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Two-bond **C-**C spin-coupling constants in
saccharides: dependencies on exocyclic hydroxyl
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Seven doubly *C-labeled isotopomers of methyl B-b-glucopyranoside, methyl B-b-xylopyranoside,
methyl B-p-galactopyranoside, methyl B-p-galactopyranosyl-(1—4)-B-bp-glucopyranoside and methyl
-p-galactopyranosyl-(1—4)-B-p-xylopyranoside were prepared, crystallized, and studied by single-
crystal X-ray crystallography and solid-state *C NMR spectroscopy to determine experimentally the
dependence of 2Jc; cs values in aldopyranosyl rings on the C1-C2-02-H torsion angle, 6., involving
the C2 carbon of the C1-C2-C3 coupling pathway. Using X-ray crystal structures to determine 0, in
crystalline samples and by selecting compounds that exhibit a relatively wide range of 0, values in the
crystalline state, ZJCL@ values measured in crystalline samples were plotted against 0, and the resulting
plot compared to that obtained from density functional theory (DFT) calculations. For 0, values ranging
from ~90° to ~240°, very good agreement was observed between the experimental and theoretical
plots, providing strong validation of DFT-calculated spin-coupling dependencies on exocyclic C-O bond
conformation involving the central carbon of geminal C-C-C coupling pathways. These findings
provide new experimental evidence supporting the use of 2Jccc values as non-conventional
spin-coupling constraints in MA’AT conformational modeling of saccharides in solution, and the use
of NMR spin-couplings not involving coupled hydroxyl hydrogens as indirect probes of C-O bond
conformation. Solvomorphism was observed in crystalline fGal-(1— 4)-BGlcOCHz wherein the previously-
reported methanol solvate form was found to spontaneously convert to a monohydrate upon air-drying,
leading to small but discernible conformational changes in, and a new crystalline form of, this
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of molecules in solution.'” Spin-couplings have been interpreted
to infer bond lengths, valence bond angles, and dihedral
angles, with the latter Karplus dependencies® of vicinal
(three-bond) J-couplings such as *Juy, *Jcu and *Jcc playing
critical roles in determining conformational properties in
solution.>*® Despite these advances, current practices are

Introduction

Spin-spin coupling constants (J-couplings) measured by NMR
spectroscopy have been used for decades to assign the structures
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commonly limited to *J values in structure determinations,
most often *Jyy values, and their interpretations are often
qualitative or semi-quantitative. For example, >/ values to
model the conformational properties of exocyclic hydroxy-
methyl groups in saccharides make use of simplified three-
state (staggered) models to interpret 3]H5,H6R and 3]H5,H6S values
in aldohexopyranosyl rings.'>'? In some cases, a limited group
of 3Ji values has been treated semi-quantitatively to infer the
presence of predominant conformations in solution, the best
known example being the PSEUROT method to investigate
furanosyl ring conformational equilibria."* "> However, restricting
such studies to *Jyy values prevents unbiased modeling,
especially in systems where two or more stable conformations
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Scheme 1 2Jccc in different contexts in saccharides. Structures la-3:
configurational effects on ZJCLQ. Structures 4a/4b: configurational effects
on dual-pathway >*3Jc; cs in E; and %E furanose ring conformers. Structure
5: single-pathway ZJC3,C5 in aldopentofuranosyl rings. Structures 1b-1d:
2coca 2Jeses and 2Jcace respectively, in aldohexopyranosyl rings.
Coupling pathways are highlighted in blue.

may coexist in equilibrium. Assumptions are commonly made
about the conformational model in order to fit the available
experimental data.

The recent development of MA’AT analysis'®™® has shown
that continuous and unbiased modeling comparable to that
provided by MD simulation is possible provided that sufficient
redundant J-couplings with desirable properties are available.
Increasing the power and applicability of the MA’AT method
requires that the structural dependencies of J-values in addition
t0 *Jun, including “Jeu, Yoe, Jec and %oy, be more completely
understood. This study, which builds on prior work,*® aimed
to investigate the structural dependencies of *Jccc values in
saccharides to establish their usefulness in MA’AT modeling.

’Jccc values are encountered in different contexts in
saccharides (Scheme 1). Configurational effects are evident in
aldohexopyranosyl rings 1a-3, where relative configuration at
the terminal coupled carbons affects the magnitude and sign of
Jo1,cs-> > This configurational effect also manifests itself in
the coupling between C1 and C3 in aldofuranosyl rings, where
ring conformation determines the relative orientations of
oxygen substituents at C1 and C3, thus affecting the coupling
(4a/4b in Scheme 1, and Fig. 1). In 4a/4b, however, two pathways
determine *"*J¢; ¢3, namely, C1-C2-C3, and C1-04-C4-C3, and
the observed coupling is believed to be the algebraic sum of both
pathways.>**> By comparing only the E, (4a) *E (4b) conformers
in which the torsion angle for the three-bond (vicinal) pathway is
~0° (Scheme 1), the contribution from the two-bond pathway
can be estimated. As expected, the E, conformer having the
C1-01 and C3-03 bonds in quasi-equatorial orientations
produces a significantly more positive coupling than the *E
conformer in which both bonds are quasi-axial. These config-
urational effects can be investigated experimentally, especially in
structures like 1-3, and empirical rules developed to predict
%Jocc in unknown structures.’™* However, superimposed on
these configurational effects are conformational effects, namely,
those involving rotations about the exocyclic C-O bonds
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Fig. 1 Effect of ring conformation on 2+3Jc1,c3 in methyl a-p-ribofuranoside

