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Abstract 

 Solid-state 13C NMR spectroscopy has been used in conjunction with selectively 

13C-labeled mono- and disaccharides to measure 13C-13C spin-couplings (JCC) in 

crystalline samples. This experimental approach allows direct correlation of JCC values 

with specific molecular conformations since, in crystalline samples, molecular 

conformation is essentially static and can be determined by x-ray crystallography. JCC 

values measured in the solid-state in known molecular conformations can then be 

compared to corresponding JCC values calculated in the same conformations using 

density functional theory (DFT). The latter comparisons provide important validation of 

DFT-calculated J-couplings, which is not easily obtained by other approaches and is 

fundamental to obtaining reliable experiment-based conformational models from 

redundant J-couplings by MA'AT analysis. In this study, representative 1JCC, 2JCCC and 

3JCOCC values were studied as either intra-residue couplings in the aldohexopyranosyl 

rings of monosaccharides or inter-residue (trans-glycoside) couplings in disaccharides. 

The results demonstrate that (a) accurate JCC values can be measured in crystalline 

saccharides that have been suitably labeled with 13C, and (b) DFT-calculated JCC values 

compare favorably with those determined by solid-state 13C NMR when molecular 

conformation is a constant in both determinations. 
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Introduction 

 Spin-spin coupling constants (J-couplings) are valuable NMR parameters in 

studies of molecular structure. 1JCH values depend on the s-character of the C–H bond,1–

4 2JHCH values depend on the H–C–H valence bond angle,5,6 and 3JHCCH values depend 

on the H–C–C–H torsion angle  subtended by the coupled 

hydrogens (Karplus relationship).7,8 In the β-D-

glucopyranosyl ring 1 (Scheme 1), more than sixty J-

couplings involving hydrogen and carbon can be 

measured, and their magnitudes and signs report on a wide 

range of structural properties, including ring conformation, 

exocyclic hydroxymethyl group conformation (ω), and exocyclic C–O bond conformation 

(θ1 and θ2).9 Interactions between the lone-pair orbitals on oxygen and the bonding or 

antibonding orbitals in structures like 1 exert a major influence on J-couplings, as 

discussed in recent reviews.9,10 Because the exocyclic C–O torsional properties of 

saccharides in solution are not well understood at present, a heavy reliance is placed on 

theoretical calculations, most notably density functional theory (DFT), to identify and 

quantify lone-pair effects on molecular structure, and on molecular dynamics (MD) 

simulations to predict their time-dependent behaviors.10 

 Experimental NMR J-couplings measured in solution are often averaged by 

molecular motion. For example, rotations of the two exocyclic C–O bonds, θ1 and θ2, in 1 

affect the value of 1JC1,C2.11  Rotation of the C2–O2 bond θ2 significantly affects the 

geminal 2JC1,C3, whereas the effect of rotating θ1 is small.9 Rotation of the C5–C6 bond 

ω affects 3JC1,C6 due to the changing disposition of O6 with respect to the C1–O5–C5–

C6 coupling pathway.12,13 In this case, while the C1–O5–C5–C6 torsion angle remains 

constant at ~180o (imposed by ring conformation), the secondary terminal electronegative 

substituent effect from O6 depends on ω. In the disaccharide, methyl β-D-

O

OH

HO
HO

HO

Scheme 1.  The β-D-glucopyranosyl 
ring (1) illustrating two exocyclic C–O 
torsion angles, θ1 (C1–O1) and θ2 
(C2–O2), and an exocyclic C5–C6 
torsion angle (ω).

OR
ω
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θ1
C1
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1
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galactopyranosyl-(1→4)-β-D-glucopyranoside (2) (Scheme 2), rotation of the internal O-

glycosidic C–O bond psi (ψ) changes the C1’–O1’–C4–C5 torsion angle, which in turn 

affects the trans-glycoside 3JC1',C5 value. Interrogating these rotational effects can be 

accomplished in some cases by studying conformationally constrained molecules in 

solution, or by computational 

methods.10,14 Experimental 

measurements on crystalline 

saccharides having defined (and fixed) 

conformations would complement these 

existing approaches and add a valuable new dimension to assist in structural and 

conformational interpretations of time-dependent NMR J-couplings in solution. This 

approach eliminates the uncertainties introduced when flexible molecules are constrained 

covalently to reduce their motions in solution, but which often contain coupling pathways 

that no longer resemble those in the free (unconstrained) molecules. 

 Solid-state NMR (ssNMR) has been used previously to measure NMR scalar 

couplings in crystalline or disordered solid samples.15 Broad lines are usually observed in 

1D spectra due to anisotropic interactions, making the extraction of J-couplings from the 

splittings of signals difficult, especially for relatively small long-range J-couplings.16–18 The 

use of spin-echo magic-angle-spinning (MAS)-based experiments eliminates this problem 

and allows routine determinations of J-couplings in both organic and inorganic solid 

samples.19–26 To measure JCC values in organic compounds, the sensitivity of the MAS 

experiment can be increased by applying a cross-polarisation (CP) pulse 

sequence.17,27,28 Recent work by Brown29 and Thureau30, using selective spin-echo 

experiments, has shown that long-range J-couplings between two spin-1/2 heavy nuclei 

can be measured in crystalline solids with high accuracy. These J-values are associated 

with fixed (or highly constrained) conformations of a molecule, thus eliminating the 

challenges of interpreting them in the presence of motional averaging in solution. In 

O

O
5 OCH3O
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HO

HO
HO

OH
OH

φ

3

2'4'

ψ
2

1'

OH
Scheme 2.  Structure of methyl β-D-galactopyranosyl-(1→4)-β-D-
glucopyranoside (βGal-(1→4)-βGlcOCH3) (2) showing the internal 
O-glycosidic torsion angles, phi (φ) and psi (ψ), and highlighting 
the C1’–O1’–C4–C5 coupling pathway (in red) across the linkage.
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saccharides, this opportunity is particularly germane because, in crystalline solids, their 

exocyclic C–O torsions are highly constrained by extensive hydrogen bonding in the lattice, 

thus allowing direct comparisons between experimental J-couplings and those calculated 

in conformationally identical structures by DFT. These comparisons are vital to efforts 

directed towards validating J-couplings calculated by DFT. 

 With the above validation in mind, three doubly 13C-labeled monosaccharides and 

two doubly 13C-labeled disaccharides (Scheme 3) were prepared to enable 

measurements of 13C-13C spin-

couplings in crystalline samples:  methyl 

β-D-[1,2-13C2]glucopyranoside (31,2), 

methyl β-D-[1,3-13C2]glucopyranoside 

(31,3), methyl β-D-[1,6-

13C2]glucopyranoside (31,6), methyl β-

D[1-13C]galactopyranosyl-(1→4)-β-D-[5-

13C]glucopyranoside (21',5), and methyl 

β-D-galactopyranosyl-(1→4)-α-D-[5-

13C]glucopyranoside (41',5) (see the 

definition of superscripts in Scheme 3). 

