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ABSTRACT 

The complexation of borate ions and xylitol, ribitol, and arabinitol in aqueous 
solution at high pH has been studied by “B-n.m.r. spectroscopy. Stability constants 
of the various complexes have been calculated by an iterative method and com- 
plemented by MNDO calculations. 

INTRODUCTION 

It has been customary to interpret experimental data on boratelpolyol mix- 
tures in aqueous solution by assuming that similar equilibria exist to those known 
for simple 1,2- or 1,3-dials, namely, 

Kl 
B- +LG BL- + Hz0 1 

K2 
BL +L = BL,- + H,O 2 

where L is the ligand and B- represent B(OH),-. At pH >12, B- is the pre- 
ponderant ion in aqueous solution; at lower pH, it is converted, at least in part, 
into boric acid, B, and the equilibrium 

B + OH- $ B- 

becomes important. Formation of polyborates also becomes important in more con- 
centrated solutions at lower pH. 

A study’, using differential potentiometry, of the chelation of pentitols with 
boric acid led to values for log K,K2 of 6.118 and 6.356, respectively, for ribitol and 
xylitol, and for log K, of 4.507 for D-arabinitol. 

Studies of borate complexation with mannitol and glucitol using “B-n.m.r. 
spectroscopy2-4 have shown, as well as the formation of BL- and BL,-, the exis- 
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tence of B,L’-- (diborate) and B&- (triborate) at certain low polyol : borate ratios. 

In each of these four complexes, the ilB resonance occurs at lower field than that 

of B- , and in each complex the boron is in a Smembered ring. In addition, the 

formation of another 1:l complex, BL(6). was observed3. the “I3 rcsonancc of 

which was at higher held than that of B- . 
N.m.r. spectroscopy is ideally suited to the quantitative study of boratcipolyol 

complexation, provided that the spectra can be analysed to give the percentages of 

each boron species present. A difficulty arises when, as for BL- . B,L’- , and B,L3 , 
each boron atom has a similar environment and the resonances arc almost coinci- 

dent. We now report on the formation of complexes between I3 and xylitol. I>- 

arabinitol, and ribitol in aqueous solution at pH 12. In such a system, BIL cannot 

exist, and the composite peak due to BL and B,L-- could be resolved by graphical 

analysis. Stability constants of the complexes could be calculated using a computer 

program’ in which the sum of the squares of the errors between the experimental 

and calculated values for the percentages of components in a mixture was taken as 

the parameter to be optimised. The constants found in this way provided the best 

fit of experimental data. in a least squares’ sense, to the proposed reaction scheme. 

RESULTS AND DISCI;SSION 

The “B-n.m.r. data are typified by those for a 2: 1 ribitollborate mixture at 

pH 12. Four peaks were observed, namely, for BL(6)) (6 1.65, v,,: 6.5 Hz), B-- 

(2.16,3.3), BL-, B,L’-- (5.88, 14), and BL, (10.04, 30). 

The reaction scheme used for the analysis of the data incorporates equilibria 

3 and 4, in addition to 2 and 2, in which 

K3 
B- + I, = BL(6) 3 

K4 
BL- + B- s B&-, 4 

and B,L2- is assumed to have two Smembered rings each containing boron. 

If the concentrations of B- and L, respectively, are dcsignatcd as x and y, the 

following equations represent the percentages of boron as 

B-- = lOO/(l + K,y + K,K,y” + IQ + 2K, K,xy) 
= 100/D 

BL- = lOOK,ylD 

BL,- = lOOK,Kg*/D 

BL(6)- = IOOK~lD 

B,L’- = 200K, K,xylD. 
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Fig. 1. Comparison of calculated and experimental values of the amounts of different species present in 
xylitol-borate mixtures as a function of xylitol-borate ratio (B concentration, 0.162~): B-, 0; BL,, A; 
B,L?- + BL-, 3; BL(6)-, 3; BL-, - - - -; B,L?-, - - - - - -. 
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Fig. 2. Comparison of calculated and experimental values of the amounts of different species present in 
arabinitol-borate mixtures as a function of arabiaitol-borate ratio (boron concentration, 0.162~): 
symbols as in Fig. 1. 
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Fig. 3. Comparison of calculated and experimental values of the amounts of different species present in 
ribitol-borate mixtures as a function of ribitokborate ratio (R concentration. 0.16221): symbols as in 

Fig. 1. 

