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INTEGRATED EXPERIMENTAL AND THEORETICAL STUDIES OF 

SACCHARIDE STRUCTURE 

Abstract 

by 

Thomas E. Klepach 

 

Broadly speaking the objective of this dissertation is the investigation of 

carbohydrate structure through an integrated theoretical and experimental approach. In 

addition to being the most evolutionary ancient class of biopolymer, carbohydrates have 

the highest potential for structural diversity. This structural diversity is manifest both in 

terms of primary sequence, and in a very high potential for conformational flexibility due 

to the high concentration of geometrically mobile dihedrals present in saccharides. The 

structural biology of saccharides is further complicated by a dearth of robust 

experimental and theoretical techniques. 

A large component of this work involved developing experimental and theoretical 

tools for the conformational analysis of carbohydrates, specifically parameterizing the 

conformational dependence of NMR spin-spin couplings for the interpretation of 

experimental couplings in structural terms. On the experimental side measurement of 

13C-based spin-spin couplings necessitated the development of technologies for strategic 
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isotopic enrichment. The couplings measured in these compounds are interpreted using 

theoretically derived relationships between molecular conformation and coupling 

magnitude. These Karplus relationships are based upon quantum mechanical density 

functional theory (DFT) calculations of spin-spin couplings on energetically optimized 

model compounds in which a particular geometric feature such as a dihedral is varied. 

The structural interpretations of these couplings takes the form of populational 

distributions about the relevant molecular dihedrals. This is applied in a modular fashion 

to various molecular fragments of biologically significant monosaccharides.  

The natural bonding orbital (NBO) method is used to dissect spin-spin coupling 

mechanisms based upon discreet through space and through bond orbital interactions. 

Lastly, an x-ray crystal structure of methyl-allolactoside is presented with a 

complete structural analysis including a discussion of ring-puckering behaviour.  

The battery of experimental and theoretical techniques presented in this 

dissertation set the ground work for application to a broad spectrum of biological 

investigations involving carbohydrate structure and function. 
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PREFACE 

“And while I stood there I saw more than I can tell and I understood more than I saw; for 

I was seeing in a sacred manner the shapes of all things in the spirit, and the shape of all shapes 

as they must live together like one being.”  

– Black Elk 

“Five senses cannot sense the fact of our existence. 

And that’s the only fact. In fact, there are no facts.”  

– Saul Williams : Gaia Child 

"One had to cram all this stuff into one's mind for the examinations, whether one liked it 

or not. This coercion had such a deterring effect on me that, after I had passed the final 

examination, I found the consideration of any scientific problems distasteful to me for an entire 

year."  

– Albert Einstein 

When I first came to study at Notre Dame in May of 2000, it was a exciting 

experience. I had left my graduate studies at the University of Virginia two years 

previously. I had completed my coursework in immunology and begun to conduct 

research in a lab that studied atopic dermatitis, a skin disorder that I have had since 

childhood. I did not gel well with the structure of the program in Virginia and chose to 

leave to pursue my artistic endeavors, however after two years of this I realized how 
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much I missed science. When I arrived at Notre Dame, I found a much more integrated 

academic community, at least in proximity if not in practice. I realized that it was the 

sequestration of science from considerations of philosophy and the humanities that I 

abhorred in Virginia.  

Through my artistic explorations I had begun to crystallize the content of my 

aspirations. Simply and perhaps naïvely I wanted to understand the fiber of experience. 

Experience involves interaction, verbal, visual or otherwise. The scientific part of my 

mind translated this as a question: ‘What is the biological origin of language?’ A friend 

of mine, Vincent Harris, whose struggle with ALS had originally contributed to my 

decision to attend graduate school, had been studying linguistics before his death. I began 

to read the writings of Ferdinand de Saussure. These helped me formulate a concept of 

language in its simplest elements. Language requires an entity isolated from its 

surroundings. This isolation requires a boundary capable of transmitting the state of the 

external system to the interior of the entity in a manner that internally represents the 

external condition. The entity must be capable of processing this information and 

responding in an appropriate manner. This concept seemed abstract enough to be 

transferable across the many size scales of biology such that it applied equally well to the 

complex verbal discourse of humans or to equally complex interactions between 

seemingly simple single cellular prokaryotes. Language requires meaningful boundaries.  

The problem that I ran into was the chicken and the egg of informational content 

and awareness. The pieces of art that I was making at the time were all small light boxes, 

constructions that you could look into through tiny peepholes to see a lit diorama of the 

found world in miniature. They often had external handles or knobs with which you 
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could manipulate the contents. I had been making such constructions since my childhood. 

The pieces of art were my unconscious attempt at creating responsive organisms. Despite 

the increasing sophistication of these constructions, I hardly considered them conscious 

organisms, capable of experience. I came to conclude that consciousness preceded 

informational content and meaning. So my question became: ‘What is the biological 

origin of consciousness?’ I needed to define some terms. What was meant ny 

consciousness?  

Through conversations with my father, who was trained as a neurologist and a 

neuropthamologist I was led to the work of Dr. Antonio Damasio, the head of neurology 

at the university of Iowa. I began to separate the notions of proto- and extended 

consciousness; proto-consciousness being the primary feeling of being, ‘…I am’, 

extended consciousness being this fundamental state layered with the many varied qualia 

of an enriched experience, ‘I think, therefore…’. Damasio talked in his book Descartes 

Error of the essential role of emotion in conscious experience; ‘I emote, therefore I am.’ 

To me the more fundamental point, thinking or affect regardless, was that either of these 

was predicated upon being, however the feeling of being did not necessarily require 

either thinking or emotions in the manner in which ordinary human experience implies. 

Certainly thinking and emotion both require a temporal binding of experience – memory, 

however is it not conceivable that there is experience that is atemporal. The deepest 

levels of meditation approach this, a constant experience of strictly the present moment. 

As organismal consciousness emerged throughout evolution, this must be closer to actual 

experience.  
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Again my question transformed itself: ‘What is the biophysical origin of 

consciousness?’ Through a friend I came into contact with the work of Drs. Roger 

Penrose and Stuart Hameroff, a famous physicist and anesthesiologist respectively. They 

had been collaborating on a model for non-deterministic consciousness called 

orchestrated objective reduction (OrchOR). This model seeks a definition for 

consciousness as a property fundamental to matter and integrated into an attempt at a 

physical unified field theory. They argued that fundamental consciousness cannot be an 

emergent property of a complex system because complexity implies informational 

content and it is a simple argument to show that consciousness must precede information. 

This jived with my own intuition on the matter. Their model identifies the non-temporal 

collapse of the wave equation as the fundamental event of consciousness. The extended 

consciousness experienced by higher organisms such as humans results from the 

orchestrated collapse of the single wave function governing an ensemble of 

macromolecular assemblies in quantum coherence. They were exploring the neuronal 

microtubule lattice as being the cellular structure responsible for this quantum process. 

The arguments as presented are persuasive however the concept is in its infancy. One of 

the problems that this theory has is the seeming trouble with quantum decoherence at the 

temperatures of life. A second is how does this quantum coherence extend across 

macroscopic tissue tracks in the brain. Perhaps the most significant weakness is the 

absolute lack of experimental techniques for testing any of the theories.  

My consideration of cellular ‘language’ and how it might be mediated by the 

interfacial phenomena at the membrane in neurons, led me to a consideration of the 

behaviour of glycolipids. I imagined the individual glycolipids in the ganglioside 
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microdomains that decorate the surface of neurons as moving in a coordinated manner 

under the influence of interstitial flow as if they were a field of wheat swaying in waves 

under a strong wind. In fact carbohydrates could be found at all interfacial boundaries in 

living systems. They preceded life, are ubiquitous within and across organisms, 

intimately interact with the aqueous milieu and are the most conformationally mobile 

biopolymer. Could carbohydrates be in some manner facilitating conscious processes 

through their interactions with other biomolecules, the solvent, and eachother? I became 

interested in the function of carbohydrates. However, as I describe in the conclusion, 

‘…form ever follows function.’ An understanding of function requires a commensurate 

understanding of structure. For carbohydrates this requires knowledge of their 

conformational profiles as a function of time. From my undergraduate research with the 

NMR of triazoles, I was familiar with the power of magnetic resonance to offer important 

information on the structure and dynamics of small molecules. In my naïveté I imagined 

that I might be able to remedy the lack of empirical tools for the study of conscious 

processes on the biomolecular level while breaking ground by elucidating an occult 

function of saccharides. Thus began my time at Notre Dame with Dr. Serianni studying 

the conformational behaviour of simple mono- and disaccharides with NMR.  

Now, eight years later I have been humbled. I do not eschew my beliefs or 

intuitions from before, quite the contrary, I just have a much more realistic perspective on 

what constitutes careful and achievable research goals. Above I mentioned that language 

requires meaningful boundaries. During my graduate studies I have navigated many 

boundaries, found them meaningful, and learned to communicate. In the process I have 

become a scientist. 
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CHAPTER 1:  

INTRODUCTION 

“These high wild hills and rough uneven ways 

Draw out our miles and make them wearisome; 

But yet your fair discourse hath been as sugar, 

Making the hard way sweet and delectable.” 

– William Shakespeare 

 

“It is important to eat some carbohydrates at breakfast, because the brain needs fuel right 

away, and carbohydrates are the best source.” 

– Andrew Weil 

1.1. Background 

1.1.1. Carbohydrate Chemistry 

The prebiotic synthesis of simple carbohydrates via inorganic thermodynamic 

cycling anticipated life on Earth and was an important part of early geochemistry1a. These 

ancient organic molecules were an explicit prerequisite to the development of other 

classes of biopolymers such as the nucleic acids. Now carbohydrates are one of the major 
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classes of biomolecules and represent approximately 85% of the biomass on the Earth1b. 

Carbon fixation in the form of cellulose through the process of photosynthesis is one of 

the major links in the elemental carbon cycle that is so crucial to the regulation of the 

planetary climate1 and essential to the sustenance of life.  

Carbohydrates are able to form branched heterogeneous polymers with a potential 

for structural and sequence diversity that far surpasses similarly long polymers of either 

nucleic acids or peptides. A variety of factors influence this including the large number 

biologically significant monomers.  Biologically, this structural diversity is further 

expanded by modifications such as amination, N-acetylation, phosphorylation, oxidation 

or deoxygenation. Other equally important factors are the extraordinary potential for 

linkage variety and the opportunity for highly branched polymers. Carbohydrates serve 

numerous commonly accepted biological functions such as energy storage, cellular 

structural support, and can be directly involved in biomolecular binding events. 

Glycosylation can act as a biomolecular switch to affect protein function.1c Additionally, 

it has been suggested that an occult function of saccharides is to dynamically perturb 

solvent layers around glycoconjugates or to otherwise mediate intermolecular interactions 

by virtue of its unique solvation properties2a. 

As the name implies, carbohydrates are essentially ‘hydrated carbon’ with the 

empirical formula (C•H2O)n, chemically characterized as poly-hydroxylated aldehydes or 

ketones, designated aldoses or ketoses respectively (Scheme 1.1). The simplest aldose is 

the three-carbon glyceraldehyde, an aldotriose, whereas the simplest ketose is the three-

carbon dihydroxyacetone. The standard aldose and ketose trees are built by adding a –

CHOH– within the carbon backbone of the growing saccharide. The open-chain members 
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of the aldose or ketose trees with the same number of carbons in the backbone are 

distinguished from one another by the configuration about carbons intervening between 

the carbonyl carbon and the terminal –CH2OH group. Carbohydrates are designated as D 

or L by virtue of the configuration about the penultimate carbon in the chain (Fischer 

convention). The vast majority of naturally occurring saccharides have the D 

configuration, with a few notable exceptions, such as L-fucose.  

In solution the acyclic aldopentoses and aldohexoses form cyclic hemiacetals by 

an intramolecular acid or base catalyzed nucleophilic attack of the carbonyl carbon by a 

hydroxyl group. Five and six membered ring structures (furanosyl and pyranosyl 

respectively) are thermodynamically favored upon formation of the hemiacetal1d. The 

configuration of the hemiacetal carbon in the ring-closed sugar is determined by which 

face of the planar carbonyl group is attacked by the nucleophilic hydroxyl. D-

Pyranohexoses are said to have adopted the ‘α’ configuration if the hydroxyl group in the 

hemiacetal is on the opposite side of the ring as the exocyclic hydroxymethyl group, and 

‘β’ when they are on the same side of the ring (this is the converse in L-sugars). Two 

carbohydrates are called anomers if they differ only in the configuration of the hydroxyl 

group at C1.  

In aqueous solution there are at least six tautomeric forms of D-glucose in 

equilibrium with one another; four cyclic structures (α/β furanose and pyranose) and the 

open chain aldehyde and its hydrate. Spontaneous interconversion between the α and β 

anomers proceeds through the acyclic aldehyde and is termed mutarotation. A sugar is 

considered to be reducing if the anomeric hydroxyl is free and is able to form the 

reductive aldehydic or ketonic species. The ‘reducing end’ of a di- or oligosaccharide  
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refers to the end of the glycan that has a free anomeric hydroxyl. This term is often 

applied to the end of a polymeric glycan that is glycosidically linked to an aglycone such 

as a lipid, protein or alkyl group.  

The tautomeric equilibria in glucose strongly favor pyranose ring forms. There are 

three categories of pyranose ring conformation, the rigid chair (C) form and the more 

flexible boat (B) and skew (S) forms. Additionally there are intermediate ring 

conformations such as the envelope (E) or half chair (H). In the absence of contravening 

contextual forces, the C ring form is more stable than the B or S due to a variety of steric 

concerns. The biologically significant hexopyranoses such as glucose, mannose or 

galactose are typically found in the 4C1 form, although some of the more unusual simple 

sugars such as the α anomers of altrose and idose exist to a high degree in the ring 

flipped 1C4 conformation which allows the majority of their hydroxyl groups to adopt an 

equatorial orientation that minimizes a 1,3-diaxial steric clash present in the 4C1 form 

(Scheme 1.2).  
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OH

OH
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Scheme 1.2. Ring Interconversion of α-D-Altropyranose 
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In contrast to the relative stability of the 4C1 pyranose chair, furanose rings 

undergo facile interconversion between twenty-one distinct idealized ring conformers. 

These break up into three categories, the planar ring geometry, and two types of non–

planar forms, the envelope (E) which has four coplanar ring members (the fifth situated 

either above or below the ring), or the twist (T) which has three coplanar ring members 

(the two remaining nuclei are situated on opposing faces of the ring). Interconversion 

between these numerous energetically similar idealized ring forms is referred to as 

pseudorotation, and leads to numerous non-idealized geometries. The studies contained in 

this dissertation are primarily limited to saccharides with the pyranose ring form with an 

additional discussion of the acyclic tautomers of sialic acid in chapter 2. For this reason 

further discussion of furanosyl ring forms will be limited. 

A clear understanding of the various functions of carbohydrates requires a 

detailed understanding of their structure. Static structures alone are not a sufficient 

description of the time-averaged fluctuations in carbohydrate conformation. There is 

significant torsional sampling about the C-O bonds of hydroxyl groups and glycosides, as 

well sampling about the C-C bonds of exocyclic groups. Saccharides can be viewed as 

residue specific scaffolds for spatial and temporal lone pair distribution and reorientation. 

Stereoelectronic, electrostatic, and steric factors govern configurational stabilities and 

conformational preferences. The most well known of these factors is called the anomeric 

effect that manifests as either the endo-2b,4 or exo-anomeric3,4 effect. Other effects include 

the equatorial versus axial substituent preference, exocyclic conformation and the gauche 

effect.5-7 
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The anomeric effect, later termed the endo-anomeric effect in contrast to the exo-

anomeric effect, was first described by Lemieux and Chü in 1958 as the proclivity of 

electronegative substituents at C1 of D-glucose to adopt the axial or α orientation over the 

equatorial β disposition counterintuitive to other steric considerations8-9. This generalized 

effect is directly correlated to the electronegative strength of the anomeric substituent. 

There have been a number of rationalizations of this phenomenon such as an electrostatic 

dipole-dipole interaction between the C1-O5 and C1-O1 bond vectors. The most common 

interpretation of the effect is stereoelectronic in nature and describes the electron density 

from the trans lone pair orbital of O5 donating into the σ* orbital of the C1-O1 bond4,10.  

As the stereoelectronic description of the endo-anomeric effect depicts the 

delocalization of lone pair electron density from the ring oxygen, so the exo-anomeric 

effect originates from an analogous delocalization of O1 lone pair electron density into 

the C1-O5 σ* orbital. Phenomenologically this manifests as the preferential orientation of 

the anomeric hydroxyl proton anti to either C2 or H1 in β-D-glucose, with C2-C1-O1-H ≈ 

180º being the most favored conformation. Lemieux and coworkers11 have argued that 

the endo-anomeric effect is more strongly manifest in equatorial anomeric hydroxyls than 

axial due to a lack of competition in the equatorial configuration from the O5 endo-

anomeric effect for delocalization into the electron deficient aldehydic C1, although this 

notion has been challenged based upon arguments related to the orthogonality of the 

orbitals involved12.  

There is a sterically driven tendency to maximize the number of equatorial and 

minimize the number of axial substituents in a pyranose ring structure. A bulky axial 

substituent such as a hydroxyl or hydroxymethyl encounters steric clashes with other 
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axial ring components through 1,3 diaxial interactions. The minimization of these steric 

interactions determines the equilibrium between 4C1 and 1C4 ring conformations. This 

propensity towards ring conformations that maximize the number of equatorial 

substituents is enhanced by the phenomenon called the gauche effect. This effect 

describes the preferential stability of the gauche conformation over the anti in R-C-C-R' 

sp3 hybridized fragments where R and R' are electronegative substituents. In 1978 

Baranenkov and coworkers demonstrated using Perturbational MO theory that this 

phenomenon could not be explained by invoking either steric or electrostatic arguments 

alone, and must involve an additional stereoelectronic component6. 

In addition to the conformational averaging of C-O rotamers, a further degree of 

conformational freedom in hexopyranoaldoses is in the orientation of the exocyclic 

hydroxymethyl group. Scheme 1.3 depicts the three idealized staggered rotamers about 

the C-C bond of the hydroxymethyl group. Each of the three rotamers is named by a two 

letter descriptor. For example in the gt conformation O6 is oriented gauche to the ring 

oxygen O5 and trans to the vicinal carbon C4.  The sampling about C5-C6 is dictated by 

steric interactions with O4 and through the presence of the stereoelectronic gauche effect 

between O6 an O5.   
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Scheme 1.3. Rotameric Definitions of Hydroxymethyl Dihedral ω 
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Determinants of monosaccharide structure are no less important within the 

context of an oligosaccharide. Carbohydrate polymers are formed through a condensation 

reaction between the hemiacetal hydroxyl of a reducing sugar and any other hydroxyl 

group from a second sugar moiety. This reaction is usually acid catalyzed and results in 

the release of a single water molecule per glycosidic linkage formed. The geometry of a 

glycosidic linkage is described by the two dihedrals, φ and ψ. A dihedral is defined as the 

minimal angle between two intersecting planes and is uniquely described by four 

sequentially bonded nuclei, although a dihedral can be non-uniquely referred to as a 

rotation about the central two atoms. For example, in all glycosidic linkages the dihedral 

φ describes the torsion about the two central atoms, the anomeric carbon and the linkage 

oxygen, with the actual measurement describing the dihedral angle between the 

attachment point carbon of the reducing end sugar and, depending upon the convention 

used, one of the other three nuclei bound to the anomeric carbon. The glycosidic dihedral 

ψ describes the angle between the anomeric carbon and one of the three nuclei three 

bonds away from the anomeric carbon across the linkage. The choice of which of the 

three nuclei is the reference is again dependent upon the convention adopted. When the 

glycosidic linkage involves the primary alcohol of the exocyclic hydroxyl methyl group, 

the additional degree of conformational mobility about the C5-C6 torsion can also affect 

global structure and the conformational preferences of the two glycosidic torsions. This 

dihedral is typically designated ω, and is most often defined as the angle between the 

linkage oxygen and the ring oxygen of the reducing end sugar.  

The relatively free rotation about these dihedrals gives rise to a considerable 

degree of structural flexibility in the typical oligosaccharide. Because of this, a serious 
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account of the structure function relationships in saccharides must address the various 

time averaged conformational states present in solution. As a consequence of their poly-

hydroxylated nature, conformational reorientation in saccharides is likely to involve 

significant solvent redistribution in the solvation sphere13. Additionally, the high density 

of lone pair electrons throughout the glycosyl framework leads to numerous stereo-

electronic and electrostatic phenomena that are only partly understood. For these reasons, 

a comprehensive investigation of the conformational behavior of saccharides requires the 

complimentary usage of diverse theoretical and experimental technologies.  

1.1.2. Experimental and Theoretical Methods 

Crystallography has been an indispensable tool to the protein structural biologist, 

however static structures, while providing important insights, offer only a small part of 

the information necessary for a thorough understanding of the structure-function 

relationships in saccharides.  

The advent of high field nuclear magnetic resonance spectroscopy (NMR) has 

enabled significant strides in the solution state study of saccharides14-16. The NMR 

phenomenon arises from the quantum mechanical magnetic properties of nuclei with an 

odd number of protons and neutrons that are in an external magnetic field17. Such nuclei 

have an intrinsic magnetic moment and angular momentum. This magnetic moment 

aligns with the external magnetic field such that there is a small net polarization that can 

be perturbed by an orthogonally applied alternating magnetic field17.  When the nuclear 

spins relax to their ground state, the energy that they absorbed is released at a 
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characteristic resonant frequency that is proportional to the external magnetic field 

strength. 

There are numerous magnetic resonance parameters that contain structural 

information. The most commonly recognized of these is the chemical shift (δ). This is the 

specific frequency at which a particular nucleus resonates due to the unique magnetic 

shielding properties experienced by that nucleus within the molecular framework. The 

second most commonly recognized NMR parameter is the spin-spin coupling constant 

(nJ). This is the splitting of a resonant peak due to the slightly different magnetic 

shieldings experienced by the resonant nucleus as a result of having its spin either parallel 

or anti-parallel to another nearby spin ½ nucleus to which it is coupled. The transfer of 

spin density information from one nucleus to another is mediated by the molecular orbital 

electronic distribution. Thus, the magnitude of this splitting is dependent upon the 

geometry of the intervening molecular framework17. This is the NMR parameter that I 

will be utilizing more than any other throughout this dissertation.  

Another common NMR parameter that can yield structural information is the 

nuclear Overhauser effect (NOE)17. This is the through space transfer of spin polarization 

from one spin ½ nucleus to another by means of cross relaxation. The magnitude of the 

NOE varies by a factor of ~1/r6, ultimately limiting the reliability and usefulness of this 

parameter. Two other useful parameters are the longitudinal spin-lattice (

! 

R
1

X ) and the 

transverse spin-spin (

! 

R
2

X ) relaxation rate constants for nucleus X. These parameters can 

give a rough estimate of the relative conformational mobility that a particular nucleus is 

experiencing within the molecular framework.  
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The development of sample alignment media has allowed the potential 

measurement of a host of other useful parameters typically averaged out by the isotropic 

tumbling of the molecule. These include the orientational order parameters (Sn), residual 

dipolar (D) and Quadripolar (χ) couplings and residual chemical shift anisotropy (ζ)17-18. 

One hurdle to the widespread use of many of these NMR techniques is the need for 

strategic 13C isotopic enrichment of sample compounds, however significant strides in 

the requisite synthetic technology have been made in the Serianni lab19.   

The interpretation of these experimental observables in structural terms is greatly 

facilitated by the use of a variety of theoretical and computational techniques. There have 

been an extensive number of computational studies involving saccharides. These include 

a variety of force-field applications20, quantum mechanical calculations13b,21 and 

calculation of crystalline structures21a,22. Each of these techniques is of course subject to 

its unique set of strengths and weaknesses. In general there is a tradeoff between the 

accuracy of the physical representation returned by the calculation and the computational 

cost of the theoretical method.  

1.2. Dissertation Outline 

1.2.1. Conceptual Research Approach 

Scheme 1.4 depicts the conceptual research flow utilized in the Serianni lab. This 

method incorporates synthetic, experimental and theoretical technologies into a 

comprehensive conformational analysis protocol for mono-, di- and oligosaccharides. 

Broadly speaking, my dissertation describes the expanded application and refinement of 
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Scheme 1.4 Conceptual Map of Spin Coupling Based Conformational Analysis 
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this integrated research approach, with a particular focus on the theoretical and analytic 

aspects.  

The most common theoretical method used in my dissertation is quantum 

mechanical density functional theory (DFT) calculations. The calculations are conducted 

ab initio meaning that they are based upon a first principles treatment that invokes the 

Schrödinger equation rather than using an empirical data set as the starting point23. The 

Schrödinger equation,  

 

! 

H"= E", (1.1) 

describes the relationship between the electronic molecular Hamiltonian (H) and the total 

electronic energy (E) of the system, as satisfied by the molecular wavefunction (Ψ). 

Modern DFT methods were preceded by Hartree-Fock methods in which the approximate 

ground state wavefunction and ground state energies are determined formany-electron 

system. Hohenberg and Kohn showed that for a many electron system there is a direct 

mapping of the ground state electron density onto the ground state wave function, and 

that this single ground state electron density represents the minimization of the total 

electronic energy of the system24. This led to the replacement of the many-body 

electronic wavefunction with the electronic density as the fundamental quantity23.  

The functional most frequently used in the geometric optimizations described in 

this dissertation is the hybrid functional, B3LYP. The ‘B’ refers to the physical chemist 

Axel Becke, who developed the exchange portion of the functional, whereas ‘LYP’ refer 

to Lee, Yang and Parr who developed the electron correlation portion of the functional. It 

is termed a hybrid functional because the exchange density functional is combined with 

the exact Hartree-Fock energy as specified by three parameters23. The molecular orbitals 
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are constructed from a collection of functions called the basis set. These functions are 

typically atomic orbitals, the coefficients of which determine the electron density23. Since 

it is typically the valence electrons that participate in bonding, representing these orbitals 

by multiple basis functions permits the electron density to adjust to the spatial 

distribution appropriate to the specific molecular context. The number of basis functions 

comprising the valence orbitals in these so-called ‘split-valence’ basis sets is an example 

of the tradeoff between physical accuracy and computational cost23. The vast majority of 

the in vacuo DFT geometry optimizations presented in this dissertation used the 6-31G* 

basis set25. This double-zeta split-valence basis set represents the core atomic orbital 

basis functions with six primitive Gaussian functions, whereas the valence orbitals are 

comprised of two basis functions apiece, hence double-zeta. The first valence basis 

function has three primitive Gaussian functions and the second has one. The asterisk 

indicates the presence of polarization functions for the heavy atoms. This basis set was 

designed to accurately represent the valence energetics with a maximum of 

computational efficiency by using an inflexible representation of the 1s cores on carbon 

and oxygen. In contrast, the calculation of indirect spi-spin couplings requires a more 

flexible and balanced representation of the core and valence contributions to the Fermi 

contact term in the coupling. This was achieved through the use of a specially designed 

[5s2p1d|3s1p] extended double-zeta basis set that has returned in vacuo results estimated 

to deviate by less than 5% of the total coupling when compared to experimental values26. 

Additionally the spin-spin coupling calculations were conducted using an unrestricted 

open-shell wavefunction27. This indicates that different molecular orbitals are used to 

represent the α and β electrons.  
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Given a set of experimental spin-spin couplings sensitive to the geometrical 

features of interest in a particular glycan, the theoretical component of the study begins 

by the selection of an appropriate model system. This model system should adequately 

reproduce the salient molecular features of the glycan, while making simplifications to 

the molecular framework that are appropriate for the theoretical method employed. For 

example, such simplifications for the DFT calculation of indirect spin-spin couplings can 

reasonably include the removal of hydroxyl groups distal to the conformational aspect of 

interest that are expected to have little impact on the parameterization of the relevant 

experimental couplings. These simplifications reduce the computational cost of the 

calculations and avoid spurious effects such as incidental H-bonding.  

Once an appropriate model system has been selected, the specifics of the 

conformational sampling must be determined. This is dictated by the size of the 

conformational space and can be facilitated by a simple hard sphere van der Waals radii 

determination of the conformational contact map as a function of the dihedrals of interest. 

The one or more dihedrals are then constrained while the rest of the molecule is allowed 

to relax during an energetic minimization. Depending upon the available conformational 

space, the dihedrals are iteratively scanned about their respective rotational itineraries 

maintaining their geometric constraints while continuously allowing the rest of the 

molecule to relax into an energy minimum. Once an ensemble of optimized geometries 

has been obtained, the indirect spin-spin coupling constants can be calculated for each 

energetically optimized molecular conformation.  

The collection of spin-spin couplings resulting from the ensemble of sampled 

geometries is then parameterized as a function of one or more dihedrals utilizing a 
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Karplus-like trigonometric function28. These parameterized coupling profiles can 

subsequently be used to interpret experimental couplings in structural terms. Finally these 

results can be compared with those from parallel theoretical and experimental data to 

form conclusions. These parallel methods include the theoretical information returned by 

molecular dynamics simulations, DFT energetics, and natural bonding orbital (NBO) 

calculations, as well as other experimental spectroscopic and crystallographic data.  

Within this conceptual framework, the ultimate research goals are ideally guided 

by biological structure function questions that identify specific complex glycans as 

targets for conformational analysis, however such analysis is predicated upon a 

significant amount of preliminary basic research on the molecular fragments of the target 

glycan. In this spirit the majority of the dissertation work presented here is restricted 

primarily to studies on monosaccharides, while the final two chapters focus on efforts in 

disaccharides.  

1.2.2.Research Objectives 

Investigations of higher order structure in saccharides (i.e. global conformation in 

dimers and oligomers as dictated minimally by the ensemble of glygosidic torsions) is 

predicated upon an understanding of the conformational behaviour of the constituent 

monosaccharides in isolation. Due to the significant potential for intra-molecular H-

bonding in saccharides, there is an equally significant potential for correlated 

conformational behaviour. One theme that will arise throughout this dissertation 

(particularly in chapters 4, 5 and 7) is the notion that there are spin couplings that are 

sensitive to the orientation of multiple molecular features with respect to the coupling 



 

18 

path and as a result these coupling constants simultaneously report on the conformation 

of more than one dihedral in the molecular framework. Thus, the accurate interpretation 

of such experimental measurements requires a consideration of the correlated 

conformations of these related structural parameters to which the couplings are sensitive. 

Given the astronomical degree of freedom in the total molecular conformational space of 

even a simple monosaccharide, the theoretical parameterization of the ensemble of 

coupling constants in this complete conformational space is totally unfeasible. 

Fortunately there are essentially no coupling constants that are sensitive to all of these 

geometric features. In fact, the majority of possible spin couplings are sensitive to usually 

no more than three dihedrals at most, all of which are proximal to the coupling pathway 

in consideration. This allows for a modular approach to coupling parameterization in 

which a single hexopyranose ring can be divided up into overlapping regions. Since the 

ring oxygen provides a relatively conformationally immobile spacer between the 

anomeric center and the hydroxymethyl group, the hexopyranose ring can be broken up 

into three regions which can be independently conformationally analysed. The two 

extreme regions are defined by the dihedrals about a) C1-O1, C2-O2 and C3-O3 and b) 

C4-O4, C5-C6 and C6-O6 with a third bridging region defined by c) C2-O2, C3-O3 and 

C4-O4. In the following chapters I will directly address regions a and b, and lay some 

groundwork for the conformational analysis of region c.  

As alluded to earlier, knowledge of the tautomeric distribution in a reducing 

monosaccharide can often add important basic information to the study of that saccharide 

in various chemical and macromolecular contexts. In chapter 2, through the use of 

quantitative 1-D NMR and ab initio DFT calculations, the solution behavior of a 
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biologically important C9 α-keto acid, N-acetyl-neuraminic acid (sialic acid), was 

investigated in terms of its tautomeric distribution with particular attention to the 

quantification of the minor open chain forms. Specifically these acyclic forms are the 

keto, enol, and keto hydrate (gem-diol). The relative amount of each form present in 

solution was explored as a function of pH, and the pKa’s of the acid functionality on each 

of the forms was determined by NMR chemical shift titration. These studies involved the 

use of unlabeled sialic acid isolated from edible barn swiftlet nest (Aerodramus 

fuciphagus), and the C1, C2 or C3 13C-labeled isotopomeric sialic acids prepared via the 

aldol condensation between the appropriately 13C-enriched pyruvic acid and N-acetyl-

mannosamine. Chapter 3 expanded on these studies in sialic acid by exploring all carbon 

and proton based spin-spin couplings to C1 through C3 for the α- and β-pyranose 

tautomers, again as a function of pH. This involved the measurement of the experimental 

couplings at pH ≈ 2 and 8 in an aqueous solution of 5% 2H2O. Additionally the effect of 

the α-keto acid moiety orientation (rotation about C1-C2) on proximal scalar couplings 

was assessed via ab initio DFT calculations utilizing a solvent continuum model with the 

carboxylic acid either protonated or ionized. These two chapters set the groundwork for 

further studies of more complex sialic acid containing glycans.  

Chapter 4 explores the conformational preferences of the hydroxymethyl group in 

the α and β anomers of D-gluco- and D-galactopyranose through the interpretation of 

redundant experimental 1H-1H, 1H-13C and 13C-13C spin-spin couplings with 

theoretically derived coupling parameterizations. The multi-linear grid search analysis 

protocol is introduced within the context of the program Chymesa, specifically designed 

for the conformational analysis of the C5-C6 and C6-O6 rotamers (ω and θ respectively) 
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in pyranose rings. The conformational analysis includes an account of the correlation 

between the two dihedrals as based on the multiple couplings that show a dual 

dependence on ω and θ. 

By analogy to the θ dependence of 2JC5,H6R/S in the hydroxylmethyl studies of 

chapter 4, the dependence of 2JC1,H2 and 2JC2,H1 on the C1-O1 and C2-O2 dihedrals in 

the α and β anomers of D-gluco- and D-mannopyranose is discussed in chapter 5. Full 

theoretical parameterization of these couplings as a function of their dual conformational 

dependencies is presented and the possible utility of these couplings in the 

conformational analysis of C1 and C2 hydroxyl orientation is discussed with particular 

emphasis on the potential application of 2JC2,H1 to an analysis of the glycosidic torsion φ.  

The usefulness of carbon based couplings having been established, chapter 6 

reports on the full ensemble of experimental 1JCC, 2JCC and 3JCC values throughout the 

pyranose ring in the majority of C1 through C4 epimers. Empirical correlations between 

coupling magnitude and sign with configuration at carbons proximal to the coupling path 

are discussed in the context of theoretical validations. Also discussed is the modulation of 

various 3JCC values as a function of ω conformation.  

The empirically observed correlation between coupling sign and magnitude with 

configuration is investigated in detail for 2JC1,C3 in chapter 7. Experimental 2JC1,C3 

values for the eight C1 through C3 hexopyranose stereoisomers are sorted into three 

structural groups depending upon configuration at the coupled carbons. A comprehensive 

battery of ab initio DFT calculations validated the observed trend in the coupling. This 

phenomenon is extended to structurally analogous situations for 2JC2,C4. The DFT 
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calculations also reveal an additional dependence of this coupling on the conformation of 

hydroxyls appended to the carbons along the coupling pathway. Both the configurational 

and conformational dependencies of 2JC1,C3 are dissected in terms of two distinct modes 

of orbital interaction as defined in the natural bonding orbital (NBO) paradigm; 

destabilizing steric (through-space) and a stabilizing hyperconjugative (through-bond) 

interactions. The merits and weaknesses of the NBO interpretation are briefly discussed. 

Chapter 8 goes on to report all 1H-1H, 1H-13C and 13C-13C spin-spin couplings sensitive 

to the C1-O1, C2-O2 and C3-O3 rotamers in O-methyl-β-D-glucopyranoside including 

the 2 and 3 bond proton and carbon based couplings to the hydroxyl protons on O2 and 

O3 as measured at 25 °C in a DMSO-d6 solvent system. Each of the couplings in the 

ensemble of 15 are then parameterized as a function of the C1-O1, C2-O2 and C3-O3 

rotamers from a DFT data set that explores 1728 distinct conformations about these 

dihedrals in a 6-deoxy-β-D-glucopyranose model. The experimental couplings are then 

interpreted in structural terms through the use of the multiple redundant theoretical 

coupling profiles in a combined stochastic and deterministic trajectory optimization 

analysis of the C1-O1, C2-O2 and C3-O3 rotamer conformations. The results are 

compared to those from a variety of molecular mechanics and molecular dynamics 

simulations and discussed in terms of intra-molecular H-bonding patterns, rotameric 

transition pathways, and various interpretations of the exo-anomeric effect.  

The work in previous chapters on monosaccharides is applied to the 

conformational analysis of the φ and ψ glycosidic torsions in aqueous solution for the O-

methyl-α-D-mannopyranosyl-(1→2)-α-D-mannopyranoside disaccharide in chapter 8. 

This analysis is based on a set of six experimentally measured trans-glycoside 3JCH, 3JCC 
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and 2JCC couplings in disaccharide strategically 13C-enriched in the linkage carbons. 

These couplings were parameterized using a set of DFT optimized geometries which 

sampled the available φ and ψ conformational space with a 30° resolution. The multi-

linear grid search protocol for conformational analysis in the hydroxymethyl group 

presented in chapter 4 is adapted to the glycosidic torsions φ and ψ in a program called 

Glyfit. Various conformational models are proposed and the results are compared with 

those from previously reported conformational studies on this linkage.  

The final data chapter (9) reports on the crystallization and subsequent X-ray 

structure determination of methyl 6-O-β-D-[1-13C]-galactopyranosyl-β-D-

glucopyranoside•mono-hydrate (methyl-allolactoside). A novel crystallization protocol 

involving the use of a λ-tube is described. Structural comparisons between the methyl-

allolactoside crystal structure, a fully unconstrained DFT optimized geometry for methyl-

allolactoside, the crystal structure of allolactose as a co-crystal with β-galactosidase, and 

crystal structures of the related disaccharides gentiobiose and methyl-lactoside are 

presented including a discussion of the pyranose ring puckering parameters.  
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CHAPTER 2:  

13C-LABELED N-ACETYL-NEURAMINIC ACID IN AQUEOUS SOLUTION: 

DETECTION AND QUANTIFICATION OF ACYCLIC KETO, KETO HYDRATE 

AND ENOL FORMS BY 13C NMR1 

“Where shall I start, please your majesty?” he asked. 

“Begin at the beginning,” the king said gravely, “and go on till you come to the end:  

then stop” 

– Lewis Carroll 

2.1. Abstract 

N-Acetyl-neuraminic acid (1) labeled with 13C at C1-C3 was analyzed by 13C 

NMR to detect and quantitfy the acyclic forms (keto, keto hydrate, enol) in aqueous 

solution at varying pHs.  In addition to pyranoses, solutions contained keto form based on 

the detection of C2 signals at ~198 ppm (~0.7% at pH 2).  Spectra of [2-13C] and [3-13C] 

isotopomers contained labeled carbons at ~143 and ~120 ppm, respectively, which were 

attributed to enol form.  Studies with [1,2,3-13C3]1 substantiated the existence of enol 

                                                

1 I gratefully acknowledge my co-authors Ian Carmichael and Anthony S. Serianni for their 
assistance in preparing this chapter, which is submitted to the Journal of the American Chemical Society. I 
also wish to acknowledge Meredith Reed from Omicron Biochemicals for her synthetic efforts in this 
report. 
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(~0.5% at pH 2).  Enol was not detected at pH values > 6.0.  A C2 signal observed at ~94 

ppm was identified as C2 of the keto hydrate (~1.9 % at pH 2) based partly on its 

abundance as a function of solution pH.  Density functional theory (DFT) calculations 

were used to study the effect of enol and hydrate structure on JCH and JCC values 

involving C2 and C3 of these forms.  DFT calculations showed that 2JC2,H3 in cis and 

trans enols have similar magnitudes but opposite signs, making this J-coupling 

potentially useful to distinguish enol configurations.  Solvent deuterium exchange studies 

of 1 showed selective incorporation of 2H from 2H2O at H3axial in the pyranoses at p2H 

8.0. The acyclic keto form, which presumably participates in this reaction, must assume a 

pseudo-cyclic conformation in order to account for the exchange selectivity.  Weak 13C 

signals arising from labeled species were also observed consistently and reproducibly in 

aqueous solutions of 13C-labeled 1, possibly arising from lactonization or intermolecular 

esterification. 

