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Conformational analysis of methyl 5-O-methyl septanosides:
effect of glycosylation on conformer populations
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Abstract—Methyl 5-O-methyl-a-DD-glycero-DD-idoseptanoside (3) and methyl 5-O-methyl-b-DD-glycero-DD-guloseptanoside (4) were
investigated as (1!5)-linked di-/oligoseptanoside mimetics. Here we report the synthesis of 3 and 4 and describe their preferred
solution conformations through a combination of ab initio/DFT calculations and 1H 3JH,H NMR coupling constant analysis.
The conformations of 3 and 4 observed in this study are discussed in comparison to those of the parent (C5 hydroxy) compounds
1 and 2. The results indicate that methyl 5-O-methyl-a-septanoside 3 is relatively rigid and adopts the same 3,4TC5,6 conformation as
1. Methyl 5-O-methyl-b-septanoside 4 is somewhat less rigid than its parent septanoside (2). In addition to the 6,OTC4,5 conforma-
tion adopted by 2, b-septanoside 4 also populates the adjacent 3,4TC5,6 conformation. Glycosylation at C5 on b-septanoside 4 there-
fore increases its overall flexibility and allows access to alternative ring conformations.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Septanoses1 are analogs of natural carbohydrates char-
acterized by having a seven-membered ring rather than
the five- or six-membered rings of furanoses and pyra-
noses, respectively. Although limited, the biological and
biophysical activities of the reported septanose carbo-
hydrates indicate that these structures may be useful
probes for glycobiology.2,3 Structurally related poly-
hydroxyazepanes are known to be inhibitors of glycosi-
dase and protease enzymes.4 In each of these cases, the
low energy conformations of the specific seven-mem-
bered rings were used to explain the reported activities.
An understanding of the conformational preferences of
these highly functionalized seven-membered rings is,
however, incomplete. In fact, one question that remains
0008-6215/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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to be clearly addressed is whether or not septanoses and
related rings are inherently flexible. That is, are there
several low energy conformers available to a given sep-
tanose, and are the barriers to interconversion between
them relatively low? If multiple conformations of similar
energies are available to a given structure, then it may be
expected to populate each of them and therefore be
considered flexible.5

Other computational and spectroscopic investigations
of monocyclic seven-membered ring systems (cyclo-
heptane, oxepane as well as 1,3- and 1,4-dioxepane)
have established some fundamental principles concern-
ing conformation.6–9 First, of the twist-chair (TC), chair
(C), twist-boat (TB), and boat (B) conformations, the
TC is nearly always the global low energy minimum.
For the seven-membered rings of low symmetry, individ-
ual unique conformers are defined by adding super- and
subscripts to the TC/C descriptors. For TC conformers,
three atoms define a molecular plane. Atoms above this
plane are superscript and atoms below the plane are
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Figure 1. Methyl 5-O-methyl-b-DD-glycero-DD-guloseptanoside (4) as a
model for the reducing end residue of a b-linked diseptanoside.
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subscript. This is similar for the C conformers, but in
this case, four atoms define the molecular plane. Second,
the TC and C conformers may interconvert via pseudo-
rotation, as can the TB and B conformers. The TB/B
equilibrium is often higher in energy and not populated.
Third, the pathways for interconversion between indi-
vidual TC and C conformers are expected to be com-
plex. The interconversions would necessarily be
defined by a four-dimensional surface as furanose inter-
conversions are described by a wheel (two-dimensional)
and pyranose interconversions by a sphere (three-dimen-
sional).10 Nonetheless, a given C conformer may be con-
sidered as a transition state between two (relatively) low
energy TC conformers.11 Prior studies have shown that
factors such as sterics, hydrogen bonding, and electronic
effects are important for determining the preferred low
energy conformations.

We previously reported on the conformational
analysis of two methyl septanosides, methyl a-DD-gly-

cero-DD-idoseptanoside (1), and methyl b-DD-glycero-DD-
guloseptanoside (2) (Chart 1).7 Our approach was based
on the method originally developed on methyl a-DD-arabino-
furanoside.12 Briefly, a family of starting conformers
were generated by a Monte Carlo search followed by
AMBER minimization. Low energy conformers within
3–5 kcal/mol of the global minimum were then evaluated
using HF and B3LYP density functional theory (DFT)
calculations to generate a Boltzmann distribution of
conformers based on their relative energies. The low en-
ergy conformers that contributed to the Boltzmann were
also used in DFT calculations to give predicted 3JH,H

and 1JC,H coupling constants. These values were then
compared to experimental values obtained by NMR
spectroscopy. Key observations made in the original
study were (i) for each methyl septanoside, one ring con-
former was preferred over all others with nearby con-
formers being 2–5 kcal/mol higher in energy; (ii) the
low energy conformations were twist-chair (TC) con-
formers; (iii) the calculated 3JH,H values derived from
minimized structures when compared to the 1H NMR
data were sufficient to assign the a- and b-anomeric
structures; (iv) the anomeric effect contributed to the
preferred conformation of a-septanoside 1, but was
Chart 1.
not operative in forcing the aglycon methyl group in 2

into a pseudo-axial orientation. Overall, the initial exer-
cise proved that to be a valuable tool in determining the
preferred, low-energy conformations of methyl septano-
sides in general.

Here we report the synthesis and conformational
analysis of two new methyl septanosides, methyl 5-
O-methyl-a-DD-glycero-DD-idoseptanoside (3) and methyl
5-O-methyl-b-DD-glycero-DD-guloseptanoside (4). These 5-
O-methyl septanosides serve as models for the reducing
end sugar of di- and oligoseptanosides (Fig. 1). This is
the first detailed effort toward the conformational anal-
ysis of models of diseptanosides. The methyl group is a
surrogate for the residue at the non-reducing end of the
di- or oligoseptanoside, and it also simplifies the compu-
tational and spectroscopic efforts. While a methyl group
is perhaps a small surrogate for an oligosaccharide
linked via a glycosidic bond, some prior reports with
furanosides suggest that this model can provide a great
insight.14 Indeed, we were interested in determining if
glycosylation at C5 of septanoses 1 and 2 would change
the distribution of their preferred conformers as has
been observed in other carbohydrate systems.12 Defining
diseptanoside structures that contain either an a-(1!5)-
linkage or a b-(1!5)-linkage are valuable to us because
they approximate the natural disaccharides maltose and
cellobiose.13 Repetition of these diseptanoside structural
units should give insight into the shapes and superstruc-
tures of the corresponding polyseptanosides.
2. Results and discussion

