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Abstract - The electronic factors which contribute to the 

anomrric effects have been attributed to the destab~l~zing 

n-n [lone pair - lone palrl, or/and t.he stabilizing n-o*, 

interactions of the nun-bonded electron pairs of geminel 

heteroatoms. Predictions of Lhe chemistry of the simple 

monosaccharide acetais, based on a n-u* hvpothesis, are not 

consistent. with the experimentally observed chemistry. Thus, 

the rr-o* hypoLhesis is not a useful model for rationslizinK 

the chemical reactivity of acetals, or the closely related 

anomeric effects. A study of the X-ray crrstallo4raphic data 

of some monosaccharides also casts consldereble doubt on the 

validity of Lhe bond length and bond angle criteria that have 

been used Lo assert the importance of the n-o* hypothesis. A 

hypothesis based on dominant n-n interactions, with a minor 

contribution from Lhe n-or interart~ons, is a better model 

for rationalizing the chemistry of the simple acetals. This 

combination of electronic factors illuminates both the 

snomeric rffects and the chemistry of the acetals. 

INTRODUCTION 

The anomeric effects are among the most discussed and most important areas in 

carbohydrate chemistry [ref. 1 ) .  The anomeric effects (ref. 2 1  are encountered in 

the solution equilibria of glvcopyranosyl compounds, and other similar acetals, and 

confer a greater ~~abi11t.l on those molecules that have an axial C l  heteroatom 
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Scheme 2 
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substituent la-nnomersl, over their equatorial isomers (B-anomersl: Scheme 1 .  This 

"unosrral" stability of the axial heteroetom lor group) is opposit.e to that 

pncoontpred in the analoqous cyclohexanes I ref. 3 1 .  

The anomeric effects must. be the outcome of the dynamic interplay of steric and 

electronic factors which are present at, and close to, the anomeric center of the 

host molecule. The snomeric rffects are small in magnitude, with estimates of their 

value ranging from 1 to J kcnia. The steric component is the free energy difference 

twtwren the qiycosidic qroup in the axial and the equatorial orientations. This 

energy difference is usually about 1 kcal and favours the equatorial isomer. The 

electronic factors, which favour the axial isomer, must therefore contribute about 

2 to 4 kcnls. These smell effects can easily be masked bv ener4y changes due to 

molecular solvation etc. Indeed, the sizes of the anomeric effects vary from 

solv~nt to solvrllt. 

The term ''nnomrric effect" defines a stereochemlcel feature of acetals and the 

hetrroatom a n a l o e o e s .  The Lcrm does not properly refer to the stereochemicai 

,>references of hydrogen, radical, or n orbitals which are borne by the anomeric 

carbon. 

Trad~tionelly, the anomeric effects have been regarded as phenomena which bear 

I~Ltie, if any, relationship to the chemistry at the anomeric center. However. 

both the anomeric effects and the chemistry at the anomeric center are intimatelv 

associated wiLh the lone pairs of electrons borne b.v the heteroatoms which define 

Llrr anomeric center.. All stereo-electronic effects which resuit in the 

redisLribution of electron drnsit.y must modify the ~ L r u ~ t u r e  and reactivity of 

their host molecule. Therefore, there must be experimental chemistry which will 

provide evidence to define the existence and origins of these effects. Many 

investiqators have examined the structural features of the saccharides in the solid 

phase for clues to the orj4ins of the anomeric effects. while the relevance and 

importance of the CHEMISTRY at the anomeric center has received little attention.* 

The elycopyranoses and their simple derivatives will be the focal point of this 

discussion since the effects %ere first noticed, and are best appreciated, in these 

moiecules. For clarity and convenience the diaerams will show sp3-like hybrid 

aLomic orbitals for the lone pairs on oxygen, rather than the now widely accepted 

n ,  n pair of orbitals. 

Two hypotheses, or some combination of them, seek to define the origin of the 

electronic factorlsl that is most important to the manifestation of the anomeric 



effects. Edwards (ref. 2al  originally proposed by that the anomeric effect was the 

consequence of the dipolar interactions involvine the acetal oxygens of the 

glycopvranosides. This idea e\-entually focused attention on the interactions of the 

Lone pairs of electrons on the oxygen atoms. Scheme 1 shows the chair conformations 

ot the a- and 0-anomers of R qlycopyranoside and the n orbitals. Bv considerine the 

nature of the n-n interactions and the degree to whtch each anomer is affected by 

these interactions, the relntlve stabilities of the nrmmers have heen 

rntionaiizrd (refs. 4a and 5 1 .  

Morn rrcently, theoreticians have suggested that stabilizing n-o* delocalizations, 

f o r  example that of the lone pair of 05 into the coplanar o* vrbikal of the 

adjacent C 1 - 0 1  bond, could be the origin of the anomeric effect. The n-o* 

hypothesis requires that these interaction be more sieniflcant in the a-anomer 

than in the D-anumer. The theoreticians have sought. to develop alqorithms, based 

on these orbital interact.ions, that simulate the structural features of aoetals and 

hence the anomeric effects. 

A few theorrtjcisns have continued to express some support for both models. Por 

example, Wolfe et al. lref. 6 1  sugeested that. algorithms based on a n-n interaction 

model will also simulate the anomeric effects, but that these algorithms are more 

difficult to formulate. T v a r o s k ~  has stated that, for acetals, the n-n ~nteraction 

model is of greater validit" than 8 n-o* model l r e f .  7 1 .  The orbital enersies of 

M-anomeric ncetnls have been measured hy Jorqensen et a].. using photoelectron 

spectroscopy (ref. 81,  and these energies are consistent with the dominant role of 

n-n  interactions, as will be discussed bplow. 

1 . 0 . 0  1HZ n-ot ST4BILIZATION HYPO'fHESIS 

The n-o* model has been developed by theoretical chemists id'order to simulate the 

X-ray crystallosraphically determined structural features of the saccharides. The 

assumption that the structure in the solid phase is the most stable structure of 

the molecule is of prime importance to the validity of this model. The structural 

features that are deemed to be consequences of the n-o* interactions will be 

outlined below. 

There are many examples of molecules which crgetallize in more than one 

conformation. which often have different dimensions. Further, some molecules are 

apparently qrosslv distorted in their unit cells because of packing and dipolar 

interactions (ref. 9). Even when these factors are taken into consideration, there 



are many molecules whose data do not support the n-a* hypothesis. 

Nevertheless, by selecting suitable X-ray data and ad.iust,in# their aleorithms 

accordingly, some aspects of the structural features of some simple acetals have 

been simulated. To date, these efforts fail to simulate the variation of the size 

of the anomeric effects with the presence of other oryaen functional qroups in the 

molecule. 

1.1.0 THE MONOSACCHARIDE IN THE SOLID PHASE 

1.1.1 n-a* DELOCALIZATIONS I k  THE a-ANOMERS 

The orbitals which can participate in the n-a* processes are shown in the Scheme 2 

for the chair conformations of the susar .  Conformation (1_Al of a-anomers is the 

most  stable and most frequently observed in the solid phase. 

