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RECENT ADVANCES RELATED TOANOMERIC
AND EXO-ANOMERIC EFFECTS IN
CARBOHYDRATE CHEMISTRY

ABSTRACT |

The anomeric effect in carbohydrate chemistry is known as the interaction between the OH substituent at the anomeric
position to favor an axial orientation rather than an equatorial one, despite the increased 1,3-diaxial interactions. In the
anomeric effect, a sugar ring is stabilized by an electronegative substituent at the C1 carbon, also known as the anomeric
carbon. The stabilization is thought to result from interactions between lone electron pairs on oxygen and a C1
antibonding orbital. On the other hand, the anomeric effect can be of two types: endo-anomeric and exo-anomeric. The
effect is called endo-anomeric when the lone pair comes from the oxygen atom in the sugar ring and exo-anomeric when
the lone pair comes from oxygen in a substituent on C1. Several factors influence the anomeric effect. In this way, this
review aims to describe the recent advances in main theories, observations, and advances achieved in the last decades
related to the anomeric effect.
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GRAPHICAL ABSTRACT

IN THIS WORK, IT IS DESCRIBES THE RECENT ADVANCES IN MAIN THEORIES, OBSERVATIONS,
AND ADVANCES ACHIEVED IN THE LAST DECADES RELATED TO THE ANOMERIC EFFECT.

1. INTRODUCTION

Fisher's important advances in glycosylation drove new research perspectives in carbohydrate chemistry in understanding
glycosidicanomers and their aspects. The formation of glycosidic bonds was highlighted in glycoscience by the
particularities observed for glycosidic carbon that showed stereoselective tendencies caused by stereoelectronic and
thermodynamic effects [1-4]. This makes the unique carbon, defined by anomeric the first stereogenic center of a
monosaccharide, which is derived from the open chain of aldoses and ketoses, equivalent to C1 and C2, respectively [5].

The anomeric configuration is determined by the orientation of the substituent group at C5 relative to the hydroxyl of the
anomeric carbon [6]; therefore, the same equatorial-equatorial plane has [B-glycoside [7]; in opposite equatorial-axial
planes, it is referred to as a-glycoside [8].These compounds exhibited the majority formation of the a-anomer due to axial
over the equatorial conformational preference of an electronegative substituent at the anomeric center. There are two
widespread justifications for this conformational preference, the first is the stereoelectronic effect that arises with the
electrostatic repulsive forces between the dipoles due to the lone oxygen pairs of the ring and the exocyclic oxygen [9,
10]. The second rationalization is based on a stabilized gauche orientation that is attributed to the delocalization (or
hyperconjugation) of the lone pair orbital on oxygen to the antibonding o orbital [11,12]. The anomeric effect can undergo
various influences, such as solvents that help in stabilization, substituents with a high capacity to hold electrons, and the
exo-anomeric effect, which occurs when ligand X has non-bonding electron pairs, the exo-anomeric effect happens in the
opposite direction to the endo-anomeric effect. Thus, glycoside synthesis becomes a challenge given the complexity of
the factors surrounding the anomeric carbon.

The reaction process in the synthesis of carbohydrates involves specific aspects of the complexity of obtaining synthetic
compounds. Since the 20th century, studies on the reactivity of anomeric carbon is highlighted in the chemistry of
saccharides from concepts of Pearson's hardness and softness with the anomeric tendency of attraction to species with
similar characteristics [13-16]; theoretical calculations of thermodynamics and kinetics in the formation and anomeric
stability [17]; influence [18] and absence[19] of solvent on the anomeric conformation[20, 21] by hyperconjugation [22-
25]and electrostatic [18]; isotopic labeling [26] in the determination of regio- and stereoselectivity to the development of
stereoselective methods due to the challenges faced by sugar researchers [27-31]. Furthermore, the conditions of
temperature, pressure, activator, catalyst, and anchimeric assistance contribute to the configuration of the anomeric
carbon on oxocarbenium ion, determining the inclination of the nucleophilic attack achieving better hemiacetal selectivity



[32]. Thus, it is seen that anomeric reactivity is complex due to the comprehensiveness of fundamentals that need
constant deepening in the search for elucidation of the difficulties in the field of carbohydrate research (Figure 1).

Fig. 1.Anomeric effect by hyperconjugation and electrostatic.

