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FOREWORD 
The ACS S Y M P O S I U M SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the SERIES parallels that of the continuing ADVANCES 

IN CHEMISTR Y SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. As a further 
means of saving time, the papers are not edited or reviewed 
except by the symposium chairman, who becomes editor of 
the book. Papers published in the ACS S Y M P O S I U M SERIES 

are original contributions not published elsewhere in whole or 
major part and include reports of research as well as reviews 
since symposia may embrace both types of presentation. 
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PREFACE 

lhe term "anomeric effect" was introduced by Lemieux in 1958 as a 
result of a detailed study of the anomerization of acetylated pento-

and hexo-pyranoses. The effect is well known to carbohydrate chemists, 
and refers to the tendency of an electronegative substituent at C - l of a 
pyranoid ring to assume the axial rather than equatorial orientation, in 
contrast to predictions based solely on steric grounds. However, the 
phenomenon is not restricted to carbohydrate systems, but is displayed 
in many types of heterocyclic compounds. Thus, the investigation of the 
anomeric effect has been of considerable interest to a variety of chemists, 
namely, theoreticians, structural chemists, physical organic chemists, and 
synthetic chemists. Chemists from all of these areas participated in the 
Symposium on The Origin and Consequences of the Anomeric Effect. 
This symposium was the first symposium devoted exclusively to a discus
sion of the anomeric effect, and it provided a mechanism for interactions 
between the diverse types of chemists. The chapters in this volume are 
not merely the texts as presented at the symposium, but they also 
incorporate some new interpretations by the authors resulting from these 
interactions. 

Several explanations have been proposed to account for the physical 
origin of the anomeric effect, and, in recent years, this aspect has been 
the subject of much debate and controversy. The first rationalization 
attributed the phenomenon to an unfavorable dipole-dipole interaction 
between the carbon-oxygen bonds on the ring and the bond from C - l 
to the equatorial, electronegative substituent. Another interpretation is 
based on the suggestion that interaction of the ring-oxygen lone pairs 
with an antibonding o-orbital of the ligand bond stabilizes the axial 
orientation of the ligand. The interaction between the oxygen p-type 
lone pair and adjacent a-bonds in pyranoid derivatives is discussed by 
David; the results of ab initio STO-3G molecular orbital calculations on 
2-chlorotetrahydropyran are described, and experimental evidence for 
such an interaction is presented. For several years S. Wolfe and his 
co-workers have been concerned with the stereochemical consequences 
of adjacent electron pairs and polar bonds. In the symposium, Wolfe, 
Whangbo, and Mitchell reported the results of a theoretical study of the 
magnitudes and origins of the "anomeric effects'* associated with X and Y 
in XCH 2 YH molecules. This paper could not be incorporated into this 
volume, but it appears in Carbohydrate Research (1979) 69, 1. Ab 
initio molecular orbital calculations were performed at the STO-3G level 

ix 
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on the series of molecules XCH 2 YH in which X = NH 2 , CH 3 , OH, F, 
and CI, and Y = O and S. The "anomeric effects" were found to be CI > 
F > OH as a function of X, and O > S as a function of Y. Molecules 
in which X — C H 3 and N H 2 exhibit "reverse anomeric effects." The results 
were analyzed by a quantitative perturbational molecular orbital (PMO) 
treatment which calculates orbital interactions between X C H 2 and YH 
in the case of the "anomeric effect," and between X and CH 2 YH in the 
case of the "reverse anomeric effect," using fragments and fragment orbi-
tals generated from the ab initio wave function. The stabilizing interac
tions between the lone pair of Y and antibonding orbitals of XCH 2 , and 
between the highest lying orbital of X and antibonding orbitals of 
CH 2 YH, were especially examined. In all instances, the trends in these 
stabilizing orbital interactions parallel the trends in the "anomeric" and 
"reverse anomeric effects," suggesting that, within the framework of the 
PMO model, such interactions can be regarded as the "origin" of these 
effects. Although both <r* and n* antibonding orbitals had to be con
sidered to obtain quantitative agreement between the calculated orbital 
interactions and the total energy differences, only those interactions 
associated with a* varied significantly as X and Y were varied, in accord
ance with an earlier suggestion (Lucken and Altona). 

The exo-anomeric effect has the same electronic origin as the ano
meric effect, but it is specifically an orientation effect on the aglycon of 
a glycopyranoside. The effect may have an important influence on the 
conformational preferences of glycosides. The exo-anomeric effect and 
the conformational properties of glycosidic linkages are discussed in the 
article by Lemieux and co-workers. Probably the most important conse
quence of the effect concerns the relative disposition of the contiguous 
sugars of oligo- and polysaccharides; HaU and co-workers have addressed 
themselves to this problem, and report on the potential of proton spin-
lattice relaxation rates for such studies. 

The special electronic structure of the anomeric center in pyranoid 
derivatives results in experimentally significant differences in molecular 
geometry (e.g., as reflected by bond lengths and valence angles) about 
the anomeric carbon atom between a- and /3-pyranoses and a- and 
0-pyranosides. In the article by Jeffrey, a discussion of the structural 
properties of the anomeric center in pyranoses and pyranosides is given, 
and a comparison is made of crystallographic data of some carbohydrates 
with the results of theoretical calculations performed on model com
pounds. Paulsen and co-workers also present x-ray crystallographic data 
in their discussion of some aspects of the conformational analysis of 
pentopyranosyl acetates, benzoates, and halides, in comparison with 
extensive conformational data compiled by Durette and Horton for these 
compounds in solution. 
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The anomeric effect is of prime consideration in synthetic carbo
hydrate chemistry; in fact, some of the most important problems in this 
area, for example, the synthesis of oligosaccharides and carbohydrate-
containing antibiotics, involve an understanding of the reactivity and 
properties of the anomeric center. In a detailed article concerned with 
the influence of reactant structure and solvent on glycoside synthesis, 
Schuerch explores how the anomeric effect of a number of reactants 
influences the course of kinetically controlled glycosidations. 

Eliel has been involved for many years in heterocyclic conforma
tional analysis, and has made important contributions to investigations 
related to the anomeric effect. In this volume, Eliel and Juaristi present 
important data for systems of the type X -C -C -Y (X, Y = heteroatoms), 
and discuss repulsive gauche effects. Attractive gauche effects have long 
been known, and a theoretical connection of the gauche effect with the 
anomeric effect has been made. However, the repulsive interactions 
were not well recognized until recently. 

WALTER A. SZAREK 

Department of Chemistry 
Queen's University 
Kingston, Ontario K7L 3N6 
Canada 
September 27, 1978 

DEREK HORTON 

Department of Chemistry 
The Ohio State University 

Columbus, Ohio 43210 

xi 
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1 

The Interaction between the Ring-Oxygen p-Type Lone 

Pair and Adjacent σ-Bonds in Pyranose Derivatives 

S E R G E DAV ID 

Laboratoire de Chimie Organique Multifonctionnelle, Bâtiment 420, 
Université de Paris-Sud, 91405 Orsay (France) 

In this lecture, the author will attempt not to mix two 
kinds of approach to the problem of the "Origin and Consequences 
of the Anomeric Effect", on one side the hard facts of experimen
tal d a t a and calculations conducted w i t h clearly-defined 
a p p r o x i m a t i o n s , and on the o t h e r side, semi-empirical theories 
which are more easily grasped and put to use with complex 
m o l e c u l e s . Discussion of these is reported to the last section. 
To b e g i n with, the emphasis will be laid on the straightforward 
utilisation of molecular-orbital calculations to an understanding 
of some physical and c h e m i c a l properties of pyranoses. 

An ab initio STO-3G w a v e f u n c t i o n calculation, including all 
electrons, has been developed with the aid of a program (1) t o 
provide a theoretical basis for the following discussion of 
e x p e r i m e n t a l results. The model, which is simplified, but 
represents an actual molecule, 2-chlorotetrahydropyran, c o n t a i n s 
the skeletal six-membered ring of a pyranose, with a chlorine 
atom linked to C-2 as the only substituent. Calculations were 
first made for the two possible chair conformations of this 
molecule (Table I), one with an equatorial, and the other one with 
an axial carbon—chlorine bond, with the same carbon—chlorine bond 
length in both cases. A calculation has also been made with a 
slightly longer C—CI bond in the axial case, to follow the known 
experimental trend according to which axial bonds are longer than 
equatorial ones (2). The b a s i c assumptions are g i v e n i n Table I , 
where the ()>f s are the r e l e v a n t atomic o r b i t a l s o f the component 
atoms. Thus t h r e e s e t s of r e s u l t s were o b t a i n e d , which correspond 
to the e q u a t o r i a l c o n f o r m a t i o n , to the a x i a l c o n f o r m a t i o n w i t h 
the same bond l e n g t h s , and to the a x i a l c o n f o r m a t i o n w i t h a 
l o n g e r C—CI bond. The computation y i e l d e d the C-[j m a t r i x and the 
e n e r g i e s of each m o l e c u l a r o r b i t a l . The a x i a l conformer was found 
to be more s t a b l e than the e q u a t o r i a l one by 1.2 K c a l , when the 
l e n g t h of i t s C-Cl bond was 177 pm, and by 3.7 K c a l when the 
l e n g t h of the C-Cl bond was 182 pm, i n approximate agreement 
x i t h e x p e r i m e n t a l evidence ( 3 ) . Henceforward, when d e a l i n g w i t h 
the a x i a l conformer, o n l y the f i g u r e s c o r r e s p o n d i n g to the 

0-8412-0470-5/79/36-087-001$05.00/0 
© 1979 American Chemical Society 
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2 ANOMERIC EFFECT 

TABLE I 
CALCULATION OF MOLECULAR ORBITALS OF 2-CHLOROTETRAHYDROPYRAN IN 
ITS TWO POSSIBLE CONFORMATIONS 

GEOMETRY 
Bond angles : 109°28' 
Standard bond l e n g t h s f o r C-H, C-C, and C-0 bonds 
C-Cl bonds : e q u a t o r i a l , 177 pm ; a x i a l , 177 and 182 pm 

MOLECULAR ORBITALS 

* k = E C i k * i 5 e n e r § y E k l 
Bonding : k = 1, 2, ..., 32 A n t i b o n d i n g : k = 33, ...,64 

METHOD 
Ab i n i t i o ST0-3G, g i v i n g a l l C. and E 
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1. DAVID Interaction in Pyranose Derivatives 3 

geometry w i t h r e l a x e d C-Cl bond w i l l be c o n s i d e r e d . 
We s h a l l now d i s c u s s some o t h e r p r o p e r t i e s of the molecule 

which can be d e r i v e d i n a f a i r l y s i mple manner from the Cj_j 
c o e f f i c i e n t s . 

N u c l e a r Quadrupole Resonance Fr e q u e n c i e s 

The NQR f r e q u e n c i e s of halogenated compounds are r e l a t e d i n 
a v e r y simple manner to the v a l e n c y p o r b i t a l p o p u l a t i o n s on the 
halogen atom by the Townes and D a i l e y f o r m u l a (4_) . For a c a r b o n -
c h l o r i n e bond, the 35 C 1 n u c l e u s NQR frequency can be set equal t o : 

v = 55 (b-a) MHz (1) 

In t h i s e q u a t i o n , a i s the p o p u l a t i o n of the 3 p z c h l o r i n e 
o r b i t a l c o n t r i b u t i n g to the C-Cl bond and b i s the average 
p o p u l a t i o n of the two 3 p x and 3py o r b i t a l s on c h l o r i n e . Then i n 
the case of the two p o s s i b l e conformers of 2 - c h l o r o t e t r a h y d r o p y r a n 
the computed -^Cl-NQR f r e q u e n c i e s of e q u a t o r i a l and a x i a l c h l o r i n e 
are found to be r e s p e c t i v e l y V e q = 41.2 MHz and V a x = 37.9 MHz. 
The d i r e c t c h e c k i n g of these f i g u r e s by measurement i s not 
p o s s i b l e . The a c t u a l , experimental f r e q u e n c i e s f o r per-(9-
a c e t y l a t e d g l y c o p y r a n o s y l c h l o r i d e s l i e , on the average, 6 MHz 
lower. However, many approximations are i n v o l v e d i n the d e r i v a t i o n 
o f the Townes and D a i l e y f o r m u l a , so i t i s g e n e r a l l y c o n s i d e r e d 
as s a f e r to compare v e r y s i m i l a r compounds. The d i f f e r e n c e between 
the c a l c u l a t e d f r e q u e n c i e s f o r the two conformations of 2 - c h l o r o 
t e t r a h y d r o p y r a n i s : 

Av = v e q - V a x = 3.5 MHz (2) 

Such i s the o r d e r of the frequency d i f f e r e n c e we may expect 
between the two anomers, a x i a l and e q u a t o r i a l , of a g l y c o s y l 
c h l o r i d e w i t h one c o n f i g u r a t i o n . Looking at F i g u r e 1, i t may be 
seen t h a t observed resonances f o r p e r - 0 - a c e t y l a t e d g l y c o p y r a n o s y l 
c h l o r i d e s are d i s t r i b u t e d i n t o two n o n - o v e r l a p p i n g groups. The 
average v a l u e s of the f r e q u e n c i e s of the two groups d i f f e r by 2.6 
MHz, i n q u a l i t a t i v e agreement w i t h e q u a t i o n ( 2 ) . Now NQR 
f r e q u e n c i e s can o n l y be measured on s o l i d samples, and the s o l i d 
s t a t e s t r u c t u r e i s known w i t h c e r t a i n t y f o r o n l y t h r e e compounds 
i n F i g u r e 1. N e v e r t h e l e s s , d i s c u s s i o n of i n d i v i d u a l cases l e a v e s 
l i t t l e doubt t h a t compounds i n the h i g h e r frequency group have 
e q u a t o r i a l c a r b o n - c h l o r i n e bond, and those i n the l o w e r , a x i a l 
ones. 

In the case of hexopyranosyl d e r i v a t i v e s , i t i s g e n e r a l l y 
accepted t h a t the tendency of the s i d e - c h a i n t o adopt an 
e q u a t o r i a l p o s i t i o n i s dominating i n s o l u t i o n , i m p l y i n g t h a t the 
compounds adopt the 4£i(D) or c o n f o r m a t i o n s . T h i s e f f e c t i s 
observed even when i t means t h a t f o u r (9-acetyl groups must adopt 
a x i a l p o s i t i o n s , as i n the case of the p e n t a - 0 - a c e t y l - a - D -
i d o p y r a n o s y l c h l o r i d e ( 5 ) . I n the case of a-compounds,the presence 
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4 ANOMERIC EFFECT 

r-XYLO 

S-<2JUCO 

1-XYIO 

Figure 1. The distribution of the 35CI 
NQR frequencies of per-O-acetylated 

glycopyranosyl chlorides 
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1. DAVID Interaction in Pyranose Derivatives 5 

of a c h l o r i n e atom i n an a x i a l p o s i t i o n a c t s as an a d d i t i o n a l 
s t a b i l i z i n g c o n t r i b u t i o n . Thus i t i s h i g h l y p r o b a b l e t h a t these 
conformations are r e t a i n e d i n the c r y s t a l l i n e s t a t e , w h i c h means 
t h a t a c a r b o n - c h l o r i n e bonds are a x i a l , and 3 c a r b o n - c h l o r i n e 
bonds e q u a t o r i a l i n t h i s s t a t e . Now, f o r hexopyranosyl 
d e r i v a t i v e s , the observed resonances of the a - c h l o r i d e s are found 
i n the lower, and those of the 3 - c h l o r i d e s i n the h i g h e r , 
frequency group. 

On the o t h e r hand, pentopyranoses d e r i v a t i v e s i n s o l u t i o n 
do not e x h i b i t the c o n f o r m a t i o n a l e f f e c t s observed w i t h 
hexopyranose d e r i v a t i v e s . I n a c h l o r o f o r m s o l u t i o n of the B-D-
ribo d e r i v a t i v e , the ^^D) c o n f o r m a t i o n w i t h an a x i a l c h l o r i n e i s 
p r e s e n t at a 92.5 % c o n c e n t r a t i o n at room temperature and at 100% 
at -90°C ( 6 ) . The same o b s e r v a t i o n has been made f o r the $-
arabino d e r i v a t i v e . Moreover, X-ray s t u d i e s have e s t a b l i s h e d 
t h a t the bromine atom i s a x i a l i n the bromo analogue of t h i s 
compound ( 7 ) . Thus i t seems reasonable to extend to pentopyranose 
d e r i v a t i v e s the statement a c c o r d i n g to which compounds i n the 
l o w e r - f r e q u e n c y group have a c h l o r i n e atom i n the a x i a l p o s i t i o n , 
w h i l e compounds i n the h i g h e r - f r e q u e n c y group have an e q u a t o r i a l 
c h l o r i n e atom. 

T h i s c l a s s i f i c a t i o n f i r s t met w i t h s c e p t i c i s m , as one 
i n f e r e n c e was t h a t t e t r a - 0 - a c e t y l - | 3 - D - x y l o p y r a n o s y l c h l o r i d e had 
a 1 ? i ( D ) c o n f o r m a t i o n , w i t h e q u a t o r i a l c h l o r i n e , i n the s o l i d 
s t a t e , and the o n l y i n f o r m a t i o n a v a i l a b l e at t h a t time was t h a t 
the c o n f o r m a t i o n of t h i s c h l o r i d e was more than 70% 1C£D) i n 
c h l o r o f o r m s o l u t i o n at room temperature ( 6 ) . However, our 
p r e d i c t i o n from NQR measurements was l a t e r on proved t r u e by a 
s o l i d - s t a t e s t r u c t u r e d e t e r m i n a t i o n ( 8 ) . 

Let us now come back to e q u a t i o n ( 1 ) . So f a r we have used i t 
to c a l c u l a t e 3 5 d NQR f r e q u e n c i e s from the computed 3p z o r b i t a l 
p o p u l a t i o n s of two s i m p l i f i e d models. Then we compared the 
c a l c u l a t e d f i g u r e s w i t h the observed resonances o f the more 
c o m p l i c a t e d p y r a n o s y l c h l o r i d e s . C o n v e r s e l y , we may s t a r t from 
these observed resonances, and use f o r m u l a (1) to d e r i v e 
e x p e r i m e n t a l v a l u e s of the 3 p z o r b i t a l p o p u l a t i o n s of p y r a n o s y l 
c h l o r i d e s , so as to g a i n d i r e c t i n s i g h t i n t o t h e i r e l e c t r o n i c 
s t r u c t u r e . I f no double bonding i s i n v o l v e d , and i f a c o n s t a n t 
v a l u e of 2 i s adopted bor b, we can accept as an experimental 
observation t h a t on a l l p y r a n o s y l c h l o r i d e s examined, the 3 p z 

orbital population on axial chlorine is higher than the 3pz 
orbital population on equatorial chlorine by an amount of about 
5% (up to 7% in the case of mannose).Some people may c o n s i d e r 
t h a t a statement i n terms o f i o n i c i t y i i s more s u g g e s t i v e . 
E q u a t i o n (1) may be w r i t t e n : 

V = 55 (\-i) MHz (3) 

So t h a t the statement now reads : the axial carbon-chlorine bond 
on C-l of a pyranose is more ionic by about 5 to 7% than the 
equatorial one (.9.).. 
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6 ANOMERIC EFFECT 

The resonance f r e q u e n c i e s of a x i a l c h l o r i d e s are v e r y 
s c a t t e r e d . E s p e c i a l l y s t r i k i n g are the p o s i t i o n s o f the rharnno 
and the manno compounds, which l i e a t both e x t r e m i t i e s o f the 
range, a l t h o u g h they have the same r i n g c o n f i g u r a t i o n . From s o l i d -
s t a t e s t r u c t u r e d e t e r m i n a t i o n s , i t appears t h a t the C—CI bond i n 
the manno compound i s l o n g e r (Table I I ) . D i f f e r e n c e s i n the 
e l e c t r o n i c , i n t e r m o l e c u l a r environment o f the c h l o r i n e atoms i n 
these two compounds might be r e s p o n s i b l e f o r t h i s g r e a t 
d i f f e r e n c e i n i o n i c i t y , but t h i s e x p l a n a t i o n i s by no means 
d e f i n i t i v e ( 1 0 ) . 

TABLE I I 
35ci NQR FREQUENCIES AND BOND LENGTHS IN PER-CKACETYLATED 
HEX0PYRAN0SYL CHLORIDES 

C o n f i g u r a t i o n (MH z) C - l — C l , p m O r i e n t a t i o n 
$-])-xylo 35. 10 175.4(7)* e q u a t o r i a l 
a-L-rhamno 33. 10 182.4(6) a x i a l 
a-V-manno 31 . 57 185.6(8) a x i a l 

* from Ref. ( 8 ) . 

E x t e n s i o n o f these experiments t o 79Br w a s hampered by the 
i n s t a b i l i t y o f e q u a t o r i a l bromides. Only a few have been d e s c r i b e d 
i n the c r y s t a l l i n e s t a t e , and those we c o u l d prepare gave no 
s i g n a l s . R e s u l t s w i t h a x i a l bromides p a r a l l e l those w i t h the 
c o r r e s p o n d i n g c h l o r i d e s (11) . The use of formulae (4) f o r ̂ B r 
allows an e s t i m a t i o n of the 4 p z o r b i t a l p o p u l a t i o n on bromine and a 
comparison of i o n i c i t y between c h l o r i d e s and bromides; 

V = 385(2?-a) MHz and v = 3 8 5 ( 1 - 0 MHz (4) 

The ^ B r NQR f r e q u e n c i e s of f o u r a x i a l bromides may be found 
i n Table I I I . 

Carbon-13 Hydrogen D i r e c t C o u p l i n g Constants 

T h i s study was suggested by the g r e a t w e a l t h of ex p e r i m e n t a l 
d a t a a l r e a d y r e p o r t e d i n the l i t e r a t u r e (12, 13, 14, 15, 16, 17). 
T h i s l e d us to examine the percentage o f s - c h a r a c t e r , p, of the 
v a r i o u s C-H bonds i n the conformers o f 2 - c h l o r o t e t r a h y d r o p y r a n 
( 1 8 ) . T h i s q u a n t i t y may be c a l c u l a t e d p r e c i s e l y w i t h the use of 
formula ( 5 ) . I n t h i s f o r m u l a , b r , C ( i s ) r , . . . , C ( 2 p z ) r a r e t* i e 

c o e f f i c i e n t s of the hydrogen atomic o r b i t a l I s , and the carbon 
atomic o r b i t a l s ( I s ) , ... , (2 p z ) i n the r - t h m o l e c u l a r o r b i t a l , 
and S ( i s ) , S(2p z) are the o v e r l a p i n t e g r a l s between t h i s 
carbon ( I s ) , ... , (2 p z ) o r b i t a l s and the bound hydrogen ( I s ) 
o r b i t a l . 
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1. DAVID Interaction in Pyranose Derivatives 7 

TABLE I I I 
A COMPARISON OF PER-CHACETYLATED GLYCOPYRANOSYL HALIDES WITH THE 
a-D-GLUCO, a-D-XYLO, B-g-RIBO, AND g-D-ARABINO CONFIGURATIONS 

. NQR Frequency p 7 v a l e n c y T . . C o n f i g u r a t i o n \ J r * , . ' I o n i c i t y & (MHz) o r b i t a l ^ J 

p o p u l a t i o n 
QL-V-gluoo 

| 3 5 C l | c h l o r i d e 32.76 1.405 0.40 
I79 i bromide 246 1.360 0.36 Br 

$-l)-arabino 

| J 5 C l | c h l o r i d e 32.149 1.415 0.41 
7 9 B r bromide 240 1.375 0.37 

-D-ribo 
I 35 CIj c h l o r i d e 32.064 1.416 0.42 

7 9 B r bromide 250 1.349 0.35 

-T)-xy to 
I 35 CIj c h l o r i d e 32.863 1.402 0.40 

7 9 B r bromide 246.3 1.359 0.36 

Assuming p = p = 2 r x 1 y 
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8 ANOMERIC EFFECT 

OCC 
r r ( l s ) r ( I s ) + C ( 2 s ) r S ( 2 s ) ) 

(5) P = 
occ 

+ C ( 2 p z ) r S ( 2 p z ) 

The c a l c u l a t e d v a l u e s are r e p o r t e d i n Table IV. The q u a n t i t y p 
has been r e l a t e d ( l 9 ) to the d i r e c t carbon-13 hydrogen c o u p l i n g 
c o n s t a n t by a well-known r e l a t i o n s h i p : 

I n d i s c r i m i n a t e use of t h i s f ormula as a mean of a s s e s s i n g s 
c h a r a c t e r , e s p e c i a l l y i n the comparison of carbons w i t h 
s u b s t i t u e n t s of d i f f e r e n t e l e c t r o n e g a t i v i t i e s has been much 
c r i t i c i z e d i n the p a s t . However, numerous measurements to be 
d i s c u s s e d l a t e r show t h a t ^CH ^ s f a i r l y i n s e n s i t i v e to the 
o r i e n t a t i o n and even to the n a t u r e of the ( 3 - s u b s t i t u c n t w i t h i n 
one c l a s s of compounds. We s h a l l make o n l y q u a l i t a t i v e use o f the 
f i g u r e s i n Table IV to p r e d i c t a g e n e r a l t r e n d i n the comparison 
of e p i m e r i c CH bonds. Thus, assuming t h a t ^JqU a n d P v a r y i n a 
p a r a l l e l manner and t h a t the i n d i c a t i o n s g i v e n i n Table IV can be 
extended to a l l pyranose d e r i v a t i v e s w i t h s i m i l a r s u b s t i t u t i o n , 
we can put forward the f o l l o w i n g g e n e r a l i z a t i o n s : 

a. For an anomeric p a i r , the e q u a t o r i a l c o u p l i n g i s h i g h e r 
than the a x i a l one. 

b. The same r e l a t i o n s h i p o b t a i n s at C~5 of pentopyranoses. 
A c t u a l l y , the c a l c u l a t e d d i f f e r e n c e s of s c h a r a c t e r 
between a x i a l and e q u a t o r i a l CH bonds are p r a c t i c a l l y the 
same at C-l and C-5. 

c. For the methylene groups of deoxypyranoses, the d i f f e r e n c e 
between the two c o n s t a n t s should be f a i r l y s m a l l , except 
i n the case of d e r i v a t i v e w i t h a x i a l aglycon, when the 
a x i a l c o u p l i n g i s p r e d i c t e d to be s l i g h t l y h i g h e r . 

The p r e d i c t i o n s agree w i t h p u b l i s h e d e x p e r i m e n t a l r e s u l t s . 
Numerous measurements on anomeric p a i r s i n d i c a t e t h a t the 
d i f f e r e n c e ^ e q " ^ a x l i e s i n the v i c i n i t y of 10 Hz. T h i s p r o p e r t y 
was f i r s t d i s c o v e r e d i n D-glucose (12) and f u r t h e r extended, 
m a i n l y by Pedersen and Bock, to about twenty anomeric p a i r s of 
d e r i v a t i v e s of D-glucose, D - g a l a c t o s e , D-mannose, 2-deoxy-D-
arabino-hexose, D-glucosamine, D-arabinose. The d i s t r i b u t i o n i n t o 
two non-overlapping groups i s r e m i n i s c e n t of the s i m i l a r 
d i s t r i b u t i o n of the 35q\ NQR f r e q u e n c i e s i n p y r a n o s y l c h l o r i d e s . 
The lower NQR f r e q u e n c i e s i n a x i a l c h l o r i d e s r e f l e c t t h e i r h i g h e r 
3p o r b i t a l p o p u l a t i o n i n the d i r e c t i o n of the C-Cl bond. Our 
i n t e r p r e t a t i o n of the h i g h e r v a l u e s of ^CH i s t h a t t h i s i s a 
consequence of the h i g h e r s c h a r a c t e r o f the e q u a t o r i a l CH bond, 
i n q u a l i t a t i v e agreement w i t h formula ( 6 ) . 

J CH = 500 p (6) 
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1. DAVID Interaction in Pyranose Derivatives 9 

TABLE IV 
THE s CHARACTER OF THE CARBON ATOM OF C-H BONDS 

C I 

C- 5—H C-6—H 
27.3 26.1 
27.2 31.6 

C- 2— H C-6—H 
ax. 28.0 25.6 
eq. 31.8 

ax. 
eq. 

C-2-—H 

33.3 

C-3—H 
28.0 
27.3 

C-4—H 
27.8 
27.5 
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10 ANOMERIC EFFECT 

I n s p e c t i o n o f Table IV i n d i c a t e s comparable p v a l u e s f o r the 
two a x i a l (or the two e q u a t o r i a l ) bonds on either side of the 
ring oxygen. I n the case of pentopyranoses, two c o n s t a n t s 
d i f f e r i n g by ca* 8 Hz have been found i n most c a s e s , and the lower 
one was i n t e r p r e t e d as the a x i a l one by the authors (15) who 
s t r e s s the e f f e c t of the r i n g oxygen. 

The q u e s t i o n may then a r i s e whether* these v a r i a t i o n s of s 
c h a r a c t e r w i t h o r i e n t a t i o n are s p e c i f i c p r o p e r t i e s of pyranose-
l i k e compounds, o r whether they are shared by o r d i n a r y e t h e r s i n 
a s u i t a b l e c o n f o r m a t i o n . We may r e c a l l here one po p u l a r p i c t o r i a l 
i n t e r p r e t a t i o n of the L u cken-Altona t h e o r y : 

T h i s mesomeric p i c t u r e g i v e s an i n t u i t i v e e x p l a n a t i o n of the 
h i g h e r s c h a r a c t e r o f the C-H e q u a t o r i a l bond, as i t i n d i c a t e s 
a measure of sp2 h y b r i d i z a t i o n i n t h i s case. One should then be 
tempted to draw a mesomeric p i c t u r e showing s i m i l a r d e r e a l i z a t i o n 
i n a x i a l C - l — H and C-5—H bonds, and moreover to extend such 
r e p r e s e n t a t i o n s to o r d i n a r y e t h e r s . However c a l c u l a t i o n s f o r 
methanol and d i m e t h y l e t h e r i n the staggered c o n f o r m a t i o n p r e d i c t 
t h a t the e f f e c t should be much s m a l l e r f o r these compounds. I n 
t h i s r e s p e c t , we may mention t h a t the p r a c t i c a l s i g n i f i c a n c e o f 
the i n t e r a c t i o n o f the oxygen p-type lone p a i r w i t h the 
a n t i p e r i p l a n a r 0*-H bond i n methanol has been r e c e n t l y q u e s t i o n e d 
( 2 0 ) . So the e f f e c t d i s c u s s e d i n t h i s s e c t i o n may be r e s t r i c t e d 
to the p y r a n o s e - l i k e , a c e t a l o r mixed a c e t a l type of compounds. 

Chemical R e a c t i v i t y a t the Anomeric Hydrogen 

The h i g h e s t o c c u p i e d m o l e c u l a r o r b i t a l (HOMO) (21) o f our 
models are the r i n g - o x y g e n p-type lone p a i r s . These extend to 
ot h e r atoms, as shown i n F i g u r e 2. The s i m i l a r i t y o f the p a r t s 
p l a y e d by a x i a l anomeric c h l o r i n e and a x i a l anomeric hydrogen i s 
v e r y s t r i k i n g . Atoms w i t h h i g h e s t o r b i t a l p o p u l a t i o n s i n the HOMO 
should be the p r e f e r r e d s i t e o f a t t a c k by e l e c t r o p h i l e s . So the 
models suggest t h a t the e l e c t r o p h i l i c a t t a c k of the a x i a l hydrogen 
should be much e a s i e r than t h a t of the e q u a t o r i a l one which i s 
absent from the HOMO. I n f a c t , s e v e r a l known r e a c t i o n s of pyranose 
d e r i v a t i v e s i n v o l v i n g the b r e a k i n g of a C~l -H bond show 
remarkable s e l e c t i v i t y : 
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1. DAVID Interaction in Pyranose Derivatives 11 

Aldopyranose anomers w i t h a x i a l C-l**—H bond are more r e a d i l y 
o x i d i z e d by bromine than those w i t h e q u a t o r i a l C ~ l — H bond. A 
r e c e n t e x a m i n a t i o n of t h i s r e a c t i o n l e d to the c o n c l u s i o n t h a t 
"these r a t e d i f f e r e n c e s c o u l d be r e f l e c t e d i n r e l a t i v e l y s m a l l 
ground s t a t e e p i m e r i c d i f f e r e n c e s i n the p o l a r i z a t i o n of the CH 
bond, e s p e c i a l l y s i n c e the p o l a r i z a t i o n c o u l d w e l l be m a g n i f i e d 
i n the t r a n s i t i o n s t a t e " ( 2 2 ) . 

These i s even g r e a t e r s e l e c t i v i t y i n the chromium t r i o x i d e 
o x i d a t i o n of pyranose d e r i v a t i v e i n the c o n d i t i o n s d e s c r i b e d by 
Angyal et a l . (23) (24) : p e r - 0 - a c e t y l methyl g l y c o s i d e s w i t h 
e q u a t o r i a l a g l y c o n g i v e k e t o e s t e r s , by o x i d a t i o n of the a x i a l 
anomeric CH bond; those w i t h a x i a l a g l y c o n have an e q u a t o r i a l 
anomeric CH bond which i s not o x i d i z e d i n the same c o n d i t i o n s 
such compounds b e i n g r a t h e r s l o w l y c o nverted i n t o 1-(9-formic 
e s t e r s . The r e a c t i v i t y o f ozone i s p a r a l l e l to t h a t of the 
chromium t r i o x i d e reagent (25).MO c a l c u l a t i o n s on d i h y d r o x y -
methane i n d i c a t e a h i g h e r e l e c t r o n d e n s i t y i n a CH bond 
a n t i p e r i p l a n a r to an oxygen lone p a i r ( 2 7 ) , and the a u t h ors p o i n t 
out t h a t a s i m i l a r i n c r e a s e may e x p l a i n the p r e f e r e n t i a l 
o x i d a t i o n of ( 3 - g l u c o s i d i c bonds by ozone. Evidence has been g i v e n 
t h a t ozone can g i v e complexes w i t h t e r t i a r y CH bonds i n 
hydrocarbons (26) and i t i s reasonable to assume t h a t i n s i m i l a r 
c a s e s , p r e f e r e n t i a l c o m p l e x a t i o n w i l l occur on hydrogen w i t h 
g r e a t e r n e g a t i v e charge. Thus we assume t h a t the t r a n s i t i o n s t a t e 
i n these r e a c t i o n s i s r e a c t a n t - l i k e . On the o t h e r hand, the next 
s t e p s , t h a t i s ozone i n s e r t i o n i n t o the CH bond, o r the f o r m a t i o n 
of an i o n p a i r w i t h a p y r a n o s y l c a t i o n , may i n v o l v e , an 
i n t e r a c t i o n w i t h the g l y c o s i d i c oxygen lone p a i r ( 2 5 ) . 

More r e c e n t l y , i t has been shown t h a t the 3~anomeric form of 
the 4,6-0-ethylidenehexoses are o x i d i z e d to the c o r r e s p o n d i n g 
l a c t o n e s by F 6 t i z o n ! s reagent ( 2 8 ) . The a-anomer of the g a l a c t o s e 
d e r i v a t i v e i s c l e a v e d between C-l and C~2 more r a p i d l y than i t 
i s anomerized- the r e a c t i v i t y of the a-anomer of the g l u c o s e 
d e r i v a t i v e on the o t h e r hand seems v e r y low and a n o m e r i z a t i o n to 
the 3-form, f o l l o w e d by o x i d a t i o n of t h i s anomer to the l a c t o n e , 
o c c u r s more r a p i d l y than d e g r a d a t i o n . Now the key s t e p i n 
o x i d a t i o n w i t h F e t i z o n ' s reagent i s c o n s i d e r e d to be an 
e l e c t r o p h i l i c a t t a c k on an hydrogen atom ( 2 9 ) . So these r e s u l t s 
seem to be i n keeping w i t h the g e n e r a l t h e o r y . 