There can be two independent n-o* processes in IlAi. One of these interactions can 

occur between the axial lone pair of 0 5  and the coplanar axial o* orbital of the 

C1-01 bond, diagram 1 4 A I .  Whlle the molecule remains in the chair conformation, 

these orbitals are fixed in space relntivp t,o each other. Thus, the efficiencv of 

overlap of these orbitals ought ro be maximal. The other interaction can occur 

between the lone pair on 01 and the coplanar o* orbital of the C1-05 bond, diagram 

(481. In the crystal, the aglycunyl atomls) can be regarded as being fixed in 

space, although not necessarily in the geometry best suited for maximel n-o* 

orbital overlap. Thus, the 01 lone pair delocalizntion could be as efficient as the 

05 lone pair delocnlization, but it could also be much less efficient, dependine on 

the conformation at the Cl-01 bond. The 05 lone pair delocalization can occur 

simultaneously with the 01 lone pair. delocalizntion, since they involve different 

orbitals, and so they should r e l n t o r c e  each other in their stabillsins influence. 

The delocalizations discussed above should cause the bond linking the donor a t o m  to 

the receptor atom, for example the C1-05 bond in diesran ( P A ) ,  to ncquire aone 

n-character and to become shorter. The receptor bond, the C1-01 bond, should 

simultaneously become longer. There should also be n change in the size of the 

05-C1-CZ bond anele. More efficient delocalizations should produce greater 

geometrical changes. 

The X-ray crystallographic data of the a-pyrnnoses and pyranosldes show that their 

C1-01 bonds are usually, but nut always, shorter than the C1-05 acetal bonds (ref. 

1 0 1 .  Thus, the n-o* hypothesis suggests that the 01 L o  C1-05 n-a* process is 

usually dominant. in the solid phase. 



1.1.2 n-o* LIELOCALIZATIONS IN THE U-ANOMERS 

The 05 lone pairs and the GI-01 orbitals 0 1  D-Ll~copyranosides in chair 

conformations cannot become anti-coplanar. Thus, D-anomers cannot display 05 to 

C1-01 delocelizat~ons in chair conformations However, an 01 to C1-05 

delocalization is possible (Scheme 2 ,  dlagram 14Cll and so the C1-01 bond of the 

R-anomer should always be shorter than the Cl-05 bond, and the C1-01 bond of the 

corresponding a-anomer. 

1.1.3 n-o* DELOCALIZATIONS AND THE ANOMERIC EFFECT 

This discussion above leads to the conclusion, the n-o* hypothesis. that the 

anomeric effects are t h ~  resolt o f  t.he stability eained by the o-anorner from the 

two possible n-o* delocnlioations, opposed by the sum of the steric liabilitv of 

the axial substituent at C1 and the single n-o* delocalization of the B-anomer. 

1.2.0 THE MONOSACCHARIDE IN SOLUTION 

A glycopyranoside in solution must be conformationally mobile, but it is often 

assumed that a monosaccharide has the same geometry in solution as in the solid 

phase. Recent st.udies of the high field nmr spectra of some sugars (ref. Ibl have 

cast doubt on this assumption. If n-o* interactions are important, conformational 

mobility, particularly rotation about the C1-01 bonds, should affect the lengths of 

the bonds at the anomeric center, especially those of a-nnomers. The possible 

consequences of these conformational changes will ,,herefore be discussed for the a- 

enomer. 

1.2.1 a-ANOMERS 

In solution, the axial n orbital of 05 will be anti-coplanar to the axial 01-CI 

orbital when the molecule is in a stable chair-like conformation. Thus, most of 

the molecules of the o-anomer will have an 05 lone pair properly oriented for 

delocalization into the C1-01 a* orbital. On the orher hand, free rotation about 

the C1-01 single bond will ensure that an 01 lone pair will not always be properly 

aligned for delocalizaLion into the C1-05 ox orbital. Thus, the 01 to C1-05 

delocalization must be attenuated and it must be less efficient than the lonqer- 

lived 05 to C1-01 delocalization. 

This analysis suggests that the n-o* delocalization that is thought to be dominant 

in the solid phase cannot, be dominant in solution. If these stereo-electronic 
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effects are important, then the geometrical features of the sugars must be 

different in the solid phase from in solution. 

No attempt will be mad- to examine the consequences of solvation on the qeometrlcel 

features of sugars in solut,ion. Since the enern? of solvation can easily surpass 

t.he accepted magnitude of the nnomeric effect, caution must also be exercised in 

assumin4 that the geometrical features of the sugars are constant in different 

solvents. 

A t  present, we cannot measure the bond lengths/nnqles of complex molecules in 

solution. Until t,he correspondence of bond lengths/angles in different phases has 

been demonstrntpd, there is no basis for assuming that these parameters can rennin 

constant. Thus, a rationalization of the anomeric effect based on observations of 

t h e  solid ohnse might have no validity in solution. 

1.3 THE CHEMISTRY OF THE ANOMERS IN SOLUTION 

Oesiongchamps has alluded to the chemistry that ouqht to be observed if the n-o* 

delocirlizations were present in acetals (ref. 5). In addition to the changes in the 

bond lengilrs disr:rrssed above, the drlocalization of electron density from 05 into 

the o* orbital of the C1-01 bond should cause 05 to acquire a partial positive 

charqe and 01 to acquire a partial negative charqe. On the other hand, the 

delocalization of electron density from 01 into the o* orbital of the C1-05 bond 

should cause 05 Lo acquire a partial negative charqe, and 01 to acquire a partial 

positive charge. Any lone pair that effectively participates in a n-o* interaction 

will become more stable, less available and the parent atom less nucleophilic. 

For 0-glycopyranosides in the chair conformation, since there can only be an 01 to 

C1-05 delocalization, the 01 should develop a partial positive charge and the 01 

should show an attenuated nucleophilicity, less than that of any other unaffected 

onrqen of the sugar. However, the nucleophilicit,p of 05 should be enhanced. 

For t.he isomeric a-glycopyranosides in the chair conformation, if the 05 donation 

is the dominsnt process, then the 01 will become a good nucleophile, while the 

nucleophilicity of 05 should be decreased. On the other hand, if the 01 to C1-05 

drlocalization is dominant, then 0 1  will become a poor nucleophile and the 

nocleophilicitp of 05 should be increased. Both delocalization processes are 

thought to occur in a-anomers, thus the 01 and 05 of a-anomers ought to be an 

attenuated nucleophiles. However, the back-donation by the 0 5  should make the 01 

of a-anomers more nucleophilic than the 01 of B-anomers (which cannot experience 



t,his effect). 

Experiments done in our laboratory and elsewhere clearly show that the 01 of both 

anomers are usually more nucleophilic than any other oxygen of the monosacchnride. 

Instead of showing n rrduced nucleophilicity, the 01 actually shows an enhanced 

nucleophilicity. Further, the 01 of B-anomers are very much more nucleophilic than 

t h o s e  of the a-isomers, in dramatic contradiction to the predictions above. 

Wowever, if w e  still assume thnt the n-o* delocalizntions play a dominant role in 

the structure anti chemistry of the sugars, then the experimental fact,s can only be 

interpreted as rollows: 

nl i n  solution, the 01 Lo C1-05 delocalieation must be relatively unimportant. 