2.2. Introduction 

N-Acetyl-neuraminic acid 1 (NeuAc; sialic acid; SA) (Scheme 2.1) is a C9 α-

ketoacid often encountered as the terminal residue of complex-type N-glycans covalently 

bound to human glycoproteins such as IgG.1,2  It is commonly installed on glycoproteins 

and glycolipids in 2→3 or 2→6 linkage with terminal β-Gal residues via the involvement 

of the biologically activated donor of NeuAc, CMP-sialic acid (CMP-SA), and CMP-SA 

sialyltransferase (E.C. 2.4.99.1, 2.4.99.4).3  The presence of SA on glycoproteins has 

been shown to influence their biological functions.  For instance, the anti- and pro-

inflammatory activities of human IgG have been shown recently to be correlated with the 
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presence and absence of SA, respectively, on the Fc fragment.4  Sialic acid is derived 

from C6 and C3 metabolites in vivo, although the specific forms of these building blocks 

depends on the organism.  In E. coli, NeuAc is produced from N-acetyl-D-mannosamine 

(ManNAc) and pyruvate in an aldol condensation catalyzed by the enzyme, N-

acetylneuraminate lyase (E.C. 4.1.3.3).5  In other organisms, ManNAc or ManNAc-6P,  

Scheme 2.1 Anomerization o N-acetylneuraminic acid (1) and abundances 
of forms in aqueous solution at pH 2.0. 

and PEP (phosphoenolpyruvate), are substrates for sialic acid synthases, yielding NeuAc 

or NeuAc-9P as products, respectively.6 

Studies in this laboratory of the conformational and dynamics properties of 

biologically important oligosaccharides containing NeuAc glycosidic linkages required 1 

containing specific sites of 13C-enrichment to allow measurements of NMR parameters 
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such as trans-glycoside JCH and JCC spin-spin coupling constants.  The availability of 

NeuNAc singly-labeled with 13C at C1, C2 and C3 stimulated tangential 13C NMR 

investigations of the solution composition of 1.  Prior work has shown that selective 13C-

labeling at anomeric carbons of aldoses and ketoses allows the detection and 

quantification not only of major tautomeric forms in solution, which are often cyclic, but 

also of acyclic forms (aldehydo and keto forms and their hydrates), which are normally 

present in very low abundance.7-9   Knowledge of the solution behavior of 1 contributes 

to a better understanding of its biological properties, especially with respect to identifying 

potential monomeric forms bound by SA-recognizing proteins, enzymes and receptors.  

We describe herein 13C NMR studies of aqueous solutions of NeuAc 13C-isotopomers, 

and show that these solutions contain detectable amounts of acyclic keto, enol, and keto 

hydrate forms.  

2.3. Experimental 

2.3.1. 13C-Labeled Sialic acids. 

[1-13C]-, [2-13C]-, [3-13C]- and [1,2,3-13C3]sialic acid were obtained from 

Omicron Biochemicals Inc. (South Bend, IN) and used without further purification. 

2.3.2. Preparation of Unlabeled Sialic Acid. 

Unlabeled 1 was prepared by a modification of the procedure described by 

Czarniecki and Thornton.10  Two batches of edible bird’s nest (batch A, 27.68 g; batch B, 

28.10 g), obtained from Hsu’s Ginseng Enterprises, Inc. (http://english.hsuginseng.com), 
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were each homogenized in 50 mL of distilled H2O using a Waring blender.  The 

homogenate was diluted to a final volume of 3 L containing H2SO4 at a concentration of 

0.025 M.  The solution was stirred at 60-70 °C for 2.5 h.  A saturated aqueous solution of 

Ba(OH)2 was then slowly added to the mixture until the pH was between 5 and 6.  The 

mixture was set at 4 °C overnight and then vacuum filtered through a glass microfiber 

filter.  The clear filtrate was concentrated in vacuo to ~250 mL and passed through a 0.3 

µm filter, which was washed with water after filtration. The combined filtrate and 

washings were split into two equal volumes and individually loaded (~130 mL) onto a 

Dowex 1 × 8 (200-400 mesh) ion-exchange column (3.0 × 30.0 cm) in the formate form.  

After loading, the column was washed with 1 L of distilled water, and then eluted with a 

1.5 L linear formic acid gradient (0-2 M). Fractions (23 mL) were collected and assayed 

by spotting fraction aliquots on silica gel TLC plates, spraying with molybdate reagent 

(1% (w/v) CeSO4 – 2.5% (w/v) (NH4)6Mo7O24 – 10% aq H2SO4)11 and charring.  

Fractions testing positive for sialic acid were combined and the resulting solution 

lyophilized.  Total yield of N-acetylneuraminic:  ~1.7 g each from batches A and B.  The 

white powder had a melting point of 184 – 186 °C and was shown to be >98% pure by 

1D 1H and 13C NMR. 

2.3.3. Preparation of 2-O-Methyl-β-D-N-Acetylneuraminic acid (2). 

Unlabeled 1 (100 mg, 0.32 mmol) was dissolved in 80 mL of dry methanol, 3 g of 

Dowex 50 x 8 (200-400 mesh) ion-exchange resin in the H+ form were added, and the 

suspension was refluxed at 76 °C. The reaction was monitored by silica gel TLC 

(butanol:acetic acid:H2O, 2:1:1) using molybdate reagent for visualization11 (see above). 
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The reaction was stopped after 48 h, cooled and filtered to remove the resin, and the 

filtrate was concentrated in vacuo to give ~85 mg of crude syrup. 1D 1H and 13C NMR 

revealed methyl 2-O-methyl-β-D-N-acetylneuraminate methyl ester as the primary 

product. 13C NMR:  171.81 (C1); 100.60 (C2); 40.61 (C3); 67.82, 53.11, 71.93, 69.41, 

71.24, 64.77 (C4-C9); 176.21 (acetyl CO); 23.48 (acetyl CH3); 52.40 (glycoside CH3); 

54.94 (ester CH3). 

The methyl ester was saponified for 12 h in 1 M NaOH, after which the pH was 

lowered to 1.4 with the addition of Dowex (H+) ion-exchange resin. 1D 1H and 13C 

NMR showed conversion to the free acid methyl glycoside 2.  13C NMR:  171.46 (C1); 

95.40 (C2); 38.74 (C3); 66.72, 52.13, 70.40, 68.26, 70.15, 63.22 (C4-C9); 174.86 (acetyl 

CO); 22.15 (acetyl CH3); 53.56 (ester CH3). 

2.3.4. NMR Spectroscopy.  

Solutions (~300 µL, ~0.1 M) of 13C-labeled compounds in 95:5 v/v 1H2O:2H2O 

solvent were prepared and transferred to 3-mm NMR tubes. Quantitative 1D 13C{1H} 

NMR spectra were obtained at 25 °C on a Varian UnityPlus 600-MHz FT-NMR 

spectrometer operating at 150.856 MHz for 13C and equipped with a 3-mm 13C/1H 

microprobe (Nalorac).  

For non-quantitative measurements, 13C{1H} NMR spectra were typically 

obtained with a 36,496 Hz spectral window and 27.75 s recycle time (13C T1s were not 

longer than ~5 s under the experimental solution conditions as determined from τnull 

values in an inversion-recovery T1 experiment). FIDs were zero-filled once or twice to 
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give final digital resolutions of <0.05 Hz/pt, and FIDs were processed with resolution 

enhancement (Gaussian or sine-bell functions) to improve resolution and facilitate the 

measurement of small J-couplings. The degree of enhancement was chosen empirically 

based on the observed spectral S/N and quality.  

For quantitative measurements, 13C NMR spectra were collected in a 1H-

decoupled – NOE mode with 35 s interpulse delays to allow for more reliable 

determinations of % forms in solution.  A minimal line broadening window function was 

applied prior to signal integration. 

2.4. Calculations 

2.4.1. Selection and Geometric Optimization of Model Compounds. 

Structures 2 and 3-6 were chosen as mimics of 1h and 1e, respectively.  DFT 

calculations were conducted within Gaussian0312 using the B3LYP functional13 and 6-

31G* basis set14 for geometric optimization, as described previously.15,16 Initial torsion 

angle constraints in 2 were as follows:  C2-C3-C4-C5 torsion fixed at –165°; C3-C2-O2-

H, C3-C2-O2’-H, C3-C4-O4-H and C2-C1-O1’-H torsions fixed at 180°; O1-C1-C2-C3 

torsion set initially at 90° and allowed to optimize.  For 3-4, the C3-C4-O4-H, C2-C1-

O1-H and C3-C2-O2-H torsions were fixed at 180°.  For 5-6, the C3-C4-O4-H, C3-C2-

O2-H and C2-C1-O1-H torsions were fixed at 180°.  For cis enol 3, the C1-C2-C3-C4 

torsion angle was fixed at 0°, whereas this torsion was fixed at 180° in 4.  Two 

orientations of the COOH group in 3 and 4 were examined wherein the double bonds 

were conjugated (O1-C1-C2-C3 torsion fixed at 180°) and where the O1-C1-C2-C3 
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torsion was fixed at 90° (unconjugated).  In 5-6, the C2-C3-C4-C5 torsion angle was 

rotated systematically in 30° increments through 360° and all remaining geometric 

perameters optimized except those identified above. 

2.4.2. Theoretical Calculations of 13C-1H and 13C-13C Spin-Coupling Constants. 

JCH and JCC values were calculated in 2-6 with Gaussian0312 using DFT 

(B3LYP)13. Finite field double perturbation theory17,18 was used to recover the Fermi 

contact, diamagnetic and paramagnetic spin-orbit, and spin-dipole terms19 with a 

[5s2p1d|3s1p] basis set20, and the raw (unscaled) calculated couplings are reported. 

2.5. Results and Discussion 

2.5.1. Cyclic pyranose and acyclic keto forms of 1. 

NeuAc 13C-labeled at the anomeric carbon (C2) was used to detect and quantify 

monomeric forms present in aqueous solution (Scheme 2.1).  The 13C{1H} NMR 

spectrum of [2-13C]1 at pH 2.0 contained intense labeled signals attributed to the α-

pyranose (1αp; 96.53 ppm) and β-pyranose (1βp; 95.97 ppm)21 (Figure 2.1A).  The β-

pyranose is significantly more abundant (91.2%) than the α-pyranose (5.8%) at pH 2.0; 

these percentages are 92.1% and 7.5%, respectively, at pH 8.0.  Preference for the β-

pyranose presumably derives from the anomeric effect,22-24 which favors an axial C2-O2 

bond, and from the greater steric demand of the COOH group relative to OH, which 

favors an equatorial C1-C2 bond.  Both effects are reinforcing.  The αp/βp ratio at pH 2.0 

(0.064) is slightly smaller than the same ratio at pH 8.0 (0.081).  
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The 13C{1H} NMR spectrum of [2-13C]1 at pH 2.0 also contained a relatively 

intense labeled signal at 198.20 ppm (Figure 2.1B) which was attributed to the acyclic 

keto (carbonyl) form (1k).  This signal appeared further upfield than observed previously 

for the acyclic keto forms of D-[2-13C]ribulose-5P (213.7 ppm),25 D-[2-13C]ribulose-1,5-

bisphosphate (211.7 ppm)25 and the D-[2-13C]pentuloses (~214 ppm),26 and probably 

reflects the effect of C1 structure on δC2 (COOH vs CH2OH/CH2OP).  Integration of the 

spectrum acquired at pH 2.0 and 25 °C indicated that 1k comprises ~0.7% of the total 

forms in solution; this percentage decreased to ~0.4% at pH 8.0.  At pH 2.0, an 

αp:βp:keto ratio of 8:128:1 was observed, whereas at pH 8.0, the ratio was 19:228:1. 

2.5.2.Acyclic hydrate form of 1. 

The anomeric region of the 13C{1H} NMR spectrum of [2-13C]1 at pH 2.0 

contained two relatively strong labeled signals at 95.90 and 93.60 ppm (Figure 2.1A; 

signals denoted X1 and X2, respectively).  These chemical shifts are consistent with that 

expected for the acyclic keto hydrate form, 1h.25 The latter signal was assigned 

tentatively to C2 of 1h based on its relative abundance (1.9%) and on the observed keto 

hydrate/keto ratio of ~2.7, which is comparable to the same ratio reported for pyruvic 

acid (2.31 ± 0.02).27  By comparison, 2-ketose phosphates gave keto hydrate/keto ratios 

of < 1 (e.g., 0.14 for D-ribulose-1,5-bisphosphate; δC2 97.6 ppm), while no keto hydrate 

form was detected by 13C NMR in aqueous solutions of D-[2-13C]2-pentuloses.25,26  

Since C21h is unprotonated, experimental support for its assignment could not be 

obtained  by  examining the magnitude of 1JCH,  which  was  used  previously  to  identify  
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Figure 2.1. Partial 13C{1H} NMR spectrum of [2-13C]1 (150 MHz) at pH 
2.0 and 25 °C showing signal assignments.  (A) Anomeric region. X1 and 
X2 are putative C2 signals of the acyclic hydrate form (1h).  (B) Region 
containing labeled C2 keto (1k) and enol (1e) carbons, and the natural 
abundance amide CO (COam) and C1 (COOH) carbons of 1αp and 1βp.  
The C1 signals appear as doublets due to the presence of 1JC1,C2.  Several 
weak signals in this region were not identified. 
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hydrate C1 carbons in aqueous solutions of [1-13C]aldoses.8,9  Therefore, two alternative 

assignment strategies were investigated.   

Studies of pyruvate have shown that pyruvate anion is much less extensively 

hydrated than pyruvic acid in aqueous solution (keto hydrate/keto ratio in the anion 

ranges from 0.054 – 0.087).27-30  This behavior was confirmed by inspection of 13C NMR 

spectra of pyruvic acid and sodium pyruvate (Figure S1).  By analogy to pyruvate, the 

intensity of the authentic C21h signal should decrease significantly upon raising the 

solution pH from 2.0 to 7.0.  Titration of a solution of [2-13C]1 at pH 2.0 with NaOH 

caused the disappearance of signals X1 and X2 at pH ~6-7, but only X2 reappeared at 

93.60 ppm upon relowering the pH of the same solution back to 2.0 with HCl.  These 

results suggest that X2 is the correct C21h carbon signal. 

A second approach to assign C21h involved interpretation of X1 and X2 signal 

multiplicities in the 1H-coupled 13C NMR spectrum of [2-13C]1.  The C2 signals of 1αp 

and 1βp showed the expected multiplicities (Figure 2.2A) and served as internal controls.  

The C21αp signal appeared as a doublet of doublets with JCH values of ~3.9 and ~7.5 Hz, 

whereas the C21βp signal appeared as a pseudo-triplet containing JCH values of ~3.5 Hz.  

These couplings were consistent with the more accurate 2JC2,H3ax and 2JC2,H3eq values 

measured directly from the 1H NMR spectrum of [2-13C]1.31 3JC2,H4 and 3JC2,H6 values in 

1αp and 1βp associated with C2-C3-C4-H4 and C2-O6-C6-H6 torsion angles of ~-60° 

and ~60°, respectively, are small and appeared as line-broadening in the 13C multiplets.  

Signal X1 appeared broadened, whereas X2, appeared as a doublet with a splitting of ~2.9  
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Figure 2.2 Partial 1H-coupled 13C NMR spectrum (150 MHz) of [2-13C]1 
at pH 2.0 and 25 °C.  (A) Labeled C2 signals of 1αp, 1βp and the two 
putative C21h (X1 and X2).  (B) C2 keto.  (C) C2 enol forms. 
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Hz (Figure 2.2A).  By comparison, C21k appeared as a broadened doublet with a splitting 

of ~2.1 Hz (Figure 2.2B).   

Inspection of molecular models of 1h showed that, in geometries having C2 anti 

to H4, destabilizing 1,3-interactions exist between the C2 and C4 substituents that are 

likely to render this conformation unstable.  Conformations having C2 and H4 gauche 

would yield a small 3JC2,H4 which would be undetectable in the 1H-coupled 13C 

spectrum.  Thus, non-zero JCH values involving C21h are 

predicted to involve only the geminal C3 protons.  If the 

signal at 93.60 ppm (X2) is C21h, then one 2JCH is ~2.9 Hz 

and the other is small or zero.  Application of the projection 

rule32 to the three staggered C2-C3 rotamers of 1h predicted zero values for both 2JCH in 

one rotamer (that having C1 anti to C4), whereas the remaining two rotamers yielded a 

zero coupling to one H3 and a negative coupling to the other (Scheme S2).  Thus, the 

observation of a single non-zero 2JCH is consistent with 1h having C2 gauche to H4, and 

C1 gauche to C4 (either gauche conformation appears consistent with the experimental 

couplings).  The second putative C21h signal, X1, showed small or zero 2JCH values, 

consistent with 1h having C2 anti to C5, and C1 anti to C4.  

DFT calculations on SA hydrate mimic 2 were conducted to evaluate the effect of 

C2-C3 bond rotation on calculated 2JC2,H3R/S values and total energies.  In these 

calculations, the C2-C3-C4-C5 torsion angle was fixed at –165°, which gave calculated 

3JC2,H4 values of ~0.6 Hz consistent with the NMR results.  This treatment assumes that 

the small experimental 3JC2,H4 correlates with a relatively rigid C2-C3-C4-H4 torsion 
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angle of ~75° in solution.  Conformations of 2 containing a C1-C2-C3-C4 torsion angle 

of 60° and –60° were found to be lower in energy than that containing a torsion angle of 

180° (Figure S7A), favoring assignment of the hydrate C2 signal to X2.  However, 

calculated 2JC2,H3R/S couplings show that, for torsions near 90°, one coupling is ~-1.5 Hz 

and the other ~-7.5 Hz.  These results are in modest agreement with experiment (~0 Hz 

and 3 Hz) for X2.  Other conformational variables not investigated here (e.g., 

conformation about the C1-C2 bond), and contributions to the experimental couplings 

made by the ionized form in solution may contribute to the discrepancy.   

1JC1,C2 and 1JC2,C3 values were also computed in 2 as a function of the C2-C3-C4-

C5 torsion angle (Figure S7B).  Both couplings are relatively insensitive to the C2-C3 

bond torsion, with the former considerably larger than the latter.  The computed 

couplings are in reasonable agreement with those observed experimentally for X2 (1JC1,C2 

= 69.5 Hz; 1JC2,C3 = 44.0 Hz).   

2.5.3. Acyclic enol forms of 1. 

The 13C{1H} NMR spectrum of [2-13C]1 contained relatively strong labeled 

signals at 142.75 and 142.85 ppm (Figure 2.1B).  Signals in this spectral region 

commonly arise from unsaturated carbons.  Possible candidates are enol forms 1e 

(Scheme 2.1) which exist in cis (E-isomer) and trans (Z-isomer) configurations (Scheme 

2.2).  Two signals were observed at 150 MHz (a small unassigned signal also appeared at 

144.39 ppm; Figure 2.1B), and integration of these signals at pH 2.0 gave a total 

abundance of ~0.5%. 
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Experimental support for the presence of 1e was obtained from the 13C{1H} NMR 

spectrum of [3-13C]1.  This spectrum contained intense signals at 40.70 and 39.50 ppm 

attributed to C31αp and C31βp, respectively (data not shown).  While additional weaker 

signals appeared in the same region, they could not be assigned confidently to 1k and 1h 

forms.  However, a moderately strong labeled signal was observed at 119.85 ppm (Figure 

2.3A) which was tentatively assigned to C3 of 1e. 

1H-Coupled 13C NMR spectra of [2-13C]1 and [3-13C]1 were obtained to measure 

JCH values involving the putative C2 and C3 carbons of 1e.  The putative C2 signals 

appeared as doublets with JCH = 3.2 Hz (major signal) and 3.4 Hz (minor signal) (Figure 

2.2C), consistent with C2 being coupled to H3 (2JC2,H3) or to H4 (3JC2,H4).  The putative 

enol C3 signal was split into a doublet of doublets with 1JC3,H3 = 177.5 Hz and a longer-

range JCH = 4.7 Hz (Figure 2.3B), results consistent with the structure of 1e.  These data 

indicate that one of the two possible longer-range JCH involving C2 (2JC2,H3, 3JC2,H4) and 

C3 (2JC3,H4, 3JC3,H5) must be small or zero. 

Scheme 2.2 Enol forms of 1. 
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Figure 2.3. Partial 13C{1H} NMR spectrum of [3-13C]1 at pH 2.0 and 25 
°C.  (A) Region showing the natural abundance C1 and amide CO signals 
of 1αp and 1βp, and the labeled C3 signal of 1e.  (B) C3 signal of 1e in 
the 1H-coupled 13C spectrum, showing the 1JCH and longer-range JCH.
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Given the low intensities of the putative C2 and C3 enol signals and the 

possibility of attributing their presence to low level contamination, 1 was prepared with 

contiguous 13C-labeling at C1-C3 to confirm backbone C-C connectivities via 1JCC and 

2JCCC values.  13C NMR of the tri-labeled sample showed the simultaneous presence of 

C2 and C3 signals at the expected chemical shifts, in comparable intensities, and with the 

expected signal multiplicities (Figure 2.4).  Backbone connectivity between C2 and C3 

was established from the mutual 1JCC observed in each carbon signal (1JC2,C3 = 80.6 Hz).  

1JC1,C2 = 76.6 Hz as measured at C2, and 2JC1,C3 = 12.4 Hz as measured at C3 (sign 

unknown).33  The large 1JC2,C3 is consistent with one-bond couplings in C=C fragments, 

and 1JC1,C2 is ~10 Hz larger than the corresponding coupling in 1αp and 1βp at pH 2.0.34  

The distinctive values of these couplings also allowed assignment of the weak C1 carbon 

signal of the enol form at 172.41 ppm (Figure S3).  Overall, these results support the 

conclusion that 1e is present in aqueous solutions of 1 at low pH. 

JCH Values were calculated in enol structural mimics 3 and 4 in their protonated 

states and with O1 anti to C3 to optimize conjugation of the double bonds (Scheme 2.3). 

Scheme 2.3 nJCH values in 3 and 4 
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Figure 2.4 (A) Partial 13C{1H} NMR spectrum of [1,2,3-13C3]1 showing the putative C2 and C3 enol signals.  Signals 
labeled as “u” are unknown species, possibly other enols. (B) and (C) Expansions of the C2 and C3 signals showing 
their multiplicities and constituent 1JCC and 2JCC values.

43  
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Calculated 2JC2,H3 values in 3 and 4 were found to be similar in magnitude, but the 

coupling in cis enol 3 was negative while that in trans enol 4 was positive.  This result 

suggests that the sign of 2JC2,H3 could be used to distinguish between cis and trans enol 

configurations.  1JC3,H3 is ~10 Hz larger in the trans enol (Scheme 2.3).  Calculations of 

total energies of both structures showed that the trans configuration 4 is more stable than 

3 by ~3 kcal/mol.  

The effect of C1-C2 and C3-C4 bond rotation on calculated JCH values was 

investigated in simplified enol mimics 5 and 6 (Scheme 2.4).  These structures were 

geometrically optimized as a function of the C2-C3-C4-C5 torsion angle (90°-270°) in 

two O1-C1-C2-C3 torsions (90° and 180°).  The latter torsions were chosen to evaluate 

the effect of double-bond conjugation on the calculated couplings.  In most cases, trans  

 

Scheme 2.4 Structure of cis (5) and trans (6)  enol model compounds. 
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enol 6 was lower in energy than cis enol 5, although in a few cases the opposite was 

observed, presumably due to the presence of intramolecular H-bonding in 5 that was not 

available in 6.  2JC2,H3 values show a significant dependence on the C2-C3-C4-C5 torsion 

angle (Figure S2).  Calculated 2JC2,H3 show behavior similar to that found in 4 and 5; 

couplings are negative in 5 and positive in 6.  2JC2,H3 values shifted to more negative (less 

positive) values as the C1-O1 bond was brought into conjugation with the C2-C3 bond.  

Calculated 1JC3,H3 values shift to smaller values in the conjugated form of 5, whereas 

conjugation increased 1JC3,H3 in 6. 1JC3,H3 is uniformly larger in 6 than in 5 in conjugated 

systems.  The effect of ene configuration is reduced considerably in non-conjugated 

structures. 

3JC2,H4 values calculated in 5 and 6 gave a minimal value of ~2 Hz in 6.  The 

experimental value is predicted to be small or zero (see above).  However, it should be 

noted that the electronegative N-acetyl substituent at C5 in 1 will probably affect this 

coupling, especially if it prefers to orient anti to H4.  The latter conformation would 

reduce 3JC2,H4 by > 1 Hz, thus rendering it more consistent with the experimental data. 

1JC1,C2, 1JC2,C3 and 2JC1,C3 values were calculated in 5 and 6 as a function of the 

C2-C3-C4 C5 torsion angle (Figures S5 and S6).  Calculated 1JC2,C3 values were larger 

than 1JC1,C2 values, in agreement with experimental observations, although the difference 

was accentuated in the calculations.  Calculated 2JC1,C3 values were positive in sign and 

assumed an average magnitude of ~7 Hz compared to the experimental value of 12.4 Hz.   

It should be appreciated, however, that the effect of the C2-O2 bond torsion on these 

couplings could be appreciable, mediated by O2 lone-pair effects on C1-C2 and C2-C3 
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bond lengths.  In the present calculations, only one C3-C2-O2-H torsion angle was 

examined (180°), and presumably appropriate averaging of this torsion that mimics 

behavior in solution would improve the agreement between experiment and theory.35 

Detection of the putative C2 and C3 enol signals in 13C NMR spectra of [2-13C]1 

and [3-13C]1, respectively, depended on solution pH.  Signals were observed in spectra 

obtained on solutions at pH 2.0 but not on the same solutions 

adjusted to pH 7.0.  Enol signal detection could be recovered 

by adjusting solutions at pH 7.0 back to pH 2.0 with HCl.  

These observations are consistent with those made for the enol-keto equilibrium of 

pyruvate, in which the [enol]/[keto] ratio is approximately 100-fold greater for pyruvic 

acid than for pyruvate anion.  An explanation has been offered for this behavior that 

hinges on the relative stabilities of the keto form in the COOH and COO- forms of 

pyruvate.27 

13C NMR chemical shifts for the enol forms of α-ketoacids like 1 have not been 

well documented in the literature.  However, the 13C shifts of propen-2-ol 7 (acetone 

enol) show Cα at 156.8 ppm and Cβ at 95.3 ppm in 2-propanol solvent at 44 °C.36  These 

shifts provide a crude calibration for the putative C2 and C3 shifts in 1, and suggest that 

C21e should be downfield of C31e, as observed experimentally. 

2.5.4. pKa Values of tautomers of 1. 

The C2 chemical shifts of 1αp, 1βp, 1k and 1e exhibited sufficient pH 

dependencies to allow estimations of pKa values.  Titration data (Figure 2.5) obtained on 
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Figure 2.5 Titration of the C2 chemical shifts of 1αp (A), 1βp (2), 1k (C) 
and 1e (D).  Filled blue circles and blue line are fits to experimental points 
shown in either red or green. 

[2-13C]1 and fit to a modified form of the Henderson-Hasselbach equation37 gave the 

following results:  1αp, 2.5 ± 0.1; 1βp, 2.6 ± 0.1; 1k, 2.1 ± 0.1 and 1.8 ± 0.1; 1e, 5.5 ± 

2.6.  The large error in the pKa of 1e results from the lack of data points at the higher pHs 

of the titration (signal detection is lost at the higher pHs).  The true pKa is expected to be 

close to 5.5 based on visual inspection of the curve (Fig. 5D).   

The nearly identical pKa values for 1αp and 1βp were intermediate in magnitude 

between those for 1k and 1e, with 1k being most acidic.  These results are comparable to 

observations made on pyruvic acid, where pKa values of keto and enol forms have been 
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reported to be 1.97 and 3.79, respectively.27  It was not possible to estimate the pKa of the 

putative hydrate form of 1 (X2) since signal intensity decreased rapidly with increasing 

pH, preventing sufficient digitization of a titration curve. 

2.5.5. Exchange Rates Between Tautomers of 1. 

13C Saturation-transfer (ST) experiments37 were conducted on an aqueous 

solution of [2-13C]1 at pH 2.0 and 30 °C to identify species in chemical exchange with 

the open-chain keto form.  Selective irradiation of the C2 signal of 1k did not result in 

detectable loss of C2 signal intensities of 1αp, 1βp, 1e or 1h, suggesting that the 

unidirectional rate constants for ring-opening, dehydration and enolization are very slow 

(< 0.05 s-1).  Control 13C ST experiments on aqueous solutions of D-[1-13C]threose at pH 

2.0 showed strong reduction of the C1 signals from furanose and hydrate forms upon 

selective irradiation of C1 of the open-chain aldehydo form, as expected.38  ST 

experiments on SA at higher temperature were not conducted to avoid thermal 

degradation of the sample. 

2.5.6. Solvent Deuterium exchange in 1. 

Given the relatively high abundance of enol forms of 1 in aqueous solution, 1H 

NMR studies were conducted on unlabeled 1 in 2H2O solvent at p2H 8.0 to evaluate the 

propensity for solvent deuterium exchange at C3.  The H3ax and H3eq signals in 1αp and 

1βp were readily detected in 1H2O solvent at pH 8.0 and assigned based on the relative 

magnitudes of 3JH3ax,H4 and 3JH3eq,H4 (Figure 2.6A). Solvent deuterium exchange was 

very rapid at p2H 8.0 and 25 °C (Figure 2.6B), with virtually full and selective exchange 
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Figure 2.6 Partial 1H NMR spectrum (600 MHz) of 1 immediately upon 
dissolution in 2H2O (A) and after incubation at 25 °C for 150 h (B).  
Signals from H2ax in 1αp and 1βp are nearly absent, whereas those from 
H2eq are still observable. 
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observed at H3ax under these conditions after 47 min.  1H NMR data obtained after 

extended incubation of the same reaction mixture for 6 days were identical to those 

obtained after 47 min (spectrum not shown).  

The facile and selective exchange of H3ax in 1αp and 1βp presumably occurs via 

the acyclic keto form 1k.  If so, 1k probably assumes a relatively stable pseudo-cyclic 

conformation in solution containing relatively distinct 

and persistent C3-H3ax and C3-H3eq bond orientations 

to account for the observed selectivity. 1H/2H Exchange 

via cyclic structures was eliminated through studies of 2-O-methyl-β-D-N-

acetylneuraminic acid (8).  A 2H2O solution of 8 was titrated from an initial p2H of 1.8 to 

12.0 with NaO2H. In contrast to the exchange properties of 1, solvent exchange was not 

observed in 8 at either H3ax or H3eq after 21 days at p2H 12.0 and 25 °C.  

2.6.Conclusions 

Aqueous solutions of N-acetyl-neuraminic acid 1 contain mainly β-pyranose 

form, with the α-pyranose second in abundance.  In addition to cyclic forms, three 

acyclic forms can be detected at low levels (0.5 - 1.9% at pH 2).  These acyclic forms are 

difficult to observe by 13C NMR at natural abundance, but measurement with 13C-labeled 

samples, especially singly labeled at C2, greatly improves their detection and 

quantification. 

The characteristic 13C chemical shifts of the keto form make its detection and 

quantification relatively straightforward, whereas the presence of hydrate and enol forms 
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is not easily confirmed.  The latter is due to the relatively scant literature of 13C chemical 

shifts for these forms, and the underlying concern that weak signals observed in spectra 

may be due to low-level contamination of the sample. 

Observation of C2 signals consistent with SA enol form in solution were followed 

up by measurements on the [3-13C] and [1,2,3-13C3] isotopomers.  The data, when taken 

in total, strongly support the presence of detectable levels of SA enol in solution.  While 

the dominant configuration could not be confirmed, DFT measurements suggest that the 

trans form is likely to be preferred.  DFT calculations further predict that the two enol 

configurations can be distinguished based on the different signs of 2JC2,H3 in their 

structures. This observation may prove useful in further characterization of these and 

related species. 

Of the three acyclic monomeric forms of SA, confirmation of the presence of keto 

hydrate proved most challenging, and the present data might not be considered 

unequivocal.  However, when the present data are viewed in total, a likely C2 hydrate 

signal emerges (X2).   

Exploitation of the pH dependencies of the C2 chemical shifts yielded pKa values 

for the cyclic, keto and enol forms of SA.  The enol form is least acidic, and it is assumed 

that this titration is of the COOH group, not the enol C2 OH.  Presumably raising the pH 

above 6-7, where enol form abundance decays, results in the ionization of the enol C2 

OH, thus destabilizing the enol due to the presence of two negative charges in close 

proximity.    
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 Particularly striking about 13C NMR spectra of 13C-labeled SA is the presence of 

weak but reproducible signals that cannot be attributed to the major cyclic and acyclic 

monomeric forms of the molecule.  This is in direct contrast to prior studies of 13C-

labeled aldopentoses8 and aldohexoses9 where essentially all signals arising from labeled 

species could be assigned to monomeric forms.  Identification of these unknown species 

was not attempted, but it is noted that SA lactonization can potentially occur in aqueous 

solution, especially at low pH, giving structures shown in Scheme 2.5.  These species 

may account for the “extra” keto, enol and hydrate signals observed in 13C spectra of 13C-

labeled SA.  In addition to monomeric lactones, intermolecular dimerization and 

oligomerization (esterification) involving COOH and OH functionalities in different SA 

molecules could also contribute to these weak signals, with their relative intensities 

dependent on SA concentration.  

 

Scheme 2.5 Potential lactones of 1 (keto, keto hydrate, and enol forms). 

DFT calculations conducted on structural mimics of 1h and 1e served to provide 

supplemental information on which to base signal assignments.  It should be appreciated, 

O

O

O

NHCOCH3
HO

HO

OH

HO
O

O

NHCOCH3
HO

HO

OH

HO

OH

HO

Scheme 5.  Potential lactones of 1 (keto, keto hydrate, and enol forms).

O

O

NHCOCH3
HO

HO

OH

HO

OH



 

53 

however, that these calculations have some inherent assumptions at their core which were 

not fully tested, especially with regard to preferred conformation in solution.  Related to 

this is the fact that SA experiences facile solvent deuterium exchange in aqueous 

solution, and this exchange occurs considerably more rapidly at the axial H3 site in 1αp 

and 1βp.  This rapid exchange correlates with the fairly high abundance of keto form in 

solution.  The selective exchange implies that the acyclic keto form probably retains 

some cyclic character, possibly assuming a pseudo-cyclic conformation in which H3ax 

and H3eq retain orientations similar to those found in the cyclic pyranoses.   

The fact that solutions of SA contain acyclic keto, hydrate and enol forms may 

have implications for its biological functions.  At low pHs uncharacteristic of most 

biological environments, enol and hydrate forms are relatively abundant in aqueous 

solution.  However, as pH approaches the physiological value of ~7.0, these forms 

decrease substantially, thus reducing (but not necessarily eliminating) the likelihood of 

their functioning as substrates in enzyme catalyzed reactions.  However, in subcellular 

regions of low pH (e.g., lysosomes) or in the low pH environment of stomach, these 

forms are more prevalent and could play a role in biological catalysis. The extent to 

which these solution behaviors influence SA biological function remains to be explored.   
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Figure 2.7 (S1) 13C{1H} NMR spectra (150 MHz) of (A) pyruvic acid and 
(B) sodium pyruvate.  Note the significant reduction in the hydrate/keto 
ratio in aqueous solutions of the sodium salt.  Weak signals in both spectra 
were not assigned; in (A), signals at ~130 ppm may be due to enol forms.
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Figure 2.8. (S2) Effect of the C2-C3-C4-C5 torsion angle on calculated total energies, 2JC2,H3R/S and 1JCC values in 2.  
(A) Total energies (brown); 2JC2,H3R (blue); 2JC2,H3S (green).  (B) 1JC1,C2 (blue); 1JC2,C3 (green). 

0

2.5

5

7.5

10

to
ta

l e
n

e
rg

y
 (k

c
a

l/m
o

l)

-10

-8

-6

-4

-2

0

c
a
lc

u
la

te
d
 2

J
C

2
,H

3
R

/S
 (

H
z
)

-180 -120 -60 0 60 120 180

C1-C2-C3-C4 torsion angle (deg)

50

55

60

65

70

75

80

c
a
lc

u
la

te
d
 1

J
C

C
 (

H
z
)

-180 -120 -60 0 60 120 180

C1-C2-C3-C4 torsion angle (deg)

A B

56
 



 

57 

 

Figure 2.9. (S3) Partial 13C{1H} NMR spectrum (150 MHz) of [1,2,3-
13C3]1 at pH 2.0 showing the relatively intense C1 signals of 1αp (offscale 
at 173.1 ppm) slightly downfield of the C1 signals of 1e (172.4 ppm). The 
latter doublet of doublets contains 1JC1,C2 and 2JC1,C3 values identical to 
those observed at C2 of 1e (Figure 2.4).  The upfield doublet at 171.3 ppm 
contains a 1JC1,C2 equal that observed in the C2 signal of hydrate species 
X1 (Figure S4), thus identifying C1 of this species.  Comparison of these 
data to those in Figure 2.1B reveals the low levels of 1e and X1 relative to 
that of 1αp. 
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Figure 2.10. (S4) Partial 13C{1H} NMR spectrum (150 MHz) of [1,2,3-13C3]1 at pH 2.0 showing the very intense C2 
signals of 1βp (a; doublet of doublets; 1JC1,C2 = 70.1 Hz, 1JC2,C3 = 41.0 Hz), the upfield half of the C2 signals of 1αp (b; 
1JC1,C2 = 67.6   Hz, 1JC2,C3 = 41.7 Hz), and the C2 signals of hydrate species X1 (c).  Note that the 1JCC values measured 
from C2 of X1 are identical to those observed at C1 of X1 (Figure S3).  Signals a’ arise from the [1,2-13C2] isotopomer 
of 1 present in the sample.  

58  
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Figure 2.11. (S5)  Effect of the C2-C3-C4-C5 torsion angle on calculated 
JCH values in 5 and 6.  (A) 1JC3,H3 in 5.  (B) 2JC2,H3 in 5.  (C) 1JC3,H3 in 6.  
(D) 2JC2,H3 in 6.  Blue circles; O1-C1-C2-C3 torsion angle of 90° (fixed).  
Green squares; O1-C1-C2-C3 torsion angle of 180° (fixed). 
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Figure 2.12. (S6) Effect of the C2-C3-C4-C5 torsion angle on calculated 
1JCC values in 5  and 6.  Blue circles, 1JC1,C2.  Green squares, 1JC2,C3.  (A) 5 
with the C1-C2-C3-C4 torsion angle at 90°.  (B) 5 with the C1-C2-C3-C4 
torsion angle at 180°.  (C) 6 with the C1-C2-C3-C4 torsion angle at 90°.  
(D) 6 with the C1-C2-C3-C4 torsion angle at 180°. 
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Figure 2.13. (S7) Effect of the C2-C3-C4-C5 torsion angle on calculated 
2JC1,C3 values in 5  and 6.  (A) 5 with the C1-C2-C3-C4 torsion angle at 
90°.  (B) 5 with the C1-C2-C3-C4 torsion angle at 180°.  (C) 6 with the 
C1-C2-C3-C4 torsion angle at 90°.  (D) 6 with the C1-C2-C3-C4 torsion 
angle at 180°. 
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CHAPTER 3:  

13C-1H AND 13C -13C NMR J-COUPLINGS IN 13C -LABELED N-ACETYL-

NEURAMINIC ACID:  CORRELATIONS WITH MOLECULAR STRUCTURE2 

 “Truth, in Science, can be defined as the working hypothesis best fitted to open the way to 

the next better one.” 

