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ABSTRACZ - l1 B NMR data are presented for borate esters of a series of 
polyols and polyhydroxycarboxylates in aqueous alkaline solution. Fyi each 
compound the prevailing borate mono- and diesters were identified. B 
chemical shifts and line widths together with the corresponding association 

;;:;::::;,$: Pe 
en determined. Empirical rules are put forward for 
B chemical shift, the relative stability and the structure 

of borate esters in aqueous media. 

INTRODUCTION 

Borate esters of polyhydroxy compounds and their potential for separation and protection are 

being explored for a long time. In this laboratory B8eseken and coworkers studied the stability 

of esters of boric acid and borate using conductometry and polarimetry from 1910 to 194O.l The 

results served as a tool in the configurational analysis of carbohydrates. More recently, 

Makkee2 has utilized borate to enhance the selectivity of the hydrogenation of fructose towards 

mannitol. Further interest in borate esters is derived from our complexation studies of 

calcium(I1) and lanthanide(II1) cations with polyoxygen ligands 3.4 together with the fact that 

mixtures of borate and gluconic acid or glucaric acid in aqueous alkaline solution are disclosed 

in the patent literature5s6 as triphosphate substitutes in detergent formulations. 

In order to understand the calcium sequestering ability of borate esters of sugar acids first 

their structures have to be determined and the factors governfng their relative stability should 

be understood. 'Ihen in a next stage the effect of cation addition to the borate polyol system 

should be investigated. In the present paper the usefulness of '1B NMR as an experimental 

technique for the analysis of borate esters of sugar acids and related polyols will be 

demonstrated. Some general rules for both the assignment of "B resonances and the estimation of 

the relative stability of borate esters will be put forward and discussed. The influences of the 

vicinity (a,6 or a,~), the configuration (three or erythro and syn or anti), and the number of 

hydroxyl groups (2-S) as well as the presence of substituents have been studied. 
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Fig. 1. Equilibria between borate (B-j and a diol 
function (L) at pH 2 10. 

* 
For part I see reference 7. 
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In this study we confine ourselves to the high pH area (PA - 11.0) where borate and borate 

ester8 of aliphatic dial functions occur predominantly (Fig. 1) and the concentrations of boric 

acid, boric acid eaters and borate eaters of a-hydroxycarboxylic acid functions are negligible.’ 

In addition, it should be noted that the line width of the borate signal at -17.6 ppm is small 

(10 Hz) and therefore no interference occurs with most of the other signals of borate estersa 

RESULTS AND DISCUSSION 

Ihe exchange rate between borate, its monoesters and diesters at room temperature is slow on 

the l1 B NHR time scale. This enabled the determination of the chemical shifts, line widths and 

intensities of the signals of the various borate esters (Table 1) for a series of sugar acids 

and related polyols (Fig. 2). Ihe assignment of the signals till be discussed in the next 

section. 
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Fig. 2. Structures of polyols and polyhydroxycarboxylates. 
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Table 1. llB chemical shifts, line widths and association constants for borate esters (25 ‘C; 

D20, pD - 11). 

J._ glyc018’b 
1 I,2-propanedfo18*b 

2 pinac*lf)‘b 

A 1,3-propanedio18*b 

2 glycerol 

5 mannito19 

L glucito19 

& cis-1,2-cyclo- 

pentanedio19 

2 cis-1,2-eyclo- 

hexanedfol’ 

x sll-cls-cyclohexane- 

1.3,5-trio1 

2 epf-inositol 

12 glycerate 

13 arabinonate 

14 ribonate - 

_lS_ lyxonate 

6 mannonate 

_l7_ gluconate 

8 gulonate 

19 meso-tartrste - 

20 (S,S)-tartrate - 

21 meso-3,4-dihydroxy- - 

adipaze 

22 rat . 3,4-dihydroxy- 

adipate 

ester type chemical shifta line width association constant 

(Ppn) (Ha) (l/mole) 