(5) (black) and methyl 2-deoxy-a-p-ribofuranoside (methyl 2-deoxy-a-p-

erythro-pentofuranoside) (4a/4b) (blue). Vertical dotted lines identify the

north (E,) and south (PE) conformers that exhibit very different couplings

due to the different relative orientations of the C1-O1 and C3-03 bonds in
the two conformers (Scheme 1). See text for discussion.

involving the three carbons in the C-C-C coupling pathway
(Scheme 2). These effects can be significant,*® as illustrated in
Fig. 2. DFT calculations on 1 reveal that rotation about 6, exerts a
much greater effect on ZJCLCS than rotations about 6; and 0,
(Fig. 2). These effects predicted by DFT are difficult to validate
experimentally, but the latter is essential for reliable and quan-
titative applications of %jccc values in MA’AT analysis. This
validation was pursued in this work by determining the effect
of 0, on *J¢y,¢s in several *C-labeled mono- and disaccharides
(Scheme 3).

Experimental
A. Synthesis of 67, 7?, 8", 81 913 and o'

Synthetic procedures used to prepare doubly *C-labeled mono-
saccharides 6% and 7', and disaccharides 83, 8", 9 and
9'%' are available in the ESL+ Compound 1" was prepared as
described previously.>°

B. Measurements of ">C-'3C spin-couplings in solution and in
crystalline 6", 7', 8% 8" 9% and 9'*

High-resolution 1D "*C{"H} NMR spectra were obtained on 6",
73, 813 82 9% and 9'® using 5 mm NMR tubes on a

OH

% OCHs,

C1
3 6 OH
methyl B-D-[1,3-13C,]glucopyranoside (1'-%)

HO
&
HO 0ctiC

Scheme 2 Conformational determinants of 2Jcy ¢35 in 1+°. Coupling pathway
is highlighted in blue. Rotation about 6, (C1-C2-0O2-H torsion angle) is a
major determinant of ZJcmg. Rotations about 0; (C2-C1-0O1-CHs torsion
angle) and 65 (C2-C3-0O3-H torsion angle) are minor determinants of
2Jcics. Blue circles denote *C-labeled carbons (99 atom%).
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Fig. 2 Effects of 0, 0, and 03 on ZJCLB in 1 calculated by DFT. 6, and 05
were each rotated through 360° in 15° increments while 6; was fixed at 150°,
1657, 180°, 195° and 210°. The plot shows the dependence of ZJCLQ on 0,
where the overlapping solid lines are best fits to the five 0, datasets. Point
scatter at discrete values of 0, shows the effects of 6; and 0z on ZJCLC} The
overall effect of 0, (dynamic range) is ~3.1 Hz, whereas the averaged
secondary effects of 01 and 0z are ~+0.6 Hz. Adapted from Fig. 2.19 in ref. 23.

Varian DirectDrive 600 MHz FT-NMR spectrometer equipped
with a 5 mm *H-"F/*N-*'P AutoX dual broadband probe.
Spectra were collected in ’H,0 at 22 °C with ~15000 Hz
spectral windows and ~4.5 s recycle times, and were processed
to give final digital resolutions of ~0.05 Hz per pt. >C-"3C
spin-couplings were obtained by analysis of the doublet char-
acter of the two intense signals arising from the mutually
coupled '*C-labeled carbons in each compound (Fig. S1, S3,
S5, 87, 89, and S11, ESIt). Since one of the *C-labeled carbons
in each of the six compounds is an anomeric carbon, non-first-
order effects on the measurements of the Joc values were
negligible.

Crystalline samples of 6'* , 9% and 9"
(~40 mg of each) were mixed with KBr (60 : 40 w/w sample: KBr)

HO:
mOCHs

2
Jei,c3

1,3 o1,3 o1/,3
7’,8’,8'

Paper

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 'H frequency of 300 MHz and equipped with
3.2 mm magic angle spinning (MAS) probe. The magic angle
(54.74°) was carefully adjusted on each sample by monitoring the
7°Br signal arising from the internal KBr; spinning sidebands
were observed to ~ 8 ms. The MAS frequency was set to 16 kHz.
At least three measurements of the ">*C-">C spin-couplings were
made on each sample.

Cross-polarization magic-angle spinning 1D *C NMR spectra
of crystalline 6-9 contained signals arising from the '*C-labeled
carbons only (Fig. S2, 54, S6, S8, S10 and S12, ESIt), giving spectra
with sufficiently high signal-to-noise ratios to allow reliable
determinations of signal integrations in j-modulated (S) and
reference (S,) spectra. The experimental >*C-"*C spin-couplings
were determined by fitting the plots of the S/S, ratio as a function
of 7 as described previously (Fig. S15, ESI).”>***” The reported
%Jccc values for each compound were obtained by averaging the
J-couplings obtained from three sets of measurements on the
sample, from which a standard deviation was computed.