SlAHII.IT\r (‘OYSTANTS FOR BORATEIPENTITOL COMPLEXES 

Figs. I-3 show the experimental and calculated values for the various species pre- 

sent in mixtures of borate complexes with ribitol, xylitol, and n-arabinitol. The K 
values listed in Table I give the best degree of self-consistency such that least- 

squares errors are minimised. 

The stability of BT,- (the mono 5-membered complex) and BL,- [the 

spiro(5,5) complex] increases in the sequence ribitol < D-arabinitol < xylitol. The 

xylitol diborate is approximately twice as stable as the diborate of arabinitol, both 

of which appear to be considerably more stable than ribitol diborate. The sequence 

for BL- and BL,- has been reported6 and, presumably, reflects increasing ease of 

complexation, mainly as a consequence of differences in the conformations of each 

polyol and of the borate/complex in the mixture. 
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According to Angyal et al.‘, the tendency of three vicinal oxygens in an alditol 

to complex with a metal ion appears to decrease in the following order: t-t (adjacent 

rhreo pairs), w-t (a three pair adjacent to a primary OH group), c-t (an erythro- 
threo grouping), W+ (an erythro pair adjacent to a primary OH group), and e-e 

(an erythro-erythro grouping). It is evident that threo pairs are energetically more 

favourable than erythro pairs for complex formation. In accordance with this 

sequence, xylitol [(t-t) + 2(wt)] forms stronger complexes with borate than 

arabinitol [(e-t) + (wt) + (we)] which, in turn, complexes more strongly than 

ribitol [2(we) + (e-e)]. 

For BL(6)- (the mono 6-membered complex), the order of stability is ribitol 

> I>-arabinitol = xylitol. It is apparent from molecular models that the formation 

of a 6-membered 2,4-borate complex involves conformations derived, in each of 

the three pentitols, from the less stable of the two possible idealised geometries so 

that analogy with metal complexation breaks down. 

It is not valid to compare the magnitude of the constants reported here with 

those published6 because the latter were derived by potentiometry for the pH range 

6-8 where B- is a relatively small proportion of the borate/boric acid equilibrium. 

Moreover, the results were calculated on the assumption that only the mono(5) and 

spiro(5,5) species were present, which is not so at pH 12. 

Conformations of pentitols and structure of their borate complexes. - MNDO 

calculations with complete geometry optimisation, performed for several possible 

conformations of each pentitol and for their mono- and di-borate complexes, 

provide a guide to the relative thermodynamic stabilities. 

The calculated heats of formation of seven conformers of xylitol are given in 

Table II. The conformation in which there is a planar zigzag C, skeleton is un- 

stablel,*JO because of the non-bonded interaction of O-2 and O-4 which are in 

positions equivalent to syn-diaxial. If the planar zigzag is preserved in the calcula- 

tion, then the results are those for conformer I, which is the least stable. When this 

constraint is removed, the more stable conformer V (1) results in which C-l ,2,3,4 

are nearly coplanar but the O-2,4 interaction has been reduced by rotation around 

the C-3-C-4 bond so that C-5 lies well outside the plane of C-1,2,3,4. 
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Xylitol 

I Forced planar zigzag 

II Relaxed sickle C-5 120” 
III Relaxed sickle C-5 240 
IV Relaxed sickle C-1 120 

V Relaxed Agzag (1) 
VI Relaxed sickle 

VII Relaxed sickle C-l 240” (2) 

Borate complexes 
SickIe l,3-borate 
Sickle 4,5-borate 
Zigzag 2.4~borate (7) 

Sickle 1,2-borate (6) 