– Konrad Lorenz 

3.1. Abstract 

N-Acetyl-neuraminic acid (2) was prepared enzymatically containing single sites 

of 13C-enrichment at C1, C2 and C3.  Aqueous solutions of the three 13C isotopomers 

were studied by 1H and 13C NMR spectroscopy at p2H 2 and pH 8 to obtain JCH and JCC 

values involving the labeled carbons.  Experimental studies were complemented by DFT 

calculations of the same set of J-couplings in protonated and ionized structural mimics of 

2 to determine how well theoretical predictions match the experimental findings in 

saccharide systems bearing ionizable functionality.  Results show that (a) 2JC2,H3ax/eq 

values in 2 depend on anomeric configuration, complementary to 3JC1,H3ax/eq behavior, 

                                                

2 I gratefully acknowledge my co-authors Wenhui Zhang, Ian Carmichael and Anthony S. Serianni 
for their assistance in preparing this chapter, which is submitted to the Journal of Organic Chemistry. 
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(b) JCH and JCC values involving C2 depend on anomeric configuration, the C1-C2 bond 

torsion and on solution pH, and (c) long-range 4JC2,H7 can be used to evaluate glycerol 

side-chain conformation.  All intra-ring JHH values in 2 appear largely unaffected by 

solution pH.  In vacuo DFT calculations of JCH and JCC values do not reproduce the 

experimental data well.  When solvent is included in these calculations, however, the 

theoretical results are in much better agreement with experiment.  The present work 

provides new information for the future treatment of trans-glycoside couplings involving 

NeuAc residues by (a) providing new standard values of intra-ring JCC having coupling 

pathways that mimic those for trans-glycoside JCC, (b) identifying the potential effects of 

solution pH on trans-glycoside couplings inferred through the behavior of related intra-

ring couplings, and (c) providing specific guidelines for more accurate DFT calculations 

of JCH and JCC values in ionizable saccharides.  

3.2. Introduction 

 Mammalian glycobiology can be distinguished from the glycobiology of other 

organisms based on the involvement of two monosaccharide building blocks, L-fucose 

(6-deoxy-L-galactose, Fuc) (1) and N-acetyl-neuraminic acid (NANA, NeuAc, sialic acid, 

SA) (2).  Glycoproteins such as human IgG1 contain 1 in the α-pyranosyl form (1αp), 

whereas the biological glycosyl donor, GDP-L-fucose (3), contains 1 in the β-

configuration.  The α-ketoacid, NeuAc, is also incorporated into glycoproteins in its α-

pyranose configuration (2αp), and like 3, the corresponding biological glycosyl donor, 

CMP-sialic acid (4), contains 2 in the β-configuration.  Incorporation of both 



 

67 

monosaccharides into a growing oligosaccharide chain, catalyzed by appropriate 

glycosyltransferases, involves inversion of configuration at the anomeric center of both 

donor sugars.2-4 

NeuAc residues are important in human biology and pathology.  These residues 

are commonly found as terminal residues on N-linked oligosaccharide chains of 

glycoproteins or glycolipids, and are accessible for binding to various biological agents.  

For example, NeuAc residues found on the outer lining of the stomach cavity during 

inflammation serve as binding sites for H. pylori, the causative agent of peptic ulcers.5  

The H5N1 virus associated with avian flu is released from its host cell membrane through 

the action of a viral neuraminidase (sialidase), which cleaves the cell surface viral NeuAc 

receptor.6  The antiviral agent, oseltamivir (TamifluTM), inhibits this enzyme, thus 

preventing the release of viral progeny and stifling the proliferation of the disease.6,7  

Removal of terminal NeuAc residues from human glycoproteins such as IgG targets the 

protein for clearance and degradation.8 

 NeuAc in N-glycans of human glycoproteins is commonly found linked 

glycosidically to Gal in either α-(2→3) (5) or α-(2→6) (6) linkages (Scheme 3.1).  The 

conformational properties of these linkages remain poorly characterized, partly because 
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only one 3JCOCH coupling exists across them (Scheme 3.1) (this also pertains to linkages 

involving 2-ketosugars), in contrast to two 3JCOCH across linkages involving 

aldopyranosyl rings.   The  common  1H-1H  NOE  in  oligosaccharides  between  protons 

Scheme 3.1. α-(2→3) and α-(2→6) Glycosidic Linkages Involving 2, and 
Trans-Glycoside J-Couplings Across an α-(2→3) Linkage. 

appended to the linkage carbons is also absent.  However, useful structural information is 

potentially available from the five trans-glycoside (inter-residue) JCC values across 

NeuAc glycosidic linkages (Scheme 3.1).  A prerequisite to the use of these couplings as 

potential probes of linkage conformation is knowledge of their structural dependencies, 

and a first step towards achieving this aim is an understanding of JCC values within 

NeuAc itself.  For example, intra-ring coupling in 5 between C1 and C6 is similar in 

character to the trans-glycoside J-coupling between C1 and C3’.  Likewise, intra-ring 
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coupling between C2 and C7 in 5 is similar to the trans-glycoside J-coupling between C2 

and C2’/C4’ (Scheme 3.1). 

Free NeuAc exists in aqueous solution in five monomeric forms:  α- (2αp) and β- 

(2βp) pyranoses, keto (2k), keto hydrate (2h), and enol (2e) (Scheme S1).9  The β-

pyranose 2βp is highly predominant (~91%), followed by 2αp (~6%).  In the 

presentwork, three NeuAc isotopomers containing selective 13C-labeling at C1, C2 and 

C3 (denoted 21, 22 and 23, respectively; Scheme 3.3) were employed to permit 

measurements of intra-ring JCH and JCC values in aqueous solution involving the labeled 

carbons of 2αp and 2βp.  Since ionization state may influence these couplings, 

measurements were conducted at p2H 2.0 and pH 8.0 where the carboxyl group is largely 

protonated and deprotonated, respectively.  Experimental studies were complemented by 

density functional theory (DFT) calculations of JCH and JCC in structural mimics in 

protonated and ionized states.  Since the experimental 13C-1H and 13C-13C J-couplings in 

2 pertain to conformationally rigid pathways, they can be compared to corresponding 

calculated couplings to determine the accuracy of the latter in a saccharide capable of 

ionization.  This type of comparison has not been reported previously and contributes to 

the long-term goal of interpreting trans-glycoside JCH and JCC across NeuAc glycosidic 

linkages where conformational flexibility is possible and reliance on theoretical 

calculations to predict their magnitudes essential. 
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Scheme 3.2. 13C Isotopomers if 2 and Atomic Numbering. 

3.3. Experimental Methods 

3.3.1. 13C-Labeled N-Acetyl-neuraminic Acid (21, 22 and 23). 

Compounds 21-3 were obtained from Omicron Biochemicals, Inc. (South Bend, 

IN) and were used without further purification. 

3.3.2. NMR Spectroscopy. 

.   For solutions at p2H 2.0 or 8.0, solid samples of 21, 22 or 23 were dissolved in 

2H2O and the solution p2H was adjusted to 2.0 or 8.0 using NaO2H.  For solutions at pH 

2.0 or 8.0, solid samples were dissolved in distilled water and adjusted to pH 2.0 or 8.0 
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with NaOH.  Sample concentrations were ~100 mM for 1H and ~300 mM for 13C NMR 

analyses.   

High-resolution 1H and 13C{1H} NMR spectra were collected at 600 and 150 

MHz, respectively at ~25 °C in 3-mm NMR tubes using a 3-mm 13C/1H microprobe 

(Nalorac).  Digital resolutions for 1H and 13C{1H} spectra were typically <0.02 Hz/pt 

and <0.1 Hz/pt, respectively.  Spectra were processed with different degrees of resolution 

enhancement to improve the detection and measurement of smaller JHH, JCH and JCC 

values. 

3.4. Calculational Methods 

Model structures 7-10 were chosen for theoretical studies of JHH, JCH and JCC.  

These structures mimic the protonated and ionized forms of 2 in the α- (7/8) and β-

pyranose (9/10) in the 1C4 ring conformation.  Geometric optimization was performed in 

Gaussian0310 using density functional theory (DFT) with the B3LYP functional11 and 

the 6-31G* basis set12 as described previously.13,14a  
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Four series of calculations were conducted to give a total of 16 data sets (four per 

structure).  In all sets, the O1-C1-C2-O6 torsion angle (see structure 7 for atom 

numbering) was varied in 30° increments through 360°.  In all sets, the C6-C7-O7-H and 

H4-C4-O4-H torsion angles were fixed at 180°, the O6-C6-C7-O7 torsion angle was 

fixed at 60°, and the H5-C5-N5-H and C5-N5-C8-C9 torsion angles were set initially at 

180° and allowed to optimize (Scheme S2).  The C3-C2-O2-H torsion was fixed at 180° 

in Series 1 and 3, whereas it was set initially at 180° and allowed to optimize in Series 2 

and 4.  Series 1/2 and 3/4 were otherwise identical except that the former pair involved in 

vacuo calculations, whereas the latter pair included the effects of solvent water (see 

below).  Data from each series are distinguished throughout the manuscript with the 

following symbolism, illustrated here for structure 7:  7FX (Series 1), 7FL (Series 2), 7FXS 

(Series 3) and 7FLS (Series 4). 

 J-Couplings were calculated in Gaussian03 using DFT (B3LYP) and a 

[5s2p1d|3s1p] basis set.14b  The reported couplings contain both Fermi and non-Fermi 

contact contributions and are unscaled.  The effect of solvent water on the computed 

couplings (Series 3 and 4) was evaluated using the Self-Consistent Reaction Field 

(SCRF)14c and the Integral Equation Formalism (polarizable continuum) model 

(IEFPCM)14d and the [5s2p1d|3s1p] basis set as implemented in Gaussian03. 

3.5. Results and Discussion 

3.5.1. General Considerations. 

The 1H NMR spectrum of NeuAc is dominated by signals arising from 2βp 

(Figure 3.1);15-17 signal assignments are given in Table S1 at p2H 2.0 and pH 8.0.  The 

detection of 2αp was difficult, and only H3ax, H3eq and the N-acetyl methyl protons 
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Figure 3.1. Expanded regions of the resolution-enhanced 1H NMR 
spectrum of [2-13C]2 at p2H 2.0 and 25 °C showing signal assignments.  
The amide signals in (D) were very weak due to the small percentage of 
molecules containing 1H at the NH site in 2H2O.  The H7β signal in (B) is 
expanded in (E) to show the presence of two 3JHH and the long-range 
4JC2,H7. 
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could be assigned with confidence to this form.  In 2αp and 2βp, the H3ax signal is more 

shielded than that of H3eq, and the difference in their chemical shifts is more pronounced 

for 2αp (~1 ppm) than for 2βp (~0.4 ppm).  1H signals arising from the exchangeable NH 

protons of the N-acetyl side chain were observed at ~8 ppm, appearing as a weak doublet 

at p2H 2.0 and an exchange-broadened singlet at pH 8.0 (Figure S1).  The effect of amide 

proton exchange was also evident at the H5β signal, which appeared as a well-resolved 

triplet at p2H 2.0 and an exchange-broadened triplet at pH 8.0 in unlabeled 2 (Figure S2). 

1H NMR spectra of 21-3 were initially obtained at p2H 2.0 and p2H 8.0.  While 

the former spectra were interpretable (Figure 3.1) and are discussed below, the latter 

spectra were devoid of H3ax/H3eq signals, and contained a doublet for the H4 signal of 

2βp, when solutions were allowed at stand for extended time prior to analysis.  Similar 

effects were observed in 13C NMR spectra at p2H 8.0, with the C3 signals difficult to 

detect under these conditions.  Further investigation confirmed that solvent deuterium 

exchange at C3 is facile (Scheme S3), with more rapid exchange observed for H3ax than 

for H3eq in 2αp and 2βp.16  The present J-coupling studies at high pH were conducted in 

95/5 (v/v) H2O/2H2O to eliminate this complication.  
The 13C NMR spectrum of 2 (Figure 3.2) contained well resolved signals for both 

pyranoses,17-20 allowing complete signal assignments at p2H 2.0 and pH 8.0 (Table S2).  

13C{1H} NMR spectra of 21, 22 and 23 contained doublets due to 1JCC which were used 

to confirm the C1-C4 signal assignments.  The C5-C7 signals were assigned based on an 

analysis of longer-range JCC.  The C8 and C9 signals were assigned based on the 

expected chemical shifts of 1° and 2° alcoholic carbons. 
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Figure 3.2. Expanded regions of the  13C{1H} NMR spectrum of [1-13C]2 at p2H 2.0 and 25 °C.  The C2 signals (C) 
show the presence of the large 1JC1,C2, and smaller longer range couplings are observed at C6β (3JC1,C6) (D) and C3α/β 
(2JC1,C3) (F).  

75 
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3.5.2.Conformational Properties of the C1-C2 Bond. 

The energetics of C1-C2 bond rotation in 2 was investigated by DFT since this 

rotation could affect J-couplings involving carbons and protons near the carboxyl group. 

Figure 3.3. The effect of C1-C2 bond rotation on the total energies of 
protonated 7 (A) and 9 (B).  In vacuo data are shown as solid lines, and 
solvated (water) data are shown as dotted lines.  Black symbols = FX 
series, blue symbols = FL series. 

The effect of C1-C2 bond rotation in protonated 2αp and 2βp on total energy is 

shown in Figure 3.3.  In vacuo energy profiles show significantly larger amplitudes than 

do solvated profiles.  The effect of fixing the C2-O2 bond torsion is small, and some 

phase-shifting was observed possibly due to H-bonding in some in vacuo conformations.  

This H-bonding is presumably suppressed in the corresponding solvated conformations.    

For 2βp, in vacuo and solvated data show the same global minimum at ~90°, and a local 

minimum at ~-90°.  The dampened barriers in the solvated data suggest considerable 
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conformational sampling.  For 2αp, in vacuo and solvated data differ with respect to the 

location of the global minimum and the shape of the curve near this minimum.  The 

solvated data suggest that torsions between 90° - 150°, and between 0° - -90°, are nearly 

isoenergetic, with the global minimum at ~150°. Conformational flexibility about the C1-

C2 bond appears greater in 2αp than in 2βp.  In 2αp, multiple steric interactions between 

the COOH group and the pyranose ring are possible, and exert a leveling effect on the 

energetics, whereas in 2βp, the equatorial COOH group is subject to less steric 

interactions and is thus more likely to favor a more limited set of conformations.  

Figure 3.4. The effect of C1-C2 bond rotation on total energies of 8 (A) 
and 10 (B).  In vacuo data are shown as solid lines, and solvated (water) 
data are shown as dotted lines.  Black symbols = FX series, blue symbols 
= FL series. 

Energy curves for the carboxylate anions are shown in Figure 3.4.  As observed in 

the COOH forms, inclusion of solvent dampens curve amplitude substantially, but barrier 

heights appear generally greater for the COO- forms than for COOH forms.  Phase-
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shifting for 2βp is more apparent between the FX and FL series, and is still observable in 

the FXS and FLS data sets.  Phase-shifting is observed in 2αp in the anion in both the in 

vacuo and solvated data, whereas it is absent in the protonated form.  For 2βp, a single 

well defined minimum is observed at ~±90° - 120°.  For 2αp, this minimum is located at 

~ ±60° - 90°. 

Preferred C1-C2 conformations in 2αp and 2βp are summarized in Scheme S4, 

with the caveat that, in both structures, significant averaging about the C1-C2 bond 

probably occurs in solution, particularly for the protonated forms. 

3.5.3. 1H-1H Spin-Couplings. 

1H-1H spin-couplings in 2βp range from 1.2 Hz to 11.5 Hz for 3JHH and –11.9 to 

–13.1 Hz for 2JHH (Table 3.1).  The large intra-ring 3JH3ax,H4, 3JH4,H5 and 3JH5,H6 are 

consistent with trans arrangements of the coupled hydrogens, consistent with a preferred 

1C4 ring conformation.  The small 3JH6,H7 (1.2 Hz) and large 3JH7,H8 (9.1-9.3 Hz) are 

noteworthy, with the former suggesting a preferred gauche/orthogonal torsion angle 

between H6 and H7, and the latter suggesting a preferred near-trans arrangement between 

H7 and H8.  These couplings place significant constraints on exocyclic glycerol side-

chain conformation,15 which will be discussed below when JCH and JCC are considered.  

The magnitudes of the JHH values in 2βp are largely independent of ionization state even 

for couplings involving nuclei close to the site of ionization (e.g., H3ax, H3eq).   The 

available JHH values in 2αp are similar in magnitude to those observed in 2βp. 
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TABLE 3.1. 1H-1H SPIN-COUPLING CONSTANTSA IN 2 AT P2H 2.0 AND PH 8.0 Table 1.  1H-1H Spin-Coupling Constantsa in 2 at p2H 2.0 and pH

8.0.

aIn Hz ± 0.1 Hz at ~ 25 °C; obsc denotes obscured signal; nm

denotes not measureable.

2!p 2"pJ-coupling (Hz)

p2H 2.0 pH 8.0 p2H 2.0 pH 8.0

3JH3ax,H4 11.4 11.4 11.4 11.5

3JH3eq,H4 4.6 ~4.1 4.9 4.9

2JH3ax,H3eq -12.8 -12.5 -13.1 -13.0

3JH4,H5 obsc obsc 10.1 9.9

3JH5,NH 9.2 obsc 9.4 nm

3JH5,H6 obsc obsc 10.3 10.5

3JH6,H7 obsc obsc 1.2 1.2

3JH7,H8 obsc obsc 9.3 9.1

3JH8,H9 obsc obsc 2.8 2.7

3JH8,H9! obsc obsc 6.4 6.4

2JH9,H9! obsc obsc -11.9 -11.9
 

aIn Hz ± 0.1 Hz at ~ 25 °C; obsc denotes obscured signal; nm denotes not measurable.

79 
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Doublets were observed at ~8 ppm for the NH protons of 2αp and 2βp at p2H 2.0 

(Figure 3.1D).  3JH5,NH values of 9.2 Hz and 9.4 Hz were measured for 2αp and 2βp, 

respectively.  These couplings are assumed to be unaffected by exchange broadening 

since NH exchange with solvent water was slow under the conditions used for the 

determinations. 

TABLE 3.2 CALCULATED 1H-1H SPIN-COUPLING CONSTANTSA IN 7-10.  

 

Computed 1H-1H couplings (Table 3.2) show very good agreement with 

experiment.  For example, computed couplings in 9 are within 0.3-0.4 Hz of experimental 

values except for 3JH6,H7 and 3JH5,NH.  The larger deviation for the former is likely 

caused by the different exocyclic structures in 2βp and 9, and to differences in the C6-C7 

bond torsion.  

Table 2.  Calculated 1H-1H Spin-Coupling Constants in 7-10.

aReported couplings were obtained by averaging the couplings calculated in the

twelve C1-C2 rotamers of each structure.  Blue values are experimental.

cmpdJ-coupling (Hz)

7FXS 8FXS 9FXS 10FXS

3JH3ax,H4 12.0 (11.4) 11.7 (11.4) 11.5 (11.4) 11.8 (11.5)

3JH3eq,H4 5.2 (4.6) 5.2 (~4.1) 5.3 (4.9) 5.4 (4.9)

2JH3ax,H3eq -13.0  (-12.8) -11.8 (-12.5) -12.9 (-13.1) -13.1 (13.0)

3JH4,H5 10.0 9.8 9.9 (10.1) 9.8 (9.9)

3JH5,NH (9.2)  (9.4)

3JH5,H6 10.6 10.5 10.7 (10.3) 10.7 (10.5)

3JH6,H7 1.8 1.9 1.9 (1.2) 1.9 (1.2)
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3.5.4. 13C-1H Spin-Couplings. 

Vicinal 13C-1H couplings between C1 and H3ax/H3eq differ in 2α and 2β as 

described previously.19a,b In 2α, 3JC1,H3ax is large (7.0 Hz) (Table 3.3), indicative of an 

anti arrangement, whereas 3JC1,H3eq is essentially zero, consistent with a gauche 

arrangement.  In 2β, both gauche couplings are < 1.6 Hz.   The three gauche couplings 

are non-equivalent, with 3JC1,H3ax in 2β larger than 3JC1,H3eq in 2α and 2β at p2H 2.0 

and pH 8.0.  Newman projections about the C2-C3 bond  (Scheme 3.3) show the presence 

of an electronegative substituent anti to the gauche-coupled C3 proton in all three cases, 

so this anti effect cannot explain the observed results.  The ring oxygen O7 may be more  

Scheme 3.3. Projections for 3JC1,H3ax and 3JC1,H3eq in 2α and 2β.  

effective at reducing gauche 3JCCCH than O2, possibly due to different stereoelectronic 

properties at the two oxygens.  The appended carboxyl group at C2 may also reduce the 

effectiveness of O2, but this explanation was eliminated through studies of 3-deoxy-β-D-

[1-13C]fructopyranose 11.  In 11, 3JC1,H3ax/eq values are virtually identical to those in 
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2βp.  Alternatively, the different gauche couplings 

may be caused by slightly different C-C-C-H torsion 

angles in the chair forms of 2αp, 2βp and 11.  

Inspection of crystal structures of 1120a and the 

methyl ester of 2βp20b give C1-C2-C3-H3ax torsions 

of -49.2°/-46.7° and C1-C2-C3-H3eq torsion angles of 68.6°/61.9°.  If similar torsions 

exist in solution, they would produce 3JC1,H3ax values larger than 3JC1,H3eq values, 

consistent with the experimental observations. 

TABLE 3.3. 13C-1H SPIN-COUPLING CONSTANTS IN 2 AT P2H 2.0 AND PH 8.0. 

Calculated 3JC1,H3ax/eq in 7 and 9 (Table 3.4) are in moderate agreement with the 

experimental findings.  In 7, 3JC1,H3ax and 3JC1,H3eq are 7.4 and 1.5 Hz, respectively, 

Table 3.  13C-1H Spin-Coupling Constants in 2 at p2H 2.0 and pH 8.0.

2!p 2"pJ-coupling (Hz)

p2H 2.0 pH 8.0 p2H 2.0 pH 8.0

3JC1,H3ax 7.0 6.2 1.6 1.0

3JC1,H3eq ~ 0 ~ 0 ~ 0 ~ 0

2JC2,H3ax ± 7.7 ± 7.4 ± 3.6 ± 3.4

2JC2,H3eq ~ ± 4.3 ~± 4.1 ± 3.9 ± 3.5

3JC2,H4 obsc obsc 0.5 nc

3JC2,H6 obsc obsc ~1.3 1.2

4JC2,H7 obsc obsc 0.8 br

1JC3,H3ax 129.4 ~128.3 129.8 129.1

1JC3,H3eq 134.1 ~133.5 133.5 132.5

2JC3,H4 obsc obsc ~ ± 2.1 ± 2.1

3JC3,H5 obsc obsc 1.0 nm

aIn Hz ± 0.1 Hz; obsc denotes obscured signal; nm denotes not measureable; br

denotes broadened signal; nc denotes no coupling (J < 0.6 Hz).

O

HO

11

OH

HO

CH2OH

H3ax

H3eq

!

3JC1,H3eq = 0.4 Hz

3JC1,H3ax = 1.8 Hz
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whereas in 9, the respective couplings are 2.0 and 0.5 Hz.  These data display the 

expected relative couplings in 9, but 3JC1,H3eq is larger than expected in 7.  However, the 

magnitudes of these 3JCCCH depend C1-C2 bond conformation (Figure 3.5), making  

Table 3.4. Calculated 13C-1H Spin-Coupling Constants in 7-10.  

quantitative comparisons between computed and experimental couplings difficult.  

Ionization of the COOH group generally reduces experimental 3JC1,H3ax/eq (Table 3.3), 

and a similar shift to smaller couplings is observed in the calculated couplings (Table 

3.4). 

Like 3JC1,H3ax/eq, 2JC2,H3ax and 2JC2,H3eq can be used to distinguish between 

2αp and 2βp.  2JC2,H3ax > 2JC2,H3eq in 2αp, whereas 2JC2,H3ax ≈ 2JC2,H3eq in 2βp.  

Application of the projection rule21 (Scheme S5) yields projections of +0.5 for both 

couplings in 2βp and for 2JC2,H3eq in 2αp, and the projection for 2JC2,H3ax in 2αp is –

Table 4.  Calculated 13C-1H Spin-Coupling Constants in 7-10.

cmpdJ-coupling (Hz)

7FXS 8FXS 9FXS 10FXS

3JC1,H3ax 7.4 (7.0) 5.5 (6.2) 2.0 (1.6) 1.6 (1.0)

3JC1,H3eq 1.5 (~0) 1.0 (~0) 0.5 (~0) 0.5 (~0)

2JC2,H3ax -7.0 (-7.7) -6.2 (-7.4) -2.7 (-3.6) -3.0 (-3.4)

2JC2,H3eq -2.3 (~-4.3) -2.1 (-4.1) -2.7 (-3.9) -2.5 (-3.5)

3JC2,H4 0.7 0.7 0.7 (0.5) 0.6 (nc)

3JC2,H6 1.0 1.2 1.8 (~1.3) 1.8 (1.2)

4JC2,H7 1.5 1.2 1.0 (0.8) 0.7 (br)

1JC3,H3ax 133.1 (129.4) 130.4 (~128.3) 132.0 (129.8) 130.4 (129.1)

1JC3,H3eq 138.3 (134.1) 135.4 (~133.5) 138.4 (133.5) 135.2 (132.5)

2JC3,H4 -1.5 -1.8 -1.7 (-2.1) -1.7 (-2.1)

3JC3,H5 1.9 1.8 1.7 (1.0) 1.6 (nm)

aReported couplings were obtained by averaging the couplings calculated in the twelve C1-C2

rotamers of each structure.  Blue values are experimental; nc denotes no coupling (J < 0.6

Hz); br denotes broadened signal; nm denotes not measureable.
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1.0.  Projections of +0.5 and –1.0 correlate with ~ 0 and very negative values of  2JCCH, 

respectively.  The large 2JC2,H3ax in 2αp is thus probably negative, but the projection 

rule cannot predict the remaining signs reliably. Since C2 is unprotonated, 1H-1H 

TOCSY data could not be used to determine the signs.22  Therefore, DFT calculations 

were used to make these determinations. 

Figure 3.5 Effect of C1-C2 bond rotation on calculated 1JC1,H3ax/eq in 7/8 
(A) and 9/10 (B).  Squares = H3ax, circles = H3eq.  Black symbols = 
protonated form; blue symbols =  ionized form.  Data taken from the FXS 
series. 
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Negative signs were obtained for 2JCH involving C2 and H3ax/eq in 7-10 (Table 

3.4).  Experimental coupling trends were maintained in the calculations, with very 

different couplings observed in 7/8 compared to 9/10.  These geminal couplings show 

differential sensitivities to rotation of the C1-C2 bond, with the large 2JC2,H3ax in 7 much 

less sensitive than the remaining three couplings (Figure 3.6).  Proximity to the COOH 

group appears to be a determinant, since H3ax in 7 is anti to C1, whereas the remaining 

three H3 protons are gauche to C1.  Modulation of the three gauche 2JCCH appears to 

occur via a through-space pathway that presumably involves anisotropy of the COOH 

group.  

Figure 3.6. Effect of C1-C2 bond rotation on calculated 2JC2,H3eq/ax in 7/8  
(A) and 9/10 (B).  Squares = H3ax, circles = H3eq.  Black symbols = 
protonated form; blue symbols =  ionized form.  Data taken from the FXS 
series. 

3JC2,H4 is small in 2βp (0.5 Hz) and corresponds to a C2-C3-C4-H4 torsion angle 
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analogous 3JC1,H3 in aldopyranosyl rings, which varies from 0-1.3 Hz.22  3JC2,H6 in 2βp 

(1.2 - 1.3 Hz) is also consistent with a C2-O6-C6-H6 torsion angle of ~+60° and is 

comparable to 3JC1,H5 in aldopyranosyl rings (~2.0 Hz).22  Computed couplings of 1.6 

Hz were obtained in 8/10, in agreement with experiment.  Interestingly, values <0.9 Hz 

were computed for 7/9, suggesting that the “in-plane” O2 in 8/10 enhances this coupling.  

Interestingly, C2 is also coupled to H7 in 2βp (Figure 3.1E).  This long-range 4JCOCCH is 

related to the 4JC1,H6R/S values involving the exocyclic hydroxymethyl protons of 

aldohexopyranosyl rings,23 and its presence constrains conformation about the C6-C7 

bond (see discussion below). 

1JC3,H3eq is ~4 Hz larger than 1JC3,H3ax in 2αp and 2βp.  The equatorial C3-H3 

bond is expected to be shorter than the axial C3-H3 bond, and the resulting enhanced s-

character is expected to produce a larger 1JCH.24  Both 1JCH are relatively insensitive to 

the COOH ionization state; changes of only ~ 1 Hz are observed.  

DFT calculations show 1JC3,H3ax/eq to be sensitive to C1-C2 bond conformation 

in 2αp and 2βp (Figure 3.7).  This sensitivity is largest for 1JC3,H3eq in the ionized form 

of both anomers, showing a change of 5-7 Hz as the bond is rotated.  This effect is 

probably mediated by through-bond and through-space mechanisms, given that both 

anomers appear equally responsive to the rotation.  DFT calculations also predict a 

decrease in both couplings upon COOH ionization, and on average, larger couplings for 

the C3-H3eq bonds.  The relative difference between 1JC3,H3ax and 1JC3,H3eq, however, 

is predicted to depend on C1-C2 bond conformation, with some conformations of 2βp 

giving identical couplings in the COO- form.  
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Figure 3.7. Effect of C1-C2 bond rotation on calculated 1JC3,H3eq/ax in 7/8  
(A) and 9/10 (B).  Squares = H3ax, circles = H3eq.  Black symbols = 
protonated form; blue symbols = ionized form.  Data taken from the FXS 
series. 

2JC3,H4 is 2.1 Hz in 2βp, and the projection rule21 yields a projection of +0.5. 

This coupling is expected to be negative since the analogous 2JC2,H3 in the 2-deoxy-α-D-

glucopyranosyl ring is –2.0 Hz (projection of +0.5)25  This result is confirmed by the 

DFT calculations (Table 3.4).  The gauche 3JC3,H5 in 2βp of 1.0 Hz is similar to the 

gauche 3JC2,H4 observed in 2-deoxy-α-D-glucopyran- osyl (~0 Hz) and 2-deoxy-β-D-

allopyranosyl (~0 Hz) rings.2 
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TABLE 3.5. 13C-13C SPIN-COUPLING CONSTANTSA IN 2 AT P2H 2.0 AND PH 8.0.  

Table 5.  13C-13C Spin-Coupling Constantsa in 2 at p2H 2.0 and pH 8.0.

aIn Hz ± 0.1 Hz; obsc denotes obscured signal; nm denotes not measureable; br
denotes broadened signal.  Coupling signs in () were predicted by DFT.

2!p 2"pJ-coupling (Hz)

p2H 2.0 pH 8.0 p2H 2.0 pH 8.0

1JC1,C2 67.4 62.6 71.7 66.3

2JC1,C3 (+) 4.1 (+) 3.8 ~ (+) 1.7 (+) 1.4

3JC1,C4 0 0 3.3 3.1

3JC1,C6 0 0 3.3 3.1

1JC2,C3 41.7 42.3 41.0 41.1

2JC2,C4 0 or br ±1.5 ± 1.5

2JC2,C6 br 0 ±1.9 ± 2.1

3+3JC2,C5 0 0 0 0

3JC2,C7 3.5 3.6 3.2 3.1

1JC3,C4 35.8 35.8 35.6

2JC3,C5 0 0 0 0

3+3JC3,C6 0 or br 0 0 0

88 
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3.5.5.13C-13C Spin-Couplings. 

1JC1,C2 in 2αp and 2βp range from 63-72 Hz and depend on anomeric 

configuration, with 2αp giving smaller couplings by ~4 Hz (Table 3.5).  Solution pH 

influences 1JC1,C2, with couplings ~5 Hz smaller in the ionized forms.  If s-character of 

the C1-C2 bond largely determines 1JC1,C2, then the smaller coupling in the ionized state 

implies less s-character, and the latter should lead to a longer C1-C2 bond.  DFT 

calculations confirm this expectation (Figure 3.8), with rC1,C2 consistently shorter in the 

protonated forms by ~0.03 and ~0.02Å in in vacuo and solvated calculations, 

respectively.  C1-C2 bond length also varies somewhat with C1-C2 bond rotation, with 

2αp showing a more systematic dependence in both its protonated and ionized forms.   

Figure 3.8 Effect of C1-C2 bond rotation on rC1,C2 in 7/8  (A) and 9/10 (B).  
Squares = protonated form; circles = ionized form.  Black/red symbols = 
FX/FL series; green/purple symbols = FXS/FLS series. 
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Figure 3.9. Effect of C1-C2 bond rotation on 1JC1,C2 in 7/8  (A) and 9/10 
(B).  Squares = protonated form; circles = ionized form.  Black/red 
symbols = FX/FL series; green/purple symbols = FXS/FLS series. 

DFT calculations show that 1JC1,C2 scales with rC1,C2, with larger couplings 

observed  in the protonated forms (Figure 3.9).  1JC1,C2 is smaller in the ionized forms, 

and the amount of decrease depends on whether the calculations were conducted in vacuo 

or with solvent.  The solvated data are in better agreement with experiment, suggesting 

that neglecting solvent accentuates (localizes) the charged properties of the carboxylate 

anion, which in turn produces hyper-extension of rC1,C2 and hyper-reduction of 1JC1,C2.  

A hyperconjugative mechanism may explain rC1,C2 elongation in the anion (Scheme 4.4),  

Scheme 3.4. Hyperconjugative effects on rC1,C2 and 1JC1,C2 in the ionized form of 2αp. 
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where contributions from resonance structure II are responsible for weakening 

(lengthening) the C1-C2 bond in the anion and for the concomitant reduction in 1JC1,C2.    

2JC1,C3 depends on anomeric configuration, with absolute couplings in 2αp larger 

than in 2βp by ~2 Hz.   The projection resultant method26 could not be used to predict 

their signs due to the sp2 character of C1.  DFT calculations predict positive signs for 

2JC1,C3 in 2αp and 2βp, a dependence on anomeric configuration that mirrors the 

experimental findings, and a dependence on the C1-C2 torsion angle, especially in the 

protonated state (Table 3.6, Figure 3.10A).  2JC1,C3 may be slightly reduced in the 

ionized state (Table 3.5), which is also suggested from the calculations.  

TABLE 3.6. CALCULATED 13C-13C SPIN-COUPLING CONSTANTSA IN 7-10. 

Table 6.  Calculated 13C-13C Spin-Coupling Constantsa in 7-10.

aReported couplings were obtained by averaging the couplings calculated in the

twelve C1-C2 rotamers of each structure.  Blue values are experimental; br

denotes broadened signals.

cmpdJ-coupling

(Hz) 7FXS 8FXS 9FXS 10FXS

1JC1,C2 73.1 (67.4) 66.4 (62.7) 80.0  (71.7) 70.4 (66.2)

2JC1,C3 4.9 (4.1) 4.1 (3.8) 2.1 (1.9) 1.9 (1.4)

3JC1,C4 -0.2 (0) -0.2 (0) 3.4 (3.3) 2.7 (3.1)

3JC1,C6 -0.2 (0) -0.1 (0) 4.1 (3.3) 3.1 (3.1)

1JC2,C3 43.7 (41.7) 43.8 (42.3) 44.9 (41.0) 45.8 (41.1)

2JC2,C4 1.5 (br) 1.7 -1.1 (-1.5) -1.4 (1.5)

2JC2,C6 -1.7 (br) -1.3 (0) -1.9 (-1.9) -2.6 (2.1)

3+3JC2,C5 0.3 (0) 0.3 (0) 0.3 (0) 0.3 (0)

3JC2,C7 4.0 (3.5) 3.7 (3.6) 3.9 (3.2) 3.5 (3.1)

1JC3,C4 36.3 (35.8) 36.7 36.0 (35.8) 36.4 (35.6)

2JC3,C5 2.1 (0) 1.9 (0) 2.1 (0) 2.0 (0)

3+3JC3,C6 0.1 (br) 0.1 (0) 0.3 (0) 0.4 (0)
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3JC1,C4 and 3JC1,C6 differ significantly in 2αp and 2βp, with essentially zero 

couplings observed in the former and 3.1-3.3 Hz couplings observed in the latter (Table 

3.5).  These couplings show a small dependence on COOH ionization state. Similar 

trends are predicted by DFT (Table 3.6), and both vicinal couplings show little 

dependence on  

Figure 3.10. Effect of C1-C2 bond rotation on 2JC1,C3 (A) and 1JC2,C3 (B) in 
7/8  (circles) and 9/10 (squares).  Black symbols = protonated form; blue 
symbols = ionized form.  Data taken from the FXS series. 

C1-C2 bond rotation (data not shown).  The 3.1-3.3 couplings in 2βp are 

associated with C1-C2-C3-C4 and C1-C2-O6-C6 torsion angles of ~180°, and the ~0 Hz 

couplings in 2α with corresponding torsion angles of ~60°.  Anti couplings 3JC1,C4 and 

3JC1,C6 in 2βp are virtually identical, implying that oxygen along the coupling pathway 

exerts a minimal effect on the coupling (assuming similar torsion angles).  This behavior 

is similar to that of 3JC1,C6 and 3JC3,C6 in aldohexopyranosyl rings, which exhibit a 

similar Karplus dependency.27    
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Figure 3.11. Effect of C1-C2 bond rotation on 2JC2,C4 (A), 2JC2,C6 (B) and 
3JC2,C7 (C) in 7/8  (circles) and 9/10 (squares).  Black symbols = protonated 
form; blue symbols = ionized form.  Data taken from the FXS series. 

1JC2,C3 ranges from 41-42 Hz and shows little sensitivity to anomeric 

configuration and to COOH ionization state. 1JC2,C3 depends on the C1-C2 bond torsion 

(Figure 3.10B), with maximal couplings observed at ~120° in 2αp and ~60° in 2βp 

regardless of the carboxyl ionization state.   

2JC2,C4 is very small in 2αp, slightly larger in 2βp, and is not significantly 

affected by ionization at C1.  DFT computations predict a positive sign in 2αp and a 

negative sign in 2βp (Table 3.6).  The sensitivity of 2JC2,C4 to C1-C2 bond rotation 

(Figure 3.11A) is significantly greater in 2αp than in 2βp, and may explain the apparent 

greater disparity between computed and experimental 2JC2,C4 in 2αp (Table 3.6).    

Like 2JC2,C4, 2JC2,C6 is larger in 2βp than in 2αp, and DFT calculations indicate 

negative signs (Table 3.6).  2JC2,C6 is analogous to 2JC1,C5 in aldopyranosyl rings in the 

4C1 conformation, which shows a dependence on anomeric configuration (~0 Hz in β-

pyranoses, ~-2 Hz in α-pyranoses).28  The axial O2 in 2βp mimics the axial O1 in α-

aldohexopyranosyl rings and elicits a measurable coupling, whereas the equatorial O2 in 
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2αp mimics that in β-aldopyranoses and little or no coupling is observed.  The magnitude 

of 2JC2,C6 in 2βp is similar to that observed in α-aldopyranosyl rings (~-2 Hz).  DFT 

calculations (Figure 3.11B) show 2JC2,C6 in 2αp to be considerably more sensitive to C1-

C2 bond rotation than 2βp, mimicking behavior observed for 2JC2,C4. 

3JC2,C7 is large in 2αp and 2βp (3.1-3.6 Hz), consistent with a C2-O6-C6-C7 

torsion angle of ~180°.  The coupling is slightly larger in 2αp, since the terminal “in-

plane” equatorial O2 enhances this 3JCOCC as expected from in work.29  Ionization state 

affects this coupling minimally.  DFT calculations (Figure 3.11C) show 3JC2,C7 to be 

more sensitive to C1-C2 bond rotation in 2αp than in 2βp, a pattern observed for 2JC2,C4 

and 2JC2,C6. 

1JC3,C4 is 35.7 Hz in 2αp and 2βp, and shows no sensitivity to the state of COOH 

ionization.  Of the three 1JCC measured in this study, 1JC3,C4 is smallest, 1JC1,C2 largest, 

and 1JC2,C3 intermediate in magnitude.  2JC3,C5 and 3+3JC3,C6 are very small or zero in 

2αp and 2βp.   

3.5.6. Conformation About the C6-C7 Bond. 

Prior studies have addressed the conformation of the exocyclic glycerol fragment 

of NeuAc.  Czarniecki and Thornton18,19 concluded that the favored C6-C7 bond 

conformation is that having H6 roughly anti to C8, a conformation presumably stabilized 

by two H-bonds between O6 (acceptor) and O8H, and between N5H and O7 (acceptor).  