2.1. Synthesis of methyl septanosides (3) and (4)

We considered two complementary routes for the
synthesis of target methyl septanosides 3 and 4. They
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differed by where the regioselective opening of a benzy-
lidene protecting group and the subsequent methylation
of the exposed hydroxyl would be staged in the overall
sequence. One option would have opened the 5,7-O-
benzylidene of a methyl septanoside followed by the
O5 methylation. This route was ruled out because the
epoxidation and methanolysis reactions on the parent
oxepine (5) were quite selective, yielding only the methyl
b-septanoside14 and we were interested in both the a-
and the b-septanoside diastereomers in this systems.
We therefore opted for a second route where oxepine
6 would undergo epoxidation and methanolysis in anal-
ogy to the synthesis of the parent compounds7 (1 and 2)
starting from 7. Based on the earlier results with 7, we
anticipated that 6 would give access to both anomers
(a/b) of the product methyl septanosides.
The preparation of 5-O-methyl oxepine 6 is shown in
Scheme 1. The known lactol 8, prepared in five steps
from methyl a-DD-glucopyranoside, served as the starting
material for the sequence.15 The treatment of 8 with n-
butyllithium and addition of this material into a solu-
tion of methylene triphenylphosphane in THF provided
heptenitol 9 (64%). The newly exposed hydroxyl group
was then converted to the vinyl ether using Pd(OAc)2

and 1,10-phenanthroline in ethyl vinyl ether to give 10

in an 80% yield. Ring-closing metathesis of diene 10

using Schrock’s catalyst in toluene provided oxepine 6

(89%).16

Methyl septanosides 3 and 4 were prepared from oxe-
pine 6 under standard conditions (Scheme 2). The epox-
idation of 6 using dimethyldioxirane (DMDO) in
methylene chloride was followed by the epoxide opening
Scheme 1.
of the intermediate 1,2-anhydroseptanose using sodium
methoxide in methanol to give the protected methyl
septanosides 11 and 12 in a 53% yield (1:2 a:b). Struc-
tures 11 and 12 were tentatively assigned based on the
similarity of their elution profiles to the tetra-benzyl pro-
tected methyl septanosides during column chromatogra-
phy. The benzyl protecting groups on 11 and 12 were
then efficiently (>95% in each case) removed by hydro-
genolysis to provide the a- and b-methyl 5-O-methyl
septanosides 3 and 4. The a:b selectivity observed in
the epoxidation/methanolysis steps was nearly the same
as that observed for oxepine 7; this result was expected
based on the fact that they differ only in the protecting
group at the relatively remote (from the site of epoxida-
tion) C5 position. A more detailed analysis of the ano-
mers of the product methyl 5-O-methyl septanosides is
provided below.

In conjunction with the experimental efforts, we uti-
lized computational methods to understand the confor-
mational flexibility in these systems, and compared
theoretical NMR parameters directly to the experimen-
tally determined values.
2.2. Monte Carlo and AMBER* results for 3

The Monte Carlo search for 3 resulted in 2979 unique
conformations that covered a wide variety of internal
dihedral angles for the septanose ring. This provides a
good indication that the search was able to produce di-
verse coverage of the conformational space available to
this structure.

An assignment of the conformation of the ring was
made by visual inspection and quantitative evaluation
of the appropriate endocyclic dihedral angles of the con-
formations within �3.5 kcal/mol of the global minimum
according to the AMBER* force field (see Supplemen-
tary data). Each conformer was given a unique number,
starting from number 1 for the global minimum as



Scheme 2.
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calculated by the AMBER* force field. It was noted that
the majority of these low energy conformers consisted of
septanose rings in the 3,4TC5,6 conformation. This was
the same conformation that structure 1 (Chart 1) was
shown to adopt for its lowest energy conformers. The
next most abundant conformation for the ring was the
1,2TC3,4 conformation. Again, this was in accordance
with our previous results for 1. Other than these con-
formers, only a couple of other chair and twist-chair
conformers were found to comprise the lowest energy
conformers for 3. It is worth noting that despite alkyl-
ation of the C5 hydroxyl group, there was still very little
conformational flexibility for the septanose ring of 3.
The most significant difference observed between unique
conformations is the orientation of the exocyclic hydr-
oxyl and hydroxymethyl groups. Of particular note is
the orientation about the C6–C7 bond. The AMBER*
Table 1. Calculated conformational distribution for the a-septanoside (3)a

Conformer # AMBER* Erel HF/6-31G* Erel Boltzmann

6 0.19 0.00 69.29
10 0.86 0.61 24.54
1 0.00 1.84 3.11

15 1.00 2.71 0.71
2 0.02 2.85 0.56

126 3.01 3.04 0.41
131 3.06 3.13 0.35
42 1.94 3.15 0.34
48 2.11 3.61 0.16
91 2.71 3.68 0.14
71 2.47 3.73 0.13
13 0.91 4.02 0.08
25 1.25 4.51 0.03
66 2.39 4.65 0.03
22 1.16 4.73 0.02
81 2.58 4.86 0.02
45 2.06 4.90 0.02

109 2.88 4.94 0.02
54 2.20 5.20 0.01

121 2.98 5.26 0.01
4 0.19 5.65 0.00
9 0.78 5.85 0.00

29 1.49 5.87 0.00

a Relative energies for each conformer, at each level of theory, are in kcal/m
b The Boltzmann contribution, as a percentage, is determined based on the r
c From HF/6-31G* optimized geometries.
force field predicted that the global minimum would
adopt a gt orientation about this bond.

It appears that the 3,4TC5,6 conformation may be pre-
ferred as this conformation allows for a high degree of
intramolecular hydrogen bonding to take place between
the exocyclic hydroxyl groups. This hydrogen bonding
appears to be favored despite the inclusion of the dielec-
tric constant of water in the AMBER* calculations.
(Tables of hydrogen-bonding distances are provided in
the Supplementary data.)

2.3. Gas-phase HF/6-31G* results for 3

The conformations within �3.5 kcal/mol of the global
minimum according to the AMBER* force field were
fully optimized at the HF/6-31G* level of theory (Table
1). It should be noted from these data that the HF/
contributionb (%) Ring conformation C6–C7 rotamerc

3,4TC5,6 gg
3,4TC5,6 gg
3,4TC5,6 gt
3,4TC5,6 gt
3,4TC5,6 gt
3,4TC5,6 gt
3,4TC5,6 gg
3,4TC5,6 gt
3,4TC5,6 gg
3,4TC5,6 gg
3,4TC5,6 gg
3,4TC5,6 gt
1,2TC3,4 gg
3,4TC5,6 gg
3,4TC5,6 gt
3,4TC5,6 gg
3,4TC5,6 gg
3,4TC5,6 gg
5C1,2 gt
3,4TC5,6 gg
1,2TC3,4 gt
1,2TC3,4 gt
3,4TC5,6 gt

ol.
elative energies calculated at the HF/6-31G* level of theory.
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6-31G* level of theory predicted a different global mini-
mum than that predicted by the AMBER* force field.
This same tendency was previously observed in our
studies of 1 and 2. In this case, conformer 6 is the global
minimum rather than 1. Once again, we examined
whether the optimization at the HF/6-31G* level of the-
ory severely altered the conformations from those deter-
mined using AMBER*. There was virtually no change in
the geometries between the AMBER* and HF/6-31G*

levels of theory. Rather, the nature of the difference
between these two methods appears to be their treat-
ment of important hydrogen-bonding interactions.

Comparison of the lowest energy conformations that
contribute greater than 1% to the Boltzmann distribu-
tion is provided in Figure 2. The HF/6-31G* level of the-
Figure 2. The lowest energy conformers of a anomer 3. The conformer numb
levels of theory, as well as contribution to the HF/6-31G* Boltzmann distrib
ory predicted that only three conformers contributed
significantly to this distribution. The conformer pre-
dicted to be the global minimum at the AMBER* level
was actually a much smaller contributor to the Boltz-
mann distribution at the HF/6-31G* level of theory.
All of these low energy conformations had very similar
geometries, occupying a 3,4TC5,6 conformation for the
ring with intramolecular hydrogen bonding among the
exocyclic hydroxyl groups of the ring. The two largest
contributors maintained a gg orientation for the C6–
C7 dihedral angle. The global minimum (conformer 6)
had its exocyclic hydroxyl groups oriented in a clockwise
cyclic array such that each hydroxyl hydrogen was
hydrogen-bonded to the next hydroxyl oxygen. An ener-
getic preference for this conformation may arise from an
er, ring conformation, relative energies at the AMBER and HF/6-31G*

ution are also shown.
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additional hydrogen bond that is possible with this con-
figuration of the exocyclic hydroxyl groups that is not
possible in the others. The only difference for the next
energetic conformer (conformer 10) is that the hydro-
gen-bonding array is oriented in a counterclockwise
fashion. Conformer 1 possessed much the same geo-
metry as conformer 10 with the only notable exception
being the orientation about the C6–C7 bond. Instead
this group was oriented in a gt orientation. Clearly,
the HF/6-31G* level has determined that a gt orienta-
tion is a less energetically favored conformation about
the C6–C7 bond than the gg orientation.