The %/c; c; values in 1'%, obtained from high-resolution "*C{'H}
and solid-state "*C NMR spectra, were taken from prior work.*

Calculations
A. Model structure 6°

A.l. Geometry optimization. Density functional theory
(DFT) calculations were conducted in Gaussian16>® using the
B3LYP functional®® and 6-311+g(d,p) basis set’>*" for geometry
optimization. In 6° (the superscript “c” denotes an in silico
structure), torsion angle 0; (C2-C1-O1-CHj;) was fixed at the
angle observed in crystalline 6" (170.92°). Torsion angle 0,
(C1-C2-02-H) was set initially at 180° and rotated in 15°
increments through 360° to give 24 optimized structures. The

c1 OCH3

2
Je1,c3 2Je1,c3

methyl ﬁ-D—[1,3-‘302]glucopyran05|de (113) methyl s-D-[1,3-‘302]xyI0pyranos1de (6"3) methyl p-D-[1,3- ‘302]galactopyran05|de (7'3)

ct OCH3
c1' HO
2JC103

p-D-Gal-(1->4)-p-D-[1 ,3-1302]GICOCH3 (8'9)

%
OH 2Jc1 c3

-D-Gal-(1—>4)-B-D-[1,3-13C,]XylOCH; (9'3)

e="C

ci OCH3 HO%

Cc1_0O OCH;
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Scheme 3 Chemical structures of seven selectively 13C-labeled mono- and disaccharides used in this study, and the ZJCCC value measured in each
compound by solution- and solid-state **C NMR. Blue circles, and the superscripts on compound numbers, denote the carbons labeled with *C
(99 atom%). The two-bond coupling pathways pertlnent to each 2Jccc are highlighted in blue. Angle 6, corresponds to the C1-C2-02-H torsion angle
in 113, 63, 713 813 and 9%, and angle 0, to the C1’-C2'-C2’-H torsion angle in 8" and 9V 3.
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remaining exocyclic torsion angles 0; and 0, (Scheme 3) were
allowed to freely rotate during geometry optimization. The
effect of solvent water was included in these calculations using
the Self-Consistent Reaction Field (SCRF)** and the Integral
Equation Formalism (polarizable continuum) model (IEFPCM)**
as implemented in Gaussian1é.

A.2. *Jci,c3 calculations in 6°. >, o3 values were calculated
in Gaussian16 as described previously.>’ The Fermi contact,**>®
diamagnetic and paramagnetic spin-orbit, and spin-dipole**
terms were calculated using the B3LYP functional and a tailored
[5s2p1d|3s1p] basis set,'>*” and the resulting *Jc; s values
were unscaled. All J-coupling calculations included the effect
of solvent water, which was treated using the Self-Consistent
Reaction Field (SCRF)** and the Integral Equation Formalism
(polarizable continuum) model (IEFPCM)** as implemented in
Gaussian16.

A.3. Parameterization of ZJCLCS as a function of 0, in 6°.
The ensemble of geometry optimized structures of 6° and their
associated calculated 2]01,(;3 values were inspected to remove
low-probability, high-energy structures that might lead to aberrant
equation parameterization. The remaining data were plotted as
shown in Fig. 3, and the curve was fit to a modified Karplus-like
equation (eqn (1)) using R (see ESIf for a brief discussion of
eqn (1)). The goodness-of-fit of the equation is expressed as a root
mean squared (RMSD) deviation.

ZJCLCL?, (Hz) = k + c1cos 0, + s1sin 0, + c2cos 20, + s2sin 20,
+ ¢3 cos 360, + s3 sin 30, (1)
The parameterized equation relating ZJCLC3 to 0, in 6° is shown
as eqn (2).
Je1,cs (Hz) = 5.08 — 0.12sin 0, — 0.68 c0s 20,

— 1.27sin20, + 0.12sin30, RMSD =0.07 Hz (2)

calculated 2Jg, o5 (H2)

0 60 120 180 240 300 36
C1-C2-02-H torsion angle (8,) (°)

Fig. 3 Plots of calculated 2Jcy ¢35 or 2Jcy s/ in 1€ and 6°-9€ as a function
of either 6, or 92’. Solid and dashed lines correspond to the parameterized
equations in the text. Open black/solid black line: 1%, egn (3). Open blue/
solid blue line: 6, egn (2). Open red/solid red line: 7, eqn (4). Open green/
solid green line: 8% (2Jcycs), eqn (5). Filled green; dashed green line: 8¢
(Jcy c37), eqn (6). Open purple; solid purple line: 9° (3Jcy c3), eqn (7). Filled
purple/dashed purple line: 9° ((Jcy c3/), eqn (8).
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B. Model structure 1¢

DFT calculations on 1 were conducted as described for 6°.
Torsion angle 0, (C2-C1-O1-CHj;) was fixed at the angle
observed in crystalline 1" (170.51°), and torsion angle 0,
(C1-C2-02-H) was rotated in 15° increments through 360°.
The remaining exocyclic torsion angles (6;-6s; Scheme 4) were
allowed to freely rotate during geometry optimization. /¢y cs
values were calculated in each conformer and plotted as a
function of 0, (Fig. 3). The resulting curve was fit to give eqn (3).