Given the structural complexity inherent in a large number of possible carbohydrate conformations, it is important to
understand the aspects that drive the thermodynamically favored conformation. Computational and theoretical studies
show that there are still conflicting ideas that need to be resolved [33,34]. For a long time, the real facts that influence the
nature of the anomeric effect have intrigued chemists, not limited to carbohydrates, but extending to saturated
heterocycles and acyclic systems containing heteroatoms [35]. According to statistical data from publications indexed in
the Web of Science database from 2013 to 2023, using the keyword “anomeric effect’, around 578 publications were
identified, while the number of citations has grown significantly in recent years, as shown in Figure 2A. On the other hand,
the keywords “exo-anomeric effect” and “endo-anomeric effect” identified 31 and 6 articles, respectively, in the same
period Figure 2B.

Exo-anomeric

Fig. 2.A) Number of articles and citations with the keyword “anomeric effect’; B) Number of articles and citations with
keywords “exo-anomeric effect” and “endo-anomeric effect” in the last 10 years.

In this way, this review summarizes the recent advances in main theories, observations, and advances achieved in the
last decades that seek to answer the questions that still intrigue researchers about aspects that need to be considered
about the origin and nature of the anomeric effect for a consensus.



2. DEVELOPMENT

2.1. Understanding the Anomeric Effect

The preference for the axial conformation of electronegative substituents initially observed in carbohydrates that led to the
discovery of the anomeric effect extends to any compound that has at least two heteroatoms with one or more pairs of
free electrons attached to the same tetrahedral center. This discovery led to a fit between the standard Gibbs free energy
difference for the carbohydrate and substituted cyclohexane conformers [36-39]. Therefore, in quantitative terms,
thermodynamics describes the anomeric effect as:

AG®05 15¢(@nomeric effect) = [AG® (Cg) — AG°(Ca)] — [AG°(cHe) — AG°CH,)]

Where the observed relationship between the differences in standard Gibbs free energy (AG°298.15K) for the axial (A)
and equatorial (E) conformers of carbohydrate (C), and of the substituted cyclohexane (cH), respectively at 298.15K

Carbohydrates have a variety of conformations that are determined by the anomeric effect [40]. This effect is related to
the tendency of an electronegative substituent attached to the anomeric carbon of a tetrahydropyran ring in chair
conformation to assume the pseudo-axial orientation (a-anomer) instead of the pseudo-equatorial form (B-anomer) [41].
Out another factor that is related to the anomeric effect is the significant shortening of the O5-C1 and C1-O1 bonds, when
compared with the length of the C-O bonds commonly found in ethers, further evidencing that the O5-C1 bond is shorter
in the aanomer than in the fanomer, the latter being the shortest bond in the C1-0O1 bond [42].

The anomeric effect can be substantiated using electrostatic theories, where the polar substituents attached to the
anomeric center have an axial position, this is due to electrostatic repulsions between atoms. For example, in a
heterocyclic the dipole moment is in the equatorial direction so that the charge associated with a polar substituent in the
equatorial position will lead to a repulsive interaction, as opposed to if the substituent were in the axial position the
repulsion would be smaller, therefore the axial position must have the lowest energy being the most stable [43].

The hyperconjugation, in a limited way, demonstrates the steric parameters by the trends in the axial substituent
equilibrium by the interactions of the p orbitals from anomeric carbon and the heteroatom of the aglycone in the glycosidic
bond, contributing a further explanation for the anomeric effect [44].The model describes well the natural observations of
C-0 bond shortening and C-Subst bond elongation for most glycosides, as is seen in the dependence of hyperconjugative
interactions in theoretical studies with sulfoxide a-glycosides influenced by high polarity solvents.* However the limitation
comes from the fact that some aglycones prefer the equatorial position over the sugar used because of 1,3-diaxial
interactions determined by the orientation of the protecting groups, developing an important bias of the employment of the
protecting group in anomericstereoselectivity [46]. Recent empirical investigations substantiate such evidence with methyl
and acetyl O-glycosides having stereoselective favoritism in the anomeric ratio for 3-glycosides by allocating better in the
equatorial by dipolar stabilization, increasing the glycosidic bond length, thus eschewing the concepts of anomeric orbital
interaction [47,48]. Anyway, the understanding of the anomeric effect is built by several important blocks that can be
differentiated in each specific case, so the complexity in defining the term "anomeric effect" has become more in need of
additions and elements that build a more solid and well-founded concept.