Rather the 05 to Cl-01 delocslization must he the dominant process for the 

a-anomers, the reverse of the situation in the solid phase. 

h )  The dramatically enhanced nucleophilicity of the D-01 shows thnt the 01 to 

C1-05 drlocalirntion cnnnot occur in R-anomers, or is of much less importance 

than th? 01 to C1-05 delocaiizntion in the analogous a-anorners. 

2 . 0 . 0  THE n-n INTERACTION HYPOTHESIS 

The n-n interaction hypothesis is based on the widely accepted premises of bonding 

theory, When two orbitals of similar energy approach each other closely and with 

the proper orientation to interact through space, then the two or.bitals will mix 

and produce new orbitals. This direct, throueh-space interactions of the n orbitals 

will be destabilizing and one of the two new orbit.als will be elevated in energy. 

while the other will be depressed in energy, relative to the parent orbitals 

(Scheme 31. 

Scheme 1 shows that every chair conformation available to the R-anomer of an acetal 

has at least one n-n interaction and the three important conformations about the 

C 1 - 0 1  hond have a total of 4 n-n internctions. On the other hand, the two I 1 A  and 

1 B )  important conformations of the a-anomer have a total of one n-n interaction (if -~ ~ 

we ignore conformation (ASC), which suffers from the steric crowding of the 

a ~ l y c o n ~  1 .  

Molecules, like the glycopyranosyl halides, having heteroatoms attached to the 

anomeric center that. bear three lone pairs, will always possess n-n interactions. 

The R-anomer will always have two n-n interactions, while the a-anomer will have 

one n-n  interaction. 

Jorgensen's work (ref. 8 )  clearly shows that as the conformation of an acetel 
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becomes more favourable for the direct, throueh-space interactions of its lone 

pairs, so does the extent of destnb~lization in the system increase. This 

destabiiientinn is s n o w  by the energy of splitting of the n orbitals. 1,8- 

Dionndrcal~n is fired in a 8-anomepic-like arrangement which is best suited for 

these direct, through-space inLernctions. The enersy separaLion of the n orbitals 

shown by this molecule is, remarkably, 0.85 r V .  Jorgensen did not elaborate on the 

contribution of the through-space interactions to this larqe splittine. However, 

since through-bond interactions are usually stnbilizine, then the contributions of 

the througb-spare destabilizin~ ~ntrractions were undoubtedly quite large. These 

studies also revealed thaL the energy separation of <,he n orbitals of the a- 

anomeric-like, gauche-eauche, conformat.ion of dimethonymethane was only 0.02 eV. 

These results showed that the O-nnomeric arraneements are less stable than the a- 

anomeric arraneement.s, and demonstrated that the dominant contribution to this 

energy difference is the throueh-space interactions which can occur more 

efficiently in t.he O-anomers. 

A strreochemici~l consequence of the presence of destabilizing n-n, or any other, 

interaction in a flexible vcetal molecule is that the system will adjust its 

geornrt,r.ic parameters in order. to minimize these interactions. The anomer which 

experiences the amallrr number of onfauourable interactions will be more stable. 

Further, fur a given confiauration, the moleculnr aeometry which possesses the 

smallest number of n - n  throuSh-space irit.erar:t.inns should be the most stable 

conformation of that anomrr [refs. .$a and 51. A chemical consequence is that the 

"new" n orbit.al, which is higher in energv than the parent n orbital, will show on 

enhanced nucleophiliclty relative to a simple etherlalcohol oxygen. This phenomenon 

is knowrr as the "a-Effect" when two lone pair bearin4 atoms are iltthched to each 

other (ref. I1 I ,  and by analaey. the "8-Effect" when the atoms are separated by one 

common atom, the "r-Effect" when the two %toms ar? separated by two common atoms. 

etc. Iref. 4al. These orbital internctions are fieuratively represented (using sp3- 

like hybrid orbitals for diaqrammatic slmplicitsl in Scheme 3. 

The configuration and conformation [ ! A ) ,  which has no lone pairs eclipsed, is the 

most stable geometry of the a-anomeric sugars, their simple est.ers and their 

elrcosides. Since the n-o* drlocalizations cannot be used to rationalize the 

solution chemistry, and hcnae rquilibr.ia, of Lhe suQars, the stability of IIAl in 

solution must be regnrded n s  a consequence primarily o f  the n-n through-space 

interacl.ion. 
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The sum of the energies of the n-n interactions in the 6-enomer, plus that due to 

the steric 1iabliit.y of the axial eroup of the a-anomer, is greater then that due 

to the small number of n-n interactions in the a-anomer, so leading to the 

manifestation of the anomeric effects in solution. n-o* Interactions play only a 

minor role in the snomeric effects and their chemical manifestations in solution. 

There are glycopyranosidic compounds that show the normal cyclohenane-like 

stereochemical features iref. 121. These compounds, which are influenced by the 

reverse anomeric effect and are quite different from the simple esters and acetals 

of sugars, will be discussed below. 

2.1.0 THE GEOMETRICAL PL'ATURES OF THE MUNOSIACCHARIDES 

It requires Less rnerey to change a bond angle than to change a bond length iref. 

131, but both processes are unfnvourable. The dynamics of minimizing the distance 

dependent n-n int.rractions by some combination of lenqthening of the acetal C-0 

bonds andlor increasing the acetal (1-C-0 bond annle is therefore not. immediately 

clear and will require drtalled analysis. 

Acetal C-0 bonds are much shorter than C-C bonds, and so a pyran will possess 

larqer steric interactions than a similarly substituted cycloherane. The C-C bonds 

of e sugar are also quite short in comparison to those of an alkane, because of the 

inductive effert of the onygens [ref. 10). This further exaggerates the steric 

interactions in glycupyrnnosidic molecules. 

If a bond lenqthenine process must occur in order to minimize an interaction 

involving the ring oxygen at.om of a pyranosidic compound, then the ring C-0 bond 

will be lengthened rather than the mobile eaocyclic C-0 bond. This single action 

will help to minimize not. only the 11-n interactions, but also the steric 

interactions in Lhe whole pyran rine. The IeneLhening of the acyclic C-0 bond will 

possibly reduce the n-n interactions, but will not minimize any other unfevourable 

intra-annular effects which do not involve this osrgen. 

The lengthening of ring bonds, in order Lo minimize intra-annular interactions, is 

n aery #enera1 phenomenon. If one of the carbons of a monosaccharide is converted 

into s quaternary center, then the fiankine C-C bonds increase in length markedly 

in order Lo offset the increased steric interactions. The X-ray data of the di-p- 

bromobenzoate of methyl gibberellate ( r e f .  14111 and methyl 4.6-0-henzylidene-2,3- 

di-C-methyl-2-O-(mett~pIthioimethvl-u-D-allprnoside iref. I4bl provide good 

examples of these annular distortions. 



Thus, the qlycopyranosidic molecule, like all other organic molecules, will 

accommodate any unfnvourable stereo-electronic interactions by a dvnamic 

combinaLion of: 

a1 adopting conformations which minim~ae the interactions 

bl varying the lengths of the intra-annular, including the C-0, bonds 

c t varving the size of the bond angles, including those at C1 and 01. 