A Survey of C u r r e n t I n t e r p r e t a t i o n of the Anomeric E f f e c t 

D i p o l e - D i p o l e I n t e r a c t i o n One author has s t a t e d : "The 
f a c t o r s c o n s i d e r e d ... show q u i t e c l e a r l y t h a t the e f f e c t i s 
p o l a r i n o r i g i n " ( 3 0 ) , but p o i n t e d out elsewhere t h a t t h i s i s i n 
some r e s p e c t d i f f i c u l t to r e c o n c i l e w i t h the f a c t t h a t the 
anomeric e f f e c t of bromine i s h i g h e r than t h a t of c h l o r i n e . 
L o oking at Table I I I , one sees t h a t bromides are l e s s i o n i c than 
c h l o r i d e s , may be not an unexpected r e s u l t i n view of the 
r e l a t i v e e l e c t r o n e g a t i v i t i e s of c h l o r i n e and bromine. In t h i s 
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12 ANOMERIC EFFECT 

r e s p e c t , t h e r e i s n o t h i n g e x c e p t i o n a l i n the p r o p e r t i e s o f 
p y r a n o s y l h a l i d e s . A n t i c i p a t i n g the next s e c t i o n , we may ve n t u r e 
the i d e a t h a t the e f f e c t i s h i g h e r w i t h bromides f o r the same 
reason f o r which o r g a n i c bromides are as a r u l e more r e a c t i v e 
than the c o r r e s p o n d i n g c h l o r i d e s : the more d i f f u s e , l e s s 
e n e r g e t i c carbon—bromine a n t i b o n d i n g o r b i t a l can i n t e r a c t more 
e f f i c i e n t l y w i t h near n u c l e o p h i l e s . 

A good e x p e r i m e n t a l t e s t of the d i p o l e - d i p o l e t h e o r y s h o u l d 
be the e s t i m a t i o n of the energy d i f f e r e n c e of anomeric 
g l y c o s y l a t e a n i o n s , which bear one u n i t n e g a t i v e charge on the 
anomeric oxygen atom. T h i s should be f a i r l y h i g h i f d i p o l a r 
i n t e r a c t i o n s are p r i m a r i l y i n v o l v e d but n e g l i g i b l e i f e l e c t r o n 
d e r e a l i z a t i o n i s the important f a c t o r , as a C-O" bond should be 
a v e r y poor e l e c t r o n a c c e p t o r . Neuberger and F l e t c h e r found t h a t 
the D-glucosate i o n at e q u i l i b r i u m i n an aqueous s o l v e n t has a 
g r e a t e r preponderance of the B-D-anomer than has the n e u t r a l 
sugar, the d i f f e r e n c e i n AG b e i n g oa 0.3 K c a l . 

T h i s , however, i s i n t e r p r e t e d by the authors as a 
consequence of d i f f e r e n t i a l s o l v a t a t i o n ( 3 1 ) . When the l i t h i u m 
s a l t o f 2,3,4,6-tetra-0-benzyl-D-glucose i s prepared i n benzene 
and t e t r a h y d r o f u r a n , t h e r e are equal p r o p o r t i o n s of both anomers, 
but we do not know whether e q u i l i b r i u m has been reached i n t h i s 
experiment ( 3 2 ) . 

I n t e r a c t i o n between the Oxygen p-type Lone P a i r and Adjacent 
q-bonds The i n t e r a c t i o n between the oxygen p-type lone p a i r and 
the a d j a c e n t a n t i b o n d i n g o r b i t a l of a carbon-halogen bond was 
f i r s t c o n s i d e r e d i n 1959 by Lucken as a p o s s i b l e e x p l a n a t i o n o f 
the abnormally low NQR f r e q u e n c i e s of a - h a l o e t h e r s ( 3 3 ) . L a t e r on, 
A l t o n a showed t h a t the same phenomenon c o u l d e x p l a i n the 
p e c u l i a r i t i e s o f some bond l e n g t h s i n s i m i l a r compounds ( 2 ) . The 
s p e c t r o s c o p i c p r o p e r t i e s of pyranose sugars which we have 
d e s c r i b e d i n the f i r s t two s e c t i o n s of t h i s a r t i c l e seem to imply 
t h a t the e x i s t e n c e of such an i n t e r a c t i o n l i e s beyond a l l 
p o s s i b l e doubt i n these m o l e c u l e s . I t does not f o l l o w t h a t they 
can e x p l a i n the Anomeric E f f e c t (34) ( 3 5 ) . For t h i s , we need a 
q u a n t i t a t i v e e s t i m a t i o n of the s t a b i l i z a t i o n i n t r o d u c e d i n a 
molecule by such i n t e r a c t i o n s . 

M o l e c u l a r - o r b i t a l c a l c u l a t i o n s f o r ot-chloroanions, i n the 
two conformations d e p i c t e d i n F i g u r e 3a, i n d i c a t e t h a t the e c l i p s e d 
c o n f o r m a t i o n , on the l e f t , i s more s t a b l e than the b i s e c t e d , on 
the r i g h t , b y 15.7 K c a l ( 3 6 ) . I f we assume t h a t the a x i s of the 
p-type lone p a i r of the r i n g oxygen i n 2 - c h l o r o t e t r a h y d r o p y r a n 
l i e s i n the same d i r e c t i o n as any a x i a l bond i n an i d e a l c h a i r 
conformer, we may c o n s i d e r between t h i s model sugar i n i t s two 
p o s s i b l e c o n f o r m a t i o n s , and the a - c h l o r o a n i o n , an analogy which 
i s s t r e s s e d on F i g u r e 3b. The e c l i p s e d c o n f o r m a t i o n of the 
c h l o r o a n i o n corresponds to the c h a i r form o f 2 - c h l o r o t e t r a h y d r o 
pyran w i t h a x i a l c h l o r i n e , and i s a l s o the more s t a b l e . There i s , 
however, a g r e a t d i f f e r e n c e i n the magnitudes of the two e f f e c t s , 
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1. DAVID Interaction in Pyranose Derivatives 13 

Figure 2. The HOMO of 2-chlorotetra-
hydropyran in its two possible chair 
conformations in the vicinity of the ring 
oxygen. Above, conformation with axial 
chlorine; below, conformation with equa

torial chlorine. 

a) 0 

AE (COMPUTED) 15.7 KCAL. 

CI 

AE (EXPERIMENTAL) 2.7 KCAL. 

o 
CI 

(nVa--,*) - 0.052 

Figure 3. (a) Bisected and eclipsed 
conformations of an a-chloroanion; (b) 
corresponding conformations of 2-chlo-
rotetrahydropyran; (c) the overlap be
tween carbon-chlorine antibonding orbi
tals and the ring-oxygen lone pairs: left, 
axial C-Cl bond and p-type lone pair; 
right, equatorial C-Cl bond and a-type 

lone pair 
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14 ANOMERIC EFFECT 

Figure 4. The important interactions in 
glycopyranosyl halides with axial C-Cl 
bond, and the corresponding expression 
for the energy difference between axial 

and equatorial anomers 
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1. DAVID Interaction in Pyranose Derivatives 15 

the anomeric e f f e c t b e i n g much s m a l l e r . 
What i s t r u e i n the a c t u a l sugar model i s t h a t t h e r e are two 

lone p a i r s on oxygen, and t h a t the p-type l o n e - p a i r a x i s i s not 
p a r a l l e l t o the oj$ci a n t i b o n d i n g o r b i t a l , b e i n g i n f a c t almost 
p e r p e n d i c u l a r to the bonds to C 2 and C-6. T h i s i s pr o b a b l y 
the reason why the angle between these bonds has always been 
found s i g n i f i c a n t l y h i g h e r than 109° i n sugar h a l i d e s . As a 
consequence, these i s no gr e a t d i f f e r e n c e between the o v e r l a p of 
the p-type lone p a i r w i t h the a x i a l c r * ^ a n t i b o n d i n g o r b i t a l i n 
one c o n f o r m a t i o n and the o v e r l a p of the a-type lone p a i r w i t h the 
e q u a t o r i a l aj&c-^ i n the o t h e r c o n f o r m a t i o n , as shown i n F i g u r e 3c. 
The p o s s i b i l i t y of t h i s second type of i n t e r a c t i o n had not been 
c o n s i d e r e d p r e v i o u s l y . I t s e f f e c t i s a s t a b i l i z a t i o n of 
e q u a t o r i a l c h l o r i n e . We must a l s o remember t h a t i n some r e s p e c t 
a x i a l 'hydrogen p l a y s the same p a r t as a x i a l c h l o r i n e ( F i g u r e 2 ) . 
C o n s i d e r a t i o n of a l l r e l e v a n t i n t e r a c t i o n s l e d to the fo r m u l a 
g i v e n i n F i g u r e 4 (3 7 ) . One important n o v e l t y i s the i n t r o d u c t i o n 
of the energy d i f f e r e n c e between the a and p-type lone p a i r s o f 
the r i n g oxygen, a consequence of the f a c t t h a t one p a i r 
s t a b i l i z e s the c o n f o r m a t i o n w i t h a x i a l c h l o r i n e and the o t h e r 
the c o n f o r m a t i o n w i t h e q u a t o r i a l c h l o r i n e . 
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The Exo-Anomeric Effect 

R. U. LEMIEUX, S. KOTO1, and D. VOISIN2 

Department of Chemistry, University of Alberta, Edmonton, Alberta, Canada T6G 2G2 

In 1974, Lemieux and Koto (1), in a review concerning the 
conformational properties of glycosidic linkages, outlined the 
origins of the concept now generally referred to as the 
"anomeric effect" and which amounts to a special bonding effect 
found in acetal and related structures. The subject has received 
very extensive experimental and theoretical examination3. 

For the purposes of this lecture, the anomeric and exo 
-anomeric effects can be simply viewed as extra bonding provided to 
the carbon to oxygen bonds of acetals through participation of the 
unshared pairs of electrons when in specific orientations relative 
to neighboring bonds. The bond is strongest when a lone pair of 
electrons on an oxygen atom of the acetal grouping is anti
-periplanar to the neighboring C-O bond. Although there exists no 
physical difference between the anomeric (2) and exo-anomeric 
effects (3), the two different terms for the same general pheno 
menon were introduced for the simple practical reason that the 
a n o m e r i c e f f e c t r e l a t e s t o t h e p r e f e r e n c e f o r t h e a x i a l o r i e n t a 
t i o n of the aglycon of glycopyranosides, as illustrated by the 
conformational preferences of structures 1c and I d o v e r s t r u c t u r e s 
l a and l b f o r 2 - m e t h o x y t e t r a h y d r o p y r a n whereas t h e exo-anomeric 
e f f e c t r e l a t e s t o t h e p r e f e r e n c e f o r t h e a g l y c o n i c c a r b o n ( t h e 
methyl group c a r b o n ) t o be i n n e a r s y n - c l i n a l o r i e n t a t i o n t o bo t h 
t h e r i n g oxygen and t h e a n o m e r i c h y d r o g e n ; t h a t i s , p r e f e r e n c e s 
f o r t h e c o n f o r m a t i o n s l b and I d o v e r c o n f o r m a t i o n s l a and l c , 

1 University of Alberta Postdoctoral Fellow, 1972-74. 
2 University of Alberta Postdoctoral Fellow, 1975-76. 

3 Since the presentation of this lecture, Wolfe, Whangbo and Mitchell [Carbohydr. 
Res. (1979) 69, 1] have given an excellent overview or the "anomeric effects," "exo-
anomeric effects," "reverse anomeric effects" and analyzed the C -X and C-Y bond lengths 
in X C H 2 Y H molecules by a quantitative perturbational molecular orbital treatment 

0-8412-0470-5/79/36-087-017$05.00/0 
© 1979 American Chemical Society 
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18 ANOMERIC EFFECT 

r e s p e c t i v e l y ( t h e arrow n e a r an o r b i t a l means t h a t i t i s a n t i -
p e r i p l a n a r t o a G-0 bond). In o t h e r words, t h e anomeric e f f e c t 
p r o v i d e s a d r i v i n g f o r c e which a f f e c t s t h e c o n f o r m a t i o n a l 
p r e f e r e n c e f o r t h e six-membered r i n g , w h e r e a s t h e exo-anomeric 
e f f e c t p r o v i d e s a d r i v i n g f o r c e which i n f l u e n c e s t h e o r i e n t a t i o n 
p r e f e r r e d by t h e a g l y c o n o f a g l y c o s i d e . 

A l t h o u g h t h e o r i g i n and n a t u r e o f t h e an o m e r i c and exo-
anom e r i c e f f e c t s a p p e a r w e l l a p p r e c i a t e d , t h e i m p o r t a n c e o f t h e s e 
e f f e c t s on c o n f o r m a t i o n a l e q u i l i b r i a , e s p e c i a l l y w i t h r e g a r d t o 
t h e i n f l u e n c e o f t h e exo-anomeric e f f e c t on t h e c o n f o r m a t i o n a l 
p r e f e r e n c e s about g l y c o s i d i c l i n k a g e s , i s n o t w e l l a p p r e c i a t e d . 
T h i s p a p e r i s c o n c e r n e d w i t h e x p e r i m e n t a l i n v e s t i g a t i o n s which 
were d e s i g n e d t o h e l p c l a r i f y t h i s s i t u a t i o n . 

J e f f r e y and coworkers (4) p o i n t e d o u t i n 1967 t h a t X - r a y 
i n v e s t i g a t i o n s showed t h a t b o t h t h e G1-(H and Gl-06 bonds o f a 
g l y c o s i d i c l i n k a g e which has t h e a g l y c o n i n a x i a l o r i e n t a t i o n 
a p p e a r e d s h o r t e r t h a n a v e r a g e and s u g g e s t e d t h a t t h e r e may be a 
r e l a t i o n s h i p between t h i s o b s e r v a t i o n and t h e ano m e r i c e f f e c t . In 
1972, J e f f r e y , P o p l e . a n d Radom (5) p r e d i c t e d f r o m ab i n i t i o 
m o l e c u l a r - o r b i t a l c a l c u l a t i o n s on m e t h a n e d i o l t h a t t h e f a v o r e d 
o r i e n t a t i o n s and i n t e r a t o m i c d i s t a n c e s were i n a c c o r d w i t h t h e 
o b s e r v e d anomeric and exo - a n o m e r i c e f f e c t s . "A c o m p a r i s o n w i t h 
e x p e r i m e n t a l d a t a from X - r a y c r y s t a l - s t r u c t u r e d e t e r m i n a t i o n s , 
b o t h f o r c o n f o r m a t i o n a l a n g l e s and bond l e n g t h s , o f e i g h t e e n 
p y r a n o s e s and methyl p y r a n o s i d e s shows agreement w i t h t h e t h e o r y 
t h a t i s s u r p r i s i n g l y good when c o n s i d e r a t i o n i s t a k e n o f t h e 
e x p e r i m e n t a l e r r o r s , t h e l i m i t a t i o n s o f t h e t h e o r e t i c a l model and 
t h e e x p e c t e d d i f f e r e n c e s i n t h e s t r u c t u r e s o f t h e c r y s t a l and t h e 
i s o l a t e d m o l e c u l e . " 

A t t h e t i m e , t h e r e a p p e a r e d t o be no r e c o r d i n t h e l i t e r a t u r e 
o f h i g h l y r e f i n e d X - r a y c r y s t a l s t r u c t u r e s f o r even two ano m e r i c 
g l y c o p y r a n o s i d e s . T h e r e f o r e , i t was d e c i d e d t o at t e m p t t o c o n t r i -
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2. LEMIEUX E T AL. Exo-Anomeric Effect 19 

2 (R = R 1 = H) 
4 (R = CH 3, R» = H) 
6 (R = H, R' = CH 3) 
8 (R = R 1 = CH 3) 

3 (R = R* = H) 
•5 (R = H, R' = CH 3) 
7 (R = CH 3 , R' = H) 
9 (R = R 1 = CH 3) 

b u t e such d a t a f o r a t l e a s t two such compounds. The c o l l a b o r a t i o n 
o f D r s . D e l b a e r e and James (6) was r e q u i r e d i n t h i s r e g a r d and 
g e n e r o u s l y g r a n t e d . I t was d e c i d e d t o examine t h e c r y s t a l s t r u c 
t u r e s f o r 2 - B - m e t h y l c y c l o h e x y l c t - D - g l u c o p y r a n o s i d e (4) and 2 - S -
m e t h y l c y c l o h e x y l 6 - D - g l u c o p y r a n o s i d e (5) f o r t h e f o l l o w i n g r e a 
s o n s . F i r s t o f a l l , i t was d e s i r e d t o a c h i e v e a c c u r a t e a t o m i c 
p a r a m e t e r s which c o u l d be used t o a s s e s s , on t h e b a s i s o f h a r d -
s p h e r e c a l c u l a t i o n s , t h e e f f e c t on t h e c o n f o r m a t i o n a l p r e f e r e n c e 
o f i n t r o d u c i n g methyl groups a t t h e p o s i t i o n s n e i g h b o r i n g ( t h e 2' 
and 6' p o s i t i o n s ) t o t h e a g l y c o n i c c a r b o n o f t h e anomeric c y c l o -
h e x y l D - g l y c o p y r a n o s i d e s (2 and 3 ) . Hydrocarbon a g l y c o n s were 
chosen t o e l i m i n a t e o t h e r t h a n Van d e r Waals i n t e r a c t i o n s between 
t h e a g l y c o n and t h e g l y c o s y l group. S e c o n d l y , i t was hoped t h a t 
t h e c h o i c e o f a r a t h e r l a r g e , n o n - p o l a r a g l y c o n i c group would h e l p 
b e t t e r s e p a r a t e t h e p o l a r g l u c o s y l groups i n t h e c r y s t a l l a t t i c e 
and t h e r e b y perhaps e l i m i n a t e e f f e c t s on c r y s t a l s t r u c t u r e t h a t 
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20 ANOMERIC EFFECT 

m i g h t a r i s e b e cause o f a v e r y c l o s e p a c k i n g o f h i g h l y p o l a r s t r u c 
t u r e s o n l y . T h i r d l y , as shown by t h e p r o j e c t i o n f o r m u l a s 10 and 
11, t h e c h o i c e o f t h e t r a n s - 2 - B - m e t h y l c y c l o h e x y l a g l y c o n f o r t h e 
a-anomer and o f t h e t r a n s - S - m e t h y l c y c l o h e x y l a g l y c o n f o r t h e g-
anomer, p r o v i d e s " t r u e " a n o m e r i c s p e c i e s i n t h e s e n s e t h a t t h e 
s t e r i c r e l a t i o n s h i p s between atoms about t h e a g l y c o n i c and ano
m e r i c c a r b o n s a r e s i m i l a r f o r b o t h anomers. 

D r s . D e l b a e r e and James were a b l e t o r e f i n e t h e s t r u c t u r e s t o 
t h e p o i n t t h a t e v e r y hydrogen atom a t t a c h e d t o c a r b o n c o u l d be 
l o c a t e d and C-H bond l e n g t h s a s s i g n e d t o w i t h i n ± 5 % . The C-C and 
C-0 bond l e n g t h s were e s t a b l i s h e d t o w i t h i n about 0.4% and t h e 
v a l e n c e a n g l e s i n v o l v i n g heavy atoms w i t h i n ± 0 . 3 . From t h i s d a t a , 
t o r s i o n a n g l e s between heavy n e i g h b o r i n g atoms c o u l d be d e t e r 
mined w e l l w i t h i n one d e g r e e . I t was d i s c o v e r e d t h a t t h e a -
anomer (4) was p r e s e n t i n t h e u n i t c r y s t a l c e l l i n two c o n f o r m a 
t i o n s ; one, t h e AQJ f o r m , which has 0-6 s y n - c l i n a l t o 0-5 and 
a n t i - p l a n a r t o C-4 and t h e o t h e r , t h e BQQ f o r m , which has 0-6 i n 
s y n - c l i n a l o r i e n t a t i o n t o b o t h 0-5 and C-4. A l t h o u g h t h i s p r o v e d 
l e s s t h a n c o n v e n i e n t t o t h e X - r a y c r y s t a l l o g r a p h e r s and, i n d e e d , 
t h e i r r e s o l u t i o n o f t h e p r o b l e m i s h i g h l y commendable, t h e 
a c h i e v e m e n t o f two s t r u c t u r e s f o r t h e same m o l e c u l e i s c e r t a i n l y 
i n t e r e s t i n g and u s e f u l i n t h e c o n t e x t o f t h i s p a r t i c u l a r p r o j e c t 
s i n c e i t shows t h a t t h e a t o m i c p a r a m e t e r s o f i n t e r e s t were no t 
a p p r e c i a b l y a f f e c t e d by t h e changes i n e n v i r o n m e n t and c o n f o r m a 
t i o n o f t h e forms i n t h e same c r y s t a l . 

The bond l e n g t h s r e p o r t e d i n T a b l e I a r e seen t o be i n e x c e l 
l e n t a c c o r d w i t h e x p e c t a t i o n s based on t h e a n o m e r i c and exo-
a n o m e r i c e f f e c t s i n t h a t s t r e n g t h e n i n g o f t h e G-0 bonds a t t h e 
a n o m e r i c c e n t e r by d e r e a l i z a t i o n o f e l e c t r o n d e n s i t y f r o m a g-
o r b i t a l on an oxygen which i s a n t i - p e r i p l a n a r t o a G-0 bond w i l l 
s h o r t e n t h e s e bonds. 

As seen f r o m T a b l e I , t h e 01 t o C-l 1 bonds, which j o i n t h e 
g l y c o s i d i c oxygen t o t h e a g l y c o n i c c a r b o n , have normal C-0 bond 
l e n g t h s f o r b o t h t h e anomers. The s i m i l a r bonds a t t h e o t h e r end 
o f t h e a c e t a l g r o u p i n g ; namely, t h e C-5 t o 05 bonds a p p e a r somewhat 
s h o r t e r t h a n n o r m a l . The 06 t o C-l bonds a r e d e f i n i t e l y s h o r t e r 
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2. LEMIEUX E T AL. Exo-Anomeric Effect 21 

TABLE I 
o 

Bond L e n g t h s , A 
a-Anomer (4) B-Anomer (5) 

A G T BGG 
1.442 (5) 1.447 (5) 1.444 (4) 

05-06 1.426 (4) 1.439 (5) 1.440 (6) 
0 5 - « 1.425 (4) 1.419 (4) 1.426 (4) 
C-1-CH 1.405 (6) 1.400 (5) 1.391 (5) 
c-i-m 0.93 (4) 0.99 (4) 1.01 (4) 

tha n n o r m a l . I t must be r e c o g n i z e d i n t h i s r e g a r d t h a t t h e r e must 
e x i s t a r a t h e r a b r u p t l i m i t t o t h e e x t e n t t h a t bonds f o r m i n g a 
six-membered r i n g can be s h o r t e n e d and n o t e n c o u n t e r s e r i o u s 
t r a n s a n n u l a r non-bonded i n t e r a c t i o n s . T h e r e f o r e , i t may be c o n 
s i d e r e d t h a t t h e r e a s o n f o r t h e much s h o r t e r l e n g t h s f o r t h e exo-
c y c l i c Ol-Ctf bonds b e i n g d e f i n i t e l y s h o r t e r t h a n t h e e n d o - c y c l i c 
05-01 bonds i s a t l e a s t i n p a r t due t o such a c o n s t r a i n t . On t h e 
o t h e r hand, t h e r e l a t i v e e l e c t r o n e g a t i v i t i e s o f t h e c a r b o n atoms 
a t b o t h ends o f t h e a c e t a l l i n k a g e (05 and C-V) l i k e l y have an 
i m p o r t a n t i n f l u e n c e i n t h i s r e g a r d . The i m p o r t a n t f e a t u r e o f t h e 
d a t a p r e s e n t e d i n T a b l e I i s t h e f a c t t h a t t h e e x o - c y c l i c £ M H 
bond f o r t h e B-anomer a p p e a r s d e f i n i t e l y s h o r t e r t h a n t h e s i m i l a r 
bond f o r t h e a-anomer. T h i s i n f e r s t h a t t h e e xo-anomeric e f f e c t 
i s s t r o n g e r f o r t h e B-anomer. T h a t t h i s s h o u l d be so seems 
r e a s o n a b l e s i n c e d e r e a l i z a t i o n o f e l e c t r o n d e n s i t y from o n l y one 
oxygen atom ( t h e B-anomer) s h o u l d be e n e r g e t i c a l l y more a t t r a c t i v e , 
p e r G-0 bond, t h a n f r o m two oxygen atoms ( t h e a-anomer) t o t h e 
same c a r b o n . The f a c t remains t h a t , as p r e v i o u s l y r e c o g n i z e d by 
J e f f r e y and c o w o r k e r s ( 4 ) , t h e g l y c o s i d i c C-l—(H bonds a r e v e r y Q 

s u b s t a n t i a l l y s h o r t e r (0.04-0.05A) t h a n normal G-0 bonds (1.45A). 
T h i s a p p e a r s t o mean t h a t t h e e x o - a nomeric e f f e c t i s p a r t i c u l a r l y 
w e l l e x p r e s s e d i n t h e s e g l y c o s i d i c s t r u c t u r e s . J u d g i n g f r o m t h e 
t h e o r e t i c a l c a l c u l a t i o n s made by J e f f r e y , P o p l e , a n d Radom ( 5 J , as 
much as 4 t o 6 k c a l / m o l e o f s t a b i l i z a t i o n can be i n v o l v e d . I f s o , 
t h e e x o - a nomeric e f f e c t can be e x p e c t e d t o overcome i m p o r t a n t non-
bonded i n t e r a c t i o n s i n o r d e r t o be most e f f e c t i v e l y e x p r e s s e d . 
T h e r e f o r e , t h e X - r a y c r y s t a l l o g r a p h i c d a t a r e q u i r e t h a t t h e exo-
a n o m e r ic e f f e c t be e x p e c t e d t o have an i m p o r t a n t i n f l u e n c e on t h e 
c o n f o r m a t i o n a l p r e f e r e n c e s f o r g l y c o s i d i c s t r u c t u r e s . 

The t h e o r e t i c a l r e q u i r e m e n t f o r a maximum exo - a n o m e r i c e f f e c t 
i s t h a t t h e a g l y c o n be so o r i e n t e d as t o p l a c e a p - o r b i t a l o f W 
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22 ANOMERIC EFFECT 

i n a n t i - p e r i p l a n a r o r i e n t a t i o n t o t h e 05-(H bond. Two such o r i e n 
t a t i o n s a r e p o s s i b l e as d i s p l a y e d i n s t r u c t u r e s 12 and 13. S t r u c 
t u r e 13 i s e x p e c t e d t o be e n e r g e t i c a l l y more f a v o r a b l e s i n c e t h e 
a g l y c o n R i s i n s y n - c l i n a l o r i e n t a t i o n t o ffl and 05 whereas i n 12, 
R i s s y n - c l i n a l t o t h e g r o u p i n g about C£ and 05. Lemieux and 

cow o r k e r s (7) have examined a number o f s t r u c t u r e s i n an a t t e m p t 
t o a s s e s s t h e abundance o f c o n f o r m e r 12 but were u n a b l e t o d e t e c t 
an a p p r e c i a b l e amount even w i t h t h e Regroup as s m a l l as a methyl 
g r o u p . Thus, i t i s a p p a r e n t t h a t 12 and 13 a r e s e p a r a t e d by o v e r 
2 k c a l / m o l e . T h i s r a t h e r u n e x p e c t e d s i t u a t i o n may be m a i n l y t h e 
r e s u l t o f t h e s h o r t C-l-Ol bonds p r e s e n t i n t h e g l y c o s i d e s a m p l i 
f y i n g non-bonded i n t e r a c t i o n s between groups a t t a c h e d t o t h e s e 
atoms. A l t e r n a t e l y , 13 may be more s t a b l e t h a n 12 f o r s t e r e o -
e l e c t r o n i c r e a s o n s n o t T a s y e t w e l l d e f i n e d . T h e ~ ? a c t r e m a i n s 
t h a t t h e r e e x i s t s no e x p e r i m e n t a l e v i d e n c e f o r g l y c o s i d e s assum
i n g b u t a n e g l i g i b l e p o p u l a t i o n o f t h e c o n f o r m e r o f t y p e 12 and 
such c o n f o r m e r s can be n e g l e c t e d , i n normal c i r c u m s t a n c e s T ' i n 
c o n s i d e r a t i o n s o f t h e c o n f o r m a t i o n a l p r e f e r e n c e s o f g l y c o s i d e s . 

I t i s o f i n t e r e s t t o n o t e t h a t t h e v a l e n c e - b o n d a n g l e s about 
t h e a n o m e r i c c e n t e r o f t h e g l y c o s i d e s 4 and 5 a r e i n good a c c o r d 
w i t h e x p e c t a t i o n s based on t h e ano m e r i c and exo-anomeric e f f e c t s 
i n t h a t t h e o c c u r r e n c e o f t h e s e e f f e c t s s h o u l d t e n d t o r e n d e r t h e 
atoms i n v o l v e d more t r i g o n a l i n c h a r a c t e r . T h u s , as seen f r o m 
T a b l e I I , G5-05-C-1, 05-C-WH and M - O l - W 1 bond a n g l e s a r e a l l 
s u b s t a n t i a l l y g r e a t e r t h a n t h e t e t r a h e d r a l a n g l e o f 109.5° i n t h e 
c a s e o f t h e a-anomer ( 4 ) . However, f o r t h e B-anomer, f o r w h i c h 
t h e e x o - a n o m e r i c e f f e c t o n l y i s d i s p l a y e d , b o t h 05-06-C-l and 
0 5 - £ R f i a r e n e a r t h e t e t r a h e d r a l a n g l e but G l - W - C - l 1 i s much 
g r e a t e r (115.1°) t h a n 1 0 9 . 5 ° . 

Thus, t h e r e can remain no doubt o f t h e i m p o r t a n c e o f t h e exo-
ano m e r i c e f f e c t t o t h e o r i e n t a t i o n o f an a g l y c o n . How i m p o r t a n t 
i s t h e d r i v i n g f o r c e i s t h e r e m a i n i n g problem. O b v i o u s l y , i f t h e 
e f f e c t i s i n t h e o r d e r o f 5 k c a l / m o l e , t h e n i t would l i k e l y domi
n a t e o v e r a l l o t h e r f a c t o r s t h a t a r e l i k e l y t o i n f l u e n c e t h e 
t o r s i o n a p g l e d e f i n e d by 05 and t h e a g l y c o n i c c a r b o n , t h e s o -
c a l l e d <f>05 t o r s i o n a n g l e (1_). T h i s would be a g r e a t c o n v e n i e n c e 
t o c o n f o r m a t i o n a l a n a l y s e s about g l y c o s i d i c l i n k a g e s , s i n c e t h e 
pro b l e m would be e s s e n t i a l l y r e s t r i c t e d t o d e t e c t i n g t h e most 
f a v o r a b l e r o t a m e r amongst t h o s e e n c o u n t e r e d i n r o t a t i o n a b o u t 

12 13 
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2. LEMIEUX E T AL. Exo-Anomeric Effect 23 

TABLE I I 

Va l e n c e - B o n d A n g l e s (±0.3°) About t h e Anomeric 
C e n t e r 

Compound 
a-Anomer (4) B-Anomer (5) 

A G T BGG 
G5-05-C-1 114.5° 114.9° 110.3° 

112.3 113.1 108.2 
W-W-C-l 1 114.8 115.1 115.1 

108.3 108 .8 109.2 

t h e W t o a g l y c o n ] c c a r b o n bond; t h a t i s , a d e c i s i o n as t o t h e 
most f a v o r a b l e ̂  t o r s i o n a n g l e { }). 

Lemieux and Koto {]) a s s e s s e d t h e non-bonded i n t e r a c t i o n s by 
h a r d - s p h e r e c a l c u l a t i o n s w h i c h a r e p r e s e n t i n t h e c y c l o h e x y l - t y p e 
a- and B - D - g l u c o p y r a n o s i d e s 2 t o 9 as a f u n c t i o n o f changes i n 
^ H and <|>H t o r s i o n a n g l e s . As p r e v i o u s l y r e p o r t e d ( l j , t h e p r o 
c e d u r e was t o a r r i v e a t t h e ̂ H t o r s i o n a n g l e w h i c h would produce 
t h e minimum non-bonded i n t e r a c t i o n f o r a g i v e n <|>H. These minimum-
e n e r g y v a l u e s a r e p l o t t e d a g a i n s t t h e c o r r e s p o n d i n g <|>H v a l u e s 
i n F i g . 1. I t i s seen t h a t , f o r t h e 6 - g l u c o p y r a n o s i d e s , t h e 
minimum v a l u e o c c u r s i n t h e range o f <(>•** v a l u e s about + 6 0 ° — t h e 
v a l u e c o n s i d e r e d most f a v o r a b l e f o r e x p r e s s i o n o f t h e exo-
anom e r i c e f f e c t . T h e r e f o r e , a l t h o u g h t h e h a r d - s p h e r e c a l c u l a t i o n s 
p r o v i d e a r a t h e r p r i m i t i v e t o o l f o r comparing t h e e n e r g i e s o f c o n -
f o r m e r s , i t does seem v e r y p r o b a b l e t h a t , f o r g - g l y c o p y r a n o s i d e s , 
t h e r e w i l l n o r m a l l y n o t e x i s t any s e r i o u s s t e r i c h i n d r a n c e t o t h e 
exo-anomeric e f f e c t . C o n s e q u e n t l y , i t was c o n s i d e r e d t h a t s h o u l d 
t h e c o u p l i n g c o n s t a n t s between ^ c - a g l y c o n i c c a r b o n s o f t h e B-
g l u c o p y r a n o s i d e s (3»5,7 and 9) and t h e anomeric hydrogens be 
measured, t h e s e would a l l have v e r y n e a r l y t h e same v a l u e s . A 
K a r p l u s - t y p e r e l a t i o n s h i p between v i c i n a l 1 3 C and *H atoms had 
p r e v i o u s l y been e s t a b l i s h e d by Lemieux and coworkers (8,9.). 

As seen from F i g u r e 1, t h e h a r d - s p h e r e c a l c u l a t i o n s i n f e r a 
much d i f f e r e n t s i t u a t i o n f o r t h e 2 , 6 - d i m e t h y l c y c l o h e x y l a-D-
g l u c o r w r a n o s i d e (§) t h a n f o r t h e B-anomer ( 9 ) . F o r t h e a-anomer, 
t h e i|>H t o r s i o n a n g l e which p r o v i d e s t h e minimum e n e r g y c a l c u l a t e d 
w i t h <}>H = -60° has n e a r 6 k c a l / m o l e o f n e t d e s t a b i l i z i n g non-
bonded i n t e r a c t i o n s whereas t h a t w i t h <j>H = -30° i n v o l v e s o n l y 
a b o u t 1 k c a l / m o l e o f s u c h i n t e r a c t i o n s . T h e r e f o r e , based on t h e s e 
c a l c u l a t i o n s , i t c o u l d be e x p e c t e d t h a t u n l e s s t h e exo - a n o m e r i c 
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24 ANOMERIC EFFECT 

Figure 1. Nonbonded interactions estimated by hard-sphere calculations (I) to 
be present in the substituted cyclohexyl a- and fi-D-glycopyranosides (Compounds 
4 to 9) as a function of the <f>H torsion angle. The point for a specific <f>H angle 
corresponds to the conformation for which the tpH' angle provided the minimum 

nonbonded interaction. 
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2. LEMIEUX E T AL. Exo-Anomeric Effect 25 

e f f e c t i s s u f f i c i e n t l y s t r o n g t o m a i n t a i n <j>H = - 6 0 ° , t h e <|>H 
t o r s i o n a n g l e which would p r o v i d e t h e most f a v o r a b l e compromise 
c o u l d t e n d toward and perhaps a c h i e v e - 3 0 ° . 