*Jer,cs (Hz) = 5.27 + 0.19 cos 0, — 0.46 sin 0, — 0.57 cos 20,

— 1.20sin20, + 0.16sin30, RMSD =0.11 Hz (3)

C. Model structure 7¢

DFT calculations on 7¢ were conducted as described for 6°.
Torsion angle 6; (C2-C1-O1-CH;) was fixed at the angle
observed in crystalline of 7" (163.41°) and torsion angle 0,
(C1-C2-02-H) was rotated through 360° in 15° increments.
The remaining exocyclic torsion angles (0;—0s; Scheme 4)
were allowed to freely rotate during geometry optimization.
ZJCLCQ, values were calculated in each conformer and plotted as
a function of 0, (Fig. 3). The resulting curve was fit to give
eqn (4).
*Jo1,cs (Hz) = 4.89 + 0.22 cos 0, — 0.88 cos 20,

— 1.21sin20, RMSD = 0.09 Hz (4)

D. Model structure 8° (*Jcy,c3)

DFT calculations on 8° were conducted as described for 6°.
The C2-C1-O1-CH; (164.14°), C2'-C1'-01'-C4 (154.29°) and
C1'-01'-C4-C3 (78.28°) torsion angles were fixed at the
respective angles observed in crystalline of 8"*. Torsion angle
0, (C1-C2-02-H) was rotated in 15° increments through 360°.
The remaining exocyclic torsion angles were allowed to freely
rotate during geometry optimization. *Jcyc; values were
calculated in each conformer and plotted as a function of 6,
(Fig. 3). The resulting curve was fit to give eqn (5).

*Jo1,c3 (Hz) = 5.09 — 0.27sin 0, — 0.67 cos 20,

—1.20sin20, RMSD = 0.10 Hz (5)

E. Model structure 8° (*Jcy' c3/)

The C2-C1-O1-CH; (164.34°), C2'-C1’-01'-C4 (153.98°) and
C1'-01'-C4-C3 (78.24°) torsion angles were fixed at the
respective angles observed in crystalline 8'"¥". Torsion angle
0, (C1'-C2'-02’-H) was rotated in 15° increments through
360°. The remaining exocyclic torsion angles were allowed to
freely rotate during geometry optimization. *Jcy’ ¢z values were
calculated in each conformer and plotted as a function of 0,
(Fig. 3). The resulting curve was fit to give eqn (6).

2Jercy(Hz) = 5.82+0.13cos0; — 0.47sin 0,
—0.63cos 20, — 1.25sin20,
40.12sin30, RMSD =0.11Hz  (6)
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Scheme 4 Model structures 1°, 6%, 7¢, 8° and 9 used in DFT calculations of 2Jc; c5 or 2Jcy cs values, showing atom numbering and definitions of

torsion angles 0,-0g in 1¢, 6° and 7¢, and 0, and 0, in 8° and 9°.

F. Model structure 9 (*Jcy,c3)

DFT calculations on 9° were conducted as described for 6°.
The C2-C1-01-CHj; (164.32°), C2'-C1'-01'-C4 (156.49°) and
C1'-01'-C4-C3 (93.93°) torsion angles were fixed at the
respective angles observed in crystalline 9'.*® Torsion angle
0, (C1-C2-02-H) was rotated in 15° increments through 360°.
The remaining exocyclic torsion angles were allowed to freely
rotate during geometry optimization. ZJCLC3 values were
calculated in each conformer and plotted as a function of 6,
(Fig. 3). The resulting curve was fit to give eqn (7).

ij,m (Hz) = 4.93 + 0.19cos 0, — 0.46sin 0, — 0.57 cos 20,

— 1.13sin260, + 0.12sin36, RMSD =0.10 Hz (7)

G. Model structure 9° (¥Jcy cs')

DFT calculations on 9¢ were conducted as described for 6°. The
C2-C1-01-CHj; (164.32°), C2'-C1'-01'-C4 (156.49°) and C1'-
01'-C4-C3 (93.93°) torsion angles were fixed at the respective angles
observed in crystalline 9** .3 Torsion angle 0, (C1'-C2/-02'-H)
was rotated in 15° increments through 360°. The remaining exocyclic
torsion angles were allowed to freely rotate during geometry optimi-
zation. 2]01/@3/ values were calculated in each conformer and plotted

as a function of 0, (Fig. 3). The resulting curve was fit to give eqn (8).

2Jercy(Hz) = 5.91 +0.15¢cos 0, — 0.46 sin 0,
—0.65¢0s20, — 1.225in20,
+0.14sin30, RMSD=0.11Hz (8)

H. Generalized equation relating *Jc; c3/*Jc1/,c3 to 02/0, in 1
and 6°-9°

Inspection of the plot in Fig. 3 shows the individual curves for
1¢ and 6°-9° (from eqn (2)—(8)) to be similar in shape but having
y-axis displacements of up to ~1 Hz. This behavior allowed
these curves to be averaged to give a generalized equation that
relates */c1 cs/*Jc1’,cs to 02/0; in 1 and 6-9 (eqn (9)).