These compounds were easily 

crystallized31–33 and reliable synthetic 

methods were available to introduce 13C 

(~99 atom-%) selectively at the indicated 

sites. The relative rigidity of the β-D-

glucopyranosyl ring (4C1 conformer) of 3 

in solution and in crystalline samples eliminated potential conformational contributions to 

the measured JCC values, such as rotation of the endocyclic C1–C2 bond that may occur 

from ring pseudorotation34, which can affect 1JC1,C2,11 and rotation of the endocyclic C5–
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Scheme 3.  Chemical structures of the five selectively 13C-
labeled mono- and disaccharides used in this study, and the 
JCC value measured in each compound by solution and solid-
state 13C NMR.  Superscripts on the compound numbers 
denote the carbons that were labeled with 13C in each 
compound.
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O5 bond, which can affect 3JC1,C6.13,14,35 Similar ring rigidity in both residues of 2 and 4 

simplified the analysis of the trans-O-glycosidic 3JC1',C5 value.  

 

Experimental 

 A. Synthesis of 13C-Labeled 2–4.  Compounds 31,2, 31,3 and 31,6 were prepared 

from D-[1,2-13C2]glucose (51,2), D-[1,3-13C2]glucose (51,3) and D-[1,6-13C2]glucose (51,6), 

respectively. Compound 51,2 was prepared from D-[1-13C]arabinose and K13CN by 

cyanohydrin reduction.36,37 Compound 51,3 was prepared from D-[2-13C]arabinose and 

K13CN by cyanohydrin reduction;36,37 D-[2-13C]arabinose was prepared from D-[1-

13C]erythrose and unlabeled KCN by cyanohydrin reduction,36,37 or from D-[1-

13C]ribose36,37 by molybdate-catalyzed C2-epimerization.37,38 Compound 51,6 was 

prepared from 1,2-O-isopropylidene-α-D-[1-13C]glucofuranose and K13CN.39 Laboratory 

procedures to convert 51,2, 51,3 and 51,6 into 31,2, 31,3 and 31,6, respectively, and to 

prepare disaccharides 21',5 and 41',5 (Scheme S1) are provided in the Supporting 

Information. 

 Compounds 31,2, 31,3 and 31,6 were crystallized from a concentrated aqueous 

solution, and 21',5 and 41',5 were crystallized from anhydrous methanol. The structures 

and purities of 21',5, 31,2, 31,3, 31,6 and 41',5 were confirmed by high-resolution mass 

spectrometry (Table S1, Supporting Information) and solution NMR spectroscopy (Figures 

S1–S5, Supporting Information). 

 B. X-Ray Crystallography of 13C-Labeled 2–4. An arbitrary sphere of data was 

collected on colorless crystals of 21',5, 31,2, 31,3, 31,6 and 41',5 using a Bruker APEX-II 

diffractometer and a combination of ω- and φ-scans of 0.5o. The crystallographic structures 

obtained for each sample were identical to those reported previously.31–33 

 C. Measurements of 13C-13C Spin-Couplings in 13C-Labeled 2–4 in Aqueous 

(2H2O) Solution. High-resolution 1D 13C{1H} NMR spectra were obtained on 21',5, 31,2, 

31,3, 31,6 and 41',5 using 5-mm NMR tubes on a Varian DirectDrive 600-MHz FT-NMR 
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spectrometer equipped with a 5-mm 1H-19F/15N-31P AutoX dual broadband probe. 

Spectra were collected in 2H2O at 22 oC with ~15,000 Hz spectral windows and ~4.5 s 

recycle times, and were processed to give final digital resolutions of ~0.05 Hz/pt. 13C-13C 

Spin-couplings were obtained by analysis of the doublet character of the two intense 

signals arising from the mutually coupled 13C-labeled carbons in each compound (Figures 

S1–S5, Supporting Information). Since one of the 13C-labeled carbons in each of the five 

compounds is an anomeric carbon, non-first-order effects on the measurements of the 

JCC values were negligible. 

 D. Measurements of 13C-13C Spin-Couplings in Crystalline 13C-Labeled 2–4. 

Crystalline samples of 21',5, 31,2, 31,3, 31,6 and 41',5 (~40 mg of each) were mixed with KBr 

(60:40 w/w sample:KBr) to give samples that contained an internal standard for in situ 

magic angle calibration. All NMR measurements were performed on a JEOL ECX-300 

solid-state FT-NMR spectrometer operating at a 1H frequency of 300 MHz and equipped 

with a 3.2-mm magic angle spinning (MAS) probe. The magic angle (54.74o) was carefully 

adjusted on each sample by monitoring the 79Br signal arising from the internal KBr; 

spinning sidebands were observed to ~8 ms. The MAS frequency was set to 16 kHz.  Prior 

to making the JCC measurements, cross polarization (CP) MAS 13C NMR spectra were 

recorded on each sample using a standard CP pulse sequence, a 1.97 μs 1H 90o pulse, 

and a 1.5 ms contact time.  

For the measurement of 13C-13C spin-couplings, the pulse sequences for the 

reference (So) and J-modulated (S) experiments were programmed into the spectrometer 

as described by Thureau and coworkers.30 The reference signals were obtained using a 

single-band selective 180o Gaussian function, and the J-modulated signals were obtained 

using a double-band selective 180o Gaussian function multiplied by a cosine wave. The 

signal amplitude was expressed as a function of the total echo interval, τ, where τ  =  2τev 

+ τp, τev represents the free evolution time, and τp represents the duration of the selective 

180o pulse. The value of τp was held constant at 5 ms, while 2τev was systematically 
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increased in 3-ms increments from 0 – 51 ms (total of 18 points), giving τ values ranging 

from 5 ms to 56 ms. The Gaussian-shaped pulse employed in frequency selection cut off 

at 1% of its maximum amplitude, and thus the time shift, τsh, was calculated to be 1.2 ms 

according to eq. [1]. 

      τsh  ≌	 τp x 0.24                eq. [1] 

 13C Transverse magnetization was generated using cross polarization with a contact time 

of 1.5 ms and a 1H 90o pulse length of 1.97 μs. The relaxation delay was set to 20 s to 

ensure full recovery of the magnetization during signal averaging. The spectra were 

collected with spectral windows of 300 ppm and a total of 8 scans, and the carrier 

frequency was set at the center of the two selective pulse frequencies. FIDs were zero-

filled and a trapezoid window function was applied during signal processing using JEOL 

Delta v5.0.4.4 NMR processing software. Signal intensities were measured and 

normalized with respect to the reference experiment, where the intensity of the first data 

point of the reference was set to unity. The resulting intensity ratios of normalized J-

modulated to reference signals (S/So) were plotted against the total echo interval and the 

resulting curve was fit to eq. [2].  