As w i l l be seen below, a c a s e can be made t h a t t h e K a r p l u s 
r e l a t i o n s h i p o f t h e form 3 J Q H = 1^ cos2<{>H may u s e f u l l y a p p l y f o r 
t h e c o u p l i n g o f an a g l y c o n i c c a r b o n w i t h t h e a n o m e r i c h y d r o g e n . 
On t h i s b a s i s , a change i n t h e <J>H a n g l e f r o m -60° t o -30° would 
c a u s e a change i n 3 J e w from 2.8 Hz t o 8.2 Hz. T h u s , i t seemed 
u s e f u l t o a t t e m p t t o d e t e r m i n e t h e 3 J c ' H v a l u e s f o r t h e compounds 
2 t o 9. A t t h e t i m e t h i s r e s e a r c h was c o n d u c t e d , t h e o n l y 
a p p r o a c h t h a t would p r o v i d e t h e s e v a l u e s w i t h s u f f i c i e n t a c c u r a c y 
would be t h a t i n v o l v i n g t h e s y n t h e s i s o f t h e compounds e n r i c h e d 
w i t h ' 3 C a t t h e a g l y c o n i c c a r b o n p o s i t i o n . 

F o l l o w i n g t h e p r o c e d u r e d e s c r i b e d by Reutov and S h a t k i n a 
( 1 0 ) , r e a c t i o n o f 1,5-dibromopentane w i t h 90% 1 3 C - e n r i c h e d 
p o t a s s i u m c y a n i d e p r o v i d e d t h e 1 , 5 - d i c y a n i d e which was h y d r o l y z e d 
t o p i m e l i c a c i d i n aqueous h y d r o c h l o r i c a c i d ( p u r e i n 65% y i e l d ) . 
T h i s a c i d was t h e n r e a c t e d w i t h b a r i u m c a r b o n a t e and t h e p r o d u c t 
was h e a t e d a t 340° under d i s t i l l i n g c o n d i t i o n s f o r 4 h r s ( 1 0 ) . 
The e t h e r e x t r a c t o f t h e r e s i d u e p l u s t h e d i s t i l l a t e a f f o r d e d 
c y c l o h e x a n o n e - i - 1 3 C i n 85% y i e l d . R e d u c t i o n w i t h sodium b o r o -
h y d r i d e p r o v i d e d t h e c y c l ohexanol-T.- 1 3£. f r o m which t h e c y c l o h e x y l -
L-13c 6 - D - g l u c o p y r a n o s i d e (3) was p r e p a r e d by r e a c t i o n w i t h a 
f i v e - f o l d e x c e s s o f t e t r a - O - a c e t y l - a - D - g l u c o p y r a n o s y l bromide i n 
m e t h y l e n e c h l o r i d e and i n t h e p r e s e n c e o f m e r c u r y c y a n i d e - m e r c u r i c 
o x i d e as p r o m o t e r s . The c r u d e p r o d u c t was d e a c e t y l a t e d u s i n g t r i -
e t h y l a m i n e i n aqueous methanol p r i o r t o a p p l i c a t i o n t o a column 
o f Dowex 1-X8 ( h y d r o x i d e f o r m ) . E l u t i o n w i t h w a t e r p r o v i d e d pure 
c y c l o h e x y l - l - l 3 c g - D - g l u c o p y r a n o s i d e (3) i n 35% y i e l d . To o b t a i n 
t h e a-anomer (27, compound 3 was a n o m e r i z e d t o t h e t e t r a a c e t a t e o f 
2 u s i n g t i t a n i u m t e t r a c h l o r i d e i n c h l o r o f o r m . D e a c e t y l a t i o n 
f o l l o w e d by c h r o m a t o g r a p h i c p u r i f i c a t i o n on s i l i c a g e l u s i n g 
b e n z e n e : e t h y l a c e t a t e : e t h a n o l (5:5:2) as s o l v e n t p r o v i d e d pure 
c y c l o h e x y l - l - 1 3 C a - D - g l u c o p y r a n o s i d e (2) i n h i g h y i e l d . 

A sample o f r a c e m i c 2 - m e t h y l c y c l o h e x a n o n e - l - ' 3 £ was p r e p a r e d 
by m e t h y l a t i o n o f t h e l i t h i u m c y c l o h e x a n o l a t e - 1 - 1 3 £ w i t h methyl 
i o d i d e (1JJ. The e n o l a t e was p r e p a r e d from t h e c y c l o h e x a n o n e - l ^ -
1 3 C by way o f t h e t r i m e t h y l s i l y l d e r i v a t i v e f o l l o w i n g t h e p r o - " -

c e d u r e o f House and c o w o r k e r s ( 1 2 ) . A sample o f t r a n s - D , l - 2 -
methylcyclohexanol-1_-' 3£ was t h e n o b t a i n e d by r e d u c t i o n o f t h e 
k e t o n e w i t h l i t h i u m aluminum h y d r i d e i n t h e p r e s e n c e o f aluminum 
c h l o r i d e as p r e s c r i b e d by E l i e l and c o w o r k e r s ( 1 3 ) . 

The D , L - 2 - m e t h y l c y c l o h e x a n o n e - 1 . - 1 3 C was a l s o t h e p r e c u r s o r t o 
t h e t r a n s , t r a n s - 2 , 6 - d i m e t h y l c y c l o h e x a n o T - 1 - 1 3 c r e q u i r e d t o p r e p a r e 
t h e B - g l u c o s i d e 9 fro m w h i c h t h e a-anomer 8 was o b t a i n e d by ano-
m e r i z a t i o n . The k e t o n e was c o n v e r t e d t o r a c e m i c 2-hydroxy-
methylene-6-methylcyclohexanone-T.-! 3£ i n 30% y i e l d f o l l o w i n g t h e 
p r o c e d u r e d e s c r i b e d by Johnson and P o s v i c ( 1 4 ) . T h i s p r o d u c t was 
i n t u r n c o n v e r t e d , e x c e p t f o r t h e l 3 C - l a b e l , t o t h e known (15) 
2 - n - b u t y l t h i o m e t h y l e n e - 6 - m e t h y l c y c 1 o h e x a n o n e - l - 1 3 C . R e d u c t i o n and 
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26 ANOMERIC EFFECT 

r e d u c t i v e d e s u l f u r i z a t i o n o f t h i s p r o d u c t t o 2 , 6 - d i m e t h y l c y c l o -
hexanone- tl-13c was a c h i e v e d i n 65% y i e l d u s i n g Raney n i c k e l i n 
e t h a n o l ( T 3 ) . ~ The r e d u c t i o n o f t h i s ketone t o a f f o r d t r a n s , t r a n s -
2 , 6 - d i m e t h y l c y c l o h e x a n o l - 1 - 1 3 £ as a n e a r e q u i m o l a r m i x t u r e wTtR 
t h e c i s , t r a n s - i s o m e r was a c h i e v e d by r e d u c t i o n i n aqueous e t h e r 
u s i n g sodium ( 1 5 ) . T h i s m i x t u r e was used t o p r e p a r e t h e m i x t u r e 
o f B - g l u c o s i d e s . Chromatography o f t h e a c e t y l a t e d forms o v e r 
s i l i c a g e l u s i n g h e p t a n e : a c e t o n e (1:1) a f f o r d e d t r a n s , t r a n s - 2 , 6 -
d i m e t h y l c y c l o h e x y l - 1 - 1 3 £ t e t r a - O - a c e t y l - B - D - g l u c o p y r a n o s i d e ( t h e 
t e t r a a c e t a t e o f 9 ) . ~ A l t h o u g h n o t e n t i r e l y p u r e , t h e lH-n.m.r. 
s p e c t r u m , as compared t o an a u t h e n t i c u n l a b e l l e d sample, l e f t no 
doubt as t o i t s i d e n t i t y . D e a c e t y l a t i o n t h e n p r o v i d e d t h e d e s i r e d 
t r a n s , t r a n s - 2 , 6 - d i m e t h y l c y c l o h e x y l B - D - g l u c o p y r a n o s i d e ( 2 ) . 
A n o m e r i z a t i o n p r o v i d e d t h e a-anomer (8) whi c h was o b t a i n e d pure by 
chromatography on a column o f Dowex 1-X8 ( h y d r o x i d e form) u s i n g 
w a t e r as e l u e n t . 

TABLE I I I 
u 

E s t i m a t e s o f <f> f o r A l k y l D - g l y c o p y r a n o s i d e s Assuming 
3 J r , H = 11 c o s 2 / 

3 J C , H ( f o u n d ) <f>H ( c a l c ) 
a-Anomer B-Anomer a-Anomer B-Anomer 

CH 30 3.6 4.3 -56° 51° 

CH 3CH 20 3.9 4.4 -54 51 

( C H 3 ) 2 C H 0 4.2 4.7 -52 50 

( C H 3 ) 3 C 0 — 4.0 — 53 

3.8 4.2 -54 52 

3.5 3.3 -55 57 

4.1 4.1 -53 53 

4.2 3.2 -52 57 
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2. LEMIEUX E T AL. Exo-Anomeric Effect 27 

In t h e c a s e s o f t h e trans_-2-methyl c y c l o h e x y l a- and B-D-
g l y c o p y r a n o s i d e s (compounds 4--£h n o e f f o r t was made t o s e p a r a t e 
t h e d i a s t e r e o i s o m e r s p r e s e n t i n t h e p r e p a r a t i o n s o f each o f t h e 
anomeric f o r m s . Both t h e l H - and 1 3C-n.m.r. s p e c t r a f o r t h e 
u n l a b e l l e d compounds were known so t h a t t h e a s s i g n m e n t s o f t h e 
s i g n a l s , from t h e s p e c t r a o f t h e m i x t u r e s , c o u l d be u n e q u i v o c a l l y 
made. , ~ 

S i n c e t h e C-enrichment o f t h e a g l y c o n i c c a r b o n s o f com
pounds 2 t o 9, i n c l u s i v e , was o v e r 85%, t h e d o u b l e t o f d o u b l e t s 
o b s e r v e d f o r ' t h e a n o m e r i c h y d r o g e n s , knowing t h e v a l u e s f o r 
3 J n i , H 2 > p r o v i d e d t h e v a l u e s f o r 3 J c i ' • T hese v a l u e s a r e p r e 
s e n t e d i n T a b l e I I I t o g e t h e r w i t h T h o s e f o u n d i n e a r l i e r s t u d i e s 
(7_) f o r s i m p l e a l k y l g l u c o p y r a n o s i d e s . I t i s seen t h a t , f o r 
p r e s e n t p u r p o s e s , t h e v a l u e s can be a c c e p t e d as i n f e r r i n g v e r y 
n e a r l y e q u a l t o r s i o n a n g l e s f o r t h e C-l 1 and ffl atoms. C e r t a i n l y , 
t h e v a l u e o f 3j£i• m f o r t r a n s , t r a n s 2 , 6 - d i m e t h y l c y c l o h e x y l a-D-
g l u c o p y r a n o s i d e (8) shows no e v i d e n c e o f p o s s e s s i n g a s u b s t a n t i a l 
l y d i f f e r e n t <|>H t o r s i o n a n g l e as might have been a n t i c i p a t e d from 
t h e r e s u l t s o f h a r d - s p h e r e c a l c u l a t i o n s p r e s e n t e d i n F i g . 1. 

An as s e s s m e n t o f what t h e 3 J £ H v a l u e s p r e s e n t e d i n T a b l e I I I 
may mean can be made u s i n g t h e a p p r o x i m a t e K a r p l u s r e l a t i o n s h i p 
J. = k cos2<f> (16) s i n c e e v i d e n c e e x i s t s t h a t jJ i s n e a r z e r o w i t h 
cj) = 90° (7,8,9)". X-Ray c r y s t a l l o g r a p h i c d a t a (5) have p r o v i d e d 
<)>H v a l u e s o f ? 8 ° and 57° f o r t h e methyl B- and a-D-glucopyrano-
s i d e s , r e s p e c t i v e l y . Assuming t h a t t h e s e c o n f o r m a t i o n s a r e main
t a i n e d i n s o l u t i o n , and t h e r e can be no doubt t h a t v e r y c l o s e t o 
t h e s e c o n f o r m a t i o n s a r e p r e s e n t (7), t h e n t h e e x p r e s s i o n 3 J £ H = H 
cos 2<f> M would a n t i c i p a t e ^J£l' ,H v a l u e s o f 4.9 and 3.3 Hz, r e s p e c 
t i v e l y . These c o u p l i n g c o n s t a n t s a r e known t o be 4.5 and 3.6 Hz, 
r e s p e c t i v e l y . T hese d a t a seem d e f i n i t e l y t o r e q u i r e t h a t , i n 
f a c t , t h e s l o p e o f t h e K a r p l u s c u r v e i s s t e e p i n t h e r e g i o n o f 
4 = 5 0 - 6 0 ° . T h a t t h e v a l u e o f (J) = 180° can be as l a r g e as 11 Hz 
i s s u p p o r t e d by t h e f a c t t h a t t h e a v e r a g e c o u p l i n g 1 3 C - a t o m s i n 
t h e methyl groups o f dimethoxymethane w i t h t h e s y n - c l i n a l and 
a n t i - p e r i p l a n a r hydrogen atoms o f t h e m e t h y l e n e group i s 6.6 Hz 
and an a v e r a g e c o u p l i n g c o n s t a n t o f 6.9 Hz i s o b t a i n e d u s i n g t h e 
e x p r e s s i o n 3 J £ ^ = 11 cos2<j>H and v a l u e s o f 60° and 180° f o r t h e two 
t o r s i o n a n g l e s . As seen from T a b l e I I I , a p p l i c a t i o n o f t h i s ex
p r e s s i o n t o t h e c o u p l i n g c o n s t a n t s l i s t e d p r o v i d e s <)>H v a l u e s i n 
t h e range 55 ± 5 ° . Thus, i t a p p e a r s d e f i n i t e t h a t , i n t h e a b s e n c e 
o f i m p o r t a n t e x t e n u a t i n g c i r c u m s t a n c e s such as c r y s t a l - f i e l d 
f o r c e s , s p e c i f i c s o l v a t i o n e f f e c t s (3,17) and, perhaps i n c e r t a i n 
c a s e s , s p e c i f i c i n t r a m o l e c u l a r b o n d i n g e f f e c t s s u c h as a p a r t i c u 
l a r l y s t r o n g hydrogen bond between t h e g l y c o s y l group and t h e 
a g l y c o n ; t h e exo-anomeric e f f e c t p l u s t h e r e l a t i v e l y ( f o r 
r o t a m e r s about t h e O l - O l bond) f a v o r a b l e s t e r i c e n v i r o n m e n t w i l l 
s t r o n g l y m a i n t a i n t h e <j>H t o r s i o n a n g l e o f g l y c o p y r a n o s i d e s i n t h e 
range |50°| t o |60°|. F o r example, i n t h e c r y s t a l l a t t i c e , t h e 
AGT and AQG i s o m e r s f o r t h e c t - g l u c o s i d e (4) p o s s e s s e d <j>" t o r s i o n 
a n g l e s o f -44° and - 5 0 ° , r e s p e c t i v e l y , and t h e i p H t o r s i o n 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

5,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
08

7.
ch

00
2



28 ANOMERIC EFFECT 

angles were 23° and 2 0 ° , respectively. However, for the c r y s t a l 
l ine B-anomer (5), the <j>H and ij>H torsion angles were +32° and 
• 3 3 ° , respectively. In view of the s ter ic relationship between 
these compounds as displayed by the projection formulas 10 and 11, 
i t seems evident that c r y s t a l - f i e l d forces can indeed strongly 
influence the conformation about a glycosidic linkage. 

Therefore, i t is considered that an attempt to establish the 
conformational preference for a glycopyranoside in solution 
should start by assuming a value of near 155° | for <f>H torsion 
angle. On this basis , the f i r s t approximation would involve 
assessing which ^ H f angle best accommodates the assumption regard
ing the cf>H angle. Any deviations in the f ina l answer from a 
value for <f>H which i s not favorable for the exo-anomeric effect 
would then require explanation. It may be noted that the observa
tions made (17) regarding the conformation of the terminal t r i -
saccharide for Lewis a human blood group determinant require this 
compound to possess <|>H torsion angles in accord with the exo-
anomeric effect . As previously mentioned ( l j , many publications 
on the conformation of g lycosidic linkages Have not taken into 
consideration the exo-anomeric effect and, therefore, the con
clusions reached may require rev is ion . 

Lemieux and coworkers (3) obtained evidence that hydration 
may have an influence on the anomeric and exo-anomeric effects . 
Painter (18) has studied the influence of cosolutes upon the con
formations of carbohydrates in aqueous solution and concluded that 
the observations made are in general accord with influences on the 
anomeric and exo-anomeric ef fects . As recently commented by 
Painter (18) in connection with the mounting body of evidence that 
s ter ic preferences are not normally too large for the exo-anomeric 
effect to have an important influence upon conformation about the 
Gl-W bond, "If this is generally true , i t is evident that the 
exo-anomeric effect must be a phenomenon of very considerable, i f 
not profound, biological s ignif icance." 

Abstract 
Evidence is provided, based in highly refined X-ray c r y s t a l 

lographic data and in the near constant (3.7±0.5 Hz) value for the 
coupling of 1 3 C-atoms at the aglyconic carbon with the anomeric 
hydrogen for a number of model α- and ß - D - g l u c o p y r a n o s i d e s , that , 
in accordance with expectations based on s ter ic considerations 
plus the exo-anomeric e f fect , the torsion angle (ΦH) defined by 
the aglyconic carbon and anomeric hydrogen of glycosides is 
strongly maintained in the range ±55° ±5° with the aglyconic 
carbon in syn-cl inal relat ionship to the ring-oxygen atom. Thus, 
it can be expected that, in general, the conformational preference 
for a glycosidic linkage can be usefully approximated by thus 
assigning the ΦH angle and considering only those conformations 
which arise from rotation about the glycosidic oxygen to aglyconic 
carbon atoms. 
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3 

Proton Spin-Lattice Relaxation: A New, Quantitative (?) 

Measure of Aglycon-Sugar Interactions (1) 

J. M. BERRY, L. D. HALL, D. G. WELDER, and K. F. WONG 

Department of Chemistry, The University of British Columbia, Vancouver, 
British Columbia, Canada V6T 1W5 

It is now well known that the anomeric effect of many sub 
stituents can dominate the conformations favoured by carbohy
drate derivatives in solution. For example, all the pentopyran
syl fluoride (2) and chloride derivatives (3) favour in solution 
that conformation in which the halogen substituent has an axial 
orientation - even in the case of the ß-D-xylopyranosyl deriv
atives where the 1C4-chair conformation requires that all the 
substituents be axially oriented. Interesting as it is, the c o n 
formational importance of the "anomeric effect" is exceeded by 
the conformational control exercised by the "exo-anomeric effect" 
over the relative orientation of an aglycon with respect to the 
sugar ring of a glycoside (4); and obviously the most important 
outcome of the "exo-anomeric effect" concerns the relative dis
position of the contiguous sugars of oligo- and poly-saccharides. 
In this discussion we shall direct attention to the potential of 
proton spin-lattice relaxation rates (Revalues) for studying 
the conformational outcome o f t h e exo-anomeric effect, b o t h of 
s i m p l e g l y c o s i d e s and o f d i s a c c h a r i d e s . 

S i n c e t h e f i r s t r e p o r t (5) o f a pronounced c o n f i g u r a t i o n a l 
dependence f o r t h e a n o m e ric p r o t o n s o f m o n o s a c c h a r i d e s i n aqueous 
s o l u t i o n s , s t u d i e s i n t h i s l a b o r a t o r y have shown ( 6 ) , ( 7 ) , ( 8 ) , 
(9) t h a t p r o t o n R i - v a l u e s have a v a r i e t y o f s t e r e o s p e c i f i c de
pe n d e n c i e s and r e f l e c t t h e o v e r a l l s t e r i c e n v i r o n m e n t o f a p r o 
t o n . In t h e f o l l o w i n g d i s c u s s i o n , a b r i e f i n t r o d u c t i o n t o t h e 
phenomenon o f s p i n - l a t t i c e r e l a x a t i o n and t o t h e measurement o f 
p r o t o n R T - v a l u e s by p u l s e F o u r i e r t r a n s f o r m methods, w i l l be 

0-8412-0470-5/79/36-087-030$05.25/0 
© 1979 American Chemical Society 
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3. BERRY E T AL. Proton Spin-Lattice Relaxation 31 

f o l l o w e d by a b r i e f summary o f t h e p r o t o c o l we have d e v e l o p e d 
f o r f u l l y e v a l u a t i n g p r o t o n R e v a l u e s i n terms o f t h e d i p o l e -
d i p o l e r e l a x a t i o n mechanism and hence t h e s o l u t i o n geometry o f 
t h e m o l e c u l e o f i n t e r e s t . As w i l l be s e e n , a c r i t i c a l component 
o f t h i s p r o t o c o l i n v o l v e s t h e d e t e r m i n a t i o n o f s p e c i f i c i n t e r -
p r o t o n r e l a x a t i o n c o n t r i b u t i o n s and two o f t h e methods f o r so 
d o i n g w i l l p r o v i d e t h e major emphasis f o r t h e r e m a i n d e r o f t h e 
d i s c u s s i o n . 

The p r o c e s s o f s p i n - l a t t i c e r e l a x a t i o n i n v o l v e s t h e i n t e r 
change o f m a g n e t i c e n e r g y - m a g n e t i s a t i o n - between t h e m a g n e t i c 
n u c l e i o f i n t e r e s t ( t h e s p i n s ) and t h e i r s u r r o u n d i n g e n v i r o n 
ment ( t h e l a t t i c e ) , and t h e s p i n - l a t t i c e r e l a x a t i o n r a t e ( t h e 
R i - v a l u e ) i s t h e f i r s t - o r d e r r a t e c o n s t a n t f o r t h i s e n e r g y i n 
t e r c h a n g e . T h e r e a r e many methods f o r m e a s u r i n g R i - v a l u e s b ut 
t h e s i m p l e s t , t h e s o - c a l l e d t w o - p u l s e , i n v e r s i o n r e c o v e r y method 
(10) which i s c u r r e n t l y a v a i l a b l e on most p u l s e F o u r i e r t r a n s 
f o r m n.m.r. s p e c t r o m e t e r s , s u f f i c e s f o r a l l p r o t o n r e l a x a t i o n 
s t u d i e s o f s u g a r s . T h i s e x p e r i m e n t i s b e s t v i s u a l i s e d w i t h r e 
s p e c t t o t h e v e c t o r i a l model shown i n f i g u r e 1. A t t h e r m a l 
e q u i l i b r i u m between t h e s p i n s and t h e l a t t i c e , t h e t o t a l magnet
i s a t i o n o f t h e s e t o f n u c l e i o f i n t e r e s t c a n be r e p r e s e n t e d by 
a v e c t o r d i r e c t e d a l o n g t h e z - a x i s . A p p l i c a t i o n o f a s h o r t 
p u l s e o f r a d i o f r e q u e n c y power o f t h e a p p r o p r i a t e f r e q u e n c y and 
o f s u f f i c i e n t t o t a l e n e r g y c o n t e n t t o t i p t h e m a g n e t i s a t i o n 
v e c t o r t h r o u g h 180° (a 180°-pulse) s e r v e s t o " h e a t " t h e s p i n s 
and t h e r e b y t o d e s t r o y t h e i r t h e r m a l e q u i l i b r i u m w i t h t h e 
l a t t i c e . T h i s e x c e s s e n e r g y t h e n " l e a k s " f r o m t h e s p i n s t o t h e 
l a t t i c e and t h i s i s accompanied by a d e c r e a s e i n t h e i n t e n s i t y 
o f t h e m a g n e t i s a t i o n v e c t o r w h i c h , a f t e r p a s s i n g t h r o u g h a n u l l 
( z e r o i n t e n s i t y ) , r e c o v e r s back a l o n g t h e + z - a x i s t o i t s 
o r i g i n a l t h e r m a l e q u i l i b r i u m v a l u e : and i t i s t h e r a t e c o n s t a n t 
o f t h a t p r o c e s s which we w i s h t o measure. S i n c e t h e n.m.r. i n 
st r u m e n t which i s t o be used f o r t h i s e x p e r i m e n t has been de
s i g n e d n o t t o d e t e c t any component o f m a g n e t i s a t i o n a l i g n e d 
a l o n g t h e z - a x i s , i t i s n e c e s s a r y t o a p p l y a seco n d p u l s e - a 
90° " m o n i t o r i n g " p u l s e - t o t i p t h e m a g n e t i s a t i o n v e c t o r e i t h e r 
up, o r down, i n t o t h e x , y - p l a n e where i t i n d u c e s a s i g n a l i n t o 
t h e r e c e i v e r o f t h e s p e c t r o m e t e r and i s t h e r e b y d e t e c t e d . 

In p r a c t i c e t h e n , t h e measurement o f an R e v a l u e i n v o l v e s 
a p p l i c a t i o n o f a 180°-pulse t o h e a t t h e s p i n s , a known d e l a y 
t i m e ( t ) d u r i n g w h i c h some o f t h a t e x c e s s e n e r g y i s a l l o w e d t o 
l e a k i n t o t h e l a t t i c e and, a t t h e end o f t h a t d e l a y t i m e a 9 0 ° -
p u l s e t o m o n i t o r t h e i n t e n s i t y o f t h e r e s i d u a l m a g n e t i s a t i o n . 
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32 ANOMERIC EFFECT 

D E L A Y 
(t S E C O N D S ) 

D 

Figure 1. Digram of the rotating reference-frame model of a spin-lattice relaxa
tion time measurement using a two-pulse sequence. (A) The magnetization of the 
nuclei is at thermal equilibrium with the lattice. (B) This magnetization has been 
inverted through 180°-pulse; the nuclei are no longer in thermal equilibrium, and 
the spin-lattice relaxation causes the magnetization to revert back along the z-axis 
towards its equilibrium position. After a known delay time (t), the residual mag
netization (C)is assayed by the application of a 90°-pulse which tips the magneti

zation up into the x-y plane (D). 
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3. BERRY E T AL. Proton Spin-Lattice Relaxation 33 

The s p i n s a r e t h e n l e f t t o r e l a x d u r i n g t h e p u l s e d e l a y t i m e 
(PD) back t o f u l l t h e r m a l e q u i l i b r i u m w i t h t h e l a t t i c e and t h e n 
t h e same t w o - p u l s e sequence i s a p p l i e d , b u t w i t h a d i f f e r e n t 
v a l u e f o r t h e i n t e r v a l ( t ) between them. T h i s p r o c e s s , d e p i c t e d 
s c h e m a t i c a l l y below, i s t h e n r e p e a t e d f o r an a p p r o p r i a t e 
number o f 

( 1 8 0 ° - t - 9 0 ° - P D ) n 

" t - v a l u e s " and t h e R e v a l u e s o b t a i n e d f r o m t h e r e l a t i o n s h i p 
between " t " and t h e m a g n e t i s a t i o n i n t e n s i t y . S i n c e t h e p u l s e s 
o f a F o u r i e r - t r a n s f o r m i n s t r u m e n t a r e a p p l i e d s i m u l t a n e o u s l y t o 
a l l t h e p r o t o n r e s o n a n c e s o f t h e sample, t h e R x - v a l u e s o f a l l 
t h e p r o t o n s can be d e t e r m i n e d from one e x p e r i m e n t . 

In p r i n c i p l e t h e r e a r e many d i f f e r e n t p r o c e s s e s whereby 
s p i n - l a t t i c e r e l a x a t i o n i s m e d i a t e d - a l l o f them have i n common 
th e i n t e r a c t i o n o f t h e r a p i d l y p r o c e s s i n g n u c l e a r s p i n w i t h some 
f l u c t u a t i n g m a g n e t i c f i e l d g e n e r a t e d i n t h e l a t t i c e - but f o r 
t u n a t e l y i n p r a c t i c e t h e r e l a x a t i o n o f most p r o t o n s o f s u g a r s 
o c c u r s e x c l u s i v e l y by j u s t one mechanism, t h e d i p o l e - d i p o l e 
mechanism. We s h a l l r e t u r n somewhat l a t e r t o t h e f u l l f o r m u l 
a t i o n o f t h i s mechanism, b u t f o r t h e p r e s e n t t h e somewhat s i m 
p l i f i e d v e r s i o n shown i n [ 1 ] w i l l r e v e a l why t h i s p a r t i c u l a r 
r e l a x a t i o n mechanism i s r e l e v a n t t o s t u d i e s o f t h e anomeric 
e f f e c t . A c c o r d i n g t o [ 1 ] t h e e f f i c i e n c y w i t h w h i c h a donor 

2 2 
Y * Y * 

n u c l e u s j c o n t r i b u t e s t o t h e r e l a x a t i o n o f a r e c e p t o r n u c l e u s i 
by t h e d i p o l e - d i p o l e mechanism i s p r o p o r t i o n a l ; ( a ) , t o t h e 
s q u a r e o f t h e m a g n e t o g y r i c r a t i o s (Y J » Y « J) o f b o t h j and i ( s i n c e 
f o r a normal s u g a r , t h e o n l y n u c l e i n a v i n g a s u b s t a n t i a l v a l u e 
o f y a r e t h e p r o t o n s , t h i s f e a t u r e means t h a t o t h e r p r o t o n s i n 
t h e same m o l e c u l e w i l l p r o v i d e t h e dominant " l a t t i c e " ) ; ( b ) , t o 
t h e i n v e r s e s i x t h power o f t h e d i s t a n c e ( r ^ - ) between j and i 
(which means t h a t t h e r e l a x a t i o n o f any p r o t o n w i l l be dominated 
by i t s n e a r e s t n e i g h b o u r s ) ; and ( c ) , t o t h e m o t i o n a l c o r r e l a t i o n 
t i m e ( x c ( j - * i ) ) o f t h e v e c t o r j o i n i n g * T h i s r a t h e r s i m p l i 
f i e d f o r m u l a t i o n c o n t a i n s i m p l i c i t l y t h e d e s i g n c o n c e p t whereby 
* S t r i c t l y t h i s i s o n l y t r u e f o r a m o l e c u l e t u m b l i n g i n t h e ex
treme n a r r o w i n g l i m i t . s 

measurements o r i n t e r p r o t o n r e l a x a t i o n c o n t r i b u t i o n s c a n be used 
t o e s t i m a t e i n t e r p r o t o n d i s t a n c e s : 
I f i n t h e m o l e c u l e o f i n t e r e s t two ( o r more) s e p a r a t e donor p r o 
t o n s ( j l , j 2 ) each c o n t r i b u t e t o t h e r e l a x a t i o n o f a common r e 
c e p t o r p r o t o n i , t h e n r e l a t i o n s h i p [ 2 ] h o l d s , and i t i s t h e 
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34 ANOMERIC EFFECT 

p r a c t i c a l r e a l i s a t i o n o f t h i s f o r m u l a t i o n t h a t has been o u r c o n 
c e r n . As w i l l be s e e n , a l l n e c e s s a r y s t a g e s have been c o m p l e t e d 
and t h e s o l e o u t s t a n d i n g c o n s i d e r a t i o n i s t h e e f f e c t o f a n i s o 
t r o p i c m o t i o n o f t h e m o l e c u l e on t h e v a l i d i t y o f [ 2 ] ; c l e a r l y 
[ 2 ] i s v a l i d s t r i c t l y o n l y i f x c ( j - H ) i s i d e n t i c a l f o r a l l j-H 
v e c t o r s ; we s h a l l r e t u r n t o t h i s p o i n t a t t h e end o f t h e d i s 
c u s s i o n . 

P r a c t i c a l r e a l i s a t i o n o f t h e p o t e n t i a l o f [ 2 ] as a measure 
o f t h e r a t i o s o f i n t e r p r o t o n d i s t a n c e s f o r m o l e c u l e s i n s o l u t i o n 
i n v o l v e s a sequence o f f o u r d i s t i n c t s t a g e s . 

1. I t i s n e c e s s a r y t o e s t a b l i s h t h e e x t e n t t o w hich t h e 
d i p o l e - d i p o l e mechanism c o n t r i b u t e s t o t h e r e l a x a t i o n o f e a c h 
p r o t o n . 

2. I t i s n e c e s s a r y t o d e t e r m i n e t h e m a g n itudes o f t h e i n 
d i v i d u a l i n t e r p r o t o n r e l a x a t i o n c o n t r i b u t i o n s . 

3. I t i s n e c e s s a r y t o e s t a b l i s h whether o r n o t t h e mole
c u l e i s t u m b l i n g i s o t r o p i c a l l y i n s o l u t i o n . 

4. F i n a l l y t h e s i m p l e a r i t h m e t i c i m p l i c i t i n [ 2 ] c a n be 
pe r f o r m e d . 

We s h a l l now b r i e f l y summarise a s p e c t s o f s t a g e s 1 and 2 as 
t h e y p e r t a i n t o t h e p r i n c i p a l theme o f t h i s p r e s e n t a t i o n - de
t e r m i n a t i o n o f t h e r e l a x a t i o n c o n t r i b u t i o n s between t h e p r o t o n s 
o f an a g l y c o n and t h o s e o f a s u g a r . 

S t a g e 1 i n v o l v e s f i r s t t h e d e t e r m i n a t i o n o f t h e R i - v a l u e o f 
th e p r o t o n s (A) o f i n t e r e s t by t h e t w o - p u l s e sequence (10) r e 
f e r r e d t o e a r l i e r , i n w h i c h t h e p e r t u r b i n g , 180°-pulse i s a p p l i 
ed i n a n o n - s e l e c t i v e f a s h i o n t o a l l t h e p r o t o n r e s o n a n c e s (we 
s h a l l r e f e r t o t h i s v a l u e a s t h e n o n - s e l e c t i v e r e l a x a t i o n r a t e 
R i ( n s ) ) . Then t h e t w o - p u l s e sequence i s r e p e a t e d , e x c e p t t h a t 
now t h e 180°-pulse i s a p p l i e d s e l e c t i v e l y ( 1 1 ) , (12) t o j u s t t h e 
A - r e s o n a n c e , and t h e r e c o v e r y back t o t h ermaT e q u i l i b r i u m o f t h e 
m a g n e t i s a t i o n o f A i s m o n i t o r e d w i t h t h e u s u a l n o n - s e l e c t i v e 90° 
p u l s e ; t h i s g i v e s a new r e l a x a t i o n r a t e ^ c o n s t a n t , t h e s i n g l e -
s e l e c t i v e r e l a x a t i o n r a t e (R|(X) where T i n d i c a t e s t h e n u c l e u s 
w h ich has been s u b j e c t e d t o t h e s i n g l e - s e l e c t i v e 180° p u l s e ) . 
I t i s a t r i v i a l m a t t e r t o show ( 1 1 ) , ( 1 3 ) , t h a t i f t h e r e l a x 
a t i o n o f A comes e x c l u s i v e l y v i a d i p o l e - d i p o l e i n t e r a c t i o n s w i t h 
t h e o t h e r p r o t o n s i n t h e m o l e c u l e t h e n . 

Ri ( n s ) 
R* (A) 
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3. BERRY ET AL. Proton Spin-Lattice Relaxation 35 

In t h e e v e n t t h a t A r e l a x e s e x c l u s i v e l y v i a o t h e r mechanisms 
t h i s r a t i o w i l l be u n i t y , so t h e dynamic range o f t h e r a t i o 
above i s 1.0 - 1.5. 