2Je1,03 (general) (Hz) = 5.29 + 0.14 cos 0, — 0.33 sin 0,

— 0.67cos20, — 1.21sin 20, + 0.11sin30, RMSD = 0.43 Hz

©)
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I. Aqueous molecular dynamics simulations of 1¢, 7, 8° and 9°

Aqueous (1 ps) molecular dynamics simulations were run on
structures 1¢, 7°, 8° and 9°. These calculations are described in
the ESL.

Results and discussion

A. C1-C2-C3 coupling pathway structure in, and NMR
spectral properties of, compounds 1 and 6-9

The configurations at C1, C2 and C3 in the C1-C2-C3 coupling
pathways of monosaccharides 1, 6 and 7 are identical, and
these configurations in both residues of disaccharides 8 and 9
are identical to those found in 1, 6 and 7. This uniformity
eliminates the effect of configuration at the terminal coupled
C1 and C3 carbons, and the smaller effect of configuration
at the intervening C2, thus allowing direct comparisons of
experimental ZJCLC3 and 2Jc1’,cg’ in seven different pathways.
This study sought validation of the effects of C2-0O2 bond
rotation on ¢, c; as determined by DFT calculations (Fig. 2).
Compounds 1 and 6-9 were selected because their crystal
structures reveal C1-C2-O2-H (0,) or C1'-C2'-02'-H (0,)
torsion angles ranging from 85.1° to 237.9° (Table 1 and
Tables S1-S4, ESIt), covering ~40% of the available 360° range
to interrogate the effect of 0, or 0, on 2]c1,c3 sufficiently. Solid-
state ">C NMR spectra of 1%, 63, 73, 8% 93 and 9"
contained two signals arising from the two '*C-labeled carbons
(Fig. S2, S4, S6, S10 and S12, ESIf), whereas that of g
contained two pairs of signals indicating the presence of
structural heterogeneity in the crystal (Fig. S8, ESIt). However,
the high-resolution **C{'H} NMR spectrum of 8" indicated
the presence of only one form in aqueous solution (Fig. S7,
ESIY). This behavior was also observed in recent solid-state 3¢
The
cause of this structural heterogeneity in the crystalline state is
attributed to replacement of lattice methanol with water during
sample preparation for solid-state '*C NMR measurements
(sample drying prior to rotor packing) (see discussion below).
The C2-C1-01-CH; and C2'-C1’-01'-C4 torsion angles in
113 13, 713 gl3 gl'3' gl3 apd 9t sample limited ranges of
163-171° and 154-156°, respectively, as expected since both are

NMR studies of trans-O-glycosidic *Jcocc values in 8.%°

This journal is © the Owner Societies 2021
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partly controlled by the exo-anomeric effect.*” These relatively
small changes in C1-O1 bond conformation exert only minor
effects on *J¢y 3 values (0.2 Hz or less). The C2-C3-03-H (05)
and C2'-C3'-03'-H (05') torsion angles range from 27-252°,
and their influences on *J¢;cs and ¢y cy may be more
substantial than that from C1-O1 bond rotation but are
nevertheless likely to be small.>® Relevant bond lengths and
angles involving the C1-C3 and C1'-C3’ carbons are also
essentially constant and not expected to influence the magni-
tudes of *J¢y cs and *Jy’ o3 appreciably.

B. Calculated and experimental *J¢; c; and *Jcy’ c3’ in
crystalline samples and aqueous solutions of **C-labeled 1 and
6-9

DFT-parameterized equations that relate *J¢; 3 and %oy ca’ to
0, or 0, , respectively, in 1° and 6°-9° (eqn (2)~(8)) were used to
calculate >Jocc values in crystalline 1%, 613, 713, 813, 813 913
and 9'"* based on the 0, or 0, values observed in their crystal
structures (Table 2). *J¢y s and *Joyr s values were also calculated
using generalized eqn (9) (Table 2). These calculated values were
compared to *Jooc values obtained from solid-state *C NMR
measurements on the same samples used for crystallography,
and to /oo values obtained from measurements on the same
samples in aqueous solution (Table 2).

The information in Table 2 reveals that, in general, ZJCLCS
values observed in aqueous solution are smaller than those
observed in crystalline samples, with differences of up to 1.6 Hz
(Jerr s in 91/‘3,). An exception is the BGlec residue of 8 where
2jCLCg_ is larger in solution than in the crystalline state. Unlike
the situation in crystalline samples, C2-O2 bond rotation is
expected to be relatively free in aqueous solution, perhaps
sampling all three staggered states, although the latter are
probably not equally populated as suggested by MD simulation
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(Fig. 4). General eqn (9) (Fig. 5) indicates that *J¢; 3 is 4.4 Hz,
4.5 Hz and 7.0 Hz at 92/92/ values of 60°, 180° and 300°,
respectively. If a three-state staggered model for rotation about
the C2-02 bond pertains, these observations suggest that the
population of the 300° rotamer (H2 anti to OH2) is probably
lower than those of the remaining two rotamers, given that the
experimental *Jc; c; and *Jcy/ oy values in aqueous solution
assume values between 4-5 Hz (Table 2). In the crystalline state,
0,/0, adopts values that deviate significantly from staggered
states, often leading to *Jg1,c3 and *Jcy’ cs values that exceed
those found in solution, especially since those associated with
02/02’ = 60" and 180 lie at the lower end of the allowed range.
The aberrant behavior of 8" can be understood by noting that
in the crystal, 0, = 234°, which yields an experimental 2]c1,c3 of
3.8 Hz, a value smaller than those observed in the three
staggered C2-O2 rotamers.