    S(τ) = A cos[πJ (τ – τsh)]               eq. [2] 

At least three measurements of the reported 13C-13C spin-coupling were made on each 

sample.  

 

Calculations  

A. Geometry Optimizations. Density functional theory (DFT) calculations were 

conducted on fully substituted models of methyl β-D-glucopyranoside (3k), methyl β-

lactoside (2k) and methyl α-lactoside (4k) within Gaussian0940 using the B3LYP 

functional41,42 and the 6-31G* basis set43 (the superscript "k" denotes an in silico structure 
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on which geometric optimizations were performed). In all geometry optimizations, the 

effects of solvent water were treated using the Self-Consistent Reaction Field (SCRF)44 

and the Integral Equation Formalism (polarizable continuum) model (IEFPCM).45 In all 

calculations on 3k, the initial value of the C2–C1–O1–CH3 torsion angle (exo-anomeric 

torsion angle46–49) (Scheme 3) was set at 180o and allowed to optimize during the 

optimization. 

The effects of exocyclic C–O and C–C bond rotations on calculated 1JC1,C2, 

2JC1,C3 and 3JC1,C6 values in 3k were investigated by rotating the C1–C2–O2–H, C2–C3–

O3–H, C3–C4–O4–H, C4–C5–C6–O6 and C5–C6–O6–H torsion angles individually from 

0o to 360o in 60o increments and holding them constant during geometry optimization, 

giving 7776 final optimized structures. These calculations were conducted to determine 

the torsional dependencies of the three indicated J-couplings.  

The dependencies of 1JC1,C2,  2JC1,C3 and 3JC1,C6 in 3k on the C1–C2–O2–H and 

C4–C5–C6–O6 torsion angles, respectively, were determined by rotating each angle from 

0o to 360o in 15o increments and holding it constant during geometry optimization. The 

remaining exocyclic torsion angles were allowed to optimize. Each conformer was 

subjected to geometry optimization, giving 24 optimized structures in each case. These 

calculations were performed to parameterize accurate Karplus-like relationships between 

the three J-couplings and the molecular torsion angle or angles. 

For model disaccharides 2k and 4k, the O-glycosidic torsion angles phi (φ) (H1’–

C1’–O1'–C4) and psi (ψ) (C1’–O1'–C4–H4) (Scheme 2) were rotated from 0o to 360o in 

15o increments and held constant during geometry optimization. The remaining exocyclic 

C–C and C–O torsion angles in 2k and 4k were constrained as described in Scheme S2 

(Supporting Information). 

 B. Calculations of JCC Spin-Coupling Constants. JCC spin-coupling constants were 

calculated in all geometry optimized structures of 2k, 3k and 4k using DFT and the B3LYP 

functional41,42 in Gaussian09.40 The Fermi contact,50–52 diamagnetic and paramagnetic 
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spin-orbit, and spin-dipole terms50 were recovered using a specially designed basis set, 

[5s2p1d|3s1p],10,53 and raw (unscaled) calculated couplings are reported and are 

accurate to within ± 0.2–0.3 Hz based on prior work.13,53 The Self-Consistent Reaction 

Field (SCRF)44 and the Integral Equation Formalism (polarizable continuum) model 

(IEFPCM)45 were used to treat the effects of solvent water during the JCC calculations. 

C. JCC Equation Parameterization. Equations relating DFT-calculated JCC values 

to specific molecular torsion angles in 2k, 3k and 4k were parameterized using the scipy 

and numpy packages in Python. Equations were parameterized using JCC values 

calculated in a sub-population of conformers that was selected using a 10 kcal/mol energy 

cut-off to remove a limited number of highly structurally strained conformers.54,55 A 

secondary constraint was also applied when needed to remove DFT-optimized structures 

containing distorted aldohexopyranosyl rings; Cremer-Pople puckering parameters were 

calculated from DFT-generated Cartesian coordinates and a θ value of 35o was used as 

Figure 1. Models 3ca–3ce of the 
crystal structure of 3 used for JCC 
calculations (set 1). All calculations 
were performed on fixed conformers 
(i.e., no geometry optimization). (A) 
Model 3ca devoid of  hydrogen 
bonding. (B) Model 3cb containing 
hydrogen-bonded water molecules 
that mimic the hydrogen bonding 
pattern observed in the crystal.  (C) 
Model 3cc containing two saccharide 
residues with water molecules that 
mimic the hydrogen bonding pattern 
observed in the crystal.  (D) Model 3cd 
containing eight saccharide residues 
with hydrogen bonding between 
residues observed in the crystal.  (E) 
Model 3ce recapitulating the complete 
crystal structure showing hydrogen-
bonded water molecules to eight 
saccharide residues.    
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the cut-off.54,55 The goodness-of-fit of each equation is reported as a root-mean-square 

deviation (RMSD). Equation parameterization was further evaluated using Akaike 

information criterion (AIC), resulting in truncated forms of two equations. 

D. Fixed Structure JCC Calculations. JCC calculations were performed on a single 

fixed structure of 2c, 3c and 4c (the superscript "c" denotes an in silico structure in a 

conformation identical to that found in the crystal structure). The Cartesian coordinates for 

each structure were extracted from their x-ray crystal structures and used as input for JCC 

calculations. These structures were not geometry optimized prior to the JCC calculations. 

For model 3c, five sets of fixed-structure JCC calculations were performed. First, 

JCC values were calculated in a single molecule of 3c in the conformation observed in its 

x-ray structure (Figure 1A). The JCC values were then re-

calculated with water molecules surrounding the single 

molecule to emulate the hydrogen bonding pattern 

observed in the x-ray crystal packing structure (Figure 1B). JCC calculations were then 

performed on two molecules of 3c extracted from the x-ray crystal packing structure and 

containing a hydrogen bond between O2H (donor) of one molecule and the ring oxygen 

(acceptor) of the second molecule 

(Figure 1C). These calculations also 

included solvent water molecules 

surrounding the two molecules to 

emulate the hydrogen bonding 

pattern observed in the crystal 

structure. The fourth and fifth sets of 

Figure 2.  Model structures 4c (A) and 2c (B) used to calculate 
3JC1',C5 values by DFT (see Results and Discussion). The 
structures were obtained from the crystal structures of 41',5 

and 21',5 (see text).  

Table 1. Torsion Anglesa Observed in Low-
Temperature X-ray Crystal Structures of 31,3 and 31,6. 

aIn degrees, with errors from crystallographic analyses 
shown in parentheses. Values are similar but not identical 
to those of a prior room temperature crystal structure of 3 
(ref. 31). 
	

torsion angle compound 
31,3 31,6 

C2–C1–O1–CH3 170.57 (11) 170.52 (12) 
C1–C2–O2–H 91.5 (17) 92.2 (17) 
C2–C3–O3–H 174.8 (18) 174.7 (19) 

C4–C5–C6–O6 –172.45 (11) 
(gt rotamer) 

–172.42 (12) 
(gt rotamer) 

C5–C6–O6–H –58.5 (17) –57.0 (17) 

Page 11 of 38 Physical Chemistry Chemical Physics



	 12 

JCC calculations included eight molecules of 3c extracted from the x-ray crystal packing 

structure, with and without solvent water molecules, the former emulating the hydrogen 

bonding pattern observed in the crystal structure (Figures 1D and 1E). 