2.2.0 THE CHEMISTRY OP THE MONOSACCHAHIDES 1N SOLUTION 

Since B-anomers experience n-n interactions to a sienificantly greater degree then 

a-anomers, this model predicts that the a-anomcric 01 w111 be a better nucleophile 

than the a-anomeric 01. Further, both nnomeric oxreens will be better nucleophiles 

than a n y  other onysen  in thc suear Lhnt does not. experience these n-n interactions. 

These consequence o f  the n - n  inLeractions have been demonstrated and will be 

discussed below. 

THE EXPERIEIENTAI. EVIDENCE 

THE GEOMETRY OF THE MONOSACCHARIDE MOLECULE 

A COMML.:Nr ON EYPEHIHEXT.ALIIY DETERMINED BOND LENGTHS 

Textbooks often state that the length of a particular type of bond will not. vary by 

more than flX from the experiment all^ determined "mean length". From this w e  

conclude, for example, that the Length of the carbon-carbon single bond must always 

fall within the ranqe 154 r1.54 1152.46 to 155.541 pm. This grneralizatlon has 

creat,ed much confusion about the signiflcance of the length of a bond. While it 

might. be true for. very simple molecules, the X-ras~ data of natural products show 

that. m o r e  hiqhly suhst~tuted molecules demand more flexibility in bond leneths and 

angles. A molecular graphics (lackine structure and e n e m y  minimization routines1 

procrtm - S~SR3D1 - was developed especially Lo fnciliLate the reviewing and 

manipulation of the X-ray crystallographic structurai data of natural products and 

monosaccharides i r e f .  151. 

The program nutomalically portrays a molecule, determines bond orders and locates 

pi- and aromatic atoms, having been supplied only with the coordinates of the atoms 

and the nLom types. In order to achieve this, an intimate appreciation of the 

experimentally determined bond len~tha of a range of natural products was 

necessary. 

During t,he development of the program, an algorithm was written which assembled on- 
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screen a three dimensional wire-frame structure of the molecule, but did not show 

bonds in the molecule which did not have lengths within a specified range, based on 

their "mean v a l u e s ' ' .  The examination of the X-ray data of several natural products 

using this al4orithm showed that many of these compounds, in particular sugars, had 

bonds which did not fall within the erpect.ed narrow !1% rarrEes. 

In order to enable STR3DI to reproduce the complete structures of all of the 

molecules studied, the rnnse of lengths allowed for any given type of bond, 

rrgardlrss of its euvironment., had to be increased to approximately f7%. Some of 

t,he C-C hotid lpnglhs which tended Lowards the lower end of t,he range were those 

flnnied by llnseturated systems and were formed between atoms in different 

nxidntion/t~?bridization states. These short bond iengths were easily appreciated. 

tlowevcr, 1.twi.e were other short C-C bonds, like those which had electron 

withdrawing g r o u p s  attached to one or both tetrahedral carbon atoms, whose leneths 

could nut be acceptablv explained by hybridization phenomena. Here, the shortenin% 

of bonds by electronegativity effects offered a more suitable explantion (ref. 101. 

The bonds whose lengths tended towards the hiqher end of t.he range were bonds 

between tetrahedral carbon atoms which were highly substituted, or in strained 

situations. Aeain, a rationalization of the lenqths of the bonds based on 

hyt,ridizat.iun phenomena was unacceptable. Instead, the old explanation, based on 

the dyrlnmic adjrrstmrnt of the bond lengths to achieve a release of the strain, 

seemed much more plirusible. 

An almost identical profile was found for all of the different types of bonds 

reviewed, rexardless of their multiplicities and constituent atoms. Interest~ngiy, 

the f7% ranges of bond leneths for single bonds and double bonds do not overlap, 

buL approach each other quite closely. The range of bond lengths for double bonds 

and triple bonds overlap very slishtly and suggests that there are slkenes whose 

shortened C=C double bonds do approach the lengths of the long alkyne bonds. 

These findings dramaticall~ illustrated the need for a flexible approach to the 

appreciat.ion of "normal bond lengths", since there are bonds whose len4ths are  

substantiall? different from the "mean len4thsC' that are often quoted in the 

1it.erature. The qromctricel features of any molecule, mediated by bonds and bond 

engles, chanec dynamically in order to accommodate the steric and other constraints 

in the molecule. Bonds and angles of "unusual" sizes are not necessaril~ the 

products of unusual stereo-electronic interactions operating on those bonds. 

We routinely refer to the lengths of bonds by alluding to these lengths relative to 



Lhe clnssical sinela, double and triple bond lengths. For example a short C-C 

sinele bond "has bond order greater than I " ,  or "is intermediate in length between 

a single and n double bond", implying that the bond must have some of the features 

of n double bond. These allusions are often misleading. The lengths of the annular 

bonds of benzene do Call between those of ethane and ethene. Howevpr, these bonds 

fall with," the f 7 %  range of the alkene bond length, but outside of the f i %  range 

oi alkane hond lengths and - importantly - they possess similar chemical reactivity 

to alkenes. not alkanes. Thus, by considerine the range of bond lengths within 

which Lhese bonds fall, and t h r j r  chemistry, we can assign the aromatic atoms to a 

certnirr categor, of tiybr.idieeLion. 

Simple cnrhoxylic psters provide another revealing example. The length of the bond 

which joins the carbonyl carbon to the alkvl oxygen is usually about 136 2 3  pm, 

shorter than the C-O bonds of an acetel group. The alkyl oxygen's lone pairs are 

npparenLLy ideally suited for delocxlizetion over the flanking carbonyl group. 

Hosaver, there is free relation about, this C-O bond and celculations using AM1 

indicate that the lone pairs on the alkyl oxygen are about 94% localized on that 

oxygen. The short bond lenath is therefore a result of the "electranegativity" of 

the carbons1 carbon and not a result of extensive delocalizatioo of the Lone pairs 

of the  oxygen over the cerbonyl group. The "short" bond length is not an 

indication of a possible rehybridization of the alkyl oxygen and indeed the bond 

lrngih does fall within the f i %  range of C-O single bond lengths. 

The sug4estion that a short alkane bond has n-character should also be borne out by 

the Carl. of its alkene-like behaviour. In the absence of greatly restricted free 

rotntiurl and alkene-like chemical reactivity associated with this bond, then the 

causes of Lhe shortening of the bond must. be sought in areas other than a 

rehvbridizntion of the component atoms. 

THE BOND LENGTHS OF GLYCOPYRANOSYL COMPOUNDS 

The X-ray data of several monosaccharide derivatives have been reviewed by Fuchs et 

al. i r e s .  1 0 1 ,  who statistically evaluated the lengths of the C-0 bonds of the 

acetal moiety only. One of the limitations of this study is the comparison of bond 

lengths which have been obtained with different degrees of accuracy. As will be 

shown below, an experimental error of 1% to 2% in the determination of a bond 

length can make an enormous difference to the presumed significance of the bond 

length. 



HETEROCYCLES. V o l  3 1, No 6, 1990 

~ h ~ ~ e  considerations prompted a smaller study of the X-ray data of several 

glycopyranosidic compounds lref. 151 which, in the same molecule, possessed either: 

a) at least t w o  acetal entities, the anomeric center and another simple acetal 

llike a benzylidene acetal, or a simple alkylidene acetall, or 

bl at least two ester groups, one attached to the anomeric oxreen end the others 

attached elsewhere in the same molecule. 