B-L B-L2 B-L B-L2 B-L B-L2 

192 -13.9 

1*2 -14.0 

2,3 -14.8 

1,3 -18.3 

1,2 -13.6 

1.3 -18.5 

I,2 + 1,3 

erythro-2,3 -14.7 

threo-3,4 -13.7 

threo -13.6 

erythro-4.5 -14.6 

1.2 -13.6 

192 -14.2 

-10.1 

-10.2 

-11.9 

-18.9 

-9.6 

-19.0 

-14.2 

13 

12 

14 

9 

18 

9 

I6 

26 

45 

30 

1 .o 

1.8 

3.5 

1.2 

25 

3.7 

16 

0.1 

1.5 

8.5 

0.05 

3.0 

0.05 

0.18’ 

-9.6 

-9.5 

-9.4 

-10.7 

1,395 -18.1 

lv3.5 -19.4 

2,3 -13.1 

threo-2 *3 -13.2 

erythro-3,4 -14.2 

495 -13.5 

2,4/3,5 -18.1 

erythro-2,3 -13.8 

eryhtro-3.4 -14.4 

4,s -13.3 

2.4 -18.0 

erythro-2.3 -14.9 

threo-3,4 -13.6 

2,413,s -18.2 

threo-3.4 -13.4 

erythro-4,5 -14.5 

2,4/3,5/4,6 -18.3 

threo -13.4 

erythro-4,5 -14.2 

2,4 -18.2 

erythro-2,3 -14.6 

threo -13.5 

395 -18.2 

erythro-2,3 -13.0 

threo-2,3 -12.6 

erythro-3,4 -13.9 

13 lb 

-8.7 

-9.3 

23 

26 

38 

24 

16 

29 

49 

41 

19 

78 

0.62 

13 

-9.9 95 4.3 

-9.3 47 0.98 

-9.) 58 27 

-9.2 Ill 48 

-9.4 

-9.5 

20 

II 

42 

35 

34 

35 

36 

21 

30 

39 

21 

55 

58 

31 

85 31 

81 

6.2 

44 

10 

18 

0.31 

13 

6.6 

10 

14 

6.9 

230 

5.1 

1200 

lb0 

54 

240 

72 

19 

65 

540 

17 

2.2 

11 

3.3 

79 

-8.7 

-7.7 

-10.4 

120 

160 

74 

0.36 

17 

0.42 

threo-3,4 -13.8 -10.1 27 87 15 3.2 
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Table 1 - continued 

23 idarate - 

24 galactarate - 

25 glucarate 

a 

b 

c 

M VAN DUIN et al 

threo -13.2 -9.1 57 120 120 20 

2.4 -18.0 -18.4 10 16 - __ 

threo-2,3 -13.3 -9.1 32 93 260 7.7 

erythro-3,4 -14.4 26 42 

threo -13.2 -9.0 59 168 180 31 

erythro-4.5 -14.0 __ 20 

2,4 -17.9 - 11 

Relative to 0.1 M boric acid as external reference. 

Corrected for 68’ - -17.1 ppm. 

K2 - [B-(L 1,2)(Ll,3)l/tB-(Ll,2)l * [Ll. 

The association constants for the borate mono- and diesters, defined as 

KB- 
B-L 

- IB-L]/[B-I * [LI - K, (I) 

KB-L 
- [B-L21/[B-Cl * IL] = K2 (II) 

B-L2 

are mean values (Table 1) determined over a range of total borate (C8 - O-O.15 M) and polyol 

concentrations (CL = O-l H). They were calculated using equations (I) and (II) together with the 

material balance equations for borate and the polyol. 