In this conformation, H6 and H7 are approximately gauche, which is consistent with the 

small 3JH6,H7 (1.2 Hz; Table 3.1).  In contrast, Brown and coworkers15 concluded, based 
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on steric arguments, that of the two potential gauche O6-C6-C7-O7 conformations 

consistent with a small 3JH6,H7, that having O7 approximately anti to H6 is preferred.   

 In the present work, an additional long-range 13C-1H coupling, 3JC2,H7, was 

observed in 2βp (Table 3.3) that serves to distinguish between the two potential gauche 

O6-C6-C7-O7 conformations.  Analogous 4JCCCCH have been reported recently in D-

galactopyranosyl rings (4JC1,H6S) and were shown to depend highly on geometry about 

the C1-O5-C5-C6-H6R/S fragment, with in-plane (W-shaped) arrangements leading to 

measureable couplings.23  In this prior work, couplings as large as 1.1 Hz were observed 

in conformationally constrained compounds.  Observation of 4JC2,H7 in 2βp supports the 

contention that the C6-C7 conformation orienting H6 approximately anti to O7 is highly 

populated in solution.  If the very small value of 3JH6,H7 is interpreted as support for a 

relatively stable torsion angle of ~70°-80°, then the magnitude of 3JH6,H7 would be 

consistent with a geometry with H7 slightly out-of-plane, although we cannot dismiss a 

two-state exchange involving both O6-C6-C7-O7 gauche conformers, with one highly 

favored.  Other J-couplings not measured in this work (e.g., 3JC5,H7, 3JC5,C8) might shed 

further light on this problem. 

3.5.7. Comparison of JCC in 2βp, 3-deoxy-β-D-fructopyranose (11) and β-D-

fructopyranose (12). 

The preferred chair conformations of 3-deoxy-β-D-fructopyranose (11), β-D-

fructopyranose (12), and 2βp are similar (i.e.,1C4), allowing meaningful comparisons of 

related couplings in these structures.  1JC1,C2 is ~22 Hz larger in 2βp at pH 2.0 than in 11 
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and 12 (Table 3.7).  In contrast, 1JC2,C3 and 1JC3,C4 are 4-6 Hz larger in 12 than in 2βp, 

presumably due to the additional hydroxyl group on C3 in 12.30   2JC1,C3 is 3.4 Hz in 11 

and ~(+)1.7 Hz in 2βp.  3JC1,C4 and 3JC1,C6 are larger in 2βp 

than in 11 and 12; since the dihedral angles are similar, these 

differences are probably due mainly to different 

electronegative substituent effects at the terminal (C1) carbon.  2JC2,C6 is very similar in 

2βp and 12, but 2JC2,C4 is smaller in 12.  2JC3,C5 is small in 2βp and 12. 

TABLE 3.7. JCC VALUES IN 3-DEOXY-β-D-FRUCTOPYRANOSE 11 AND β-D-

FRUCTOPYRANOSE 12. 

3.5.8. Effect of Solvation on Computed Couplings in 9 and 10. 

The effect of solvent water on calculated J-couplings in 9 and 10 is summarized 

in Table 3.8.  Comparisons were drawn between coupling data obtained in the FX and 

FXS series of calculations.  Inclusion of solvent caused only minor changes in computed 

O

OH

CH2OH

HO

HO 12

OH

Table 7.  JCC Va luesa i n 3-Deoxy-!-

D-fructopyranose 11 and !-D-

Fructopyranose 12.

aIn Hz ± 0.1 Hz; nc denotes no

coupling (J < 0.6 Hz).  Data were taken

from ref. 29.  bAt pH 2.0; data from

Table 5.

J-coupling

(Hz)

cmpd

11

cmpd

12

cmpd

2!pb

1JC1,C2 50.2 49.8 71.7

2JC1,C3 3.4 2.4 ~(+)1.7

3JC1,C4 2.7 1.8 3.3

3JC1,C6 2.7 2.4 3.3

1JC2,C3 47.5 41.0

2JC2,C4 nc ±1.5

2JC2,C6 2.1 ±1.9

1JC3,C4 39.8 35.8

2JC3,C5 nc 0
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JHH, JCH and JCC values in the protonated form 9.  In contrast, some of the computed 

couplings in 10 were considerably more sensitive to the presence or absence of solvent.  

In 10, JHH values were little affected by the inclusion of solvent, presumably because 

these pathways are relatively far removed from the site of ionization.  At the other 

extreme, 1JC1,C2 increases significantly in the solvent calculations.  The difference in 

1JC1,C2 between 9 and 10 is 18.8 Hz for FX data and 9.6 Hz for FXS data; the 

experimental difference is 5.5 Hz.  These results show that, although the computed 1JCC 

are not quantitative in any data set (they are consistently overestimated), the solvated data 

provide a closer approximation to experiment than do the in vacuo data.  In general, JCC 

and JCH values in 10 involving C1 and C2 shift to more positive values when solvent is 

included.   These results point to the importance of including solvent in J-couplings 

calculations in the ionized forms of saccharides. 

TABLE 3.8. EFFECT OF SOLVENT ON CALCULATED SPIN-COUPLINGS 

IN 9 AND 10. 
Table 8.  Effect of Solvent on Calculated Spin-Couplings in 9 and 10.

                  9                  10J-coupling

(Hz) FX FXS Exp FX FXS Exp
1JC1,C2 81.7 80.0 71.7 62.9 70.4 66.2

1JC2,C3 44.5 44.9 41.0 45.2 45.8 41.1

1JC3,C4 35.6 36.0 35.8 36.3 36.4 35.6

2JC1,C3 2.0 2.1 1.9 1.8 1.9 1.4

3JC1,C4 3.4 3.4 3.3 2.2 2.7 3.1

3JC2,C7 4.5 3.9 3.2 2.6 3.5 3.1

3JC1,C6 4.0 4.1 3.3 3.2 3.1 3.1

3JC1,H3ax 2.0 2.0 1.6 1.2 1.6 1.0

3JC1,H3eq 0.6 0.5 ~0 0.5 0.5 ~0

2JC2,H3ax -2.8 -2.7 -3.6 -3.7 -3.0 -3.4

2JC2,H3eq -2.9 -2.7 -3.9 -2.6 -2.5 -3.5

1JC3,H3ax 131.9 132.0 129.8 131.5 130.4 129.1

1JC3,H3eq 139.6 138.4 133.5 135.6 135.2 132.5

2JC3,H4 -1.9 -1.7 -2.1 -2.0 -1.7 -2.1

3JH3ax,H4 11.4 11.5 11.4 11.9 11.8 11.5

3JH3eq,H4 5.2 5.3 4.9 5.4 5.4 4.9

2JH3ax,H3eq -12.7 -12.9 -13.1 -13.3 -13.1 13.0

aReported couplings were obtained by averaging the couplingscalculated in the twelve C1-C2 rotamers of each structure.

Blue values are experimental.
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3.6. Conclusions 

Many biologically important oligosaccharides attached to glycoproteins contain 

NeuAc glycosidically linked as a terminal residue.  The conformational properties of 

NeuAc-containing linkages are still poorly understood, largely due to the limited number 

of experimental parameters available for such studies.  The present work was conducted 

to set the stage for studies of trans-glycoside J-couplings involving NeuAc residues, 

which hold the potential for better defining these linkages.  In contrast to trans-glycoside 

J-couplings involving Glc, Gal, Fuc and GlcNAc residues, J-couplings involving NeuAc 

are potentially subject to the effects of solution pH, since an ionizable COOH 

functionality is proximal to the glycosidic linkage.  The present work aimed in part to 

evaluate the effect of this factor on intra-residue JHH, JCH and JCC as a means of 

predicting related effects on trans-glycoside JCH and JCC.  This work also provided 

useful new information on JCH and JCC involving C1, C2 and C3 of NeuAc for coupling 

pathways having defined structure imposed by the pyranosyl ring.  These “fixed 

pathway” couplings provide a means to validate calculated trans-glycoside couplings 

since some of their pathways mimic those across the linkage and, importantly, are 

associated with known torsions. 

Several key findings emerged from this work.  1H-1H J-couplings in 2αp and 2βp 

are largely independent of solution pH, presumably because these coupling pathways are 

relatively remote from the site of ionization.  DFT calculations in the presence of solvent 

reproduce intra-ring JHH very well. 

Geminal JCH involving C2 and H3ax/H3eq are negative in sign and can be used to 

distinguish between NeuAc pyranose anomers in a manner similar to that reported for 
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3JC1,H3ax/H3eq.19a,b  Regarding the latter vicinal couplings, the different coupling 

magnitudes observed for the three gauche C-C-C-H pathways in 2αp and 2βp is not 

attributable to effects of C1 functionality but rather to differences in the torsion angles 

associated with these couplings.    

1JC1,C2 values in 2 depend on pyranose anomeric configuration and on solution 

pH.  Couplings are generally larger in the β-pyranose and decrease with increasing pH.  

DFT calculations showed that the reduction in 1JC1,C2 with increasing pH is 

accompanied by an increase in the C1-C2 bond length.  The latter correlation can be 

explained by a hyperconjugative mechanism in which the C1-C2 bond is weakened in the 

ionized state. 

Rotation of the C1-C2 bond exerts significant effects on 1JCC, 2JCC and 3JCC 

values involving C2 of NeuAc.  The extent of this effect depends on anomeric 

configuration for the latter two coupling types.  Generally, these couplings are more 

sensitive to C1-C2 bond rotation in the α-pyranose for reasons that are presently unclear. 

Recent studies in aldohexopyranosyl rings have shown that 4JCCCCH involving 

C1 can be used to evaluate exocyclic CH2OH conformation.23  A related effect exists in 

NeuAc pyranosyl rings, where analogous coupling is observed between C2 and H7.  This 

observation provides constraints on the C6-C7 bond torsion in 2βp in solution, favoring a 

conformation having H6 approximately anti to O7. 

DFT calculations of J-couplings in 2 appear less accurate when solvent is 

excluded from the calculations.  This effect is particularly apparent for 1JC1,C2 but 

extends to couplings more remote from the site of ionization.  These findings have 
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important implications for future theoretical studies of trans-glycoside J-couplings 

involving 2.  Specifically, DFT calculations of the latter must be performed with solvent 

in order to be of use in interpreting experimental data.  The same approach will probably 

be required for DFT calculations of J-couplings in other ionizable sugars such as uronic 

acids. 

The present work provides a set of standard JCH and JCC values involving C1-C3 

in 2 that will assist in studies of trans-glycoside J-couplings.  Intra-residue 3JC1,C6 in 2αp 

is related to 3JC1,C3’ in 5; the experimental value of 3JC1,C6 is associated with a torsion 

angle of ~-60°, providing a reference value in the construction of a 3JC1,C3’ Karplus 

curve.  Likewise, 3JC2,C7 in 2αp mimics trans-glycoside 3JC2,C2’ and 3JC2,C4’ in 5, 

providing standard couplings for torsions of ~180°.  These couplings are expected to be 

relatively unaffected by the state of ionization of the COOH group, thus eliminating this 

factor in their analysis.  On the other hand, the present results suggests that rotation about 

the C1-C2 of 2 significantly affects JCH and JCC values, and this factor will need to be 

considered in studies of trans-glycoside couplings.  Present data suggest that 

conformational preferences about the C1-C2 bond differ in NeuAc anomers, that 

inclusion of solvent water significantly reduces the activation barriers for C1-C2 bond 

rotation, and that activation barriers to C1-C2 bond rotation are much higher for the 

carboxylate anion compared to the protonated acid.  At present, it is not possible to 

evaluate the disposition of the COOH/COO- group in NeuAc anomers experimentally, 

and this problem remains to be addressed in future work. 
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3.7. Supporting Information. 

Scheme 3.5. (S1) Monomeric forms of 2 and their abundances in aqueous 
solution at pH 2. (R= -CHOH-CHOH-CH2OH) 
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Scheme S1.  Monomeric Forms of 2 and Their Abundances in 
Aqueous Solution at pH 2 (R = -CHOH-CHOH-CH2OH).
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Scheme 3.6. (S2) Initial geometries of 7-10 used in DFT calculations of J-
couplings in 2.  All ring conformations are 1C4; see text for the initial 
values of the exocyclic torsions. 

 

Scheme 3.7. (S3) Deuterium exchange of C3 protons of 2 in mild aqueous 
base. 
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Scheme S3.  Deuterium exchange of C3 protons of 2 in mild aqueous base.
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Scheme 3.8. (S4) Preferred C1-C2 Bond Conformations in the protonated 
and ionized forms of 2αp and 2βp. 

Scheme 3.9. (S5) Projections for 2JC2,H3ax and 2JC2,H3eq in 2αp and 
2βp. 
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TABLE 3.9. 1H CHEMICAL SHIFTSa OF 2 AT P2H 2.0 AND PH 8.0. 

 

TABLE 3.10. 13C CHEMICAL SHIFTSa OF 2 AT P2H 2.0 AND PH 8.0. 

 

Figure 3.12. (S1) (A) Amide 1H 
signals of 2 at p2H 2.0 and 20 °C.  
Assignment of the weaker αp signal is 
tentative.  Resonance linewidth (∆ν0.5 ) 
of the βp signal is 2.4 Hz.  3JH5,NH are 
9.2 Hz and 9.4 Hz for the αp and βp, 
respectively.  These signals were very 
weak, since they represent the small 
fraction of 2 containing an N1H rather 
than an N2H at the amide site.  (B) 
Amide 1H signals of 2 at pH 8.0 and 
20 °C.  The NHβ signal has collapsed 
into a broadened singlet due to rapid 
chemical exchange of the NH proton 
with solvent H2O.  Resonance 
linewidth (∆ν0.5) is 19.6 Hz.  Raw 
FIDs used to generate spectra in (A) 
and (B) were treated with a 0.1 Hz 
exponential apodization function prior to FT.  

Table S1.  1H chemical shiftsa of 2 at p2H 2.0 and pH 8.0.

aIn ppm at 25 °C; ± 0.001 ppm.  Obsc denotes obscured signal.  Shifts were referenced to those

reported in ref. 17 for the !-pyranose in the free acid and sodium salt forms.

Nucleuscmpd

H3ax H3eq H4 H5 H6 H7 H8 H9 H9! CH3 NH

2" (pD 2.0) 1.493 2.497 obsc obsc obsc obsc obsc obsc obsc 1.816 ~7.801

2" (pH 8.0) 1.400 2.505 obsc obsc obsc obsc obsc obsc obsc 1.809

2! (pD 2.0) 1.664 2.098 3.849 3.715 3.839 3.339 3.529 3.620 3.400 1.833 ~7.885

2! (pH 8.0) 1.588 1.985 3.804 3.682 3.751 3.294 3.528 3.616 3.390 1.828

Table S2.  13C chemical shiftsa of 2 at p2H 2.0 and pH 8.0.

aIn ppm at 25 °C, ± 0.1 ppm. Shifts were referenced to those reported in ref. 17 for the !-pyranose in the

free acid and sodium salt forms.

nucleuscmpd

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11

2" (pD 2.0) 173.2 96.6 40.8 68.5 52.5 73.5 68.9 71.5 63.8 175.8 20.3

2" (pH 8.0) 176.2 98.0 41.6 67.7 52.7 73.4 69.0 72.4 63.7 176.0 22.9

2! (pD 2.0) 174.1 96.0 39.6 67.5 52.8 71.2 69.0 70.9 63.9 175.6 22.8

2! (pH 8.0) 177.7 97.2 40.3 68.1 53.1 71.1 69.4 71.2 64.2 175.6 23.0
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Figure 3.13. (S2) (A) H5 signal of 2βp at p2H 2.0 and 20 °C showing a 
pseudotriplet pattern due to the nearly equal values of 3JH4,H5 (10.1 Hz) 
and 3JH5,H6 (10.3 Hz).  Resonance linewidths (∆ν0.5) range from 1.5-1.7 
Hz.  No J-coupling to the NH proton is observed since the latter is 
essentially fully exchanged with solvent 2H.  (B) H5 signal of 2βp at pH 
8.0 and 20 °C.  The pseudotriplet has broadened considerably (compare to 
data in Fig. 1A) due to rapid chemical exchange of the adjacent NH proton 
with solvent H2O.  Resonance linewidth (∆ν0.5) is estimated at ~17 Hz.  
Raw FIDs used to generate spectra in (A) and (B) were treated with a 0.1 
Hz exponential apodization function prior to FT. 
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CHAPTER 4:  

CORRELATED C-C AND C-O BOND CONFORMATIONS IN SACCHARIDE 

HYDROXYMETHYL GROUPS: PARAMETRIZATION AND APPLICATION OF 

REDUNDANT 1H-1H, 13C-1H, AND 13C-13C NMR J-COUPLINGS3 

“It is a profoundly erroneous truism… that we should cultivate the habit of thinking of 

what we are doing. The precise opposite is the case. Civilization advances by extending the 

number of important operations which we can perform without thinking about them.” 

– Alfred North Whitehead 

4.1. Abstract 

Methyl α- and β-pyranosides of D-glucose and D-galactose 1-4 were prepared 

containing single sites of 13C-enrichment at C4, C5, and C6 (12 compounds), and 1H and 

13C{1H} NMR spectra were obtained to determine a complete set of J-couplings (1J, 2J, 

and 3J) involving the labeled carbon and nearby protons and carbons within the exocyclic 

hydroxymethyl group (CH2OH) of each compound. In parallel theoretical studies, the 

dependencies of 1J, 2J, and 3J involving 1H and 13C on the C5-C6 (ω) and C6-O6 (θ) 

                                                

3 I gratefully acknowledge my co-authors Christophe Thibaudeau, Roland Stenutz, Brian Hertz, 
Shikai Zhao, Qingquan Wu, Ian Carmichael and Anthony S. Serianni for their assistance in preparing this 
chapter, which is submitted to the Journal of the American Chemical Society.   
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torsion angles in aldohexopyranoside model compounds were computed using density 

functional theory (DFT) and a special basis set designed to reliably recover the Fermi 

contact contribution to the coupling. Complete hypersurfaces for 1JC5,C6, 2JC5,H6R, 

2JC5,H6S, 2JC6,H5, 2JC4,C6, 3JC4,H6R, 3JC4,H6S, and 3JC6,H4, as well as 2JH6R,H6S, 

3JH5,H6R, and 3JH5,H6S, were obtained and used to parametrize new equations correlating 

these couplings to ω and/or θ. DFT-computed couplings were also tested for accuracy by 

measuring J-couplings in 13C-labeled 4,6-O-ethylidene derivatives of D-glucose and D-

galactose in which values of ω and θ were constrained. Using a new computer program, 

Chymesa, designed to utilize multiple J-couplings sensitive to exocyclic CH2OH 

conformation, the ensemble of experimental couplings observed in 1-4 were analyzed to 

yield preferred rotamer populations about ω and θ. Importantly, due to the sensitivity of 

some couplings, most notably 2JH6R,H6S, 2JC5,H6R and 2JC5,H6S, to both ω and θ, unique 

information on correlated conformation about both torsion angles was obtained. The 

latter treatment represents a means of evaluating correlated conformation in 1,6-linked 

oligosaccharides, since ψ and θ are redundant in these linkages. In the latter regard, 

multiple, redundant scalar couplings originating from both sides of the glycosidic linkage 

can be used collectively to evaluate conformational correlations between ψ / θ  and C5-

C6 bond rotamers. 

4.2.Introduction 

Conformational analysis of saccharides by NMR is often compromised by 

insufficient structural constraints on which to base firm conformational assignments1,2. 
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This problem is particularly acute in studies of conformationally flexible domains, such 

as the exocyclic hydroxymethyl (CH2OH) fragments of monosaccharides and the O-

glycosidic linkages of oligo- and polysaccharides. In the former, the assignment of 

conformation is especially important when O6 is involved in the O-glycosidic linkage, 

since here three torsion angles define linkage geometry, namely, ω, ψ, and φ (Scheme 

4.1). 

 

Scheme 4.1. Part of the Core Structure of Glycoprotein N-Glycans, 
showing 1,3- and 1,6-Linkages and the ψ / φ Redundancy in the Latter 

Experimental and theoretical studies of trans-O-glycoside couplings (2JCOC, 

3JCOCH, and 3JCOCC) were undertaken recently to determine their dependencies on 

oligosaccharide structure.1-5 In addition to the expected Karplus dependence of 3JCOCC, 

terminal electronegative substituent effects were shown to be significant and quantifiable, 
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leading to more accurate interpretations of these couplings in structural terms.1,2 

Likewise, 3JHCCH, 2JHCH, and 1JCH within saccharide exocyclic CH2OH groups were 

examined, leading to new equations correlating their magnitudes to and (Scheme 4.1).6 

These studies demonstrated that J-couplings often display dependencies on more than 

one molecular parameter. These secondary dependencies are useful when direct 

experimental parameters are either unavailable or inaccessible to probe a specific 

conformational feature. For example, prior work suggests that 3JC1,C6 in 

aldohexopyranosyl rings not only display the expected Karplus dependence on the C1-

O5-C5-C6 torsion angle but also respond predictably to changes in the O5-C5-C6-O6 

torsion, suggesting that these couplings may be valuable indirect probes of 

hydroxymethyl group conformation.1 The two-parameter dependencies of J-couplings 

lead to the possibility of evaluating correlated conformations in saccharides. To explore 

this potential, the present work aimed to identify the primary structural factor(s) 

governing specific J-couplings and to uncover and quantify secondary (and heretofore 

unknown) structural dependencies that may be exploited to assess correlated behaviors. 

We also attempted to identify the underlying structural features (e.g., bond lengths, bond 

angles, stereoelectronic effects) or trends that influence specific coupling magnitudes. 

The above experimental aims are more compelling when considering the 

likelihood of conformational flexibility about ω, ψ, and φ (Scheme 4.1). Arguments 

presented in the literature about whether oligosaccharides are rigid or flexible are largely 

moot; there is likely to be mobility about each of these bonds in solution. The key issues 

are the amplitudes and time scales of these motions, which are probably context-

dependent.5 Given the wide range of monosaccharides and the various modes of 
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assembling them into oligomers, it will be challenging to establish whether these contexts 

can be systematically identified and categorized, thereby leading to reliable empirical 

rules correlating primary structure with oligosaccharide conformation and dynamics. 

In this study, recent work6 on J-couplings sensitive to saccharide exocyclic 

CH2OH conformation is extended. Previously we showed that density functional theory 

(DFT) calculations using a special basis set predict 2JHH, 3JHH, and 1JCH nearly 

quantitatively without the need for scaling, yielding new equations correlating these 

couplings with ω and/or θ (Scheme 4.1).6 Herein, 2JCH, 3JCH, 1JCC, 2JCC, and 3JCC are 

examined experimentally and theoretically; additional data on 2JHH and 3JHH are also 

presented. Methyl D-gluco- and D-galactopyranoside anomers 1-4 were prepared singly 

13C -enriched at C4, C5, and C6 and used for experimental determinations of JCH and 

JCC involving the carbons and hydrogens near the CH2OH substituent; these couplings 

include 1JC5,C6, 2JC5,H6R, 2JC5,H6S, 2JC6,H5, 2JC4,C6, 3JC4,H6R, 3JC4,H6S, and 3JC6,H4. 

Their interpretation was facilitated by DFT calculations in model structures 5-7 and by 

NMR measurements within conformationally constrained 4,6-O-ethylidene-D-gluco- and 

D-galactopyranoses. New parametrized equations relating JHH, JCH, and JCC to ω and/or 

θ have been developed, and a concerted analysis of multiple redundant J-couplings to 

evaluate correlated conformation about ω and θ in aldohexopyranosyl rings is described 

using a new computer program, Chymesa. The results have important implications for 

future investigations of biologically relevant oligosaccharides containing 1,6-glycosidic 

linkages. 
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4.3.Experimental Section 

4.3.1.Synthesis of Labeled Methyl Aldohexopyranosides. 

Methyl α-D-[4-13C]-, [5-13C]-, and [6-13C]glucopyranosides (1); methyl β-D-[4-

13C]-, [5-13C]-, and [6-13C]glucopyranosides (2); methyl α-D-[4-13C]-, [5-13C]-, and [6-

13C]galactopyranosides (3); and methyl β-D-[4-13C]-, [5-13C]-, and [6-

13C]galactopyranosides (4) were prepared as described previously,7,8 and only brief 

descriptions are provided here. 

D-[4-13C]Glucose and D-[5-13C]glucose were prepared from DL-[1-13C]- and [2-

13C]glyceraldehyde, respectively,9 and dihydroxyacetone phosphate (DHAP)10 using 

FBP aldolase (E.C. 4.1.2.13) (Scheme 4.2). The initially formed hexulose 1-phosphates 

were dephosphorylated with acid phosphatase (E.C. 3.1.3.2), and the neutral labeled D-

fructose and L-sorbose were purified by chromatography on Dowex 50 × 8 (200-400 

mesh) in the Ca2+ form (fructose elutes first, followed by sorbose).11 The purified labeled 

D-fructoses were treated with immobilized D-xylose isomerase (E.C. 5.3.1.5), and the 

resulting mixtures containing labeled D-glucoses and D-fructoses were purified by 

chromatography on Dowex 50 × 8 (200-400 mesh) in the Ca2+ form (glucose elutes first, 

followed by fructose).  

D-[6-13C]Glucose was prepared from K13CN and 1,2-O-isopropylidene-α-D-xylo-

pentodialdo-1,4-furanose as described previously.12 D-[4-13C]-, [5-13C]-, and [6-

13C]Galactoses were prepared from the corresponding labeled D-glucoses via C4-

epimerization.13 
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Scheme 4.2. The Synthesis of D-[4-13C]Glucose. 

The labeled D-glucoses and D-galactoses were converted to their methyl 

pyranosides by treatment with anhydrous MeOH in the presence of Dowex 50 × 8 (20-50 

mesh) resin in the H+ form (Fischer glycosidation).14 In each case, the mixture of 

anomeric aldohexopyranosides was purified by chromatography on Dowex 1 × 8 (200-

400 mesh) ion-exchange resin in the OH- form, using water as the eluent.15 Purified 

glycosides (12 total) were identified by their characteristic 1H and 13C chemical 

shifts.14,16 

4,6-O-Ethylidene-D-[4-13C]-, [5-13C]-, and [6-13C]glucoses, and 4,6-O-

ethylidene-D-[6-13C]galactose were prepared from the corresponding labeled D-hexoses 

as follows.17 The labeled hexose (181 mg, 1.0 mmol) was mixed in a 10 mL round-

bottom flask with acetaldehyde (60 L, 1.1 mmol) and p-toluenesulfonic acid 
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monohydrate (5 mg). The mixture was stirred at 5° C overnight and extracted with hot 

ethyl acetate (3 × 8 mL), and the extract was concentrated at 30° C in vacuo. The crude 

product was purified by chromatography on silica gel using MeOH/CH2Cl2 (7:1) as the 

solvent, and the derivatives were characterized by 1H and 13C NMR. Overall yields 

ranged from 15 to 25%; unreacted starting aldose, which accounted for the low yield, was 

recovered for reuse. 

4.3.2. NMR Spectroscopy. 

1H and 13C {1H} NMR spectra of 13C-labeled methyl D-gluco- and D-

galactopyranosides, and of 13C-labeled 4,6-O-ethylidene-D-gluco- and galactopyranoses, 

were obtained at 30° C in 2H2O (~50 mM for 1H; ~200 mM for 13C) on a Varian 

UnityPlus FT-NMR spectrometer operating at 599.887 MHz for 1H and 150.854 MHz for 

13C. 1D Spectra were processed with optimal digital resolution and resolution 

enhancement to extract J-couplings having errors of ±0.1 Hz unless otherwise noted; 

couplings <0.5 Hz appeared as line-broadening. Spectral simulation was required to 

extract accurate JHH and JCH couplings in all cases and to determine/confirm coupling 

signs; MacNUTS18 operating on Apple platforms was used to generate simulated 1H 

NMR spectra. 

4.3.3. Theoretical Calculations. 

The torsion angles, ω and θ, are defined as O5-C5-C6-O6 and C5-C6-O6-O6H, 

respectively, in 1-7. Density functional theory (DFT) calculations using the B3LYP 

functional19 and the 6-31G* basis set20 were conducted within Gaussian9421 for 
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geometric optimization of molecular structures.1,2 Three model compounds (5-7) were 

used in the calculations. The most extensive data set was obtained on 5, which lacks an 

OH substituent at C4, thus reducing complications caused by the arbitrary introduction of 

intramolecular hydrogen bonding (with concomitant undesirable changes in bond 

torsions) during the geometric optimizations. The ω and θ torsion angles in 5 were varied 

systematically from 0°-360° in 30° increments by holding both torsion angles at fixed 

values in the calculations, yielding 144 partially optimized geometries; all remaining 

molecular parameters were geometrically optimized. These data were used to generate 

the hypersurfaces. Nine structures were obtained containing staggered values of ω and θ 

wherein both torsion angles and all other degrees of freedom were optimized. A 

comparison of partially and fully optimized geometries gave an estimate of the extent to 

which holding ω and θ at fixed values affected the computed couplings. 

A second series of calculations was performed on 6 and 7 that contain an axial 

and equatorial OH substituent at C4, respectively. In these calculations, one set of C-O 

torsion angles was inspected (C5-C4-O4-OH4 and C5-C6-O6-OH6 torsion angles of 

~180°), and only the three staggered rotamers about ω were studied (total of six 

structures). All structures were fully geometrically optimized. These calculations were 

performed to determine the effect of OH substituents on J-couplings involving C4 or H4 

(e.g., 3JC4,H6R/S, 2JC5,H4, 2JC4,C6). Restricting these calculations to a limited set of C-O 

torsions avoided complications caused by intramolecular H-bonding between O4 and O6 

and their attached protons, which can distort geometries and induce undesirable torsion 

changes in the molecules. 
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A third series of calculations was performed on 4,6-O-ethylidene-α-D-

glucopyranose (8α) and 4,6-O-ethylidene-β-D-galactopyranose (9α). As described for 6 

and 7, one set of C-O torsions was inspected (optimized torsions were as follows: for 8α, 

C2-C1-O1-H = -172.0°, C1-C2-O2-H = -46.0°, C2-C3-O3-H = -48.2°; for 9α, C2-C1-

O1-H = -171.0°, C1-C2-O2-H = -44.3°, C2-C3-O3-H = -41.2°). 

Coupling constants in 5-9 were calculated2 by DFT using a modified version of 

Gaussian9421 and an extended basis set ([5s2p1d|3s1p])6 designed to reliably recover the 

Fermi contact contribution to the coupling. Prior work has shown that, in the present 

cases, contributions from the non-Fermi contact terms are small and can be neglected 

without significantly affecting the results. All computed couplings reported are unscaled, 

and all equations correlating structure with J-coupling magnitudes and signs were derived 

using unscaled couplings. 

 

Scheme 4.3. Idealized Staggered Rotamers (ω) about the C5-C6 Bond of 
Aldohexopyranosyl Rings 
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4.3.4. Equation Parametrization. 

Equations describing the dependencies of 2J, and 3J on ω and θ were 

parametrized using ProFit 5.6.2 (Quantum Soft, Zürich, Switzerland). In the least-

squares Monte Carlo fitting module integrated in ProFit, coefficients of the Fourier series 

used to formulate the equation were randomly generated, and for each set of coefficients, 

the deviation between J-values predicted by the equation and those from the reference 

dataset was calculated in the form of a χ2 parameter. In this work, the dataset consisted of 

144 (J, ω, θ) points generated from the hypersurface calculations and of 9 freely 

optimized (ω, θ) rotamers. For each parametrized equation, χ2 was minimized in an 

iterative fashion. When no significant improvement in χ2 was observed compared to the 

"best" value, the calculation was terminated and the resulting set of coefficients was used 

to formulate the best fit equation. 

Extended equations were parametrized to better describe the dependence of JHH, 

JCH, and JCC on ω and θ by systematically including ω or θ terms of increasing 

complexity in the Fourier series up to sin(2x) and cos(2x) and comparing the "best" χ2 

values for each extended equation to the χ2 value generated by the simpler equations. In 

all cases, the number of terms was limited to 6 or 7 to avoid strongly correlated terms, 

which would produce an underdetermined system and an artificial improvement in χ2. 
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4.4. Results and Discussion 

4.4.1.General Considerations. 

Idealized staggered hydroxymethyl rotamers relevant to aldohexopyranosides are 

denoted gg (ω = -60°), gt (ω = 60°), and tg (ω = 180°) (Scheme 4.3). The stereochemical 

assignments of H6R and H6S are shown in 5, and rotamer definitions for θ are shown in 

Scheme 4.4. 

Systematic rotations about ω and θ in 5 (30° increments) yielded 144 (12 × 12 

matrix) structures that define a reasonable conformational energy hypersurface (Figure 

4.1). Three energy minima are observed at the three staggered ω / θ rotamers: 60° / -60° 

(0 kcal/mol); 300° / 60° (0.4 kcal/mol); and 180° / -60° (2.9 kcal/mol). Thus, gas-phase 

DFT calculations at the B3LYP/6-31G* level of theory yielded the following relative 

stabilities of hydroxymethyl rotamers in 5: gt ≈ gg > tg. It should be noted, however, that 

the stabilities of the gt and gg rotamers may be affected by the location of O6H (i.e., by 

θ); in gg and gt, O6H is oriented near one of the O5 lone pairs, and thus some stability 

may be conferred to both geometries due to intramolecular H-bonding. Indeed, gg and gt 

were higher in energy than tg when in the former θ was rotated to eliminate this H-

bonding. Thus, in the absence of solvent, tg may be more stable than gg and gt when 

contributions from intramolecular H-bonding are eliminated, despite the presence of the 

gauche effect22 in the latter forms which has been invoked to explain the experimentally 

determined preference for gg and gt in aqueous solution. 

Introduction of an OH group at C4 of 5, giving 6 or 7, affects the relative 

stabilities of rotamers. For 6, tg (0.1 kcal/mol) > gt (1.5 kcal/mol) >>  gg (6.5 kcal/mol); for  
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Figure 4.1. Conformational Energy Hypersurface Generated from 30° Rotations of ω and θ in 5 (144 optimized 
structures) determined by DFT (B3LYP/6-31G*). 
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Scheme 4.4. Idealized Staggered Rotamers (θ) about the C6-O6 Bond of 
Aldohexopyranosyl Rings. 

7, gg (0 kcal/mol) ≈ gt (0.4 kcal/mol) > tg (2.6 kcal/mol). These trends contrast with that 

observed for 5, where tg (0 kcal/mol) > gt (1.4 kcal/mol) ≈ gg (1.9 kcal/mol) for θ = 

180°. The presence of an axial O4 (6) destabilizes gg but exerts a minimal effect on the 

relative energies of gt and tg. Introduction of an equatorial O4 stabilizes gg and gt 

significantly and destabilizes tg. However, results for 6 and 7 pertain to a small subset of 

C-O rotamers where intramolecular hydrogen bonding is weak or nonexistent, and 

relative populations derived from gas-phase calculations are expected to change 

significantly when the remaining C-O rotamers are taken into account, due to selective H-

bonding in some forms. For these reasons, relying on conformational energy maps to 

predict preferences about ω can be problematic, since H-bonding and solvation forces 

affect torsional preferences. 
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4.5. Calculated NMR Scalar Coupling Constants and Parametrization. 

4.5.1.Two-Bond 13C-1H Spin-Spin Coupling Constants. 

2JCH Values are useful structural constraints in saccharides, nucleosides and their 

derivatives,6,14,23 and general rules have been proposed relating 2JCCH to specific patterns 

of oxygen atom substitution on the coupled carbon and on the carbon bearing the coupled 

hydrogen.23a-c With respect to CH2OH conformation, three 2JCCH are expected to be 

sensitive to ω: 2JC5,H6R, 2JC5,H6S, and 2JC6,H5. Computed values of these couplings in 5 

are given in Table 4.1. Application of the projection rule23a yields two projections, 0 and 

1.5, that correlate with average DFT-calculated 2JCCH values of -3.8 ± 1.2 Hz and +3.2 ± 

1.8 Hz, respectively, using data in Table 4.1. As noted previously,24,25 these computed 

couplings are shifted to more negative values than predicted by the projection rule. 

The dependencies of 2JCCH on ω and θ are shown in Figure 4.2 for eclipsed and 

staggered ω rotamers. A single maximum and a single minimum are observed upon 

sampling ω from 0° to 360°. This behavior differs from that exhibited by 3JCH and 3JHH 

(see below), which display two maxima and two minima, and suggests a practical 

advantage of 2JCH in studies of CH2OH conformation, namely, greater reliability in 

correlating experimental couplings to rotamer populations due to the smaller number of 

conformers compatible with extreme and intermediate experimental couplings. The 

dynamic range of 2JCCH is ~+5 Hz to ~ -5 Hz (Δ ≈ 10 Hz), which is comparable to, if not 

slightly larger than, that observed for 3JCCCH (Δ ≈ 8 Hz) (see below). The signs of 2JCH 

depend on ω and are straightforward to determine experimentally.26 Note that plots of 
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2JC5,H6R and 2JC5,H6S in Figure 4.2 are complementary, which is a useful feature for 

stereochemical assignments of H6R and H6S and for CH2OH conformational analysis. 

 

Figure 4.2. (A) Dependence of 2JC5,H6R on ω. (B) Dependence of 
2JC5,H6S on ω. (C) Dependence of 2JC6,H5 on ω. Circles, data from 5 
(Table 4.1); open diamonds, data from 6 (Table S1). For 5 in plots A and 
B, data are divided into two groups to emphasize the enhanced coupling 
(open circles) observed in one θ conformation (see Scheme 4.5). 

2JC5,H6R and 2JC5,H6S exhibit a dependence on similar to that observed for 2J 

H6R,H6S.6 Two groups of couplings are observed at a given ω for the three staggered θ 

rotamers (Figure 4.2A,B); two couplings are similar in magnitude and always smaller 

(more negative) than the third. The θ rotamer in which OH6 is gauche to both coupled 

nuclei consistently exhibits a more positive coupling than the remaining two staggered 

rotamers (Scheme 4.5). The effect is enhanced when the coupled proton is anti to O5 (an 

increase of ~+4 Hz vs ~+2.3 Hz). This observation is consistent with that made for 2J 

H6R,H6S where θ having OH6 gauche to H6R and H6S contributes positively to the 

coupling (Scheme 4.5C). The origin of this effect remains unclear, although it is noted 

that, in all three geometries, both coupled atoms are anti to an O6 lone pair. The expected 
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C-H and C-C bond elongation27 may be partly responsible for the shift to more positive  

TABLE 4.1. TORSION ANGLESA, ω AND θ, CALCULATED 2JCH VALUESB. 

 

couplings. This effect is not observed for 2JC6,H5 (Figure 4.2C), presumably because the 

C5-O5 torsion is held relatively fixed by the pyranosyl ring and cannot modulate the 

coupling. 
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Scheme 4.5. θ Rotamers that Make a Positive Contribution to 2JC5,H6R 
(A), 2JC5,H6S (B), and 2JH6R,H6S (C)a 

Substitution of an OH group at C4 appears to affect 2JC5,H6R and 2JC5,H6S in 

those ring geometries in which the coupled proton experiences a 1,3-interaction with O4. 

In these cases, the coupling is shifted to a more negative value. For example, 2JC5,H6S is 

shifted to a more negative (less positive) value in 7 (by ~2 Hz) compared to 6 for ω = +60 

(Table S1); in the gt rotamer, H6S experiences a 1,3-interaction with the equatorial O4 in 

7 which is absent in 6. Essentially no effect of O4 is observed in the gg rotamer (when 

differences in ω are accounted for) regardless of C4 configuration, presumably because 

H6S is anti to C4 and thus well removed from the site of substitution. The above-noted 

1,3-factor may be caused by small changes in C-H bond length induced by O4 lone pair 
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effects; in this case, the oxygen lone pairs are expected to reduce bond lengths slightly,27 

which may lead to the slightly more negative 2JCH. 