Calculated and experimental values of *J¢;cs and >y cs/s
summarized in Table 2, are plotted as a function of 6, in Fig. 5,
superimposed on the curve corresponding to eqn (9). In
general, the experimental data fit the theoretical curve well,
showing a maximal J-coupling of ~6.3 Hz at 0, = 130° and a
minimal value of ~3.8 Hz at , = 210°. An inspection of Table 2
shows that five of the eight average calculated */ccc values
differ by <0.3 Hz from the experimental values, and two of
the remaining three average calculated values are <0.8 Hz
different from the experimental values. Considering the
relatively modest dynamic range of the portion of the curve
shown in Fig. 5 (~2.5 Hz) and the sources of error associated
with equation parameterization and with the experimental
measurements, the agreement between theory and experiment
is very good with a RMSD of 0.61 Hz for the averaged calculated
values. Within the region of the curve probed by the experimental
measurements, the dependence of me,cs on 0, predicted by DFT

Table 1 Structure parameters observed in low-temperature crystal structures of C-labeled 1 and 6-9

Compound
Structure parameter®  1'° 6'? 712 gl g'? 9'3/91 3
CSD entry MBDGPH11 [ref. 39] nd1909 nd1908 nd1917 nd1916 blactob XAQLOS [ref. 38]
Torsion angle (°)
C1-C2-02-H (0,) 91.5 (Glc) 85.1 (Xyl) 100.0 (Gal) 234.1 (Gle) 237.9 (Gle) 234.6 (Glc) 164.2 (Xyl)
ct'-c2’-02/-H (0))  — — — 154.8 (Gal)  146.7 (Gal)  153.6 (Gal)  113.0 (Gal)
C2-C1-01-CH; (¢) 170.6 (Glc) 170.9 (Xyl)  163.4 (Gal)  164.1(Glc)  164.3 (Glc)  163.2 (Glc)  164.3 (Xyl)
c2/-c1’-01'-ca (¢) — — — 154.3 (Gal)  154.0 (Gal)  147.6 (Gal)  156.5 (Gal)
c1’-01'-ca-C3 () — — — 78.3 78.2 85.2 93.9
C2-C3-03-H (0) 174.7 (Glc) 174.4 (Xyl)  27.1 (Gal) 198.9 (Gle)  203.8 (Gle)  193.3 (Glc)  198.9 (Xyl)
c2'-03'-03'-H ((—)3') — — — 45.4 (Gal) 51.4 (Gal) 68.4 (Gal) 252.1 (Gal)
Bond angle (°)
C1-C2-C3 108.0 (Glc) 107.8 (Xyl)  109.4 (Gal)  112.9 (Gle)  112.5 (Gle)  111.2 (Gle)  113.5 (Xyl)
c1'-c2’-c3’ — — — 108.4 (Gal)  108.2 (Gal)  108.6 (Gal)  108.2 (Gal)
Bond length (A)
C1-C2 1.525 (Glc) 1.528 (Xyl)  1.527 (Gal)  1.513 (Glc)  1.520 (Glc)  1.522 (Glc)  1.496 (Xyl)
c1'-c2’ — — — 1.524 (Gal)  1.530 (Gal)  1.524 (Gal)  1.530 (Gal)
C2-C3 1.521 (Gle) 1.524 (Xyl)  1.529 (Gal)  1.523 (Glc)  1.527 (Gle)  1.528 (Glc)  1.520 (Xyl)
c2’-c3’ — — — 1.530 (Gal)  1.533 (Gal)  1.528 (Gal)  1.529 (Gal)

4 Errors in bond lengths (+ 0.003 A), bond angles (+ 0.2°), and torsion angles (+ 0.2°) involving only heavy atoms were obtained from
crystallographic analyses. Errors in torsion angles involving hydroxyl hydrogens (+ 3°) were determined from a statistical analysis of X-ray
structures obtained on thirteen different crystals of methyl B-lactoside (unpublished).
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Table 2 Experimental and DFT-calculated 2Jcy cs and 2Jcy/ ¢ Values in *C-Labeled 1 and 6-9

. *’Jecc (aqueous Calculated *Jocc  Caleulated *Jooc  Average calculated
Compound 6, 0r 0, “(°)  *Jocc solution)’ (Hz) Jcc (crystal) (Hz) (eqn (2)-(8)) (Hz) (eqn (9)) (Hz) Yo’ (Hz) A? (Hz)
13 91.5 (Glc) Jorcs 4.6 5.2 5.3 5.6 5.5 —-0.3
6’ 85.1 (Xyl) Jercs 42 5.2 5.3 5.3 5.3 —0.1
743 100.0 (Gal)  YJercs 4.7 4.7 6.1 5.9 6.0 -1.3
83 234.1 (Gle)  Yeros 4.6 3.8 4.4 4.5 4.4 —0.6
8'” (major) 146.7 (Gal) oy cy 5.1 6.5 6.5 5.9 6.2 0.3
8'* (minor) 153.6 (Gal) 6.3 6.2 5.7 6.0 0.3
93 164.2 (Xyl)  “Jercs 4.0 4.2 4.8 5.2 5.0 -0.8
93 113.0 (Gal)  %Jcyrcyr 4.9 6.5 6.7 6.2 6.5 0