Fixed structure JCC calculations were conducted on models 2c and 4c using  the 

Cartesian coordinates associated with their x-ray crystal structures. The calculations on 

2c and 4c  included only atoms that comprise the disaccharide (Figure 2).  

 

Results and Discussion 

 A. Low-Temperature X-Ray Crystal Structures of 13C-labeled 2–4. Low-

temperature (120K) x-ray crystal structures of 13C-labeled 2–4 (Scheme 3) were obtained 

to measure relevant torsion angles in the same crystalline samples on which solid-state 

13C NMR measurements would be 

made, and to improve the accuracy 

of torsion angles obtained from 

previously reported room 

temperature structures of 2 and 3. 

The observed torsion angles 

(Tables 1 and 2) were similar but not 

identical to those reported 

previously.31–33 Errors in torsion 

angles defined by heavy atoms (e.g., C2–C1–O1–CH3 in 3; Table 1) are ~10-times smaller 

(~0.2o) than those involving hydroxyl hydrogens (~2o) as expected; reduced electron 

density around hydrogen causes greater uncertainty in the locations of the hydrogens. 

The aldohexopyranosyl rings in the crystal structures of 31,3 and 31,6, and those in 21',5 

and 41',5, assume 4C1 chair conformations as expected, consistent with their behaviors in 

aqueous (2H2O) solution based on inspections of intra-ring 3JHH values (Table S2, 

Supporting Information). Given the very similar crystal structure parameters obtained on 

Table 2. Torsion Anglesa Observed in Low 
Temperature X-ray Crystal Structures of 21',5 and 41',5. 

aIn degrees, with errors from crystallographic analyses 
shown in parentheses. Data for 21',5 and 41',5 were obtained 
in this work, but are very similar to those obtained from prior 
crystal structures (refs. 32–33). 
	

torsion angle compound 
21',5 41',5 

C2'–C1'–O1'–C4 153.85 (15) 148.30 (15) 
O5'–C1'–O1'–C4 –88.40 (17) –93.76 (18) 
H1'–C1'–O1'–C4 31.92 25.83 
C1'–O1'–C4–C3 78.19 (19) 93.74 (17) 
C1'–O1'–C4–C5 –162.13 (14) –144.75 (14) 
C1'–O1'–C4–H4 –44.17 –27.54 

O5–C5–C6–O6 –54.80 (19) 
(gg rotamer) 

72.6 (2) 
(gt rotamer) 
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31,3 and 31,6 (Table 1), similar parameters were assumed in the crystal structure of 31,2 

and its x-ray structure was not determined. 

    B. Conformational Factors That Influence JCC Values in 13C-Labeled 2–4 and 

Core Questions in This Study. For 1JC1,C2 in 31,2, coupling magnitude depends mainly on 

conformations about the C1–O1 (φ) and C2–O2 bonds (Scheme 4A).11 2JC1,C3 in 31,3 

depends mainly on conformation about the C2–O2 bond, with secondary dependencies 

on the conformations about the C1–O1 (φ) 

and C3–O3 bonds (Scheme 4B).9 3JC1,C6 in 

31,6 depends mainly on the endocyclic C1–

O5–C5–C6 torsion angle,12,13,35 which is 

constrained to ~180o by the ring, with a secondary dependence on conformation about 

the C5–C6 bond (ω; exocyclic hydroxymethyl conformation) (Scheme 4C).13 The latter 

secondary dependence reflects the terminal electronegative substituent effect14,35 from 

O6, whose magnitude depends on the rotation about ω. The 1JCC, 2JCCC and 3JCOCC 

values between the 13C-labeled carbons in 31,2, 31,3 and 31,6, respectively, have positive 

signs regardless of the conformational contributions to their magnitudes.56,57 In solution, 

time-averaging of the above-noted conformational factors contributes to experimental 

1JC1,C2, 2JC1,C3 and 3JC1,C6 values in 3 in a complex manner, making their quantitative 

interpretation in conformational terms difficult. The latter accrues because, unless these 

contributions can be properly accounted for in DFT calculations of these JCC values, and 

they often cannot, it is not possible to use DFT-calculated JCC values to help interpret the 

Scheme 4.  Conformational determinants of 
JCC values.  A) 1JC1,C2 in 31,2.  B) 2JC1,C3 in 
31,3.  C) 3JC1,C6 in 31,6.  D) 3JC1',C5 in 21',5 
and 41',5.  Coupling pathways are shown in 
green. Curved arrows in red identify major 
determinants of the indicated coupling.  
Curved arrows in blue identify minor 
determinants of the indicated coupling.  Black 
circles denote the coupled (13C-labeled) 
carbons.  See text for explanations.  
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experimental values measured in solution, or to establish whether DFT-calculated JCC 

values are quantitative. However, this time-averaging is eliminated in crystalline samples, 

allowing DFT-calculated JCC values to be determined in single conformers, and 

comparisons of these calculated values made to experimental JCC values measured in 

the same conformers. The latter comparison provides a suitable means of determining 

whether DFT-calculated JCC values are quantitative. 

 The three-bond (vicinal) trans-glycosidic J-couplings between C1' and C5 in 21',5 

and 41',5 exhibit primary Karplus-like dependencies on the C1'–O1'–C4–C5 torsion angle  

(Scheme 4D).14,35,54,55 Secondary effects arise from rotations of the C1'–O1' (φ) and the 

C5–C6 bonds (ω). The presence of O5 as a terminal in-plane electronegative substituent 

also affects the 

behavior of 3JC1',C5 

(Scheme 4D).14 

Recent NMR studies 

of redundant trans-

glycosidic J-

couplings using 

MA'AT analysis have 

shown that the 

preferred values of ψ 

in 2 and 4 in aqueous solution are essentially identical (mean C1’−O1’−C4−H4 torsion 

angles of –8.0o).54 In contrast, significantly different ψ values are observed in crystalline 

21',5 and 41',5, as determined by comparing corresponding C1'–O1'–C4–C3 and C1'–O1'–

C4–C5 torsion angles (Table 2). A key question in the present study is whether the ~17o 

difference that exists between the two crystalline samples can be detected quantitatively 

by 3JC1',C5 values measured in crystalline 21',5  and 41',5. 