An effect of C4 hydroxylation on 2JC6,H5 is also observed, but only when O4 is 

axial (Figure 4.2C). The coupling is shifted to a more negative value in the three 

staggered ω rotamers. This observation is consistent with prior reports of "remote" effects 

on 2JCCH in aldohexopyranosides;14 oxygen substituents trans to the coupled proton on 

adjacent carbons shift 2JCCH to more negative values (Scheme 4.6). The effect appears 

additive in that the shift observed in gg is ~2-fold greater than that observed in gt, due to 

the presence of two anti oxygens (O4 and O6) in the former. 

 

Scheme 4.6. C4 Configuration Dependence of 2JC6,H5 

The above discussion reveals a significant effect of C-O bond torsions on 2JCCH 

magnitudes which were anticipated earlier.6 To explore this effect further, a full 
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hypersurface was obtained for 5 wherein ω and θ were sampled in 30° increments from 

0° to 360°. Two-dimensional plots for 2JC5,H6R, 2JC5,H6S and 2JC6,H5 are shown in 

Figure 4.3A and B. Superimposed on these plots are computed couplings determined in 

nine fully optimized structures (Table 4.1). The latter data agree with those obtained from 

partially optimized geometries, indicating that fixing ω and θ does not significantly alter 

the computed couplings. These results show that the effect of θ on 2JCCH is greater when 

the carbon bearing the oxygen also bears the coupled proton, as opposed to the coupled 

carbon; rotating θ exerts a greater effect on 2JC5,H6R and 2JC5,H6S than on 2JC6,H5, as 

revealed by the narrower range of couplings observed for the latter at discrete values of 

ω. This effect is more clearly observed in the 3D hypersurfaces shown in Figures 4.3C-E. 

Presumably vicinal O6 lone pair effects28 on the C6-H6R/S bond lengths (see below) 

perturb 2JC5,H6R/S more than O6 vicinal lone pair effects on the C5-C6 bond length 

perturb 2JC6,H5. For this reason, 2JC6,H5 may be more attractive than 2JC5,H6R and 

2JC5,H6S for studies of CH2OH conformation when information about θ is unavailable. In 

addition, the range of allowed couplings at each value of ω is essentially the same as that 

shown in Figure 4.2 when only staggered θ values were considered. The latter fact leads 

to simplified equations relating these couplings to ω and θ, as described below. 

Valence bond angle, which has been shown to affect 2JHCH,29 might also 

influence 2JCCH values. However, in the fully optimized, staggered structures reported in 

Table 4.1, the C-C-H bond angle does not vary significantly; the average C5-C6-H6R, 

C5-C6-H6S, and C6-C5-H5 bond angles (±1 SD) are 108.8° ± 0.5°, 108.8° ± 0.6°, and 

108.1° ± 0.8°, respectively. This distribution compares favorably with that found 
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Figure 4.3. (A) The dependence of 2JC5,H6R/S on both ω and θ, determined 
by varying both torsion angles in 5 systematically through 360° in 30° 
increments. The vertical spread of points at discrete ω values demonstrates 
the sensitivity of these 2JCH to θ. Superimposed are coupling data 
computed in the fully (staggered) and partially (eclipsed) optimized 
structures reported in Table 4.1. Filled circles, 2JC5,H6R; open squares, 
2JC5,H6S; stars and open circles, respective couplings taken from Table 
4.1. (B) Data similar to that in part A for 2JC6,H5 in 5. Closed triangles, 
hypersurface data; open circles, data from Table 4.1. (C) Hypersurface 
(ω/θ) calculated for 2JC5,H6R in 5. (D) Hypersurface (ω/θ) calculated for 
2JC5,H6S in 5. (E) Hypersurface (ω/θ) calculated for 2JC6,H5 in 5. 
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previously for the H6R-C6-H6S bond angle (107.7° ± 0.4°),6 indicating that the C-C-H 

bond angle is probably not responsible for the observed dependence of 2JCCH on ω and θ, 

at least within the group of structures studied. 

The dependencies of 2JC5,H6R and 2JC5,H6S on ω and θ were parametrized using 

the complete dataset of 153 datapoints (144 structures from the hypersurface; 9 staggered 

structures in Table 4.1), yielding eqs 4.1a and b. Equation 4.1c describes the dependence 

of 2JC6,H5 on ω; attempts to parametrize this equation by including both ω and θ terms 

did not improve the rms error significantly. 

 

 2JC5,H6R = –1.40 + 0.94 cos(ω) – 4.38 sin(ω) – 
  0.79 cos(2θ) – 1.24 sin (2θ) (rms = 0.78 Hz) (4.1a) 
 

 2JC5,H6S = –1.32 + 2.24 cos(ω) + 4.12 sin(ω) – 
  0.80 cos(2θ) + 1.24 sin (2θ) (rms = 0.70 Hz) (4.1b) 
 

 2JC6,H5 = –1.29 + 1.53 cos(ω) – 3.68 sin(ω) – 
   (rms = 0.45 Hz) (4.1c) 
 

4.5.2. Three-Bond 13C -1H Spin-Spin Coupling Constants. 

3JC4,H6R and 3JC4,H6S have been used previously to make stereochemical signal 

assignments of H6R and H6S in 1H NMR spectra of aldohexopyranosyl rings, and in 

studies of CH2OH conformation.14,30,31 A Karplus relationship has been reported31 and 

was applied recently to interpret 3JC4,H6R and 3JC4,H6S in aldohexopyranosyl rings.32 
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Theoretical relationships among 3JC4,H6R, 3JC4,H6S, ω, and θ were examined 

initially in 5 using fully and partially geometrically optimized structures (Table S2). 

These data are plotted in Figure 4.4A, with the C-C-C-H torsion angle φ represented on 

the x-axis rather than ω. The distribution of data points at discrete values of φ reveals the 

sensitivity of 3JCCCH to θ. In comparison to 2JCCH (see above), the effect of θ on 

3JCCCH is much reduced, as illustrated in the 3D hypersurfaces (Figure 4.4B and C) (note 

that the effect of C4-O4 bond rotation on 3JC4,H6R/S was not evaluated, but this effect is 

expected to be small based on observations made above on 2JCCH). Both 3JC4,H6R and 

3JC4,H6S display a Karplus dependence as expected, but the two curves are phase-shifted 

by ~20°. For comparison, the previously reported theoretical curve31,32 is shown in Figure 

4.4A. While the general features of both treatments are conserved, predicted couplings 

for ± 30° differ significantly, with larger values predicted by the present treatment. 

Concern about the applicability of Karplus curves derived from theoretical studies 

of 5 to the analysis of experimental couplings observed in authentic aldohexopyranosyl 

rings substituted with oxygen on C4 (i.e., 1-4) was addressed by calculating 3JCCCH in 6 

and 7 (Figure 4.4A). Although the data for 6 and 7 are limited, there is no indication that 

O4 substitution significantly alters the relationships; ~1 Hz deviations are observed at φ ≈ 

180° for both couplings, whereas differences at φ = ~60 and -60 are insignificant. The 

small phase shift is also evident in the limited data obtained on 6 and 7. We conclude that 

two different equations are required to describe the structural dependencies of 3JC4,H6R 

and 3JC4,H6S and that the curves derived from 5 are applicable, to a first approximation, 

to rings bearing OH substituents at C4. 
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Figure 4.4. (A) Dependence of 3JC4,H6R and 3JC4,H6S on φ in 5. Filled 
squares, 3JC4,H6R (hypersurface data); open diamonds, 3JC4,H6S 
(hypersurface data); filled circles, 3JC4,H6R/S curve reported by Tvaroska 
and Gadjos;31 open triangles, 3JC4,H6R in 6; filled triangles, 3JC4,H6S in 6; 
open circles, 3JC4,H6R in 7; open squares, 3JC4,H6S in 7. Small black + 
(3JC4,H6R) and × (3JC4,H6S) define Karplus curves predicted from eqs 4.2 
and 4.3. The vertical spread of points at discrete φ indicates the effect of θ. 
(B) Hypersurface calculated for 3JC4,H6R in 5. (C) Hypersurface 
calculated for 3JC4,H6S in 5. (D) Dependence of 3JC6,H4 in 5 on the C6-
C5-C4-H4 torsion angle (Table S2). Filled circles, 3JC6,H4ax; filled 
squares, 3JC6,H4eq. The vertical spread of points at discrete C-C-C-H 
torsions shows the effect of θ. Data for corresponding couplings in 6 (open 
squares) and 7 (open circles) are also shown. 
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Data in Table S2 yield additional insight into the effect of oxygen substituents on 

3JCCCH. 3JC4,H6R in the gg and gt rotamers is 1.1 ± 0.6 Hz and 1.2 ± 0.6 Hz for φ of -

66.1 ± 8.8 and 64.8 ± 8.6, respectively. 3JC4,H6S in gt and tg rotamers is 1.1 ± 0.7 Hz and 

3.7 ± 0.2 Hz, respectively, for φ of -52.6 ± 9.2 and 59.8 ± 3.2, respectively. Thus, the 

larger gauche coupling observed for 3JC4,H6S in tg is not caused by a significantly 

reduced . This behavior is attributed to anti electronegative substituent effects caused by 

O5 and O6. For 3JC4,H6S in tg, O5 is gauche to H6S, and O6 is gauche to C4 (i.e., there 

are no electronegative substituents anti to either coupled nuclei). In contrast, there is at 

least one electronegative substituent anti to a coupled nucleus in the remaining three 

cases. For example, for 3JC4,H6S in gt, H6S is anti to O5, and O6 is anti to C4, whereas 

for 3JC4,H6R in gg and gt, only one anti interaction is present. It appears that this "anti" 

effect, which is related to that reported for 3JHH,6 is not additive; the presence of one of 

these interactions appears sufficient to reduce a gauche C-C-C-H coupling to its 

minimum value. The observed decrease in 3JCCCH upon introduction of one "anti" 

interaction is ~2.6 Hz. 

Karplus dependencies for 3JC4,H6R and 3JC4,H6S using 18 datapoints (i.e., 9 

staggered and 9 eclipsed ω conformers in Table S2) are described by eqs 4.2 and 4.3 in 

which is used (instead of shown in Figure 4.4A). 

 

 3JC4,H6R = 3.58 + 0.11 cos(ω) + 3.50 cos(2ω) + 
  0.35 sin(ω) – 0.57 sin(2ω) (rms = 0.38 Hz) (4.2) 
 

 3JC4,H6S = 3.60 + 0.50 cos(ω) + 0.06 cos(2ω) – 
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  0.13 sin(ω) – 3.46 sin(2ω) (rms = 0.44 Hz) (4.3) 
 

Inclusion of the full hypersurface data (144 data points) and/or inclusion of 

additional terms to describe the dependence of 3JC4,H6R/S on θ yielded virtually identical 

equations. 3JC4,H6R/S calculated using eqs 4.2 and 4.3 were not predicted accurately 

using the previous Karplus equations;31,32 rms deviations of 1.4 Hz were found between 

DFT-calculated couplings and those predicted by the previous treatments. 

The effect of anti electronegative substituents on 3JCCCH is also observed in 

3JC6,H4 computed in 5-7 (Tables S1 and S2, Figure 4.4D). For 5, 3JC6,H4(eq)  is ~2.5 Hz 

smaller than 3JC6,H4(ax) (H4eq is anti to O5, whereas H4ax is gauche to O5), a decrease 

similar to that observed for 3JC4,H6R/S. In addition to the "anti" effect, a small 1,3-effect 

appears to be present for 3JC6,H4 in 5 in the gg rotamer (on H4ax) and the tg rotamer (on 

H4eq). This 1,3-effect decreases the observed 3JC6,H4 by ~0.7 Hz. Similar effects were 

observed on 3JC6,H4 in 6 and 7, as shown in Figure 4.4D (Table S1). The introduction of 

an axial or equatorial O4 does not appear to influence 3JC6,H4 significantly (i.e., 

couplings computed in 6 and 7 are similar to those computed in 5), presumably because 

O4 cannot lie in the coupling plane in either orientation (i.e., a planar zigzag C6-C5-C4-

O4 arrangement cannot be achieved). 3JC6,H4 in 5-7 is also affected by θ (Figure 4.4D), 

exhibiting a range of ~1 Hz similar to that observed for 3JC4,H6R/S. 
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4.5.3. Three- and Two-Bond 1H-1H Spin-Spin Coupling Constants. 

3JH5,H6R and 3JH5,H6S were computed previously in 5 using the limited set of 

staggered and eclipsed geometries given in Table 4.1.6 Hypersurfaces were generated in 

the present work to more fully evaluate the effect of θ (Figure 4.5A, Figure 4.6A and B). 

3JH5,H6R and 3JH5,H6S exhibit approximately the same sensitivity to θ as do 3JC4,H6R and 

3JC4,H6S. In addition, the curves for 3JH5,H6R and 3JH5,H6S are phase-shifted by ~50°; 

similar behavior was observed for 3JC4,H6R and 3JC4,H6S (Figure 4.4). Importantly, 

corresponding curves calculated using a well-established empirically derived Karplus 

equation33 are essentially superimposable on the DFT-computed curves (Figure 4.5A), 

thereby confirming the reliability of the DFT data. 

In previous work, the dependencies of 3JH5,H6R and 3JH5,H6S on ω were 

described using DFT data obtained on nine completely optimized staggered and nine 

partially optimized eclipsed ω rotamers,6 yielding eqs 4.4 and 4.5. 

 

 3JH5,H6R = 5.08 + 0.47 cos(ω) – 0.12 cos(2ω) + 
  0.90 sin(ω) + 4.86 sin(2ω)  (4.4) 
 

 3JH5,H6S = 4.92 – 1.29 cos(ω) + 4.58 cos(2ω) + 
  0.05 sin(ω) + 0.07 sin(2ω)  (4.5) 
 

The above equations were not affected (i.e., rms errors differ by <0.1 Hz) when 

the same nine staggered conformers and 144 additional couplings from hypersurface 

calculations were included in the parametrizations. Equations for 3JH5,H6R/S were also 

derived by including additional terms to account for the small effect of θ (Figure 4.5A,  
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Figure 4.5. (A) Dependence of 3JH5,H6R and 3JH5,H6S on ω in 5 (open 
circles, 3JH5,H6R; open triangles, 3JH5,H6S). The vertical spread of points 
at discrete ω torsions indicates the effect of θ. Curves derived from eqs 4.4 
and 4.5 (+ and ×), and curves derived from previously reported 
empirically derived Karplus equations33 (filled upright and inverted 
triangles) are also shown. (B) Dependence of 2JH6R,H6S on ω in 5. The 
vertical spread of points at discrete C-C- C-H torsions indicates the effect 
of θ. (C) The dependence of 2JH6R,H6S in 5 on ω in the three perfectly 
staggered θ rotamers (open squares, θ = 60°; open circles, θ = -60°; filled 
circles, θ = 180°). (D) Dependence of 2JH6R,H6S in 5 on θ in the three 
perfectly staggered ω rotamers (open squares, ω = 60°; open circles, ω = -
60°; filled circles, ω = 180°).  
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Figure 4.6. (A) Hypersurface (ω/θ) calculated for 3JH5,H6R in 5. (B) 
Hypersurface (ω/θ) calculated for 3JH5,H6S in 5. (C) Hypersurface (ω/θ) 
calculated for 2JH6R,H6S in 5.  

Figure 4.6A and B), but this refinement did not improve the quality of the 

parametrization significantly. 

2JH6R,H6S in 5 is affected by both ω and θ, but the dependence on θ is 

considerably greater (Figure 4.5B, Figure 4.6C). The latter conclusion is supported by 

data in Figure 5C and D, where computed 2JHH are plotted as a function of ω and θ, 
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respectively. In Figure 4.5C, where data for only the three perfectly staggered θ rotamers 

are shown, 2JHH is observed to shift to more positive (less negative) values when θ = 

180° (Scheme 4.5).6 In contrast, Figure 4.5D shows that coupling data as a function of θ 

for the three perfectly staggered ω rotamers are nearly identical. The hypersurface for 

2JH6R,H6S is shown in Figure 4.6C. A simple equation derived from a restricted dataset 

was proposed previously6 that related 2JH6R,H6S to ω and θ. The additional hypersurface 

dataset obtained in this work yielded an improved equation (eq 4.6) with substantially 

reduced rms error. 

 

 2JH6R,H6S = –11.23 + 0.13 cos(ω) + 0.74 cos(2ω) – 

  0.82 sin(θ) + 2.02 sin(2θ) (rms = 0.51 Hz) (4.6) 

 

4.5.4. Two-Bond 13C-13C Spin-Spin Coupling Constants. 

 2JCCC and 2JCOC in saccharides have been studied previously, leading to an 

empirical projection resultant (PR) method that correlates the observed coupling to a 

projection resultant whose value depends on relative orientation of oxygen substituents 

on the coupled carbons.3 In the present study, 2JC4,C6 was studied to determine its 

sensitivity to ω and θ. 

Projection resultants determined for 2JC4,C6 for the gt, gg and tg rotamers in 5 are 

+2.0, +0.5, and +0.5, respectively, yielding predicted couplings of +2–3 Hz, ~ -1 Hz, and 

~ -1 Hz, respectively. These results are in qualitative agreement with the DFT-calculated 
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couplings as a function of 2JC4,C6 and θ (Table S3, Figure 4.7). Like 2JCCH, a plot of 

2JCCC vs ω contains a single maximum and a single minimum, and couplings of positive 

or negative sign. The dynamic range of ~4.5 Hz is smaller than that observed for 2JCCH. 

Introduction of O4 generally shifts 2JC4,C6 to more negative values (Table S1), a 

result consistent with PR predictions; projection resultants are shifted to more negative 

values by 0.5 unit, leading to the prediction of more negative couplings by ~1.5 Hz. The 

orientation of O4 appears to affect the magnitude of the negative shift for the gt and tg 

rotamers. 

Figure 4.7. (A) Dependence of 2JC4,C6 in 5 on ω. The vertical spread of 
points at discrete ω torsions (smaller open circles) indicates the effect of θ. 
Larger open circles are data taken from Table S3 for staggered and 
eclipsed conformations about ω. Data in triangles and diamonds were 
obtained from 6 and 7, respectively (Table S1). (B) Hypersurface (ω/θ) 
calculated for 2JC4,C6 in 5. 

2JC4,C6 data calculated for 5 were fit to yield eq 4.7a, which reflects its 

dependence on ω. 
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 2JC4,C6 = 1.36 + 1.03 cos(ω) + 2.26 sin(ω) 
   (rms = 0.3 Hz) (4.7a) 
 

This equation was modified to account for the influence of O4 using data obtained 

on 6 and 7, giving eq 4.7b. 

 

 2JC4,C6 = 0.20 + 0.16 cos(ω) + 1.34 sin(ω) 
   (rms = 1.5 Hz) (4.7b) 
 

The rms error for eq 4.7b is much larger than that for eq 4.7a due to the limited 

data presently available to define the O4 effect. 

4.5.5. One-Bond 13C-13C Spin-Spin Coupling Constants and Bond-Length 

Considerations. 

Previous work has shown34 that 1JCC values in vicinal diol fragments (HO-C-C-

OH) depend on the C-C and C-O torsion angles. Coupling is minimal and maximal for O-

C-C-O torsion angles of ~0° and ~180°, respectively. Superimposed on this dependence 

are effects due to the C-O torsions; coupling is minimal and maximal when the H-O-C-C 

torsion angle is ~60° and ~180°, respectively. 

The above relationships derived for a simple diol were tested in the CH2OH 

fragment where the C5-C6 and C6-O6 torsions are expected to modulate 1JC5,C6. Data in 

Table S3 show that, within each C5-C6 rotamer (three staggered and three eclipsed), 

1JC5,C6 is larger when θ is ~180° (e.g., for gt, 1JC5,C6 = 43.5, 42.0, and 48.0 Hz for = 

57°, -48°, and 192°, respectively). The presence of one O6 lone pair anti to the C5-C6 
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bond reduces 1JC5,C6 by ~5 Hz (Figure 4.8A). Data obtained from the full hypersurface 

are shown in Figure 4.8B (in which rotamers containing perfectly staggered θ are 

highlighted) and Figure 4.8C. 

 

Figure 4.8. (A) Dependencies of 1JC5,C6 and 1JC4,C5 in 5 on ω (data taken 
from Table S3). Filled circles, 1JC5,C6 when θ = 60° and -60°; open 
circles, 1JC5,C6 when θ = 180°; open squares, 1JC4,C5 (staggered ω 
rotamers only). (B) Similar plot as in part A but using data obtained from 
the full hypersurface. The vertical spread of points at discrete ω torsions 
(filled circles) indicates the effect of θ. Open circles identify perfectly 
staggered θ rotamers. (C) Hypersurface  (ω/θ) calculated for 1JC5,C6 in 5. 
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1JC5,C6 also depends on ω, with smaller couplings observed for ω ≈ 0° than for ω 

≈ 180°. Based on data in Table S3, 1JC5,C6 differs by ~5 Hz in these limiting 

conformations (Figure 4.8). These trends are similar to those reported in ethylene 

glycol.34 Note that this behavior is different from that found for 1JC4,C5, which shows 

essentially no dependence on ω, as expected (Figure 4.8A). A brief discussion of the 

effect of ω on C5-C6, C6-H6R/S, C5-O5, and C6-O6 bond lengths and 1JC5,C6 in 5 is 

found in the Supporting Information (Figures S1 and S2). 

The 1JC5,C6 data in Table S3 and the hypersurface results (Figures 4.8B and C) 

yielded eq 4.8, which correlates this coupling to ω and θ. 

 

 1JC5,C6 = 44.81 – 2.13 cos(ω) – 0.59 cos(2ω) – 
  3.57 cos(θ) – 0.43 cos(2θ) (rms = 1.5 Hz) (4.8) 

4.5.6. Three-Bond 13C-13C Spin-Spin Coupling Constants.  

3JC1,C6 and 3JC3,C6 values depend largely on the C1-O5-C5-C6 and C3-C4-C5-

C6 torsion angles (Karplus curves), respectively, but a second-order dependence on the 

O5-C5-C6-O6 and C4-C5-C6-O6 torsion angles, respectively, is expected.1,2 The latter 

dependencies arise from the effect of "in-plane" electronegative substituents, in the 

present case provided by O6 for specific values of . Calculated couplings in 5 (153 

datapoints) show a systematic change in both 3JC1,C6 and 3JC3,C6 as a function of (Figure 

S3); in these calculations the torsion angle between the coupled nuclei is essentially 

unchanged (~180°) due to constraints imposed by the pyranosyl ring. 3JC1,C6 is maximal 

when ω = ~180° (tg rotamer), and 3JC3,C6 is maximal when ω = ~+60° (gt rotamer); the 
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two curves are complementary. Both couplings exhibit a small dependence on θ. 

However, since 5 lacks OH substituents at C1, C3, and C4, trends observed in Figure S3 

cannot be used quantitatively to assess ω in 1-4. The potential for this application remains 

to be explored. 

4.5.7. Experimental Validation of Computed Couplings and Proposed Equations. 

1H and 13C NMR spectra of 4,6-O-ethylidene-α- and β-D-[4-13C]-, [5-13C]-, and 

[6-13C]glucopyranoses (8α,β) and 4,6-O-ethylidene-α- and β-D-[6-13C]galactopyranoses 

(9α,β) contain experimental couplings that can be correlated with defined hydroxymethyl 

conformations (tg in gluco, gg in galacto). These couplings were compared to those 

predicted by the above equations and to those calculated in geometrically optimized 

conformers of 4,6-O-ethylidene-α-D-glucopyranose and 4,6-O-ethylidene-α-D-

galactopyranose. These data (Table 4.2) show that corresponding experimental and 

calculated J-values differ by <1 Hz, suggesting that the equations can be applied 

quantitatively in analyses of CH2OH conformation in 1-4. Several trends emerged from 

the analysis of J-couplings in 8 and 9. 

In 8, 2JH6R,H6S is -10.4 Hz for both anomers, in excellent agreement with the 

computed value of -10.4 Hz in 8α (Table 4.2). The computed H-C-H bond angle in 8α is 

108.5°. The corresponding bond angle computed in 5 is 107.7° ± 0.4. 

Observed 1JC6,H6R/S in 8 depend significantly on C-H bond orientation, with the 

equatorial C6-H6R bond yielding a coupling ~9 Hz larger than the axial C6-H6S bond. 

This difference suggests that the C6-H6R bond length is shorter than the C6-H6S bond 

length, a prediction consistent with expectations based on prior studies. Indeed, DFT  
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TABLE 4.2. EXPERIMENTAL J-COUPLINGS IN C-LABELED 4,6-O-

ETHYLIDENE-α AND β-D-GLUCO- (8) AND GALACTOPYRANOSES (9) AND 

COMPARISON WITH CALCULATED COUPLINGS 
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calculations conducted on 8α revealed rC6,H6R (eq) = 1.0932 Å and rC6,H6S (ax) = 

1.1025 Å (in 9; rC6,H6R (ax) = 1.1037 Å and rC6,H6S (eq) = 1.0928 Å). In addition, 

1JC5,H5 is slightly larger in 8α than in 8β, again consistent with observations in D-

glucopyranoses; this effect is attributed to the shorter C5-H5 bond in the α-pyranose 

caused by 1,4-interactions with lone pairs on the axial O1.27 

1JC5,C6 is smaller in 9 than in 8 by ~3 Hz. This difference is attributed to the 

change in the O5-C5-C6-O6 torsion angle from ~180 in the latter to ~60 in the former, 

which is expected to reduce the coupling (see 1JCC discussion below).34 

3JC1,C6 and 3JC3,C6 are consistently smaller in corresponding anomers of 9 than 

in 8. For 3JC1,C6, the difference is attributed to the presence of the "in-plane " O6 in 

gluco isomers, which enhances the coupling by ~0.6 Hz.1 For 3JC3,C6, the effect is 

attributed mainly to the different configuration at C4, with an axial O4 reducing the 

coupling.35a Within anomeric pairs, the β-pyranose exhibits the larger 3JC1,C6, as 

expected based on the orientational effects of O1.35a,b 

4.5.8. Average Computed J-Couplings in Staggered Hydroxymethyl Rotamers. 

Average JHH, JCH, and JCC computed from hypersurface data by averaging the 

three staggered θ rotamers (θ = -60°, 60°, and 180°) at each staggered value of ω are 

given in Table 4.3. 2JCCH sign predictions are also reported based on the projection 

rule;23a these predictions are in good agreement with the computed data, but the 

calculated coupling magnitudes are shifted to more negative values. This result is 

consistent with recent observations24,25 and probably arises from limitations of the 
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projection rule for predicting 2JCH not involving anomeric carbons or protons. The data 

in Table 4.3 provide an average dynamic range for each coupling, which is smaller than 

the actual dynamic range due to the averaging of θ effects. 

TABLE 4.3. AVERAGED CALCULATED J-COUPLINGS IN HYDROXYMETHYL 

GROUP FRAGMENTS FOR STAGGERED ROTAMERS ABOUT Ω AND ΘA 
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4.6. Experimental J-Couplings in 1-4 and Conformational Analysis 

4.6.1. Qualitative Treatment and Comparison to Theory 

Characteristic features of the 1H and 13C{1H} NMR spectra of 13C-labeled 

methyl pyranosides are shown in Figures S4 and S5. The 1H spectrum of methyl β-D-[4-

13C]galactopyranoside 4 (Figure S4) showed nonfirst-order behavior; the good agreement 

between the experimental and simulated spectra allowed extraction of accurate JHH and 

JCH values. The 13C{1H} spectrum of methyl α-D-[6-13C]galactopyranoside 3 (Figure 

S5) shows long-range coupling to both C1 and C3, one-bond coupling to C5, and no 

coupling to C2, C4, and the aglycone CH3. 

Experimental JHH values in 1-4 (Table 4.4) agree well with those reported 

previously14 except for 3JH5,H6R and 3JH5,H6S in 3. The latter couplings were confirmed 

via spectral simulation (Figure S4) and are in agreement with those reported by Tvaroska 

et al..32 Stereochemical assignments of the H6R and H6S signals in 1-4 were made 

according to Ohrui et al.36 (i.e., H6S downfield of H6R in gluco, H6R downfield of H6S 

in galacto). 

Experimental JCH values in 1-4 are given in Table 4.5. 1JC4,H4 is larger in 3/4 

than in 1/2. This enhancement may be attributed to C-H bond orientation (axial vs 

equatorial) and/or C4-O4 bond conformation. The equatorial C4-H4 bond in 3/4 is 

expected to be shorter than the axial C4-H4 bond in 1/2, possibly leading to larger 1JCH 

in the former. However, an axial O4 may disrupt directional intramolecular H-bonding 

between the adjacent equatorial OH groups of 1/2, resulting in an increased population  
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TABLE 4.4. EXPERIMENTAL 1H-1H SPIN-SPIN COUPLING CONSTANTS IN 1-4 

 

122 
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TABLE 4.5. EXPERIMENTAL 13C-1H SPIN-SPIN COUPLING CONSTANTA IN 1-4 

 

(relative to 1/2) of the C4-O4 rotamer having OH4 anti to H4 in 3/4. In the latter rotamer, 

no O4 lone pairs are anti to the C4-H4 bond, and no C4-H4 bond elongation occurs. 

1JC5,H5 exhibits a dependence on anomeric configuration, with α-anomers 

yielding slightly larger couplings than β-anomers. This result is consistent with prior 

studies of oxygen lone pair effects on saccharide C-H bond lengths.27 The axial C1-O1 
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bond in -anomers provides O1 lone pairs in a 1,4-orientation to the C5-H5 bond. The 

resulting bond shortening, which is absent in α-anomers, presumably enhances 1JC5,H5. 

A similar argument was made recently in studies of 2H nuclear quadrupolar coupling 

constants in aldopyranosyl rings.37 

2JC4,H3, 2JC4,H5, and 2JC5,H4 have negative signs in 1/2 and positive signs (when 

detected) in 3/4. These results are consistent with sign predictions based on the projection 

rule;23a for 1/2 and 3/4, projections of 0 and +1.5 are obtained, respectively, for each of 

these couplings, leading to predicted (-) and (+) signs, respectively. However, despite 

similar projections, 2JC4,H3, 2JC4,H5, and 2JC5,H4 vary considerably, indicating that a 

general empirical method to predict coupling magnitudes is error-prone due to 

differences in coupling pathway structure and C-O bond conformations. 

Experimental 2JC5,H6R and 2JC5,H6S range from -1.9 Hz to -5.0 Hz and ±0.2 Hz 

to -1.4 Hz, respectively, whereas 2JC6,H5 ranges from -1.5 Hz to -5.5 Hz. These 

couplings lie within the range predicted from the calculations (Figures 4.2 and 4.3). Large 

shifts to more negative couplings are observed for 2JC5,H6R and 2JC6,H5 upon converting 

1/2 to 3/4. This shift is consistent qualitatively with a more populated tg rotamer in Gal, 

at the expense of the gg rotamer population. The positive contribution made to the 

experimental couplings by the gg rotamer is replaced by a negative contribution made by 

the tg rotamer. This shift in populations exerts a much smaller effect on 2JC5,H6S, since 

both gg and tg rotamers are associated with negative couplings (Figures 4.2 and 4.3). 

3JC4,H2Values are slightly larger in 1/2 than in 3/4, possibly due to a small in-

plane effect from the equatorial O4.14 3JC4,H6R and 3JC4,H6S in 1-4 differ considerably 
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from those reported recently.32 The couplings in Table 4.5 were confirmed through 

spectral simulation. Previously reported couplings32 were measured from selective 

excitation experiments, but the resonance frequencies for the H6 protons differ by ~7 Hz 

in 3 and ~23 Hz in 4 at 600 MHz, which precludes determinations of accurate 3JCH using 

first-order approaches. Presumably this complication is responsible for the observed 

differences. 

3JC5,H1 in 1-4 shows the expected dependence on anomeric configuration, with 

larger couplings observed in -anomers (C5 anti to H1).35a 3JC6,H4 is considerably larger 

in 1/2 (~3.5 Hz) than in 3/4 (~1.1 Hz) despite the gauche arrangement between C6 and 

H4 in all compounds. The smaller coupling in 3/4 is consistent with our theoretical 

findings (Figure 4.4D). 

Experimental JCC values in 1-4 are given in Table 4.6. 1JC4,C5 is smaller in 3/4 

compared to 1/2, whereas the opposite is observed for 1JC5,C6. The O4-C4-C5-O5 torsion 

angle changes from ~180° in 1/2 to ~60° in 3/4, and 1JCC is expected to decrease;34 the 

effect of the C4-O4 torsion on 1JC4,C5, which can be substantial, is assumed to be 

negligible in this case. Similar arguments explain the 1JC5,C6 data; the slightly larger 

values in 3/4 reflect a greater contribution by the tg rotamer in which O5 and O6 are anti, 

thus increasing the coupling. Again, C6-O6 torsion effects are assumed to be minimal. 

2JC1,C5 depends on anomeric configuration:35b ~ -2 Hz for α-anomers and ~0 Hz 

for β-anomers. 2JC2,C4 is large and positive in 1/2 and ~0 Hz in 3/4, as expected based on 

the projection resultant method.3 2JC4,C6 is ~0 Hz in 1-4; conformational averaging of the 
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gg and gt forms for 1/2, and the gt and tg forms for 3/4, is expected to yield small 2JC4,C6 

(Figure 4.7). 

TABLE 4.6. EXPERIMENTAL 13C-13C SPIN-SPIN COUPLING CONSTANTS IN 1-4 

 

3JC1,C6 and 3JC3,C6 depend on the C1-O5-C5-C6 and C3-C4-C5-C6 torsion 

angles;35a,b in both cases, this torsion angle in 1-4 is ~180°. Small deviations in the 

observed coupling are probably due to small changes in the torsion angle between 

anomers and/or to in-plane electronegativity effects; 3JC1,C6 is enhanced in β-anomers 

relative to α-anomers due to an in-plane equatorial O1.1,35b In addition, the tg rotamer 

will enhance 3JC1,C6 due to an in-plane O6; the small difference between 1 and 3, and 

between 2 and 4, may be due to the expected larger population of tg rotamer in Gal, 
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which will enhance the observed coupling. For 3JC3,C6, the gt rotamer is expected to 

enhance the coupling, due to an in-plane O6. Both Glc and Gal isomers show an 

enhancement in 3JC3,C6 in the β-anomer; this result may reflect, at least partly, an 

increase in the gt rotamer in β-anomers (see below). 

4.6.2. Hydroxymethyl Rotamer (ω) Analysis in 1-4 

All regressions and multilinear fits were conducted using a Fortran 77 program, 

Chymesa, written in our laboratory (a copy of this program can be obtained by contacting 

the authors). This program allows for selection of the protocol to be used for the 

regression or fit, i.e., the set of experimental Js used in the calculation, the source of 

limiting J values for the gt, gg, and tg rotamers, and the weight attributed to each J in the 

fit. The latter weight is used in the determination of the overall root-mean-square (rms) 

error between the experimental and calculated Js. The use of weighting factors accounts 

for differences in the quality of the equations available for each coupling pathway. The 

program also allows the selection of ranges for each rotamer population in order to 

partially constrain the calculation if judged appropriate on the basis of additional 

experimental or theoretical data. However, in the present work, this feature was not 

applied. Instead, mole fractions of all conformers were allowed to vary from 0 to 1 during 

the fit. In addition, an equal weighting factor of 1 was applied to all Js used to calculate 

equilibrium populations. 

Three analyses were performed on 1-4, denoted as Ax, Bx, and Cx. The results of 

these calculations are shown in detail in Tables S4-S7 and are summarized in Table 4.7. 

In these calculations, the experimental J-couplings were analyzed in the conventional  
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TABLE 4.7. SUMMARY OF Ω AND Θ ROTAMER POPULATIONS DETERMINED 

BY SINGLE Ω ANALYSIS AND CORRELATED Ω/Θ ANALYSISA IN 1-4 

 

manner, namely, as probes of ω; the θ dependencies will be considered below. In A1-A3, 

ω populations were obtained using only 3JH5,H6R/S. In B1-B3, ω populations were 

obtained using only 3JC4,H6R/S. In C1-C4, multilinear fits were made using six 

experimental Js (3JH5,H6R/S, 3JC4,H6R/S, 2JC6,H5, 2JC4,C6). Two results were obtained for 

the C1-C3 analyses: (1) the "best" fit (i.e., that which gave the lowest overall rms error 

between the experimental and calculated Js) and (2) a statistical analysis consisting of 

average values and standard deviations for the gt, gg, and tg populations derived from an 

ensemble of acceptable fits. The latter included calculations characterized by an overall 

rms error within 10% of the lowest rms error found among all analyses. This range 
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corresponds to an ~0.1 Hz uncertainty in the rms error, which is equal to the precision of 

the experimental Js. 

The subscripts in the Ax, Bx, and Cx series of calculations designate how the 

limiting J-values were chosen. In A1, B1, and C1, an equilibrium between the three 

perfectly staggered ω rotamers (ω = 60°, -60°, and 180°) was considered. Limiting J-

values were calculated from the average of hypersurface data over the three perfectly 

staggered θ rotamers at a specific ω; these values are reported in Table 4.3. This approach 

assumes that only perfectly staggered ω rotamers are present in solution and that the 

populations of the three θ rotamers are equal. 

For A2, B2, and C2, DFT-calculated J-values for nine freely optimized (ω, θ) 

rotamers (Tables 4.1, S2 and S3 for 2JC6,H5, 3JC4,H6R/S, and 2JC4,C6, and Table 4.2 in ref 

6 for 3JH5,H6R/S) were used to calculate limiting Js for the ω rotamer from the average 

over the three corresponding conformations. For example, 3JC4,H6R for gt is (1.2 + 1.7 + 

0.6)/3 = 1.16 Hz. Like A1, B1, and C1, no preference for a specific θ orientation is 

assumed. 

For A3, B3, and C3, calculations were conducted assuming a three-state 

equilibrium, but limiting J-values were calculated using parametrized equations. Average 

torsion angles for gt, gg, and tg in the gluco (65°, -66.5°, and 175°) and galacto (63.8°, -

52° and 178.4°) configurations were taken from statistical studies of X-ray structures38a 

and assumed to be reasonable first-order approximations of the torsions in 1-4. 

Equations 4.4 and 4.5 were used to treat 3JH5,H6R and 3JH5,H6S, and eqs 4.2 and 

4.3 were used to treat 3JC4,H6R/S for the regression and multilinear fits. Limiting values 
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of 2JC6,H5 were derived from eq 4.1c, and limiting values of 2JC4,C6 were estimated from 

eq 4.7b. Contributions by θ were assumed to be uniform. 

The analyses (Table 4.7) show that gt and gg predominate, and tg is almost 

absent, in 1/2. In contrast, the gg population is much reduced compared to tg and gt in 

3/4. These results are consistent with the strong influence of C4 configuration on the 

distribution of ω rotamers in saccharides.38,39 However, we find that gt predominates over 

gg in 1/2, contrary to prior reports.39 Furthermore, for 3/4, very little gg rotamer was 

found, whereas gg populations as large as 20% were reported previously.39 We attribute 

these differences to the use of multiple J-couplings in the determinations; if the analyses 

are restricted to 3JHH only, populations similar to those reported previously are obtained. 

In 1/2, however, analyses based solely on 3JHH frequently lead to negative tg 

populations. In contrast, the multiple J analysis yields positive populations for all three 

rotamers, thereby lending greater confidence to the results. 

For analyses based only on two J values (i.e., Ax or Bx), significant negative tg 

rotamer populations in 1/2 are observed in only a few cases, suggesting that the selected 

limiting Js in the three ω rotamers are reasonable approximations (see Supporting 

Information). Importantly, for each compound, and for each of the Ax and Bx series, 

relatively small differences (less than ±5% from the average values) in rotamer 

populations are observed as the source of limiting Js was varied. Limiting values derived 

from the parametrized equations or from DFT data yielded nearly the same results. 

However, discrepancies (ca. ±10-15%) were observed between populations estimated 

solely from 3JH5,H6R/S or solely from 3JC4,H6R/S. 
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These findings stimulated the Cx series of analyses in which all available 

couplings were incorporated in the multilinear fit. For 1-4, the C3 fits yielded the most 

accurate solutions to the equations. These analyses suggest that ω rotamers are not 

perfectly staggered in solution and that estimates of populations based on torsion angles 

observed in crystal structures are more accurate. 