Sickle 3,4-borate 
Sickle I .2:4.5-diborate 

__ ..~. .-. ~._ .~~ 

--AH, (W.mol -I) 
-... _ 

991.47 

996.90 
999.12 

1000.21 

1001.25 
1008.5 
1012.4 

1839.68 
1552.39 
1854.98 

1864.81 

1882.43 
2466.92 

When a large rotation about the C-3-C-4 bond takes place, the C, skeleton 

assumes a sickle shape. The other 5 conformers examined arc derived from this 

structure but with various conformations of the terminal CHzOH groups. Con- 

former VI represents a relaxed sickle structure. The values of the twist angles 

C-l-C-2-C-3-C-4 of 167.6” and C-2-C-3-C-4-C-5 of -54.92” indicate that although 

C-1,2,3,4 are nearly coplanar, C-5 is far removed from this plane. Conformers II 

and III are derived from VI by rotations of 120” and 240”, respectively, about the 

C-4-C-S bond and each is less stable than VI. Conformer IV results from a rotation 

of 120” about the C-l-C-2 bond only and conformer VII is derived from IV by a 

further rotation of 120” about the C-l-C-2 bond. Conformer VII (2) is the most 

stable of all those examined. 

The relationship between conformers IV, VI, and VII is visualised most 

easily in terms7 of the idealised geometries of the terminal CH,OH group 0,. (3, 

oxygen extends the carbon chain), 0, (4, O-1,2 are gcauche), and 0, (5, O-1,2 are 

DYPZS). In each, the conformation about C-S can be regarded as 0,. 

H i H 

Conformers IV, VI, and VII each possesses a distorted sickle shape. The 

twist angles C-l-C-2-C-3-C-4 (169.4”) and C-3-C-2-C-l-O-l (183.2”) indicate that 
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the five atoms involved are almost coplanar (2) and are approximately zigzag. The 

dihedral angle C-2-C-3-C-4-C-5 is -56.04" which is a measure of the distortion in 
the sickle structure. 

Thus, the MNDO data confirm that sickle geometry is more stable than zig- 

zag geometry. The similarity of the AH, values for I-VII (Table II) shows that, for 

xylitol in solution, there is likely to be a complex mixture of conformers. 

Hawkes and Lewiss, on the basis of a 400-MHz ‘H-n.m.r. study of xylitol in 

solution in D,O, concluded that the conformer with a planar zigzag chain consti- 

tuted only 12% of the molecules in solution and found that the percentages of the 

three idealised geometries for terminal CH,OH were 0, 52, 0,29, and 0, 19. In 

the solid state9, the molecule has a sickle conformation with C-1,2,3,4 coplanar to 

within 0.025 A, O-l forms a planar zigzag arrangement with C-1,2,3 and O-3, and 

each hydroxyl group is involved in two intermolecular hydrogen bonds. 

Intermolecular forces in condensed phases will influence the stability of con- 

formers, but MNDO calculations with complete geometry optimisation are still a 

good guide to the relative stabilities of the various geometries possible for the 

isolated molecule. 

Data for xylitol borates are also given in Table II. The sickle Smembered 

3,bborate is the most stable of the five examined and may be identified with BL- 

observed in solution. Xylitol2,3-borate is enantiomeric with the 3,4-borate so that 

the heats of formation will be identical. Inner (45) complexation rather than 

“terminal” (1,2) complexation is thermodynamically favourcd. BL(6)-, probably 

formed between a zigzag conformer and B-, is more stable by 15.3 kJ.mol-’ than 

the corresponding 6-membered ring complex of a sickle conformer. It is noteworthy 

that the more stable 6-membered ring complex is derived from the less stable con- 

formers of the parent pentitol. The structures of the 1,2-borate and BL(6)), derived 

from the MNDO data, are shown in 6 and 7. 
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The planar zigzag conformation of arabinitol does not involve the O-2.4 

interaction of the other two pentitols and there is little impetus to form a sickle 

conformation. In accordance with this expectation, a sickle conformation of 

arabinitol is markedly less stable than any of the conformers (I-V in Table III) 

derived from the zigzag structure by considering the effect of various orientations 

of the terminal CH,OH groups. The conformers listed in Table III are labelled 

according to rotations imposed about the C-l-C-2 or C-4-C-S bond. In conformer 

V, both CH,OH groups are 0,. The near-planarity of the carbon skeleton is 

indicated by twist angles of 202.45” for C-l-C-2-C-3-C-4 and 185. I” for C-2-C-S 

C-4-C-5. and structure 8 shows that the terminal oxygens lie well outside the plane 

of the carbon zigzag. 