In this ~ t u d y ,  the X-ray dnts of each molecule had consistency for all of the 

structural units in that molecule and distances were measured with the same 

experimental error. Thus meaningful comparisons could be made re~srdinq the 

relative bond lensths of k e y  structural units. Space will only allow s discussion 

of the important trends observed, but t.he reader is encouraged to critically 

examine the lengths of each bond in the molrcules chosen as representative 

examples. This data will dramatize many of the dangers inherent in the use of 

selected bond length data to lay the foundations of n theory, and will highlisht 

the inconsistencies that have appeared in the literature concerning the relative 

lengths of t,he ncetal bonds. The data will also show that focussing attention on 

  he geometrical features of one site of a molecule. while pointedly ignoring 

similar features at other sites in the same molecule, is often misleading. The data 

cited fire a sample tnkrn from the large group reviewed, but do not constitute a 

unlque group. There are man" others molecules for whlch equally revealins X-ray 

dnta exist. The number of examples cited is relxtivel~ small, but identifying even 

a few exceptions to the postulates o f  a hypothesis invalidates that hypothesis. 

OBSERVED TRENDS IN BOKD LENGTHS 

This review of the bond length data corroborated that done by Fuchs et al. (ref. 

10). I ~ n o r i n g  biases due to the availability of data and sample sizes, one can 

state that the simple ~1,vcopyranosidic compounds have bond lengths usually in the 

following ranges (in pm): 

C1-01 Ci-05 C-C C-0-Acpl 

a-anomer 138 - 112 138 - 143 148 - 159 142 - 145 

B-anomer 135 - 141 139 - 145 148 - I59 142 - 145 

The glycopyranoses and their derivatives, like other cyclic compounds, have their 

axial bonds usually sliqhtly labout 1 pml longer than similar equatorial bonds, 

regardless of the type of atoms forming the bond. The C-0 bond lengths of ethers 

ranged from 140 to 145 pm. The alkyl oxygen bonds of benzoate. acetate and 



pivalat~ esters rarely departed from the ranee 142 to 145 pm, regardless of the 

carbon to which the ester was attached, or its stereochemical orientation. The 

table shows that acetal bonds at the anomeric center covered the range 137 to 145 

pm, 141 pm ?2.8%, regardless of the confi<urntion. The Cl-01 bond is often. but not 

always, shorter than the cl-05 bond. There are severel a-qlycopyrenosides whose 

C1-01 bonds are lonqer than the C1-05 bonds There are no examples of simple 

glycopyranoses in which the Cl-OH bond is lonqer than the Cl-05 bond, reeardless of 

whether the C1-01 bond is axial, or equatorial. 

The C1-01 bonds of every anomeric pair studies differed only by 1 to 3 pm, 2% of 

the length of the C-0 bond. There ere nu e5amples of pairs of anomers which have 

C1-01 bond of the a-anomer sbouL 10 pe longer than that of the D-anomer, as has 

often been stated in the literature. The range of lenqth L'or a particular type of 

bond exists because each molecule has its own peculiar set of structural features 

which stimulate t,he dynamic nd,justmenL of the molecule's geometry in order to 

accommodate these features. These dy-namic processes most produce s range of bond 

lengths/nn4les for n qroup o f  similar molecules and could only be expected to 

produce a single set of values for nearly ident~cal compounds. 

Intermolecular hydrogen bonds and intermolecular dipole-dipole interactions can 

distort the features of a molecule. In particular, the L1-anomer has a site, the 

01-C1-05 clust.er of atoms, of high electron density which wlll often act as an 

electron donor/negat.ively charged site and the geometrical features at this site 

will frequently be distorted. These intermolecular events are not always obvious 

to the user of X-ray cr~stalloqraphic data who usually obtains only the data for 

one molecule in the unit cell. The proximity and orientations of the surroundina 

molecules are important. 

THE CLYCOPYRANOSIDES AND SIMPLE SUGARS 

From electron diffrartion studies, the acetal bonds of 1.3-dloxene iref. 16al and 

dimethoxymethane iref. 16bi have  been estimated to be 1 3 9 . 3  pm and 140.3 pm. 

respectively. Isopropylidene acetals. 4,6-0-benzylidene acetals and 4,6-0- 

alkylidene acrtals of monosaccharides have C-0 bonds which lie in the range 140 to 

115 pm. As is expected, the more highly substituted molecules tend to have longer 

bonds. If n-o* delucalizations do occur in these cyclic acetals, then their 

symmetry would foster t.he mutual cancellation of the structural consequences of 

these effects. Thus, the variations in the C-0 bond lengths of cvclic acetals must 
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be due mainly to the geomet,rical adjustments of the total structure in order to 

minimize trans-annular and gauche interactions. The structural dimensions shown by 

these symmetrical cyclic ecetals must therefore represent the true, stereo- 

electronically unperturbed norms for substit.uted acetals. 

The ranee of bond lengths of the cyclic acetals (139 to 145 pml overlaps that of 

the anumeric C-0 bond lengths 1137 to 145 pml quite dramatically. Thus the C-0 

bonds of the structurally simpler acyclic acetals and of the pyranosidic compounds 

lpnrticularly the C1-05 bonds) do have normal, stereo-electronically unperturbed 

lengths. 

The entire range  of acetal C-0 bond lengths covers an interval of 8 pm 15.6% of thr 

mean - 141 pmi, which is smaller than the 11 pm interval for the rnnge of lengths 

of C-C bonds (7.1% of the mean - 153.5 pm). Within each group of anomers the range 

for the C1-01, or C 1 - 0 5 ,  bond lengths is about 4 to 6 pm 12.8% to 4.2% of the 

mesnl. The lengths of the C-O bonds of a particulnr pair of anomers differ only by 

1 to :I pm, or about O . i %  to 2.1% of the mean measured bond lengths and this range 

is smaller than t.he range of values within a particular group of anomers. 

Thus, a ? Z %  error/uncertainty in measuring the acrtal C-0 bond lengths, which is 

smaller than the observed ranee of values f o r  the particular bonds, can either 

support the 11-o* model, or negate it. If special stereo-electronic effects are 

needed t,o rationalize a 1 to 3 pm range o f  C-0 bond lengths, then we have been 

negligent in ignoring thc 11 pm range of bond lengths of the C-C bonds and the 

other larger ranges of bond length values mentioned above. It is clearly misleading 

to o f f e r  a sincle value for the "normal" leneth o f  any C-0 bond and to assert that 

a f2% variation in this length is unusual. A definitive assessment of whether the 

bonds to B-anomeric glycosidic oxyqens are always shorter than those to the 

analogous a-anomeric oxygens will only be properly and accurately revealed by 

examining nmlerules which have both anomeric groups in each molecule. In this way, 

data f o r  the measurement of both sets of bonds will be obtained together, with the 

Same experimental error. 

THE GLPCOPYRANOSYL CARBOXYLIC ESTERS 

Ester groups are much better leaving groups than ether ~roups. The o* orbitals of 

ester C-O bonds must be closer in energy to lone pair orbitals than those o* 

orbitals of ethers. The 0-5 lone pair should therefore be more easily delocalized 

into the ester's C-0 o* orbital than into an ether's C-0 o* orbital. 