A comparison of ω populations determined by regression analysis or through 

multilinear fit for 1/2 reveals a small increase and decrease (~10%), respectively, in the 

populations of gt and gg in the β-pyranose relative to the α-pyranose, suggesting an 

effect of anomeric configuration on ω populations (Table 4.7). This effect appears absent 

in 3/4. 

4.6.3. Distribution of Nine (ω,θ) Rotamers in 1-4 Through Multilinear Fit 

In previous work,6 rotamer populations having θ = 180° (trans) in mono-, di-, and 

trisaccharides were estimated from 2JH6R,H6S, assuming perfectly staggered ω and θ 

rotamers and a similar distribution of θ rotamers in each of the three ω rotamers. Four 

limiting J-values were used, and no distinction was made between gt and gg and between 

g+ and g- rotamers. This analysis suggested that gauche C5-C6-O6-O6H rotamers are 

preferred in most saccharides and that as bulkier substituents at O6 are introduced, the 

population of trans rotamer increases. The percentage of trans rotamers for methyl β-D-

gluco- and galactopyranosides was in agreement with that estimated from 3JHCOH 

(H6R/S-C6-O6-H pathway).40 

The preceding discussion showed that ω rotamer populations can be determined 

using five J-values through multilinear regression. This approach was extended to 
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evaluate both ω and θ using twelve J-values sensitive either to ω alone or to both ω and 

θ. 2JC5,H6R/S are sensitive to ω and θ (Figures 4.2 and 4.3); 2JC6,H5 also exhibits a 

dependence on θ, albeit to a lesser extent. The effect of θ on 3JH5,H6R/S and 3JC4,H6R/S is 

small (~1.0 Hz) and less easily parametrized. Present and previous6 work has shown that 

2JH6R,H6S is more sensitive to θ than to ω. 2JC4,C6 provided information about ω alone, 

while 1JC5,C6 is influenced by ω and θ. 1JC6,H6R/S values were used qualitatively to 

assess hydroxymethyl conformation.6 

In the multilinear fitting procedure described below, different weights were 

applied to the couplings to account for (a) differences in the precision to which they are 

known from experiment, (b) the different quality of the equations (rms errors), and (c) 

possible contributions to their magnitudes from factors (e.g., lone pair effects on 1JCH) 

which were neglected owing to a lack of sufficient data. The following weighting factors 

were chosen for the fits: 1.0 (3JH5,H6R/S, 3JC4,H6R/S, 2JC5,H6R/S, 2JC6,H5, 2JH6R,H6S, and 

1JC5,C6), 0.1 (2JC4,C6), and 0.01 (1JC6,H6R/S). 

Nine ω / θ conformers were considered: ω ≈ 60°, -60°, or 180°, in each case with 

θ ≈ 60°, -60°, or 180°. This model assumes that no intermediate states exist in solution 

with detectable lifetimes and that all states are independent. Rotamer populations were 

varied from 0 to 100% in 2% increments, and the best analyses were defined as those 

resulting in the smallest rms errors between the calculated and experimental couplings. 

Three multilinear fits (A1-A3 in Tables S8-S11) were performed. In A1, limiting 

J-values and ω and θ torsion angles were taken from DFT calculations of the nine 

completely optimized staggered conformers (Tables 4.1, S2, and S3). In A2 and A3, 
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parametrized equations (eqs 4.4/5 for 3JH5,H6R/S, eqs 4.2/3 for 3JC4,H6R/S, eqs 4.1a/b for 

2JC5,H6R/S, eq 4.1c for 2JC6,H5, eq 4.8 for 1JC5,C6, eq 4.7b for 2JC4,C6, eq 4.6 for 

2JH6R,H6S) and elsewhere (ref 6 for 1JC6,H6R/S) were used to back-calculate limiting 

couplings, assuming either perfectly staggered ω and θ conformers (A2) or the torsion 

angles used in A1 (A3). 

The results of these analyses are given in Tables S8-S11. The set of populations 

of the nine ω / θ conformers that produced the lowest weighted rms error is shown for 

A1-A3, followed by statistical data with average populations and standard deviations (5% 

tolerance from the lowest rms value), as discussed above for the regression analyses to 

assess alone. The sums of populations for ω = 60°, -60°, or 180° rotamers over the 

corresponding three θ = 60°, -60°, or 180° rotamers, and conversely, sums of populations 

for θ = 60°, -60°, or 180° rotamers over the corresponding three ω = 60°, -60°, or 180° 

rotamers, were calculated. Error analyses are provided in the form of the overall rms error 

of the "best" run and in the individual errors in each J, estimated from the difference 

between the predicted J and the corresponding experimental value. Both weighted [rms 

(1)] and unweighted [rms (2)] errors were determined. However, to determine the best fit 

among all calculations, weighted rather than unweighted rms errors were used for the 

reasons explained above. The results are summarized in Table 4.8. 

Distribution of (ω,θ) Rotamers in 1/2: Data in Tables 4.7 and 4.8 confirm the 

validity of the nine-state equilibrium model. For 1/2, the weighted rms errors of the best 

fits for the A1-A3 multilinear regressions were consistently <0.7 Hz, while the 

unweighted rms errors ranged from 0.8 to 1.2 Hz. All regressions predicted time-average  
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TABLE 4.8. SUMMARY OF Θ ROTAMER POPULATIONS IN DIFFERENT Ω 

ROTAMERS IN 1-4 

 

couplings within 0.5-1.5 Hz of the experimental values except for 1JC6,H6R/S. In all runs, 

1JC6,H6R and 1JC6,H6S were not accurately predicted (errors up to ~3 Hz), which was 

expected since the equations were qualitative. Although the ranges of overall rms errors 

for A1-A3 were small for 1/2, the A3 regressions consistently produced the smallest rms 

errors. This finding suggests that and in solution deviate from those in perfectly staggered 

geometries. 

The distribution of and rotamers predicted from the A1-A3 analyses are similar 

for 1 and 2 (Table 4.7). For 1, the gg and gt rotamers are roughly equally populated and 

account for >~90% of the populations, with tg represented by <10%. In contrast, data for 

2 suggest a preference of gt over gg (~2-fold), with tg still representing <10% of the 
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population. Thus, a small effect of anomeric configuration on ω distribution is observed 

in the gluco anomers. An analysis of θ reveals a preference for g- in 1/2 (Table 4.7). 

More revealing is the distribution of θ rotamers within specific ω rotamers (Table 

4.8). The data suggest that ω and θ are not conformationally coupled, that is, the 

distribution of θ rotamers is independent of the orientation about ω. For example, in gt of 

1, ~53% of the rotamers is g-, ~17% is trans, and ~29% is g+; virtually identical relative 

populations are found in gg (Table 4.8). Similar results were obtained for 2, suggesting 

that anomeric configuration exerts little or no effect on correlated conformations about ω 

and θ in the gluco configuration. 

The distribution of ω rotamers predicted from single (i.e., noncorrelated) analyses 

is in excellent agreement with that predicted from the correlated analyses (Tables 4.7 and 

4.8). 

Distribution of (ω,θ) Rotamers in 3/4: Overall weighted rms errors for A1-A3 

regression analyses performed on 3 range from 0.6 to 0.7 Hz, while slightly greater errors 

were found for 4 (0.7-0.9 Hz). Among all regression analyses, those performed assuming 

nonperfectly staggered ω and θ (i.e., A1 and A3) yielded smaller overall rms errors than 

those based on perfectly staggered rotamers. 

As observed for 1/2, the populations of ω and θ rotamers predicted from the A1-

A3 analyses were similar (Table 4.7). Thus, in 3/4, gt predominates (~70%), followed by 

tg (~30%). Virtually no gg rotamer was observed. No effect of anomeric configuration on 

ω rotamer populations was found in 3/4, in contrast to results obtained on 1/2. With 

regard to θ, the g+, g- and trans rotamers are roughly equally populated (Table 4.7). 
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Unlike 1/2, the distribution of θ rotamers in 3/4 depends on the orientation about ω. In 

the gt form of both 3/4, g-, g+ and trans θ rotamers are roughly equally populated, 

whereas in tg, g- predominates, followed by g+ and trans (Table 4.8). The effect appears 

to be caused by a significant reduction in the trans conformation about θ in tg compared 

to gt in both 3/4. 

As found for 1/2, the distribution of ω rotamers predicted from single (i.e., 

noncorrelated) analyses was in excellent agreement with that predicted from the 

correlated analyses (Tables 4.7 and 4.8). 

4.7. Conclusions 

Numerous experimental and theoretical determinations of hydroxymethyl group 

conformation and dynamics have been reported in aldohexopyranosyl rings.38 An early 

X-ray crystallographic study38a showed that ω populations change significantly when O4 

changes from equatorial (in gluco; gt/gg/tg ≈ 40:60:0) to axial (in galacto; gt/gg/tg ≈ 

58:8:34). NMR studies38 have yielded estimates of the gt (30-55% for gluco, 55-78% for 

galacto), gg (45-70% for gluco, 10-25% for galacto), and tg (-25-25% for gluco, 2-30% 

for galacto) rotamer populations. The literature has been reviewed recently by Bock and 

Duus.39 Despite extensive work, however, the NMR approaches to this problem have 

remained constant for decades. Virtually all of the available analyses rely on two 

3JHCCH, and only more recently on two 3JCCCH. Furthermore, rotamer populations based 

solely on 3JHH are highly protocol-dependent, resulting in significant anomalies (note the 

broad range of reported population percentages above). In addition, 3JHH analyses have 
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frequently yielded substantial negative tg populations in gluco sugars.39 The latter 

problem is attributed in part to the use of inaccurate torsion angles in the limiting 

staggered rotamers, which leads to errors in the estimates of the limiting J-values. 

Tvaroska et al.32 recently determined the populations of gt, gg, and tg forms in 1-4 

and related compounds in 2H2O and methanol using either 3JH5,H6R/S, or 3JC4,H6R/S. In 

this work, substantial differences were reported in the populations derived from both 

parameters for nearly all compounds, with a maximal uncertainty of 46% for gg rotamers 

in methyl 6-O-methyl-α-D-glucopyranoside. 

New structural constraints to assess CH2OH group conformation in saccharides 

based on multiple, redundant J-couplings have been described in this report. Using 

theoretical and experimental methods, equations were developed to correlate the 

magnitudes and signs of 12 scalar couplings with CH2OH conformation. Importantly, 

some of these couplings display dependence not only on ω but also on θ, in some cases 

exhibiting a greater dependence on the latter than on the former. These second-order 

dependencies serve as indirect probes of C-O bond conformation in solution that do not 

depend on direct observation/detection of the exchangeable hydroxyl proton. More 

importantly, use of these equations allows assessments of correlated conformation about 

ω and θ. 

Several key observations were made while developing these new constraints, 

which are summarized as follows: 

(a) DFT provides a nearly quantitative tool to calculate JHH, JCH, and JCC values 

in saccharides, judging from comparisons of calculated and experimental couplings in 

conformationally constrained systems. In this work, unscaled couplings were employed. 
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The theory appears sufficiently robust to yield accurate couplings in terms of magnitude 

and sign, thus obviating the need to impose empirical scaling adjustments common to 

studies of this type.41 The small deviations (<10%) are likely caused by neglected 

conformational factors, neglect of non-Fermi contact contributions, and/or solvation 

effects. Further work is needed to establish the relative importance of these factors in 

order to incorporate further corrections or refinements to the methodology. 

(b) 2JCCH display a large sensitivity to ω if their signs are taken into account. 

Importantly, prior suggestions that 2JCH values are sensitive to C-O torsions have been 

confirmed and quantified. This effect appears more significant for C-O torsions involving 

the carbon bearing the coupled proton than for C-O torsions involving the coupled 

carbon. 

(c) Different Karplus equations apply to the interpretation of 3JC4,H6R and 

3JC4,H6S, in contrast to the prior generalized treatment of these couplings.31 This behavior 

mimics that observed for 3JH5,H6R and 3JH5,H6S.6 

(d) 1JC5,C6 depends on both ω and θ, as anticipated based on previous studies of 

1JCC in ethylene glycol.34 The present work defines a quantitative relationship between 

both torsions and 1JCC magnitude. 

(e) 3JC1,C6 and 3JC3,C6 may be useful additional experimental constraints on ω. 

This sensitivity stems from the effect of terminal electronegative substituent orientation 

on the Karplus dependencies of 3JCCCC and 3JCOCC.1 

(f) Given the simplicity of the present systems compared to ethylene glycol, 

greater insight into the stereoelectronic effects of oxygen lone pairs on saccharide bond 
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lengths, and concomitant effects on J-couplings, especially 1JCC, was obtained. In 

addition to their use in conformational analysis, J-couplings provide a means to indirectly 

evaluate saccharide electronic and stereoelectronic structure, both of which dictate their 

chemical and biological functions. 

Nine independent ω / θ rotamers in 1-4 were assumed in the present treatment, 

and their populations were calculated from the multilinear regression of 12 J-couplings. 

The data show that θ rotamer distribution may be affected by in O6-unsubstituted 

molecules. However, skewing in favor of specific θ rotamers is not large, suggesting that 

H-bonding solvation scaffolds, if present, do not freeze C-O rotamers completely. It will 

be important to test these conclusions via studies of 3JHCOH
40 and 3JCCOH,42 which may 

provide complementary information on C-O conformation in aqueous solution. 

The present study focused on free CH2OH groups in four methyl 

aldohexopyranosides (1-4) to establish new J-coupling/structure correlations in simple, 

well understood systems. While the application of these correlations to unsubstituted 

CH2OH groups has practical benefits (e.g., in oligosaccharides where intramolecular H-

bonding may influence ω and/or θ), more significant applications are expected in 

compounds such as 1,6-linked oligosaccharides containing substituted CH2OH groups. 

These linkages are characterized by three torsions and can display significant 

conformational flexibility. Recent studies have addressed the concerted use of 2JCOC, 

3JCOCH, and 3JCOCC across glycosidic linkages to assess rotamer populations about φ 

and ψ.1,2 In 1,6-linkages, however, ψ and θ are redundant, and thus a significant number 

of redundant J-couplings can now be brought to bear on this torsion from both sides of 
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the glycosidic linkage. Furthermore, correlated conformation about ω and θ/ψ can be 

investigated, thus providing more detailed information on linkage flexibility. 

Access to multiple J-couplings sensitive to CH2OH conformation render recently 

described theoretical approaches to assigning CH2OH conformation applicable to 

carbohydrate systems. The CUPID method43 allows for calculations of a continuous 

rotamer distribution from NMR data provided that six conformationally sensitive 

parameters are available to determine a Fourier expansion of the order three. The 

maximum entropy method30d can be applied more effectively through access to an 

increased number of experimental NMR constraints. 

The present findings have implications not only for studies of ω and θ in 

exocyclic hydroxymethyl groups in oligosaccharides but also for related studies in 

oligonucleotides. However, the equations reported herein were derived for pyranosyl 

rings. Further work is needed to determine whether modifications are required to treat 

furanosyl rings. 

Finally, it should be noted that exocyclic CH2OH conformation cannot be 

assessed via 3JHH in some molecules. For example, 3JHH values are unavailable to study 

conformation about the C1-C2 bond in 2-ketohexoses such as D-fructose. In these cases, 

the additional J-coupling constraints reported herein could be advantageous. 
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4.9. Supporting Information 

The behavior of 1JC5,C6 in 5 was investigated further by evaluating the 

relationship between rC5,C6 and  (Figure S1A). This bond length increases substantially 

in eclipsed conformations (ω = -120°, 0° and 120°); rC5,C6 = 1.5267 ± 0.0039 Å and 

1.5495 ± 0.0094 Å for the staggered and eclipsed conformations, respectively. 

Interestingly, data at each group of ω values show that rC5,C6 is shortest in structures 

containing θ = 180°, that is, in those geometries in which both O6 lone-pairs are gauche 

to the C5-C6 bond. A plot of computed 1JC5,C6 vs rC5,C6 yields two different 

approximately linear correlations for staggered and eclipsed conformations about ω 

(Figure S1B), indicationg that the relationship between 1JC5,C6 and rC5,C6 is not simple; 

apparently factors in addition to bond length modulate 1JCC. 

A plot of rC6,H6R and rC6,H6S as a function of ω shows the expected effect 

(Figure S2A); shorter bond lengths are found in geometries lacking O6 lone-pairs anti to 

the C6-H6 bond. Importantly, θ exerts a far greater effect on rC6,H6R/S than does ω, 

emphasizing the significant effect that vicinal lone-pairs exert on C-H bond lengths in 

saccharides.28 The value of rC6,O6 also depends on ω, with minimal values observed for 
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ω ≈ 0° (Figure S2B). Data at each group of ω values show that, in general, rC6,O6 is 

enhanced when θ = 180°.  

A plot of rC5,O5 vs ω shows that the effect of θ is greatest (i.e., largest spread of 

Js) for ω = +60° and -60° (gt and gg rotamers, respectively) (Figure S2C). We attribute 

this result to the presence of 1,3-lone-pair effects on the C5-O5 bond length, which 

shorten the bond. A plot of rC4,C5 vs ω (data not shown) shows a similar but somewhat 

reduced 1,3-lone-pair effect due to O6 lone-pairs; apparently the C5-O5 bond is more 

easily perturbed than the C4-C5 bond despite similar geometrical relationships to O6 

lone-pairs. 

TABLE 4.9. (S1) CALCULATED SCALAR COUPLINGS IN 6 AND 7 
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TABLE 4.10. (S2) TORSIONS, ω AND θ, CALCULATED 3JCH VALUES IN 5 
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TABLE 4.11. (S3) TORSION ANGLES, ω AND θ, AND CALCULATED 1JCC AND 

2JCC VALUES IN 5 
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TABLE 4.12. (S4) POPULATIONS OF ω ROTAMERS IN 1: ANALYSIS OF 3JH5,H6R/S, 3JC4,H6R/S, 2JC4,C6 AND/OR 2JC6,H5 
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TABLE 4.13. (S5) POPULATIONS OF ω ROTAMERS IN 2 FROM AN ANALYSIS OF 3JH5,H6R/S, 3JC4,H6R/S, 2JC4,C6 

AND/OR 2JC6,H5 
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TABLE 4.14. (S6) POPULATIONS OF ω ROTAMERS IN 3 FROM AN ANALYSIS OF 3JH5,H6R/S, 3JC4,H6R/S, 2JC4,C6 

AND/OR 2JC6,H5 
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TABLE 4.15. (S7) POPULATIONS OF ω ROTAMERS IN 4 FROM AN ANALYSIS OF 3JH5,H6R/S, 3JC4,H6R/S, 2JC4,C6 

AND/OR 2JC6,H5 
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TABLE 4.16. (S8) MULTILINEAR FIT OF EXPERIMENTAL COUPLINGS IN α–D-GLC (1) TO ASSESS ω AND θ ROTAMER 

POPULATIONS 
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TABLE 4.17. (S9) MULTILINEAR FIT OF EXPERIMENTAL COUPLINGS IN β–D-GLC (2) TO ASSESS ω AND θ ROTAMER 

POPULATIONS 
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TABLE 4.18. (S10) MULTILINEAR FIT OF EXPERIMENTAL COUPLINGS IN α–D-GAL (3) TO ASSESS ω AND θ ROTAMER 

POPULATIONS 
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TABLE 4.19. (S11) MULTILINEAR FIT OF EXPERIMENTAL COUPLINGS IN α–D-GAL (4) TO ASSESS ω AND θ ROTAMER 

POPULATIONS 
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Figure 4.9. (S1) (A) The dependence of rC5,C6 in 5 on ω. (B) 

Correlations between 1JC5,C6 in 5 and rC5,C6. The vertical spread of 
points at discrete ω torsions indicates the degree of sensitiveity of the 
coupling to changes in θ. Open squares, staggered conformers; filled 
squares, eclipsed conformers.  

 

Figure 4.10.  (S2) Correlation between rC6,H6R/S and ω in 5. Filled 
squares, rC6,H6R; open squares, rC6,H6S. (B) Correlation between 
rC6,O6 and ω in 5. (C) Correlation between rC5,O5 and ω in 5. In all 
plots, data were taken from the 18 staggered and eclipsed structures 
identified in Table 1 
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Figure 4.11. (S3) The dependencies of 3JC1,C6 (filled circles) and 
3JC3,C6 (open circles) in 5 on ω. The vertical spread of points at discrete 
ω torsions indicates the effect of θ. Perfectly staggered θ rotamers at 
individual ω values are indicated by open circles and diamonds. 
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Figure 4.12. (S4) Portions of the 600-MHz 1H NMR spectrum of methyl α–D-[4-13C]galactopyranoside 4 (upper trace) 
superimposed on simulated data (lower trace). (A) H1. (B) downfield half of H4. (C) H6R, upfield half of H4, and H6S. 
(D) H5 and H3. (E) H2. 
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Figure 4.13. (S5) The 150-MHz 13C{1H} NMR spectrum of methyl α–D-[6-13C]galactopyranoside 3, showing (A) 
3JCC (to C1), 1JCC and 3JCC (B)  and  (to C5 and C3, respectively), and no coupling to C2 and C4. No splitting was 
observed in the aglycone methyl carbon signal (not shown). Only the natural abundance carbon signals are shown. 
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CHAPTER 5:  

GEMINAL 2JCCH SPIN-SPIN COUPLING CONSTANTS AS PROBES OF THE φ 

GLYCOSIDIC TORSION ANGLE IN OLIGOSACCHARIDES4 

 “Change starts when someone sees the next step..” 

– William Drayton 

5.1. Abstract 

Two-bond 13C-1H NMR spin-spin coupling constants (2JCCH) between C2 and 

H1 of aldopyranosyl rings have been shown to depend not only on the relative orientation 

of electronegative substituents on the C1-C2 fragment but also on the C-O torsions 

involving the same carbons.  The latter dependencies were elucidated theoretically using 

density functional theory and appropriate model pyranosyl rings representing the four 

relative configurations at C1 and C2, and a 2-deoxy derivative, to probe the relationship 

between 2JC2,H1 magnitude and sign and the C1-O1 (phi, φ) and C2-O2 (α) torsion 

angles.  Related calculations were also conducted for the reverse coupling pathway, 

2JC1,H2.  Computed J-couplings were validated by comparison to experimentally 

                                                

4 I gratefully acknowledge my co-authors Ian Carmichael and Anthony S. Serianni for their 
assistance in preparing this chapter, which is submitted to the Journal of the American Chemical Society. 



 

189 

measured couplings.  The results show that 2JCCH displays a primary dependence on the 

C-O torsion involving the carbon bearing the coupled proton, and a secondary 

dependence on the C-O torsion involving the coupled carbon.  These dependencies 

appear to be caused mainly by the effects of oxygen lone-pairs on the C-H and C-C bond 

lengths along the C-C-H coupling pathway.  New parameterized equations are proposed 

to interpret 2JC1,H2 and 2JC2,H1 in aldopyranosyl rings.  The equation for 2JC2,H1 has 

particular value as a potential NMR structure constraint for the C1-O1 torsion angle (φ) 

comprising the glycosidic linkages of oligosaccharides. 

5.2. Introduction 

Heteronuclear vicinal (three-bond) 13C-1H spin-spin coupling constants (3JCCCH 

and 3JCOCH) are finding increased use as structure constraints in the conformational 

analysis of saccharides in solution due to their expected Karplus-like dependencies.1-5  In 

contrast, geminal (two-bond) 13C-1H J-couplings (2JCCH) are less appreciated, although 

qualitative rules governing their dependencies on saccharide structure have been reported 

based on patterns of electronegative atom substitution in the C-C-H fragment.6-8  Two 

key differences distinguish the C-C torsional dependencies of 2JCCH and 3JCCCH.  The 2J 

dependencies are unimodal whereas the 3J dependencies are bimodal; one minimum and 

one maximum are observed in plots of 2JCCH vs C-C torsion compared to two minima 

and two maxima in plots of 3JCCCH vs C-C torsion.  This difference confers advantages 

to 2JCCH since a reduced number of potential conformers exist that correspond to a 

particular coupling, thus potentially improving conformational analyses, especially in 
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flexible systems.  In saccharides, 2JCCH can be positive or negative in sign, often 

changing sign within a given torsional regime, whereas the signs of 3JCCCH/3JCOCH are 

always positive.  Thus, if signs are taken into account, comparable dynamic ranges (~8 

Hz) are observed for both types of coupling.   

Recent studies of exocyclic hydroxymethyl group (CH2OH) conformation in this 

laboratory have described the effect of C-C and C-O bond rotation on 2JCCH in 

saccharides.9  In addition to their expected unimodal dependence on ω (O5–C5–C6–O6 

torsion), 2JC5,H6R and 2JC5,H6S were found to exhibit significant secondary dependencies 

on θ (C5–C6–O6–OH6 torsion) (Figure 5.1) (Scheme 5.1, structure I) (i.e., rotation of the 

C-O bond on the carbon bearing the coupled proton influenced 2JCCH significantly).  The 

latter dependence is probably caused in part by changes in C6-H6R/S bond lengths 

induced by specific dispositions of the O6 lone pairs (i.e., rotation of the C6-O6 bond 

modulates the syn/anti orientation of lone pairs with respect to these C-H bonds, with anti 

orientations elongating the bonds).10  Other studies have shown9 that rotation of the C-O 

bond on the coupled carbon exerts a smaller effect on 2JCCH.  These C-O torsional 

effects are generalized in Scheme 5.1 (structure II; C-C-H coupling pathway shown in 

bold); 2JCCH displays a primary dependence on a C–O rotamer if the oxygen of that 

rotamer is geminal to the coupled proton (β rotation), and a secondary dependence on a 

C–O rotamer if the carbon of that rotamer is the coupled carbon (α rotation).    

Armed with these results and arguing by analogy, we posed the question 

addressed in this report, namely, might 2JCCH serve as a probe of the phi (φ) glycosidic  
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Figure 5.1. (A) Plot of computed 2JC5,H6R and 2JC5,H6S in I (Scheme 
5.1) as a function of ω (defined as the O5-C5-C6-O6 torsion angle). The 
scatter of points at discrete values of ω is caused by the effect of θ 
(defined as the C5-C6-O6-H torsion angle). Note the unimodal behavior 
with respect to ω. Closed blue circles, 2JC5,H6R; open black squares, 
2JC5,H6S. (B) Hypersurface showing the effect of ω and θ on 2JC5,H6R in 
I. (C) Hypersurface showing the effect of ω and θ on 2JC5,H6S in I. Data 
taken from ref 9. 

 

Scheme 5.1. Rotamer Definitions 
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torsion angle in oligosaccharides (Scheme 5.1, structure III; C-C-H coupling pathway 

indicated in blue)?  In this case, contributions from ω can be ignored because the C1-C2 

bond torsion is constrained by the ring, leaving 2JC2,H1 affected by α (C2-O2 bond 

torsion) and β/φ rotations (C1-O1 bond torsion).  Note that φ and β are redundant.  We 

investigated this possibility by conducting density functional theory (DFT) calculations 

on model structures 1-8 (Scheme 5.2) designed to capture the effect of C1 and C2 

structure and configuration on 2JC2,H1 magnitude and sign.  As a control, we also studied 

the reverse coupling pathway, 2JC1,H2, in the same structures.  Computed couplings were 

validated by comparison to experimental 2JC1,H2 and 2JC2,H1 in aldopyranosyl rings 

having different structures and configurations.  We show herein that 2JC2,H1 values 

display a significant and systematic dependence on φ in glycosides regardless of the 

relative configuration at C1 and C2 of the aldopyranosyl ring.  These findings have 

important implications for conformational studies of the glycosidic and non-glycosidic C-

O torsion angles of saccharides in solution. 

 

Scheme 5.2. Model Compound Structures 1-8 
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5.3. Computations 

Geometry optimizations were conducted as a function of varying only φ (defined 

as the O5-C1-O1-CH3 torsion angle) in 1-4, or both φ and α (defined as the C1-C2-O2-H 

torsion angle) in 5-8, in 30° increments over the range 0-360°, yielding 12 structures for 

1-4 and 144 structures for 5-8.  Geometry optimizations using DFT were performed using 

the B3LYP hybrid functional11 and the 6-31G* basis set12 within Gaussian98.13a  

Coupling constants, 2JC1,H2 and 2JC2,H1, were computed as described previously5 using 

the standard B3LYP functional, finite-field perturbation theory implemented within 

Gaussian9413b, and an extended basis set ([5s2p1d|3s1p])10a designed to reliably recover 

the Fermi contact contribution to the coupling. Equations describing the dependencies of 

both J-couplings on φ and/or α were parameterized using the least-squares Monte Carlo 

fitting module within ProFit 5.6.2 (Quantum Soft, Zürich, Switzerland). 

A series of geometry optimizations and J-coupling calculations was also 

conducted on 5-8 in which rC1,H1, rC2,H2 or rC1,C2 were varied in 0.001 Å increments 

about the respective average optimized bond length observed in the above φ/α 

hypersurfaces, covering an overall range of ~0.02 Å.  In these calculations, φ and α were 

held constant at values observed in the lowest energy structures of the total energy 

hypersurface (φ/α for 5, 60°/-60°; for 6, -60°/60°; for 7, 60°/60°; for 8, -60°/-60°; see 

below).  These calculations were performed to evaluate the effect of these bond lengths 

on 1JCH and 2JCCH values; all other molecular parameters in the structures were 

geometrically optimized, although the induced changes in a given bond length affected 
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these optimized parameters minimally (e.g., changing rC1,H1 exerted little effect on other 

nearby or remote bond lengths or angles). 

5.4. Results and Discussion 

5.4.1. Energetics 

The effect of C1-O1 bond rotation (φ) on the total energies E of 1 and 2 is shown 

in Figure 5.2.  For 1, Eφ 60° < Eφ 180° < Eφ -60°, whereas for 2, Eφ -60° < Eφ 60° < Eφ 180°.  

In both cases, the most stable φ rotamer orients the aglycone methyl carbon anti to C2, as 

predicted by the exoanomeric effect.14  The relative stabilities of the remaining two φ 

rotamers are reversed in 1 and 2, behavior presumably caused by a combination of 

stereoelectronic and steric effects.  In 1, φ = -60° is destabilized for steric reasons (the 

aglycone is oriented below the ring), while in 2, φ = 180° is destabilized by eclipsed lone-

pair interactions between O1 and O5.  Curve amplitude for 1 appears slightly greater than 

that for 2, suggesting greater φ flexibility in 2.  Since 1 and 2 lack a C2 hydroxyl group, 

potential effects caused by C2 substitution are absent. 

The effect of C2-O2 bond rotation (α) on the relative energies of φ rotamers in 5-

8 is shown in Figure 5.3.  For a specific φ torsion, variations in E caused by 360° α 

rotations vary from 3-6 kcal/mol, and the magnitude of variation depends somewhat on φ.  

Consideration of only perfectly staggered α rotamers yields a more limited variation and 

the emergence of a lowest energy pathway for φ rotation in 5-8.  In 5, Eφ 60° < Eφ 180° < 
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Eφ -60°, whereas in 6, Eφ -60° <    Eφ 60° < Eφ 180°.  These trends mimic those observed in 

1 and 2, respectively, although curve amplitude is slightly greater in 5 and 6.   

 

Figure 5.2. Plot showing the effect of φ on the calculated total energy E of 
1 and 2 determined by DFT (B3LPY/6-31G*, in vacuo). 

Data for 7 and 8 are similar to those for 5 and 6 (Figure 5.3C,D).  Interestingly, α 

rotation (staggered rotamers only) in 8 appears to affect E more significantly than 

observed for 5-7.  As observed in 5 and 6, the relative energies of the lowest energy 

pathways for 7 and 8 are similar to those observed in 1 and 2, respectively; curve 

amplitudes for 2 and 8 are virtually identical.  Importantly, correlations between φ and E 

in 5-8 appear similar for each of the three staggered α rotamers (the curves are y-shifted 

but otherwise similar in shape).  
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Figure 5.3. Plots showing the effect of φ on the calculated total energy E 
of 5 (A), 6 (B), 7 (C), and 8 (D) determined by DFT (B3LYP/6-31G*, in 
vacuo). The scatter of points at discrete values of φ is caused by the effect 
of α; data points in blue are for perfectly staggered values of α. 
Superimposed on each plot is the corresponding curve derived from either 
1 (A and C) or 2 (B and D). 

Correlations between φ, α and E in 5-8 were also inspected in plots of E vs α 

(Figure 5.4).  Scatter is greater than observed in Figure 5.3 since φ rotation causes a 

greater change in E than does α rotation.  If only staggered φ rotamers are considered,  
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Figure 5.4. Plots showing the effect of α on the calculated total energy E 
of 5 (A), 6 (B), 7 (C), and 8 (D) determined by DFT (B3LYP/6-31G*, in 
vacuo). The scatter of points at discrete values of α is caused by the effect 
of φ; data points in blue are for perfectly staggered values of φ. 

minimal energy pathways emerge.  Interestingly, the three curves for each structure are 

not only y-shifted, but also change in shape in some cases (i.e., the influence of α on E 

depends on the value of φ due to H-bonding between O1H and O2H).  From these data, 

the most stable φ/α combinations in 5-8 were identified as follows:  5, 60°/-60°; 6, -

60°/60°; 7, 60°/60°; 8, -60°/-60°.  Not unexpectedly, these conformers are characterized 
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by the presence of intramolecular hydrogen bonding, which in gas phase calculations 

confers differential stability to conformers that contain them.  Whether these φ/α 

combinations are indeed the most populated states in aqueous solution is an interesting 

question but one of peripheral importance to the present work, provided that the presence 

of H-bonding in some structures does not adversely affect the parameterization of 2JCCH 

equations.  The latter issue is discussed further below.  Contour plots of populations 

computed from the data in Figures 5.3 and 5.4 are provided in Supporting Information 

(Figure S1).  If an arbitrary 2 kcal/mol cutoff is applied, data in Figure 5.4 indicate that 7 

experiences greater variability in the preferred C2-O2 torsion at the most stable C1-O1 

torsion than 5, 6 and 8 (i.e., C2-O2 torsions of 60° and -60° are within 2 kcal/mol in this 

structure).  The reduced interactions between O1 and O2 in 7 caused by their trans 

relationship apparently leads to this greater flexibility. 

5.4.2. 2JCCH Spin-Couplings in 1-4 

2JC1,H2R and 2JC1,H2S in 1 and 2 were calculated as a function of φ, and potential 

effects of oxygen substitution at C3 were inspected from similar calculations conducted 

on 3 and 4 (Figure 5.5).  Adding an equatorial oxygen at C3 causes only a minor change 

(< 0.2 Hz) in 2JC1,H2R/S15 and 2JC2,H1, and overall shape is conserved.  Although not 

studied explicitly, similar results are expected for an axial O3.   

Calculated 2JC1,H2R and 2JC1,H2S are similar in magnitude in 1/3 (0 - -3.5 Hz) 

(Fig. 5A), and change by ~2 Hz upon 360° rotation about φ.  In contrast, 2JC1,H2R (-1.4 - 

-2.4 Hz) (Fig. 5B) and 2JC1,H2S (-6.6 - -7.6 Hz) (Fig. 5C) differ significantly in 2/4, and 

change by ~1 Hz upon 360° rotation about φ.  2JC1,H2R/S/φ curves for 1/2 and 2/4 appear 

approximately unimodal. 
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Figure 5.5. (A) Correlations between 2JC1,H2 and φ in 1 (open symbols) 
and 3 (closed blue symbols). Squares, 2JC1,H2a; circles, 2JC1,H2e (H2a = 

H2S; H2e = H2R; see Scheme 5.2). (B) Correlations between 2JC1,H2e 
and φ in 2 (open circles) and 4 (closed blue circles). (C) Correlations 
between 2JC1,H2a and φ in 2 (open squares) and 4 (closed blue squares). 
(D) Correlations between 2JC2,H1 and φ in 1 (open squares) and 3 (closed 

blue squares). (E) Correlations between 2JC2,H1 and φ in 2 (open 
squares) and 4 (closed blue squares). 



 

200 

Calculated 2JC2,H1 in 1/3 and 2/4 change significantly upon 360° rotation about φ 

(~4 Hz) (Fig. 5D,E).  In both anomeric configurations, the calculated coupling is positive 

in sign, with the coupling being more positive (3-7 Hz) in 2/4 than in 1/3 (0-4 Hz).  In 

contrast to 2JC1,H2R/S, 2JC2,H1/φ curves are bimodal.   

Calculated 2JCCH values were compared to experimental couplings measured in 

methyl 2-deoxy-α- (9) and 2-deoxy-β-D-arabino-hexopyranoses (10) (Scheme 5.3).16  

Overall trends are maintained in the calculated and experimental couplings, but absolute 

magnitudes show some differences.  The latter deviations are attributed to ring 

substitution effects, limitations in the methodology used to calculate the couplings, and/or 

effects of solution averaging and solvation on the experimental couplings. 

Bond lengths in the vicinity of the anomeric carbons of 1 and 2 were examined as 

a function of φ.  As expected from stereoelectronic considerations,17 rC1,O1 and rC1,O5 

exhibit complementary behavior, with the former and latter showing two minima and 

maxima, respectively, at φ = ~60° and ~-60° (Figure 5.6).  The general behavior of rC1,O5 

is very similar in 1 and 2, whereas the global minimum for rC1,O1 shifts from φ = ~60° in 

1 to φ = ~-60° in 2.  This shift is coincident with the shift in the global energy minimum 

from 1 to 2 (Figure 5.2).  The exocyclic C1-O1 bond length depends on bond orientation, 

with the equatorial orientation in 2 exhibiting substantially shorter bond lengths.  In 

contrast, rC1,O5 is slightly larger in 2 than in 1.  
Bond lengths rC1,H1 and rC1,C2 exhibit two minima upon rotation of φ through 

360° (Figure 5.7), as observed for rC1,O1 and rC1,O5.  In the most stable conformers of 1 

and 2, rC1,O1 and rC1,C2 are minimal (or near minimal), whereas rC1,H1 and rC1,O5 are 

maximal (or near maximal).  The magnitude of 2JC2,H1 in 1 and 2 approximately tracks 

rC1-H1, with shorter bonds correlating with less positive (more negative) couplings 

(Figure 5.8).  The correlation, however, is imperfect in that the curves are slightly phase- 



 

201 

 

Figure 5.6. (A) Effect of φ on rC1,O1 (open squares) and rC1,O5 (closed 
blue squares) in 1. (B) Effect of φ on rC1,O1 (open squares) and rC1,O5 
(closed blue squares) in 2. 

 

Figure 5.7. (A) Effect of φ on rC1,H1 (open squares) and rC1,C2 (closed 
blue squares) in 1. (B) Effect of φ on rC1,H1 (open squares) and rC1,C2 
(closed blue squares) in 2. 

shifted.  This deviation apparently stems from the superimposed effects of rCH and rCC 

on 2JCCH (see below).  In 2, for example, the reduced 2JC2,H1 at φ = -60° is caused by a 

smaller rC1,C2 in this geometry (Figure 5.7), which shifts the J-coupling to more negative 

(less positive) values, as does a reduction in rC1,H1. All of these effects are observed in 
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the absence of an oxygen substituent at C2, which permits the isolation of energetic, 

structural and J-coupling effects caused solely by φ rotation. 

 

Scheme 5.3. Experimental 2JC1,H2 and 2JC2,H1 in 9-14 
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Figure 5.8. (A) Effect of φ on rC1,H1 (open squares) and 2JC2,H1 (closed 
squares) in 1. (B) Effect of φ on rC1,H1 (open squares) and 2JC2,H1 (closed 
squares) in 2.  

5.4.3. 2JCCH Spin-Couplings in 5-8 

The effects of φ and α on computed 2JC1,H2 and 2JC2,H1 in 5-8 are shown in 

Figures 5.9-12.  Computed 2JC1,H2 display a bimodal dependence on α, with minima at 

~-30° and ~150°, and maxima at ~-120° and ~60° for 5 and 6 (Figures 5.9A and 5.10A) 

and with minima at ~-150° and ~30°, and maxima at ~-60° and ~120° for 7 and 8 

(Figures 5.11A and 5.12A).  Absolute couplings depend on ring configuration; for 5, -2 - 

6 Hz; for 6, -7 - -3 Hz; for 7, -3 - 4 Hz; for 8, -2 - 3 Hz.  A comparison of computed 

couplings to experimental values18 in methyl glycosides 11-14 (Scheme 5.3) shows 

generally good agreement.  Changes in φ do not affect the shape of the curves correlating 

2JC1,H2 to α (the curves are essentially y-shifted). 