The s p e c t r a shown i n f i g u r e s 2 and 3 i l l u s t r a t e t h e d e t e r 
m i n a t i o n o f t h e n o n - s e l e c t i v e and s i n g l e - s e l e c t i v e r e l a x a t i o n 
r a t e s f o r t h e a n o m e r i c p r o t o n o f m e thyl B - D - g l u c o p y r a n o s i d e , 
and t h e r e s u l t a n t d a t a , a l o n g w i t h t h a t o f t h e a-anomer and t h e 
two t r i d e u t e r i o m e t h y l g l u c o s i d e s i s g i v e n i n T a b l e I . I t i s 

q u i t e c l e a r t h a t t h e r e l a x a t i o n o f t h e a n o m e r i c p r o t o n s o f a l l 
f o u r s u g a r s o c c u r s e x c l u s i v e l y v i a t h e d i p o l e - d i p o l e mechanism, 
and i t i s a p p r o p r i a t e t o comment a t t h i s j u n c t u r e t h a t t h i s i s , 
i n o u r e x p e r i e n c e , i n v a r i a b l y so f a r a l l t h e s u g a r s we have 
s t u d i e d s i n c e 1972. 

H a v i n g e s t a b l i s h e d i n t h i s way t h a t t h e r e l a x a t i o n o f t h e 
p r o t o n s i s d i p o l e - d i p o l e i n o r i g i n i t i s t h e n a p p r o p r i a t e t o 

f a c t o r o u t f r o m t h e c o m p o s i t e r e l a x a t i o n r a t e s , t h e magnitudes o f 
t h e i n d i v i d u a l i n t e r p r o t o n r e l a x a t i o n c o n t r i b u t i o n s , t h e s o - c a l l e d 
p - v a l u e s , o r a t l e a s t t h o s e p - v a l u e s w h i c h a r e r e l e v a n t t o t h e 
s t u d y i n hand. Thus i n t h e c a s e o f a meth y l g l u c o s i d e we may w i s h 
t o e v a l u a t e t h e r e l a x a t i o n c o n t r i b u t i o n which t h e methyl p r o t o n s 
make t o t h e a n o m e r i c p r o t o n (pOCH 3+H-1). 

We have d e v e l o p e d o r e v a l u a t e d f o u r s e p a r a t e methods whereby 
t h e s e v a l u e s can be measured and t h e s e a r e , b r i e f l y , as f o l l o w s : 

1. A p p l y some f o r m o f r e g r e s s i o n a l a n a l y s i s t o t h e non
s e l e c t i v e R i - v a l u e s . 

2. Compare t h e n o n - s e l e c t i v e R e v a l u e s o f t h e normal com
pound w i t h t h o s e o f i t s s p e c i f i c a l l y d e u t e r a t e d c o u n t e r p a r t . 

3. E x t e n d t h e s i n g l e - s e l e c t i v e p u l s e method t o a d o u b l e -
s e l e c t i v e e q u i v a l e n t i n which t h e p e r t u r b i n g p u l s e i s now a p p l i e d 
s e l e c t i v e l y t o any two r e s o n a n c e s ( 1 1 ) , ( 1 2 ) , ( 1 3 ) . 

4. Use t h e i n t e r p r o t o n n u c l e a r O v e r h a u s e r enhancement ex
p e r i m e n t ( 1 4 ) . 

The r e m a i n d e r o f t h i s d i s c u s s i o n w i l l be c o n c e r n e d w i t h t h e 
f i r s t two o f t h e s e methods. 

T h e r e a r e a number o f ways o f u s i n g t h e r e g r e s s i o n a l a n a l y 
s i s method and t h e s i m p l e s t , and f o r many p u r p o s e s t h e most 
p o w e r f u l o f t h e s e can be i l l u s t r a t e d w i t h r e s p e c t t o t h e d e t e r 
m i n a t i o n o f t h e r e l a x a t i o n c o n t r i b u t i o n s w hich t h e a n o m e r i c p r o 
t o n o f t h e g a l a c t o p y r a n o s e r e s i d u e o f V r e c e i v e s f r o m t h e p r o t o n s 
o f t h e f r u c t o f u r a n o s e r i n g . The n o n - s e l e c t i v e R x - v a l u e s 
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36 ANOMERIC EFFECT 

[ ft on • S t U c U v t , two -puUc uyunc* } 

Figure 2. Partial 100-MHz *H NMR spectra of methyl p-D-glucopyranoside, 
showing a two-pulse nonselective inversion-recovery determination of the spin-
lattice relaxation rates. All spectra were monitored as follows: pulse width (90°) 
— 67 psec; number of transients = 8, pulse delay *= 10 see, acquisition time = 4 
sec, data points = 4096, spectral width — 500 Hz, and sensitivity enhancement — 
1.5 sec. The time interval (sec) between the 180°- and 190°-pulses are indicated 

to the right of the respective spectra. 
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3. BERRY E T AL. Proton Spin-Lattice Relaxation 37 

[Stifle-Selective, tvao-pulse sequence 
fox the resonance J 

(Mm %o ** 

A A _ _ 3.0 

u ^ J ^ X L ^ 2.0 

Figure 3. Partial 100-MHz 2H NMR spectra of methyl (3-D-glucopyranoside, 
showing the single selective determination of the spin-lattice relaxation rate of 
H-l using a two-pulse inversion-recovery sequence. All spectra were monitored 
as for those in Figure 2 except for pulse delay — 15 sec. The duration of the 
selective 180°-pulse was 38 msec (13 Hz bandwidth). The time interval (sec) 
between the selective 180°- and 90°-pulses are indicated to the right of each 

spectrum. 
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38 ANOMERIC EFFECT 

TABI£ I. S p i n - l a t t i c e Relaxation Rates a (10"*3SecT1±5%) for the Anomeric 

Protons o f Methyl Gluoopyranosides^. 

Compound 

Methyl B-D-gluoopyranoside (I) 

Trideutexicmethyl B -D-gluco-
pyranoside (II) " 

Methyl a -J^ lucopyranoside (III) 

Trideutericmethyl a-D-gluco-
pyranoside (IV) ™ 

R^ns) R^H- l ) R^nsJ/R^H - l ) 

640 430 1.49 

420 280 1.50 

330 220 1.50 

210 140 1.50 

W u r e d using the three-pulse , inversion-recovery sequence with a 
Varian XI/-100 (15) spectrometer f i t t e d with a Varian 620 L (16K) 
computer and a Line Tape un i t (model O0600); tlie values were 
ca lcu lated from the semi-log p l o t s , using a least-square f i t , computer 
program. ^0.1 molar solut ions i n (99.7%) at 35° (degassed).  P
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3. BERRY E T AL. Proton Spin-Lattice Relaxation 39 

2940 

1790 

890 

-3 -1 
(10 s e c ) ( 1 5 ) f o r t h e r i n g p r o t o n s o f t h e g a l a c t o p y r a n o s e r e s 
i d u e c a n be f o r m u l a t e d i n terms o f t h e v a r i o u s i n t e r p r o t o n p -
v a l u e s , and as a r e s u l t o f t h e i n v e r s e s i x t h power dependence on 
d i s t a n c e , we need o n l y c o n s i d e r n e a r e s t - n e i g h b o u r i n t e r a c t i o n s , 
namely gauche i n t e r a c t i o n s ( p g ) , 1 , 3 - d i a x i a l i n t e r a c t i o n s (pa,a) 
and f o r t h e an o m e r i c p r o t o n , t h e i n t e r - r i n g c o n t r i b u t i o n (p i n t e r 
r i n g ) ( s t r i c t l y we c a n n o t i g n o r e t h e v i c i n a l t r a n s - d i a x i a l i n t e r 
a c t i o n s b ut i t i s s i m p l e r t o so do f o r t h e p r e s e n t argument). 
Remembering t h a t because we a r e d e a l i n g w i t h p r o t o n s which a r e 
r e l a x i n g v i a t h e d i p o l e - d i p o l e mechanism i t i s n e c e s s a r y t o use 
2/3 o f t h e e x p e r i m e n t a l l y d e t e r m i n e d r e l a x a t i o n r a t e s when c a l 
c u l a t i n g p - v a l u e s , we ca n make t h e f o l l o w i n g f o r m u l a t i o n s . 

f R"- 1 ( n s ) = P g + 

f R l " 2 ("s> " Pg 

f R"" 3 ( n s ) = P g + 

f R ^ 4 ( n s ) = 2P 

i n t e r - r i n g 

I R ? - 5 ( n s ) - P g + p a a + P 3 "1 5,6 

= 0.850 sec" 

= 0.570 sec" 

= 0.940 sec" 

= 1.190 sec" 

= 1.360 sec" 

Thus t h e R i - v a l u e o f H-2 g i v e s us i m m e d i a t e l y an e s t i m a t e o f 
pq (0.570 s e c " 1 ) and s i n c e t h e s e i n t e r p r o t o n r e l a x a t i o n c o n t r i 
b u t i o n s a r e m u t u a l , t h e a d d i t i o n a l r e l a x a t i o n e x p e r i e n c e d by H-l 
can o n l y come from t h e p r o t o n s o f t h e f r u c t o f u r a n o s e r i n g , e s t i 
mated as b e i n g 0.280 s e c " 1 , which i s c a . 40% o f t h e t o t a l r e l a x a 
t i o n e x p e r i e n c e d by H - l . A l t h o u g h t h i s s i m p l e a r i t h m e t i c i s 
founded on an e x t r e m e l y s i m p l i s t i c p r e m i s e i t i s i n t e r e s t i n g t o 
not e t h a t t h e above e s t i m a t e o f p q f r o m t h e H-2 r e s o n a n c e i s i n 
e x c e l l e n t a c c o r d w i t h t h e v a l u e from H-4 (0.595 s e c " 1 ) . F u r t h e r 
more, t h e r a t i o o f Pg/Paa = 0.582/0.358 = 1.63 i s i n e x c e l l e n t 
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40 ANOMERIC EFFECT 

a c c o r d w i t h t h e r a t i o a n t i c i p a t e d on t h e b a s i s o f an u n d i s t o r t e d 
^ C i - c o n f o r m a t i o n f o r t h e g a l a c t o p y r a n o s e r i n g . 

A l t h o u g h t h e above a p p r o a c h o b v i o u s l y has some s e r i o u s l i m -
t a t i o n s , i t s a p p l i c a t i o n t o m o l e c u l e s f o r which a r e a s o n a b l e 
number o f t h e i n d i v i d u a l n o n - s e l e c t i v e R e v a l u e s c a n be measured, 
o f f e r s much t h e b e s t r e t u r n f o r t i m e i n v e s t e d . N e v e r t h e l e s s f o r 
many p u r p o s e s a more a c c u r a t e , e x p l i c i t a p p r o a c h i s r e q u i r e d and 
f o r t h e p r a c t i c i n g c h e m i s t h a v i n g a c c e s s t o a c o n v e n t i o n a l p u l s e 
F . t . i n s t r u m e n t t h e s e l e c t i v e d e u t e r a t i o n ( 1 6 J , []7j method has 
much t o commend i t . 

In o r d e r t o f u l l y a p p r e c i a t e t h i s a p p r o a c h i t i s n e c e s s a r y 
t o r e t u r n t o t h e f o r m u l a t i o n (18) o f t h e d i p o l e - d i p o l e mechanism. 

F o r a two s p i n s ystem, t h e e x p l i c i t f o r m u l a t i o n (18) f o r 
d i p o l e i n t e r n u c l e a r r e l a x a t i o n c o n t r i b u t i o n , p ( j - H ) , between a 
r e c e p t o r n u c l e u s i and donor n u c l e u s j , i s shown i n [ 3 ] . 

Y , 2 Y , 2 h 2 

P ( J M ) = - J - ^ — I j U j + l ) 

6 T c A 12 T c 

2 T c 
T5 1 + (U).-0).)2T 2 

• J 

+ 15 U ^ T * + 15 1 + (U - + U J Z T * • C I j c 
[3] 

where y. = g y r o m a g n e t i c r a t i o o f r e c e p t o r n u c l e u s i 
Y,- = g y r o m a g n e t i c r a t i o o f donor n u c l e u s j 
h J = P l a n c k ' s c o n s t a n t / 2 n 

rj->-j = i n t e r n u c l e a r s e p a r a t i o n between i and j 
I . = t o t a l s p i n quantum number o f donor n u c l e u s j 
T c = r o t a t l o n a l c o r r e l a t i o n t i m e o f 
a). = Larmor p r e c e s s i o n f r e q u e n c y o f i 
a). = Larmor p r e c e s s i o n f r e q u e n c y o f j 

J 

In t h e extreme n a r r o w i n g l i m i t (W.+W.)T <<1 and e x p r e s s i o n 
[3] s i m p l i f i e s t o 

2 2 h 2 
P ( o + i ) 4 ^ y i j + i ) T c C4] 

C o n s i d e r now a sys t e m i n which t h e two i n t e r a c t i n g n u c l e i 
a r e b o t h p r o t o n s ; now e x p r e s s i o n [ 4 ] s i m p l i f i e s t o 

4 H 2 

P(H*H) = | - ^ 5 — ! s ( ¥ l ) r c [ 5 ] 
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3. BERRY ET AL. Proton Spin-Lattice Relaxation 41 

I f p r o t o n j i s r e p l a c e d by a d e u t e r i u m s u b s t i t u e n t , [4] 
r e d u c e s t o 

p ( M f ) = | ! h V L 1 ( 1 + 1 ) T C [ 6 ] 
RD+H 

T a k i n g t h e r a t i o o f [ 6 ] / [5 ] , we o b t a i n 
2 

p(H-H) 3 Y 2 °- 0 6 3 L 7 J 

H 

E x p r e s s i o n [ 7 ] i s o n l y s t r i c t l y v a l i d i f t h e r e p l a c e m e n t o f 
th e p r o t o n by d e u t e r i u m c a u s e s no a l t e r a t i o n i n t h e i n t e r n u c l e a r 
s e p a r a t i o n and i f T c ( 1 H - 1 H ) i s i d e n t i c a l t o T c ( 1 H - 2 H ) , both o f 
which a r e p e r f e c t l y r e a s o n a b l e a s s u m p t i o n s . Thus r e p l a c e m e n t o f 
a p r o t o n by a d e u t e r i u m r e d u c e s t h e d i p o l e - d i p o l e r e l a x a t i o n 
c o n t r i b u t i o n f r o m t h a t s i t e t o c a . 6% o f i t s o r i g i n a l v a l u e . 

L e t us now see how t h i s e x p l i c i t r e l a t i o n s h i p , i n c o n j u n c t i o n 
w i t h t h e i n i t i a l n o n - s e l e c t i v e r e l a x a t i o n r a t e s , can be used t o 
de t e r m i n e t h e c o n t r i b u t i o n which t h e methoxyl p r o t o n s o f a methyl 
g l y c o s i d e make t o t h e r e l a x a t i o n o f t h e anomeric p r o t o n H - l . 

For t h e methyl g l y c o s i d e 
^""'(ns.OCHg) = | [ P(0CH 3+H-1) + P ( o t h e r s - > H - l ) ] [ 8 ] 

F o r t h e t r i d e u t e r i o m e t h y l g l y c o s i d e , 

R!J" 1(ns,0CD 3) = P(0CD 3->H-1) + | ( o t h e r s ^ H - 1 ) [ 9 ] 

T a k i n g t h e d i f f e r e n c e between [ 8 ] and [ 9 ] 

| P (OCH^H-1 )- P (OCD^H-l )=RJ"1 (ns,OCHJJ-RJ" 1 (ns,0CD 3) [10] 

S u b s t i t u t i n g e x p r e s s i o n [ 7 ] i n t o [10] g i v e s 
P(0CH 3-*H-1) = 0.696 [R!, ," 1(ns,0CH 3 ) -R! 1

l" 1(ns,0CD 3)] [ 1 1 ] 

C l e a r l y t h e same t r e a t m e n t can be e q u a l l y w e l l d e v e l o p e d 
f o r t h e s i n g l e s e l e c t i v e R-j-values o f H - l . 

p ( O C H ^ H - l ) = 1.067 [R!, ," 1(i !f-l,0CH 3) - R^" 1 $ - 1 , 0 C D 3 ) ] [12] 
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42 ANOMERIC EFFECT 

R e f e r r i n g back t o t h e R i - v a l u e s g i v e n i n T a b l e I i t i s a 
t r i v i a l m a t t e r t o c a l c u l a t e t h e r e l a x a t i o n c o n t r i b u t i o n s between 
t h e methoxyl p r o t o n s and H-l f o r t h e two methyl D - g l u c o p y r a n o -
s i d e s and t h e s e v a l u e s a r e l i s t e d below i n T a b l e I I . Not 
s u r p r i s i n g l y , t h e r e i s e x c e l l e n t agreement between t h e v a l u e s 
c a l c u l a t e d from t h e n o n - s e l e c t i v e and s i n g l e - s e l e c t i v e r e l a x a t i o n 
r a t e s . 

Because o f t h e poor d i s p e r s i o n o f t h e p r o t o n s p e c t r a o f t h e 
methyl D - g l u c o p y r a n o s i d e s i n aqueous s o l u t i o n t h e above d e u t e r -
a t i o n e x p e r i m e n t o n l y i d e n t i f i e d t h e methoxyl r e l a x a t i o n c o n 
t r i b u t i o n i n t o t h e H-l r e s o n a n c e . However, i n t h e c a s e o f t h e 
c o r r e s p o n d i n g t e t r a - a c e t a t e s , a l l o f t h e p r o t o n r e s o n a n c e s were 
s e p a r a t e l y r e s o l v e d and hence a d i r e c t c o m p a r i s o n c o u l d be made 
o f t h e n o n - s e l e c t i v e R i - v a l u e s o f a l l p r o t o n s o f t h e p r o t i o -
and d e u t e r i o - m e t h y l g l y c o s i d e s . As i t happened, o n l y t h e H-l 
and H-5 r e s o n a n c e e v i d e n c e d any d e t e c t a b l e r e l a x a t i o n c o n t r i b u 
t i o n f r o m t h e methoxyl group and t h e s e v a l u e s a r e summarised i n 
T a b l e I I I . 

Encouraged by t h e above e x p e r i m e n t s , i t was d e c i d e d t o ex
te n d t h i s s e l e c t i v e d e u t e r a t i o n a p p r o a c h t o a d i s a c c h a r i d e and 
f o r r e a s o n s o f s y n t h e t i c c o n v e n i e n c e , p-D-glucopyranosyl-(l-*6)-D-
g a l a c t o p y r a n o s e and i t s 6 , 6 - d i - d e u t e r i o a n a l o g were s y n t h e s i s e d 
( s e e Flow Sh e e t I ) . The n o n - s e l e c t i v e r e l a x a t i o n r a t e s f o r t h e 

Flow S h e e t 1. S y n t h e s i s o f p-D-glucopyranosyl-( l ->6)-B-
g a l a c t o p y r a n o s e . 
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3. BERRY ET AL. Proton Spin-Lattice Relaxation 43 

TABLE II. Calculated Values for the Relaxation Contributions (10~3sec~1) 
which H-l Receives from the Methoxyl Group, p (OCĤ  H-l). 

Compound From From Average p(8OCH3 + H - l ) a v 

R1(ns) ^(H-l) Value p ( a 0 C H 3 ^ 

(I) 153 160 157 

1.9 

(III) 84 85 85 
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44 ANOMERIC EFFECT 

TABLE III. Nan Selective Spin-Lattice Relaxation Rates* (10~3sec~1±10%) 
for the Protons of Methyl Tetra-^trideuterioacetyl-I>glucopyranosides^. 

Confound H-l H-2 H-3 H-4 H-5 H-6 H-6' CCH3 

VI 270 230 150 170 360 670 650 380 

VII 160 220 150 180 290 680 670 

VIII 340 160 200 170 480 690 650 360 

IX 230 160 190 180 460 680 630 

Measured using the three-pulse, inversion-recovery sequence with a 
Varian XL-100 (15) spectrometer fitted with a Varian 620 L (16K) 
computer and a Line Tape unit (model CO600); the values were 
calculated from the semi-log plots, using a least-square f i t , computer 
program. b0.1 molar solutions in deuteroacetone at 35° (degassed). 

H6.H-6' 
I OR" 

H-3 0Rm 

VI R' = H , R" = OCH3, R 1" = OCOCD3 

VI I R' = H , R" = OCD3, R 1" = OCOCD3 

V I I I R' = 0 C H 3 , R" = H , R'" = OCOCD3 

IX R' = OCD3, R" = H , R'" = OCOCD3 
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3. BERRY ET A L . Proton Spin-Lattice Relaxation 45 

anomeric p r o t o n s o f t h e s e two d e r i v a t i v e s a r e summarised i n 
T a b l e IV. S e v e r a l s e t s o f i n t e r c o m p a r i s o n s can be made. A t th e 
n o n - r e d u c i n g c e n t r e , t h e pronounced (ca_. t w o f o l d ) d i f f e r e n t i a l 
between t h e R e v a l u e s f o r H - l a and H-l3 i s t y p i c a l o f py r a n o s e 
d e r i v a t i v e s (5) and r e f l e c t s t h e g r e a t e r r e l a x a t i o n c o n t r i b u t i o n s 
which the a x i a l p r o t o n a t C - l r e c e i v e s from H-3a and H-5a as 
compared w i t h i t s e q u a t o r i a l c o u n t e r p a r t ( 5 ) . More r e l e v a n t i n 
t h e p r e s e n t c o n t e x t i s t h e enhanced r e l a x a t i o n o f t h e non-reduc
i n g a nomeric p r o t o n when compared w i t h i t s c o u n t e r p a r t a t t h e 
r e d u c i n g c e n t r e . The o b v i o u s s o u r c e o f t h i s enhanced r e l a x a t i o n 
i s t h e p r o t o n s on th e r e d u c i n g r i n g and c o n f i r m a t i o n t h a t t h e 
p r o t o n s on C-6 c o n s t i t u t e a s u b s t a n t i a l p r o p o r t i o n o f t h a t r e l a x 
a t i o n comes from t h e R e v a l u e o f H - l 1 3 i n t h e 6 , 6 - d i d e u t e r i o de
r i v a t i v e . S i m p l e c a l c u l a t i o n s f o l l o w i n g t h e p r o c e d u r e o u t l i n e d 
e a r l i e r i n d i c a t e t h a t t h e p - v a l u e between H - l 1 3 and t h e C-6 p r o 
t o n s i s 0.470 s e c * 1 , which i s 26% o f th e t o t a l r e l a x a t i o n o f 
H- l ' f t . 

Of c o u r s e i t remains t h a t t h e o b s e r v e d R i - v a l u e f o r H - l ' 
o f t h e d i d e u t e r i o d e r i v a t i v e i s s t i l l 0.110 s e c " ' (ca_. 10%) 
f a s t e r t h a n t h a t o f t h e p r o t i o d e r i v a t i v e and r e a s o n s f o r t h i s 
must be sou g h t . One p o s s i b i l i t y i s t h a t t h e r e m a i n i n g enhance
ment i s due t o t h e r e l a x a t i o n c o n t r i b u t i o n s emanating from t h e 
o t h e r r e m a i n i n g p r o t o n s o f th e g a l a c t o p y r a n o s e r i n g ; t h i s c o u l d 
be c h e c k e d e x p e r i m e n t a l l y by f u r t h e r d e u t e r a t i o n e x p e r i m e n t s . 
The a l t e r n a t i v e e x p l a n a t i o n i s t h a t t h e d i s a c c h a r i d e m o l e c u l e as 
a whole i s t u m b l i n g a n i s o t r o p i c a l l y and hence t h a t t h e c o r r e l a 
t i o n t i m e s ( x c - v a l u e s ) o f t h e p r o t o n s o f th e r e d u c i n g r i n g a r e 
d i f f e r e n t f r o m t h o s e o f t h e n o n - r e d u c i n g r i n g . T h i s i s a s e r i o u s 
p o s s i b i l i t y because we know ( 1 9 j , (20) from s t u d i e s o f th e 1 3 c 
Rx-v a l u e s o f o t h e r d i s a c c h a r i d e s t h a t t h e i r t u m b l i n g m o t i o n 
e x h i b i t s a s m a l l a n i s o t r o p i c component. 

I t i s both n e c e s s a r y and a p p r o p r i a t e t o t e r m i n a t e t h i s 
a r t i c l e on t h i s p o i n t . I t w i l l be r e c a l l e d t h a t t h e p r i n c i p l e 
p r o p o s a l under d i s c u s s i o n here i s t h a t by e v a l u a t i n g t h e mag
n i t u d e s o f i n t e r p r o t o n r e l a x a t i o n c o n t r i b u t i o n s i t i s p o s s i b l e 
t o use r e l a t i o n s h i p [ 2 ] t o e v a l u a t e t h e magnitudes o f i n t e r p r o 
t o n d i s t a n c e s and f o r g l y c o s i d e s and o l i g o s a c c h a r i d e s t h i s 
can be perfor m e d e x p e r i m e n t a l l y e i t h e r by r e g r e s s i o n a l a n a l y s e s 
o r by s e l e c t i v e d e u t e r a t i o n . I t i s c l e a r t h a t t h i s p r o p o s a l has 
c o n s i d e r a b l e p r a c t i c a l r e a l i t y and t h a t q u a l i t a t i v e g e o m e t r i c 
r e l a t i o n s h i p s can be r e a d i l y e s t a b l i s h e d . What i s u n c l e a r a t 
t h i s t i m e i s t h e p o s s i b i l i t y o f f u l l y q u a n t i t a t i n g t h e r e l a t i o n 
s h i p [ 2 ] , which o n l y h o l d s i n i t s s i m p l e s t form i f t h e m o t i o n a l 
c o r r e l a t i o n t i m e s x c ( j - > i ) o f a l l j->i v e c t o r s a r e i d e n t i c a l . A l l 
a v a i l a b l e e v i d e n c e t o d a t e i s t h a t s i m p l e m o n o s a c c h a r i d e s do 
tumble e s s e n t i a l l y i s o t r o p i c a l l y i n s o l u t i o n and hence t h a t [ 2 ] 
can be a p p l i e d d i r e c t l y and q u a n t i t a t i v e l y ; more complex mono
s a c c h a r i d e s and d i s a c c h a r i d e s do (]9), ( 2 0 ) , (21) have a d e t e c t -
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3. BERRY ET AL. Proton Spin-Lattice Relaxation 47 

TABLE V. Ratios of the Interproton Distances for the Ring Protons of X. 

Ratio Experimental Value3 From *todelb By Calculation 

r l , 2 
r 2,3 

1.26 1.28 1.25 

r l , 3 
r 1 .2 

1.32 1.27 1.28 

r l , 3 
r 2.3 

1.67 1.63 1.60 

Based on Revalues. Dreiding Stereomodels. 
C Using the programme OOORD (réf. 23) and assuming an eclipsed, sp3-hybridised 
system with C-C = 1.536Â, C-H = 1.107Â and H-C-H angle 109.3e. 
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48 ANOMERIC EFFECT 

able anisotropic component in their tumbling motion but it is too 
early for us to decide whether or not this is sufficient to in
fluence the simple use of [2]; obviously the accuracy of di
stances based on [2] will be less certain for molecules which 
are tumbling anisotropically, but we have no details of the 
scaling factors involved. 

Clearly though, even a purely qualitative evaluation of the 
geometric influences of the anomeric and exo-anomeric effects 
based on a new independent measurement tool, has some consider
able relevance and further studies on this topic are being 
actively pursued at this time. And to leave the more sceptical 
readers of this article with some positive food-for-thought, we 
summarise below in Table V the interproton distances, determined 
(22) by proton relaxation measurement, for an organic molecule, 
the bicycloheptene portion of XII which is, according to all 
presently available criteria, tumbling isotropically. 

XII 
Abstract 

A summary is given of the potential of proton spin-lattice 
relaxation rates as a measure of the steric interactions between 
the protons of a sugar and those of an aglycon. Particular em
phasis is given to the use of specific deuteration as a direct 
method for quantifying inter-proton relaxation contributions. 
The method is illustrated for methyl α-D-glucopyranoside, its 
ß-anomer and for β-D-glucopyranosyl-(1->6)-D-galactopyranose. 
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4 

The Structural Properties of the Anomeric Center in 
Pyranoses and Pyranosides 

G. A. JEFFREY 

Department of Crystallography, University of Pittsburgh, Pittsburgh, PA 15260 

The anomeric carbon atom, C-1, in pyranose and 
furanose sugars is unique in that it is the only carbon atom in 
these molecules which is bonded to two atoms which are more 
electronegative. These more-electronegative atoms 
necessarily have lone-pair electrons. It is the electronic 
structure which arises from the electronegativity differences 
and the presence of these lone-pair electrons that gives rise 
to the special reactivity and structural properties of the 
anomeric carbon center. 

In this paper, we will be concerned with the molecular 
geometry, as described by the torsion angles, bond lengths 
and valence angles associated with the anomeric carbon atom 
in α and ß pyranosyl compounds, I and II. The Pauling 

C - l — H 
( I ) a - D I 

X 

"electronegative difference" (1) between the anomeric carbon, 
C - 1 , and the ring oxygen O-5 on one side and the aglycon, X, 
on the other, leads to a depletion of electrons at the carbon 
atom; the C-O and C-X σ-bonds are polarized in the direction 
of the more electronegative atoms. Pauling's rule (1) concern
ing the "essential electronegativity of atoms" then requires that 
there be some compensatory electronic shift to re-establish the 
balance of nuclear and electronic charge in the region of the 
central carbon atom. This is achieved by a "back-donation" of 
electrons from the lone-pair orbitals of the flanking oxygen and 

0-8412-0470-5/79/36-087-050$05.00/0 
© 1979 American Chemical Society 
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4. JEFFREY Properties of the Anomeric Center 51 

X a t o m s t o w a r d s the c a r b o n a t o m . T h e e l e c t r o n d e n s i t y o f the 
l o n e - p a i r o r b i t a l s o f X i s r e d u c e d i n o r d e r to i n c r e a s e that o f 
a n o n - b o n d i n g O—C (J* o r b i t a l , t h e r e b y i n c r e a s i n g the e l e c t r o n 
d e n s i t y i n the r e g i o n of the c a r b o n ; s i m i l a r l y the e l e c t r o n s 
f r o m the l o n e - p a i r o r b i t a l s o f the r i n g o x y g e n w i l l " b a c k - d o n a t e 1 1 

i n t o a c o r r e s p o n d i n g n o n - b o n d i n g C - X o r b i t a l . S i n c e the s p a t i a l 
r e l a t i o n s h i p s of the 2p a t o m i c o r b i t a l s a n d the C - O a n d C - X 
b o n d s i n v o l v e d a r e d i f f e r e n t f o r the a a n d B c o n f i g u r a t i o n s , t h e r e 
a r e d i f f e r e n c e s i n the e n e r g i e s a n d b o n d d i m e n s i o n s b e t w e e n the 
a a n d (3 c o n f i g u r a t i o n a l i s o m e r s . W h e n X i s a g l y c o s i d i c s u b 
s t i t u e n t , t h e r e a r e a l s o e n e r g y a n d s t r u c t u r a l d i f f e r e n c e s 
b e t w e e n d i f f e r e n t c o n f o r m a t i o n a l i s o m e r s r e l a t i v e to the g l y c o 
s i d i c b o n d . T h i s e l e c t r o n i c p e r t u r b a t i o n f r o m i d e a l e l e c t r o n -
p a i r b o n d i n g w i l l be g r e a t e s t w h e n the h e t e r o - r i n g a t o m i s the 
m o s t e l e c t r o n e g a t i v e d i v a l e n t a t o m , i . e. o x y g e n , a n d X i s the 
m o s t e l e c t r o n e g a t i v e m o n o v a l e n t a t o m , i . e. f l u o r i n e . In c o n 
s e q u e n c e , the " a n o m e r i c e f f e c t " w a s f i r s t c l e a r l y i d e n t i f i e d by 
C h u a n d L e m i e u x ( 2 J w h e n t h e y o b s e r v e d that the ( X - c o n f i g u r -
a t i o n w a s the m a j o r p r o d u c t i n the p r e p a r a t i o n o f p y r a n o s y l 
f l u o r i d e s . A r e m a r k a b l y p e r c e p t i v e p u b l i c a t i o n b y E d w a r d s ( .3 ) 
h a d p r e v i o u s l y p o i n t e d out the i m p o r t a n c e of the s p a t i a l a r r a n g e 
m e n t o f the o x y g e n l o n e - p a i r s a s a b a s i s f o r e x p l a i n i n g the 
d i f f e r e n c e s i n s t a b i l i t y to a c i d h y d r o l y s i s o f a a n d |3 m e t h y l 
p y r a n o s i d e s . 

W h e n X i s a h y d r o x y l o r g l y c o s i d i c g r o u p , the l o n e - p a i r 
i n t e r a c t i o n w i t h the c a r b o n p o r b i t a l s , w h i c h a r e i n v o l v e d i n the 
n o n - b o n d i n g o r b i t a l , i s s e n s i t i v e to the t o r s i o n a n g l e o f the 
g l y c o s i d i c C - l — O - H o r C - l — O - R b o n d . In c o n s e q u e n c e , 
p r e f e r r e d c o n f o r m a t i o n s r e l a t i v e to the g l y c o s i d i c b o n d a r e 
o b s e r v e d i n p y r a n o s e s a n d p y r a n o s i d e s i n the c r y s t a l l i n e s t a t e 
(4) a n d i n s o l u t i o n ( £ ) . T h i s e f f ec t h a s b e e n c a l l e d the " e x o " 
a n o m e r i c e f f ec t (j5 ), a l t h o u g h i t i s b a s i c a l l y a m a n i f e s t a t i o n of 
the s a m e a s p e c t o f e l e c t r o n i c s t r u c t u r e a s the a n o m e r i c e f f e c t . 
In 5 - t h i o - p y r a n o s e s , w h e r e the e l e c t r o n e g a t i v e d i f f e r e n c e 
b e t w e e n the r i n g h e t e r o - a t o m a n d c a r b o n i s v e r y s m a l l , the 
a n o m e r i c a n d e x o - a n o m e r i c e f f e c t s s h o u l d be l e s s i m p o r t a n t 
a n d p r o b a b l y n o n - e x i s t e n t i n 1, 5 - d i t h i o - p y r a n o s i d e s . S o m e 
c r y s t a l s t r u c t u r a l w o r k o n the 1, 5 - d i t h i o - r i b o p y r a n o s i d e s 
s u p p o r t s t h i s v i e w (6^). 

O t h e r i n v e s t i g a t o r s h a v e s t u d i e d th i s a s p e c t of h e t e r o -
a t o m e l e c t r o n i c s t r u c t u r e i n c o n t e x t s o t h e r t h a n c a r b o h y d r a t e 
c h e m i s t r y ( _7-9_). T h e m o s t g e n e r a l l y a c c e p t e d d e s c r i p t o r i s 
the " g a u c h e - e f f e c t " , o r i g i n a l l y p r o m p t e d b y the n e e d to e x p l a i n 
the u n e x p e c t e d ' g a u c h e ' c o n f o r m a t i o n of f l u o r o m e t h a n o l ( 10 ). 

T h e s a m e t ype o f c o n f i g u r a t i o n a l a n d c o n f o r m a t i o n a l d i r e c t i n g 
p r o p e r t i e s c a n be a n t i c i p a t e d , f o r e x a m p l e , i n the c a r b o r a n e s 
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52 ANOMERIC EFFECT 

c o n t a i n i n g the b o n d i n g s e q u e n c e C ~ B — C , s i n c e the b o r o n a t o m i s 
f l a n k e d b y two o r m o r e e l e c t r o n e g a t i v e a t o m s , w h i l e b e i n g 
d e f i c i e n t i n e l e c t r o n s to f i l l i t s o w n 2s a n d 2p o r b i t a l s . 