The energetic trends determined by the HF/6-31G*

level of theory predicted that the global minimum would
comprise 69% of the Boltzmann distribution. Therefore,
this conformer was predicted to be the most prevalent
conformation for 3. In fact, there was so little difference
between the lowest energy conformations that the septa-
nose ring essentially only adopts a 3,4TC5,6 conforma-
tion with only minor variations in the exocyclic
hydroxyl and hydroxymethyl groups.
2.4. Gas-phase and PCM B3LYP/6-311+G** single-point

energy calculations for 3

Higher-level, single-point energy calculations were per-
formed on the HF/6-31G* optimized conformers to
determine whether there was a significant variation
Table 2. Calculated conformational distribution for the a-septanoside (3)a a

Conformer
#

AMBER*

Erel

HF/6-31G*

Erel

B3LYP/6-311+G**

(gas phase)
Erel

PCM B
6-311+G
Erel

6 0.19 0.00 0.00 0.00
10 0.86 0.61 0.70 0.07
1 0.00 1.84 1.54 1.46

15 1.00 2.71 2.28 0.19
2 0.02 2.85 2.33 2.41

126 3.01 3.04 2.44 0.67
131 3.06 3.13 2.95 3.03
42 1.94 3.15 3.04 4.59
48 2.11 3.61 3.26 0.66
91 2.71 3.68 3.41 0.95
71 2.47 3.73 3.39 1.13
13 0.91 4.02 3.53 0.73
25 1.25 4.51 4.04 2.97
66 2.39 4.65 3.88 0.81
22 1.16 4.73 3.98 1.19
81 2.58 4.86 4.66 1.72
45 2.06 4.90 3.91 3.35

109 2.88 4.94 4.72 1.67
54 2.20 5.20 3.93 3.76

121 2.98 5.26 4.61 1.36
4 0.19 5.65 4.71 3.93
9 0.78 5.85 4.90 2.43

29 1.49 5.87 5.01 2.16

a Relative energies for each conformer, at each level of theory, are in kcal/m
using other levels of theory. To this end, B3LYP/
6-311+G**//HF/6-31G* level single-point energy calcu-
lations were performed and the results were compared
to those obtained using the bottom-of-the-well energies
from the HF/6-31G* calculations. As a second compar-
ison to determine whether solvation might perturb the
results, calculations were performed using the PCM
B3LYP/6-311+G**//HF/6-31G* level of theory with
methanol as the designated solvent. These series of sin-
gle-point energy calculations provided results very simi-
lar to those obtained at the HF/6-31G* level of theory
(Table 2). The only observed difference was that the
higher levels of theory (particularly the PCM results)
demonstrated a slightly larger sampling of the lowest
energy conformations than those predicted by the
gas-phase HF results. It was still predicted that the
septanose ring would exclusively adopt a 3,4TC5,6

conformation with the only variation being due to the
orientation of the exocyclic hydroxyl and hydroxy-
methyl groups.
2.5. Monte Carlo and AMBER* results for 4

The Monte Carlo search for b-anomer 4 resulted in 1050
unique conformers within �12 kcal/mol of the global
minimum according to the AMBER* force field. These
conformers covered a wide variety of internal dihedral
angles for the septanose ring. As with a-anomer 3, this
s calculated at different levels of theory

3LYP/
**

HF/6-31G*

Boltzmann
contribution (%)

B3LYP/
6-311+G**

Boltzmann
contribution (%)

PCM B3LYP/
6-311+G**

Boltzmann
contribution (%)

69.29 67.82 17.58
24.54 20.85 16.85
3.11 5.05 1.60
0.71 1.45 10.88
0.56 1.32 0.33
0.41 1.11 4.34
0.35 0.46 0.19
0.34 0.40 0.01
0.16 0.28 9.52
0.14 0.22 4.40
0.13 0.22 2.78
0.08 0.18 3.30
0.03 0.07 0.15
0.03 0.10 7.71
0.02 0.08 2.11
0.02 0.03 0.85
0.02 0.09 0.06
0.02 0.02 0.84
0.01 0.09 0.02
0.01 0.03 3.00
0.00 0.02 0.03
0.00 0.02 0.31
0.00 0.01 0.44

ol.
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process provided a good coverage of the conformational
space available to the septanose ring.

The conformation of the ring was assigned by visual
inspection of the conformations within �3.5 kcal/mol
of the global minimum, as calculated by the AMBER*

force field. Each conformer was given a unique number
beginning with 1 for the global minimum according to
this force field. Compared with 3, there was considerable
conformational diversity within the septanose ring of 4

(Table 3). In the lowest energy conformers according
to the AMBER* force field, the ring adopted a
6,OTC4,5 conformation. Several other chair and twist-
chair conformations were located in the lowest energy
structures including 5C1,2, 3,4TC5,6, 4,5TC2,3, 3C6,O, and
1,2TC6,O. Overall, it would appear that the septanose
ring of 4 was much more conformationally flexible than
that of 3. In all of the located conformations, the exo-
cyclic hydroxyl groups preferred orientations that
maximized intramolecular hydrogen bonding.
Table 3. Calculated conformational distribution for the b-septanoside (4)a

Conformer # AMBER* Erel HF/6-31G* Erel Boltzmann

7 1.52 0.00 37.13
81 5.11 0.00 37.13
3 0.73 0.47 16.79

32 3.42 1.59 2.53
13 2.10 2.00 1.26
1 0.00 2.01 1.24
2 0.65 2.24 0.85
5 1.19 2.24 0.85

67 4.72 2.30 0.77
16 2.36 2.91 0.27
18 2.59 3.19 0.17
19 2.67 3.33 0.13
72 4.84 3.37 0.12
35 3.50 3.48 0.10
12 2.08 3.74 0.07
65 4.69 3.74 0.07
10 1.84 3.79 0.06
44 4.03 3.94 0.05
40 3.94 3.95 0.05
88 5.18 4.01 0.04
9 1.80 4.14 0.03
8 1.76 4.14 0.03

26 3.06 4.26 0.03
36 3.52 4.26 0.03
20 2.74 4.32 0.03
11 2.02 4.38 0.02
41 3.96 4.41 0.02
45 4.04 4.41 0.02
27 3.17 4.44 0.02
38 3.70 4.44 0.02
4 1.07 4.47 0.02

33 3.43 4.60 0.02
28 3.21 4.64 0.01
56 4.25 4.80 0.01
17 2.39 5.04 0.01

a Relative energies for each conformer, at each level of theory, are in kcal/m
b The Boltzmann contribution, as a percentage, is determined based on the r
c From HF/6-31G* optimized geometries.
2.6. Gas-phase HF/6-31G* results for 4