The 01 of a Bl~cop~ranosyl ester must be a worse donor atom in a n-a* 

drlocnlization process than the 01 of a simple glycoside, since one lone pair is 

partially delocalized over the ester carbonyl sroup, so bestowing a partial 

positive charge on the esterified 01. Thus, the strenrthening of the C 1 - 0 1  bond bv 

back donat.ion by an 0 1  ether oxygen should be much greater than that by an 

esterified 0 1 .  

For. the a-nnomeric esters, one would therefore predict a strong 0 5  t.o C 1 - 0 1  n-a* 

inieraction, which would cause a siqnificnr~t lrngthenine of the C i - 0 1  bond. The 

X-ray data of the giycop~ranosyl esters which have more than one ester group in the 

molecule, show thaL the length of C 1 - 0 - a c y l  bond is fairly constant in value 

(covering a ranzre or only 3 pml recardless of the site, o r  stereochemical 

o r i e r r l . ; ~ L i o n ,  01' the ('-0 bond ln the molecule. Thus, there cannot be an important 

w o *  dr~Joc;~lizaLion ( 0 5  to C l - 0 1  o* I in the ~Iycopvranosvl carboxylic esters. The 

absence of n-o* interactions in these esters. which appeared to have been 

favourable host. m o l e c u l e s  for these effects, supports the conclusions that n-o* 

inLc:rnctions should not be normal features of the glycopyranosidic acetals, which 

are even worse rdndidates for these interactions. 

THE D O N U  ANG1,ES OF THE GLYCOPPRANOSYLI COMPOUNDS 

Normnllv. X-ray crvatallographic st.udies ere unable to locate the hvdruqens in a 

molecule with any degree of accuracy. Thus, we cannot comment on structural 

features ni the anomeric center which involve the hydroeen at C 1 .  

T h e  bond anqles st the potentird donor. stunls 0 1  and 0 5  have been reearded as 

jmportant criteria and Lhrsr bond anqles have been scrutinized iref. 101. However, 

a n y  r l-o* phenomena  irivolvint' the 0 5 - G I ,  or the 0 1 - C 1 ,  bonds must affect the 

maenjtude of the 0 5 - C 1 - C Z ,  the 0 1 - C 1 - 0 5  and the 01-C1-CZ bond angles in a 

definitire fashlon. since thp developing n-character will be seen either in the C1-  

0 1  bond, or  t.he C 1 - 0 5  tbond. The maenitudes of each of these bond angles should 

also be important. 

The nnusualls high electron density at the 0 1 - C 1 - 0 5  site of U-snomers will make 

this site a very favourable one for inLermolecuiar hydrogen bonding and dipole- 

dipole intersctions. Both of these internctions will distort the 0 1 - C 1 - 0 5  bond 

angle, resulting in a reduction of its size. This bond angle must therefore be 

esamined with caution and significance attached to its magnitude only after it has 

been shown that the distortions mentioned have not occurred. 
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Haddon (ref. 171 has attempted to correlate bond aneies with the state of 

hybridization at symmetrically substituted carbon atoms, with some degree of 

success. However. there are considerable problems lnvolved in ertrapolstine those 

results to heteroatomic systems. For example, the carbonyl carbon of an ester group 

is sp2 hybridized and so one miqht assume that all o t  the bond aneles at this athm 

will be about 120". In fact, the "-ray data u f  several monosaccharide acetate and 

Lienzoate esters showed t.hat the bond angles which flank the carbonyl oxyeen were 

usunll? about 122-126°, while t.he bond angle which was opposite to the carbonyl 

oxyqt,n w a s  us~lnlly about 108-11ZU. This small bond nnele (which was reproduced by 

AM1 calrnlntions1, vtiiih is identical to that found in saturated aliphatic systems. 

c~nnot. be used by itself Lo assla" the state of hpbridizntion of, or degree of p- 

character ~ o s s e s s e d  L!v, the ester's carbons1 carbon. The X-ray crystalloqraphic 

d;rl.n of ;r number of s u g a r  derivatives have beer  reviewed, payin* special ettentlon 

Lo the sires of the bond angles at. all carbons. These hond angles frequently ranee 

from 103 to 115O in moieties which are  undoubtedly aliphatic. Indeed, small bond 

angles (in the range 103" to 107" I frequentiv occur in acyclic c r o u p s  such as the 

primary alcohol Srollps of s u q n r s .  

The 05-C1-CZ, 0 1 - C i - 0 5  and 01-C1-CZ bond aneles of a-anomeric and D-anomeric 

uomim!~rrds wrre revi~weti and they f e l l  well within the ranee 1103° to 115O 1 found at 

the non-ncetoi sites of sugars. There are no examples of bond angles at the 

nnomerii <:enter. which are lnreer and so warrant the presumption that the anornrric 

iarbon has e ; a ~ n e d  addit ional K cliaract.er. A sienificant mrmber of U-enomeric 

Lrlycosidc?~ and glycosyl esters had their 01-C1-05 bond angles in the ranee 106° to 

1 0 8 O ,  so showing evidence of the distortions mentioned above. 

Fuchs et irl. sugqpsted I f  101 that the large labout 114") bond aneles seen at 

the 01 nLom of 0-anomers is ~ndicative of a n-o*, rno-anomeric effect. In fact, 

Brimacornbe has produced (ref. 15kl some methyl 2,:i-di-O-met,hylgluc0pyran0~ides 

whose bond n n e l e s  at the 02 and 03 ether groups are larger than the bond angle at 

01! Sincc (12 and 03 are not participating in n-o* phenomena, then the similar, but 

smalirr, bond nnele at 01 cannot bc diagnostic of the presence of the anomeric 

effects, or of the state of hybridization at this atom. 

The veriation of the H-C-H bond angle at C2 of propane, with the C-C-C bond angle, 

can be simulated by an algorithm which cnlculates the location of these hydrogens 

based on the following simple conditions. 

a )  The t w o  C 2 - H  bond lengths are equal. 



bl The two C-C bond lenqths are equal. 

cl The Cl-HZ and C3-HZ distances are equal. 

This simple algorithm perfectly predicts what one would have expected from the 

widely accepted hybridization model. This algorithm was used in the proeram STR3DI 

to place hydrogens onto slmple hydrocarbons and, prov~ded that realistic bond 

lengths and C-C-C bond anales were u s e d ,  the structures/eneraies of these model 

hydrocarbons were almost identical t.o 1 hose of a similar molecular models which had 

been sub.iected to a sLrui:Lure/energy minimization lMMZ/MMSl routine. Thus, an 

alqorithm which was driven by simple geometric requirements, allowed one to 

appreciate the d,vnnn>ics of the structural features of an orevnlc molecule, 

including the structural c o n s e q u e n c e s  of vargine the bond angles within the 

molecule. Clearly, it is not. necessary to invoke the rehybridizetion of an atom in 

order to rationalize the s i z e s  of the bond anqies aL that atom. 

THE CHEMISTRY OF THE MOHOSACCHARIDES 

THE RELATIVE NUCLEOPHILLCITIES OF THE a- AND U-ANOMERS 

The X-ray data ~ndicates that. in both anomers the C1-01 bond is usually shorter 

than the C1-05 bond. 'Th? n-o* hypothesis would therefore predict that the a-01 

ought to be a poor nucloophile, and the 8-01 even worse. This predicted pattern of 

reactivity is inconsistent wlth the experimental facts end poses serious challenges 

to the validity of the n - o t  hypothesis. On the other hand, the n-n interaction 

model predicts with g r e n t  reliabil~tr the actual reactivities of the anomers and 

imposes no constraints on the bond Lengths at the acetal center. 