2.2. Experimental data of the Anomeric Effect

Temperature and solvent

The effect of temperature is one of the factors that directly affects the stereoselectivity of carbohydrates, in general
carbohydrates are synthesized at low temperatures, thus avoiding their degradation [49,50]. However, the anomeric effect
is also influenced by temperature, allowing the formation of the a-anomer as the major product at higher temperatures
and the p-anomer at lower temperatures. Another very relevant factor regarding stereoselectivity is the solvent that
influences the anomeric effect, that is, during the synthesis of glycosides, polar solvents increase the formation of the g-
glycoside isomer, thus reducing the anomeric effect, thus for the formation if a-glycoside is used. If nonpolar solvents,
moreover, it was observed that some solvents like 1,4-dioxane, THF, and diethyl ether favor 1,2-cis («) type products



while solvent like MeCN provides 1,2-trans (B) type product. The solvent coordination network appears as a justification
proposal. the first rationalization is that the solvent molecule coordinates with the anomeric carbon of the
oxocarbeniumcation preferentially on one side of the ring, as a result, the nucleophile has only one possible face to attack,
the other rationalization is that acetonitrile preferentially binds to a- face of the oxocarbenium ion giving rise to a a-
glucopyranosyl and acetonitrile ion blocks the incoming nucleophile from choosing the a-face to attack the intermediate
leaving only the g-face to attack, giving rise to 1,2-trans (8 -glycoside) [51,52].

Anchymeric assistance

Among the other factors that can influence regio- and stereochemical control much discussed in carbohydrate synthesis,
anchymeric assistance, also known as Neighboring Group Participation (NGP), is responsible for a preference in the
structure adopted by the molecule. Initially described by Lemieux in the 1950s, it is a frequently adopted strategy to obtain
a carbohydrate with a-anomer as the major product, which consists of the interaction of available electrons from the group
neighboring C-6 or C-3 of the carbohydrate molecule, given its structure Figure 3 [53-55].

Figure 3. Formation of the a-anomer as a major product by anchymeric assistance.

Promoter

Most glycosylation reactions involve some promoter to activate the leaving group, causing the formation of the
oxocarbenium ion and the nucleophilic attack. The challenge in the search for activators that favor stereocontrol in the
anomeric center is not trivial because of the need for chemical species that interact with the glycosyl donor to occur
exclusively in the glycosidic bond from the underside face by the direct participation of the promoter to the exo-anomeric
effect [56-58].There is a strong emphasis on metals as promoters due to the availability of frontier orbitals, enabling new
bonds as Lewis Acids [59]. The dipolar induction by metal coordination can be influenced by the nature of the ligands,
directing the anomeric orbital in such a way that the attack by the lower interface is more kinetic [60].

From the classical example of the Ferrier rearrangement [61] advances have been made in the synthesis of glycosides
using organometallic as a Lewis Acid of relative softness, making the sulfonate derivatives able to oxidize thioglycosyl
donors to increase the anomeric capacity by forming the intermediate O-sulfonylglycoside, obtaining exclusively a-
glycoside by NMR analysis [62]. However, the phosphate-derived promoter did not show as much efficiency in
stereoselectivity by the steric effect of the ligands not being energetically favorable intermolecular arrangement, obtaining
a diastereoisomeric mixture [63].Lewis bases are less used as a promoter in glycosylation, but organic halides have
played an important role in the synthesis of oligosaccharides by activating the anomeric center with high selectivity in the
formation of the intermediate halonium ion by the upper face, exclusively allowing the nucleophilic entry in the alpha
position [64].

Another type of activator widely used is the Bragnsted-Lowry acids by rapid protonation and biomolecularnucleophilic
substitution, but low stereocontrol on the anomeric carbon has led to the search for additives for stereoisomeric
improvement, as studies report the combination with metallic salts that have low reactivity but make the reaction highly
selective by chelation of the metal to the protective anomeric center, directing the attack of the nucleophile selectively by
the formed chelate [65].