Once again, all conformations within �3.5 kcal/mol of
the global minimum according to the AMBER* force
field were fully optimized at the HF/6-31G* level of the-
ory (Table 3). The global minimum according to the
HF/6-31G* level of theory was noticeably different from
that predicted by AMBER*. The global minimum
predicted by HF/6-31G* was conformer 7 (note that
conformer 81 was the same structure as 7 but was not
fully converged under the AMBER* force field). This
conformer was a 3,4TC5,6 conformation for the ring
and the exocyclic hydroxyl groups were arrayed in such
a fashion as to maximize intramolecular hydrogen
bonding in a clockwise fashion about the ring (Fig. 3).
The C6–C7 dihedral adopted a gg orientation with
hydrogen bonding to the oxygen of the seven-membered
ring. The next conformer in energy according to this
level of theory was conformer 3. This conformer
Contribution (%)b Ring Conformationc C6–C7 rotamerc

3,4TC5,6 gg
3,4TC5,6 gg
6,OTC4,5 gg
4.5TC2,3 gg
6,OTC4,5 gg
6,OTC4,5 gt
6,OTC4,5 gt
6,OTC4,5 gt
3,4TC5,6 tg
4,5TC2,3 gt
5C1,2 gg
6,OTC4,5 gg
3,4TC5,6 gg
1,2TC6,O gg
1,2TC3,4 gt
1,2TC3,4 gt
6,OTC4,5 gt
3,4TC5,6 gt
6,OTC4,5 gg
3C6,O gg
3,4TC5,6 gt
3,4TC5,6 gt
6,OTC4,5 gt
6,OTC4,5 gt
6,OTC4,5 gt
5C1,2 gt
3,4TC5,6 gt
3,4TC5,6 gt
6,OTC4,5 gt
6,OTC4,5 gt
6,OTC4,5 gt
3,4TC5,6 gt
6,OTC4,5 gg
3,4TC5,6 gg
1,2TC6,O gt

ol.
elative energies calculated at the HF/6-31G* level of theory.



Figure 3. The lowest energy conformers of b anomer (4). The conformer number, ring conformation, relative energies at the AMBER and HF/6-
31G* levels of theory, as well as the contribution to the Boltzmann distribution are also shown.
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adopted a 6,OTC4,5 conformation for the ring and intra-
molecular hydrogen bonding by the hydroxyl groups,
this time oriented in a counter-clockwise fashion. The
C6–C7 dihedral of this conformer adopted a gg orienta-
tion. The global minimum according to the AMBER*

force field (conformer 1) was predicted by the HF/
6-31G* level of theory to be 2 kcal/mol higher in energy
than the HF/6-31G* global minimum. It adopted a
6,OTC4,5 conformation with the exocyclic hydroxyl
groups being hydrogen bonded in a clockwise fashion
and a C6–C7 dihedral angle for the gt orientation. This
was a significant difference not only in energy but also in
the preferred conformation of the septanose ring. To
verify that this difference in the preferred conformation
was not a factor of large changes in geometry from the
AMBER* to the HF/6-31G* optimization, the geome-
tries were compared and showed very little difference
in the geometry after the HF/6-31G* optimization.

The Boltzmann distributions calculated for 4 predict
significantly more flexibility in the septanose ring. This
is dramatically different from what had previously been
observed not only for 3 but also for 1 and 2. Intramole-
cular hydrogen bonding was, however, very strongly
preferred, although it was possible for the hydrogen
bonding to occur in different arrays (clockwise or coun-
ter-clockwise) about the molecule. There was also some
flexibility about the C6–C7 dihedral angle. This exocy-
clic group could be oriented in a gg or gt orientation.
It is of note that the Boltzmann distribution as calcu-
lated at this level of theory predicts that the molecule
will rarely sample the C6–C7 tg orientation as such con-
formers contribute less than 1% to the total Boltzmann
distribution.

2.7. Gas-phase and PCM B3LYP/6-311+G** single-point

energy calculations for 4

Single-point energy calculations at the B3LYP/6-
311+G** level of theory significantly altered the relative
energetics of these lowest energy conformations and
thus changed the relative contributions of each con-
former to the Boltzmann distribution (Table 4).
Gas-phase B3LYP/6-311+G** single-point energy cal-
culations predicted that the global minimum would be
conformer 3 and that this conformer would contribute
approximately 36% to the Boltzmann distribution. This
was noticeably different from the HF/6-31G* results
where this conformer contributed only 15% to the distri-
bution. The gas-phase B3LYP results predicted nearly
equal contributions between the 3,4TC5,6 and 6,OTC4,5

conformations of the septanose ring rather than the
overwhelming preference for the 3,4TC5,6 conformer
according to HF theory. The results using PCM to mod-
el the effect of the dielectric of methanol at the B3LYP/
6-311+G** level of theory gave even more significantly
different results where conformer 13 is predicted to be
the global minimum. This conformation was a
6,OTC4,5 conformer. The relative contribution to the
Boltzmann distribution of this conformer was, however,
only 15%. The solvation model appeared to predict a
more diverse sampling of the conformational space
available to b-anomer 4 with no one conformer domi-
nating this distribution.

2.8. Calculated NMR coupling constants for 3 and 4

NMR coupling constants were calculated for all confor-
mations within 5 kcal/mol of the global minimum
according to the HF/6-31G* level of theory. These con-
formers were likewise demonstrated to be within at least
4 kcal/mol of the global minimum when single-point
energy calculations were performed at the B3LYP/
6-311+G** and PCM B3LYP/6-311+G** levels of theory.
The calculations for the coupling constants were made
at the PW91PW91/IGLO-III level of theory as imple-
mented in the Gaussian 03 software package. We have
confirmed that the Gaussian 03 software package, when
used for the calculation of 3JH,H coupling constants pro-
vides results comparable to those calculated using the
deMon software package as we have done in prior stud-
ies by this group7 (see Supplementary data for details).
We have also confirmed that the computed gas-phase
NMR coupling constants are similar to the coupling
constants calculated when using the PCM method to
model the effect of the dielectric constant of the solvent
(see Supplementary data). The calculated coupling con-
stants for each individual conformer were then multi-
plied by the respective contribution to the Boltzmann
distribution for each conformer to arrive at appropriate
weighted values for each coupling constant. The resul-
tant weighted values were then summed to determine
the predicted overall coupling constants for the
molecule. The calculated coupling constants as well as
a comparison to experimentally determined coupling
constants are provided in Tables 5 and 6.

The data in Table 5 clearly demonstrate that there is
an excellent agreement between the calculated NMR
coupling constants and the experimentally determined
values for a-anomer 3. All calculations are within 1 Hz
of the experimental values for the coupling constants,
which are diagnostic of the ring conformation. The ma-
jor difference between the experimental and calculated
coupling constants is observed in the coupling constants
associated with conformation about the C6–C7 bond.
These values differ by more than 1 Hz when comparing
experiment with calculation. This may be due to the
computational methods over-estimating the importance
of hydrogen-bonding interactions between the C7 hy-
droxyl group and the ring oxygen. It is also possible that
experimentally, coordination of 3 with a solvent mole-
cule may significantly alter the C6–C7 conformational
preference, an aspect neglected in our calculations.