“ Errors in the C1-C2-02-H and C1'-C2/-02’-H torsion angles are + 3° (see legend in Table 1). ? Errors for the solution spin-couplings are + 0.1 Hz;
measured at 22 °C in ?H,0. ° Determined by averaging the values in both columns of calculated *ccc. ¢ 4 = ¥ccc (experimental) — average

calculated %Jccc.
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Fig. 4 Rotamer populations of the C2-0O2 bond of 1 (A), 7 (B), 8 (C), and 9
(E), and the C2'-02’ bond in 8 (D) and 9 (F), determined by 1 ps aqueous
molecular dynamics simulations. In all cases, staggered rotamers
dominate, with that having 0, or 02/ near 300° least preferred (see text).

is validated by the experimental measurements, confirming
conclusions drawn earlier on a much more limited set of
measurements.”® It should be appreciated that the curve shown
in Fig. 5 is a generalized curve obtained from averaging the
structure-specific eqn (2)-(8), and that these equations, while
describing similar curves, are nevertheless different, indicating
that subtle undefined pathway differences in 2 and 6-9 affect the
%Jccc- When the same data in Fig. 5 are superimposed on the
ensemble of curves described by eqn (2)-(8) (Fig. 6), essentially all
but one data point fall within the band of allowed *Jccc values
produced by the ensemble of equations. The outlier is the

22918 | Phys. Chem. Chem. Phys., 2021, 23, 22912-22922

calculated 2Jg; o5 (H2)

60 100 140 180 220 260
C1-C2-02-H torsion angle (6,) (°)

Fig. 5 Plot of eqn (9) (black line) superimposed on calculated and
experimental ZJCL@ or Zch,Cy values in 1 and 6-=9. Diamonds denote
ZJCCC values calculated by DFT. Circles denote experimental ZJCCC values
measured by solid-state "*C NMR. Red, 1"°. Blue, 6". Green, 7. Purple,
83, Black, 8" ° (major and minor). Orange, 9%, Lime, 9 .

experimental */¢; ¢; in methyl B-p-galactopyranoside 7 (Table 2),
where the absolute difference between the average calculated
*Jc1,cs and the experimental *J; o3 is 1.3 Hz. The origin of this
discrepancy is unclear, but may result from (a) small cumulative
effects of C3-03, C4-04 and/or C5-C6 conformation on equation
parameterization, and (b) uncertainty in accurately locating
the hydroxyl hydrogen at O2 in the X-ray crystal structure of 7
and consequently the C1-C2-O2-H torsion angle, since recent
unpublished studies in this laboratory indicate uncertainties of up
to £ 3° in C-C-O-H torsion angle determinations. The cumulative
effect of several small errors caused by this simplification in
the calculations could be partly responsible for the observed
discrepancy. We cannot rule out, however, the possibility that the
2]c1,c3 vs. 0, curves calculated by DFT are phase-shifted to slightly
higher values than found by experiment. Indeed, an inspection of
Table 2 shows a general tendency for experimental %/ values to
be smaller than calculated values. However, even if this is the case,
the overall dependency of chch on 0, observed in the experimental
data replicates well that predicted by DFT in the region of 0, values
interrogated by experiment.

This journal is © the Owner Societies 2021
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Fig. 6 Replot of the data in Fig. 5 showing that nearly all of the calculated
(DFT) and experimental (solid-state **C NMR) 2Jc; 5 values in 1 and 6 -9
fall within the envelope defined by the seven curves describing egn (2)—(8).
The black curve in bold corresponds to egn (9) (general equation). Blue
diamonds denote ZJCCC values calculated by DFT. Red circles denote
experimental 2Jccc values measured by solid-state *C NMR.

C. Origin of the pairs of signals in the solid-state '*C NMR
spectrum of 8'*

Two pairs of "*C signals were observed in the solid-state *C
NMR spectrum of gl (Fig. S8, ESIt). Similar behavior was
observed previously in 8" *.*° Dissolution of 8" (and 8"* in
water and analysis of the resulting solutions by "*C{"H} NMR
revealed only one pair of signals arising from the two labeled
carbons. These results suggest that two crystalline forms of 8
are possible. This behavior is caused by the loss of crystal-
bound methanol during drying of the crystals and replacement
by water (see “Effect of solid-state NMR sample preparation on
the crystal structure of 8” in ESIt). Drying crystals of 8 prior to
packing the sample into solid-state NMR rotors results in
crystal solvomorphism, one form being the methanol solvate
and the other a monohydrate. Since the methanol oxygen serves
as an hydrogen bond mono-acceptor with O4'H of the Gal
residue, and as a donor with the more remote (relative to the
C1-C2-C3 coupling pathway) 06 of the Glc residue, a change in
solvation perturbs Gal residue '*C chemical shifts more than
Gle °C shifts, thus explaining why two pairs of signals are not
observed in the solid-state **C NMR spectrum of 82,

An alternate explanation was also entertained, namely, that
the two pairs of signals arise from conformational differences
mediated by solvent methanol-water exchange. The C1'-C2'-
02'-H torsion angle in crystals of 8" (major) is 146.7°, while
that in 8'*' (minor) is 153.6° (Table 1). This difference suggests
that conformation about the C2’-02’ bond in 8 may be
relatively mobile, varying over an 10-15° range in the lattice.
Analysis of the solid-state *C NMR spectrum of 8" gave
%Jer ca values of 6.3 Hz (minor form) and 6.5 Hz (major form)
(Table 2). Eqn (6) was used to determine 6, values that correlate
with these J-values (Fig. S15, ESIf). The 6.3 Hz value is
consistent with 0, values of 101.4°, 151.7°, 255.9° and 340.4°.