Table 3. Experimental and Calculated 13C-13C Spin-Coupling Constants in 
13C-Labeled 2–4. 

aSolid-state experimental J-couplings have a 95% confidence interval of ±0.2 Hz for 
1JCC and ±0.1 Hz for 2JCCC and 3JCOCC (n = 6). bExperimental errors for solution J-
couplings are ±0.1 Hz; values were measured at ~22 oC in 2H2O. cThe sign of 2JCCC 
in 31,3 measured by solid-state 13C NMR was not determined experimentally; the 
absolute value is shown. dValue was obtained in the presence of overlapping signals 
and may be less accurate. eSee text for discussion of how these JCC values were 
calculated. fAverage values obtained from DFT calculations on 3ce. 
	

cmpd JCC 

solid-state 
13C NMRa 

(Hz) 

solution 
13C{1H} 

NMRb (Hz) 

DFT-calculated JCC (Hz)e 

crystal Karplus eq. 

31,2 1JC1,C2 49.1 46.8 46.8f 49.9 
31,3 2JC1,C3 5.2c (+) 4.6  (+) 6.4f (+) 5.9 
31,6 3JC1,C6 3.9 4.1 3.5f 4.2 
21',5 3JC1’,C5 4.8d 2.1 5.1 5.1 
41',5 3JC1’,C5 4.0 2.0 4.1 4.1 
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 C. 13C-13C Spin-Couplings in 13C-Labeled 2–4 in Solution and in Crystalline 

Samples. High-resolution 13C{1H} NMR spectra of 13C-labeled 2–4 were obtained in 

aqueous (2H2O) solution, and 13C-13C spin-couplings between the 13C-labeled carbons 

were extracted from each doublet in the spectra (Figures S1–S5, Supporting Information) 

(Table 3). JCC values so obtained on 3 were identical to those reported previously;13 

3JC1’,C5  values measured in 21',5 and 41',5 were identical, as reported previously.54 

Cross-polarization magic angle spinning 1D 13C NMR spectra of 13C-labeled 2–4 

contained strong signals arising from the 13C-labeled carbons (Figure 3). Signal splitting 

caused by 13C-13C spin-coupling caused by 1JC1,C2 was observed only in the spectrum 

of 31,2; resonance line-widths (~30 Hz) precluded the observation of line splitting from the 

much smaller 2JCC and 3JCC values in 

spectra of 31,3, 31,6, 21',5 and 41',5. Signal 

intensities in J-modulated (S) and 

reference (So) spectra were measured as 

a function of τ (Figures 4A–E), and plots of 

the ratio, S/So, vs τ were fit to eq. [2] 

(Figures 4F–J). The fitting statistics from multiple experiments are given in Table S3 of the 

Supporting Information. 13C-13C J-couplings measured in crystalline samples of 31,2 and 

31,3 were found to differ significantly from corresponding values measured in aqueous 

solution. Specifically, a 2.3 Hz difference was observed for 1JC1,C2 and a 0.6 Hz difference 

was observed for 2JC1,C3 (Table 3). In contrast, 3JC1,C6 values measured in 31,6 in solution 

Figure 3. Cross-polarization magic-angle 
spinning (CP-MAS) 1D 13C{1H} NMR 
spectra (75 MHz) of 31,2 (A), 31,3 (B), 31,6 

(C), 21',5 (D), and 41',5 (E), showing signal 
assignments. Only signals arising from 
13C-labeled carbons are shown. In (D), 
signals from a minor crystalline form of 2 
are identified with "m" superscripts. 
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and in crystalline samples were very similar (Table 3); the ~0.2 Hz difference lies within 

the error of the measurements.  

3JC1’,C5  values in 21',5 and 41',5 depend strongly on psi (ψ) (Scheme 4D)9,14,35,54 

and are essentially identical when measured in aqueous solution (2.0 – 2.1 Hz)  (Table 3). 

These values differ significantly, however, when measured in crystalline samples; 3JC1’,C5 

is 4.8 Hz in 21',5 and 4.0 Hz in 41',5 (Table 3). In addition, 3JC1’,C5 values measured in 

aqueous solutions of 21',5 and 41',5 and those measured in crystalline samples differ by 2 

– 3 Hz (Table 3).  

X-ray analyses of crystalline 21',5 and 41',5 reveal a single conformation in their 

crystal lattices. No evidence of conformational heterogeneity is observed, unlike the 

behavior of other disaccharides.58–59 The solid-state 13C NMR spectrum of 41',5 contains 

a single pair of signals indicative of a single conformation in the crystal as expected (Figure 

3E). However, two pairs of signals were observed in the solid-state 13C NMR spectrum of 

21',5 (Figure 3D), and crystallization of multiple samples of 21',5 failed to eliminate the 

minor signals or change the relative abundances of the two pairs. The ratio of minor to 

major signals remained relatively constant at ~1:10. This observation of minor signals 

suggests that two different types of crystals coexist in the sample, each containing a 

Figure 4. Measurements of 1JC1,C2 (A and F), 2JC1,C3 (B and G), 3JC1,C6 (C and H), 3JC1',C5 (D 
and I), and 3JC1',C5 (E and J) in 31,2, 31,3, 31,6, 21',5 and 41',5, respectively. The detected spins 
were C2, C1, C6, C1' and C5 from left to right. (A–E). Normalized intensities of the J-modulated 
echo signals (S; blue points) and the reference echo signals (So; black points) plotted against 
the total echo interval, τ.  (F–J) Intensity ratios, S/So, plotted against τ. The solid lines represent 
the best fits to eq. [1]. All experiments were run in triplicate, and only one representative signal 
is shown for each compound. 
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different conformation of 21',5. In contrast to ssNMR analysis, which involves bulk sampling, 

single crystals are used for X-ray analysis such that the presence of two different 

crystalline forms of 21',5 would be detected only if a statistically significant number of 

crystals was analyzed, which was not undertaken. Furthermore, a visual examination of 

crystalline samples of 21',5 by light microscopy failed to reveal two different crystalline 

morphologies. However, experimental evidence supporting the proposition that the weak 

signals arise from another crystalline form of 21',5 was obtained by measuring the 3JC1’,C5 

value in this species. The value of 4.7 ± 0.1 Hz is nearly identical to that observed in the 

dominant crystalline form of 21',5 (Table 3), suggesting that the two crystalline forms have 

very similar, if not identical, ψ torsion angles. The slightly different 13C chemical shifts in 

the two forms might be caused by other structural differences such as different φ torsion 

angles, exocyclic hydroxymethyl group conformations, exocyclic C–O bond torsion angles, 

and/or intra- or intermolecular hydrogen bonding interactions in the crystalline lattice. 