Table 4. Calculated conformational distribution for the b-septanoside anomer (4)a as calculated at different levels of theory

Conformer # AMBER* Erel HF/6-31G* Erel B3LYP/6-311+G**

(gas phase) Erel

PCM B3LYP/
6-311+G** Erel

HF/6-31G*

Boltzmann
contribution
(%)

B3LYP/6-311+G**

Boltzmann
contribution
(%)

PCM B3LYP/
6-311+G**

Boltzmann
contribution
(%)

7 1.52 0.00 0.54 1.17 37.13 14.48 1.79
81 5.11 0.00 0.54 1.17 37.13 14.50 1.78
3 0.73 0.47 0.00 0.11 16.79 35.96 17.45

32 3.42 1.59 1.76 3.67 2.53 1.85 0.02
13 2.10 2.00 0.78 0.00 1.26 9.60 17.94
1 0.00 2.01 1.24 0.89 1.24 4.42 3.24
2 0.65 2.24 0.93 0.23 0.85 7.54 7.24
5 1.19 2.24 0.93 0.23 0.85 7.53 7.26

67 4.72 2.30 2.63 2.92 0.77 0.42 0.12
16 2.36 2.91 2.92 3.01 0.27 0.26 0.09
18 2.59 3.19 3.35 4.13 0.17 0.13 0.02
19 2.67 3.33 3.27 3.12 0.13 0.14 0.10
72 4.84 3.37 3.67 1.49 0.12 0.07 1.17
35 3.50 3.48 2.98 3.48 0.10 0.23 0.05
12 2.08 3.74 3.99 3.56 0.07 0.04 0.03
65 4.69 3.74 3.99 3.56 0.07 0.04 0.03
10 1.84 3.79 3.27 3.56 0.06 0.14 0.03
44 4.03 3.94 3.95 2.20 0.05 0.05 0.58
40 3.94 3.95 3.05 0.68 0.05 0.21 4.86
88 5.18 4.01 4.04 5.96 0.04 0.04 0.00
9 1.80 4.14 3.67 4.56 0.03 0.07 0.01
8 1.76 4.14 3.67 4.56 0.03 0.07 0.01

26 3.06 4.26 2.67 0.50 0.03 0.40 7.51
36 3.52 4.26 2.67 0.50 0.03 0.40 7.47
20 2.74 4.32 3.44 0.89 0.03 0.11 2.60
11 2.02 4.38 4.13 4.06 0.02 0.03 0.02
41 3.96 4.41 4.21 2.59 0.02 0.03 0.37
45 4.04 4.41 4.21 2.59 0.02 0.03 0.37
27 3.17 4.44 2.82 0.26 0.02 0.31 8.71
38 3.70 4.44 2.82 0.26 0.02 0.31 8.67
4 1.07 4.47 2.82 2.94 0.02 0.31 0.06

33 3.43 4.60 4.12 2.50 0.02 0.03 0.29
28 3.21 4.64 3.08 2.85 0.01 0.20 0.11
56 4.25 4.80 4.44 4.37 0.01 0.02 0.01
17 2.39 5.04 4.16 4.69 0.01 0.03 0.01

a Relative energies for each conformer, at each level of theory, are in kcal/mol.
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The comparison between experiment and computation
provides confidence in assigning the conformation of
the septanose ring of 3. It is apparent that the ring
adopts a 3,4TC5,6 conformation.

For b-anomer 4, however, as shown in Table 6, the
data are much more difficult to decipher. It appears that
the gas-phase HF and B3LYP computational methods,
and their corresponding energy-weighted Boltzmann
factors, were not successful in reproducing the experi-
mental coupling constants for this molecule. The calcu-
lations predict that b-anomer 4 will be much more
flexible than a-anomer 3. There are many different con-
formations of the septanose ring that are energetically
accessible for 4. As such, it is vital for the computational
methods to be extremely accurate at predicting these
slight differences in the energetics of the different con-
formers. As such, using the weighting as determined at
the HF/6-31G* level of theory results in a very poor
prediction of the experimental coupling constants. Like-
wise, the gas-phase B3LYP/6-311+G** single-point
energy calculations were unable to correct the Boltz-
mann distribution sufficiently to reproduce all of the
experimental results. Consideration of an implicit solva-
tion treatment with the polarizable continuum model in
the single-point energy calculations, however, does
appear to give good correlation with the experimental
values for methanol. Of course, our computational
study does not include explicit solvation of the septano-
side, and these solute–solvent interactions will also be
important for a complete description of the solute’s
properties, such as the C6–C7 bond as discussed below.
It appears that the effect of solvent is important in deter-
mining the conformation that the septanose ring is likely
to adopt. This is not surprising because there are so
many conformations of similar energy available to the
molecule. Using the PCM B3LYP/6-311+G** data, we



Table 6. Calculated and experimental 3JH,H and 1JC,H coupling
constants (Hz) for b-anomer 4

Coupling
constant

HFa B3LYPb PCM
B3LYPc

Experimentd,e Sim.g

3J1,2 1.00 3.28 5.03 5.8 5.90
3J2,3 2.08 3.59 4.96 2.7 3.00
3J3,4 8.13 8.36 8.66 8.3 8.34
3J4,5 7.69 7.64 7.35 5.8 5.73
3J5,6 8.48 8.47 8.50 9.7 9.63
3J6,7R 1.28 2.62 4.81 — 6.40h

3J6,7S 2.50 2.56 2.22 2.0 1.99
2J7R,7S 9.80 9.76 9.09 11.4 11.40
1JC,H 140.46 137.99 135.69 163.0f

a Values calculated at the PW91PW91/IGLO-III level using the HF/6-
31G* geometries with Gaussian 03 and the HF/6-31G* Boltzmann
weightings from the conformational distribution.

b Values calculated at the PW91PW91/IGLO-III level using the HF/6-
31G* geometries with Gaussian 03 and the B3LYP/6-311+G**

Boltzmann weightings from the conformational distribution.
c Values calculated at the PW91PW91/IGLO-III level using the HF/6-

31G* geometries with Gaussian 03 and the PCM B3LYP/6-311+G**

Boltzmann weightings from the conformational distribution.
d Observed coupling constants from 700 MHz 1H NMR experiments.
e Coupling constant error ±0.22 Hz for 3JH,H and 4.9 Hz for 1JC,H

determination.
f The 1JC,H value measured by 1H coupled 13C NMR was

157.5 ± 0.28 Hz.
g Values used for simulation by NMRSim.
h Estimated value used in the simulation of 1H NMR.

Table 5. Calculated and experimental 3JH,H and 1JC,H coupling
constants (Hz) for a-anomer 3

Coupling
constant

HFa B3LYPb PCM
B3LYPc

Experimentd,e Sim.g

3J1,2 5.22 5.22 5.40 6.2 5.95
3J2,3 8.49 8.49 8.59 8.5 8.78
3J3,4 7.74 7.74 7.57 7.7 7.82
3J4,5 7.37 7.36 7.10 7.4 7.40
3J5,6 8.75 8.73 8.79 10.3 10.12
3J6,7R 1.39 1.73 3.10 4.4 4.30
3J6,7S 2.51 2.54 2.32 2.4 2.60
2J7R,7S 9.75 9.72 9.22 11.7 11.40
1JC,H 145.99 145.97 145.14 163.6f

a Values calculated at the PW91PW91/IGLO-III level using the HF/
6-31G* geometries with Gaussian 03 and the HF/6-31G* Boltzmann
weightings from the conformational distribution.

b Values calculated at the PW91PW91/IGLO-III level using the HF/
6-31G* geometries with Gaussian 03 and the B3LYP/6-311+G**

Boltzmann weightings from the conformational distribution.
c Values calculated at the PW91PW91/IGLO-III level using the HF/6-