A significant amounL of experimental data has been eenereted which supports the 

fact that the armmeric hydroxyl sroups of D-plycopyranoces are much more 

nucleophilic then all of their other hydroxyl groups ( r e f s .  4a and 18a-18~1. 

Further, both snomeric oxygens are much better nucleophiles than the other 

secondary oxygen atoms of the simple 4lycopyranoses. This trend is evident in the 

chemistry of the glycopyranosides, where the B-anomeric qlycopyramosides react with 

electrophiles f a r  more rapidly than the isomeric a-anomeric glycopyranosides, and 

both anomers react. more readily t.har, simple ethers [refs. 4n and 1Xd-18f I .  The 

enhanced nucleophilicities of the anoaeric oxyeens are primarily manifestations of 

the B-effect. 

Kxamples of the manifestation of the r-effect, which is also a consequence of n-n 

interect.ions, have been reported f r e t ' s .  4a and 1841 and have been exploited in our 
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laboratories (ref. 1Bhl. The excellent nucleophilicity of the primary hydroxyl 

group of a simple monosaccharide, in comparison to the secondary hydroxyl groups, 

is a consequence of the greater steric hindrance encountered at the secondary 

anomeric hrdroxyl groups, rather than a reduced availability of the nucleophil~c 

electron pair (ref. 18i). Inclusion of the T-effect in assessments of the relative 

stabilities of anomers, or conformers, will clear up several ambiguities in current 

studies of the effects of solvent polarity on the magnitude of the anomeric 

effect (ref. 18jI. 

THE REACTIONS AT THE ANOMERIC CENTER 

The n-o* processes should be important in situations where a very good leaving 

group is attached to a carbon which is also bonded to n lone pair bearing atom, and 

the system is movine along the coordinates of an SNI reaction. A s  the SNI reaction 

proceeds towards the transition state, the developing positive charge on the 

reaction center will be stabillzed bg a n-o* process. The n-o* interaction 

ultimately becomes Lhe n-p stabilization of the intermediate 'onium' ion formed in 

the 5 ~ 1  reaction ( r - f .  4hl. 

THE REVERSE ANOMEHIC EFFECT 

The "reverse anomeric effect," is shown by molecules, like the glycosyl pyridinium 

halides (ref. 121, which bear a positively charged atom/group I X I  at C1, attached 

to cl via B heteroetom. 'These molecules show the "normal' stereochemlcnl biases of 

the cyclohexanes, and the B-anomers are more stable than the a-anomers. These 

compounds are usually quite reactive at C1, highliqhting the favourable energetic 

relationship between their C1-X o* orbitals and nucleophilic lone pair orbitals. 

Since the positively char4ed atom X will be a poor donor, the n-u* model predicts 

no n-o* interact~ons in the B-anomer, but a very strong interaction between the 

axial 05 lone pair and the axial CI-X o* orbital of the a-anomer. This should 

contribute Lo a very sLrong nno.neric effect. In the pyridinium salts, the 

relatively small steric requirements of the flat p~ridinium eroup, which will be 

similar to that of a phenyl eroup (ref. 1 5 i 1 ,  should lead one to predict a normal 

enomeric effect, opposite to the observed trend. 

An alternate view of the reverse anomeric effect, based on the lone pair 

interaction model, has been presented (ref. 4bl and suggests that this phenomenon 

is the result of the sum of: 



a1 an attractive, stabilizing interaction between the lone pairs of the 05 and the 

electron deficient a*, or n*, orbitals of the glycosidic substituent, which 

occurs more readily in 8-anomers than in a-anomers lthe inverse O-effect], 

bl the normal steric requirement of a substituent on the six-membered ring, 

opposed by: 

C )  the n-o* interactions, which are now very possible because of the favourable 

energetic and geometric relationship between the o* orbital of the Cl-hetero- 

atom bond and the axial 0-5 lone pair. 

The n-a* interaction is clearly less important than the sum of the other two 

factors, so leading to the observed stereochemical bias. 

THE SN1 REACTIONS OF GLYCOPYRANOSIDES. GLYCOPYRANOSYL ESTERS AND HALIDES 

The simple alkylglycopyranosides are very stable in neutral solutions in the 

presence of extremely potent nucleophiles. Anomerisations and substitutions at C1 

only occur under the influence of acid catalysis (ref. 191. This stability and 

reluctance to participate in SNI reactions confirms the absence of strong n-o* 

interactions in these molecules. Tveroske has pointed out that the a* orbital of a 

glycopyranosyl halide should be close in energy to a lone pair orbital and so allow 

some n-o* interactions with the ad,iacent 05 lone pair (ref. 7al. Indeed, it is 

well known the glycopyranosyl halides are very active in SNI processes and 

react with nucleophiles hundreds of times faster than simple alkyl halides. 

Notwithstandine their enhanced reactivit,ies, elycopyranosyl halides often require 

Lewis acidic catalysis for preparatively acceptable reaction rates (ref. 201, as in 

the well known Koenigs-Knorr glycosidstion reactions. 

A comparison of the reactivities of the glycopyranosyl halides and the simple alkyl 

glycopyranosides clearly shows how the chemical reactivity of a molecule is 

affected by n-o* interactions. This experimentally observable enhanced SN1 

reactivity ought to be one of our criteria for invoking the presence of n-o* 

interactions in molecules. 

The very strong anomeric effect shown by the glycopyranosyl halides must be due to 

significant contributions by both the n-n interactions and the n-a* interactions. 

On the other hand, the moderate anomeric effect shown by the simple 

glycopyranosides and glycopyranosyl esters must be due mainly to the n-n 

interactions, with an insignificant contribution from any of the n-a* interactions. 
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CONCLUSION 

Notwithstanding the popularity of the n-o* hypothesis, there is no clear 

experimental evidence for the dominant participation of n-o* interactions in the 

anomeric effects, or in the chemistry shown by simple glycopyranosides, 

glycopyranosyl esters and glycopyrenoses. Further, the chemistry predicted by the 

n-o* model is not realized in the laboratory. 

On the other hand, a model based on the dominant contribution of n-n interactions, 

plus a minor contribution from n-o* interactions, does provide a satisfactory basis 

for the understandin# of the chemistry and structural features of all the 

monosaccharides. 

ACKNOWLEDGMENT 

I wish to thank Dr. Paul Williard, Brown University, Rhode Island, for providing 

the data from t,he Cambridge Crystallographic Database and Dr. Joseph Dannenberg, 

Hunter College of C.U.N.Y., for the AM1 calculntions on the esters. 

REFERENCES 

la. K. B. Wiberg and M. A. Murcko, J.-Am. Chem. Sac.., 1989, 111, 4821, and 

references cited therein. 

Ib. F. Franks, Pure & AEeLChh-c~.~, 1987, 53., 1189, and references cited therein. 