CB - [B-l + Z [B-L] + Z [B-L21 (III) 

CL - IL] + Z [B-L] + 2 * I: [B-L21 (IV 

The chemical shifts of the borate esters of the diole 1_4r 3 & & and 19-22 can be assigned -- 
in a straightforward fashion since these compounds can bind borate just in a single way. The ill 

NMR spectrum of the borate ester of all-cis-cyclohexane-1,3,5-trio1 (10) unambiguously shows 

that this compound forms a tridentate borate ester, which is in agreement with the results 

observed for epi-inositol ( 11). lo In both cases borate diesters could not be detected. 01 the - 
basis of the assignments of the borate esters of these 13 compounds some general rules were 

derived which served for the further assignment of the other borate esters in Table 1. Firstly, 

borate esters can be divided into groups with a characteristic range of chemical shifts, 

depending upon the type of ester involved (Table 2) as was noted before by Henderson et a1.8 and 

by u.~ The substantial difference in chemical shifts between borate esters of a,B- and a,~- 

dials should be traced back to differences in the geometry of the borate ester ring (Fig. 3). 

Table 2. Characteristic chemical shift ranges for various types of borate esters. 

ester type 6- 
BL 

6- 
BL 

(Ppm) (ppm3 

a,f3-bidentate -12.6 to -14.9 -7.7 to -11.9 

a,y-bidentate -17.9 to -18.5 -18.4 to -19.0 

a,y,c-tridentate -18.1 to -19.4 
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in which AR- is the chemical shift of borate (AS- - -17.6 

the borate anion fn - 1 or Z), A the shift induced by on8 

ppm), n the nuazber of dials bound by 

bound glycol molecule (A- 3.7 ppn) 

and i an increment depending upon substituent8 on the glycol moiety and their configuration. The 

u6e of equation (VTII) and the increment8 i given in Table 3 aZlowa the prediction of *+3 

chemical shifts of a,&d:ol borate esters with an accuracy of 2 0.2 pp (t 0.6 ppm for borate 

ester8 of erythro-a~~dlhydro~carboxylic acids). This sdditivity is also valid for mixed borate 

diesters such as B-(1,2-glycerol)(l,3-glycerol) and B~(glycol)(l,3-propanediol).10 Mixed borate 

diester formation la also plausible for rlbonate (14) because of the rather broad borate diester - 
signal a8 shown in Pig. 5. 

Table 3. Configuration and substituent increments in ppm (equation VIII). 

Configuration Substituents 

X-CHOH-CHOH-Y X/Y = CH2/CH2 CHOH/C~OH coo-/coo- Ch0~/C00- CHOH/~OH and CIiOfi/COO- 

threo 0.1 0.3 1.3 0.5 0.5 

erythro -0.1 -0.6 0.8 -0.2 

X-CHOH-CH2 OH X- Ch2 CR00 coo- 

0.0 0.4 0.8 

CQOe 
1 

HCOH 

HCOH 

HCOH 

Fig. 5. 64.19 MHZ I1 B NMR spectrmu of ribonate CR, 0.2 If) 
and borate (0.1 M) in D20 (PD - 11.0) 8t 25 l C. 

In this respect it ha8 to be noted that borate esters of threo-u,&diols are more stable than 
those of erythro-a,&diols.12-15 The 8ame holds for borate esters of ayn-a,r-dials in comparison 

with those of anti-a,y-dfols. l5 The relative intensities of the varfoue “B signals gave a 

further confirmation of the as8lgnment6 made. Since “B NHR is not adequate to distinguish 

between the borate ester8 of different threo diol functions in a given polyol, complete 

assignment requires additional technique8 such a8 ‘H and 13C NJ&l6 

Although more research is necessary for the further refinement of equation (VIII), Pig. 5 once 

again demonstrate6 the versatility of “B NMR as a tool for the structural analysis of borate 

esters. 
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The line width of the l1 B signal la dominated by the quadrupolar relaxation. 
17 The quadrupolar 

relaxation rate in the case of rapid tumbling can be approximated by 

3(21+3) 
l/T, = _ (Zse'qQ/h)' (l+nzJ3) +.% (IX)'8 

‘ 
401‘(2I-1) - 3kT 

in which Zve'qQ/h is the quadrupole coupling constant, n the field gradient asymmetry, ns the 

solution viscosity and in which the molecule under study is regarded as a 

radius r. The other symbols have their usual meaning. 

rigid sphere with 

Borate itself gives rise to a sharp line (10 Hz), as should be expected since this ion 

possesses a strictly regular tetrahedral structure and, therefore, a near zero field gradient. 