There are a range of promoters capable of performing glycosylation with high efficiency, yet most of them are not
stereoselective due to the difficulties in the synthesis that favors the anomeric effect, mainly due to the high hardness in
the anomeric carbon that does not facilitate the selectivity of the anomers. Thus, few promoters demonstrate be able to



obtain exclusively the a-anomer under certain conditions by favoring the anomeric effect strategically.

Catalysts

Donor and receiver groups that coexist in a proper molecule can make acceptor groups work the axial position of the
anomeric carbon,®®it happens with catalyst reactions too, according to Figure 4. The stereoelectronic effect decides the
last step of the reaction Catalysts can be tested for preparing novel compounds [67].
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Fig. 4.Example of reaction mechanism on a glycoside molecule, forming the major product of catalyst.

A stoichiometric amount of a strong base or organotin reagent is a request for reactions of catalytic anomericO-alkylation
forming oligosaccharides. For example, effective catalysts for stereo or regioselective of 1,2- and 1,3-diols, and
regioselective glycosylation, are boronic acids or borinic acids. The nucleophilicity of axial —-OH groups is weaker than that
of equatorial ones, it shows that few reports describe the predominant alkylation of the first ones, even though the
functionalization of the last ones in hexoses has been achieved with high selectivity. Catalytic anomericO-alkylation of 1,2-
dihydroxyglucoses via borate complexes with borinic acids forming 1,2-cis-a-glucosides upon predominant activation of
anomericoxygens that were axially oriented was reported [68].

Pressure

Nigudkar and Demchenko described that the high pressure applied to the reactions with participating glycosyl donors
further enhances 1,2-trans selectivity[69]. According to the same authorswhen the high-pressure conditions were applied
for glycosylations with a non-participating glycosyl donor, a remarkable increase in the reaction yield was noted with only
marginal changes in stereoselectivity.

According to literature data[70,71], unfavorable steric interactions that occur between glycosyl donor and acceptor in the
transition state or other factors or conditions may unexpectedly govern the course and outcome of the glycosylation
reaction. On the other hand, one of the most remarkable effects, so-called “double stereodifferentiation” takes place when
stereochemical interactions between bulky substituents in glycosyl donor and glycosyl acceptor may outperform even the
strong stereodirecting effect of a neighboring participating group.

2.3 The application of ab initio molecular orbital theory to the anomericeffect

For a long time, studiesthatrelate the anomericeffectwithcalculationsbased on systematicconformational data have helped
to understand the behavior of variouscues. In 2014, Szczepaniak and Moc [72]computationallyinvestigated the cyclic (a-
and B-pyranoses, a- and [B-furanoses) and open-chainisomers of D-ribose and 2-deoxy-D-ribose usingMgller-Plesset
perturbation theory second order (MP2), M06-2X densityfunction and multilevel G4 methods. It was possible to observe
that B-pyranoseswith chair conformations are the most stable isomers. The mostfavoredribofuranoseis the a-
anomerhaving the 2T1 twist ring conformation, with 10.4 kd/mol higher in AG than the global minimum. The most stable 2-
deoxy-D-ribose is a-pyranose, with the most stable 2-deoxy-D-furanose (the a-anomer) beingonly 6.2 kJ/mol higher in
free energy. As for the pentoses, the more favored open-chainisomers are higher in energythan the cyclicisomers [72].

In 2016, Langenhan and collaborators [73] investigated the unprecedented magnitude of the anomeric effect in oxyamines
and N-glycosylated hydrazides using calculations based on functional density theory (DFT). The results show that the
greatest effect was observed on N,O-dimethyl-N-(tetrahydro-2H-pyran-2-yl)hydroxylamine 1 (AEcorr = 1.38 kcal/mol), and
N'-(tetrahydro-2H-pyran-2-yl)acetohydrazide shows moderate (AEcorr = 0.54 kcal/mol). The results, in general, are
compatible with the stereoelectronic and electrostatic explanations for the anomeric effect, considering that the gxc;.n; Of
1 is a better acceptor orbital for nOs than the o=,y Of hydrazide 3, based on the higher electronegativity of O1 in
hydroxylamine derivatives compared to N2 in hydrazide derivatives, which may lead to higher energy associated with
dipole alignment in equatorial conformations of hydroxylamines compared to hydrazides. A suggests that the anomeric
effect is not enough to nullify the influence of sterics in these derivatives [73].