The 6.5 Hz value is consistent with 6, values of 107.8°, 145.7°,

This journal is © the Owner Societies 2021
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259.5° and 336.5°. Experimental 0, values of 147° and 155° are
observed (Table 1), in good agreement with the 146° and 152°
values calculated from eqn (6).

Conclusions

The work described herein is part of a long-term research plan in
this laboratory to develop a new NMR-based method to model
the conformational properties of saccharides and other bio-
molecules in solution. Central to this plan is the development
of MA’AT analysis'®" that utilizes experimental redundant
NMR spin-coupling constants and DFT-parameterized spin-
coupling equations to obtain continuous conformational models
of O-glycoside linkages,"®™® O-acetyl side-chains,"® furanosyl
rings and other conformational features of saccharides in
solution. One benefit of this approach is that MA’AT models
can be superimposed on those obtained by molecular dynamics
simulation as a way to validate MD predictions, experimental
validations that have been difficult to obtain previously.

The current study aimed to extend recent work®® in which
solid-state *C NMR spectroscopy and single-crystal X-ray
crystallography were used to investigate the conformational
dependencies of *C-"*C spin-couplings in saccharides. Prior
work has shown'®*! that *Joocc and Jcecc values in saccharides
depend heavily on the C-O-C-C and C-C-C-C torsion angles,
respectively, of the coupling pathways as expected based on
analogy to the structural dependencies of other types of vicinal
spin-couplings, notably Jucon."? Less well understood are the
conformational dependencies of “Joc and %Jcc spin-couplings,
the latter being the focus of attention in this work. Prior solution
NMR studies had shown that intra-ring */occ values in aldopyr-
anosyl rings depend strongly on the relative orientation of
oxygen substituents appended to the terminal carbons of the
C-C-C coupling pathway, with axial-axial, axial-equatorial
and equatorial-equatorial arrangements giving very different
magnitudes and signs of the coupling.>"** Superimposed on
this configurational effect is the conformational dependence of
%Jocc values wherein C-O bond rotation at any of the three
carbons affects the oo, with rotation about the C-O bond
involving the central carbon showing the greater effect.>® This
property stimulated interest in the potential use of */¢cc values
to investigate exocyclic C-O bond conformation in saccharides in
solution by NMR without having to observe the hydroxyl hydrogen
directly, the latter complicated by solvent exchange.**™**

The present work extends a recent study that applied the
same experimental approach applied herein to %/ values in
which a single exocyclic C-O torsion angle involving the central
carbon was investigated.”® While this prior study provided
evidence that a combined solid-state ">*C NMR and X-ray crystal-
lography experimental strategy could be used to validate
predicted behaviors determined by DFT calculations, the present
work aimed to extend the experimental observations to an
~180° range of C-O torsion angles to provide a more thorough
test of the DFT calculations. The results demonstrate that the
DFT method as implemented in this study gives very accurate
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calculated *Jocc values and gives reliable and essentially
quantitative predictions of their dependencies on exocyclic
C-O torsion angles. This finding provides a strong incentive to
use 2Jccc values, when appropriate, as non-conventional
spin-coupling constraints in MA’AT analyses of saccharides in
future work.

Earlier studies revealed that the solid-state '*C NMR
spectrum of methyl B-lactoside 8 labeled with *C at C1 and
C3 of the Gal residue contained two pairs of signals arising
from the "*C-labeled carbons.?® At the time, the origin of these
paired signals was unclear, especially since the solution **C{'H}
NMR spectrum of the same sample contained only one set of
signals. This work has revealed that two stable forms of crystal-
line 8 are possible, one a methanol solvate and the other a
monohydrate, with both solvent molecules occupying the same
site. The methanol solvate, reported previously,*® spontaneously
converts to the monohydrate upon air-drying. The two crystals
are not equivalent with respect to saccharide conformation, and
are thus the likely cause of the paired solid-state *C NMR
signals observed previously. Inspection of the single-crystal
X-ray structures of the methanol solvate and monohydrate forms
of 8 reveals channels through which solvent molecules
presumably travel to facilitate the solvomorphism. A driving
force favoring the monohydrate may be attributed to its greater
stability conferred by additional hydrogen bonding between the
water and saccharide (i.e., two hydrogen bonds in the methanol
solvate versus three hydrogen bonds in the monohydrate), but
other factors may affect this behavior. A more detailed treatment
of the crystal structures of the two crystalline forms of 8 and a
discussion of crystal lattice differences is forthcoming.
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