The line widths of borate esters are larger, viz. IO-170 Hz (Table 1) and are independent of CB 

and CL, i.e. the influence of exchange between free borate and its mono- and diesters is 

negligible. &e exception is observed, viz. epi-inositol (11). The line widths of the borate - 

monoesters of the a,B-diol type vary between 10 and 60 Hz and those of the a,y-diol type between 

10 and 30 Hz. The line widths of the borate diesters vary between 20 and 170 Hz. An increase of 

line width with a factor of about 1.5 should be expected as a result of the increase of the 

molecular radius. Overlap of signals of parent borate diesters is caused by signale of mixed 

borate diesters (Fig. 5). The temperature dependence of the line widths was demonstrated for a 

sample with CK = 0 1 and CL - 0.2 (L = galactarate , 2). TWI signale were observed, viz. the 

borate mono- and diester of the threo-2,3-diol function. Increasing the temperature from 20 to 

95 'C results in a decrease in the line widths from 28 to 17 Ux and frw 90 to 30 Hz, 

respectively. 

Aasoclation conatamt~ 

The effects which determine the stability of the various borate esters will be discussed in 

the order of decreasing importance. Tridentate borate esters are known to exist 10.19 but require 

polyols with specific configurations. All-cis-cyclohexane-1,3,5-trio1 (10) forms a tridentate - 

ester with a relatively low association constant compared with epi-inositol (11). This 

phenomenon can be understood by redefining Kl as 

Kl - 
[B-L] I [L'l * 

[B-l * [Ll 

[8-L] I K;, * K,' (.a 
[Ll [8-l * [L'l 

all -CIS - 1 3 5 - trihydroxyclohexane epl- lnositol 

L(e 

G.54 L' ((IO.) 

AG,=5 4 Q AG'.-7 9 

ee) .o 

AG.-25 
G.-25 BL 

G.OO L’(eoaaa~) 

AG,.3 1 

L’ (0 e a e * a) G.4 9 c AG’=-0 2 

AG.-5 1 

G--O 2 BL 

Fig. 6. Free energy diagrams for tridentate borate ester formation of 
all-cia-1,3,5-trihydroxycyclohexane (10) and epi-inoaitol (11) (kcal/mole). 

in which L' is the ring-inveraed form of L. Using the data of Angyal et al. l9 for the 

calculation of AC and AG' (Fig. 6), K 

on 
<I* 

1, appears to be nearly constant and thus Kl depends solely 

the equilibrium constant for the cyclohexane ring inversion. The calculated difference 

in AC of -2.6 kcal/mole between epi-inositol and all-cis-1,3.5-trihydroxycyclohexane is close to 

the experimental value of -3.8 kcal/mole. 
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Although there has been some dispute concerning the relative stability of borate esters of 

glycol (2 and 1.3-propanedio120 (i) it is now well established that these esters are about 

equally stable. a One of the causes of the dispute has been the fact that both substituted 

compounds and configuratfonal isomers were used in the comparison, which may change the picture 

dramatically. AE monodentate borate esters are unstable in aqueous media (log K1 < 01, chelating 

effects seem to be a major factor determining cyclic borate ester stability. 

The stability of o,S-bidentate type of esters of the aldonates and aldarates is enhanced upon 

increasing the number of hydroxyl groups (noH ). To a lesser extent the same holds for borate 

esters of the a.Y-type. It may be noted that for noH > 2 borate esters of o,&diols generally 

are more stable than those of o,Y-diols. Choosing the adequate experimental conditions (Cg > CL) 

we have ascertained that no esters were formed with 2 borate anions bound to the sugar acids 

((B-12L). Although such esters exist for mannito1g,21~22 the presence of the carboxylate groups 

in combination with the smaller nOh hinders the formation of (B-j2L esters of sugar acids. 

Fig. 7. log 
K# 

a8 a function of n 
formation o alditols (0 glyco , V 4 

for borate ester 
glycerol, 

o xylitol, A arabinitol, 0 adonitol, 
0 sorbitol, A galactitol, l mannitol). 