Ic. M. L. Sinnott, L. Hosie, and P. J .  Marshall. J .  Chem. Soc-,~~&r_kl_n_Tr_a"~sSZ_, 

1984, 1121. 

2a. J. T. Edwards, ch,~mLin_d_., 1955, 1102. 

2b. R. U. Lemieux, "Molecular Rearrangements", ed. P .  De Mayo. Vol. 2, 

Interscience. New York. 1964. 

2c. S. J .  Angyal, A_n=w~C_hhem.~Il?t~~Ed, EmL, 1969, 8, 156. 

2d. A. J .  Kirby, "The Anomeric Effect and Related Stereo-electronic Effects at 

Oxy4en". Springer-Verlas, Berlin - Heidelberg - New York, 1983. 

3. E. L .  Eliel, "Stereochemistr~ of Carbon Compounds", McGraw-Hill, New York, 

1962. 

4a. V. G .  S. Box, Rat.croc~cles, 1982, 19, 1939. 

4b. V. G. S. Box, Heterocvcles, 1984, 22, 891. 

5. P .  Deslongcham~s, "Stereo-electronic Effects in Organic Chemistry", Pergamon 

Press, Oxford, 1983, and references cited therein. 

6. S. Wolfe, M.-H. Whangbo, and D. Mitchell, U b o h r d r .  Res., 1979, 69, I, and 



references cited therein. 

7a. I. Tvaroske and T. Blehe, Can.L.Chem., 1979, 52, 424. 

7b. I. Tvaroska, Carbp!xd~r.-Rqs,, 1984, 125, 155. 

8. F. S .  JorRensen and L. Norskov-L.auritsen, TetPah_edr?xXtL, 1982. 23, 5221, 

and references cited therein. 

9. This is quite a widespread observation and some of the papers cited in 

reference 15 show these distortions. 

10. B. Fuchs, L. Schleifer, and T. Tastakovsky, E2pv.J. Chim., 1984, 8, 275. 

11. R. F.  Hudson. Angew. Chem. Int._Ed.En&., 1973, 12, 35. 

12. See reference lc and the references cited therein. 

13. F. H. Westheimer in "Steric Effects in Organic Chemistry", ed. M. S .  Newman, 

John Wiley end Sons, New York, 1956. 

14a. J. A. Hartsuck and W. N. Lipscomb, L A m .  C h e d ~ o c . ,  1963, 85, 3414. 

14b. V. G. S. Box, L. L. Box, and E. V. E. Roberts, Cerh_ohxdr&. 1983, 119, 85. 

15. STR3DI.EXE was written for IBM XT/AT compatible microcomputers. Copies of the 

program will be made available to those interested. 

15a. The Cambridge Crystallographic Database Acronyms of some of the compounds 

reviewed are listed below. 

Polyfunctional compounds : 

ACALPA ACEGLL AOGAPY ATBRIBlO ATBXYLlO DIPTGP IPEPPL MABRHP 

MBDARP MBDRIP MBTCAP MEYGALlO MTAGLV OBZXYPlO PACDGP TACRIB 

TALXYP TAXYLR TBZMAC 

Simple glycopyranosides: 

MALARA MBDGAL02 MBDGHPlO MBLARA MDRIBPOZ MEMAPPll MGALPYOl MGLUCPll 

MOAGLP MXLPYR XYLOBMOI 

15b. K. B. Lindberg, Acta Crystallogr.. Sect.tA, 1976. 32. 639. 

15c. M. G. B. Drew, H. Lindseth, and R. Khan, o h .  1979, 11, 35. 

15d. J. A. Heitmann and G. F. Richards. CarbohvdL.-&_sl, 1973, 28, 180. 

15e. P. Luger, C. Zaki, H.-W. Hagedorn, and R. Brossmer, G e & d h m i r R e s L ,  1987, 

164, 49. 

15f. P. L. Barili, G. Cstelani, F. Colonna, A. Marra, S. Cerrini, and D. Lambe, 

Carbohydr R.sxl. 1988, 173, 29. 

15g. P. Luger, G. Kothe, K. Vangehr, H. Paulsen, and F. R. Heiker, Cax'bohydr. R e s . .  

1979, 68. 207. 

15h. P. Luger and H. Paulsen, CXrbhydr. Res., 1976, 51, 169. 



HETEROCYCLES, Vol 31, No. 6, 1990 

15i. F. W. Lichtenthaler. T. Sakakibara, and E. Oeser, Cmbhyd~2-Re_s .., 1977, 59, 

47. 

15j. 7.. Ruzic-Toros, B. Ko.iic-Prodic, L. Golic, and S. Tomic. Cs~bghy~r, Res,, 

1987, 1 6 2 .  171. 

5 J. C. Barnes. J S. Brimacornbe, B. H. Nichols, and T. J .  R. Weakley, 

C_arbohd~,Res,. 1979, 6_9. 47. 

151. T. Taniguchi, M .  Sawada, T. Tanaka, and T. Uchiyama, Carboh~dx~Res., 1988, 

177, 13. 

16a. Gy. Schultz and I. Hargittai, ActaChlk._&.qd.AH~n&, 1974, 83_, 331. 

16b. E. E. Astrup, Acta_~Chem,-Scand,, 1971, 25, 1494. 

17. R. C. Haddon, Acc~,CheeLRa, 1988, 21. 243. 

18a. R. R. Schmidt, U. Moering, and M. Reichrath, 2e_trahhcd~o_n_.~Lett., 1980. =, 
3565. 

18b. R. R .  Schmidt, U. Moering, and M. Reichrath. J.-Ca_rb_ooh_~dy.~_Ch~m_, 1984,-3, 67. 

18c. A. H. Haines and K. C. Symes. J,_Lhcm,.Spc,~~l~Cl, 1971, 2331. 

18d. S. J. Angyall and ti. James, J...Che_m_.~~_Soc.._C~h~~~, Cornnun,, 1969, 617. 

18e. P. P .  Castro, S. Tihomirov, and C. G .  Gutierrez, L..Org, Chem.., 1988, 5.3, 

5181. 

18f. We conveniently allude to the mechanism of a reaction as being "as if a 

hydride transfer has occurred". However, there is no organic chemical 

reaction known during which a C-H heterolysis occurs with the formal 

gpneration of a free hydride ion. All "hydride transfer" reactions can be 

rationalized by more plausible, lower activation energied, free radical 

pathways, or ionic pathways involvins adjacent atoms. 

18g. P. Koll, H .  Komender. B. Meyer. and U. Lendering, Liebigs Ann. C h e m  1984, 

1591. 

18h. V. G. S. Box. L. L. Box, G. Boothe, D. Brown, and K. D e s ,  unpublished work on 

the selective pivaloylation of D-glucopyranoses and methyl a-D-gluco 

pyranosides. 

18i. V. G. S .  Box, Heterocvcl.e_s, 1983, 20, 1641. 

18j. B. Fuchs. A. Ellencweig, E. Tartakovsky, and P. Aped, A w e " .  Chem. Int. Ed,. 

E 1986, 23, 287. 

19. J. M. BeMiller, Adv. Carboh~dr. Chem,, 1967. ZZ. 25. 

20. D. S. K. Tsui and P. A. J. Gorin. Cerbohvdr. Re%, 1985, 1-4.4., 137. 

Received, 14th February, 1990 