In 2019, Ortega and collaborators [74] observed a series of pyranoside derivatives containing carbon, silicon, and
germanium as anomeric centers using second-order Mgller-Plesset (MP2)/aug-cc-pVDZ perturbation theory along with
electronic structure calculations of bonding orbitals natural (NBO). Under these conditions, the conformational preference
for the axial shape (a) can be explained in terms of the incidence of the endo-anomeric effect. A larger magnitude of the
anomeric effect was observed for compounds with carbon as the anomeric center, which was explained by greater
anomerichyperconjugation in the a conformers. As for compounds containing Si and Ge, therefore, steric and electrostatic
factors are responsible for the conformational a arrangement in the compounds, therefore the smaller magnitude
observed in the anomeric effect was attributed to the availability of energetically accessible vacant d-type orbitals [74].

Recently, Alkhodier and coworkers [75] performed studies analyzing the comparative conformational properties of
glycosidic bonds in O-, C- and CF2- glycosides using NMR spectroscopy and molecular dynamics (MD). In O-glycosides,
the stabilization of the stereoelectronics is observed in the overlapping of the non-bonding orbital of the oxygen atom with
the anti-bonding orbital of the C1"-O5" bond through the sugar moiety, generating an antiperiplanar or gauche
conformation attributed to the exo-anomeric effect. The replacement of the oxygen atom by a carbon atom in C-glycosides
results in the absence of the anomeric effect and greater conformational flexibility. Different from the previously cited
conformational behavior, CF2 glycosides differ from O- or C-glycosides. This is due to the low-energy (o*) antibonding
sigma orbital of the C—F bond that can be an electron density acceptor in hyperconjugation interacting with the sigma (o)
bond orbital of the neighboring C-H bond or the C-C bond in the smaller scale. In addition, the 1 system or O5" lone pairs
can also act as a donor. All this can contribute to the stability of high-energy conformations, often leading to gauche
conformers, as conformations that align the donor with the 0*O C-F bonding orbital will be preferable [75].

3. Nature of the Anomeric Effects in Carbohydrate Chemistry

In the previous sections some evidence of the anomeric effect was presented, we can thus understand its influence on the
formation of carbohydrates and other heterocyclics that have anomeric carbon. In this section, we will discuss a little
about the nature of the anomeric effect.

The nature of the anomeric effect is the subject of much discussion by researchers, it can be rationalized according to
electrostatic and hyperconjugation effects, although some researchers believe that this effect is the result of multiple
influences, as reported in tetrahydro-2H-pyran and oxazinane rings where the origin of the effect is complex, being
attributed to a balance between non-covalent effects (weak van der Waals forces, dipole-dipole, electrostatic forces,
hydrogen bonds) and hyperconjugative interactions that lead to the anomeric effect [76].

However, some researchers do not have a consensus on the origin of the anomeric effect, Bauerfrldtet al. [77] revealed
using the Hartree-Fock expression that the exchange effect dominates the anomeric effect, concluding that this effect has
no electrostatic origin. Percelinet al. [78] managed to demonstrate pseudo-anomeric effects by placing difluoromethylene
groups adjacent to axial hydrogens at C-3 in methoxycyclohexane, and observed that the electrostatic effect outweighs
hyperconjugation, although the delocalization effect is the most used rationalization to describe the anomeric effect.

Being the concept most discussed by researchers to try to rationalize the anomeric effect, hyperconjugation involves
delocalization of the lone electron pair of oxygen, in the adjacent antibonding ¢* orbital of the C(1)—X unit; when the X
group is in the axial position this stabilizing interaction is more effective because the lone pair on oxygen and the axial
C-X bond are antiperiplanar this interaction leads to an elongation of the axial C(1)-X bond and a shortening of the C(1)-
O bond. A study by Changwei Wang et al. [79] reports the widespread anomeric effect and concluded that it exists
ubiquitously in acyclic systems containing heteroatoms, with a gauche conformer preferred over an anti-conformer for an
R-X-C-Y moiety.