TABLE III 

MNDO DATA FOR ARAAINITOL CONFORMERS AND BORATE COMI’LESFS 

Relaxed sickle ‘8) 
IC-I 0 
II C-I 240” c-s 120” 
III o-1 240” c-s 740” 
IV C- 1 I 20” 
1’ C- 1 240” 

Borate complexes 
Zigzag (distorted) 2.4.borate 
Sickle 3.4-borate 

1.2.Borate 
4.S-Borate 
Zigzag 2,3-borate (9) 

1,2:4,5-Diborate 

1832.72 

1850.51 

1X56.85 
1860.8.5 

ld65.97 
2482.69 
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In solution in D,O, arabinitol adopts’ a mainly planar zigzag conformation 

for the C, skeleton and, with regard to the end CH,OH group, a preponderance of 

0,. The two terminal groups are not equivalent. For C-l, the reported populations 

are 0,57, 0,17, and 0, 26%. Corresponding values for C-5 are 57, 42, and 1%. 

The crystal structure of IX-arabinitol’” shows that the molecule adopts an almost 

planar zigzag conformation of the C, skeleton with hydroxyl groups located above 

and below the plane. The CH,OH groups have the conformations 0, (C-l) and 0, 

(C-5). This geometry corresponds with conformer I for arabinitol, the least stable 

of the five considered according to the MNDO results. The extensive net-work of 

hydrogen bonds present in the crystal appears to have stabilised a conformation 

which would be expected to be relatively unstable in the isolated molecule. 

The 2,3-borate derived from the zigzag conformer (9) is more stable than 

either terminal borate or the 3,4-borate derived from the sickle conformer; for a 

planar zigzag carbon skeleton, O-3 and O-4 are not close enough to chelate boron 

unless a considerable change in conformation occurs to give a structure closer to 

that of the unstable sickle skeleton. 

The configuration of ribitol is such that, like xylitol, the planar conformation 

would have lower stability because of the O-2,4 interaction. MNDO calculations 

(Table IV) have been carried out on five conformers. Of these, V, which has a 

sickle conformation and 0, at C-l, is the most stable (10). A measure of the distor- 

tion needed to produce V from III, which has a locked zigzag conformation, is 

indicated by the twist angles of - 176.5” for C-l-C-2-C-3-C-4 and 59.83” in V com- 

pared with the fixed value of 180” for each of these angles in III. 

10 (Sickle ribltol) 

Conformers I-III differ only in the conformations of the CH,OH group, the 

stability sequence being 0, > 0, > 0,. In solution in D,O, only 8% of ribitol 

appears to be in the planar zigzag form, in equilibrium with 92% of the sickle 

conformation. For the CH,OH group, 0, (65%) is favoured over 0, (35%). The 



ribitol molecule in the crystal is sickle-shaped” and. as with the other pentitols, 

there is extensive hydrogen bonding. Thus, n.m.r. spectroscopy and X-ray crystal- 

lography show that ribitol in the solid state has a sickle-shaped molecule and 

MNDO calculations show this to be true of the isolated molecule. 

The reported8 conformational composition of the three pentitols in solution 

is based on idealised geometries (Og, O!, and 0,; planar zigzag and sickle forms), 

whereas MNDO calculations always lead to conformations that are less regular. 

The simple geometries remain useful reference structures. 