 D. Quantitative Comparisons of Calculated JCC Values in 2–4 to Experimental JCC 

Values Measured in Crystalline 13C-Labeled 2–4. Two sets of DFT calculations were 

collected to determine whether calculated JCC values in 3, and by extension 2 and 4, can 

be compared quantitatively to corresponding experimental JCC values measured in 

crystalline 21',5, 31,2, 31,3, 31,6 and 41',5. The first set (Set 1; see Calculations, Part D) was 

performed on 3c in the same conformation observed in the crystal structure of 3 in five 

different states of solvation (denoted 3ca–3ce) that recapitulate, to varying degrees, the 

intermolecular interactions observed in the crystal lattice (Figure 1). The variables in these 

calculations were the number of 3c molecules employed in the model and the nature of 

the solvation (i.e., hydrogen bonding) shell. The second set (Set 2; see Calculations, Parts 

A–C) involved rotating specific torsion angles in 3k, followed by geometry optimizations, 

to produce a set of conformers in which specific JCC values were subsequently calculated 

and used to parameterize equations that relate each JCC to a particular torsion angle. 

Calculations of this type have been used recently to determine population distributions of 
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saccharide conformers in solution.54,55 Parameterized equations obtained in this manner 

have been difficult to validate experimentally, and the present work sought this validation 

by measuring JCC values in conformationally constrained (crystalline) samples.  

The DFT calculations in Set 1 (Figure 1) were used to determine whether the 

unique properties of crystalline solids such as crystal packing forces and long-range 

electrostatics significantly affect calculated JCC values. These calculations showed that 

solid-state properties exert a negligible effect on calculated JCC values (Table 4), at least 

as manifested in five 

different crystal models 

of 3c (Figure 1). An 

alternate computational 

method, CASTEP60–62, 

has been described that 

presumably takes these 

properties into account 

when calculating NMR J-couplings in solids, but several of its features rendered it 

unattractive for the present work. Evaluating the accuracy of DFT-calculated JCC values 

was the prime focus of this work, rather than demonstrating that JCC values can be 

calculated in solids using established methods (e.g., CASTEP) without regard for accuracy. 

In addition, because accuracy was of prime concern, JCC values were calculated using a 

basis set10,52 specifically tailored to treat saccharides. It is unlikely that CASTEP will yield 

more accurate JCC values since it is not tailored to saccharides. Consequently, using 

CASTEP would undermine the key objective of the work. Finally, calculating J-couplings 

in a crystal structure using CASTEP is normally performed in two steps. The hydrogen 

atoms in the crystal structure are relaxed, and J-couplings are then calculated on the 

relaxed structure. While this approach is useful for low-resolution crystal structures, the 

high-resolution (low-temperature) crystal structures used in this work allowed free 

Table 4. JCC Valuesa Calculated by DFT in Five Modelsb, 3ca ̶–3ce, of the 
Crystal Structure of 3. 

aIn Hz. bSee Figure 1 for the definitions of these models. 

	

J-coupling 

calculated  JCC values 

3ca 3cb 3cc 

(average) 
3cd 

(average) 
3ce 

(average) 
1JC1,C2 47.2 46.6 46.6 47.0 46.8 
2JC1,C3 6.8 6.5 6.4 6.9 6.4 
3JC1,C6 3.6 3.5 3.6 3.6 3.5 
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refinement of the polar hydrogen atoms yielding precise determinations, eliminating the 

need for hydrogen atom relaxation. More importantly, hydrogen positions are particularly 

relevant to two of the five JCC values studied, namely, 1JC1,C2 and 2JC1,C3 in 31,2 and 31,3, 

respectively. Relaxing hydrogens in the crystal structure conformation of 3c could 

adversely affect molecular torsion angles involving hydrogens, leading to significant errors 

in calculated JCC values. This complication does not pertain to vicinal 3JCOCC values in 

31,6, 21',5 and 41'5, whose magnitudes are almost exclusively determined by the C–O–C–

C torsion angle14,35 (Scheme 4) and are minimally affected by hydrogen atom disposition 

relative to the coupling pathway. Taken collectively, these limitations render CASTEP 

unreliable as a tool to calculate JCC values in 3c, and by extension in 2c and 4c, that can 

be compared quantitatively to experimental JCC values measured in crystalline samples.  

The DFT calculations in Set 1 demonstrate that solid-state properties exert only 

very small effects on calculated JCC values in 3c, that is, calculated JCC values for the 

structures shown in Figure 1 

were very similar (Table 4). 

Given this finding, model 3k 

(see Supporting Information 

for Cartesian coordinates) was used to generate parameterized equations that relate 

specific JCC values to specific torsion angles. These calculations were conducted with the 

inclusion of a solvent continuum model (see Calculations, Part B), as well as in vacuo and 

with various other solvent models (data not shown), with only very small differences in 

Figure 5.  2D Contour plots of 
calculated 1JC1,C2 values in 3k 

showing a primary dependence 
on the C1–C2–O2–H torsion 
angle (x-axes) and secondary 
effects of rotating the C3–O3 
(A), C4–O4 (B), C5–C6 (C) and 
the C6–O6 (D) bonds (y-axes) 
on this dependency. 

A B

C D
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calculated JCC values observed between these treatments. Importantly, calculated JCC 

values obtained from the resulting parameterized equations (Set 2) were in much better 

agreement with JCC values measured in crystalline samples than were JCC values 

calculated from single conformers of 3ca–3ce (Set 1) that replicate the crystal structure of 

3. The better accuracy of the parameterized equations probably evolves from the fact that 

these equations are derived from a relatively large set of conformers, resulting in an "error-

averaged" equation. This presumed cancellation of systematic error gives equations that 

capture the torsional dependencies of JCC values with greater accuracy than what is 

achievable using a single crystal structure conformer of 3c. 

 The DFT calculations on 3k in Set 2 included one structure constraint on the C2–

C1–O1–CH3 torsion angle. This angle was set initially at ~180o, which is known to be 

highly preferred in aqueous solution due to 

stereoelectronic factors (exo-anomeric effect).46–49 Consequently, since rotational 

averaging about the C1–O1 bond is expected to be minimal in solution, the effect of this 

rotation on calculated JCC values in 3k was not investigated. The initial C2–C1–O1–CH3 

torsion angle was allowed to optimize, however, and consistently gave optimized values 

of 165–172o. The effects of all remaining exocyclic bond rotations in 3k (i.e., C2–O2, C3–

O3, C4–O4, C5–C6 and C6–O6 bonds) on calculated JCC values were investigated. 

E. 1JC1,C2 in 3k and 31,2. Contour plots of calculated 1JC1,C2 values in 3k were 

used to visualize the effects of exocyclic C–O and C–C bond conformations on this J-

value (Figure 5). 1JC1,C2 exhibited a dynamic range of ~7 Hz due almost exclusively to 

Figure 6. Calculated 1JC1,C2 values in 3k as a 
function of the C1–C2–O2–H torsion angle 
described by eq. [3] (black curve). The red line 
corresponds to the torsion angle observed in the 
crystal structure of 3. The green lines correspond 
to predicted mean positions of torsion angle 
distributions based on the 1JC1,C2 value measured 
in aqueous solution. 
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the effect of rotation of the C2–O2 bond, being essentially unaffected by rotation of the 

C4–O4, C5–C6 and C6–O6 bonds. A small effect from rotation of the C3–O3 bond is 

observed (Figure 5A). These findings are consistent with prior work11 showing that 

1JCX,CY values in HO–Cx–Cy–OH fragments depend strongly on conformation about the 

C–C bond and about the two C–O bonds involving the coupled carbons, with the latter 

effects often stronger than the former. In 3k, conformations about the C1–O1 and C1–C2 

bonds are constrained (the former by the exo-anomeric effect46–49 and the latter by the 

relatively rigid pyranosyl ring), so that only conformation about the C2–O2 bond remains 

a major determinant. 