For the alditol series with “Oh varying from 2 to 6 the overall association constants 

(glycol.* glycerol,23 ribitol,14 xylitol,14 arabinitol,‘4 mannitol,13 glucitol14 and 

galactltol14) increase upon increasing noH (Fig. 7). Statistically the number of possibilities 

for a borate anion to bind an alditol as an a,B-diol increases with nOg. In glycol there is just 

one mode, in glycerol two, etc. Introducing the statistical effect in the entropy term of the 

Gibbs’ equation24 the increase in stability going from glycol to glycerol would only be log f - 

0.3 log K unit. Because this statistical effect is too small to explain the observed increase in 

log K an extra effect upon borate ester dfsaociation, the stepwise hydrolyeis of the 2 B-O ester 

bonda ,7 might be operative a chelation-migration effect. After hydrolysis of the first B-O 

bond, formation of another B-O bond, resulting in a new borate ester, competes with total 

hydrolysis. The escape difficulties of a borate anion upon hydrolysis might be translated into a 

stabilizing factor. It possibly aleo explains the difference in borate ester stability between 

o,6- and a.y-diola when nOK > 2. As suggested by P&al 25 intramolecular hydrogen bonding might be 

an additional stabilizing factor for borate esters of polyols. In the case of borate diesters 

steric constraints will hinder the formation of these intramolecular hydrogen bridges. The 

effecta discussed above, together with a wall substituent effect are responsible for the 

influence of nOh upon borate ester stability. 

Statfstical and steric considerations will be used to explain the observed increase in A log K 

as a function of noR 

A log K - log K1 - log K2 (XI) 
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Twelve possibilities exist for binding a dial by s borate anion but only two for binding s 

diol by s borate monoester. For glycol A log K = 1.0, close to the predicted value of 
12 

log 7 - 0.8. With increasing noH, A log K increases which might be due to the relatively large 

enhancement of steric hindrance in the borate diesters. 

The configuration of the a,B-diol (threo-•rythro) and a.y-diol (syn-anti) moiety is also of 

importance. The diastereomeric tartrates (19, 20) and 3,4dihydroxyadipatee (21, 22) clearly 

show that threo-a,B-diols form mre stable borate monoesters than erythro-a,S-diols. This is in 

agreement with results for borate esters of (S,S)- and meso-2,3-butanediols, l3 of ribitol, 

srabinitol and xylitol,12B14 of galactitol,14 glucitol14 and msnnitol13 and of 1,6-dideoxy-1,6- 

dibromogalactitol and -mnnitol.20 In addition syn-a,y-dials sre known to form more stable 

borate esters than anti-a,y-dials. 15 

These differences in stability sre mainly csused by differences in steric interaction between 

the substftuents R and R’ in both the free diol and in the borate ester (Fig. 8). which are 

estimated to be 1 and 2.5 kcal/mole for the borate esters of the diastereomeric a,B- and a.y- 

diols, respectively. Thus Kthreo/Kerythro = 6.5. This value agrees with experimental ratios 

varying from 3.4 to 14. Although the reaction enthalpy for the borate ester formation of 

terminal diols probably is somewhat smaller than that of threo diols, loss of entropy will be 

more substantial and therefore Kthreo > Kterminsl 2 Kerythro as is demonstrated for arabinonate 

(13) and ribonate (14). - - 

erythro-a P-dial three - 0. B -dlOl 

R 
OH 

GT 
OH 

*GBT 

ryn-o. y-dlol anti -a y-d,o, 

OH 

R’ OH 

4 

cs 

I? 

1 

*GM 

GA” 

%A 

%A 

Gs-1 

4GBS .l 5 

Fig. 8. Pree energy diagrams for borate ester formation of threo- 
and erythro-a,&diols and of syn- and anti-a,rdiola (kcal/mole). 