Of the ribitol-borate structures examined, the sickle 3,4-borate (12) is the 

most stable and, as for xylitol, the 23 and 3,4-borates are enantiomeric so that 

TABLE IV 

I Zigzag (C’H?OH 120”. 0,) 983.06, 
II Zigq loched (<‘H,OH 2W. 0:) Ye?. 15 

III Zigzag locked (0,) 993.46 
IV Zigzag relaxed (0,) I rKlo.25 
V Sickle (CT-I-O,) (10) lt)o2.(!5 

HorutP complexes 
Sickle 1 .?-borate 
%igzag2,4-borate (11) 
Sickle 1.2-borate 
Sickle 4,‘-borate 
Sickle 3.4borate (12) 
Sickle 1.2:3,3-diborate 
Sickle I .2:4,%dihorate 

1840.00 

1852.3_5 
1857.47 
1858.40 
1x71.1 
2470.43 
247x. 14 
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their A& values will be identical. Of the two possible 6-membered ring 1:l com- 

plexes, MNDO calculations favour the 2.4-borate (11) formed from the zigzag con- 

former. Ribitol is similar to xylitol in that the less stable molecular conformer 

appears to be that which forms the 1: 1 6-membered ring complex. This is probably 

the mono(6) complex detected by “B-n.m.r. spectroscopy. For the ribitol di- 

borates, the 1,2: 45 complex is the more stable since steric crowding in the 1,2: 3,4 

complex probably causes destabilisation. 

Typical interatomic parameters calculated by MNDO are illustrated by those 

for sickle conformers of xylitol and its 3,4-borate. The O-3,4 interatomic distances 

in these sickle conformers, listed in Table II, are in the range 2.80-2.95 A. In sickle 

xylitol 3,4-borate, the O-3,4 distance is 2.34 A. The difference (0.46-0.61 A) 

represents the amount by which O-3 and O-4 have to approach each other before 

chelation with boron can occur. The theoretical B-O bond-lengths are B-O-3 1.497 

and B-O-4 1.483 A (cf. the average B-O length’* of 1.472 8, in metaboric acid), 

O-B-O bond angles are within 1” of the tetrahedral value. 

Scyllitol diborate is one of the few borates of saturated polyhydroxy organic 

compounds whose structure has been reported13. In this complex, the B-O,,,, bond- 

lengths are in the range 1.486-1.503 A. The interatomic distance of the chelate ring 

oxygens is 2.55 A. Structurally, the scyllitol diborate is different from the borate 

complexes of pentitols because scyllitol is tridentate towards boron. 

The spectroscopic study of pentitoVborate mixtures in solution has estab- 

lished that the stabilities of the mono(5) and spiro(5,5) complexes follow the same 

sequence as for pentitol/metal ion complexes and accord with the sequence ex- 

pected from the configurations of the polyols. MNDO calculations with complete 

geometry optimisation yield minimum energy structures in good agreement with 

known structural data on the three pcntitols. Zigzag (for arabinitol) and sickle (for 

ribitol and xylitol) conformations are the most stable idealised limiting structures, 

and structures derived therefrom are involved in the formation of 5-membered ring 

complexes with boron. Nevertheless, considerable distortions from the idealised 

forms must occur during complexation to reach the optimum boron/oxygen 

distances. MNDO provides quantitative data on these distortions, and interatomic 

distances and bond angles are very close to those observed in related compounds 

containing 4-covalent boron. For the mono(6) complexes, it is noteworthy that the 

various conformations are mare closely related, for each of the pentitols, to the less 

stable idealised geometry. Complexation with borate stabilises this geometry by 

reducing the C-C and C-O interactions in the conformer which are primarily 

responsible for its relative instability in the uncomplexed state. 

EXPERIMENTAL 

D-Arabinitol, ribitol, and xylitol were commercial samples. 

ilB-N.m.r. spectra (external Et,OBF,) were recorded at 28.75 MHz at 30” on 

a Jeol FX90 QFT spectrometer. Boric acid and the pentitol were dissolved in 

distilled water, the pH was increased to 12 by the addition of aqueous sodium 
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hydroxide, and the final volume was adjusted to 25 mL. 

MNDO calculations were performed at the University of London Computer 

C’entre, using QCPE Program No. 438. 
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