Q u a n t u m - m e c h a n i c a l d i s c u s s i o n s o f the " g a u c h e e f f e c t " 
a n d the " a n o m e r i c a n d e x o - a n o m e r i c e f f e c t " h a v e b e e n 
p u b l i s h e d ( 1 0 - 13 ) w h i c h p r o v i d e a m o r e c o m p l e t e d e s c r i p t i o n o f 
t h e s e e l e c t r o n i c i n t e r a c t i o n s , a n d the e l e c t r o s t a t i c r e p u l s i o n s 
b e t w e e n the v i c i n a l l o n e - p a i r e l e c t r o n s . 

T h e m o s t c o n s p i c u o u s s t r u c t u r a l c o n s e q u e n c e s o f the 
a n o m e r i c e f f ec t a r e i n the c o n f o r m a t i o n a l a n g l e s o f the g l y c o 
s i d i c b o n d s . T h e c h a n g e i n p o t e n t i a l e n e r g y w i t h r o t a t i o n a b o u t 
the g l y c o s i d i c b o n d s ( F i g u r e 1) c a l c u l a t e d b y a b - i n i t i o q u a n t u m -
m e c h a n i c a l m e t h o d s (J_3 ) o n the m o d e l c o m p o u n d s d i s c u s s e d 
l a t e r i n t h i s a r t i c l e , s u g g e s t that t h e r e a r e e n e r g y b a r r i e r s o f 
2 to 5 k . c a l / m o l e . In c o n s e q u e n c e , the g l y c o s i d i c t o r s i o n 
a n g l e s l i e w i t h i n q u i t e n a r r o w r a n g e s f o r the m e t h y l a a n d 0 

p y r a n o s i d e s ( L4 ). T h i s a n o m e r i c c o n f o r m a t i o n a l e n e r g y 
p o t e n t i a l w i l l a l s o a p p l y to the g l y c o s i d i c l i n k a g e - b o n d s i n the 
( l - » n ) l i n k e d o l i g o s a c c h a r i d e s a n d i t s e f f ec t i s o b s e r v e d i n m a n y 
o f the d i - a n d t r i s a c c h a r i d e s w h i c h h a v e b e e n s t u d i e d b y c r y s t a l -
s t r u c t u r e a n a l y s i s ( 12^). It s h o u l d b e i n c l u d e d i n the c o n f o r m 
a t i o n a l p o t e n t i a l - e n e r g y m a p s o f p o l y s a c c h a r i d e s c o n t a i n i n g s u c h 
l i n k a g e s . 

M o r e - s u b t l e d i f f e r e n c e s a l s o o c c u r b e t w e e n a a n d 0 
p y r a n o s e s a n d p y r a n o s i d e s i n the b o n d l e n g t h s a n d v a l e n c e a n g l e s 
a s s o c i a t e d w i t h the h e m i - a c e t a l a n d a c e t a l m o i e t i e s . T h e s e 
s m a l l s t r u c t u r a l d i f f e r e n c e s o f l e s s t h a n 5 p m a n d 5 do not 
a f f e c t the o v e r a l l d i m e n s i o n s o f a m o n o s a c c h a r i d e to a l a r g e 
d e g r e e , but w h e n m u l t i p l i e d i n a l i n e a r p o l y s a c c h a r i d e p o l y m e r , 
t h e y c o u l d l e a d to s i g n i f i c a n t d i f f e r e n c e s i n the m o d e l s u s e d to 
i n t e r p r e t the s o m e w h a t m a r g i n a l X - r a y d i f f r a c t i o n d a t a a v a i l a b l e 
f r o m o r i e n t e d f i b r e s a n d g e l s . T h e u s e o f a v e r a g e d m o l e c u l a r 
d i m e n s i o n s f o r m o n o s a c c h a r i d e c o m p o n e n t s , w h i c h do not t a k e 
i n t o a c c o u n t t h e s e s m a l l d i f f e r e n c e s , c o u l d l e a d to a m b i g u i t i e s 
i n the i n t e r p r e t a t i o n o f f i b r e d i a g r a m s b y the m o d e l - b u i l d i n g 
m e t h o d s . 

M o r e i m p o r t a n t l y , f r o m the p o i n t o f v i e w of t h e o r e t i c a l 
c h e m i s t r y , t h e s e s m a l l d i f f e r e n c e s p r o v i d e a n e x c e l l e n t 
c r i t e r i o n w i t h w h i c h to t e s t the " n e a r n e s s to r e a l i t y " o f a 
p a r t i c u l a r " a b - i n i t i o " q u a n t u m m e c h a n i c a l c a l c u l a t i o n . T h i s 
a s s u m e s that the b e s t t h e o r e t i c a l t r e a t m e n t i s that w h i c h g i v e s 
the b e s t a g r e e m e n t w i t h the s t r u c t u r a l d a t a , w h i c h i s s o m e w h a t 
o f a n o v e r - s i m p l i f i c a t i o n . S o m e o f the w a v e f u n c t i o n s u s e d i n 
the a b - i n i t i o c a l c u l a t i o n s a r e b e l i e v e d to g i v e r e l i a b l e v a l u e s 
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4. JEFFREY Properties of the Anomeric Center 53 

Figure 1. Theoretical potential-energy curves for rotation about the anomeric 
bond from ah initio Hartree-Fock 431-G calculations on dimethoxymethane. $ is 
the glycosidic 0-5-C-l-0-l-CH:{ torsion angle. <J> is the C-5-0-5-C-1-0-1 tor
sion angle and is ~ 60° for a-D-pyranosides, ~ 180° for f3-D-pyranosides (see 

Figure 2). 
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54 ANOMERIC EFFECT 

f o r e n e r g i e s , but p o o r g e o m e t r y ; o t h e r s g i v e r e l i a b l e b o n d 
l e n g t h s b u t l e s s r e l i a b l e b o n d a n g l e s . T h e m o s t s e n s i t i v e t e s t 
w i l l b e the c o m p a r i s o n o f the a c t u a l o b s e r v e d a n d c a l c u l a t e d 
e l e c t r o n - d e n s i t y d i s t r i b u t i o n i n t h e s e m o l e c u l e s . S i g n i f i c a n t 
p r o g r e s s i s n o w b e i n g m a d e t o w a r d the e x p e r i m e n t a l d e t e r m i n 
a t i o n o f e l e c t r o n d e n s i t y d i s t r i b u t i o n s i n m o l e c u l e s a s c o m p l e x 
a s c a r b o h y d r a t e s b y c r y s t a l d i f f r a c t i o n m e t h o d s . 

T h e E x p e r i m e n t a l D a t a 

T h e r e i s n o w a s i g n i f i c a n t a m o u n t of e x c e l l e n t m o l e c u l a r 
s t r u c t u r a l d a t a on p y r a n o s e s u g a r s a n d m e t h y l p y r a n o s i d e s 
o b t a i n e d b y ' s t a t e of the a r t ' X - r a y a n d n e u t r o n - d i f f r a c t i o n 
c r y s t a l - s t r u c t u r e d e t e r m i n a t i o n s . A l l the r e s u l t s q u o t e d h e r e i n 
w e r e o b t a i n e d f r o m t h r e e - d i m e n s i o n a l d i f f r a c t o m e t e r m e a s u r e 
m e n t s . T h e a t o m i c p a r a m e t e r s , w h i c h i n c l u d e t h o s e d e s c r i b i n g 
the a n i s o t r o p i c t h e r m a l m o t i o n o f the a t o m s , w e r e r e f i n e d b y 
f u l l - m a t r i x l e a s t - s q u a r e s m e t h o d s to a g r e e m e n t f a c t o r s o f 
b e t t e r t h a n 4%. T h e m o r e a c c u r a t e s t r u c t u r e d e t e r m i n a t i o n s 
a l s o i n c l u d e d c r y s t a l X - r a y o r n e u t r o n a b s o r p t i o n a n d e x t i n c t i o n 
c o r r e c t i o n s . In a f ew o f t h e s e p r e c i s e s t r u c t u r e a n a l y s e s , the 
b o n d l e n g t h s w e r e c o r r e c t e d f o r r i g i d - b o d y t h e r m a l m o t i o n ; 
h o w e v e r , f o r c o n s i s t e n c y a n d b e c a u s e o f s o m e u n c e r t a i n t y 
c o n c e r n i n g the s i g n i f i c a n c e of t h e s e t h e r m a l m o t i o n c o r r e c t i o n s , 
w e h a v e r e p o r t e d the u n c o r r e c t e d v a l u e s i n the f o l l o w i n g t a b l e s . 
T h e f u l l d a t a f o r the i n d i v i d u a l s t r u c t u r e d e t e r m i n a t i o n s h a v e 
b e e n p u b l i s h e d e l s e w h e r e ( 13_). In T a b l e s I, II, III, a n d I V , w e 
p r e s e n t a s u m m a r y o f t h e s e r e s u l t s i n a f o r m s u i t a b l e f o r 
c o m p a r i s o n w i t h the r e s u l t s of t h e o r e t i c a l a b - i n i t i o m o l e c u l a r 
o r b i t a l c a l c u l a t i o n s a i m e d at p r e d i c t i n g the m o l e c u l a r g e o m e t r y 
o f the h e m i - a c e t a l a n d a c e t a l m o i e t y i n p y r a n o s e s a n d p y r a n o -
s i d i c m o l e c u l e s . 

T h e e x p e r i m e n t a l s t a n d a r d d e v i a t i o n s f o r i n d i v i d u a l 
s t r u c t u r e d e t e r m i n a t i o n s a r e of the o r d e r of 0. 5 p m i n b o n d 
l e n g t h s a n d 0. 1° i n a n g l e s . T h e a c c u r a c y o f the X - r a y a n d 
n e u t r o n a n a l y s e s i s c o m p a r a b l e , e x c e p t f o r the d i m e n s i o n s 
i n v o l v i n g h y d r o g e n a t o m s . O n l y i n the n e u t r o n w o r k a r e the 
b o n d l e n g t h s , v a l e n c e a n d t o r s i o n a n g l e s i n v o l v i n g h y d r o g e n 
a t o m s a c c u r a t e e n o u g h to be r e l e v a n t f o r c o m p a r i s o n w i t h t h e o r y . 
In the t a b l e s we g i v e the e x t r e m e v a l u e s a n d the m e a n v a l u e 
o b s e r v e d f o r e a c h b o n d l e n g t h a n d v a l e n c e a n g l e . A t the l e v e l 
o f ~ 1 p m , t h e r e i s no r e a s o n to e x p e c t that the b o n d l e n g t h s a n d 
v a l e n c e a n g l e s w i l l b e i d e n t i c a l f r o m m o l e c u l e to m o l e c u l e , 
b e c a u s e n o n e o f the p y r a n o s e r i n g c o n f o r m a t i o n s i s e x a c t l y the 
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4. JEFFREY Properties of the Anomeric Center 55 

Table I. Acetal Geometry in Methyl a-D-Pyranosides 

/ \ / \ / \ 
X P E R I M E N T A L C-5 0 - 5 C - 1 O 1 — C H 3 C - 5 C - l O - l 

M e t h y l a - p y r a n o s i d e s M a x . 145. 0 142. 1 141. 1 144 .2 114. 3 112. 9 113. 0 
(8 X - r a y s t u d i e s ) * M i n . 141 .8 141. 3 139. 1 142. 3 111. 5 111. 3 113. 5 

M e a n 143 .54 141 .63 140 .44 143. 05 113. 4 112. 3 113. 1 

M e t h y l a - p y r a n o a i d e s 
(3 N e u t r o n s t u d i e s ) ^ 

M a x . 143. 9 141. 8 140. 1 142. 2 114. 3 113. 0 114. 0 M e t h y l a - p y r a n o a i d e s 
(3 N e u t r o n s t u d i e s ) ^ M i n . 142 .8 141. 3 140. 0 140. 7 113. 5 112. 0 113. 9 

M e a n 143 .53 141 .57 140. 07 141. 70 113. 9 112. 5 113. 9 

a - L i n k a g e s - M a x . 144. 1 142. 7 142. 8 144. 2 114. 7 111. 9 118 .9 
(5 X - r a y s t u d i e s ) - M i n . 143. 0 140. 8 139 .8 142. 3 113. 2 109. 8 111 .4 

M e a n 143 .44 141. 80 140 .75 143. 48 114. 1 111. 2 115. 0 

a - L i n k a g e s 143. 7 141. 1 142. 2 142 .9 116. 0 110. 9 114. 3 
(2 N e u t r o n s tud i e s ) — 143 .4 140. 3 141 .4 141. 9 113. 8 110. 7 117 .8 

H E O R Y - 144 .4 142. 3 (142 .3 ) (144 .4 ) 115. 9 114. 0 ( 115 .9 ) 

— M e t h y l a - a r a b i n o s i d e and m e t h y l tt-xyloside, m o l e c u l e s 1 and 2 [ J e f f r ey , G . A . and T a k a g i , S. , (1977), 
u n p u b l i s h e d w o r k . ] 

M e t h y l a - g l u c o s i d e [ B e r m a n , H . M . a n d K i m , S . H . , A c t a C r y s t a l l o g r . (1968), 24 , 897 . ] 
M e t h y l a - g a l a c t o s i d e [Ga t ehouse , B . M . and P o p p l e t o n , B . J . , A c t a C r y s t a l l o g r . (1971), B 2 7 , 6 5 4 . ] 
M e t h y l a - m a n n o s i d e [Ga t ehouse , B . M . and P o p p l e t o n , B . J . , A c t a C r y s t a l l o g r . (1970), B 2 6 , 1761. J 
M e t h y l a - a l t r o s i d e [ G a t e h o u s e , B . M . and P o p p l e t o n , B . J . , A c t a C r y s t a l l o g r . (1971), B 2 7 , 8 7 1 . ] 
4 - D e o x y - 4 - f l u o r o m e t h y l a - g l u c o a i d e [ C h o o n g , W. , S t e p h e n s o n . N . C . , and S t e v e n s , J . D. , C r y s t . S t r u c t . 

C o m m u n . (1975), 4, 4 9 1 . ] 

— M e t h y l a - g l u c o s i d e and m e t h y l a - m a n n o s i d e [ J e f f r ey , G . A . , M c M u l l a n , R. K . , and T a k a g i , S. , A c t a 
C r y s t a l l o g r . (1977), B 3 3 , 728 . ] 

M e t h y l a - a l t r o s i d e [ P o p p l e t o n , B . J . , J e f f r e y , G . A . , and W i l l i a m s , G . J . B . , A c t a C r y s t a l l o g r . (1975), 
B 3 1 , 2400 . ] 

— e x c l u d e s a - l i n k a g e s w h i c h f o r m pa r t o f C - O - C - O - C - O - C s e q u e n c e of bonds . 

- M e t h y l 8 - m a l t o s i d e [ C h u , S . S . C . and J e f f r e y , G . A . , A c t a C r y s t a l l o g r . (1967), 23 , 1038. ] 
I s o m a l t u l o s e [ D r e i s s i g , W. and L u g e r , P . , A c t a C r y s t a l l o g r . (1973), B 2 9 . 514). 
P l a n t e o s e ( R o h r e r , D . C . , A c t a C r y s t a l l o g r . (1972), B 2 8 , 425 . ] 
R a f f i n o s e ( B e r m a n , H . M . , A c t a C r y s t a l l o g r . (1970), B 2 6 , 290 . ] 

M e l e z i t o s e [ H o r o t s u , K . and S h i m a d a , S. , C h e m . L e t t e r s (1973), p. 83 . ] 

—6 - M a l t o s e [ C r e s s , M . E . and J e f f r e y , G . A . , A c t a C r y s t a l l o g r . (1977), ^90]. 
S u c r o s e [ B r o w n , G . M . and L e v y , H . A . , A c t a C r y s t a l l o g r . (1973), B 2 9 , 790 . ] 

1 J e f f r e y , G . A . , P o p l e , J . A . , and B i n k l e y , S. , J . A m e r . C h e m . S o c . (1978), 100, 373] . 
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56 ANOMERIC EFFECT 

Table II. Acetal Geometry in Methyl /?-D-Pyranosides 

E X P E R I M E N T A L C - 5 0 - 6 C - l I C - l C H 3 Ob C - l OA 

M e t h y l 8 - p y r a n o s i d e s M a x . 144.2 143 .7 139. 3 143. 4 112 .7 107. 1 114. 4 
(8 X - r a y s t u d i e s ) - M i n . 142 .6 142. 1 137. 4 142. 1 110. 6 108. 1 112. 4 

M e a n 143 .29 142 .81 138.29 142 .70 111 .4 107 .9 113. 4 

M e t h y l B - x y l o -
p y r a n o s i d e 142. 1 142. 7 138. 1 142. 6 111.1 107. 4 113. 0 
( N e u t r o n study ) — 

8 - L i n k a g e s M a x . 144 .8 142. 7 139. 7 144. t> 1 12. 2 107. 7 117. 3 
(3 X - r a y s t u d i e s ) - M i n . 143. 6 142. 5 138.4 143. 6 111.2 106 .9 115. 8 

M e a n 144. 13 142 .60 138.93 144 .10 111 .9 107. 4 116. 4 

- M e t h y l ( a - L ) - a r a b i n o s i d e [ J e f f r ey . G . A . and T a k a g i . S. . (1977), u n p u b l i s h e d w o r k . ] 
M e t h y l B - x y l o s i d e [ B r o w n . C . J . , C o x , G . . and L l e w e l l y n . F . J . . J . C h e m . S o c . (1966). p. 922. ] 
M e t h y l 8 - g i u c o s i d e [ J e f f r e y , G . A . and T a k a g i . S. . A c t a C r y s t a l l o g r . (1977). B 3 3 . 738.1 
M e t h y l 8 - g a l a c t o s i d e [ J e f f r e y . G . A . and T a k a g i , S. . A c t a C r y s t a l l o g r . (1978), B3jt, 20O6J. 
6 - 0 - A c e t y l m e t h y l B - g i u c o s i d e [ L i n d b e r g . K . B . . Ac t a C r y s t a l l o g r . (1976), B 3 2 . 642.] 
6 - 0 - A c e t y l m e t h y l B - g a l a c t o s i d e [ L i n d b e r g , K . B . , A c t a C r y s t a l l o g r . (1976), B 3 2 , 645 . ] 
3 , 4 - E t h y l i d e n e m e t h y l 0 - g a l a c t o s i d e [ L i n d b e r g , K . B . . A c t a C r y s t a l l o g r . (1976), B 3 2 . 639 . ] 
M e t h y l 0 - m a l t o s i d e [ C h u , S. S. C and J e f f r e y , G . A . , A c t a C r y s t a l l o g r . (1967), 23 , 1038. ) 

b 
T a k a g i , S . and J e f f r e y , G . A . , A c t a C r y s t a l l o g r . (1977), i n p r e s s . 

- C e l l o b i o s e [ C h u , S. S . C . and J e f f r e y , G . A . , A c t a C r y s t a l l o g r . (1968), 24, 8 3 0 . ] 
G a l a c t o - L - r h a m n i t o l [ J e f f r e y , G . A . and T a k a g i , S. . A c t a C r y s t a l l o g r . (1977), 1£3_, 2377] . 
a - L a c t o s e - H 2 0 [ F r i e s , D . C . , R a o . S. T . , and S u n d a r a l i n g a m , M . . A c t a C r y s t a l l o g r . (1971), 27 . 9 9 4 . ] 

- J e f f r e y , G . A . , P o p l e , J . A . , and B i n k l e y , S. , J . A m e r . C h e m . S o c . (1978), 100. 373. 
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4. JEFFREY Properties of the Anomeric Center 

Table III. 11 em i-acetal Geometry in a-D-Pyranoses 

57 

E X P E R I M E N T A L 

a - P y r a n o s e s M a x . 148. 1 144. 7 142. 1 115. 5 113. 1 
(10 X - r a y s t u d i e s ) - M i n . 142. 6 141. 2 138 .2 112. 1 110 .9 

M e a n 144 .48 1 4 2 . 7 7 138 .52 113. 7 111 .9 

a - P y r a n o s e s 
(3 N e u t r o n s tud ies ) — 

M a x . 143. 9 142. 5 140. 4 9 7 . 9 114. 7 111 .9 109. 2 a - P y r a n o s e s 
(3 N e u t r o n s tud ies ) — M i n . 142. 7 141. 8 138 .9 95 . 2 113. 4 109. 8 107. 4 

M e a n 143. 20 142 .07 140. 03 96. 63 113. 9 111. 1 108. 1 

T H E O R Y 144. 4 142. 1 141. 7 (96. 0) ( 109 .5 ) (109 .5 ) ( 109 .5 ) 

- a - D - X y l o s e ( M o r i l d , E . , p r i v a t e c o m m u n i c a t i o n ; H o r d v i k , A . , A c t a C h e m . S c a n d . (1971), 25 , 2 1 7 5 . ] 
B - D , L - A r a b i n o s e [ K i m , S. H . and J e f f r e y , G . A . , A c t a C r y s t a l l o g r . (1967), 22^ 537 . ] 
B - L - A r a b i n o s e [ H o r d v i k , A . , A c t a C h e m . S c a n d . (1961), IS, 16. ] 
a - D - G a l a c t o s e [ O h a n e s s i a n , J . and G i l l i e r - P a n d r a u d , H . , A c t a C r y s t a l l o g r . (1976), B 3 2 , 2810; S h e l d r i c k , B . , 

A c t a C r y s t a l l o g r . (1976). B32 , 1016. ] 
a - F u c o s e [ L o n g c h a m b o n , F . , O h a n e s s i a n , J . , A v e n e l , D. , and N e u m a n , A . , A c t a C r y s t a l l o g r . (1975) , 

B 3 1 , 2623. ] 
a - L - R h a m n o s e - H 2 0 [ K i l l e a n , R. C . G . , L a w r e n c e , J . L . . and S h a r m a , V . C . , A c t a C r y s t a l l o g r . (1971) , 

B 2 7 , 1707. ] 
tt-D, L - M a n n o s e [ P l a n i n s e k , F . and R o s e n s t e i n , R . D. , A b s t r . N 1 0 , A m e r i c a n C r y s t a l l o g r . A s s o c . M e e t i n g , 

A u g u s t , 1967. ] 
a - D - M a n n o s e , m o l e c u l e s 1 and 2 [ L o n g c h a m b o n , F . , A v e n e l , D. , and N e u m a n , A . , A c t a C r y s t a l l o g r . (1976) , 

B 3 2 , 1822. ] 
a - T a l o s e [ O h a n e s s i a n , J . , A v e n e l , D. , K a n t e r s , J . A . , and S m i t s , D . , A c t a C r y s t a l l o g r . (1977), B 3 3 , 1063 . ] 

b 
- a - D - G l u c o s e [ B r o w n , G . M . and L e v y , H . A . , S c i e n c e (1965), 147, 1038. ] 

B - L - A r a b i n o s e [ T a k a g i , S. and J e f f r e y . G . A . , A c t a C r y s t a l l o g r . (1977) , B3J., 3033]. 
a - L - R h a m n o s e [ J e f f r e y , G . A . and T a k a g i . S. , (1977), (1978), B3k, 2551.] 

Table IV. Hemi-acetal Geometry in /?-r>Pyranoses 

C - l - J L_ c. l i H 

E X P E R I M E N T A L 0 - 5 C - l 

8 - P y r a n o s e s 
(5 X - r a y a t u d i e s ) -

M a x . 
M i n . 
M e a n 

144. 0 
142. 6 
143. 40 

143 . 3 1 3 9 . 9 
1 4 1 . 3 1 3 8 . 4 
142. 52 1 3 9 . 3 6 

112. 7 
1 1 1 . 9 
1 1 2 . 0 

107. 2 
106 . 2 
106. 8 

142.4 139. 8 ( 1 0 9 . 5 ) ( 1 0 9 . 5 ) 

— 0 - L - L y x o s e [ M o r i l d , E . , p r i v a t e c o m m u n i c a t i o n . ] 
0 - D - G l u c o s e [ C h u , S . S . C . a n d J e f f r e y . G . A . , A c t a C r y s t a l l o g r . (1968 ) , 2 4 , 8 3 0 . ] 
B - D - G a l a c t o s e [ S h e l d r i c k , B . , A c t a C r y s t a l l o g r . (1976 ) , B 3 2 . 1016; L o n g c h a m b o n , F . , O h a n e s s i a n , J . 

A v e n e l , D . , a n d N e u m a n , A . , A c t a C r y s t a l l o g r . (1975 ) , B 3 1 , 2 6 2 3 . ] 
2 - D e o x y - 2 - f l u o r o - B - D - m a n n o s e [ C h o o n g , W . , C r a i g , D . C . , S t e p h e n a o n , N . C . , a n d S t e v e n s , J . D . , 

C r y s t a l S t r u c t . C o m m u n . (1975) , 4 , 1 1 1 . ] 
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58 ANOMERIC EFFECT 

s a m e . T h e y a r e a l l d i s t o r t e d to a g r e a t e r o r l e s s e r d e g r e e f r o m 
the i d e a l 4 C i c o n f o r m a t i o n , i n p a r t b y the i n t r a m o l e c u l a r i n t e r 
a c t i o n s b e t w e e n s u b s t i t u e n t h y d r o x y l g r o u p s a n d i n p a r t by 
c r y s t a l - f i e l d e f f e c t s . B e c a u s e the p y r a n o s e c h a i r i s not a 
f l e x i b l e r i n g ( 15, 16 ), s o m e b o n d l e n g t h s a n d a n g l e s m u s t be 
d i f f e r e n t w h e n the r i n g c o n f o r m a t i o n a l a n g l e s a r e d i f f e r e n t . 

T h e m o s t o b v i o u s f e a t u r e o f the e x p e r i m e n t a l d a t a o n the 
a a n d |3 p y r a n o s e m o l e c u l e s i s the s h o r t e n i n g o f the a n o m e r i c 
C - l — O H b o n d l e n g t h f r o m a n o r m a l v a l u e o f 142. 5 p m to 139 to 
140 p m . T h e C - l — 0 - 5 b o n d l e n g t h h a s the n o r m a l v a l u e , a n d 
the 0 - 5 — C - 5 b o n d i s 1 4 3 - 1 4 4 p m . T h e o n l y s i g n i f i c a n t 
d i f f e r e n c e s o b s e r v e d b e t w e e n the a a n d 0 p y r a n o s e m o l e c u l e s 
a r e i n the v a l e n c e - b o n d a n g l e s at the r i n g o x y g e n , CMS, a n d at 
the a n o m e r i c c a r b o n a t o m , C - l . In the a s u g a r s , t h e s e a n g l e s 
a r e 1 1 3 . 8 a n d 1 1 1 . 5 ° , r e s p e c t i v e l y , w h e r e a s t h e y a r e 
s i g n i f i c a n t l y l e s s i n the 0 - a n o m e r s , i . e. 112 a n d 1 0 7 ° . T h e r e 
i s d e f i n i t e e v i d e n c e that the 0 - 5 — C - l — O - l v a l e n c e b o n d a n g l e 
i s l e s s t h a n t e t r a h e d r a l i n the 3 p y r a n o s e s . 

In the m e t h y l p y r a n o s i d e s , i n c o n t r a s t , t h e r e i s a m a r k e d 
d i f f e r e n c e i n the m o l e c u l a r g e o m e t r y b e t w e e n the two c o n f i g 
u r a t i o n s i n b o t h b o n d l e n g t h s a n d v a l e n c e a n g l e s . T h e m e t h y l 
g - p y r a n o s i d e s r e s e m b l e the f r e e s u g a r s i n h a v i n g a m a r k e d l y 
s h o r t g l y c o s i d i c b o n d o f 139 p m . T h e C - l — 0 - 5 b o n d i s n o r m a l , 
a n d the two e x t e r n a l C — O b o n d s o f the O - O - C - O — C a c e t a l 
s e q u e n c e a r e b o t h l o n g e r t h a n n o r m a l , 1 4 3 - 1 4 4 p m , but no t 
s i g n i f i c a n t l y d i f f e r e n t f r o m e a c h o t h e r . O f the t h r e e v a l e n c e 
a n g l e s , that a t the c a r b o n a t o m i s l e s s t h a n t e t r a h e d r a l , w h i l e 
b o t h o x y g e n a n g l e s a r e g r e a t e r t h a n t e t r a h e d r a l . 

In the m e t h y l a - p y r a n o s i d e s , the g l y c o s i d i c b o n d i s s t i l l 
the s h o r t e s t of the f o u r C - O b o n d s , b u t the d i f f e r e n c e i s a bou t 
1 p m l e s s . T h e b o n d - s h o r t e n i n g a p p e a r s to be s h a r e d m o r e 
e q u a l l y b e t w e e n the two C - O b o n d s o n e i t h e r s i d e o f the a n o m e r i c 
c a r b o n . A s i n the | 3 - p y r a n o s i d e s , the e x t e r n a l C - O b o n d s o f the 
a c e t a l s e q u e n c e a r e the l o n g e s t . T h e d i f f e r e n c e s b e t w e e n the 
v a l e n c e a n g l e s a r e s i m i l a r to the 8 a n o m e r s , e x c e p t that the 
C - l v a l u e i s t e t r a h e d r a l r a t h e r t h a n l e s s t h a n t e t r a h e d r a l . 

T h e d a t a r e l a t i n g to the a- a n d 0 - l i n k a g e s o b s e r v e d i n d i -
a n d t r i s a c c h a r i d e s t e n d to b e l e s s p r e c i s e , b e c a u s e o f the 
g r e a t e r c o m p l e x i t y o f t h e i r s t r u c t u r e s , a n d the p o o r e r q u a l i t y of 
the c r y s t a l s that a r e g e n e r a l l y a v a i l a b l e . T h e r e i s n o e v i d e n c e 
that the s u b s t i t u t i o n of a s u g a r r e s i d u e f o r a m e t h y l r e s u l t s i n 
s i g n i f i c a n t d i f f e r e n c e s i n the s t r u c t u r e of the a c e t a l C - O - C - O - C 
b o n d i n g . W e h a v e i n c l u d e d o n l y t h o s e a c e t a l s e q u e n c e s w h i c h 
a r e f l a n k e d b y C — C b o n d s a n d h a v e o m i t t e d f r o m t h i s l i s t i n g 
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4. J E F F R E Y Properties of the Anomeric Center 5 9 

t h o s e that f o r m p a r t of a l o n g e r c h a i n of C - O b o n d s , i . e. s e v e n 
C — O b o n d s e q u e n c e s a s i n a , a - t r e h a l o s e , s u c r o s e , p l a n t e o s e , 
r a f f i n o s e a n d m e l e z i t o s e . T h e d a t a o n t h e s e c o m p o u n d s h a v e 
b e e n p u b l i s h e d e l s e w h e r e ( 12 ). 

T h e n e u t r o n - d i f f r a c t i o n r e s u l t s a r e i n g o o d a g r e e m e n t w i t h 
the X - r a y d a t a f o r the C - O b o n d l e n g t h s a n d a n g l e s . T h e r e i s a 
t r e n d f o r the C - O b o n d l e n g t h s to be abou t 1 p m s h o r t e r w h e n 
o b s e r v e d b y n e u t r o n d i f f r a c t i o n . T h i s h a s b e e n g e n e r a l l y 
o b s e r v e d i n s t u d i e s w h e r e b o t h X - r a y a n d n e u t r o n - d i f f r a c t i o n 
a n a l y s e s h a v e b e e n m a d e o n the s a m e c o m p o u n d ( 1 7 - 1 9 )• W e 
b e l i e v e that t h i s e f f ec t i s r e a l a n d i s a c o n s e q u e n c e o f the f a c t 
that the t h e r m a l l y s m e a r e d e l e c t r o n d e n s i t y of the o x y g e n a t o m s 
i s d i s p l a c e d a w a y f r o m the n u c l e a r c e n t e r i n the d i r e c t i o n o f the 
l o n e - p a i r e l e c t r o n s , t h e r e b y t e n d i n g to i n c r e a s e the o b s e r v e d 
C - O b o n d l e n g t h s a n d d e c r e a s e the o b s e r v e d O v a l e n c e a n g l e s . 

T h e T h e o r e t i c a l C a l c u l a t i o n s 

T h e t h e o r e t i c a l c a l c u l a t i o n s w i t h w h i c h t h e s e e x p e r i m e n t a l 
d a t a c a n be c o m p a r e d a r e b a s e d o n the u s e of m e t h o x y m e t h a n o l 
C H 3 O C H 2 O H (12,) a n d d i m e t h o x y m e t h a n o l C H 3 O C H 2 O C H 3 ( 1_3 ) 
a s m o d e l c o m p o u n d s f o r the h e m i - a c e t a l a n d a c e t a l m o i e t i e s i n 
the p y r a n o s e a n d m e t h y l p y r a n o s i d e m o l e c u l e s , r e s p e c t i v e l y . 
T h e a n a l o g y to the p y r a n o s e s a n d p y r a n o s i d e s i s i l l u s t r a t e d i n 
F i g u r e 2. 

T h e c a l c u l a t i o n s w e r e c a r r i e d out u s i n g the a b - i n i t i o 
H a r t r e e - F o c k 4 3 1 - G b a s i s - s e t m o l e c u l a r o r b i t a l m e t h o d o f 
D i t c h f i e l d , H e h r e , a n d P o p l e ( 2 £ ) . E n e r g y c a l c u l a t i o n s h a v e 
s h o w n that the p r e f e r r e d c o n f o r m a t i o n s f o r the (X- a n d 3 -

a n o m e r s w e r e the + s c , + s c a n d a p , +sc m o d e l s , r e s p e c t i v e l y 
(12, 13 ), a n d o n l y t h e s e c o n f o r m a t i o n s w e r e c o n s i d e r e d . In the 
e x p e r i m e n t a l d a t a , the t o r s i o n a n g l e C - 5 — 0 - 5 — C - l — C - l i s 
n e c e s s a r i l y c l o s e to 60 ° f o r the a c o n f i g u r a t i o n , a n d c l o s e to 
180° f o r the (3 c o n f i g u r a t i o n ( they v a r y f r o m t h e s e i d e a l v a l u e s 
b y ± 5 ° s i n c e the p y r a n o s e r i n g s a r e no t i d e a l c h a i r s ) . T h e 
g l y c o s i d i c t o r s i o n a n g l e s l i e b e t w e e n 70 a n d 100° f o r the f r e e 
p y r a n o s e s a n d b e t w e e n 60 a n d 80° f o r the m e t h y l p y r a n o s i d e s . 
T h e s e v a l u e s h a v e b e e n r e p o r t e d e l s e w h e r e ( 11, 12 ). 

In the m e t h o x y m e t h a n o l m o d e l o n l y the C - O b o n d l e n g t h s 
w e r e v a r i e d . T h e C - H b o n d l e n g t h s w e r e f i x e d at 96 p m a n d a l l 
a n g l e s w e r e m a i n t a i n e d at t e t r a h e d r a l v a l u e s ( 12 ). 

In the d i m e t h o x y m e t h a n o l m o d e l , b o t h C - O b o n d l e n g t h s 
a n d the 0 -5^ C - l , a n d O - l v a l e n c e a n g l e s w e r e v a r i e d ( 13 ). 
T h e + s c , +sc c o n f o r m a t i o n i s s y m m e t r i c a l , a n d t h e r e f o r e o n l y 
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4. JEFFREY Properties of the Anomeric Center 61 

two b o n d l e n g t h s a n d two a n g l e s c a n be v a r i e d . In the a p , +sc 
m o d e l , f o r the P p y r a n o s i d e s , f o u r v a r i a b l e b o n d l e n g t h s a n d 
t h r e e v a r i a b l e v a l e n c e a n g l e s a r e p o s s i b l e . T h e v a l u e s o f 
t h e s e b o n d l e n g t h s a n d v a l e n c e a n g l e s w h i c h o p t i m i z e the e n e r g y 
o f the m o d e l m o l e c u l e s a r e s h o w n u n d e r T H E O R Y i n T a b l e s I, 
II, H I , a n d I V . 