Introduction of alkyl substituents increaees the stability of the borate esters as appears 

from the association constants for glycol (L), 1,2-propanediol (2) and pinscol (A). This Is not 

only caused by inductive effects, as was suggested by Pgal, 25 because similar stabilities sre 

observed for glycerate. 3-methoxy-l,2-propsnedio126 and 3-chloro-l,2-propsnediol.20 Furthermore 

the decrease of reaction enthalpy in the series glycol, 1,2-propsnediol, 2,3+utanediol, 

2-methyl-2,3-butanediol and pinscol does not parallel log K1 because of entropy l ffects.l3 SO 

the variation of K1 (2-20) and K2 (0.5-2.5) for substituted glycols will k due to both 

inductive and ateric effects. We have started a eeries of vslence force field calculations for 
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both free dials and the corresponding borate monoesters using Allinger’s MM2 force field to 

quantify the aubstituent effects as well a6 same of the other effect8 dealt with in this 

paper.” 

A special substituent effect that plays a secondary role in the overall picture is observed 

upon introduction of negatively charged carboxylate groups. Generally a decrease of the 

stability of a borate ester is observed as a result of electronic repulsion between the 

negatively charged COO and B04 moieties. Thus, the stabilities of the borate eaters of the 

threo-a,8 type of arabinonate (2) and gluconete (17) are lower than those of lyxonate (15) and - - 
gulonate Q&X_), respectively, because of smaller distances between the charged groups. Ihe same 

holds for borate eaters of the tartrates compared with those of the 2,3-butanedfols (K, - 37 and . 
2.7 and K2 = 4.4 and 1.7,13 respectively). Exceptions are the borate esters of erythro-2,3- 

erythro-3,4-ribonate (a). This again asks for extensive force field calculations. 

The effect of temperature on the stability of borate esters was studied for the formation 

the borate dlester of galactarate (24): AH2 - -3 kcallmole and tS2 - -6 kcal/mole.K were - 
obtained. These values are in the same region as those reported by Conner and Bulgrin 13 for 

other diole and result in lower borate ester stability with increasing temperature which is 

agreement with early results of Coops. 30 

and 

of 

in 

CONCLUSIONS 

llll NMR enables the distinction and direct identification of a variety of borate esters and 

simultaneously the determination of the corresponding association constants. Ihis technique, 

therefore, has definite advantages over the commonly used techniques such as potentiometry and 

polarimetry. The present results together with data from the literature allow the formulation of 

empirical rules as is shown in Tables 2 and 3 and equation (VIII) for the 11 B chemical shifts of 

borate esters. With respect to the relative stabilities of borate esters these can be surmaarited 

as follows. 

tridentate > bidentate > monodentate 

increase nOH - more stable 

threo > terminal ) erythro-a.0-diol 

syn > anti-a,?dial 

Coulomb repulsion .-+ less stable 

log K1-lofj Kg > 0,8 

These general rules will be helpful in the study of the interaction of borate with polyhydroxy 

compounds. It allowed us, for instance, to tackle soms of the problems when dealing with the 

calcium(II) sequestering abilities of borate-polyhydroxycarboxylate mixtures. 16 

EWRRIMNTAL 

All llB NMR spectra ware recorded at room temperature on a Nicolet NT-200 WB spectrometer at 
64.19 Mis using a 12 nm sample tube and a 0.1 l4 boric acid solution as external reference. Base 
line correction was applied to suppress the broad signal of the boron incorporated in the glass 
sample tube and in the insert. Sometimes it wss necessary to use a deconvolution program to 
obtain all the signal characteristics. CB and were varied from 0 to 0.15 M and from 0 to 1.0 
M, respectively. Measurements were performed 
of each sample was 5 ml. Potaesium lyxonate (15) an 
(2J,,$2J wsre synthesized according to Koorez Link, 

and ueso-3,4-di droxyadfpic acid 
and Linsteed et 

al., respectively. 33 tol, obtained by the reduction of followed by removal of 
glucitol with pyridine 

was ss 
nverted into idaric acid (23) using the procedure for the 

preparation of mannaric acid. 