2JC1,H2 in 5-8 is much less affected by φ than by α (Figures 5.9-12, panels A and 

B) (Scheme 5.1; structure III).  Consistent with this observation is that 2JC2,H1 is  
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Figure 5.9. (A) Effect of α on 2JC1,H2 in 5. Point scatter at discrete values 
of α is due to the effect of φ; highlighted points (open blue circles) are for 
perfectly staggered values of φ. (B) Effect of φ on 2JC1,H2 in 5. Point 
scatter at discrete values of φ is due to the effect of α; highlighted points 
(open blue circles) are for perfectly staggered values of α. (C) Effect of φ 
on 2JC2,H1 in 5. Point scatter at discrete values of φ is due to the effect of 
α; highlighted points (open blue circles) are for perfectly staggered values 
of α. (D) Effect of α on 2JC2,H1 in 5. Point scatter at discrete values of α 
is due to the effect of φ; highlighted points (open blue circles) are for 
perfectly staggered values of φ.  
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Figure 5.10. Same data as in Figure 5.9 for 6. 
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Figure 5.11. Same data as in Figure 5.9 for 7. 
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Figure 5.12. Same data as in Figure 5.9 for 8. 
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considerably more affected by φ than by α (Figures 5.9-12, panels C and D).  These 

results support the contention that C-O bond rotations involving the carbon bearing the 

coupled proton have a more pronounced effect on 2JCCH magnitude than do similar 

rotations involving the coupled carbon.  Importantly, the effect of α on 2JC2,H1 is 

relatively small (~ 1 Hz) in 5-7, and only slightly larger in 8.  Plots of 2JC2,H1 vs φ 

display two minima at ~±90°, and two maxima at ~0° and ~180°; in this respect, they 

mirror the behavior of standard Karplus curves relating 3J to dihedral angle, although for 

2JCCH the rotated bond is peripheral to the coupling pathway.  Plots for 5, 6 and 8 are 

roughly symmetric about φ = 0°, whereas that for 7 shows significantly different J-

couplings at the minima.  The dynamic range is ~5-6 Hz when coupling signs are 

considered; for 5, -2 - 3 Hz; for 6, 0 - 5 Hz; for 7, -4 - 2 Hz; for 8, 7 - 13 Hz.  Absolute 

2JC2,H1 values in 5-7 (2-5 Hz) are considerably smaller than observed for 8 (7-13 Hz), in 

agreement with experimental couplings in 11-14 (Scheme 5.3).  Changes in α do not 

influence the shape of curves correlating 2JC2,H1 with φ (the curves are essentially y-

shifted); these results mirror those found for 2JC1,H2 (see above). 

The secondary torsional dependencies of 2JC1,H2 (φ) and 2JC2,H1 (α) are small (< 

~2 Hz) and essentially independent of the primary torsion (α and φ, respectively) 

(Figures 5.9-12, panels B and D). 

5.4.4. Other Structural Factors Influencing 2JCCH in Saccharides 

Plots of rC1,H1 vs φ and rC2,H2 vs α were evaluated in 5-8 (Figure S2) in an effort 

to identify structural factors responsible for the observed dependence of 2JC2,H1 and 
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2JC1,H2 on φ and α, respectively.  Lone-pair effects on rCH can be predicted from the 

results of prior work;10b,19 vicinal oxygen lone-pairs anti to the C-H bond lengthen these 

bonds due to lone-pair donation into the σ* antibonding orbital on carbon (Scheme 5.4).  

Based on this model, rC1,H1 is expected to be smaller in α-Glc 5 and α-Man 7 for φ near -

60°, and in β-Glc 6 and β-Man 8 for φ near 60°.  C-H bonds should be longer and of 

roughly equal length in the remaining two staggered φ rotamers.  This trend is 

consistently observed (Figure S3A).  Lone-pair effects on rC2,H2 are as expected, with 

minima near α = -60° for α/β Glc and α = 60° for α/β Man (Figure S2B).  
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Scheme 5.4. Lone-pair effects on rCH 
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Superimposed on the above trends are the effects of φ rotation on rC2,H2 (and 

presumably rC2,O2), and of α rotation on rC1,H1 (and presumably rC1,O1), which were 

found to be consistent with prior relationships observed in furanosyl rings.19  For 

perfectly staggered values of the rotated C-O torsion, 1,3-lone-pair effects were observed 

to reduce bond length.  For example, rC2,H2 is smaller for β-Glc 6 for φ = -60° and 180° 

than for φ = 60° (Scheme 5.4). 

Equipped with the above-noted bond length-lone pair relationships, the effects of 

the C1-C2-H2 and C2-C1-H1 bond angle on 2JC1,H2 and 2JC2,H1, respectively, were 

examined in 6 at perfectly staggered values of α and φ, respectively (Figure S3).  A 

roughly linear dependence was observed for 2JC1,H2; the coupling increases (i.e., 

becomes less negative) by ~ 0.5 Hz per 1° increase in the bond angle regardless of the 

value of α (Figure S3A).  This behavior is similar to that observed for 2JHCH20a but 

differs from that reported for 2JCOC.20b  For α = 60°, the curve is shifted by ~2 Hz 

towards less negative couplings; in this rotamer, rC2,H2 is larger due to the presence of an 

O2 lone-pair anti to the C2-H2 bond.  Interestingly, the curves for α = -60° and 180° 

coincide despite the presence of an oxygen lone-pair anti to the C2-H2 bond in α = 180°.    

These results show that 2JC1,H2 does not perfectly correlate with rC2,H2.  Similar 

observations were made for 5, 7 and 8 (data not shown).    

2JC2,H1 in 6 appears less affected by ∠C2,C1,H1 (Figure S3B), although the 

dynamic range of the angle and the distribution of data points at each φ value are more 

limited.  Couplings are similar for φ = 60° and -60° (1-2 Hz), but shift to more positive 

values (4-5 Hz) for φ = 180°.  For φ = -60° and 180°, an O1 lone-pair is anti to the C1-H1 
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bond, yet significantly different 2JC2,H1 values are observed.  Thus, like 2JC1,H2, 2JC2,H1 

magnitude does not perfectly correlate with rC1,H1.  Similar observations were made for 

5, 7 and 8 (data not shown).  These data also suggest that rotating φ significantly 

influences ∠C1,C2,H2, whereas ∠C2,C1,H1 is much less affected by rotating α. 

Further inspection of 2JCCH vs rCH data provides a possible explanation for the 

anomalous 2JCCH values in those C-O rotamers identified above (Figure S3).  In these 

cases (e.g., α = 180° for 2JC1,H2, and φ = -60° for 2JC2,H1in 6), the C-O torsion orients 

the hydroxyl proton anti to the coupled carbon; this geometry yields a smaller rC1-C2 

since no oxygen lone-pairs are anti to the bond.  In these conformers, the reduced rC1-C2 

shifts 2JCCH to a more negative value.  Thus, both the C-H and C-C bond lengths affect 

2JCCH, with shorter bonds leading to more negative (less positive) couplings. 

Studies of 1JC1,H1 and 1JC1,C2 in 5-8 as a function of rCH and rCC were also 

conducted by systematically varying bond lengths over a 0.02 Å range while optimizing 

the remaining parameters (only one combination of C1-O1 and C2-O2 bond torsions 

were inspected in each structure). 1JCH was found to vary roughly linearly with rCH,10b 

with shorter bonds yielding larger (more positive) couplings (Figure S4A).  However, in 

some cases, the dependence was very small (e.g., 1JC1,H1 vs rC1,H1 in α-Glc and α-Man).  

In contrast, the effect of rC1,C2 on 1JC1,H1 was strong in all cases; moderate changes in 

rCC influence 1JCH values more significantly than do comparable changes in rCH (Figure 

S4A).  This observation may explain why correlations between rCH and 1JCH were not 

uniformly observed in prior work;10a a critical rCC factor is apparently operating and may 
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dominate over effects caused by rCH.  1JCC values decrease with increasing rCC, and are 

virtually unaffected by changes in rCH on the coupled carbons (Figure S4B). 

5.4.5. Quantitative Treatment of 2JC1,H2 and 2JC2,H1 

Hypersurfaces relating 2JC1,H2 and 2JC2,H1 to φ and α in 5-8 are shown in Figures 

5.13 and 5.14.  These data were used to parameterize two equations relating 2JC1,H2 and 

2JC2,H1 to φ and α.  

 

2JC1,H2 = A + B cos α + C cos 2α + D sin α + E sin 2α +  
 F cos φ + G cos 2φ  (5.1) 
 

2JC2,H1 = A + B cos φ + C cos 2φ + D sin φ + E sin 2φ +  
 F cos α + G cos α  (5.2) 
 

Coefficients for Equations [5.1] and [5.2] are given in Table 5.1 for the four 

relative configurations at C1 and C2 of aldopyranosyl rings (5-8) and for the 2-deoxy-

aldopyranosyl rings (1,2).  The regular patterns in both torsional regimes permitted 

reasonable χ2 and rms values to be obtained in the parameterizations.  Single parameter 

equations were initially derived containing only the primary torsional variable (α for 

2JC1,H2; φ for 2JC2,H1).  A slightly better fit was obtained, however, with double-

parameter equations containing two additional terms to treat the secondary torsional 

dependence (φ for 2JC1,H2; α for 2JC2,H1).  The latter equations would be applicable if 

independent information on these secondary torsions is available (e.g., via 3JHCOH and/or 

3JCCOH values). 
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Figure 5.13. Computed hypersurfaces showing the dependencies of 2JC1,H2 and 2JC2,H1 on φ and α in 5 (A and B, 
respectively), and in 6 (C and D, respectively). 
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Figure 5.14. Computed hypersurfaces showing the dependencies of 2JC1,H2 and 2JC2,H1 on φ and α in 7 (A and B, 
respectively), and in 8 (C and D, respectively). 
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TABLE 5.1. COEFFICIENTS IN PARAMETERIZED EQUATIONS FOR 2JC1,H2 AND 2JC2,H1 IN 1, 2, AND 5-8, AND χ2 AND 

RMS VALUES DERIVED FROM THE FIT 
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5.5.Conclusions 

2JCCH values have received relatively little attention as conformational probes of 

saccharides in solution.  However, recent studies of saccharide hydroxymethyl group 

conformation9 suggest a wider role for these scalar couplings stemming from their 

sensitivities to both C-C and C-O torsion angles.  For example, the C5-C6-H6R/S 

coupling pathways in aldohexopyranosyl rings yield 2JCCH values that are influenced by 

both the C5-C6 (ω) and C6-O6 (θ) torsion angles (I; Scheme 5.1) (Figure 5.1).  In this 

case, the remaining potential variable, the C5-O5 torsion angle, was fixed by the 

pyranosyl ring and thus played no role in modulating the couplings.  In the present 

investigation, the C-C torsion angle is held constant by the pyranosyl ring, leaving both 

C-O torsions to potentially modulate the coupling. 

 The present studies show that 2JCCH values are influenced by C-O torsion angles 

at both carbons of the C-C-H coupling pathway, but the effect is greater at the carbon 

bearing the coupled proton.  The observation appears valid for both 2JC1,H2 and 2JC2,H1, 

suggesting that the nature of the coupled carbon (e.g., anomeric vs non-anomeric) is not 

important. 

The effect of C-O bond rotation on 2JCCH appears to be mediated largely by 

oxygen lone-pair perturbations of C-H and C-C bond lengths.  In general, reduction in the 

C-C and/or C-H bond lengths in the C-C-H coupling pathway shifts 2JCCH to more 

negative (less positive) couplings.  Lone-pair effects appear mainly in two forms: vicinal 

effects (for the C1-H1, C2-H2 and C1-C2 bonds) and 1,3-effects (C1-H1 and C2-H2 
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bonds only), with the former resulting in bond length elongation and the latter causing 

bond length reduction.  Because rotation of the C1-O1 and C2-O2 bonds induces lone-

pair effects that may be reinforcing or canceling for any given bond, the dependence of 

2JCCH on these torsions becomes a complex function of overlapping forces. 

The expected vicinal lone-pair effects on rC1,H1 and rC2,H2 upon rotation of φ and 

α, respectively, are predicted consistently in 5-8.  This is not true for vicinal lone-pair 

effects on rC1,C2; for example, rotating φ in 6 would be expected to increase rC1,C2 for φ 

= 60° and 180° (O1 lone-pair anti to the C1-C2 bond) relative to φ = -60°, and that rC1,C2 

should be similar in the former group (Figure S2B).  However, these trends are not 

consistently observed in 5-8 (data not shown), suggesting that oxygen lone-pair effects 

are modulated by other structural factors that may include competing stereoelectronic 

effects operating at the anomeric center and/or the presence of intramolecular H-bonding.  

The latter complication was cause for concern about 2JCCH computed in systems 

exhibiting H-bonding between O1 and O2, since C1-C2 bond length, a determinant of 

2JCCH, was observed to be sensitive to the presence of H-bonding (the presence of H-

bonding between vicinal OH groups reduces rCC).  However, it is believed that this effect 

is small, based on the smooth, continuous character of computed 2JCCH vs φ/α curves for 

5-8, and on the similarity of these curves to those found for 1 and 2; in the latter 

structures, complications arising from intramolecular H-bonding are absent due to the 

lack of a vicinal diol fragment at C1 and C2.  It is also noted that 1,3-lone-pair effects on 

rC1,H1 and rC2,H2 are consistently observed in 5-8 as suggested from prior studies in 
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furanosyl rings,19 although there are exceptions attributed again to the presence of H-

bonding in the structure.     

New equations correlating 2JC1,H2 and 2JC2,H1 with φ and/or α in aldopyranosyl 

rings have been derived.  2JC2,H1 has particular relevance for studies of oligosaccharide 

conformation wherein assessments of preferred conformation about φ are important.  

These couplings can be measured in specific monosaccharide residues labeled with 13C at 

C2, since signal multiplicity at the well-resolved adjacent anomeric proton can be 

observed readily.  Alternatively, natural abundance methods for JCH measurements could 

be applied.21  Recent work has suggested that trans-glycoside J-couplings yield 

quantitative information about C-O rotamer populations in glycosidic linkages.22  

However, evaluations of φ appeared less firm than of ψ due to use of the less reliable 

(and less sensitive) trans-glycoside 2JCOC.  2JC2,H1 may provide an additional means of 

evaluating φ.  Since 2JC2,H1 displays some sensitivity to α, however, more accurate 

treatments of 2JC2,H1 in oligosaccharides may require an independent evaluation of the 

C2-O2 torsion angle.  The latter could be obtained from measurements of 3JHCOH23 or 

3JCCOH24 in solution.  In residues lacking an hydroxyl group at C2 (i.e., 2-

deoxyaldopyranosyl rings), application of 2JC2,H1 to evaluate φ should be more 

straightforward. 

While this report has focused on 2JCCH values as constraints for φ in glycosides, 

similar couplings may also be applicable to ψ analysis.  For example, in β-(1→4) 

linkages, 2JC3,H4 and 2JC5,H4 may serve as additional ψ constraints, assuming that they 



 

219 

obey the same dependencies on C-O torsions as observed for 2JC2,H1.  This application 

remains to be explored. 

The predicted behavior of 2JC1,H2 and 2JC2,H1 reported herein was deduced from 

studies of J-couplings in gas-phase molecules.  It is thus possible that J-coupling 

behavior in aqueous solution may be influenced by the presence of H-bonding between 

saccharide hydroxyl groups and solvent water.  1JCH are reported to display a solvent 

dependence,25 while 3JCH are expected to be considerably less affected by solvent.  

2JCCH may display an intermediate solvent dependency, although this has not been tested 

computationally or experimentally.  However, even if solvation affects 2JCCH, the overall 

trends reported here are expected to be maintained, with possible changes manifested in 

curve amplitude shifts (i.e., the absolute values of 2JCCH will be uniformly shifted but 

overall dependencies will be maintained). 

Given the dual dependence of 2JCCH on C-O torsions on both carbons along the 

coupling pathway, a concerted analysis of multiple 2JCCH values within specific 

aldopyranosyl rings may lead to a more complete picture of C-O torsional preferences in 

solution.  Thus, for example, if the eight intra-ring 2JCCH within 6 (2JC1,H2, 2JC2,H1, 

2JC2,H3, 2JC3,H2, 2JC3,H4, 2JC4,H3, 2JC4,H5, 2JC5,H4) were properly parameterized, and if 

all values were known experimentally, then the eight equations could be collectively 

solved to extract "best fit" C-O torsions in solution.  These data could be compared or 

combined with other information (e.g., from 3JHCOH and/or 3JCCOH) to improve the 

reliability of the conclusions.  Thus, 2JCCH not only reports on relative configuration 
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along the C-C-H pathway, as demonstrated by the empirical rules developed by Perlin7,8 

and Pedersen6, but also holds the potential of indirectly evaluating C-O torsions in 

saccharides for both C-O-R and C-O-H fragments. 
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5.7. Supporting Information 

The supporting information consists of four figures showing φ/α population 

contour maps for 5-8 derived from DFT-calculated total energies (Figure S1), 

correlations between rC1,H1, 2JC2,H1, and φ, and between rC2,H2, 2JC1,H2, and R in 6 

(Figure S2), correlations between C-C-H bond angle and 2JC1,H2 and 2JC2,H1 in 6 

(Figure S3), and correlations between rC1,H1 and 1JC1,H1, and between rC1,C2 and 

1JC1,C2, in 6 either in fully optimized structures or in structures containing incremented 

(and fixed) C1-H1 or C1-C2 bond lengths (Figure S4). 
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Figure 5.15. (S1) Contour maps showing preferred φ/α populations for 5 
(A), 6 (B), 7 (C), and 8 (D) derived from total energies obtained from DFT 
calculations (B3LYP/6-31G*). 
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Figure 5.16. (S2) (A) Plot of rC1,H1 (closed circles) and 2JC2,H1 (open 
triangles) as a function of φ in 6.  Note the anomalous behavior of 2JC2,H1 
at φ = -60°.  (B) A plot of rC2,H2 (closed circles) and 2JC1,H2 (open 
triangles) as a function of α in 6.  Note the anomalous behavior of 2JC1,H2 
at α = 180°.  The shift to more negative couplings in both cases is 
attributed to oxygen lone-pair effects on rC1,C2 (see text); in both cases, 
the lack of a vicinal lone-pair effect reduces rC1,C2, thus shifting 2JCCH to 
more negative (less positive) values. 

 

Figure 5.17. (S3) (A) Correlation between the C1-C2-H2 bond angle and 
2JC1,H2 in 6.  Open circles; α = 60°; closed squares, α = -60°; open 
squares, α = 180°.  (B) Correlation between the C2-C1-H1 bond angle and 
2JC2,H1 in 6. Open circles; φ = 60°; closed squares, φ = -60°; open squares, 
φ = 180°. 
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Figure 5.18. (S4) (A) Plot of 1JC1,H1 in 6 as a function of rC1,H1 (closed 
squares), showing decreasing 1JCH with increasing rCH.  The value of 
rC1,H1 was systematically varied in 0.001 Å increments and held fixed; all 
other molecular parameters were optimized.  Superimposed on this plot is 
the effect of varying rC1,C2 (open circles) and rC2,H2 (closed circles) on 
1JC1,H1; both bond lengths were varied systematically and separately in 
0.001 Å increments and held fixed; all other molecular parameters were 
optimized.  Note the small effect of rC1,C2 and rC2,H2, and the large 
influence of rC1,C2, on 1JC1,H1.  (B) Plot of 1JC1,C2 in 6 as a function of 
rC1,C2 (closed squares), showing decreasing 1JCC with increasing rCC.  
The value of rC1,C2 was systematically varied in 0.001 Å increments and 
held fixed; all other molecular parameters were optimized.  Superimposed 
on this plot is the effect of varying rC1,H1 (open circles) and rC2,H2 (close 
circles) (performed as described in A) on 1JC1,C2.  Note the modest effect 
of rCH on 1JCC.  (C) Plot of 1JC1,H1 as a function of rC1,H1 in fully 
optimized geometries of 6.  Changes in rCH were induced by rotating φ 
and α (only perfectly staggered rotamers are shown).  Note the enhanced 
slope of this plot relative to that found in A.  (D) Plot of 1JC1,C2 as a 
function of rC1,C2 in fully optimized geometries of 6.  Changes in rCC 
were induced by rotating φ and α (only perfectly staggered rotamers are 
shown).  While data scatter is significant, the average slope of this plot is 
greater than that found in B. 
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CHAPTER 6:  

13C-13C NMR SPIN-COUPLINGS IN SACCHARIDES: NEW CORRELATIONS 

WITH MOLECULAR STRUCTURE5 

 “Knowledge is chimera – for beyond it lies other knowledge, and the incompleteness of 

what is known renders the knowing false.”  

– Stephen R. Donaldson (The Thomas Covenant Chronicles) 

6.1. Abstract 

13C-13C Spin-spin coupling constants (JCC) have been measured in a group of 

aldohexopyranoses and methyl aldopyranosides singly labeled with 13C at different sites 

to extend prior correlations between JCC magnitude and sign, and saccharide structure.  

Using density functional theory (DFT) calculations to test empirical predictions, 

structural correlations for 2JC1,C3, 2JC2,C4, 2JC4,C6 and 2JC1,C5 have been confirmed.  

These geminal couplings depend highly on the orientation of C-O bonds appended to the 

terminal coupled carbons.  3JC1,C6 and 3JC3,C6 show expected Karplus-like dependences, 

but are also affected by in-plane terminal hydroxyl substituents.  In both cases, rotation 

                                                

5 I gratefully acknowledge my co-authors Bidisha Bose-Basu, Gail Bondo, Paul Bondo, Wenhui 
Zhang, Ian Carmichael and Anthony S. Serianni for their assistance in preparing this chapter, which is 
submitted to the Journal of Organic Chemistry. 
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about the C5-C6 bond modulates the coupling due to the alternating in-plane and out-of-

plane O6.  3JC3,C6 is also affected by C4 configuration.  Both 3JC1,C6 and 3JC3,C6 are 

subject to remote effects involving structure at C3 and C1, respectively.  New 

correlations have been determined for 2JC3,C5, which, like 3JC3,C6, shows a remote 

dependence on anomeric configuration.  Investigations of dual-pathway 13C-13C 

couplings, 3+3JC1,C4 and 3+3JC2,C5, revealed the importance of internal electronegative 

substituents on 3JCC in saccharides, a factor heretofore unappreciated and one of 

importance to the interpretation of trans-glycoside 3JCOCC in oligosaccharides. 

6.2. Introduction 

With increasing applications of 13C-labeled saccharides in studies of their 

molecular structures and dynamics, 13C-1H and 13C-13C spin-spin coupling constants (J-

couplings; JCH, JCC) are expected to increase in importance as tools to confirm and/or 

extend structural conclusions based on 1H-1H spin-couplings, nuclear spin relaxation, 

1H-1H NOE, and other data.  In contrast to some of the latter NMR parameters, however, 

present understanding of JCH and JCC in saccharides is incomplete, thereby limiting more 

routine use.  This deficiency is more pronounced for JCC than for JCH primarily because 

measurement of the former generally requires isotopic labeling, while the latter can be 

obtained on samples at natural abundance, although often less conveniently and with 

reduced accuracy.1 
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Scheme 6.1. Representative 1JCC, 2JCC, 3JCC and 3+3JCC in methyl β–D-
glucopyranoside. Coupling pathways are highlighted in red and blue. 

JCC values in carbohydrates across one (1JCC), two (2JCCC, 2JCOC) and three (3JCCCC, 

3JCOCC) bonds (Scheme 6.1) have been reported in aldohexopyranoses singly 13C-

labeled at the anomeric2 (C1) and hydroxymethyl3 (C6) carbons.  These studies have 

provided a limited data set with which to develop generalized structure/J-coupling 

correlations.  Bossennec et al.4 have reported complete sets of JCC values in α-D-

glucopyranose, β-D-glucopyranose, 1,2;5,6-di-O-isopropylidene-α-D-glucofuranose and 

1,2;5,6-di-O-isopropylidene-3-O-benzyl-α-D-glucofuranose using uniformly 13C-labeled 

compounds, and Krivden and Kalabin5 have reported some general correlations between 

1JCC and carbohydrate structure.  Church et al.6 have proposed an empirical (projection 

resultant; PR) method to predict 2JCCC and 2JCOC, Bose et al.7 and Cloran et al.8 have 
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derived Karplus relationships for 3JCOCC, and experimental sign determinations for 

2JCCC and 2JCOC have been reported.9,10  A C-O-C bond-angle dependence has been 

identified for 2JCOC in saccharides.11 These earlier studies demonstrate the potential of 

JCC as structural and conformational probes, especially in conformationally flexible 

systems (e.g., α-idopyranosyl and aldofuranosyl rings), but more systematic 

investigations are needed to test the general applicability of these relationships and to 

develop new ones. 

 In this report, prior studies of 13C-13C spin-couplings in saccharides are extended 

to a broader range of aldopyranosyl rings that were 13C-labeled at sites other than the 

anomeric and exocyclic hydroxymethyl carbons.  Correlations are derived between JCC 

magnitude and sign and molecular structure, and new explanations for the structural 

dependencies of some of these couplings, notably 2JC3,C5, 3JC1,C6, 3JC3,C6, 3+3JC1,C4 

and 3+3JC2,C5, are proposed.  Experimental observations are confirmed and/or extended 

by theoretical JCC calculations using density functional theory (DFT).  The results 

reported herein contribute to the long-range goal of providing complete interpretations of 

JCC in saccharides in terms of structure and reactivity. 

6.3. Experimental 

6.3.1. Synthesis of 13C-Labeled D-Aldoses and Methyl D-Aldopyranosides 

Singly 13C-labeled monosaccharides were prepared by chemical or chemo-

enzymic methods.  Each compound is identified in the following paragraph with the 
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pertinent literature reference for its synthesis.  Throughout this manuscript, 13C-

isotopomers are identified by a compound number and a superscript denoting the location 

of the labeled carbon (e.g., D-[1-13C]glucose is 11). 

D-[1-13C]Glucose (11);12 D-[2-13C]glucose (12);12,13 D-[3-13C]glucose (13);12-14 

D-[4-13C]glucose (14);14 D-[5-13C]glucose (15);14 D-[6-13C]glucose (16);15 D-[1-

13C]mannose (21);12 D-[2-13C]mannose (22);12,13 D-[3-13C]mannose (23);12-14 D-[4-

13C]mannose (24);13,14 D-[5-13C]mannose (25);13,14 D-[6-13C]mannose (26);13,15 methyl 

β-D-[1-13C]allopyranoside (31);12,16 methyl β-D-[2-13C]allopyranoside (32);12,13,16 

methyl β-D-[3-13C]allopyranoside (33);12,13 D-[2-13C]allose (42);12,13 D-[3-13C]allose 

(43);12,13 D-[2-13C]altrose (52);12,13 methyl α-D-[2-13C]altropyranoside (62);12,13,16 D-

[2-13C]galactose (72);12,13 methyl α-D-[2-13C]galactopyranoside (82);12,13,16 methyl α-

D-[3-13C]galactopyranoside (83);12,13,16 methyl β-D-[2-13C]galactopyranoside 

(92);12,13,16 methyl β-D-[3-13C]galactopyranoside (93);12,13,16 methyl/ethyl α-D-[2-
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13C]glucopyranoside (102);12,13,16 methyl α-D-[3-13C]glucopyranoside  (103);12,13,16 

methyl/ethyl β-D-[2-13C]glucopyranoside (112);12,13,16 methyl β-D-[3-

13C]glucopyranoside (113);12,13,16 ethyl α-D-[2-13C]mannopyranoside (122);12,13,16 

ethyl β-D-[2-13C]mannopyranoside (132);12,13,16 D-[2-13C]talose (142);12,13 D-[3-

13C]arabinose (153);13,17 methyl α-D-[3-13C]allopyranoside (163);12,13,16  and D-[3-

13C]xylose (173).13,17 

6.3.2.Measurement of 13C-13C Spin-Coupling Constants 

Solutions (~1 mL, ~0.1 M) of 13C-labeled compounds in 2H2O (98 atom-%) were 

prepared and transferred to 3-mm NMR tubes.  1D 13C{1H} NMR spectra were obtained 

at 30 °C on a Varian UnityPlus 600 MHz FT-NMR spectrometer operating at 150.854 

MHz for 13C and equipped with a 3-mm 13C/1H microprobe (Nalorac).  Spectra were 

collected with an ~10800 Hz spectral window and ~5s recycle time (13C T1s were 

estimated to be ~ 1s18 under the experimental solution conditions).  FIDs were zerofilled 

once or twice to give final digital resolutions of < 0.05 Hz/pt, and FIDs were processed 

with resolution enhancement (Gaussian or sine-bell functions) to improve resolution and 

facilitate the measurement of small J-couplings (Figure S1).  The degree of enhancement 

was chosen empirically based on the observed spectral S/N and resolution.  Line 

splittings > 0.8 Hz were typically resolved sufficiently to permit direct measurement of 

the J-coupling ± 0.1 Hz, but for smaller couplings, line widths (~1 Hz) similar in 

magnitude to the splitting gave larger errors (± 0.2 Hz).  When possible, J-couplings were 

measured from different directions (e.g., 1JC2,C3 determined from [2-13C] and [3-13C] 
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isotopomers) and are reported independently to quantify internal consistency, accuracy, 

and reproducibility. Coupling signs were assigned based on the PR rule6 and/or on those 

predicted by DFT calculations (see below). 

6.4.Computational 

6.4.1. Selection and Geometric Optimization of Model Compounds 

Theoretical calculations of JCC were conducted on eleven fully substituted methyl 

D-aldohexopyranosides: β-All (3C), α-Alt (6C), α-Gal (8C), β-Gal (9C), α-Glc (10C), β-

Glc (11C), α-Man (12C), β-Man (13C), α-All 

(16C), β-Alt (18C) and β-Gul (19C) (Scheme 

S1).  The superscript “C” denotes structures 

generated in silico to distinguish them from those studied experimentally.  DFT 

calculations were conducted within Gaussian0319 using the B3LYP functional20 and 6-

31G* basis set21 for geometric optimization, as described previously.22,23  Initial 

geometric constraints were as follows:  (a) all ring conformations were 4C1, except for 

6C, which was studied in the 1C4 ring form; (b) exocyclic hydroxymethyl (CH2OH) 

groups were set in the gt conformation (C4-C5-C6-O6 torsion angle of 180°) in 4C1 

structures; in 6C, the O5-C5-C6-O6 torsion angle was set at 180° (tg conformation); (c) 

C2-C1-O1-CH3 torsion angles were set at 180° (most favored geometry based on 

stereoelectronic considerations24-26); (d) C5-C6-O6-H torsion angles were set at 180°; 

and (e) the remaining H2-C2-O2-H, H3-C3-O3-H and H4-C4-O4-H torsion angles were 
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set arbitrarily at 180° to minimize intramolecular H-bonding.  Since JCC values involving 

internal ring carbons were a focus of attention, fully substituted model structures were 

chosen for study despite potential complications in the analysis of computed couplings 

caused by the arbitrary choice of exocyclic C-O torsions.  To address effects caused by 

the latter, two sets of geometry optimizations were performed on each structure, denoted 

FIXED and FLOAT (see below).  In the FIXED series, all initial molecular parameters were 

optimized except for the exocylic C-O torsions, which were fixed at their initial values.  

In the FLOAT series, all molecular parameters, including the exocyclic C-O torsions, were 

optimized.  This approach produced the 22 optimized structures shown in Schemes S1 

and S2.  

An additional series of calculations was conducted on aldohexopyranosyl rings 

lacking hydroxyl groups at C2 and C4.  These structures mimic α-gluco (20), β-gluco 

(21), α-allo (22) and β-allo (23) ring configurations.  

In these calculations, the O5-C5-C6-O6 torsion angle 

was rotated in 30° increments through 360° and held 

constant, and all remaining molecular parameters were 

optimized.  Initial C4-C3-O3-H and C5-C6-O6-H torsions angles were set at 180°.   

6.4.2. Theoretical Calculations of 13C-13C Spin-Coupling Constants 

J-Coupling constants were calculated in 3C, 6C, 8C, 9C, 10C, 11C, 12C, 13C, 16C, 

18C and 19C (Schemes S1 and S2), and in 20-23 using Gaussian03.19  Both the Fermi 

and non-Fermi contact terms were recovered, and the reported values contain both 

contributions and are unscaled.   
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6.5. Results and Discussion 

6.5.1. General Observations in 1 and 2 

JCC values in α- and β-gluco- (1α, 1β) and manno- (2α, 2β) pyranoses singly 

13C-labeled at C1-C6 are listed in Table 6.1.  General trends observed in these data are 

summarized as follows. 

1JCC ranges from 37.7 - 46.7 Hz, with 1JC1,C2 > 1JC5,C6 > 1JC2,C3 ≈ 1JC3,C4 ≈ 

1JC4,C5. Conversion of reducing sugars to methyl glycosides increases 1JC1,C2 by 0.5 - 1 

Hz, with negligible effects on the remaining couplings. 

2JC1,C5 is either small or negative (~-2 Hz) and depends on anomeric 

configuration (more negative in α-anomers).  2JCCC ranges from +4.5 Hz (2JC1,C3) to 

small or zero values (2JC4,C6), and is sensitive to configuration at the coupled carbon(s) 

(e.g., 2JC1,C3 and 2JC2,C4) and configuration at remote carbons.  For example, 2JC3,C5 is 

~ 0.8 Hz larger in β-anomers than in α-anomers even though C1 is not present in the 

coupling pathway.  

3JC1,C6 depends on anomeric configuration, with α-pyranoses giving couplings 

~1 Hz smaller (~3.3 Hz) than β-pyranoses (~4.2 Hz).  3JC3,C6 has magnitudes similar to 

3JC1,C6 and shows a small dependence on anomeric configuration (α couplings are 

smaller than β couplings by ~0.5 Hz).  The dual-pathway couplings, 3+3JC1,C4 and 

3+3JC2,C5, are small, and are observed only in some ring configurations (e.g., 3+3JC1,C4 

in 2α).  
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TABLE 6.1. 13C-13C SPIN-COUPLINGS IN SELECTIVELY 13C-LABELED D-

GLUCO- (1α, 1β) AND D-MANNOPYRANOSES (2α, 2β) AND METHYL β-D-

ALLOPYRANOSIDE 31 

 

While studies of gluco and manno configurations provide insight into the 

dependencies of JCC on saccharide structure, studies limited to these configurations 

provide incomplete data on which to develop general structural arguments.  Furthermore, 

since not all structural effects can be studied experimentally, critical complementary 

Table 1.  13C-13C Spin-Couplingsa in Selectively 13C-Labeled D-Gluco- (1!, 1") and D-Mannopyranoses (2!, 2") and
Methyl "-D-Allopyranoside 31

____________________________________________________________________________________________________________

Coupling !-Glcp (1!) "-Glcp (1") !-Manp (2!) "-Manp (2") Me "-Allop (31)
____________________________________________________________________________________________________________

1JC1,C2 46.2 / 46.2b 46.0 / 46.0 46.7 / 46.7 42.7 / 42.7 48.1
46.7e 46.9 47.2 43.8

2JC1,C3 nc / nc (+) 4.5 / (+) 4.5 nc / nc (+) 4.0 / (+) 4.0 nc
nc (+) 4.5 nc +3.9

2JC1,C5 (-) 1.8       nc      (-) 2.0      nc (±) 0.7
(-) 2.0 nc (-) 2.0 nc

3+3JC1,C4 nc nc 0.9 nc nc
nc nc 0.7 nc

3JC1,C6 3.3      4.1     3.3       3.9 3.5
3.3 4.1 3.2 4.0

1JC2,C3 38.2 / 38.2c 38.8 / 38.8c 37.7 / 37.7c 38.2 / 38.8c

38.2 38.9 37.8 38.2
2JC2,C4 (+) 3.1 / (+) 3.1 (+) 2.8 / (+) 2.8 nc / nc br / nc

(+) 3.0 (+) 2.7 nc (±) 0.3
3+3JC2,C5 nc nc br nc

nc nc nc nc
1JC3,C4 38.6 / 38.6d 39.4 / 39.3d 39.9 / 39.9d 40.3 / 40.4d

38.5f 39.3
2JC3,C5 (+) 1.7 (+) 2.5 (+) 1.7 (+) 2.7

(+) 1.8 (+) 2.4
3JC3,C6 3.8 4.3 3.7 4.2

3.7 4.2
1JC4,C5 40.4 40.9 40.2 40.9

40.4 41.0
2JC4,C6 nc nc nc nc

nc nc
1JC5,C6 43.6 43.0 43.3 43.3

43.3 43.3

aIn Hz ± 0.1 Hz determined in D-glucose and D-mannose selectively 13C-labeled at C1-C6; in 2H2O at ~25 °C.  An
entry of nc implies that J < 0.6 Hz; br denotes a broadened signal containing an unresolved coupling.  Signs of 2JCC are
given in parenthesis.   bCouplings in blue were reported previously (refs. 2, 3 ). cMeasured in the [3-13C]isotopomer.
dMeasured in the [4-13C]isotopomer.  eCouplings in brown are for the corresponding ethyl glycoside (ref. 7).  fCouplings in
green are for the corresponding methyl glycoside (ref. 28).
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information can be obtained from theoretical calculations of JCC using DFT 

methods.22,23  In the following discussion, experimental and theoretical analyses of JCC 

are more fully developed and integrated in a broader range of structures, with emphasis 

on 2JCC, 3JCC and 3+3JCC. 

6.5.2. 2JCC Coupling Constants 

2JC1,C3 and 2JC2,C4 in aldopyranosyl rings are influenced mainly by the 

orientation of electronegative substituents attached to the coupled carbons.6,15 Ring 

configurations having equatorial substituents (e.g., β-D-gluco) give strongly positive 

2JC1,C3 and 2JC2,C4 (~+2-4 Hz) (Tables 6.1 and 6.2).6,9  Conversion of one or both 

substituents (see 1α, 2α and 31 in Table 6.1) to axial orientations reduces the coupling, 

with di-axial arrangement eliciting negative couplings6 (e.g., 2JC1,C3 = -2.4 Hz in 4α3, 

2JC2,C4= -2.1 Hz in 14α2) (Tables 6.2 and 6.4). 

Computed 2JC1,C3 and 2JC2,C4 (Table 6.3) support the conclusions drawn from an 

analysis of experimental couplings based on the PR method.6  2JC1,C3 in 9C, 11C and 13C 

is moderately large and positive, whereas it is negative in 16C.  Comparatively small 

positive (or near zero) 2JC1,C3 are computed in 3C, 8C, 10C, 12C, 18C and 19C.  

Interestingly, 2JC1,C3 in 6C is much larger than found experimentally, suggesting that the 

4C1 conformation, in which both the C1-O1 and C3-O3 bonds are axial, contributes to the 

experimental coupling; in the 4C1 form, 2JC1,C3 is probably negative (analogous to 16C).  

Computed 2JC2,C4 is moderately large and positive in 10C and 11C, and much smaller (or 

zero) in structures bearing an axial C-O bond at either C2 or C4. 
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TABLE 6.2. 13C-13C SPIN-COUPLINGS INVOLVING C2 OF 

ALDOHEXOPYRANOSES AND ALKYL ALDOHEXOPYRANOSIDES 

 



 

 239 

TABLE 6.3. COMPUTED 2JCC VALUES IN MODEL ALDOPYRANOSIDES AND 

COMPARISON WITH EXPERIMENTAL COUPLINGS  

 

Computed 2JC1,C5 (Table 6.3) generally confirm a dependence on anomeric 

configuration, with couplings of ~ -2 Hz observed in α-pyranoses and essentially no 

coupling observed in β-pyranoses (4C1 form).  2JC1,C5 is moderately large and negative 

in the 1C4 form of 6C, and in 19C.  These data, along with the experimentally observed 

2JC1,C5 of ± 0.7 Hz in 3, suggest that 2JC1,C5 may be observed in some ring structures 

bearing an equatorial C1-O1 bond.  The large coupling predicted in 6C (1C4 form) may 

Table 3.  Computed 2JCC in Model Aldopyranosides and Comparison with Experimental Couplings

aValues in blue are couplings in FIXED and FLOAT structures (Schemes S1 and S2) that differ by > 0.5 Hz.  *In the

corresponding reducing sugar.  See definition of nc in Table 1.

