From literature data, it is possible to calculate that, at 
39”, the spontaneous departure of phenolate from aryloxytetrahydrofurans is only 
twice as fast as from aryloxytetrahydropyrans 25. It is thus apparent that the rate of 
leaving-group departure is determined much more by the substitution pattern on 
the ring than by ring size per se. The all-equatorial substitution pattern of the P-D- 

glucopyranosyl derivative disfavours formation of the half-chair conformation of 
the oxocarbonium ion intermediate; this restraining influence is not present in the 
a+arabinofuranosyl derivative where the interactions on going from the OT, con- 
formation of the salt to the 3E or E, conformation of the oxocarbonium ion are not 
obviously unfavourable. 

This result has a bearing on the long-recognised higher rate of acid-catalysed 
hydrolyses of alkyl and aryl furanosides than of pyranosides. This difference was 
originally thought to arise from the adoption of ring-opening pathways by the 
furanosides, but more recent work by Lonnberg et al. has indicated this is not al- 
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Fig. 3. Pathways of hydrolysis of a-r-arabinofuranosyl--l-bromoisoquinolinium ion. 

ways so, since the pathway adopted depends on the pattern of substitution of the 

glycone and on the acidity of the aglycone, acidic aglycones tending to lead to 

reaction via aldofuranosyl cations26-29. However, aldofuranosides reacting via al- 
dofuranosyl cations are still hydrolysed faster than are pyranosides. Thus, 

Lonnberg and Kulonp2ti27 showed, on the basis of entropies of activation and sol- 

vent effects, that methyl Ly-D-arabinofuranoside reacted via an aldofuranosyl ca- 

tion, yet its hydrolysis rate (3.19 x 10e3 M-l.s-l in aqueous perchloric acid at 

79.45”) was still some 70 times greater than that of methyl /!I-D-glucopyranoside*. 

*Calculated from the rate of hydrolys@ m ?M HCI at 79.7” and a value3’ of h, of 4.9 for ?M HCI 
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An approximately similar figure was obtained 32 from a comparison of the acid- 
catalysed hydrolyses of the p-nitrophenyl glycosides; a rate32 of 1.60 X lo-* ~-l.s-l 

in aqueous perchloric acid at 80” for the cY+arabinofuranosyl glycoside compares 
with one of 1.39 X 10e4 ~-Is-l at 78.2” for the /3-D-glucopyranosyl compound33, 
and, for the furanoside, a primary ‘*O kinetic isotope effect32, k,dk,* = 1.023 
kO.003, establishes the site of bond cleavage directly. 

The rates of hydrolysis of cr-L-arabinofuranosyl- and P-D-glucopyranosyl-4- 
bromoisoquinolinium ions differ by a factor of 14.4. If it is assumed that the reac- 
tivities of these ions parallel those of the protonated glycosides, there is thus still a 
factor of 5-6 in the greater acid-lability of furanosides that remains unaccounted 
for. 

EXPERIMENTAL 

N-(2,3,5-Tri-O-benzoyl-a-L-arabinofuranosyl)pyridinium bromides. - 2,3,5- 
Tri-0-benzoyl-a-L-arabinofuranosyl bromideI (2.5 g) and tetrabutylammonium 
bromide (dried in vacua over P,O,; 1 .O g) were dissolved in dry acetone (5 mL). 
The dry pyridine derivative (2.5 g) was added and the solution was stirred overnight 
at room temperature. Crystalline product was collected; if the product did not crys- 
tallise, dry ether was added to turbidity, and the solution was stirred at 4” until 
crystallisation occurred. The products were recrystallised from dry ethanol. 

Dehenzoylation. - To dry methanol (70 mL), saturated at 22” with ammonia 
and then cooled to O”, was added the benzoylated salt (0.7 g). After 18 h at O”, the 
mixture was concentrated, and a solution of the residual yellow gum in dry 
methanol (5 mL) was poured into dry ethyl acetate (250 mL). The precipitate was 
collected by centrifugation, and crystallised and recrystallised from methanol-ethyl 
acetate. 

Buffer solutions. - These were made up using AnalaR reagents. Buffering 
systems were EDTA-HCI (pH 3.02), acetic acid-NaOH (pH 4.03 and 4.95), 
NaH,PO, (pH 6.01, 6.55, 7.04, and 7.95), EDTA-NaOH (pH 8.55, 9.06, and 
10.04), and Na,HPO,-NaOH (pH 11.12). To a 50mM solution of the first compo- 
nent in M sodium perchlorate was added a highly concentrated solution of the sec- 
ond component until the correct pH was registered (Radiometer PHM62 pH 
Meter, equipped with a standard combination electrode which had just been calib- 
rated with BDH standard buffers. 

Kinetic techniques. - These have been described6; however, rates below 50” 
were measured using a Pye-Unicam SP8-200 kinetic system. 

Product analyses. - For each pH value, 3.02 and 9.06, duplicate solutions (5 
mL) of the substrate in the buffer used for kinetics were heated at 100” for 10 
half-lives, then neutralised, and, for the determination of 4-bromoisoquinoline, ex- 
tracted with dichloromethane (3 x 2 mL). The combined extracts were concen- 
trated using a stream of nitrogen, the residue was dissolved in ethanol (1 mL), and 
the 4-bromoisoquinoline was determined from its U.V. absorbance. 
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t_-Arabiaose was determined ~~~yrn~caIIy, using ~K~~~aIac~o~yrano~e dehy- 
drogenase (~~eh~nger~, in a rate assay as described by Melrcrse and Sturgeon”4. 

The pKa of ar-L-arabinofuranosyl-4-bromoisoquinolinium bromide was mea- 
sured from the change in U.V. absorbance, essentjaIiy as described earlier”“; the 
value reported pertains to 1 .OM sodium perchiorate. 

iH-N.m.r. spectra were recorded at 200 MHz on a JELL FX200 Fourier- 
transform instrument. 

26 H. LONNBERG, A. KAN~AA~P~RA,AN~ K. HAAPAKKA, Curbohydr Rex, 56 (X977)277-289 
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