C o m p a r i s o n B e t w e e n E x p e r i m e n t a n d T h e o r y 

F o r the a a n d 3 p y r a n o s e s u g a r s , the c a l c u l a t i o n s 
r e p r o d u c e the s h o r t e n i n g o f the g l y c o s i d i c b o n d v e r y c l o s e l y 
a n d the s e q u e n c e C~5 — O-B > 0 - 5 - — C ~ l > C - l — O - l i s s u c c e s s 
f u l l y p r e d i c t e d b y the t h e o r y . In the g p y r a n o s e c a s e , the 
a g r e e m e n t b e t w e e n t h e o r y a n d e x p e r i m e n t i s w e l l w i t h i n the 
e x p e r i m e n t a l e r r o r l i m i t s . F o r the a c a s e , the g l y c o s i d i c b o n d 
c a l c u l a t e s ~ 2 p m l o n g e r t h a n the $ , bu t t h i s s m a l l d i s c r e p a n c y , 
w h i c h i s not o b s e r v e d e x p e r i m e n t a l l y , c o u l d d i s a p p e a r h a d the 
v a l e n c e a n g l e s a l s o b e e n o p t i m i z e d . 

T h e c o m p a r i s o n b e t w e e n the d i m e t h o x y m e t h a n e a n d the 
a a n d p p y r a n o s i d e s i s m o r e i m p o r t a n t b e c a u s e of the m o r e 
s t r u c t u r a l f e a t u r e s w h i c h w e r e o p t i m i z e d i n t h e s e l a t e r c a l c u l 
a t i o n s (_13 )• T h e a g r e e m e n t i s a g a i n v e r y g o o d . T h e d i f f e r e n c e 
i n the b o n d l e n g t h s b e t w e e n the two c o n f i g u r a t i o n s i s r e p r o d u c e d 
to b e t t e r t h a n 2 p m i n m o s t c a s e s . T h e d i f f e r e n c e s i n the 
t h e o r e t i c a l v a l u e s f o r the v a l e n c e a n g l e s a r e i n the s a m e s e n s e 
a s t h o s e o b s e r v e d . T h e b i g g e s t d i f f e r e n c e b e t w e e n t h e o r y a n d 
e x p e r i m e n t i s the t h e o r e t i c a l o v e r - e s t i m a t e o f the C - l v a l e n c e 
a n g l e b y 3 ° i n b o t h c a s e s . T h i s a g r e e m e n t s h o w s that the 
a b - i n i t i o H a r t r e e - F o c k 4 3 1 - G a p p r o x i m a t i o n , w h e n u s e d w i t h 
w e l l - c h o s e n m o d e l s , c a n g i v e v e r y g o o d d e s c r i p t i o n s of the 
h e m i - a c e t a l a n d a c e t a l m o i e t i e s o f the s u g a r m o l e c u l e s , a s f a r 
a s p r e d i c t i n g m o l e c u l a r g e o m e t r y . It i s a f a i r a s s u m p t i o n that 
t h i s w i l l a p p l y to a l l m o l e c u l e s i n v o l v i n g f i r s t - r o w e l e m e n t s 
w h e r e d - o r b i t a l i n t e r a c t i o n s a r e not i m p o r t a n t . It a l s o s u g g e s t s 
that the s u b s t i t u t i o n o f a p r i m a r y a n d s e c o n d a r y a l c o h o l g r o u p 
o n C - 5 i n s t e a d of two h y d r o g e n s d o e s not m a k e a n y v e r y m a j o r 
c h a n g e s i n the e l e c t r o n i c s t r u c t u r e of the C ~ O - C - 1 — O - C b o n d s . 
T h i s i s c o n s i s t e n t w i t h the c h e m i c a l e x p e r i e n c e that the g e n e r a l 
a n o m e r i c e f f ec t i s a p a r t i c u l a r p r o p e r t y o f the a n o m e r i c c e n t e r 
w h i c h a p p l i e s to a l l p y r a n o s e s a n d p y r a n o s i d e s a n d i s r e l a t i v e l y 
i n s e n s i t i v e to the c o n f i g u r a t i o n at the n o n - a n o m e r i c c a r b o n 
a t o m s . 

T h i s r e s e a r c h w a s s u p p o r t e d b y G r a n t s G M - 1 1 2 9 3 a n d G M -
2 1 7 9 4 , U . S . P u b l i c H e a l t h S e r v i c e , N a t i o n a l I n s t i t u t e s o f H e a l t h . 
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Aspects of Conformational Analysis of Pentopyranosyl 

Acetates, Benzoates, and Halides 

HANS PAULSEN, PETER LUGER, and FRED R. HEIKER 

Institute of Organic Chemistry and Biochemistry, University of Hamburg, 
2000 Hamburg 13, West Germany 

At the beginning of this article, some X-ray data of glyco
pyranosyl halides will be discussed that refer to the bond 
lengths at the anomeric center and which are of great importance 
for discussion of the anomeric effect. As is well known, acylated 
derivatives of ß-xylosyl halides exhibit rather interesting 
conformational effects because in solution all of them adopt the 
unusual tetraaxial conformation predominantly or totally (1—6). 

By means of X-ray structure-analysis, we were able to 
determine the conformation and arrangement in the crystalline 
state both of the benzoates and the acetates. It was demon
strated that the tribenzoates favor the tetraaxial conformation, 
whereas the triacetates crystallize favorably in the tetra
equatorial form, even though the tetraaxial form predominates 
in solution (4). 

Figures 1 and 2 show the aforementioned compounds in the 
conformations which they adopt in the crystalline state. Of 
particular interest are the various bond-lengths at the 
anomeric center. These may be supposed to indicate the amount 
of back donation that occurs with the halide in the axial 
disposition and hence strengthens the anomeric effect. 

V e r y i n t e r e s t i n g are the two f l u o r o compounds d e p i c t e d i n 
the t o p l i n e o f F i g u r e 1, where t h e benzoate c r y s t a l l i z e s a l l 
a x i a l l y , and t h e a c e t a t e a l l e q u a t o r i a l l y ( T ) . The benzoate i s 
observed as two independent molecules i n the s y m m e t r i c a l u n i t ; 
the i n t e r e s t i n g d i s t a n c e s i n both compounds are shown i n F i g u r e 
1. O b v i o u s l y , the s h o r t e n i n g o f the d i s t a n c e s between C - l and 
the r i n g - o x y g e n atom, t o 1.5^—1.36 A, i s q u i t e c o n s i d e r a b l e . 
Some c r y s t a l l o g r a p h i c problems were encountered w i t h t h i s 
compound. The s t r u c t u r e was determined c e n t r o s y m m e t r i c a l l y and 
su b s e q u e n t l y r e f i n e d a s y m m e t r i c a l l y t o an R-value o f 3«9#. 
Minor u n d e r t a i n t i e s i n the bond l e n g t h s cannot be e n t i r e l y 

0-8412-0470-5/79/36-087-063$05.00/0 
© 1979 American Chemical Society 
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ANOMERIC EFFECT 

US2 V365 1.38S 
(1>47) (U39) (!e390; >.40£ \,U7 

Solution 90*100% exist Solution 80-90*/. axial 

(.451 1,383 \,859 1,417 1,428 1,754 

OBz 
P D-xyJo ff-P-gyio 

Solution 90-100% sxial ( 4 ) S e s s i o n 7 5 - 8 5 % sxiel ( l , * 0 

1,443 1,366 1,6S§ 

David t t Qi. 1976 (9J 

Figure 1 
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5. PAULSEN E T AL. Conformational Analysis 65 

P-D-xylo p-D-arablno 

Solution 90-100% asial Norton etf ol. 1972 (fl) 

1,420 U 9 « \,443 

r Tetraacetate 

3z0 OBz P-D-«Xi£ 

P-D-xylo Solution ~28*A axial 

Solution ~ 50% axial Durotto, Norton 1971(13) 

1429 10395 1*22 1*09 1,409 

AcO 
B-D-orabino oi-D-^rabjno 

Jamas, Stevens 1974 (|5) J a m u , Stevens 1974 (Ifi) 

Figure 2 
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66 ANOMERIC EFFECT 

excluded. In the all-equator!ally acetylated fluoro compound 
(Figure l ) , the distances approach normal values (T). 

In the chloride series, the benzoate (Figure 1, center), 
c r y s t a l l i z e s i n a skew conformation 2SQ ( 8). However, the 
arrangement around the anomeric center corresponds to a 
t e t r a a x i a l conformation, and thus a comparison of distance 
data should be permissible. In addition, the a-mannopyranosyl 
chloride recently determined by David et a l . (9) i s shown i n 
Figure 1. Obviously, the distances between C - l and the ring-
oxygen atom are about 1. 37—1. 38 l , and only s l i g h t l y larger 
as compared with the fluoro compound. The tetraequatorial, 
acetylated chloro compound exhibits almost "normal" data (10). 

Figure 2 shows the bromo derivatives (6). In the 
t e t r a a x i a l benzoate, a C - l - r i n g oxygen distance of 1. 37 I i s 
observed, which corresponds to a considerable shortening of 
almost the same magnitude 8s i n the fluoro and chloro 
derivatives. The C-l—bromine bond i s concurrently stretched 
to 2.003 I. 

Other interesting molecules are the p-tetrabenzoate and 
the p-tetraacetate of xylopyranose. According to Durette and 
Horton (12, P5), 50$ of the benzoate and 28$ of the acetate 
adopt the t e t r a a x i a l conformation i n solution. This c l e a r l y 
demonstrates that benzoate groups, i n contrast to acetate groups, 
favor the a x i a l disposition. In the c r y s t a l l i n e state, the 
benzoate again shews the t e t r a a x i a l conformation (Ik). The data 
i n Figure 2 demonstrate notably that, i n this case, the shortening 
of the bond (to 1. 39 I) i s comparatively small, as might have 
been expected f o r an oxygen-bound substituent at C-l. Quite 
similar distances have been observed by Stevens i n the p-D-
arabino derivatives (15), and again the corresponding a-D-
arabino derivative ( l5) shows normal bond-lengths. (See Figure 
2T. By comparison, i t may be noted that the variation of bond 
distances i s minor i n these cases. 

Altogether, the bond-distance data give evidence that, i n 
the case of a x i a l anomeric substituents, a back-donation effect 
occurs, with the fluoro compound behaving s i m i l a r l y to the 
chloro and bromo derivatives. The same proves true with oxygen-
bound substituents, although here the enhanced bond-distances 
point to a substantially smaller effect. 

We were surprised that, of a l l the compounds studied, the 
benzoates, as compared with the acetates, favored the a x i a l 
arrangement. This i s especially obvious when the p-xylopyranose 
tetrabenzoates and tetraacetates are compared i n solution. We 
supposed as a working hypothesis that the 1 , 3-diaxial interaction 
of two benzoates should be even smaller than that of the 
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5. PAULSEN ET AL. Conformational Analysis 67 

corresponding two acetates. I f this were so, a similar effect 
should generally occur i n the manifold acylated pentopyranoses 
studied by Durette and Horton (13). Here, the splendid and 
most accurate n. m. r. data of Durette and Horton (I3O are at hand. 

As shown i n Figure 3, an interaction of the phenyl 
rings i n the t e t r a a x i a l conformation of 1 ,2,3,4-tetra-O-
benzoyl-p-D-xylopyranose i s rather unlikely. In the c r y s t a l , 
the phenyl rings are arranged at random angles to each other. 
There would be a further p o s s i b i l i t y for explaining the 
difference between benzoates and acetates i f there were an 
additional obstruction i n the equatorial disposition, but onlv 
for the benzoates, which would then lead to a larger gauche 
interaction. 

As key compounds fo r further studies of this problem, the 
three 1,5-anhydropentitols shown i n Figure k are well suited, 
because here the influence of anomeric effect i s eliminated. We 
prepared the triacetates and the tribenzoates of these compounds 
and studied the conformational e q u i l i b r i a i n d e t a i l by n. m. r. 
spectroscopy (IT). 

For determination of standard coupling-constants i n t h i s 
series of compounds, as the basis for calculation of the 
dis t r i b u t i o n of conformers, the D-arabino compound i n Figure 
5 turned out to be p a r t i c u l a r l y suitable. The arrangement 
of C - l and C-2 of the one and C-5 and C-4 of the other 
conformation correspond to each other. Thus by a simple 
calculation, taking into account an average value of the 
coupling-constants involved, standard coupling-constants are 
obtained ( J e e 1. 5 10.6 for acetates and 10. k Hz for 
benzoates. ; 

The derivatives i n the r i b o series are verv interesting. 
Figure 6 shows the e q u i l i b r i a of 1 , 5-anhydroribitols. In 
t h i s case, 2k% of the acetate and 46$ of the benzoate are found 
to adopt the d i a x i a l 1 ^ conformation ( l e f t ) . Again, the more-
favorable a x i a l arrangement of benzoate groups i s observed i n 
th i s compound. Acetone was used as solvent throughout. 

In both conformations (right and l e f t ) , two gauche inter
actions between equatorial and a x i a l substituents may be 
observed. As these should be of comparable magnitude i n the 
different conformers, they were not considered i n the energy 
evaluation. Furthermore, i n the l e f t i1^) form, a 1 , 3-diaxial 
interaction has to be taken into account. This i s the one having 
an equatorial substituent i n the middle, and i n which the a x i a l 
groups are opposed by the ring-oxygen atom. The symbols i n 
Figure 6 demonstrate t h i s fact. r(e)0Ac//QAc/0r denotes two 
syn - 1 , 3-diaxial acetoxyl groups (QAc//0Ac), opposed by a r i n g -
oxygen atom (/Or) with an equatorial substituent (e) between 
them]. 

For the form on the right, only the A-value of the ecyloxy 
group has to be considered. Thus, by means of the experimentally 
determined magnitude of AG and an A-value of 0. 7 kcal/mol, 
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ANOMERIC EFFECT 

O-orgpino 

Figure 5 
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PAULSEN ET AL. Conformational Analysis 

RO OR OR 

Acotato ~ 2 4 % 7 6 % 4 Q , A O ° -0.7 Kcal/mol 

B«nzoat« ~ 4 6 % *£ 4 54% *£, A0 ° -0 .1 Kcal/mot 

A G ° * C»yn-1 ,3 -d iax iaN( « )OR#OR/Or- A-Valuo OR 

(•) OAc4fOAc/Or ~ U Kcal/mol 

(•) OBz#OBz/Or - 0 . 8 Kcal/mol 

Figure 6 
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70 ANOMERIC EFFECT 

the size of the 1 , 3-diaxial interaction may be calculated. 
As a re s u l t , f o r two acetoxyl groups, 1.U, and f o r two 
benzoylcocy groups 0. b kcal/mol, are determined. As had been 
expected, a considerably lower value resulted f o r the benzcylcocy 
groups. I t i s remarkable for t h i s system that, even i n instances 
of possible angle-distortions, the gauche interactions i n both 
conformers should correspond to each other and thus need not 
be considered. 

It i s quite interesting that 2 , 3,^-tri - 2-benzoylribitol 
which, as already mentioned, adopts to the extent of 50$ i n 
solution the d i a x i a l ^ conformation, i n the c r y s t a l l i n e state 
favors the diequatorial 4 C i form. 2 , 3 ,U-Tri-O-benzoylxylitol 
also adopts the t r i e q u a t o r i a l form i n the c r y s t a l l i n e state, 
i n contrast to the xylopyranose derivative i n Figure 3. Both 
c r y s t a l structures are shown i n Figure 7. Both p e n t i t o l 
derivatives lack the anomeric effect, which would otherwise lead 
to high proportions of the inverse (̂ Ĉ ) forms f o r the p-anomers. 
From the ring-torsional angles of the ribo and xylo compounds i n 
Figure 7, we may conclude that, i n both instances, there are only 
small deviations from the idealized chair conformations. The 
torsignal angles of the benzcylcocy groups i n the ribo compound 
(~ 55 ) and the xylo compound (—65 ), also d i f f e r only s l i g h t l y 
(see Figure 7). A v a l i d assumption should be that the gauche 
interaction of two substituents i n a x i a l — e q u a t o r i a l and 
eq u a t o r i a l — e q u a t o r i a l disposition i s of similar order. 

Figure 8 shows the a-D-ribo compounds, where i n both 
acetates and benzoates, the proportion of the 1 C 4 conformer 
i s similar ( l ^ ) . This was to be expected, because the 1,3" 
d i a x i a l interaction i n both conformers should be similar. Again, 
i n these derivatives, both conformers exhibit three gauche in t e r 
actions, which need not be considered. Because of this — i n 
addition to the 1 , 3-diaxial interactions — only the anomeric 
effect i n the l e f t ( XG 4) form has to be taken into account. 

Thus, by calculation using the formerly determined values, 
the magnitude of the 1 , 3-diaxial interaction with a central 
equatorial substituent and an a x i a l hydrogen atom opposing the 
a x i a l groups i s obtained. In t h i s instance, s l i g h t l y increased 
values should resu l t , i n contrast to the former case with the 
ring-oxygen atom opposing the two a x i a l groups. This presumption 
i s , i n fact, supported by the calculated values, which are found 
to be 1.9 kcal/mol for the acetcocy, and 1. 5 kcal/mol for the 
benzoylcocy group. As before, a characteristic difference between 
the two groups may be observed. I t should be mentioned that, for 
both the acetcocy and the benzoylcocy group, the same anomeric 
effect (1. 3 kcal/mol) served as the basis of the calculation. 
This value may be concluded from the measurements of Durette and 
Horton (18) on mixed acylated pentopyranoses. 

When the situation i s examined for the g-ribo compound 
(Figure 9 ) , the 4 C i form on the right shows three, and the "̂Ĉ  
form on the l e f t , only two gauche interactions. The 1 , 3-diaxial 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

5,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
08

7.
ch

00
5



PAULSEN ET AL. Conformational Analysis 

2,3,4-Tri-g-b«nzoyl-ribitol 
01- 02 — 03-04 02- 0 3 — 0 4 - 0 5 03- G4— 05-05 04- C 5 - 05-01 05- 0 5 - 01-02 05-C1 — 02-03 

-51.9 52.7 -58.4 64.0 -63.3 57.2 

021-02-03-031 031-G3— 04-041 

2,3,4-Tri-fi-btnzoyl-xylitol 
01 -02—03-04 02- 0 3 - 04-05 03- 0 4 - 05-O5 04- 0 5 - 05-01 05- 0 5 - 01-02 05-01 - 02-03 

-56.3 56.2 -60.3 63.9 -63.1 59.8 

O21-02—03-031 031-03- G4-041 

Figure 7 
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ANOMERIC EFFECT 

RO OR RO OR 

Acotott ~ 23% 1 C 4 77% *£, A 6 ° -0.74 Kcol/mol 

Bonzoato ~ 2 7 % *C 4 73V. *C, A © • -0.60Kcol/mol 

A G ° • (•)OR//OR/Or • anom. Eff. -(olOIMfOR/H 

(•)OAc//OAc/H - 1 9 Kcal/mol 

(•) O B z l O B z / H -w 15 Kcal/mol 

Figure 8 

OR 

'C4 p-D-ribo 4Cj 

A c t t a t t - 57% 1 £ 4 43% *£, A O ° •0.18 Kcal/mol 

Bonzoato ^ 7 7 % ^4 23% ^1 AG° • 0.72 Kcal/mol 

A G * »(•)OR//OR/Or - g auch * OR /OR - anom. Eff. 

g auch* O A c / O A c ~0 .3 Kcal/mol 

gauche OBz/ OBz —0.2 Kcal/mol 

Figure 9 
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5. PAULSEN E T AL. Conformational Analysis 73 

interaction for the l e f t (^C^form i s known from the 1,5-anhydro 
r i b i t o l as shown before, the anomgric effect has to be considered, 
and thus with the experimental AG -value, the gauche interactions 
may be calculated. The gauche interaction of two acetoxv groups 
amounts to 0. 3 kcal/mol, and that for the benzoyloxy groups to 
0. 2 kcal/mol. These values are not substantially different, 
and are of the same magnitude as calculated by Angyal (19, 20) 
and Zefirov (21) by t h e i r methods. Thus far, these three 
model corapounds investigated form the basis for determination of 
three values of nonbonding interactions. 

In 1 , 5-anhydroxylitol (Figure 10), the conformational 
equilibrium i s shifted to the equatorial form (right side). By 
accurate measurements, data could be obtained for determining 
the equilibrium, according to which the t r i a x i a l form amounts to 
about 13$ for the acetate and to about 17$ for the benzoate. 
The two gauche interactions i n the 4 C i form on the right, and 
one 1 , 3-diaxial interaction plus one A-value i n the form on 
the l e f t , have to be taken into account. The calculations for 
the 1 , 3-diaxial interaction of two groups having a middle a x i a l 
group and an opposing ring-oxygen atom give r i s e to a smaller 
value than i n the former instance having a middle equatorial 
group, a fact that was to be expected. For two acetoxy groups, 
1.1 kcal/mol and for two benzoyloxy groups 0.6 kcal/mol, 
were determined. Again, the difference between the two 
substituents i s nearly the same, as observed before. However, 
because the equilibrium i s considerably shifted toward one. 
conformation, these values have a larger margin for error. 

The fourth possible 1 , 3-diaxial interaction may be calcu
lated from the g-xylo compound shown i n Figure H. As 
mentioned before, 28$ of the tetraacetate and 50$ of the 
benzoate adopt the 1 C 4 conformation shown on the l e f t (13). 
In the 4 C i form on the right, three gauche interactions and the 
anomeric effect have to be considered, whereas i n the 1 C 4 

form on the l e f t , two 1 , 3-diaxial interactions of different 
types occur. The calculation for the 1 , 3-diaxial interaction 
to two groups having a middle a x i a l group and opposing 
hydrogen atoms results i n 1. 7 kcal/mol for two acetoxy groups 
and 1.3 kcal/mol f o r two benzoyloxy groups. 

These data correspond well with the results i n regard to 
the other model compound, and are s l i g h t l y smaller than the 
comparable interaction i n the case of a middle equatorial 
group. Thus, by t h i s approach, we were able to determine a l l 
four diff e r e n t 1 , 3-diaxial interactions. In a l l of these 
instances, comparable and characteristic differences are 
observed between acetoxy and benzoyloxy groups. 

Now the calculated values may be applied to additional, 
isomeric pentose derivatives. In the a-D-xylopyranose derivative^ 
the equilibrium i s p r a c t i c a l l y t o t a l l y on the side of the 4 C i 
form (13). Similarly, the g-D-arabinopyranose derivative 
t o t a l l y adopts the 1 C 4 conformation ( l j ) . Consequently, neither 
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ANOMERIC EFFECT 

RO OR 

Act t a t t ~ 1 3 % ^ 87% *C, A G ° - I . 2 K c a l / m o l 

Bonzoato - 1 9 % ! £ 4 8 1 % *Cj A G ° - 0 . 9 Kca l /mo l 

A G ° • (a) OR//OR/Or • A - V a l u o OR - 2gauch« OR/OR 

(a) 0Ac//OAc/Or - 1.1 K c a l / m o l 

la) OBz//OBz/Or - 0.6 Kca l/mol 

Figure 10 

RO OR 
' C * p -O -zy ip 

RO-W^A^A^OR 
OR 

A c t t a t t - 2 8 % ' C 4 72% *£, A G ° - 0.58 Kca l/mo l 

B t n z o a t t - 5 0 % ' C * 50% *C, A G ° - 0 Kca l/mol 

A G 4 » (a)OR//OR/Or • (a) OR//OR/H - anom. E f f - 3gaucht OR/OR 

(a) OAc//OAc/H - 1.7 Kcal/mol 

(a) OBz//OBz/H - 1.3 Kcal/mol 

Figure 11 
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5. PAULSEN E T AL. Conformational Analysis 75 

of these compounds are suitable f o r further considerations. 
In 1,5-anhydro-D-arabinitol (Figure 12), closely corresponding 
data are obtained for the conformational e q u i l i b r i a of the 
acetate and benzoate, i f these are calculated by use of the 
determined energies of interaction. 

However, with a-D-arabino and also a- and p-D-lvxo 
derivatives, a special effect i s observed. In these three 
compounds a new interaction i s at hand, which has not yet been 
discussed. This i s an interaction of an a x i a l acyloxy group 
with a 1 , 3-diaxial hydrogen atom and the opposing ring-oxygen 
atom. 

Such an interaction i s shown i n Figure 13 with the acyloxy 
group at C-4 i n the l e f t column and the acyloxy group at C-2 
i n the right column. Calculations of the e q u i l i b r i a w i l l give 
incorrect results i f the interaction of both the acyloxy group 
at C-4 and that at C-2 are considered to be of the same 
magnitude. I f , for this interaction, 8 difference of 0 . 7 — 0 . 9 
kcal/mol i s considered, which related to the enhanced i n t e r 
action of the 2-acyloxy group, the calculation of a l l of these 
e q u i l i b r i a according to the energies of interaction determined 
gives mostly satisfactory results. 

Obviously, i n the conformation to the right, which shows 
the characteristic arrangement of an a x i a l 2-acyloxy group with 
a 1 , 3-diaxial interaction towards a hydrogen atom and the r i n g -
oxygen atom, an additional destabilizing factor of 0 .7—0.9 
kcal/mol has to be taken into account. A reason for this 
additional destabilizing effect cannot be given straightforwardly, 
although there seems to be a certain s i m i l a r i t y to the formerly 
discussed A2-effect (20, 22). In general, most authors tend to 
incorporate t h i s factor into the anomeric effect; however, i t 
seems to be j u s t i f i e d i n the pentopyranose series to consider 
t h i s effect separately. 

A H of the results are compiled i n Figure 14. For the 
four different possible 1 , 3-diaxial interactions, s l i g h t l v 
different values have been determined. As might have been 
expected, the interactions are smaller i f the ring-oxygen atom 
opposes the d i a x i a l substituents, i n contrast to hydrogen atoms 
i n 1 , 3-diaxial disposition. Furthermore, the interaction i s a 
l i t t l e smaller i f the middle substituent between the two d i a x i a l 
groups adopts the a x i a l rather than the equatorial disposition. 

The data show c l e a r l y th8t, i n a l l instances for two 
benzoyloxy groups, the energy of interaction i s 0.4—0 .6 k c a l / 
mol smaller than for two acetoxy groups. The gauche interaction 
between two acetoxy and two benzoyloxy groups seems to be of 
similar magnitude. The difference i n the 1 , 3-diaxial 
interactions cannot be explained by taking into account an 
enhanced gauche interaction between two benzoyloxy groups. 

For the special arrangement of an a x i a l acetoxy group at 
C-2 with hydrogen and the ring-oxygen atom i n 1 , 3-diaxial 
disposition, an additional destabilizing effect has to be 
considered, as shown i n the formula at the bottom of Figure 14. 
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ANOMERIC EFFECT 

RO RO 

^ oroblno 4 £ i 

Acotato caic. 34% *Ct found 29% 
Bonzoato calc. 30% *C| found 25% 

Figure 12 
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RO H 01 OR 
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Figure 13 
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PAULSEN E T AL. Conformational Analysis 

RO OR 

^ ^ ^ ^ O R 

H OR 

A? 
OR 

RO 

I OR T no OR 
RO H R O U K 

dif ftrtnco 2 - O R - 4 - O R - 0 . 7 - 0 . 9 Kcol/mol 

A -Va lue O A c , O B i 0.7 Kcal/mol 

anom. Eff. OAc.OBz 1.3 Kcal/mol 

Kca&mol 

(•) OAc//OAc/Or 1.4 

lo) OBz# OBz/Or 0.8 

(a) OAc//OAc/Or 1.1 

la)OBz//OBz/Or 0.6 

(•) OAc#OAc/H 19 

(•) OBz#OBz/H US 

(a) OAc//OAc/H 1.7 

(a)OBz//OBz/H 1.3 

gaucho OAc/OAc 0.3 

gaucht OBz/OBz 0.2 

Figure 14 
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78 ANOMERIC EFFECT 

Durette and Horton (18) have also measured conformational 
equilibria for a series of mixed acetylated and benzoylated 
pentopyranoses. Our calculations of the conformer distribution 
corresponds largely to their results. It is quite obvious that 
there is only a minor difference in the anomeric effect of an 
acetoxy and a benzoyloxy group. This problem cannot be 
discussed in detail in the present context. 

In any case, i t should be kept in mind that pentopyranoses 
constitute a complex system for conformational studies. Of 
course, many different forces operate in these compounds, and 
a l l of these interactions should be considered. Our studies, 
having particular emphasis on certain noteworthy effects, are 
meant to help elucidate significant directions in these systems. 
According to these results, sane further insight into the 
different factors governing the conformational equilibria in 
saccharides of this type may be obtained. 

Summary 

In the solid state, tri-O-acetyl-p-D-xylopyranosyl halides 
adopt the all-equatorial 4C_i conformation, whereas t r i -O-
benzoyl-p-D-xylopyranosyl halides crystallize in the a l l -axia l 
1 C 4 conformation, except for tri-O-benzoyl-p-D-xylopyranosyl 
chloride, which adopts the 2 S^ (skew) conformation. The 
variations of bond lengths to the anomeric carbon atom are 
discussed with regard to the anomeric effect. By comparative 
studies of the conformational equilibria of acetylated and 
benzoylated 1,5-anhydropentitols on the one hand, and 
pentopyranoses exhibiting the anomeric effect on the other, 
data for the non-bonding interactions may be derived. Based on 
the principle of additivity of these factors, the conformational 
distribution of structurally related compound may be estimated. 
In connection with these results, i t is noted that two benzoyl 
groups show a smaller 1,3-diaxial interaction than two acetyl 
groups; the difference between these interactions is about 
0. k—0.6 kcal/mol. Furthermore, in the lyxo and arabino 
configurations, a destabilizing influence is observed i f the 
substituent at C-2 adopts an axial disposition. This effect 
may be compared to the A2 effect. 
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6 

The Influence of Reactant Structure and Solvent on 

Glycoside Synthesis 

CONRAD SCHUERCH 
Department of Chemistry, SUNY College of Environmental Science and Forestry, 
Syracuse, NY 13210 

According to Stoddart (1), the unexpected preference for 
an electronegative substituent on C-1 of a pyranoid ring to 
assume the axial orientation, first discussed by Edward (2) and 
later termed "the anomeric effect" by Lemieux (3), is now a 
generally recognized phenomenon in the conformational analysis 
of heterocyclic compounds. The preference for axial orientation 
is related to destabilization of the equatorial conformer in 
which a polar bond lies between two electron pairs on a vicinal 
oxygen atom. 

This steric preference is a thermodynamic effect and is 
exhibited in the classic equilibrium glycosidation of Fischer, 
in which acid-catalyzed reaction of a free sugar with a simple 
alcohol takes place in a medium of moderate dielectric constant· 
Under these conditions, the axial anomer is the favored 
product. This reaction has synthetic limitations, however, for 
with most sugars the stereoselectivity is not high, and for 
practical purposes it can only be applied to form simple 
glycosides. 

The current interest in glycoside synthesis is predominantly 
in the preparation of complex glycosides, especially oligo
saccharides, with specific anomeric configurations and specific 
linkages between (often) different sugars. For the solution of 
such problems, one must use kinetically controlled glycosidations 
under irreversible conditions which do not permit anomerization 
of product. This paper will explore how the anomeric effect of 
a number of reactants (rather than products) influences the 
course of kinetically controlled glycosidations. 

We have attempted to investigate model glycoside-forming 
reactions which could be related to stepwise oligosaccharide 
syntheses. We have, therefore, looked for reactions of high 
rate and stereoselectivity which proceed to completion with 
nearly equivalent amounts of the two reactants: an alcohol and a 
substituted glycosyl derivative bearing a reactive leaving-
group and persistent and temporary blocking-groups. A variety 
of primary and secondary alcohols have been used, varying in 

0-8412-0470-5/79/36-087-080$05.00/0 
© 1979 American Chemical Society 
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6. SCHUERCH Glycoside Synthesis 81 

structure from methanol to p a r t i a l l y blocked sugar derivatives. 
The number of variables i n a systematic study of this type i s 
formidable, so after some exploratory studies^ the study was 
r e s t r i c t e d rigorously to reactions i n homogeneous solution 
between two reactants. Although a number of reactions of high 
rate and stereoselectivity have been found, they are not entirely 
mutually compatible i n stepwise syntheses, which require deblock
ing reactions as well as glycoside-forming reactions. The main 
reason for incompatibility i s that i n our reactions, the persis
tent blocking groups, ethers, are used i n conjunction with 
non-persistent blocking groups, esters, which are also used as 
participating groups on C-2 for trans-1,2-glycoside formation. 
Selective deblocking methods are, therefore, s t i l l needed for 
many conceivable synthetic sequences. We w i l l discuss f i r s t 
the formation of cis-1,2-glycosides of a-D-glucose and a-D-
galactose and thereafter trans-1,2-glycosides of a-D-mannose and 
3-D-galactose, but w i l l l i m i t our remarks to model glycoside 
reactions and w i l l not discuss complexities involved i n the 
synthesis of s p e c i f i c linkages i n trisaccharides or higher 
oligomers• 

Although glycosyl derivatives with non-participating 
groups on C-2 are usually used for the synthesis of cis-l»2~ 
glycosides, the s t e r i c course of their reactions i s affected by 
a variety of other factors, including the structure of the sugar 
and i t s leaving group, the pattern and type of i t s substituents, 
the solvent, and the concentration and nature of the aglycon 
alcohol. The early work on these glycosidations, carried out 
under solvolysis conditions, lead to the o r i g i n a l mechanism by 
Rhind-Tutt and Vernon (4). This proposal has required only 
minor elaboration to accommodate the results of more recent work 
directed toward complex-glycoside synthesis. 

Since most glycosidation research (including that reported 
here) i s qualitative i n nature and synthetic i n objective, 
rigorous evidence supporting the v a l i d i t y of proposed mechanisms 
i s rarely available. The use of the concept of the simultaneous 
existence of interconvertible ion-pairs, which i s basic to the 
interpretation of glycosidation reactions, i s j u s t i f i a b l e and 
profitable only within s p e c i f i c l i m i t s of experimental parameters. 
A d e f i n i t i v e statement of these l i m i t s has been given by Szwarc 
(5a). In most glycosidations, the s p e c i f i c l i m i t s are unknown. 
Therefore these glycosidation reactions w i l l be treated "as 
though" they proceeded through a common set of similar i n t e r 
mediates, but rigorous proof i s not implied. 

The mechanism of glycosidation of derivatives with an 
electronegative leaving group on C-l and non-participating 
substituents on C-2 i s derived from the previously mentioned 
study by Rhind-Tutt and Vernon on the methanolysis of 2,3,4,6-
tetra-O-methyl-a-D-gluco- and mannopyranosyl chloride (4). They 
found that methanolysis of these compounds proceeded generally 
by an SN^ mechanism, but the displacement could acquire more SN£ 
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82 ANOMERIC EFFECT 

character i n less-polar media and with stronger nucleophiles. 
Inversion of configuration at C - l was essentially complete i n 
the case of the glucopyranosyl chloride, although made s l i g h t l y 
less stereoselective because of p r i o r inversion of the glycosyl 
derivative by chloride ion (Table I, No. 1 and 2). The manno-
pyranosyl chloride, i n contrast, produced nearly equivalent 
amounts of the anomeric methyl glycosides (Table I, No. 3 
and 4). 

They proposed that, under SNi conditions, there i s a rate-
determining ionization of glucosyl chloride to a tight ion-pair 
(reaction 1, Figure 1), which reacts from the back side with 
alcohol to form 3-glycoside (reaction 2) or with halide ion to 
form the more reactive B-halide (reaction 3). The l a t t e r 
reacts very much more rapidly than i t s anomer to form a-
glycoside (reaction 5). In contrast,the approach to the back 
side of the a-mannosyl chloride i s shielded, and dissociation 
to separate ions occurs before reaction with methanol 
(reaction 6 and 7). As a result most of the stereoselectivity 
i s l o s t (reaction 8) and no rate enhancement with halide ion 
i s observed. Glaudemans and Fletcher (6) found that a similar 
interpretation was satisfactory for the methanolysis of 
anomeric D-arabinofuranosy1 halides with non-participating 

Figure I. Mechanism of glycosidation (Rhind-Tutt and Vernon (4) modified) 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

5,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
08

7.
ch

00
6



Ta
bl

e 
I.