The dependence of 1JC1,C2 on the C1–C2–O2–H torsion angle θ in 3k was 

parameterized to give eq. [3], whose function is plotted in Figure 6 (black line).  

 
                                     1JC1,C2 (Hz) =  49.39 – 3.50 cos (θ)  – 0.41 cos (2θ)    
       RMSD = 0.19 Hz          eq. [3] 

 

In crystalline 31,2, the C1–C2–O2–H torsion angle is 92 ± 2o (Table 1), which correlates 

with a 1JC1,C2 value of 49.9 Hz based on eq. [3] (Figure 6, Table 3). This value is very 

similar to that measured in crystalline 31,2 (49.1 ± 0.2 Hz) (Table 3), confirming the 

accuracy of eq. [3]. The difference (~0.8 Hz) is statistically insignificant given the RMSD 

of eq.[3] and the error in the experimental value of 1JC1,C2.   

1JC1,C2 in 31,2 measured in aqueous solution (46.8 Hz) differs significantly from 

that measured in the solid (49.1 Hz) (Table 3). The smaller value in solution suggests that 

conformers of 3 having C1–C2–O2–H torsion angles with mean positions of approximately  

+45o and/or –45o are highly preferred (Figure 6). Future work will test this model 

experimentally through MA'AT analysis of redundant J-couplings that are sensitive to C2–

O2 bond torsions.9,63 
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F. 2JC1,C3 in 3k and 31,3. 2D contour plots of calculated 2JC1,C3 values in 3k show 

dynamic ranges of ~4 Hz and a strong dependence on the C1–C2–O2–H torsion angle 

(Figure 7).9 Rotations of the C4–O4, C5–C6 and C6–O6 bonds (Figure 7B–D) do not affect 

2JC1,C3 appreciably, while a minor effect (± 0.4 Hz) is observed from rotation of the C3–

O3 bond (Figure 7A).  

The dependence of 2JC1,C3 on the C1–C2–O2–H torsion angle θ in 3k was 

parameterized to give eq. [4], whose function is plotted in Figure 8.  

 

             2JC1,C3  (Hz) =  5.31 + 0.19 cos (θ) – 0.21 sin (θ) – 0.78 cos (2θ) – 1.27 sin (2θ) 

      RMSD = 0.10 Hz    eq. [4] 

 

The value of 2JC1,C3 predicted from eq. [4] at the C1–C2–O2–H torsion angle of 

91.5 ± 2o observed in crystalline 3 (Table 1) is +5.9 Hz (Figure 8), which is similar to that 

measured experimentally in crystalline 31,3 (5.2 Hz; Table 3). The relatively good 

agreement between the calculated 

and experimental values provides 

new experimental evidence 

supporting the calculated 

dependence of 2JC1,C3 on conformation about the C2–O2 bond. A parameterized equation 

describing the dependencies of 2JC1,C3 on both the C1–C2–O2–H and C2–C3–O3–H 

torsion angles is expected to reduce the difference between the calculated and 

experimental 2JC1,C3 to < 0.7 Hz.  

Figure 7. Contour plots of DFT-
calculated 2JC1,C3 values in 3k 

showing a primary on dependence 
the C1–C2–O2–H torsion angle 
and the effects on this dependency 
of rotating the C3–O3 (A), C4–O4 
(B), C5–C6 (C) and the C6–O6 (D) 
bonds. 
	

A B

C D
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 The above interpretation of 1JC1,C2 in 31,2 measured in aqueous solution led to a 

proposed model in which the C1–C2–O2–H torsion angle assumes mean values of ± 45o 

(Figure 6). At –45o (315o), a value of 6.6 Hz is calculated from eq. [4], which is significantly 

larger than the experimental value (4.6 Hz) (Table 3). On the other hand, at 45o, eq. [4] 

yields a 2JC1,C3 value of 3.9 Hz, in closer agreement with the experimental value, 

suggesting that a mean position of the 

torsion angle near 45o is preferred. In this 

geometry, O2H is approximately anti to C3, 

with O3H pointing towards O1 in an 

orientation potentially stabilized by intramolecular hydrogen bonding. 

G. 3JC1,C6 in 3k and 31,6. The magnitude of 3JC1,C6 in 31,6 is determined mainly 

by the C1–O5–C5–C6 torsion angle.13,35 However, since this angle is highly constrained 

at ~180o in the favored 4C1 conformation of the pyranosyl ring, exocyclic hydroxymethyl 

group conformation (i.e., rotation about the exocyclic C5–C6 bond) becomes a key 

determinant of 3JC1,C6 in solution.12,13 This secondary dependence is evident in DFT 

calculations on 3k (Figure 9); rotation of the C2–O2, C3–O3, C4–O4 and C6–O6 bonds 

exerts little or no effect on 3JC1,C6 magnitude and sign (see contour plots in Figure S6, 

Supporting Information). The DFT-calculated dependence of 3JC1,C6 on the C4–C5–C6–

O6 torsion angle ω was parameterized to give eq. [5]. 

 

                    3JC1,C6  (Hz) =  4.86 + 0.76 cos (ω) – 0.76 sin (ω)  

                    RMSD = 0.09 Hz                 eq. [5] 

 

Figure 8.  Calculated 2JC1,C3 values in 3k 
as a function of the C1–C2–O2–H torsion 
angle. The black curve describes eq. [4].  
The red line corresponds to the torsion 
angle observed in the crystal structure of 3. 
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 The value of ω in the crystal structure of 31,6 (–172.42o ± 0.12o or 187.6o ± 0.12o) 

(Table 1) correlates with a 3JC1,C6 value of 4.2 Hz based on eq. [5] (Figure 9, Table 3). 

The experimental 3JC1,C6 measured in crystalline 31,6 is 3.9 Hz (Table 3), a value in very 

good agreement with the calculated coupling 

when errors are considered.  The experimental 

3JC1,C6 measured in aqueous solution is 4.1 

Hz (Table 3), suggesting that ω values of ~75o (gg rotamer) and/or ~180o (gt rotamer) are 

highly preferred. This conclusion is consistent with prior determinations of ω that show the 

gt and gg rotamers to be favored in 3 in aqueous solution.53,64 

 H. 3JC1',C5 in 2k and 4k, and in 21',5 and 41',5. Trans-glycosidic 3JC1',C5 values in 

21',5 and 41',5 depend primarily on glycosidic torsion angle, psi (ψ) (Schemes 2 and 

4).14,35,54 Model structures 2c and 4c (Figure 2) devoid of the intermolecular hydrogen 

bonds observed in crystal structures of 21',5 and 41',5 were used in DFT calculations since 

the inclusion of these bonds had little effect on calculated JCC values (data not shown). 