31G* geometries with Gaussian 03 and the PCM B3LYP/6-311+G**

Boltzmann weightings from the conformational distribution.
d Observed coupling constants from 700 MHz 1H NMR experiments.
e Coupling constant error ±0.22 Hz for 3JH,H and ±4.9 Hz for 1JC,H

determination.
f The 1JC,H value measured by 1H coupled 13C NMR was

166.4 ± 0.28 Hz.
g Values used for simulation by NMRSim.
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are able to reproduce the experimental values with fairly
good accuracy. It should be noted, however, that the
3J2,3 coupling constant remains approximately 2.4 Hz
larger than that observed experimentally. Likewise,
there is a smaller deviation in the 3J4,5 coupling constant
(a difference of 1.5 Hz). Because of these noticeable dif-
ferences, we have less confidence in assigning the abso-
lute conformation being adopted by the septanose
ring. The calculated data indicate that the septanose ring
will adopt both the 6,OTC4,5 (93.2% of the Boltzmann
distribution) and 3,4TC5,6 (6.6%) conformations. These
values seem to be reasonably consistent with the exper-
imental values as manifested by the 3JH,H coupling con-
stants. We therefore tentatively assign this as the
conformational distribution for the septanose ring of 4.

2.9. Determination of configuration

The assignment of the anomeric configuration of sept-
anosides 3 (a) and 4 (b) was based on the information
gathered in their preparation and from the collected
NMR data. The rationale draws significantly from our
earlier analysis of methyl septanosides 1 and 2.7

The chromatographic behavior of compounds 11 and
12, prepared by the epoxidation of oxepine 6 followed
by methanolysis of the intermediate 1,2-anhydrosepta-
nose, was reminiscent of the products of epoxidation/
methanolysis of the original oxepine 7. That is, the high-
er Rf material was assigned as the a anomer in the origi-
nal system and the lower Rf material was assigned as the
b with a product ratio of 1:3 a:b. By analogy, we have
assigned the higher Rf material that resulted from the
epoxidation and methanolysis of 6 as structure 11 and
the lower Rf material as 12. The ratio of 1:2 (a:b) for
11:12 is nearly the same as the parent system.

NMR spectra provided an additional insight into the
identity of 3 and 4. First, the general appearance of the
1H NMR spectrum of 3 was very similar to 1, especially
the low chemical shift dispersion of the H2, H3, and H4
resonances in each (a comparison of the 1H NMR spec-
tra of 1 and 3 is in the Supplementary data). We have
also used 13C chemical shifts as diagnostics for anomeric
configuration of septanosides in previous systems. In the
limited examples we have collected,7,14,17,18 the trend is
that d C1 of b-septanosides is slightly downfield relative
to a-septanosides. The 13C NMR measured values for d
C1 of 3 is 106.1 ppm and that of 4 is 109.3 ppm. These
data support the configurations we have assigned and
are consistent with the earlier methyl septanoside assign-
ments. For comparison, a list of C1 13C NMR chemical
shifts for selected methyl septanosides is provided in the
Supplementary data. Additionally, their qualitative rela-
tionship (a-upfield, b-downfield) is supported by calcu-
lated chemical shift values. For example, the calculated
13C d (ppm) for 3 at various levels of theory are 118.71
(HF/6-31G*), 118.70 (B3LYP/6-311+G**), and 118.22
(PCM B3LYP/6-311+G**) and 119.71, 122.09, 121.98
for 4 at the same levels. Next, the H1 signal of a-anomer



Figure 4. Detail of 1H NMR spectra showing H1 of (a) a-anomer 3 and (b) b-anomer 4.
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3 was unique in displaying an additional coupling that
was not observed for b-anomer 4 as shown in Figure
4. Because H2 and H3 of 3 have almost identical chem-
ical shifts, the H1, H2, and H3 protons make an ABX
spin system19 that shows complex splitting even at
700 MHz. Further, the large 3JH,H coupling constant
for H2–H3 in 3 is likely responsible for the complex
splitting observed at H1. This phenomenon is not ob-
served for 4 due to the lower magnitude of the H2–H3
coupling. As will be presented below, diagnostic 3JH,H

couplings were also used in the determination of the ring
conformation of 3 and 4. The agreement that was
reached between the predicted 3JH,H values, calculated
from their low energy conformations, and the 3JH,H ob-
served in 1H NMR spectroscopy support the assignment
of the a- and b-stereochemistry of 3 and 4, respectively.

2.10. Ring conformations

The comparison of the NMR observed 3JH,H coupling
constants to the calculated values determines the low
energy ring conformations in our system. The values of
3JH,H for a-anomer 3 and b-anomer 4 from calculation,
1H NMR spectra, and simulation are listed in Tables 5
and 6. Each table gives calculated 3JH,H values from
Boltzmann weightings computed at three levels of
theory: HF-6-31G*, B3LYP/6-311+G**, and PCM
B3LYP/6-311+G**. Observed 3JH,H values were mea-
sured from 1H NMR spectra of 3 and 4 dissolved in
CD3OD and collected at 25�C and 700 MHz. Individual
1H NMR resonances for H1–H7 of 3 and 4 were as-
signed by one-dimensional 1H and H,H COSY experi-
ments. The 1H NMR spectra of both 3 and 4 showed
significant chemical shift overlap; however, the spectra
collected at 700 MHz were sufficient for the determina-
tion of the ring conformations. Due to overlap of the
C6 and C7R protons of 4, experimentally determined
rotamer populations of the exocyclic C6–C7 bond were
not obtained experimentally. For the couplings re-
ported, errors in the 3JH,H values were both ±0.22 Hz
as governed by the digital resolution of the free induc-
tion decays of 3 and 4. NMRSim36 was used to simulate
the one-dimensional 1H NMR spectra and were com-
pared to the experimental spectra by visual inspection.
The simulation of the spectra for 3 and 4 was conducted
to support the experimental values.

The data in Tables 5 and 6 provide an insight into the
preferred conformations of 3 and 4. There is a general
agreement between the calculated and the experimental
3JH,H coupling constants. The calculated coupling con-
stants are within 1–1.5 Hz of the experimental values,
and a consistent trend in the discrepancies between the
calculated and experimental was not observed. The
agreement indicates that the calculated Boltzmann dis-
tribution of conformers is representative of the solution
conformation of each septanoside.

As in the parent system (1 and 2), essentially one ring

conformation is populated by a-anomer 3. The preferred
conformation for 3 was 3,4TC5,6. The 3J2,3 and 3J3,4

values are diagnostic of both relative stereochemistry
and conformation in this system. From the calculations,
a-anomer 3 should have 3J2,3 of 8.49 Hz and a 3J3,4 of
7.74 Hz (large, large) and the b-anomer 4 should have
3J2,3 of 5.05 Hz and a 3J3,4 of 8.69 Hz (small, large).
The experimental data reflect the pattern set by the cal-
culated values, delivering coupling constants of 8.5 and
7.7 Hz for 3 and 2.7 and 8.3 Hz for 4. The factors that
govern the preference for the 3,4TC5,6 conformation
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adopted by 3 include placing the aglycon OCH3 group
in an isoclinal position to minimize steric interactions
with the rest of the ring8a,b and also orienting the agly-
con axially due to the anomeric effect.20,21 Other substit-
uents, including the exocyclic hydroxymethyl group (C7
unit) are oriented equatorially to minimize steric
interactions.