 
In

fl
ue

nc
e 

of
 A

lc
oh

ol
 
an

d 
Ha

li
de

-I
on

 
Co

nc
en

tr
at

io
n 

on
 A

lp
ha

 S
el

ec
ti

vi
ty
 
i
n 

Gl
yc

os
id

at
io

ns
 

No
. 

Gl
yc

os
yl

 H
al

id
e 

Ad
de

d 
Ha

li
de

 
Ra

te
 

Me
OH
:X

 
%a

 
Re

fe
re

nc
e 

X 
En

ha
nc

em
en

t 

1 
Te

tr
a-

O-
Me

-a
-D

-G
lc

pC
l 

—
 

—
 

oo
 

a 
6 

4 
2 

ii 
Li

Cl
 

x2
 

00
 

35
 

4 
3 

Te
tr

a-
O-

Me
-a

-D
-M

an
pC

l 
—

 
—

 
00

 
42

 
4 

4 
—

 
II

 
—

 
Li

Cl
 

xl
 

oo
 

42
 

4 
5 

T e
 t r

 a
-0

-B
n-

a-
D~

 G
lc

pj
B 

r 
—

 
00

 
45

 
7 

6 
—

 
II

 
Bu

^N
 
Br

 
x2

 
00

 
72

 
7 

7 
II

 
—

 
—

 
4:

1 
80

 
10

 
8 

II
 

+ 
—

 
—

 
1.

5:
1 

93
 

10
 

9 
n 

Bu
if

N 
Br

 
—

 
1.

1:
1 

95
 

12
 

10
 

T e
 t r

 a-
_0
- B

 n-
 a-

 D-
 M
an

pB
 r 

II
 

b 
1.

1:
1 

89
 

29
 

11
 

Te
tr

a-
O-

Bn
-a

-D
-G

lc
pI

 
Na

l 
—

 
40

:1
 

75
 

11
 

12
 

Na
l 

—
 

2:
1 

92
 

11
 

13
 

Te
tr

a-
O-

Bn
-a

-D
-G

al
pI

 
Na

l 
—

 
40

:1
 

71
 

11
 

14
 

II
 

~~
 

Na
l 

—
 

2:
1 

88
 

11
 

a.
 

Sy
mb

ol
 0

0 
in

di
ca

te
s 

un
di

lu
te

d 
me

th
an

ol
 
i
n 

la
rg

e 
ex

ce
ss

. 
b.

 
Re

ac
ti

on
 

ve
ry

 
sl

ow
, 

ab
ou

t 
ha

lf
 
co

mp
le

te
 i

n 
fo

ur
 
da

ys
 
at

 r
oo

m 
te

mp
er

at
ur

e.
 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

5,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
08

7.
ch

00
6



84 ANOMERIC EFFECT 

groups on C-2, and f u r t h e r emphasized t h a t the observed r a t e s 
of r e a c t i o n were p s e u d o - f i r s t - o r d e r and depended on a l c o h o l 
c o n c e n t r a t i o n . S i n c e r e c o m b i n a t i o n of the i o n p a i r ( r e a c t i o n 1, 
F i g u r e 1) competes w i t h g l y c o s i d e f o r m a t i o n ( r e a c t i o n s 2, 3, and 
5) t h i s o b s e r v a t i o n i s e a s i l y e x p l a i n e d on the b a s i s o f the 
same mechanism. 

Two f a c t s of g r e a t s i g n i f i c a n c e a r e apparent i n the l a t e r 
work of I s h i k a w a and F l e t c h e r ( 7 ) . They observed t h a t 2,3,4,6-
t e t r a - O - b e n z y l - a - D - g l u c o p y r a n o s y l bromide produced 45% of the 
a - g l y c o s i d e on m e t h a n o l y s i s i n c o n t r a s t t o 6% produced from 
2,3 , 4 , 6 - t e t r a - 0 - m e t h y l - a - D - g l u c o p y r a n o s y l c h l o r i d e (Table I , No. 
5> c f . No. 1 ) . I n our e x p e r i e n c e , no such d i f f e r e n c e s are 
observed between compounds w i t h the same s k e l e t o n b u t w i t h 
d i f f e r e n t e t h e r f u n c t i o n s . T h e r e f o r e t h i s d i f f e r e n c e c l e a r l y 
r e f l e c t s a change from c h l o r i d e to bromide as l e a v i n g group. 
The a-percentage c o u l d , they found, be f o r c e d much h i g h e r 
w i t h added h a l i d e i o n (Table I , No. 6, Cf No. 5 ) . 

An even more s t r i k i n g o b s e r v a t i o n was the f a c t t h a t 2,3,4-
tri-0.-benzyl-6-£-£-nitrobenzoyl-a-D-glucopyranosyl bromide gave 
95% a - g l y c o s i d e on m e t h a n o l y s i s . Thus exchange o f an e t h e r 
group on C-6 f o r t h i s e s t e r group had a profound i n f l u e n c e on 
the course o f r e a c t i o n a t C - l . P r o b a b l y the r a t e of anomeriza-
t i o n of the i o n p a i r ( F i g u r e 1, r e a c t i o n 3) i s enhanced by the 
presence of p - n i t r o b e n z o a t e on C-6, but the n a t u r e of the 
i n f l u e n c e i s n o t c l e a r . 

F r e c h e t and Schuerch (8) showed t h a t under the same 
c o n d i t i o n s of m e t h a n o l y s i s , the s u b s t i t u e n t e f f e c t of a s e r i e s o f 
C-6 p - s u b s t i t u t e d benzoates was a f u n c t i o n of the c o r r e s p o n d i n g 
Hammett s u b s t i t u e n t - c o n s t a n t s . Thus the g l u c o p y r a n o s y l bromide 
w i t h C-6 p-methoxybenzoate produced 84% 3 - g l y c o s i d e , i n 
c o n t r a s t to 95% a w i t h C-6 ]>-nitrobenzoate. U n f o r t u n a t e l y , t h i s 
d i f f e r e n c e c o u l d not be e x p l o i t e d i n s o l i d - p h a s e s y n t h e s i s f o r 
b oth d e r i v a t i v e s gave g l y c o s i d e s h i g h i n a c o n t e n t . ( S u b s t i t u e n t 
e f f e c t s have a l s o been observed by Flowers on fucose g l y c o s i d a 
t i o n s ( 9 ) ) - I t soon became apparent from the work of K r o n z e r 
and Schuerch (10,11) t h a t the s t e r e o s e l e c t i v i t y of g l y c o s i d e 
f o r m a t i o n as w e l l as i t s r a t e was a f u n c t i o n of a l c o h o l 
c o n c e n t r a t i o n , and t h a t low a l c o h o l c o n c e n t r a t i o n f a v o r e d h i g h 
a - s t e r e o s e l e c t i v i t y . T h i s o b s e r v a t i o n , which appears t o be 
g e n e r a l l y t r u e , can a l s o be r e a d i l y accommodated i n the same 
mechanism. R e a c t i o n s 2 and 3 ( F i g u r e 1) are i n c o m p e t i t i o n and 
a t low a l c o h o l c o n c e n t r a t i o n s r e a c t i o n 3 competes more 
f a v o r a b l y . Because o f the much h i g h e r r a t e of r e a c t i o n 5, h i g h 
a-product m i x t u r e s are f a v o r e d at low a l c o h o l c o n c e n t r a t i o n s . 

The h a l i d e i o n - c a t a l y z e d g l y c o s i d a t i o n method of Lemieux 
and coworkers (12-14) takes advantage of two phenomena to 
enhance the p r o p o r t i o n o f a - g l y c o s i d e formed: an i n c r e a s e i n 
h a l i d e i o n c o n c e n t r a t i o n to f a v o r r e a c t i o n 3 and a low a l c o h o l 
c o n c e n t r a t i o n to d i s f a v o r r e a c t i o n 2 ( c f . r e a c t i o n s 6,7,8,9, 
Tab l e I ) . A l t h o u g h t h i s methodology i s one of the b e t t e r and 
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6. SCHUERCH Glycoside Synthesis 85 

s i m p l e s t methods of o b t a i n i n g a - g l y c o s i d e s , i t s u f f e r s from the 
disadvantage of b e i n g slow. As a r e s u l t , the r e a c t i o n f r e q u e n t l y 
r e q u i r e s two o r more days o r a s u b s t a n t i a l excess of g l y c o s y l 
h a l i d e f o r h i g h c o n v e r s i o n s of the l i m i t i n g reagent which i s 
the a l c o h o l (Table I , f o o t n o t e b ) . The r a t e i s f a s t e r at h i g h e r 
temperatures, but the s t e r e o s e l e c t i v i t y p o o r e r ( 1 2 ) . The low 
r a t e i s due i n p a r t to the use o f a l e a v i n g group which i s n o t 
s u f f i c i e n t l y r e a c t i v e and i n p a r t to the r e l a t i v e l y low 
c o n c e n t r a t i o n of a l c o h o l w h i ch i s n e c e s s a r y f o r s t e r e o s e l e c t i v 
i t y ( r e a c t i o n 6, T a b l e I ) . I t may a l s o be due t o s u p p r e s s i o n 
of the r a t e - d e t e r m i n i n g i o n i z a t i o n s t e p ( r e a c t i o n 1, F i g u r e 1) 
by h a l i d e i o n as p o i n t e d out by Glaudemans and F l e t c h e r (6). 
T h i s a t l e a s t p a r t l y o f f s e t s the expected r a t e enhancement 
which s h o u l d r e s u l t from i n c r e a s i n g the r a t e of a n o m e r i z a t i o n 
( r e a c t i o n 3, F i g u r e 1 ) . Thus the two f a c t o r s t h a t f a v o r h i g h 
s t e r e o s e l e c t i v i t y may f a v o r low r a t e s i n t h i s r e a c t i o n . 

E x p l o r a t o r y s t u d i e s were, t h e r e f o r e , undertaken to f i n d 
methods of enhancing g l y c o s i d e - f o r m a t i o n r a t e s w h i l e r e t a i n i n g 
or i m p r o v i n g o t - s t e r e o s e l e c t i v i t y . The use of i o d i d e i n s t e a d 
of bromide i o n c a t a l y s i s appeared to g i v e somewhat h i g h e r r a t e s 
(11) but s t i l l lower than were wanted when n e a r l y equimolar 
q u a n t i t i e s of a l c o h o l and g l y c o s y l h a l i d e were used. There 
a l s o appeared to be some g r e a t e r tendency toward h a l i d e i o n -
i n duced s i d e - r e a c t i o n s . 

We, t h e r e f o r e , began an e x a m i n a t i o n of m e t a l - a s s i s t e d 
g l y c o s i d a t i o n of a - D - g l u c o p y r a n o s y l h a l i d e s u s i n g s i l v e r hexa-
f l u o r o p h o s p h a t e , t e t r a f l u o r o b o r a t e , and t r i f l a t e at low tempera
t u r e . I t was c l e a r t h a t r e a c t i o n r a t e s were extr e m e l y h i g h . 
G l y c o s i d a t i o n was u s u a l l y complete at -78° w i t h s m a l l excesses 
of methanol i n a few minutes to one h a l f hour. The s t e r e o 
s e l e c t i v i t y v a r i e d from h i g h (3 t o h i g h a depending on s u b s t i t u 
ent on C-6, s o l v e n t , l e a v i n g group and whether r e a c t i o n w i t h 
s i l v e r s a l t was complete b e f o r e adding methanol. I n a few 
cases, s i d e r e a c t i o n s were observed l e a d i n g to a n h y d r o - r i n g 
f o r m a t i o n (10). 

As an a l t e r n a t i v e approach, i t seemed p o s s i b l e t h a t i f a 
l e a v i n g group were chosen which had a f a v o r e d e q u a t o r i a l d i s 
p o s i t i o n on C - l , s i m p l e i n v e r s i o n might l e a d w i t h h i g h 
s e l e c t i v i t y to a - g l y c o s i d e ( 1 5 ) . We, t h e r e f o r e , i n v e s t i g a t e d 
a number of onium s a l t s d e r i v e d from g l y c o s y l h a l i d e s and 
t e r t i a r y amines, t r i p h e n y l p h o s p h i n e and d i m e t h y l s u l f i d e . The 
number of p o s s i b i l i t i e s i n t h i s group of d e r i v a t i v e s i s v a s t 
and t h e i r r e a c t i v i t i e s are s e n s i t i v e t o both s t e r i c and 
e l e c t r o n i c e f f e c t s . Only a p r e l i m i n a r y s c r e e n i n g was, t h e r e f o r e , 
p o s s i b l e . I t appeared, however, t h a t the d i f f i c u l t i e s w i t h 
these l e a v i n g groups were a t l e a s t comparable t o those found 
w i t h e l e c t r o n e g a t i v e s p e c i e s . I f amines of s t r o n g b a s i c i t y 
were chosen, e l i m i n a t i o n became a s e r i o u s s i d e - r e a c t i o n . W i t h 
some l e a v i n g groups, r e a c t i v i t i e s were low. In a d d i t i o n a-
s t e r e o s e l e c t i v i t y was not r e l i a b l e , e s p e c i a l l y w i t h h i g h e r 
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86 ANOMERIC EFFECT 

a l c o h o l s (16-18). T h i s may be due to an e q u i l i b r i u m o f 
g l y c o s y l onium d e r i v a t i v e w i t h the h a l i d e i o n p r e s e n t , or may 
be due t o the presence o f s m a l l c o n c e n t r a t i o n s of the a-
onium s a l t . I f the l a t t e r forms, i t might be expected to be 
more r e a c t i v e than the 3 anomer (19). I t may be, t h e r e f o r e , 
t h a t the r e v e r s e anomeric e f f e c t i s of l i t t l e advantage i n 
a - g l y c o s i d e s y n t h e s i s , a l t h o u g h there are s t i l l whole c l a s s e s 
of compounds t h a t might be t e s t e d ( f o r example, t r i a l k y l 
p h o s p h i n e s ) . 

We had been convinced by our p r i o r work on i o d i d e s and 
on m e t a l - a s s i s t e d methanolyses (10) t h a t i t was p o s s i b l e to 
enhance the r a t e of g l y c o s i d a t i o n by changing the l e a v i n g 
group, and t h a t i t s h o u l d be p o s s i b l e t o c o n t r o l s t e r e o 
s e l e c t i v i t y by proper c h o i c e of e x p e r i m e n t a l parameters. We 
t h e r e f o r e t e s t e d a number of a l k y l and a r y l s u l f o n a t e s as 
l e a v i n g groups on g l u c o s e (20) and g a l a c t o s e (21,22) d e r i v a t i v e s 
h a v i n g a n o n - p a r t i c i p a t i n g group on C-2. With c e r t a i n p a t t e r n s 
of s u b s t i t u t i o n , these compounds formed a - g l y c o s i d e s w i t h h i g h 
a - s t e r e o s e l e c t i v i t y when the r e a c t i o n s were c a r r i e d out i n 
a p p r o p r i a t e s o l v e n t s . I t became c l e a r t h a t i t was n e c e s s a r y 
t o produce an i o n p a i r of the r i g h t r e a c t i v i t y to be s o l v e n t -
s e n s i t i v e or e l s e h i g h a - s e l e c t i v i t y was not a c h i e v e d . F u r t h e r 
more, i t was c l e a r t h a t the s o l v e n t was i n some way p a r t i c i p a t 
i n g i n the r e a c t i o n because i n v a r i o u s systems d i f f e r e n t 
s o l v e n t s gave the b e s t s t e r e o s e l e c t i v i t y . E a r l y examples of 
h i g h a - s e l e c t i v i t y were a c h i e v e d by s c i e n t i s t s i n Japan and by 
G. W u l f f i n Germany on m e t a l - a s s i s t e d g l y c o s i d a t i o n s i n dioxane 
(2J3) and i n e t h e r (24,25). K r o n z e r (10) and Eby (20) i n our 
l a b o r a t o r y found e t h y l e t h e r the p r e f e r r e d s o l v e n t on o t h e r 
g l u c o s e d e r i v a t i v e s , and Marousek, Lucas, and Wheat found 
dimethoxyethane was s u p e r i o r w i t h v a r i o u s g a l a c t o s e d e r i v a t i v e s 
(22). 

S i n c e the i n f l u e n c e of s o l v e n t i s dominant i n d e t e r m i n i n g 
s e l e c t i v i t y i n a - g l y c o s i d e s y n t h e s i s , a c o r r e c t i n t e r p r e t a t i o n 
of i t s r o l e s h o u l d be u s e f u l . The s o l v e n t might, f o r example, 
a l t e r the anomeric e f f e c t , i n c r e a s i n g the p r o p o r t i o n of 
g - g l y c o s y l d e r i v a t i v e . Eby, i n f a c t , found t h a t the ^-mr 
spectrum of 2,3,4,6-tetra-G-benzyl-l-£-£-tolylsulfonyl-D-
glucopyranose i n e t h e r gave evidence of o n l y 3-anomeric 
p r o t o n , whereas 2,3,4-tri-£-benzyl-6-0-N-phenylcarbamoyl-l-0-
p - t o l y l s u l f o n y l - D - g l u c o p y r a n o s e appeared t o have 15% o f i t s 
anomeric p r o t o n a. T h i s r e s u l t i s c o n s i s t e n t w i t h the h i g h e r 
a - s e l e c t i v i t y of the l a t t e r compound. On the o t h e r hand 
g a l a c t o s e d e r i v a t i v e s i n dimethoxyethane gave ^-mr evidence 
t h a t the l e a v i n g group was e n t i r e l y a, even though h i g h 
a - s e l e c t i v i t y was a c h i e v e d i n t h i s s o l v e n t (22). 

W u l f f has p o s t u l a t e d (26) and we have p r e v i o u s l y i m p l i e d 
t h a t these e t h e r s o l v e n t s a c t to form i n c i p i e n t o r r e a l 
t r i a l k y l o x o n i u m i o n s t h a t adopt a f a v o r e d e q u a t o r i a l 
c o n f i g u r a t i o n (the r e v e r s e anomeric e f f e c t ) and are a t t a c k e d 
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6. SCHUERCH Glycoside Synthesis 87 

from the axial direction by alcohol (20). However since no 
spectral evidence has been found by us for their existence, i t 
i s perhaps useful to think more generally i n terms of ion-pair 
solvation and solvent properties. 

Since the desired ion-pair i s generated i n a-configuration 
and must be protected from attack by alcohol u n t i l i t can 
invert to (^-configuration, one must have a solvent which has 
strong donor properties to compete with alcohol. Donor 
properties of solvents have been measured by Gordy i n hydrogen-
bonding systems as "hydrogen-bonding capacity" (27) and i n 
non-hydrogen bonding systems by Gutmann (28) as "donicity 
numbers." The l a t t e r i s more pertinent to the reactions under 
consideration, and i t i s clear that compounds such as diethyl 
ether, dioxane, tetrahydrofuran, and dimethoxyethane a l l have 
satisfactory donor properties to compete, when present as a 
solvent, with limited amounts of alcohol (Table I I ) . Solvation 
of the ion pair lowers i t s r e a c t i v i t y (5c) and allows time for 

Table I I . Solvent Properties Significant i n a-Glycosidations 

Solvent Donicity * D i e l e c t r i c Constant 
Number 

Ethyl ether 19.2 4.3 
Tetrahydrofuran 20 7.6 
Dioxane a 2.2 
Dimethoxyethane a 7.2 
[(CH 3)2N] 3-P-0 38.8 30 
A c e t o n i t r i l e 14.1 38.0 
Acetone 17.0 20.7 
a. Similar to the two preceding. Dichloromethane, carbon 

tetrachloride, benzene, and toluene have minimal donicity 

rearrangement to the B-anomer. At the same time, structure of 
the ion pair must be retained and rapid dissociation prevented; 
otherwise the ion may maintain a conformation approaching h a l f -
chair, which would not l i m i t the approach of alcohol (4.). To 
prevent dissociation, a solvent of low d i e l e c t r i c constant i s 
needed. It can be seen that a l l solvents which allow high 
a - s e l e c t i v i t y have low d i e l e c t r i c constants (Table I I ) . A 
number of solvents with good donor properties and high or 
moderate d i e l e c t r i c constants: a c e t o n i t r i l e , acetone, hexa-
methylphophortriamide have also been tested. None of these 
give high a - s e l e c t i v i t y . In some of these cases, dissociation 
may occur (reaction 6, Figure 1) and i n some cases s p e c i f i c 
interactions s l i g h t l y favoring g-glycosidation may be present. 
It i s not possible to define i n d e t a i l the structure of the 
intermediate ion-pairs or transition states involved i n the 
formation of o-glycosides. Nevertheless a solvent of good 
donor properties and low d i e l e c t r i c constant i s c l e a r l y the sine 
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88 ANOMERIC EFFECT 

qua non for high a-stereoselectivity. 
Although i n proper solvents, a-glycosidations of high 

stereoselectivity and high rate can be achieved i n metal-
assisted reactions with s i l v e r perchlorate (23-25) and other 
s a l t s , the use of preformed glycosyl sulfonates has a number 
of advantages, especially for systematic investigations. The 
reaction i s a r e l a t i v e l y simple substitution with only two 
reactants i n homogeneous solution, whereas push-pull mechanisms 
may or may not be operative i n reactions with metal ions 
involved (10)• The mechanisms are also probably simpler than 
the halide ion-catalyzed reactions, which depend on inversion 
by halide ion before reaction with alcohol (^Z*!^) • T h e 

sulfonates are poor nucleophiles and better leaving groups 
than bromide. Therefore anomerization of the ion pair 
presumably proceeds within a solvent cage. We have observed 
no influence of added sulfonate on the course of the reaction 
(20). 

Three a l k y l and three arylsulfonates have been investigated 
i n some d e t a i l ; methane-, 2,2,2-trifluoroethane-, and t r i f l u o r o -
methanesulfonate, p-toluene-, benzene-, and p-bromobenzene-
sulfonate. Others are commercially available. In the few 
cases examined, proton magnetic resonance indicates the 
configuration of C-l i s largely or completely a. Therefore 
the anomeric effect of the reactant per se, does not determine 
product composition. The r e a c t i v i t y of the derivatives 
increases with the electronegativity of the sulfonate and to 
avoid side reactions i t was advisable to form t r i f l a t e s and 
allow them to react at - 7 8 ° . The other derivatives were 
formed i n a c e t o n i t r i l e from glycosyl halide and s i l v e r s a l t 
at room temperature. The solvent was removed i n vacuo and 
replaced with the solvent of choice for glycosidation. 
Scrupulously dry conditions must be maintained with a l l reactive 
glycosyl derivatives. A measured quantity of bone-dry alcohol 
was added and glycosidation allowed to proceed. In several 
cases, the reaction was monitored by n.m.r. and was found to be 
complete i n a few minutes to a few hours. The reaction 
mixture could be and usually was allowed to stand overnight 
without added base, and without workup. There was no evidence 
of anomerization, even though strong acid i s generated i n the 
reaction. 

The stereoselectivity of the reaction i s dependent not 
only on solvent and C-l leaving group but also on the pattern 
of substituents on other carbon atoms. For that reason, 
optimal conditions may not have been found and observed trends 
with changes i n experimental parameters may not be absolute. 
With these q u a l i f i c a t i o n s , a few generalizations (or over
simplifications) w i l l be made and then some s p e c i f i c cases 
discussed. 

In general, the rates and stereoselectivity of glycosida
tion reactions were l i t t l e changed when one ether group on C-2, 
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6. SCHUERCH Glycoside Synthesis 89 

3, 4tor 6 was changed for another. The ethers that were 
investigated included benzyl, p.-me thy lb en zy 1, p_-b r omob en zy 1, 
a l l y l , and c r o t y l . In some cases, the evidence i s based on 
stepwise glycosidation reactions and i n other cases on data 
from the copolymer!zation of 1,6-anhydro-8-D-glucopypyranose 
derivatives. The l a t t e r i s an eff e c t i v e method for investiga
ting the influence of substituents and structure on r e l a t i v e 
cationic r e a c t i v i t i e s at C - l . When an ester substituent was 
present on C-6, C-4, or C-3 and a j>-toluenesulfonate group on 
C-l of an otherwise e t h e r i f i e d glucose or galactose derivative, 
the glycosidation reaction was more a-selective than when a l l 
alcoholic functions were e t h e r i f i e d . That i s , p a r t i a l 
e s t e r i f i c a t i o n improved a - s e l e c t i v i t y . The more effective 
esters appeared to be those with ample resonance p o s s i b i l i t i e s ; 
ja-nitrobenzoate rather than acetate, N-phenylcarbamate rather 
than N-ethylcarbamate. Esters on C-2, of course, acted as 
participating groups i n proportion to their donor properties; 
benzoate was more ef f e c t i v e than D_-nitrobenzoate i n forming 
trans-1,2-glycosides. In the formation of cis-1,2-glycosides, 
we obtained better stereoselectivity when jv-toluenesulfonate 
(or methanesulfonate) was used as leaving group than when the 
more electronegative leaving groups were used. The nature of 
the reacting alcohol also had some influence on stereo
s e l e c t i v i t y . Methanol and primary alcohols gave highest 
a - s e l e c t i v i t y ; secondary alcohols usually gave about 5% less 
of a-product. Methanolyses of some t r i f l a t e s , hexafluoro-
phosphates, and tetrafluoroborates gave high g s e l e c t i v i t y 
at -78° (10,21). However, i n a few glycosidations of the 
t r i f l a t e s with higher alcohols, the high g s e l e c t i v i t y was l o s t 
(21). Apparently the rate of reaction 2 (Figure 1) i s affected 
by the nature of the alcohol, and more complex alcohols may 
allow reaction 3 to compete e f f e c t i v e l y . 

Selected reactions with C-l ]>-toluenesulfonates can be 
seen i n Tables III and IV. In the series of 2,3,4-tri-0-
benzyl-l-Q-£-tolylsulfonyl-D-glucopyranose derivatives, a few 
examples of the influence of C-6 substituent, solvent, and 
structure of reacting alcohol can be seen (Table I I I , no. 1-5). 
The H-phenylcarbamate derivative (no. 5) has been used i n a 
stepwise hexasaccharide synthesis (30), and has been used to 
prepare £-aminophenylethyl glucotetraopyranosides for coupling 
to proteins (31). The stereoselectivity was equally good i n 
the higher members of the series. 

The comparable galactose derivative (Table III, no. 6) was 
notably solvent-insensitive, and i n glycosidation reactions 
gave less than 40% of the a-anomer. However, when the C-6, 
and C-4 substituents were both ^-phenylcarbamate, the proportion 
of a-glycoside formed i n ether was markedly greater (no. 7), 
the derivative was sensitive to solvent structure, and i n 
dimethoxyethane, glycosidation was comparable i n a - s e l e c t i v i t y 
to the best case found with glucose (no. 9). A more extensive 
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92 ANOMERIC EFFECT 

series of experiments was carried out with 6-()-a cety 1-2-()-
benzyl-3,A-di-O-N-phenylcarbamyl-l-^-^-tolylsulfonyl-D-
galactopyranose and three closely related compounds (Table III, 
no. 10-12 footnote d.) These gave high proportions of a-
galactosides when reaction was carried out i n dimethoxyethane. 
Diethyl ether appeared to give results only s l i g h t l y i n f e r i o r . 

A number of mannopyranosy1 derivatives with a variety of 
ether and ester substituents and sulfonate leaving groups f a i l e d 
to show any solvent-sensitivity (29) and l i t t l e or no 
preference for either anomer on glycosidation (Table IV, no. 
1-6). The results could easily be interpreted as Rhind-Tutt 
and Vernon (4) explained the solvolysis of 2,3,4,6-tetra-O-
methy1-a-D-mannopyranosy1 chloride: shielding of the back 
side of C-l and dissociation p r i o r to reaction. In the absence 
of any trend which suggested a method of improving a-manno-
pyranoside s e l e c t i v i t y of compounds with non-participating 
substituents on C-2, i t appeared advisable to use a p a r t i c i p a 
ting group on C-2. This reaction might also serve as a model 
reaction for rapid transj-1,2-glycoside syntheses. 

3,4,6-Tri-fl-benzyl-l-Oh-gj-tolylsulf onyl-D-mannopyranose 
derivatives were made with various ester functions on C-2. 
With acetate, benzoate, and p-methoxybenzoate on C-2, 
glycosidation was nearly completely a-stereoselective (Table IV, 
no. 7, footnote c). It was not clear that any g-isomer was 
formed. The solvent used i n these cases made no difference to 
the stereoselectivity. It was obvious that solvent did not 
compete with C-2 ester i n participation. As observed previously 
i n other glycosidations (6) p-nitrobenzoate was a less 
effective participating group. These glycosidations proved 
to be very rapid and reaction was complete i n less than half 
an hour when 10—20% excess alcohol was used. Application of 
the reaction to oligosaccharide synthesis has been successful 
but as always, the reaction tends to be s l i g h t l y less 
ot-seleetive with secondary alcohols. 

A study of glycosidation of 2-Ojacyl-3,4,6-tri-J>-benzyl-
l-0_-£-tolylsulfonyl-D-galactopyranose by E. Rachaman (33) 
has given comparable results and w i l l be reported. However, 
the use of the tosylate leaving group on f u l l y e s t e r i f i e d 
sugars has not as yet been f u l l y successful and requires 
further study. 

In conclusion, i t appears unlikely that a general method 
for stereoselective a-glycoside synthesis w i l l be found. 
However, the rates and stereoselectivity of both a- and 
g-glycoside syntheses can be controlled independently. By a 
suitable choice of experimental parameters, reasonably 
satisfactory syntheses can be devised for either class of 
glycoside. 
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6. SCHUERCH Glycoside Synthesis 93 

Summary 
The rate of glycosidation reactions can be enhanced by 

using various a l k y l and a r y l sulfonates as leaving groups on 
C - l . High cis-1,2-a-selectivity i n the reaction of appropriately 
substituted glucose and galactose derivatives can be achieved 
by the use of a solvent of strong donor properties and low 
d i e l e c t r i c constant, t y p i c a l l y an ether. The structure of the 
solvent, and the configuration of the sugar and the pattern 
of i t s substitution, a l l influence the interaction of solvent 
and C-l ion-pair. This i n turn affects the stereoselectivity 
of the glycosidation. The course of the reaction i s not 
di r e c t l y determined by reactant anomeric effects but can be 
described generally i n terms of the Rhind-Tutt and Vernon 
mechanism. 

a-D-Mannopyranosyl and $-D-galactopyranosyl glycosides can 
be prepared rapidly and stereoselectively from glycosyl 
sulfonates with C-2 participating groups. The reactions 
leading to transj-1,2-glycosides appear less sensitive to 
experimental variables than those leading to cisjl,2-glycosides. 
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7 

Conformational Interactions in 1,4-Heterobutane Segments 

ERNEST L. ELIEL and EUSEBIO JUARISTI 

William R. Kenan, Jr. Laboratories of Chemistry, University of North Carolina, 
Chapel Hill, NC 27514 

The anomeric effect (relating to X-C-Y interaction) in 2— 
alkoxytetrahydropyrans and 2-alkylthiotetrahydropyrans was com
pared some years ago (1). The results are shown in Scheme 1; 

0/0 and S/0 Anomeric Effect (1) 

/ C H 3 

/ C H 3 

X S o l v e n t AG° (k c a l / m o l ) 
0 CC1, 0.73 
S C C i ; 0.35 
0 CH CN 0.35 
S CH^CN -0.08 

Scheme 1 

since the steric component of the CH3O versus CH3S axial inter
action is not known in these systems, the results unfortunately 
do not permit evaluation of the relative anomeric effects of S-C-O 
versus O-C-O. One way out of this difficulty would be through 
evaluation of the steric part of the interaction by force-field 
calculation, but unfortunately, such calculations have so far had 
limited success for oxygen-containing saturated heterocycles. 

Comparison of the O-C-O with the S-C-S anomeric interaction 
has been effected (2,3,4) as shown in Scheme 2. In this case one 
can tell, unequivocally, that the O-C-O anomeric effect is the 
larger, for the overall AG° in the two systems is nearly the same 
and from the known conformational energies of 2-alkyl-1,3-dioxanes 
and -1,3-dithianes (5) it is obvious that the countervailing 

0-8412-0470-5/79/36-087-095$05.(X)/0 
© 1979 American Chemical Society 
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96 ANOMERIC EFFECT 

s t e r i c effect i s much more important i n the 1,3-dioxane system. 

0/0 and S/S Anomeric Effect (2,3) 

XCH 

XCH., 

AG° (kcal/mol) (solvent) 
0 
S 
S 
S 

0.41 (C 2H 5OC 2H 5) (2) 
0.73 (CC14, q ^ ) (3) 
0.48 (CH3OCH2CH2OCH3) (3) 
0.31 (CH3CN) (2) 

Scheme 2 

The main subject of this paper i s the gauche effect (relating 
to X-C-C-Y interaction). Referring to Scheme 3fwe may consider 
the gauche effect to be attractive when the gauche conformation 

Gauche Effe c t 

a t t r a c t i v e : 
repulsive: 
a t t r a c t i v e : 
repulsive: 

K smaller than expected 
K larger than expected 
F/F, 0/F, 0/0 
S/S 

Scheme 3 

} on purely s t e r i c grounds 

i s favored more (or the anti less) than calculated on the basis of 
known s t e r i c and polar interactions. Contrariwise, i f the anti 
conformation i s favored more (or the gauche less) than the calcu
lations lead one to believe, the gauche effect i s repulsive. 

Attractive gauche effects have long been known, for example, 
when X=Y=CH30 (6) or X=Y=F (1,1,2,10) or X-F, Y»0C0CC1 3 (11), and 
a theoretical connection of the gauche effect with the anomeric 
effect was made some years ago (12). The repulsive interactions, 
on the other hand, were not well recognized u n t i l recently. How
ever, i n 1976 Zefirov and coworkers (13), on the basis of a study 
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7. ELIEL AND juARisTi Conformational Interactions 97 

of the conformational equilibrium of certain trans-1,2-disubsti-
tuted cyclohexanes (Scheme 4, data derived from measurement of 

Repulsive Gauche Effect (13) 

AG° v 

AG V + AGy E X / Y + E X / Y 

X v u 
P r i n c i p l e : I f there i s no additional effect 

AG° =» (AE . + AE , ) calc'd expt s t e r i c polar 7 

If AG° > (AE + AE ) calc'd, expt s t e r i c polar * 
there i s a repulsive gauche effect [and when 
AG° < (AE + AE - ) calc'd, there expt s t e r i c polar 

i s an attractive gauche effect] 

Scheme 4 
v i c i n a l proton coupling constants), concluded that repulsive 
gauche effects [which Zefirov had e a r l i e r (14) termed "hockey-
sticks effects"] occur for X*Y«SR; X=SCH3, Y=Br; X=SCH3, Y=0CH3; 
X=SCH3, Y-Cl and X»Y»Br. They also concluded that attractive 
effects existed when X=Y=OR or X-F, Y«I. These cqnclusions were 
arrived at by comparing the experimentally determined e q u i l i b r i a 
with those calculated on the basis of the known AG° value (in 
cyclohexyl-X) of X and Y, and the calculated X/Y interaction. The 
s t e r i c part of the l a t t e r was estimated by the H i l l equation (15) 
and the polar part by a charge—charge interaction (16). For 
CH30/C1, CH30/Br, CH30/I and C l / I , the calculated equilibrium 
agreed with that experimentally found, so there i s no gauche 
ef f e c t . An attractive gauche e f f e c t was inferred when the equi
librium was further to the right than calculated, a repulsive one 
when the equilibrium was displaced to the l e f t . As we s h a l l see 
l a t e r , while we agree with Zefirov's conclusions, at least i n the 
case of 0/0, 0/S and S/S, his approach i s not without danger since 
the calculations tend to underestimate the s t e r i c effects even i n 
those cases where no gauche effect comes into play. 