Studies on borate esters--II 3421 

ACKNWLEDCEKENTS 

This investigation was carried out under the auspicea of the Netherlands Foundation for 
Chemical Research (SON) with support from the Netherlands (kganization for the Advancement of 
Pure Research (ZWO). 

J. van der Uerff for experimental assistance and to Mr. A. Sinnema for 
recording some of the 

REPERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

a. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

I8 

19. 

20. 

21. 

22 

23. 

24. 

25 

26 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

M. van Duin, J.A. Peters. A.P.G. Kieboom, and H. van Bekkum, to be published. 

H. Niith and B. Wrackmeyer, NMR Basic Print. Prog. 14 ( 1978). - 
A. Abragam, The Principles of Nuclear Magnetism, Clarendon Press, Oxford (1961). 

S.J. Angyal, J.E. Klavins, and J.A Mills, Aust. J. Chem 3 1075 (1974). 

T. 

L. 

R. 

T. 

H. 

T. 

P&al, Magy. Kern. Foly. 34, 12 (1978) and references cited therein. 

Petterson and 1. Andersson, Acta Chem. Stand. 2 1019 (1973). 

Ebntgomery, Adv. Chem. Sot. 117, 197 (1973). 

P&al, Acta Chim. Acad. Hung. s 393 (1976). 

Sigel, Angew. Chem. a-r, 391 (1975). 

P&al, Acta Chim. Acad. Scient. Hung. s 31 (1977). 

J. meseken, Adv. Carbohydr. Chem. 4, 189 (1949) and references cited therein. 

M. %kkee, A.P.G. Kieboom, and H. van Bekkum, Carbohydr Res., in press. 

M.S. Nieuwenhuizen, A.P.G. Kieboom, and H. van Bekkum, J. Am. Oil Chem. Sot. s 120 (1983). 

J.A. Peters and A.P.C. Kieboom, &cl. Trav. Chim Pays-Basx. 381 (1983) and references 

cited herein. 

H. Peters, Neth. Pat. 219949 (1961). 

J.G. Heesen, Neth. Pat. 72-15,180 (1972). 

H. van Duin, J.A. Peters, A.P.G. Kieboom, and H. van Bekkum, Tetrahedron40, 2901 (1984). 

W.G Henderson, M.J. How, G R. Rennedy, and E.P. Mooney, Carbohydr. Res. 3 1 (1973). 

H. Makkee, A.P.G. Kieboom, and H. van Bekkum, to be published. 

P.J. Garegg and K. Lindstrllm, Acta Chem. Stand. 2 1559 ( 197 1). 

O-B-O valence angles and B-O bond distances are mean values, calculated using 6 crystal 

structures from the Cambridge Data File (until media 1983). 

J.M. Fur&e, Thesis, Delft University of Technology (1938). 

J.M. Conner and V.L. Bulgrin, J. Inorg. Nucl. Chem. 3 1953 (1967). 

W J. Evans, E.J. Mc.Cartney, and W.B. Carney, Anal. Biochem.95, 383 (1976). 

J. Dale, J. Chem Sot. 922 (1961). 

G.L. Roy, A.L. Laferriere, and J.D. Edwards, J. Inorg. Nucl. Chem. 4, 106 (1957) 

N.L. Allinger and Y.H. Yuh, QCPE Program No. 395 (1980). 

B. van de Graaf, J.M.A. Baas, and A. van Veen, Reel. Trav. Chfm. Pays-Bas 99, 175 (1980). 

M. van Duin, J.M.A. Baas, and B. van de Graaf, to be published. 

J. Coops, Thesis, Delft University of Technology (1924). 

S. Moore and K.P. Link, J. Biol. Chem. 133, 297 ( 1940). 

T. Posternak and J. Suez. Helv. Chlm. Actax, 2032 (1956). 

R.P. Linstead, N. (ken, and R.F. Webb, J. Chem. Sot.. 1225 (1953). 

M. Abdel-Akher, J.K. Hamilton, and 8. Smith, J. Am. Chem. Soc.~, 4691 (1951). 

L. Wright and L. Hartmann, J. Org. Chem. 3 1588 (1961). 