Freitas [80] observed that the orbitals of natural bonds may or may not contribute to the anomeric effect, this factor will
depend on the substituent on the anomeric carbon, in addition to the medium to which the 2-CN-THP is inserted, the
hyperconjugation effect has a very important contribution strong in the gas phase, but competitive for Lewis-type
interactions using the implicit water model. Another very interesting observation was made by Nori-Sharghet al.[81] in
which the exo- and endohyperconjugativeanomeric interactions in compounds such as 2-fluorotetrahydropian,
selenopyrans and anoles, the most stable conformers were the equatorial ones in relation to the axial ones, configuring
the anomeric effect rationalized by the hyperconjugation.

4.Importance of the Anomeric Effect in the Reactivity of Carbohydrates
The diversity in glycosylation methods holds the possible ways to obtain stereoselective products. The small clipping in

the last ten years contemplates a series of studies with quite satisfactory results in the face of the complexity and
difficultyof reactions in glycosides chemistry. In the field of glycosides, the literature is vast by the anomeric reactivity



providing to create new molecular designs, but the difficulty lies in the anomericstereocontrol making attractive ideas that
potentiate the anomeric effect, as was described by a series of regio- and stereoselective syntheses with modulation of
the steric and electronic aspects of the manno-, galacto- and glycopyranosyl benzyl donors caused by the catalysis of
cyclic borinic acid analogs with glycosyl and galactosyl receptors, producing exclusively 1,4- and 1,6-a-O-disaccharides
and 1,6-a-O-oligosaccharides with excellent yields, presenting an efficient method for obtaining oligosaccharides with
innovation in the orientation of the anomeric hydroxyl by the anchimeric assistance of the activator in the axial position,
Scheme 1 [82].

Scheme 1. Synthesis of oligosaccharides by tricyclicborinic acid

New glycosylation methods are being developed all the time with easily accessible, low-cost, and highly stereoselective
reagents. Reported a series of electrophilic iodine arylatingreagents in the presence of pyranosyl and furanosyl
derivatives in a basic medium promoting high efficiency by reductive elimination to alpha-glycoside with favoring the
anomeric effect due to the stereoelectronic effect of electronegative substituents at C-2 without the need for activation of
the anomeric carbon by the formation of the iodonic intermediate, achieving the preparation of stereoselectiveO-
glycosides with a range of aglycones in excellent yields, Scheme 2 [83].



Scheme 2. O-glycosides with iodine arylating reagent

Recently, radical reactions were able to promote stereoanomeric control in the synthesis of C-glycosides in excellent
yields from furanoside (A) and pyranoside (B) upon activation of nickel salts doped with electron-donating agents capable
of inducing via redox-homolytic photochemical cleavage and coupling with varied aryl halides, finding efficient
diastereoselective methods in C-glycosylation by the influence of the nickel complex in guiding the formation of the

glycosidic bond, Scheme 3 [84].

A

Scheme 3. C-glycosylation catalyzed by nickel complex.

The glycosylation protocol is a constant building block for the wide varieties ofglycosyl donors that effectively contribute to
the stereoisomeric control of the final product, requiring appropriate and specific reaction conditions to influence the
anomeric behavior and contribute to the anomeric effect. Thus, it is a never-ending quest to achieve such goals by the

varied factors governing the chemistry of glycosides.



5. Final Considerations

The anomeric effect is a well-defined and much-studied example in carbohydrate chemistry. It involves a fundamental
interaction between the lone pair electrons of oxygen and the antibonding orbitals of adjacent bonds, which can control
not only conformation but also reactivity in suitable systems.

The anomeric effect can play the axial positions in carbohydrates because of the free Gibbs energy,the chair
conformation, shortening of determined bonds C-O and electrostatic repulsions betweenatoms,interactions of the p
orbitals from anomeric carbon, and the heteroatom of the aglyconein the glycosidic bond. It depends on the temperature,
solvent, catalysis, and press, amongother things. Studies over time could calculate the anomeric effect. Another point is
about the determinants of this, which can be hyperconjugation, electrostatic effects, non-covalent forces, or other factors.
For years, many studies haveincluded reactions with anomeric effect,providing novel molecular designs of carbohydrates.

On the other hand, the anomeric effect in a pyranose sugar or derivative thereof is the term, also referred to as the
Edward—-Lemieux effect that denotes the tendency of a polar group at the anomeric carbon to favor the axial position. The
anomeric effect has been assigned as being due to hyperconjugation, electrostatic/steric interactions, or exchange
effects; thus, there is no general consensus about its actual origin.
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