DFT calculations on model structures 2k and 4k allowed ψ (defined as the C1'–O1'–C4–

H4 torsion angle) to be rotated in 15o increments through 360o, giving 576 geometrically 

optimized structures in which 3JC1',C5 values were calculated. The resulting plots of 

3JC1’,C5 vs ψ (Figure S7, Supporting Information) were virtually superimposable, allowing 

the two datasets to be combined to give parameterized eq. [6].   

 

3JC1’,C5  (Hz) =  2.02 + 0.47 cos (ψ) – 0.63 sin (ψ) – 0.90 cos (2ψ) – 2.33 sin (2ψ) 

      RMSD = 0.71 Hz               eq. [6] 

Figure 9. Calculated 3JC1,C6 values in 3k as a 
function of the C4–C5–C6–O6 torsion angle 
ω. The black curve describes eq. [5]. The red 
line corresponds to the torsion angle 
observed in the crystal structure of 3 (gt 
rotamer). 
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Eq. [6] was found to be in very good agreement with previous generalized 

parameterizations of 3JC1',C5 in β-(1→4) linked disaccharides (Figure S7, Supporting 

Information).54 

Identical 3JC1',C5 values are observed in 21',5 and 41',5 (2.0 – 2.1 Hz) in aqueous 

solution (Table 3), and recent MA'AT analyses gave mean values of ψ (defined as C1'–

O1'–C4–H4) of –8.0o in both disaccharides, indicating nearly identical conformations.54 In 

contrast, significantly different 3JC1',C5 values are observed in 21',5 (4.8 Hz ± 0.1 Hz) and 

41',5 (4.0 ± 0.1 Hz) in crystalline solids (Table 3), indicating different ψ conformations in 

the two crystal structures, and different ψ 

conformations in solution and in the 

crystalline solids. The crystal structure of 

21',5 yields a ψ of –44.2o (Table 2), for 

which eq. [6] predicts a 3JC1',C5 value of 5.1 Hz (Table 3, Figure 10). This calculated value 

of 3JC1',C5 is very similar to the 4.8 Hz value measured in crystalline 21',5. In contrast, the 

x-ray structure of 41',5 yields a ψ of –27.5o (Table 2), for which eq. [6] predicts a 3JC1',C5 

value of 4.1 Hz (Table 3, Figure 10). The experimental 3JC1',C5 in crystalline 41',5 (4.0 Hz; 

Table 3) agrees well with this predicted value. 

Calculated 3JC1’,C5 values in the single molecule models 2c and 4c, devoid of 

hydrogen bonds, are very similar to the experimental 3JC1’,C5 values determined in 

crystalline 21',5 and 41',5, in contrast to the behavior of 1JC1,C2, 2JC1,C3 and 3JC1,C6 in 3. 

This difference probably stems from the fact that 3JC1’,C5 depends very heavily on the 

C1'–O1'–C4–C5 torsion angle, with other structural factors contributing negligibly to its 

Figure 10. Calculated 3JC1',C5 values in 2k 
and 4k as a function of the C1'–O1'–C4–H4 
torsion angle (ψ). The red and green lines 
correspond to ψ values observed in the 
crystal structures of 21',5 and 41',5, 
respectively. 
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magnitude, rendering the need for cancellation of systematic errors, brought about through 

equation parameterization, less important in treating this J-value quantitatively.  
 

Conclusions 

 The use of redundant NMR J-couplings to derive continuous conformational 

models of flexible elements in saccharides (MA'AT analysis54,55) depends on reliable 

DFT-calculated JCH and JCC values from which parameterized equations relating their 

values to molecular torsion angles can be obtained. While prior work has tested the 

reliability of these calculations, direct experimental approaches are needed to validate the 

computations. The present work makes use of solid-state 13C NMR spectroscopy as a 

tool to obtain this validation. The attractiveness of the method lies in the physical nature 

of the sample. Crystalline saccharides have significantly reduced flexibility relative to their 

behaviors in solution by virtue of precise packing in the crystalline lattice. Since the precise 

overall conformations of saccharides can be determine by crystallography on crystalline 

samples, JCC values measured in these samples can be directly correlated with specific 

and known molecular torsion angles. Contributions to JCC values made by conformational 

exchange in solution are thereby eliminated. One drawback of the approach is the need 

to introduce two 13C-labeled carbons into the sample site-specifically, but current synthetic 

techniques are robust enough to permit this labeling in most cases. 

 The agreement between DFT-calculated 1JCC, 2JCC and 3JCC values and those 

measured by solid-state 13C NMR is remarkable, attesting to (a) the accuracy of the DFT 

calculations and (b) the reliability of solid-state 13C NMR in measuring JCC values in 

crystalline samples. The observed sensitivity of the JCC measurements is noteworthy.  For 

example, the ψ torsion angles in methyl α-lactoside (4) and methyl β-lactoside (2) are 

essentially identical in aqueous solution, as shown by MA'AT analysis.14 However, in their 

crystalline forms, these angles differ significantly from one another and from those 
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observed in aqueous solution. As expected, the experimental 3JC1',C5 values in 2 and 4 in 

crystalline samples differ significantly, and importantly, are in very good agreement with 

those predicted by DFT using models that replicate the conformations found in crystalline 

samples. These findings provide evidence that the various conformational dependencies 

of JCC values in saccharides can be fruitfully interrogated by solid-state 13C NMR, 

especially those associated with exocyclic C–O (hydroxyl groups) and C–C (exocyclic 

hydroxymethyl groups) bonds. 

 One of the shortcomings of this work is the fact that only single points were used 

to interrogate DFT-derived continuous functions. While the current results support the 

conclusion that DFT provides near quantitative calculated JCC values in saccharides, 

complete validation awaits more extensive sampling across full torsional itineraries. Efforts 

to achieve the latter sampling are underway. 

  Although the work reported herein was performed on crystalline samples, 

crystallinity does not appear to be a requirement to measure JCC values. J-Couplings have 

been measured and interpreted in disordered or amorphous solids.28,65–67 Thus, solid-

state 13C NMR should provide accurate JCC values in non-crystalline samples. This 

feature may prove attractive, for example, in studies of receptor-saccharide complexes 

that cannot be crystallized for study by conventional x-ray analysis. In this case, a set of 

different doubly 13C-labeled ligands could be used to collect sufficient torsional information 

to assign bound ligand conformation.  
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