The picture for b-anomer 4 is more complicated. The
data indicate that 4 populates a group of related con-
formers (6,OTC4,5, 3,4TC5,6, 5C1,2, 4,5TC2,3, 3C6,O, and
1,2TC6,O) rather than adopting just one ring conforma-
tion. Of these, the 6,OTC4,5, 3,4TC5,6, and 5C1,2, confor-
mations are all represented with varying magnitudes
depending on the level of theory used (Table 4). These
conformers are adjacent to each other on the pseudo-
rotational itinerary11 and place their substituents in
an equatorial position. The 4,5TC2,3 conformer of
septanoside 4, which is also populated up to 2% in
the Boltzmann distribution, is farther away on the
pseudorotational itinerary. The 4,5TC2,3 conformation
is distinct in placing the aglycon in a pseudoaxial posi-
tion, presumably because of the anomeric effect. The
clearest implication of the results is that the addition
of the methyl group at the C5, and by extension, glyco-
sylation at C5, does not significantly alter the preferred
conformations adopted by a-septanoside 3, but does
result in some flexibility in b-septanoside ring 4.

The agreement between the calculated and observed
conformational distributions (as determined by 3JH,H

coupling constant analysis) for 3 and 4 varies based on
the level of theory/basis set that was used to determine
the relative energies of representative conformations.
For 3, the HF-6-31G*, B3LYP/6-311+G**, and PCM
B3LYP/6-311+G** calculations consistently place the
3,4TC5,6 conformation as the global low energy confor-
mation and agree well with the 3JH,H determined confor-
mation. Overall, the agreement reinforces the notion
that the a-septanoside structures, such as 1 and 3, adopt
one low energy conformation and is relatively rigid. In
contrast, none of the calculated conformational distri-
butions for 4 seems to perfectly describe the 3JH,H values
observed in 1H NMR. Neither do the 3JH,H values of
individual conformers of 4. The best approximation is
provided using the values from the PCM B3LYP/
6-311+G** treatment. Conformers representing >2%
of the PCM B3LYP Boltzmann distribution include
the closely related conformations 6,OTC4,5, 5C1,2, and
3,4TC5,6. An additional conformation, 4,5TC2,3, is pres-
ent in the HF and B3LYP calculations at roughly 2%,
but does not contribute at the PCM B3LYP level. The
underlying implication of these results, which is key to
the present investigation, is that a number of conforma-
tions, nearby in energy for 4, are populated. It suggests,
although does not require, that the alkylation/glycosyl-
ation at C5 of the b-septanosides may result in a more
flexible, less rigid ring structure. The computational
and experimental data support the idea that b-septano-
side 4 is flexible. First, we argue that the agreement be-
tween the experimental 3JH,H values and those
calculated using Boltzmann weightings based on the
PCM-B3LYP/6-311+G** calculations agree sufficiently
to describe the low energy conformations of 4. Second,
looking at the PCM energies and Boltzmann distribu-
tion of 4, it is apparent that the two TC minima, the
6,OTC4,5 and the 3,4TC5,6 comprise >99% of the species
at equilibrium (Table 4). These two TCs are adjacent
to one another on the TC/C pseudorotational itinerary
for the seven-membered rings.11 Looking at the relative
(unweighted) energies of each shows that all of the
6,OTC4,5 conformers average to 1.13 kcal/mol and the
3,4TC5,6 conformers average to 2.74 kcal/mol. Further,
the 5C1,2 is also present in the conformer distribution
and its average energy is 4.10 kcal/mol; 5C1,2 is also
the chair conformer which can be considered the transi-
tion state between the 6,OTC4,5 and 3,4TC5,6 conform-
ers.11 The calculated energy (�4 kcal/mol) of the 5C1,2

therefore approximates the barrier to interconversion
between these two adjacent TCs. The barrier between
the 6,OTC4,5 and the 3,4TC5,6 conformers is relatively
low,22 suggesting that interconversion between the two
conformations occurs readily even at low temperatures.
1H NMR spectra for b-septanoside 4 were collected at
�40 �C in CD3OD (500 MHz) and showed a greater
chemical shift dispersion, but with very similar 3J cou-
pling constants (Supplementary data).

The picture developed in this analysis fits the descrip-
tion of flexibility introduced earlier; that is, multiple
conformations of similar energies are available to a
given structure (4), and it populates each of these con-
formers, and with a transition state structure of low
energy (�4 kcal/mol) that allows interconversion be-
tween these conformations. The populations of the
two TC conformers, based on theory, still shows a
strong preference for the 6,OTC4,5 conformation. How-
ever, it may be that the methyl group at C5 of 4 does
not fully approximate the steric bulk of an additional
pyranose or septanose sugar at its reducing end. We
would expect that an increased steric bulk, as from an-
other carbohydrate ring at this position, may further
change the population of the two TC conformers.
Synthetic efforts toward preparing such disaccharide
analogs are in process to test this hypothesis.
Heteronuclear 1J values (1JC,H) were also explored as
another diagnostic for conformation and subsequently
configuration. Calculations showed that the magnitude
of 1JC,H for the 5-O-methyl a-septanoside 3 was consis-
tently greater than for the 5-O-methyl b-septanoside 4.
For example, at the PCM B3LYP level of theory, the
1JC,H for 3 was 145.45 and 135.54 Hz for 4. The qualita-
tive trend in these 1JC,H values is in good agreement with
those calculated and observed for the parent septano-
sides 1 and 2.7 The experimental 1JC,H values collected
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from 13C-coupled HMQC spectra were inconclusive.
For a-septanoside 3, the measured 1JC,H was 163.6 Hz
and for b-septanoside 4, 163.0 Hz; these values are
essentially the same and therefore gave little insight into
the configuration/conformation of 3 and 4. For compar-
ison, the measured 1J coupling constants for 1 and 2

were 167.9 and 160.1 Hz, respectively. The calculated
values are systematically lower than the observed values;
this was also true in the parent system (1 and 2).
2.11. Rotamer populations

The experimental coupling constants (3JH6,H7R and
3JH6,H7S) that describe the C7 exocyclic hydroxymethyl
group in 3 and 4 were analyzed. The values are diagnos-
tic for the preferred orientation of the hydroxymethyl
group; a correlation of rotamer preference and ring
conformation has been noted.23 Chart 2 shows the
H–C–C–H dihedral angles for the tg, gt, and gg
conformers. Rotamer distributions were calculated
using the appropriate 3JH,H values to solve Eqs. 1–3.
Chart 2.

Table 7.

Xtg

Xgt

Xgg

a Values
b Values

distribu
c Values

3JH,H v
0:57X tg þ 9:70X gt þ 4:11X gg ¼ 3J H6–H7R ð1Þ
9:79X tg þ 3:74X gt þ 0:71X gg ¼ 3J H6–H7S ð2Þ
X tg þ X gt þ X gg ¼ 1 ð3Þ
For the solutions to Eqs. 1–3 to be physically realistic
(all mole fractions X to be positive), the downfield chem-
ical shift was H7S and the upfield chemical shift was
H7R. This trend corresponds to earlier furanose and
pyranose examples.24,25 The coefficients for Eqs. 1 and
2 were those that we used in the original (parent) system.
Table 7 collects the rotamer populations of compounds
3 and 4 based on the conformer populations generated
Comparison of C6–C7 rotamer populations in 3 and 4

3 4

Calcda Obs Calcdb Obsc

0 14 <1 0
5 14 62 41

95 72 38 59

calculated using HF/6-31G* Boltzmann distribution.
calculated using PCM-B3LYP/6-311+G** Boltzmann

tion.
used to calculate the populations for 4 used the simulated
alues.
by computation (calcd) and by solving Eqs. 1–3 using
the experimentally observed 3J values (obs).