Our own investigations involved 5-methoxy- and 5-methylthio-
1,3-dithianes (Scheme 5, X*S, Y«0 or S); the corresponding 1,3-
dioxanes had been studied previously (17). 
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98 ANOMERIC EFFECT 

Gauche E f f e c t s 

( C H J C v / ^ X v / ( C H Q ) 0 C / Y C H 3 *3'3 \ ^ ^ / f ^ n 3 ' 3 ^ 

-AG° k c a l / m o l 
Compd. X Y i n CHC1 3 i n CH 3CN 

1 S 0 1.09 1.22 
2 S S 1.49 a . 1.57, 
3 0 S ( 1 . 5 5 ) a , D 1.13° 
4 0 0 0.16 b - 0 . 0 1 b 

5 CH 9 0 0.55 
6 CH^ S 1.07 

a I n benzene. Ref. ( 1 7 ) . 

Scheme 5 

S y n t h e s i s o f the methoxy compounds (Scheme 6) was s t r a i g h t 
f o r w a r d w i t h the two isomers b e i n g b e s t s e p a r a t e d by column 
chromatography at t h e hydroxy s t a g e . (The c i s , o r a x i a l , isomer 
i s i n t r a m o l e c u l a r l y hydrogen bonded and t h e r e f o r e l e s s s t r o n g l y 
adsorbed.) 

S y n t h e s i s o f 5 - M e t h o x y - l , 3 - d i t h i a n e s (1) 

0CH„ 

( C H 3 ) 3 C ^ J s ( C H 3 ) 3 C ^ S ^ / ^ 

c i s - 1 t r a n s - 1 

1) (CH ) CCH0 
HSCH oCH0HCH oSH — • 1 (mixture) * 2 ~ " — 2 2) NaH, CH 3I 

S e p a r a t i o n a t OH stage by column o r dry-column chromatography 

Scheme 6 

The c o n f i g u r a t i o n a l assignment was s i m p l e a l s o (Scheme 7) i 
the more e a s i l y e l u t e d c i s - i s o m e r showed i n t r a m o l e c u l a r hydrogen 
bonding i n the i n f r a r e d a t 3541 c m - 1 whereas the transj-isomer d i s 
p l a y e d the f r e e OH s t r e t c h a t 3640 cm" 1. The c i s - i s o m e r , by 
p r o t o n NMR s p e c t r o s c o p y , showed o n l y gauche c o u p l i n g c o n s t a n t s f o r 
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7. ELIEL AND JUARISTI Conformational Interactions 99 

Configurational Assignment of 5-Methoxy-l,3-dithianes (1) 

R=H, infrared 
(intramolecular H-bonding) 

c i s : 3541 cm"*, trans: 3640 cm""* 

J = 1.7 Hz, 4.5 Hz 
J = 4 Hz (quintet) 
J - 10.4 Hz, 4.3 Hz 
J = 10.4 Hz, 3.6 Hz 

Also X-ray structure of axial isomer (R=CH^); 
dipole moments ( c i s , 2.08D, trans, 1.40D) 

Scheme 7 

H-5 ( t r i p l e t of t r i p l e t s at 3.86 ppm, J - 4.5 Hz, 1.7 Hz) and the 
corresponding methyl ether displayed a (degenerate) quintet at 
3.48 ppm, J » 4 Hz. In contrast, the trans hydroxy compound 
showed a large (anti) coupling constant of 10.4 Hz and a small 
(gauche) coupling constant of 4.3 Hz for H-5 at 4.01 ppm, the 
corresponding coupling constants for the methoxyl analog being 
10.4 and 3.6 Hz (at 3.53 ppm). The dipole moment of the a x i a l and 
equatorial methoxyl compounds were 2.08 and 1.40D, respectively 
and the structure of the cis isomer was confirmed by X-ray crystal
lography (see below). 

Synthesis of the methylthio compounds followed a route previ
ous ly used for the cyclohexyl analogs (18) and i s depicted i n 
Scheme 8; the sta r t i n g material i s readily available (19) by a 
Dieckmann condensation of the acetal (CH3)3CCH(SCH2C02C2H5)2. 

Synthesis of 5-(Methylthio)-1,3-dithianes (2) 
MB SH 

65% 

OR 

H-5: R=H 
R»Me 

Isomer: R=H 
R»Me 

^ ( C H 3 ) 3 C - ( S ~ y S H < ° S W » ( C H , > , C - / " V J 
LiALH 

» < C H 3 , 3 c - ^ _ y ~ s „ . - v r - , , i a y f - ^ J ^ 
96% 

cis by c r y s t a l l i z a t i o n ; trans by glpc or column chromatography 

Scheme 8 
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100 ANOMERIC EFFECT 

The structural assignment follows from the dipole moment ( c i s , 
2.08D, trans, 1.53D), from the proton NMR spectra (at C-4,6) of 
the 5-deuterated compound (Scheme 9) and from the crystal-structure 
analysis (see below) of the cis-isomer. Since the proton spectra 
of the 5-(methylthio)-1,3-dithianes were degenerate i n the region 
of the protons attached to C-4,5,6 we examined, instead, the 5-
deuterio analogs synthesized by replacing LiAlH, i n Scheme 8 by 
LiAlD,. As seen i n Scheme 9> the trans-isomer displays a broad 
signal for the upf i e l d leg of the AB pattern of the protons 
attached to C-4,6 due to the sizeable (ca. 1.6 Hz) coupling con
stant between the a x i a l H and the a x i a l D. The signal sharpens 
when the deuterium i s decoupled. No such broad signal i s seen i n 
the (undecoupled) spectrum of the cis-isomer; which lacks the 180° 
v i c i n a l coupling constant (-* J . ). 

Equilibration of the 5-metnoxy- and 5-(methylthio)-1,3-
dithianes was effected by means of t r i f l u o r o a c e t i c acid i n either 
chloroform or a c e t o n i t r i l e with the results shown i n Scheme 5. 
[The previously determined e q u i l i b r i a for the corresponding 1,3-
dioxanes (17) and cyclohexanes (18,20) are included for compari
son.] Equilibration i n these solvents proceeded rapidly (in a 
matter of a few hours or less) and reasonably smoothly, although 
on prolonged contact time there i s some decomposition of the 5-
methoxy compounds and some ring contraction i n the 5-methylthio 
compounds which leads to their conversion to the more stable 4-
(methylthio)methyl-l,3-dithiolanes. Excessive decomposiiton 
occurred i n pure CFoCO^H and equilibration was inconveniently slow 
in ether. The equilibrium for both the CH^O- and CH^S-compounds 
depended on the r a t i o of acid to solvent, with -AG° increasing 
upon increasing d i l u t i o n . The results i n Scheme 5 refer to a 
volume d i l u t i o n of 1:19 i n CHC13 or 1:57 i n C^CN. 

The equilibration results are summarized i n Table 1. The 
second column (AG°) gives experimental AG° values, the third 
column AE-values (E -E ) calculated on the basis of H i l l ' s 
equation (15) using^ l l fSger 1 s recent parameters (27) . 

Table 1 
AG° for Equilibrations (in CH.CN)a 

b C Compound -AG° „ AE° . AA _ . AE - AA_,. r expt s t e r i c s t e r i c elec. t o t a l 
CHJO (5) 
CBZ/S (6) 
0/6 (4) 
0/S (3) 
S/0 (1) 
S/S (2) 

3 kcal/mol. b Difference between experimental and calculated 
s t e r i c energy. c Difference between experimental and t o t a l 
calculated energy. 

+0.55 +0.55 0.00 0 0.00 
+1.07 +3.24 -2.17 0 -2.17 
-0.01 +0.18 -0.19 +2.22 -2.41 
+1.13 +0.01 +1.12 +1.49 -0.37 
+1.22 -0.37 +1.59 +0.64 +0.95 
+1.57 -1.05 +2.62 +0.36 +2.26 
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7. ELIEL AND JUARISTI Conformational Interactions 101 

SCH, 

tront-2.fi.' 1.53D c i » - 2 . fi-2.080 

0 - decoupled 

X X 
3.0 ppm 3.0 ppm 

D-coupled 

Proton Spectrum (H-4, 6) 

Scheme 9 

Gauche-repulsive interaction 

Scheme 10 
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102 ANOMERIC EFFECT 

Poor agreement between e x p e r i m e n t a l and c a l c u l a t e d v a l u e s i s found 
f o r the methyl s u l f i d e 6: t h e c a l c u l a t e d r e p u l s i o n i s f a r too 
l a r g e , no doubt because energy m i n i m i z a t i o n was not attempted i n 
the c a l c u l a t i o n . For t h e methoxy compound ( 5 ) , on the o t h e r hand, 
agreement between t h e two v a l u e s i s s u r p r i s i n g l y good. 

Column 4 (AA.g t e c ) suggests a t t r a c t i o n i n t h e case of 0/0 
(compound 4 ) and r e p u l s i o n i n t h e t h r e e o t h e r cases ( l - J ) over and 
above t h a t c a l c u l a t e d on t h e b a s i s of s t e r i c f a c t o r s . ( I f t h e 
c a l c u l a t e d r e p u l s i o n f o r t h e s u l f u r compounds i s t o o low - v i d e 
supra - t h e excess r e p u l s i o n i s even g r e a t e r than shown.) At 
f i r s t g l a n c e , t h e excess r e p u l s i o n may be a s c r i b e d t o w e l l - u n d e r 
stood e l e c t r o s t a t i c c a u ses. To t e s t t h i s p o s s i b i l i t y , t h e e l e c t 
r o s t a t i c i n t e r a c t i o n s between t h e e x o c y c l i c heteroatom Y and t h e 
e n d o c y c l i c atoms X as w e l l as C-2 i n compounds 1-3 were computed 
by c a l c u l a t i n g t h e charges on t h e heteroatoms and C-2 and then 
the i n t e r a c t i o n between them assuming a d i e l e c t r i c c o n s t a n t of 
u n i t y ( 1 6 ) . ( I f the e f f e c t i v e d i e l e c t r i c c o n s t a n t i s l a r g e r , the 
e l e c t r o s t a t i c i n t e r a c t i o n i s l e s s t h a n i n d i c a t e d . ) The d i f f e r 
ences i n e l e c t r o s t a t i c i n t e r a c t i o n s between s t e r e o i s o m e r s thus 
c a l c u l a t e d a r e i n d i c a t e d as AE - i n column 5 and t h e t o t a l 

e l e c 
f i n a l d i f f e r e n c e AA-t . between c a l c u l a t e d ( s t e r i c p l u s e l e c t r o 
s t a t i c ) and e x p e r i m e n t a l v a l u e s i s e n t e r e d i n column 6. (Column 
6 = column 4 - column 5 » column 2 - sums of columns 3 and 5.) 

I t i s q u i t e c l e a r from the d a t a t h a t t h e r e i s s u b s t a n t i a l 
" e x c e s s " a t t r a c t i v e i n t e r a c t i o n i n compound 4; i . e . the s l i g h t 
e x p e r i m e n t a l p r e f e r e n c e f o r t h e a x i a l c o n f o r m a t i o n c o n t r a s t s w i t h 
a s u b s t a n t i a l c a l c u l a t e d p r e f e r e n c e f o r the e q u a t o r i a l one; the 
d i f f e r e n c e has been a s c r i b e d t o t h e "gauche a t t r a c t i v e e f f e c t " 
between oxygens (14,17). I n c o n t r a s t , f o r compounds 1 and 2 t h e r e 
i s a s u b s t a n t i a l " e x c e s s " r e p u l s i o n , i . e . the e q u a t o r i a l conforma
t i o n i s p r e f e r r e d more tha n c a l c u l a t e d . The e f f e c t , w h i ch has 
been c a l l e d "gauche r e p u l s i v e e f f e c t " (14) i s e s p e c i a l l y marked 
f o r gauche i n t e r a c t i o n s between s u l f u r atoms, as i n 2. Only i n 
the case of compound 3 i s t h e d i f f e r e n c e between c a l c u l a t e d and 
observed p r e f e r e n c e f o r t h e e q u a t o r i a l p o s i t i o n s u f f i c i e n t l y s m a l l 
to make any c o n c l u s i o n u n c e r t a i n , e s p e c i a l l y i n v i e w of the f a c t 
t h a t , i n t h e absence of energy m i n i m i z a t i o n , t h e c a l c u l a t e d energy 
d i f f e r e n c e (1.50 k c a l / m o l ) may be somewhat o v e r e s t i m a t e d . 

T h i s i s not the p l a c e t o d i s c u s s t h e o r i g i n of t h e gauche 
a t t r a c t i v e e f f e c t about which t h e r e has been much c o n t r o v e r s y (21, 
2 2 ) . On t h e o t h e r hand, as t o t h e gauche r e p u l s i v e e f f e c t , we 
agree w i t h Z e f i r o v i n a s c r i b i n g i t t o a ( r e p u l s i v e ) o v e r l a p of t h e 
3p o r b i t a l s on s u l f u r (Scheme 10). These o r b i t a l s extend outward 
much f u r t h e r than t h e 2p o r b i t a l s of oxygen and t h e r e p u l s i v e 
o v e r l a p s i t u a t i o n f o r 0/S i s m a r g i n a l and may depend on th e exact 
geometry of t h e system. 

I t ought t o be p o s s i b l e t o put i n evidence the i n t e r a c t i o n of 
t h e unshared e l e c t r o n s on t h e r i n g and e x o c y c l i c s u l f u r atoms i n a 
compound such as c i s - 2 . E f f o r t s t o do so by p h o t o e l e c t r o n 
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7. ELIEL AND JUARISTI Conformational Interactions 103 

spectroscopy have so far been to no a v a i l , the spectra being too 
complex. However, an ef f e c t , albeit somewhat marginal, may be 
seen i n the effect of an axial 5-methylthio group (in cis-2) and, 
to a lesser extent, of an axi a l 5-methoxy group (in cis-1) on the 
1 3 C NMR signal at C-2 i n a 1,3-dithiane. As seen i n Scheme 11, 

N ^ * V ^ ( C H 3 ) 3 C V ^ S ^ ^ X 

X=S 59.81 (cis-2) 61.42 (trans-2) 
X-0 60.48 (cis-1) 61.31 (trans-1) 

(CH 3) 3C 

(CH 3) 3C (CH 3) 3C 

61.78 

CH 

7 ^ 3 
( C H ^ C N / ^ V / 

61.79 61.32 

Scheme 11 

the a x i a l isomers cis-2 and cis-1 display a palpable u p f i e l d 6-
s h i f t caused by the XCH3 group; no such s h i f t (relative to the 
reference compounds shown at the bottom of Scheme 11) i s shown by 
trans-2 and trans-1. There i s at least a suspicion that the 
effect"of the axial oxygen or sulfur at C-5 i s transmitted through 
space (via the ring sulfur atoms) to C-2 whose chemical s h i f t i s 
affected. 

In the course of this research we synthesized the oxathia-
spiro systems shown i n Scheme 12 and equilibrated them with acid. 

y > s v / 
7 

Solvent Temp. (°C) 

CHCI3 - TFA a (3:1) 25 
CHCI3 - TFA a (19:1) 61 
CHCI3 - cat. TFA a 25 

8 

7/8 (K) AG° (kcal/mol) b 

1.36±0.O5 0.18±0.02 
1.34±0.06 0.19±0.03 
1.38±0.09 0.19±0.04 

^ r i f l u o r o a c e t i c Acid. Expected AG° = -0.42 kcal/mol. 

Scheme 12 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

5,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
08

7.
ch

00
7



104 ANOMERIC EFFECT 

I t became obvious that the experimental A G ° value was not the 
difference of AGg^ and AGQQJJ . The situation resembles one 
detected some 15 years ago i n 2he corresponding spiro systems 
derived from cyclohexane (23,24). Additivity was found i n the 
(6.6) but not i n the (6.5) spiro systems. The explanation then 
given was one of outward bending of the 5-membered spiro ring 
which was believed to relieve the syn-axial S/H more than 0/H 
because of the longer C-S bond. McPhail and Hargrave (25) have 
now compared the crys t a l structures of pertinent axi a l SCH3 (and 
OCH3) analogs with those of the oxathianes 7 and 8 (Scheme 13) and 

cis-1 8 

d = 3.214±0.005 k d = 3.23210.004 A 

Scheme 13 

have found that the salient distances (marked d i n Scheme 13) are 
v i r t u a l l y the same i n the monocyclic and s p i r o b i c y c l i c systems. 
Thus there can be no question of "outward bending" i n spiro-
bicycles — i f anything the effect i s i n the wrong direction since 
the a x i a l S i s s l i g h t l y closer to the ring S i n 7 than i n cis-2 
(and the a x i a l 0 i s s l i g h t l y further away from the ring S i n 8 than 
i n c i s - 1 ) • 1 3 

A v a i l a b i l i t y of low-temperature C-NMR spectroscopy and a 
g i f t of various spiro compounds (from F. W. Vierhapper and P. 
Picard) enabled us to survey several additional systems with the 
results shown i n Scheme 14. There i s a d d i t i v i t y for CH2 and S but 
not for CH 2 and 0 or for 0 and S. 

An explanation for the CI^/O case has been suggested by 
Picard (26) and i s summarized i n Scheme 15. 

For an a x i a l l y substituted CH3 compound,the torsionally 
favored conformation i s the staggered one (A) but i n this confor
mation there i s a sizeable s t e r i c interaction of the "inside-H" 
(underlined) with the syn-axial hydrogen atoms of the ring. No 
such interaction exists for oxygen, hence 0«CH3 i n size . But in 
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7. ELIEL AND jUARiSTi Conformational Interactions 105 

Scheme 14 

a 5-membered ring the CH bonds become by necessity nearly eclipsed 
(B) and while this leads to an increase i n torsional interaction 
(which does not affect AG° since i t comes into play for both the 
ax i a l and the equatorial group), i t leads to a diminished H/H 
s t e r i c interaction. This makes the a x i a l CH2 less unfavorable 
(vis-a-vis 0) i n B than i t was i n A (0<CH2) a n <* hence the confor
mational energies of B (CH2 versus 0 axial) are not the sum of 
those i n A (CH3 versus 0 a x i a l ) . 

If this i n te rp re t at ion i s correct, i t must mean (Scheme 14, 
f i r s t four entries) that S behaves l i k e CH2 and not l i k e 0. In 
other words, the extended f i l l e d p-orbitals oh sulfur must i n t e r 
act with the a x i a l H's (or C-H bonding electrons) of the ring much 
l i k e the C-H bonds of the methyl group do. 

Both this hypothesis and the finding of the gauche repulsive 
effect tend to throw new l i g h t on the " s t e r i c requirements" of un
shared electrons on atoms below the second row of the Periodic 
Table. 
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per-O-acetylated glycopyranosyl .... 
resonance frequencies or axial 
tetra-O-acetyl-^-D-xylopyranosyl .... 

Chlorine, orbital population on axial.. 
Chlorine, orbital population on 

equatorial 
a-Chloroanion 

bisected conformations of 
eclipsed conformations of 
molecular-orbital calculations for .... 

2-Chlorotetrahydropyran 
C - H bonds in contormers of 
calculation of molecular orbitals of 
conformations of 
H O M O of 

M/n-Clinal orientation 17 
11 Conformation (s) 
5 axial 1 
5 ^ ( L ) 3 

11 ^ ( D ) 3 
of 2-cnlorotetrahydropyran 3 

21 equatorial 1 
21 gauche 96 

Conformational 
59 analysis of heterocyclic compounds 80 
59 analysis of pentopyranosyl 

acetates 63 
6 benzoates 63 

58 halides 63 
10 assignment of 5-methoxy-l,3-
10 dithianes 99 

control of the exo-anomeric effect... 30 
9 equilibrium of 1,2-disubstituted 

10 cyclohexanes 97 
importance of the anomeric effect .. 30 

12 interactions in 1,4-heterobutane 
segments 95 

Conformers of 2-chlorotetrahydro-
pyran, C - H 6 

Coupling constants, carbon-13 
g nydrogen direct 6,8 

Crystalline equatorial states 71 
Q Cyclohexyl o-D-glucopyranosides, 

,Q substituted 24 
Cyclohexyl /?-D-glucopyranosides, 

substituted 24 
4
 1C 4 -chair conformation 30 

^ ( L ) conformations 3 
r% 4 CI(D) conformations 3 
0 C - l 
q in furanose sugars (anomeric 
- carbon atom) 50 
2 - H bond, axial 11 

- H bond, equatorial 11 
6 g - O H bond length, shortening of 

9 the anomeric 58 
o n in pyranose sugars, anomeric carbon 
^ atom 50 
1 p-toluenesulfonates 89 
J* C - C l bond 1 
2 interactions in glucopyranosyl 
2 halides with axial 14 

C - O bond lengths of dimethoxy-
- methanol model 59 

C - O bond lengths of methoxy-
, 0 methanol model 59 

1 Deacetylation of trans,trans-2y6-di-
6 methylcyclohexyl-l- 1 3C tetra-O-
2 acetyl-^-D-glucopyranoside 26 
3 Destabilization of the equatorial 

13 conformer 80 
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INDEX 111 

1,3-Diaxial disposition, ring-oxygen 
atom in 75 

1,3-Diaxial interaction(s) 67,73 
(Pa, a) 39 
possible 74 

Diequatorial ( 4 C i ) form .. 70 
2,6-Dimethylcyclohexyl o-D-gluco-

pyranoside 23 
trans, *rans-2,6^Dimethylcyclohexyl-

1- 1 3C tetra-O-acetyl-^-n-gluco-
pyranoside, deacetylation of ...... 26 

Dimethoxymethane, ab initio Hartree-
Fock 431-G calculations on 53 

Dimethoxymethane model 60 
Dimethoxymethanol ( C H 3 O C H 2 -

O C H 3 ) 59 
Dimethoxymethanol model, C - O 

bond lengths of 59 
Dipole 

-dipole interaction 11 
-dipole relaxation mechanism 31 
internuclear relaxation contribution, 

p ( j ->i ) • • • 40 
Direct coupling constants, carbon-13 

hydrogen 6,8 
trans- 1,2-Disubstituted cyclohexanes, 

conformational equilibrium of .... 97 
1,5-Dithio-pyranosides 51 

E 

Eclipsed conformations of an a-chloro-
anion 13 

Electronegative difference, Pauling's .. 50 
Electrons, lone-pair 50 
Equatorial 

aglycon, per-O-acetyl methyl 
glycosides with 11 

bond, 5 character of the C - H 10 
bonds, p values for 10 
C - l - H bond 11 
chlorine, orbital population on 5 
conformation 1 
conformer, destabilization of 80 
states, crystalline 71 

Equilibrium glycosidation of Fischer 80 
Ethers, stereoselectivity of 89 
Excess repulsion 101 
Exo-anomeric effect 17,28,51 

conformational control of 30 
to the orientation of an aglycon, 

importance of 22 

F 

Fischer, equilibrium glycosidation of 80 
Fluoride derivatives, pentopyranosyl 30 
Furanose sugars, anomeric carbon 

atom ( C - l ) in 50 

G 
A G 0 for equilibrations 100 
Galactopyranose residue, ring 

protons of 3 9 
Gauche 

conformation 96 
effects 5 1 , 9 6 , 9 8 

attractive 101 
repulsive 9 7 , 1 0 1 , 1 0 2 

interactions (p g ) 3 9 
a-D-Gluco configurations, comparison 

of per-O-acetylated glycopyran-
osyl halides with 7 

D-Glucose derivatives 8 
o-Glucoside, A G T and AQG isomers for 27 
£-Glucosides 25 
Glycopyranosyl halides with axial 

C - C l bond, interactions in 14 
a-D-Glucopyranosyl, metal-assisted 

glycosidation of 85 
/?-D-Glucopyranosyl- (1 - » 6 ) -D-

galactopyranose, synthesis of 42 
Glycosidation(s) 

of a-D-glucopyranosyl, metal-
assisted 8 5 

halide-ion-catalyzed 84 
influence 

alcohol on alpha selectivity in .... 83 
halide-ion concentration on alpha 

selectivity in 8 3 
solvents on alpha selectivity in .... 9 0 
substituents on alpha selectivity in 9 0 

mechanism of 82 
reactions, stereoselectivity of 88 
on 1-O-tosyl-D-mannopyranose 

derivatives, rapid 91 
^-Glycosidations, solvent properties 

significant in 87 
Glycoside(s) 

with equatorial aglycon, per-O-
acetyl methyl 11 

formation, stereoselectivity of 84 
-forming reactions 80 
synthesis 80 

influence of reactant structure on 80 
influence of solvent on 80 

a-Glycoside(s) 86 
synthesis 86 

ci.?-l,2-Glycosides 81 
fTtfrw-l,2-Glycosides 81 
Glycosidic linkages 18 
Glycosyl derivatives 81 

H 

' H N M R spectra of methyl 0-D-
glucopyranoside 3 6 , 3 7 

H - l resonance relaxation contribution 44 
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112 

H-5 resonance relaxation contribution 44 
Halide(s) 

with ^-D-arabino configurations, 
comparison of per-O-acetylated 
glycopyranosyl 7 

conformational analysis of pento
pyranosyl 63 

with tt-D-gluco configurations, com
parison of per-O-acetylated 
glycopyranosyl 7 

-ion-catalyzed glycosidation 84 
-ion concentration on alpha selec

tivity in glycosidations, influ
ence of 83 

with a-D-ribo configurations, com
parison of per-O-acetylated 
glycopyranosyl halides 7 

with /?-D-xylo configurations, com
parison of per-O-acteylated 
glycopyranosyl 7 

a-Haloethers, N Q R frequencies of 12 
Hammett substituent constants 84 
Hard-sphere calculations 23 

nonbonded interactions estimated 
by 24 

Hartree-Fock 431-G calculations on 
dimethoxymethane, ab initio 53 

Hemi-acetal geometry in a-n-pyranose 57 
Hemi-acetal moiety in pyranoses and 

pyranosides 54 
1,4-Heterobutane segments, conforma

tional interactions in 95 
Heterocyclic compounds, conforma

tional analysis of 80 
Hexopyranosyl derivatives 3 
Highest occupied molecular orbital 

( H O M O ) 10 
of 2-chlorotetrahydropyran 13 

H O M O (see Highest occupied 
molecular orbital) 

Hydrocarbon aglycons 19 
Hydrogen 

-bonding capacity 87 
chemical reactivity at anomeric 10 
direct coupling constants, carbon-13 6,8 

I 

Interproton distances 33 
determined by proton relaxation 

measurement 47 
Isomers for the a-glucoside, A Q T and 

A Q T • 27 
cis-Isomer 98 
trans-Isomer 98 
Isomeric pentose derivatives 73 

ANOMERIC EFFECT 

K 

Karplus curve 27 
Karplus relationship 27 

L 

Lone-pair electrons 50 
Lone pairs, ring-oxygen p-type 10 

in pyranose derivatives 1 
Lucken-Altona theory 10 
a-D-Lyxo derivative 75 
£-D-Lyxo derivative 75 

M 

Manno compounds 6 
a-Mannopyranoside selectivity of 

compounds with nonparticipating 
substituents on C-2 92 

Mannopyranosyl derivatives 92 
Metal-assisted glycosidation of O-D-

glucopyranosyl 85 
Methanediol, ab initio molecular-

orbital calculations on 18 
Methanolysis of anomeric D-arabino-

furanosyl halides 82 
5-Methoxy-l,3-dithianes, configura

tional assignment of 99 
5-Methoxy-l,3-dithianes, synthesis of 98 
Methoxymethanol ( C H 8 O C H 2 O H ) .. 59 
Methoxymethanol model, C - O bond 

lengths of 59 
2-Methoxytetrahydropyran 17 
Methyl 0-D-glucopyranoside 35 

m N M R spectra of 36,37 
Methyl a-pyranosides 58 

acetal geometry in 55 
Methyl ^-pyranosides 58 

acetal geometry in 56 
frans-2-R-Methylcyclohexyl aglycon .. 20 
frans-S-Methylcycfohexyl aglycon 20 
2-fl-Methylcyclohexyl a-D-gluco-

pyranoside 19 
2-S-Methylcyclohexyl 0-D-gluco-

pyranoside 19 
frarw-2-Methylcyclohexyl a-D-glyco-

pyranosides 27 
frarw-2-Methylcyclohexyl 0-D-glyco-

pyranosides 27 
Methylthio compounds, synthesis of .. 99 
5-( Methylthio) -1,3-dithianes, 

synthesis of 99 
Molecular-orbital calculations on 

methanediol, ab initio 18 
Molecular orbitals of 2-chlorotetra

hydropyran, calculation of 2 
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INDEX 

Monosaccharides, configurational 
dependence for anomeric 
protons of 

N 

Nickel, Raney 
Nonbonded interactions estimated by 

hard-sphere calculations 
Nonselective relaxation rate (RiA(ns)) 

for /J-D-glucopyranosyl- (1 -> 6)-D-
galactopyranose 

6,6-di-deuterio analog 
NQR (see Nuclear Quadruple 

Resonance) 
Nuclear Quadruple Resonance 

(NQR) frequencies 
of a-haloethers 
of per-O-acetylated glycopyranosyl 

chlorides, distribution of M C 1 
in per-O-acetylated hexapyranosyl 

chlorides, ^ l 

O 

O - C a* orbital 
O/O anomeric effect 
Orbital population on axial chlorine .. 
Orbital population on equatorial 

chlorine 
Outward bending in spirobicycles 
Oxygen p-type lone pair and adjacent 

cr-bond, interaction between 

P 

p-type lone pairs, ring-oxygen 
Pauling's electronegative difference ... 
Penta-O-acetyl-a-D-idopyranosyl 

chloride 
Pentopyranosyl 

acetates, conformational analysis of 
benzoates, conformational analysis 

of 
chloride derivatives 
derivatives in solution 
fluoride derivatives 
halides, conformational analysis of .. 

Pentose derivatives, isomeric 
Per-O-acetyl methyl glycosides with 

equatorial aglycon 
Per-O-acetylated glycopyranosyl 

chlorides 
bond lengths 
^ C l " NQR frequencies in 
distribution of the ^ l NQR 

frequencies of 

Per-O-acetylated glycopyranosyl 
halides, comparison with 

30 0-n-arabino configurations 
o-r>gluco configurations 
/?-D-ribo configurations 
a-D-xylo configurations 

26 Proton(s) 
of monosaccharides, configurational 

24 dependence for anomeric 
34 relaxation measurement, interproton 

distances determined by 
46 spin-lattice relaxation 
46 rates (Ri-values) 

Pulse Fourier transform methods 
Pyranose(s) 

acetal moiety in 
3 derivatives, ring-oxygen p-type lone 

12 pair in 
derivatives, ring-oxygen or-bonds in 

4 hemi-acetal moiety in 
sugars, anomeric carbon atom 

6 (C- l ) in 
structural properties of the 

anomeric center in 
5-thio-

51 a-D-Pyranose, hemi-acetal geometry in 
95 a-Pyranose sugars 
5 /?-Pyranose sugars 

Pyranoside(s) 
5 acetal 

104 geometry in methyl «-r>-
geometry in methyl £-r> 

12 moiety in 
1,5-dithio-
hemi-acetal moiety in 
structural properties of the 

10 anomeric center in 
50 a-Pyranosides, methyl 

0-Pyranosides, methyl 
3 

Quadruple Resonance, Nuclear 
63 (NQR) frequencies 
30 Quantum-mechanical calculations, 
J j ab initio 

73 R 

11 R i values (proton spin-lattice relaxa
tion rates) 

3 R X
A (ns) (nonselective relaxation 

6 rate) 
6 R i A (A) (single-selective relaxation 

rate) 
4 Raney nickel 
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114 ANOMERIC EFFECT 

Rapid glycosidations on l-O-Tosyl-D-
mannopyranose derivatives 91 

Reactant structure on glycoside 
synthesis, influence of 80 

Reactions, glycoside-forming 80 
Regressional analysis 35 
Relaxation 

contribution(s) 43 
H - l resonance 44 
H-5 resonance 44 
p(j -> i ) , dipole 40 

measurement, interproton distances 
determined by proton 47 

mechanism, dipole-dipole 31 
process of spin-lattice 31 
proton spin-lattice 30 
rate(s) 

( R i values), proton spin-lattice .. 30 
R / (ns)), nonselective 34 
R i A (A)), single-selective 34 

time measurement using a two-
pulse sequence, spin-lattice 32 

Repulsion, excess 101 
Repulsive Gauche effect 97,101,102 
Resonance frequencies of axial 

chlorides 6 
Resonance, Nuclear Quadruple 

( N Q R ) frequencies 3 
Rhamno compounds 6 
Ribo compounds, ring-torsional 

angles of 70 
Ribo derivatives 69 
o-D-Ribo compounds 72 
£-Ribo compounds 72 
^-D-Ribo configurations, comparison 

of per-O-acetylated glycopyran
osyl halides with 7 

£-D-Ribo derivative 5 
Ring 

-oxygen 
atom in 1,3-diaxial disposition .... 75 
<r-bonds in pyranose derivatives .. 1 
p-type lone pairs 10 

in pyranose derivatives 1 
protons of the galactopyranose 

residue 39 
-torsional angles of ribo and xylo 

compounds 70 

S 
s-character (p) 6 

of the C - H equatorial bond 10 
of the carbon atom of C - H bonds .. 9 

S / O anomeric effect 95 
Single-selective relaxation rate 

( R i A W ) 34 

Solvent(s) 
on alpha selectivity in glycosida

tions, influence of 90 
on glycoside synthesis, influence of 80 
properties significant in a-glyco-

sidations 87 
Spin-lattice relaxation 

process of 31 
proton 30 

rates ( R i values) 30 
time measurement using a two-

pulse sequence 32 
Spirobicycles, outward bending in 104 
Stereoselectivity 

arylsulfonate 88 
of ethers 89 
of glycosidation reactions 88 
of glycoside formation 84 

o-Stereospecificity, alcohol concentra
tion and 84 

Steric requirements of unshared 
electrons 105 

STO-3G wavefunction calculation, 
ab initio 1 

Substituents on alpha selectivity in 
glycosidations, influence of 90 

Substituent constants, Hammett 84 
Substituted cyclohexyl o-D-gluco-

pyranosides 24 
Substituted cyclohexyl 0-D-gluco-

pyranosides 24 
Sugar-aglycon interactions 30 

T 

f-values 33 
Tetra-0-acetyl-j8-D-xylopyranosyl 

chloride 5 
1,2,3,4-Tetra-O-benzoyl 0-D-xylo-

pyranose 68 
5-Thio-pyranoses 51 
p-Toluenesulfonates, C - l 89 
c/>H Torsion angles 23 

of glycopyranosides 27 
1-O-Tosyl-D-mannopyranose deriva

tives, rapid glycosidations on 91 
Townes and Dailey formula 3 
Transform methods, pulse Fourier .... 30 
3,4,6-Tri-O-benzyl-l-O-p-tolylsul-

fonyl-D-mannopyranose 92 
Triequatorial form 70 
Two-pulse sequence, spin-lattice 

relaxation time measurement 
using 32 
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INDEX 115 

V 
Valence-bond angles about the 

anomeric center 
p-Value(s) 

for axial bonds 
for equatorial bonds 
measurement 

W 
Wavefunction calculation, ab initio 

STO-3G 

X 

23 X-ray crystal-structure determinations 18 
35 X-ray structure analysis 63 
10 0-Xylo compounds 73 
10 ring-torsional angles of 70 
35 a-D-Xylo configurations, comparison 

of per-O-acetylated glycopyran
osyl halides with 7 

1 a-D-Xylopyranose derivative 73 
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