2JCC (Hz) !-All

3C

FIXED

!-All

3C

FLOAT

!-All

3

"-Alt

6C

FIXED

"-Alt

6C

FLOAT

"-Alt

6

"-Gal

8C

FIXED

"-Gal

8C

FLOAT

"-Gal

8

!-Gal

9C

FIXED

!-Gal

9C

FLOAT

!-Gal

9

2JC1,C3 0.9 0.9 nc 6.8a 3.6 nc* 0.9 0.5 nc* 7.1 6.4 +4.6*

2JC1,C5 -0.6 -0.5 ±0.7 -1.2 -1.4 -1.6* -2.3 -2.4 -1.9* -0.7 -1.1 nc*

2JC2,C4 1.0 0.6 +2.4 0.2 0.0 ~0 0.6 -0.8 nc 0.3 -1.0 nc

2JC3,C5 -1.2 -1.1 -1.0 0.7 1.1 0.8 0.5 nc 1.1 0.9 +1.6

2JC4,C6 3.8 3.8 nc* 2.5 3.6 1.7* 1.0 1.5 nc* 1.2 1.6 nc*

"-Glc

10C

FIXED

"-Glc

10C

FLOAT

"-Glc

10

!-Glc

11C

FIXED

!-Glc

11C

FLOAT

!-Glc

11

"-Man

12C

FIXED

"-Man

12C

FLOAT

"-Man

12

!-Man

13C

FIXED

!-Man

13C

FLOAT

!-Man

13

2JC1,C3 0.6 0.7 nc 6.5 3.7 +4.5 -0.7 -0.3 nc 2.9 2.4 +3.9

2JC1,C5 -2.2 -2.3 -2.0 -0.5 -0.7 nc -2.1 -2.2 -2.0 -0.3 -0.3 nc

2JC2,C4 3.8 3.0 +3.0 3.0 1.8 +2.7 0.4 0.1 nc 0.1 -0.2 ±0.3

2JC3,C5 3.1 1.0 +1.8 3.7 1.8 +2.5* 3.3 1.0 +1.7* 4.1 1.7 +2.7*

2JC4,C6 2.1 1.8 nc 2.6 2.5 nc 2.1 1.7 nc* 2.4 2.0 nc*

"-All

16C

FIXED

"-All

16C

FLOAT

"-All

16

!-Alt

18C

FIXED

!-Alt

18C

FLOAT

!-Gul

19C

FIXED

!-Gul

19C

FLOAT

2JC1,C3 -1.5 -2.0 -2.4 -0.1 0.1 1.6 1.7

2JC1,C5 -2.1 -2.1 -0.9 -0.9 -1.1 -1.1

2JC2,C4 1.0 0.4 -0.6 -0.5 -0.6 -0.4

2JC3,C5 -0.5 -0.6 -1.1 0.1 0.1 -1.0 -1.0

2JC4,C6 3.0 2.9 nc* 3.3 3.3 1.6 1.8
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be partly caused by the larger C1-O5-C5 bond angle in this structure (~117°) compared to 

the other structures (114°-115°).  As shown previously,11 2JCOC depends on the C-O-C 

bond angle, with increasing angles correlated with more negative couplings. 

Experimental 2JC4,C6 in most D-aldohexopyranosyl rings (4C1 forms) is small or 

zero (Table 6.1),3  and the PR rule6 provides an explanation for this observation.   One-

half of the PR component yields the same projection (0) for axial and equatorial OH 

groups at C4 (structures I and II, respectively) (Scheme 6.2).  The second half of the PR  

 

Scheme 6.2. Application of the Projection Resultant (PR) Method to 
2JC4,C6 in D-Aldohexopyranosyl Rings (4C1) 

component depends on hydroxymethyl group conformation, with values of 0, +1.5 and 0 

correlating with gg, gt and tg (structures III-V, respectively).  Averaging of I (or II) with 

different populations of gg, gt and tg will lead to small 2JC4,C6, since averaged projection 
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Scheme 2.  Application of the projection resultant (PR) method 

to 2JC4,C6 in D-aldohexopyranosyl rings (4C1)



 

 241 

resultants of +0.5-+1 should yield small couplings (PR values of 0 yield ~-2 Hz 

couplings, whereas PR values of +1.5 yield ~ +2 Hz couplings).   This interpretation 

assumes that the PR correlation, which was derived mainly from 2JC1,C3 data, can be 

applied to 2JC4,C6.  This uncertainty notwithstanding, the prediction appears consistent 

with experimental observations. 

The above arguments concerning 2JC4,C6 require modification for pyranosyl rings 

in the 1C4 conformation, and relevant projections are shown in Scheme 6.3.  Structures 

having an equatorial O4 (VII) should exhibit coupling behavior similar to 4C1 structures,  

 

Scheme 6.3. Projections for 2JC4,C6 in D-Aldohexopyranosyl Rings 
(1C4) 

assuming similar rotameric populations about the C5-C6 bond.  Indeed, 2JC4,C6 in α-D-

idopyranose is ~0.7 Hz.3  However, for structures bearing an axial O4 (VI), PR values 

are more positive (maximum of +3.0) than the ~+1 observed in 4C1 forms, especially if 
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Scheme 3.  Projections for 2JC4,C6 in 
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the gt rotamer is highly preferred.  This situation pertains to the α-D-altropyranosyl ring 

that exists partly in the 1C4 or related 

twist-boat form in solution.27  2JC4,C6 = 

1.7 Hz in α-D-altropyranose 5α 

(presumably positive in sign), and ~0.6 

Hz in β-D-altropyranose 5β,3 suggesting a greater percentage of 1C4 conformer in 

aqueous solutions of the former.  This conclusion is supported by 3JC1,C6 and 3JC3,C6, 

which are both smaller in 5α than in 5β. 

Inspection of computed 2JC4,C6 (Table 6.3) reveals positive couplings ranging 

from 1.0 – 3.8 Hz.  These couplings are pertinent to 4C1 ring forms with exocyclic 

CH2OH conformation in the gt form in nearly all cases.  Thus, a correlation of PR +1.5 

with 2JC4,C6 of ~ +2 Hz is confirmed by the calculations.  Variability in the computed 

couplings presumably reflects the slightly different C5-C6 torsion angles in the optimized 

structures, although possibly other unidentified structural factors may be at work.  The 

large positive coupling predicted in 1C4 conformations is also confirmed for rings bearing 

an axial C4-O4 bond.  The computed 2JC4,C6 in 6C is ~ +3 Hz, even for a CH2OH 

conformation in the tg state.  Presumably this coupling would be larger in the gt form. 

 The remaining 2JCCC in aldopyranosyl rings is 2JC3,C5, whose properties have 

not been studied previously.  Application of the PR method to this coupling in rings 

having the D-gluco configuration (Scheme 6.4) gives a PR value of +1.5, which translates 

into a predicted 2JC3,C5 of ~ +2 Hz.  Similar treatment of the D-galacto configuration 

(O4 axial) yields the same predicted magnitude and sign (Scheme 6.5).  However, rings  
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Scheme 6.4. Application of the Projection Resultant (PR) Method to 
2JC3,C5 in D-Glucopyranosyl Rings 

having either O3 axial, or both O3 and O4 axial, yield PR values of 0, translating into 

2JC3,C5 of ~ -2 Hz.  Thus, 2JC3,C5 is expected to be negative in D-allo (O3 axial) and D-

gulo (O3 and O4 axial) ring configurations.  In the latter, deviation from prediction would 

occur if the ring assumes a conformation other than, or in addition to, 4C1 (likely for α-

D-gulo). 

In 1α/1β and 2α/2β, 2JC3,C5 shows a small dependence on anomeric 

configuration, with α-anomers giving couplings ~0.8 – 1.0 Hz smaller than β-anomers 

(Table 6.1).  Similar absolute couplings and trends are observed in 10/11 and 17α/17β 

(Table 6.4).   Conversion of O4 to an axial orientation reduces 2JC3,C5 by ~1 Hz despite 

PR values identical to those for gluco rings (see above), but the anomeric effect is 

maintained (~0 Hz in 8, +1.6 Hz in 9) (Table 6.4).  However, conversion of O3 to an 

axial orientation eliminates the effect, with 3, 4α, 4β and 16 giving virtually identical 

couplings (~-1.0 Hz) (Table 6.4).  

C2

O4 H4

C5

H3

O3

H5

H4 O4

C3

O5

C6

cos 0°
cos 60°

cos 60°
cos 120°+1.5 0

PR = +1.5

Scheme 4.  Application of the projection resultant (PR) 

method to 2JC3,C5 in D-glucopyranosyl rings.

O3 eq/O4 eq
(gluco)
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Scheme 6.5. Application of the Projection Resultant (PR) Method to 
2JC3,C5 in Other D-Aldohexopyranosyl Rings 

Computed 2JC3,C5 largely confirm the predictions based on the empirical PR 

method (Table 6.3).  Couplings are positive for rings having the gluco, manno, and 

galacto configurations, and negative for allo and gulo configurations.  2JC3,C5 in 18C is 

unexpectedly small, suggesting that a remote effect from an axial C2-O2 bond may exist;  

C2

O4H4

C5

H3

O3

H5

H4O4

C3

O5

C6

cos 0°
cos 60°

cos 60°
cos 120°+1.5 0

PR = +1.5

Scheme 5.  Application of the projection resultant (PR) 

method to 2JC3,C5 in other D-aldohexopyranosyl rings
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TABLE 6.4. 13C-13C SPIN-COUPLINGS INVOLVING C3OF 

ALDOHEXOPYRANOSES AND METHYL ALDOHEXOPYRANOSIDES 
Table 4.  13C-13C Spin-Couplingsa Involving C3 of Aldohexopyranoses and Methyl

Aldohexopyranosides
______________________________________________________________________________

compound 1JC3,C2
1JC3,C4

2JC3,C1
2JC3,C5

3JC3,C6

______________________________________________________________________________

!-D-Arabinopb (15!3) nc

!-D-Allop (4!3) 37.0 37.6 (-) 2.4 (-) 1.1 2.7

Me !-D-Allopc (163) 37.1 37.5 (-) 2.6 (-) 1.1 2.8

"-D-Allop (4"3) obs 38.6 nc (-) 1.1 2.9

Me "-D-Allop (33) 38.4 38.5 nc (-) 1.0 3.0

Me !-D-Galpd (82,3) 39.5 nc nc 3.8

Me "-D-Galpd (92,3) 39.9 38.6 (+) 4.7 (+) 1.6 4.2

Me !-D-Glcpd (103) 38.3 38.5 nc (+) 1.8 3.7

Me "-D-Glcpd (113) 39.0 39.3 (+) 4.6 (+) 2.4 4.2

!-D-Xylopb (17!3) (+) 0.9

"-D-Xylopb (17"3) (+) 2.0

______________________________________________________________________________

aIn Hz ± 0.1 Hz; in 2H2O at ~25 °C; nc denotes no coupling was observed (J < 0.6 Hz).
bCoupling reported in ref. 3.  cJCC values indicate that the reported C4 and C5 chemical
shifts for 16 (ref. 36) are reversed. dCouplings reported in ref. 28.  

 

this was not confirmed experimentally.  The computed couplings also support the 

contention that 2JC3,C5 depends on anomeric configuration.  For α/β pairs in the gluco 

and manno configurations, the α-pyranose consistently gave the smaller coupling.   Data 

for the galacto configuration were less conclusive. 
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6.5.3. 3JCC Coupling Constants 

3JC1,C6 is ~0.7 Hz larger in 1β and 2β than in 1α and 2α (Table 6.1) despite 

similar C-O-C-C dihedral angles.  The terminal  “in-plane” O1 in β-anomers enhances 

this coupling.  This effect also operates for 3JC3,C6, with couplings ~0.9 Hz smaller in 3 

and 16 than in 10 and 11.   

3JC1,C6 is modulated by C3 configuration.  For example, 3JC1,C6 is 3.3 and 4.1 Hz 

in 1α and 1β, but 2.9 and 3.3 Hz in 4α and 4β.3,15  3JC1,C6 is also small (3.2 Hz) in β-D-

altropyranose,3,15 reinforcing the conclusion that an axial O3 truncates this coupling.  

While O6 orientation also affects 3JC1,C6 (a terminal “in-plane” O6 found in the tg 

rotamer enhances the coupling; see Figure 6.1), this factor cannot be responsible for the 

observed differences, since CH2OH conformation in gluco and allo structures is similar 

based on JHH analysis (3JH5,H6 and 3JH5,H6’ are 2.2 Hz and 6.0 Hz in methyl β-gluco- 

and β-allopyranosides16).  Furthermore, since O6 is expected to be mostly out-of-plane in 

β-gluco structures (gg and gt rotamers are favored28), 3JC1,C6 cannot be reduced further 

in β-allo configurations by O6 effects.  

Calculated 3JCC (Table 6.5) shed further light on this issue.  In structures having 

the gluco, manno, and galacto configurations, 3JC3,C6 > 3JC1,C6 despite similar dihedral 

angles (~175°).  However, all of the computed structures contain the exocyclic CH2OH 

group in the gt conformation (see Calculational), placing the terminal O6 out-of-plane for 

the C1-O5-C5-C6 pathway and in-plane for the C3-C4-C5-C6 pathway.  The terminal 

“in-plane” effect contributes ~ 0.7 Hz to the coupling.7  When this factor is taken into 

account, computed 3JC1,C6 and 3JC3,C6 become similar in magnitude.  Importantly,  
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TABLE 6.5. COMPUTED 3JCC AND 3+3JCC IN MODEL ALDOHEXOPYRANOSIDES AND COMPARISON WITH 

EXPERIMENTAL COUPLINGS 

Table 5.  Computed 3JCC and 3+3JCC in Model Aldopyranosides and Comparison with Experimental Couplings

aValues shown in blue are couplings in FIXED and FLOAT structures (Schemes S1 and S2) that differ by > 0.5 Hz.  *In the

corresponding reducing sugar.  See definition of nc in Table 1.

3JCC  or
3+3JCC

(Hz)

!-All

3C

FIXED

!-All

3C

FLOAT

!-All

3

"-Alt

6C

FIXED

"-Alt

6C

FLOAT

"-Alt

6

"-Gal

8C

FIXED

"-Gal

8C

FLOAT

"-Gal

8

!-Gal

9C

FIXED

!-Gal

9C

FLOAT

!-Gal

9

3JC1,C6 3.6 3.8 3.5 1.1 0.8 2.4* 3.9 4.0 3.6* 4.5 4.6 4.4*

3JC3,C6 3.4 3.4 3.0* 0.3 0.2 1.7* 3.9 4.4 3.7* 4.0 4.7 4.1*

3+3JC1,C4 -0.3 -0.2 nc* 0.2 0.7 1.0* 0.0 0.3 nc* -0.4 -0.1 nc*

3+3JC2,C5 0.0 0.1 ~0 0.5 0.8 1.5 1.5a 2.1 1.3 0.2 0.6 nc

"-Glc

10C

FIXED

"-Glc

10C

FLOAT

"-Glc

10

!-Glc

11C

FIXED

!-Glc

11C

FLOAT

!-Glc

11

"-Man

12C

FIXED

"-Man

12C

FLOAT

"-Man

12

!-Man

13C

FIXED

!-Man

13C

FLOAT

!-Man

13

3JC1,C6 3.7 3.9 3.3 4.4 4.4 4.1 3.7 3.7 3.2 4.4 4.4 4.0

3JC3,C6 4.3 4.8 3.7 4.6 5.1 ~4.3 4.0 4.5 3.7* 4.3 4.8 4.2*

3+3JC1,C4 -0.3 -0.2 nc -0.7 -0.4 nc 0.7 0.9 0.7 0.1 0.4 nc

3+3JC2,C5 0.0 0.4 nc -0.5 -0.3 nc 0.5 1.0 nc -0.1 0.0 nc

"-All

16C

FIXED

"-All

16C

FLOAT

"-All

16

!-Alt

18C

FIXED

!-Alt

18C

FLOAT

!-Alt

5

!-Gul

19C

FIXED

!-Gul

19C

FLOAT

3JC1,C6 3.2 3.3 2.9* 3.6 3.8 3.2* 3.8 4.0

3JC3,C6 3.2 3.2 2.8* 3.3 3.5 2.6* 2.4 2.5

3+3JC1,C4 0.4 0.8 nc* 1.6 1.7 1.3* 0.3 0.3

3+3JC2,C5 1.1 1.4 1.6* 0.1 0.2 1.0 1.1
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3JC3,C6 is reduced substantially in the allo (3C and 16C) and gulo (19C) configurations 

relative to 10C and 11C, as expected since O3 is not a terminal “in-plane” substituent in 

the former.  3JC3,C6 also differs between the gulo and allo configurations, with the 

former couplings smaller, in agreement with experimental results and with prior claims 

that a diaxial O3/O4 combination significantly reduces 3JC3,C6 relative to the axial 

O3/equatorial O4 case for a C-C-C-C torsion angle of ~ 180°.3 

3JC3,C6 is smaller than 3JC1,C6 in 6C despite similar torsion angles (~60°).  This 

observation is attributed largely to the effect of internal substituents on 3JCCCC.  

Specifically, in 6C, O4 is anti to one of the coupled carbons (C6), and this arrangement is 

expected to decrease the gauche C-C-C-C coupling by ~ 1-1.5 Hz relative to the case 

when O4 is out-of-plane (i.e., when O4 is equatorial).  This effect, which has been 

observed for gauche 3JHH,29 has important implications for the interpretation of 3+3JCC, 

as discussed below.   

Computed 3JC1,C6 in allo structures appear uniformly smaller than values 

computed in gluco, manno and galacto configurations (Table 6.5), in agreement with 

experimental observations.  The remote effect of an axial O3 on the C1-O5-C5-C6 

coupling pathway is captured by the DFT calculations.  A similar effect is observed in 

19C.   

The above-noted remote O3 effect on 3JC1,C6 was investigated by DFT in model 

structures 20-23.  The effect of C5-C6 bond rotation on 3JC1,C6 is shown in Figure 6.1A.  

The general shape of the curves is conserved in the four structures.  3JC1,C6 is minimal at 

0° and near maximal at 180° (tg rotamer; O6 in-plane), and curve amplitudes are ~2 Hz.  
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For each α/β pair, the α-anomer yielded smaller couplings by 0.5 - 1.0 Hz due to the 

effect of the terminal O1 substituent.  Curves for 22 and 23 lie below those for 20 and 21, 

respectively, despite very similar C1-O5-C5-C6 torsion angles, indicating that the 

“remote” axial O3 reduces 3JC1,C6 in allo configurations in all CH2OH conformations.   
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Figure 6.1. (A) Effect of hydroxymethyl group conformation on calculated 
3JC1,C6 in 20 (blue circles), 21 (black circles), 22 (blue squares), and 23 
(black squares).  (B) Effect of hydroxymethyl conformation on calculated 
3JC3,C6 (same symbols as in (A)). 

Similar data for 3JC3,C6 (Figure 6.1B) show that this coupling is maximal at O5-

C5-C6-O6 torsion angles of ~60° (gt rotamer; O6 in-plane) and near minimal at ~-120° 

(C4 and O6 eclipsed).  Curves for the 20/21 and 22/23 pairs nearly coincide, with the 

latter pair displaced to smaller couplings due to the out-of-plane (axial) O3.  These data 

show a small dependence of 3JC3,C6 on anomeric configuration (remote effect), with α-

anomers yielding slightly smaller couplings, in agreement with the experimental findings.  
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Plots for 2JC1,C3, 2JC1,C5 and 2JC3,C5 in 20-23 are shown and discussed in Supporting 

Information (Figures S2-S4).   

6.5.4. 3+3JCC Coupling Constants 

Two intra-ring dual-pathway 13C-13C J-couplings exist in aldopyranosyl rings, 

namely, 3+3JC1,C4 and 3+3JC2,C5 (Scheme 6.1), and their magnitudes and signs are 

presumably determined by the algebraic sum of the couplings arising from the two 

constituent three-bond pathways (e.g., C1-C2-C3-C4 (front pathway) and C1-O5-C5-C4 

(rear pathway) for 3+3JC1,C4).30  The C-C-C-C or C-O-C-C torsion angles for both 

component pathways is ~±60° and the corresponding 3JCC values are expected to be 

positive in sign.  Thus, 3+3JCC values, when observed, are expected to be positive. 

3+3JC1,C4 is very small or zero in 1α/1β and 2β, but ~0.8 Hz in 2α (Table 6.1).  

3+3JC1,C4 in methyl 2-deoxy-α-D-glucopyranoside 24 is also small, but 3+3JC1,C4 in 

methyl 2-deoxy-α-D-allopyranoside 25 and 

methyl 2-deoxy-β-D-allopyranoside 26 are 1.8 Hz 

and 1.6 Hz, respectively.  These results suggest 

that the conversion of OH substituents from 

equatorial to axial orientations along the front 

pathway increases 3+3JC1,C4, and lead to the 

prediction that 3+3JC1,C4 should be relatively large in β-D-altropyranose 5β.  Indeed, a 

coupling of 1.3 Hz is observed in this structure.15  

O

OCH3

OH

HO

HO

O

OCH3

OH

HO

HO

24 25

O

OCH3

OH

HO

HO
26

~0 Hz

1.8 Hz

1.6 Hz
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Electronegative substituents anti to coupled hydrogens for gauche H-C-C-H 

coupling pathways are known to reduce 3JHH values.29  A similar effect operates for 

3JCCOC.31  For example, scalar coupling between C2 and the aglycone C4’ in β-(1→4) 

glycosidic linkages is not equivalent in the two gauche conformations, with one coupling 

~0 Hz (O5 anti to C4’) and the other ~1.5 Hz (H1 anti to C4’) (Scheme 6.6).  By analogy, 

the C1-C2-C3-C4 coupling pathway in aldopyranosyl rings should be subject to similar 

effects.  When O2 and O3 are equatorial, they are anti to C4 and C1, respectively, and 

this geometry should reduce the front pathway 3JCCCC to ~0 Hz.  When one (e.g., in 2α) 

or both (e.g., in 5β) of these oxygens is/are axial, the reduction is mitigated and a larger 

coupling obtains in the front pathway.  The effect appears additive, with 5β yielding a 

coupling ~2-fold greater than observed in 2α.  Removing an equatorial substituent 

(deoxygenation at C2; 24-26) elicits a similar mitigating effect.  

 Configuration at the intervening carbons of the front pathway appears to 

influence 3+3JC1,C4 more than the orientation of terminal electronegative substituents on 

the coupled carbons.  This conclusion presumes that the contribution made by the rear 

3JCOCC pathway to 3+3JC1,C4 is constant and ~0 Hz, that is, this contribution is 

essentially unaffected by configuration at C2 and C3.  

The above interpretation was tested by calculating 3+3JC1,C4 in 20-23 as a 

function of hydroxymethyl group conformation (Figure 6.2).   Calculated couplings are 

positive in sign, and are 0.5 - 1.0 Hz for 20/21 and ~2 Hz for 22/23.  The effect of 

terminal carbon configuration (anomeric configuration in this case) is much smaller than 

the effect of configuration at the internal C3 carbon.  Structures containing an axial O3 
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(22/23) show enhanced couplings by ~1 Hz compared to those containing an equatorial 

O3 (20/21). 

O5

H1

C2

C4'

O5

H1

C2

C4'

Scheme 6.  Projections about the C1-O1 bond

in a !-(1"4) glycosidic linkage showing the two 

arrangements that orient C2 and C4' gauche.

~ 0 Hz

~1.5 Hz

 

Scheme 6.6. Projections About the C1-O1 Bond in a β-(1→4) Glycosidic 
Linkage Showing the Two Arrangements that Orient C2 and C4’ Gauche 
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Figure 6.2. Effect of exocyclic hydroxymethyl group conformation on 
calculated 3+3JC1,C4 in 20 (blue circles), 21 (black circles), 22 (blue 
squares), and 23 (black squares). 

3+3JC2,C5 is small or zero in 1α/1β and 2α/2β.  By analogy to 3+3JC1,C4, 

configuration at C3 and C4 should influence the C2-C3-C4-C5 pathway, and 
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configuration at C1 should influence the C2-C1-O5-C5 pathway.   In the galacto and talo 

configurations, 3+3JC2,C5 is ~1.5 Hz in α-anomers, and virtually zero in the 

corresponding β-anomers (Table 6.2).  In these configurations, O4 is axial, and this factor 

presumably enhances the C2-C3-C4-C5 contribution by ~1.5 Hz.  The “axial” 

enhancement is mitigated by converting O1 from an axial to an equatorial orientation.  

This interpretation leads to the prediction that 3+3JC2,C5 will be non-zero in β-D-

gulopyranose, since the two axial contributions within the C2-C3-C4-C5 pathway would 

override the single equatorial contribution from the C2-C1-O5-C5 pathway.  
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Figure 6.3. Effect of exocyclic hydroxymethyl group conformation on 
calculated 3+3JC2,C5 in 20 (blue circles), 21 (black circles), 22 (blue 
squares), and 23 (black squares). 

3+3JC2,C5 in 20-23 was calculated as a function of hydroxymethyl group 

conformation to test the above interpretations and predictions (Figure 6.3).  Three groups 

of couplings were observed:  ~0 Hz (21); ~+1.5 Hz (20 and 23); and ~+4 Hz (22).  In 21, 

both component pathways yield couplings of ~0 Hz, which is consistent with both 
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pathways containing an equatorial C-O bond (O1 and O3 are anti to C5).  Each 

component pathway presumably elicits +1.5 - 2.0 Hz couplings in 22, given that each 

contains an axial C-O bond (O1 and O3 are gauche to C5).  In 20 and 23, one component 

pathway contains an axial and the other an equatorial C-O bond, leading to a coupling of 

intermediate magnitude.   

6.5.5. 1JCC Coupling Constants 

With the exception of 1JC1,C2, experimental endocyclic 1JCC values are typically 

larger in β-anomers than in their corresponding α-anomers (Tables 6.1, 6.2 and 6.4).  For 

example, 1JC2,C3, 1JC3,C4 and 1JC4,C5 are 38.2, 38.6 and 40.4 in 1α, and 38.8, 39.4 and 

40.9 in 1β, respectively.  A structural explanation for this effect remains unclear, but may 

arise from slightly shorter C-C bonds in the β-anomers caused by different preferred 

exocyclic C-O bond conformations (see below) and/or other structural and/or 

stereoelectronic factors.  

6.5.6. General Observations on Computed JCC Values 

Calculated JCC in Tables 6.3 and 6.5 were determined in two conformations of 

each model structure that differ in the orientations of some of the exocyclic hydroxyl 

groups.  Conversion of FIXED to FLOAT structures produced changes in no (3C, 16C, 18C 

and 19C), one (6C, 8C, 9C, 10C, 12C and 13C), or two (11C) C-O torsions (Schemes S1 

and S2).  Within each pair of structures, the FLOAT structure was consistently lower in 

energy by 1.3 – 8.5 kcal/mol.  Data in Tables 6.3 and 6.5 show that these C-O torsion 
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angle changes affect 2JCC more than 3JCC.  Specifically, exocyclic C-O torsions along a  
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Scheme 6.7. C-C and C-O Bond Lengths (Å) in 11C 

C-C-C coupling pathway (2JC1,C3, 2JC2,C4, 2JC3,C5) influence coupling magnitude, 

although presently it is not possible to determine the underlying structural dependencies.  

It is clear, however, that rotation of specific C-O bonds modulates saccharide structure 

significantly.  A comparison of C-C and C-O bond lengths in 11C (FIXED) and 11C 

(FLOAT) is shown in Scheme 6.7.  The two structures differ in the C1-C2-O2-H and C3-

C4-O4-H torsion angles.   Bond length differences are significant in the region of 

conformational change, with rC1,C2, rC2,C3, rC3,O3 and rC3,C4 most affected (values 

shown in blue).  Since JCC are influenced highly by bond hydridization, as reflected in 

bond lengths, it is not surprising that exocyclic C-O torsions affect these parameters.  

Prior interpretations of 2JCC using the PR rule6 have been based solely on the inspection 

of the relative orientation of electronegative substituents on the coupled carbons.  The 

present results suggest that further improvements in the interpretation of these couplings 

may require a fuller appreciation of C-O torsional contributions.     
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6.6. Conclusions 

Empirical correlations between saccharide structure and experimental JCC values 

have been described in this report and were subsequently tested by quantum mechanical 

calculations.  New structural correlations have been proposed for 2JC3,C5, and new 

insights into the behavior of dual-pathway 13C-13C couplings in aldopyranosyl rings have 

been obtained.  Remote effects on JCC have been identified, namely, the effect of 

anomeric configuration on 2JC3,C5, the effect of O3 orientation on 3JC1,C6, and the effect 

of anti oxygen substituents on gauche 3JCC.  While the underlying structural origins of 

these remote effects remain unclear, documenting their existence is an important initial 

step toward achieving this understanding, which may prove essential for more 

quantitative interpretations of these J-couplings. 

 Structure-coupling correlations for 2JCC are summarized in Scheme 6.8.  

Maximal 2JCCC (most positive) are observed when both terminal OH substituents are 

equatorial, and these couplings are minimal (most negative) when both substituents are 

axial.  Intermediate couplings are observed when one OH is axial and the other 

equatorial.  For 2JCOC, orientation of O1 largely determines the coupling, with small or 

zero values observed when O1 is in-plane (equatorial), and negative couplings observed 

when O1 is out of plane (axial).  For 2JCCC, theoretical calculations show that C-O 

conformation involving terminal and/or intervening carbons modulates the coupling, 

probably in part due to the substantial bond length changes that accrue, but a more 

systematic study of these effects remains to be undertaken, similar to that reported 

recently for 2JCCH.32  The remote effect of anomeric configuration on 2JC3,C5 may be  
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Scheme 8.  Summary of 2JCC behavior in aldopyranosyl rings.  

Coupling pathways and direct substituent effects are shown in 

blue, and remote substitent effects are shown in red.

HO

 

Scheme 6.8. Summary of 2JCC behaviour in Aldopyranosyl Rings. 
Coupling pathways and direct substituent effects are shown in blue, and 
remote substituent effects are shown in red. 

due to different average conformations about the C4-O4 bond in the two anomers, 

possibly caused by different intra- and/or intermolecular H-bonding in solution, but this 

explanation will require further investigation.  
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Correlations involving single-pathway and dual-pathway 3JCC are summarized in Scheme 

6.9.  While single-pathway couplings depend primarily on either the C-C-C-C or  
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Scheme 9.  Summary of 3JCC behavior in aldopyranosyl rings.  

Coupling pathways and direct substituent effects are shown in 

blue and pink, and remote substitent effects are shown in red.
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Scheme 6.9. Summary of 3JCC behaviour in Aldopyranosyl Rings. 
Coupling pathways and direct substituent effects are shown in blue and 
pink, and remote substituent effects are shown in red. 

C-C-O-C torsion angle, electronegative atom orientation at the terminal (coupled) 

carbon(s) is an important secondary determinant.  For 3JC1,C6 and 3JC3,C6, the latter 

factor leads to their partial dependence on hydroxymethyl group conformation.  3JC1,C6 
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and 3JC3,C6 are also influenced by configuration at remote carbons, with C3 

configuration affecting the former and C1 configuration affecting the latter.  It is 

noteworthy that, in these cases, the remote carbon bears the same structural relationship 

to the affected coupling pathway. 

 New insights, substantiated by DFT calculations, have been obtained on the 

structural dependencies of dual-pathway 3JCC in saccharides.  For aldopyranosyl rings in 

ideal chair forms, both constituent coupling pathways orient the coupled carbons gauche.  

Internal OH substituents modulate 3+3JCC by either orienting gauche or anti to one or 

both of the terminal coupled carbons, with the former orientation contributing positively 

to the coupling.  This finding has important implications for the analysis of 3JCC in 

general, since it suggests that internal electronegative substituents can exert an important 

effect on these couplings, superimposed on those caused by terminal substituents.  For 

3+3JCC, the orientation of terminal OH groups appears less important than the orientation 

of internal OH groups.  The available data support the contention that the observed 

coupling is determined by summing the constituent couplings directly, since both are 

expected to be positive in sign. 

The present findings add to a growing, but still incomplete, body of knowledge 

about the behavior of 13C-13C J-couplings in saccharides.  The underlying motivation for 

this work lies in the expectation that, in addition to their value as structural and 

conformational probes, these parameters may reveal or explain important functional 

properties.  The first step in achieving this goal is to establish correlations between 

structure and J-coupling magnitude.  The second step is to draw correlations between J-

coupling and specific functions.  Since J-couplings provide a convenient window into 
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electronic structure, and since electronic structure dictates reactivity, these parameters 

offer an opportunity to probe and understand saccharide reactivities.  Recently, this 

connection has been established in which 1JCH values in -CHOH- groups were related to 

the strength of H-bonds involving the OH hydrogen.33  

A complete repertoire of J-coupling/structure correlations may permit more 

detailed investigations of the more elusive characteristics of saccharides, an example 

being OH properties, or more specifically, non-glycosidic C-O torsional properties.  

Hydroxyl groups lie on the periphery of saccharides and are thus in intimate contact with 

the environment.  They thus serve as important recognition sites in saccharide-protein 

binding and mediate the interactions of saccharides with solvent water.  That C-O 

torsions in saccharides in solution, or potentially in the bound state, can be evaluated 

indirectly through 1JCC34 or 1JCH35, parameters not commonly associated with this type 

of information, is an intriguing proposition.  Integrated studies of 1JCC, 1JCH, 3JHCOH 

and/or 3JCCOH promise to provide more complete pictures of how these C-O torsions 

behave in solution and how they may modulate chemical and biological reactivity in the 

free or bound state.  This study has shown that apparently innocuous changes in C-O 

torsions induce major changes in saccharide covalent structure, changes that may be 

exploited in controlling biological function and reactivity.  For example, freezing local C-

O conformation(s) in the bound state could result in bond length changes that, in turn, 

facilitate a change in preferred global conformation and/or influence inherent chemical 

reactivity.  We expect further developments in this regard as future studies of the 

behaviors of J-couplings in saccharides emerge. 
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Scheme 6.10. (S1) DFT-Optimized Structures (B3LYP/6-31G*) – FIXED 
Series 
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Scheme 6.11. (S2) DFT-Optimized Structures (B3LYP/6-31G*) – FLOAT 
Series 
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Scheme 6.13. (S4) Application of the projection resultant (PR) method to 
2JC3,C5 in glucopyranosyl rings. 
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Scheme 6.14. (S5) Application of the projection resultant (PR) method to 
2JC3,C5 in other aldohexopyranosyl rings. 
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Figure 6.4. (S1) 13C{1H} NMR spectrum (150 MHz) of an aqueous 
solution of methyl glycosides generated from Fischer glycosidation of D-
[1-13C]galactose.  Four forms are present (see adjacent structures):  
Galαp, Galβp, Galαf and Galβf.  Expanded regions of the spectrum are 
shown in A-D, with signal assignments shown in blue and JCC values 
shown in red. 
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Figure 6.5. (S2) Effect of exocyclic hydroxymethyl group conformation 
on calculated 2JC1,C3 in 20 (blue circles), 21 (black circles), 22 (blue 
squares), and 23 (black squares).  The most negative coupling is observed 
in 22, which bears two axial C-O bonds at C1 and C3.  In contrast, the 
most positive coupling is observed in 21, which bears two equatorial C-O 
bonds at C1 and C3.  Intermediate couplings are observed in 20 and 23 
which contain one axial and one equatorial C-O bond at C1 and C3.  
These findings validate the predictions based on the empirical PR rule.6 
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Figure 6.6. (S3) Effect of exocyclic hydroxymethyl group conformation 
on calculated 2JC1,C5 in 20 (blue circles), 21 (black circles), 22 (blue 
squares), and 23 (black squares).  A dependence of this coupling on 
anomeric configuration is observed, with α-anomers (20, 22) giving 
couplings of ~ -2 Hz and β-anomers giving couplings of ~ -0.5 Hz.  These 
data are consistent with experimental data (Table 1) and PR predictions.6 
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Figure 6.7.  (S4) Effect of exocyclic hydroxymethyl group conformation 
on calculated 2JC3,C5 in 20 (blue circles), 21 (black circles), 22 (blue 
squares), and 23 (black squares).  Changing the orientation of O3 from 
equatorial to axial results in a significant shift in 2JC3,C5 to more negative 
values.  The remote effect of anomeric configuration on 2JC3,C5 is also 
evident, with the coupling in 21 ~0.6 Hz larger than in 20.  However, a 
related remote effect in 22 and 23 is not observed.  These results are 
consistent with experimental observations (Tables 1 and 3). 
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TABLE 6.6. (S1) FERMI CONTACT AND NON-FERMI CONTACT 

CONTRIBUTIONS TO TOTAL CALCULATED JCC VALUES IN 11C 

Table S1.  Fermi contact and non-Fermi contact contributionsa to total calculated JCC

values in 11c.

aFC = Fermi contact; SD = spin-dipolar; PSO = paramagnetic spin-orbit;

DSO = diamagnetic spin-orbit.  bEqual to SD + PSO + DSO.

J-Coupling FC (Hz) SD (Hz) PSO

(Hz)

DSO

(Hz)

Total

(Hz)

Total

NFCb (Hz)
1JC1,C2 46.98 1.21 -1.13 0.41 47.47 +0.49

1JC2,C3 36.63 1.12 -1.28 0.38 36.85 +0.22

1JC5,C6 48.60 1.09 -1.30 0.34 48.73 +0.13

2JC1,C3 6.48 -0.05 -0.10 0.14 6.47 -0.01

2JC1,C5 -0.36 -0.02 -0.23 0.09 -0.52 -0.16

2JC2,C4 3.06 -0.06 -0.14 0.12 2.98 -0.08

2JC3,C5 3.73 -0.06 -0.15 0.13 3.65 -0.08

3JC1,C6 4.37 0.05 0.01 -0.04 4.39 0.02

3JC3,C6 4.61 0.03 0.02 -0.02 4.64 0.03

3+3JC1,C4 -0.75 -0.02 -0.04 0.09 -0.72 0.03

3+3JC2,C5 -0.51 -0.01 -0.03 0.08 -0.47 0.04

 

The NFC contribution to calculated JCC values is small, ranging from +0.13 - +0.49 Hz for 1JCC, 
and from –0.16 – +0.4 Hz for 2JCC and 3JCC.  Although the reported couplings in the manuscript contain 
both FC and NFC components, ignoring the latter contributions would not adversely affect the quality of 
the analysis. 
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6C (4C1) FIXED 6C (4C1) FLOAT  

Scheme 6.15. (S5) Structures of 6C (4C1) FIXED and FLOAT 

TABLE 6.7. (S2) CALCULATED JCC VALUES IN 6C IN THE 4C1 

CONFORMATION 
Table S2.  Calculated JCC valuesa in 6c in the
4C1 ring conformation.

aIn Hz.

J-coupling 6c (4C1)

FIXED

6c (4C1)

FLOAT

2JC1,C3 -1.6 -2.0

2JC1,C5 -2.1 -2.1

2JC2,C4 -0.5 0.3

2JC3,C5 -0.6 -0.5

2JC4,C6 2.8 2.6

3JC1,C6 3.2 3.3

3JC3,C6 2.9 3.2

3+3JC1,C4 1.6 1.9

3+3JC2,C5 1.7 1.7

 

A comparison of calculated 2JCC, 3JCC and 3+3JCC in 6C in the 1C4 (Tables 3 and 5) and 4C1 
(above) ring conformations shows a significantly more negative 2JC1,C3 in the 4C1 form as expected from 
the di-axial arrangement of O1 and O3.  2JC1,C5 is also more negative in 4C1 and assumes a value similar to 
those found in other 4C1 structures (~-2 Hz).  3JC1,C6 and 3JC3,C6 are larger in 4C1 due to the increased C1-
O5-C5-C6 and C3-C4-C5-C6 dihedral angles.  Dual pathway JCC values increase in 4C1 due to the larger 
number of internal axial hydroxyl substituents present in the constituent pathways. 
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