A considerable preference for the gg conformation
about C6–C7 in a-septanoside 3 was observed both by
calculation and spectroscopy (Table 7). The gg rotamer
was also observed in our earlier analysis of a-septanoside
1 and also in the solid state of a related methyl a-2-
deoxy-septanoside.26 In all of these cases, the gg rotamer
is likely to be stabilized by a hyperconjugative interaction
between r(C6–H6)!r*(C7–O7). The interactions be-
tween the C6 hydroxymethyl group and solvent27 also
influence which rotamers for 3 and 4 are accessed. Addi-
tionally, potential steric interactions between the exo-
cyclic methyl group at C5 and the C6 hydroxymethyl
group may likely disfavor the tg rotamer resulting in a
low calculated and observed occupancy. The inspection
of the calculated low energy conformations of both 3

and 4 showed that the C5 methyl group is eclipsing (or
nearly eclipsing) the C5 hydrogen. This C5–O5 confor-
mation, although not thoroughly explored in this work,
minimizes the steric interaction while leaving the C5 oxy-
gen lone pairs to accept hydrogen bonds that are present,
for example, in conformers 6, 10, and 1 of 3.

Due to the overlap of the H6 and H7R protons for b-
septanoside 4, we used the simulated 3JH,H values to
determine its C6–C7 rotameric distribution. The values
for 3JH6,H7R and 3JH6,H7S from the simulation are rea-
sonable to use based on two arguments. First, the simu-
lated 3JH6,H7S number (1.99 Hz) is essentially the same as
the experimentally measured (2.0 Hz) value. Also, using
6.4 Hz for the 3JH6,H7R value was the best fit between
the simulated and observed 1H spectra. Second, based
on the greater chemical shift dispersion at �40 �C, the
experimental numbers could be used to estimate rotamer
populations at this temperature. They were Xgg = 69%,
Xgt = 28%, and Xtg = 3%. These numbers are similar to
those at 25 �C and maintain a preference for the gg rot-
amer, and only increasing its magnitude. The calculated
rotamer distribution is close to that observed for the par-
ent b-septanoside 2 (Xtg 10%, Xgt 60%, Xgg 30%). The
predicted preference of the gt rotamer may again be
based on the ability of the exocyclic hydroxyl groups to
be involved in hydrogen bonds. The C7 hydroxy group
can hydrogen bond with the C6 (ring) oxygen in this
(gt) conformation. The experimental values for 4, how-
ever, show a preference, as with 3, for the gg conforma-
tion. There may be steric effects that disfavor the tg and
gt conformations of the C6–C7 bond in 4 that are in
addition to the favorable hyperconjugative effect in the
gg conformation mentioned earlier.
3. Conclusions

Methyl 5-O-methyl-a-DD-glycero-DD-idoseptanoside (3)
and methyl 5-O-methyl-b-DD-glycero-DD-guloseptanoside
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(4) were synthesized as models of the reducing-end resi-
due of septanose disaccharides. The methyl group at C5
of 3 and 4 served as a surrogate at the non-reducing end
sugar of the disaccharide; its use simplified the synthetic,
computational and spectroscopic efforts. The methyl
septanosides were synthesized from carbohydrate-based
oxepine 6 via an oxidative glycosylation using sodium
methoxide as a nucleophile. The anomeric configuration
of 3 and 4 was assigned based on comparison to the pre-
vious system (1 and 2) and to the calculations in the con-
formational analysis conducted here.

Low-energy conformations of 3 and 4 were deter-
mined through a Monte Carlo search followed by
molecular mechanics minimizations and geometry opti-
mization at several levels of theory. The most significant
outcome of the conformational analysis is that a-ano-
mer 3 occupied primarily one ring conformation and
b-anomer 4 occupied at least three ring conformations.
The preferred conformations were the 3,4TC5,6 confor-
mation for 3 and the 6,OTC4,5, and 3,4TC5,6 for 4.

The low-energy conformations of 3 and 4 identified by
calculation were also observed by 1H NMR spectro-
scopic analysis. The agreement between the calculated,
observed, and simulated 3JH,H values was sufficient to
define the low-energy conformations and assign the con-
figuration of 3 and 4. 3JH,H couplings around the C6–C7
bond were used to assign the rotamer distribution of the
exocyclic hydroxymethyl group in 3 and 4. The pre-
ferred gg conformation is the same as was observed
for other methyl a-septanosides.

The combined computational and spectroscopic treat-
ment of the methyl 5-O-methyl a-septanoside (3) pre-
sented here suggests that it adopts a relatively rigid
low energy conformation that mirrors the preferences
of its parent septanoside 1. This suggests that either
the methyl group at C5 did not have sufficient steric bulk
to approximate glycosylation or that the conformation
of the non-reducing sugar in septanose di- and oligosac-
charides of this configuration will not be affected by gly-
cosylation. Other studies have effectively utilized the
methyl group as a replacement for the non-reducing
end sugar, so the former argument seems unlikely.12 Be-
cause the C5 hydroxy group is equatorial in the 3,4TC5,6

conformation for both 1 and 3, it is probable that the
steric bulk added by methylation, or glycosylation,
should not significantly change its preferred low energy
conformation. On the other hand, methylation on the
C5 hydroxyl does show some effects on the distribution
of low energy conformers of b-septanoside 4. Specifi-
cally, in addition to the 6,OTC4,5 conformation that is
adopted by both 2 and 4, methyl b-5-O-methyl septano-
side (4) also populates the nearby 3,4TC5,6 conformation.
The calculations further suggest that other conforma-
tions of 4 (5C1,2 and 4,5TC2,3, for example) are energeti-
cally accessible and can be represented up to 2% of the
Boltzmann distribution of 4 based on the level of theory
used. The 5C1,2 conformer is especially critical because
it represents the transition state between the two
populated low energy conformations. Together, the
6,OTC4,5, 3,4TC5,6, and 5C1,2 conformations provide a
reference for the barrier to interconversion between
related TC conformers for septanoses and illustrate the
flexibility in this system. We intend on evaluating the
significance of the results collected in this investigation,
particularly the flexibility of b-septanoside 4, in our
continued development of septanose carbohydrates as
reagents in glycobiological applications.
4. Experimental

4.1. General methods

Unless stated otherwise, all reactions were conducted at
room temperature (rt) under nitrogen atmosphere.
DMDO was generated as described.28 The reactions
were monitored by TLC (silica gel, 60 Å, F254,
250 lm). Visualization was conducted either under UV
light or by charring with 2.5% p-anisaldehyde in
H2SO4, acetic acid, and ethanol solution. Preparative
chromatography was conducted on silica gel (60 Å,
32–63 lm). Melting points are uncorrected. Optical
rotations were measured at 22 ± 2 �C. 1H NMR spectra
were collected at 300, 400 or 600, 700 MHz with chem-
ical shifts referenced to (CH3)4Si (dH 0.00 ppm), the
residual signal in CHCl3 (dH 7.27 ppm), or CHD2OD
(dH 3.31 ppm). 13C NMR were collected at 75,
100 MHz and referenced to the residual signal in CDCl3
(dC 77.2 ppm), or CD3OD (dC 49.0 ppm).

4.2. 3,4,7-Tri-O-benzyl-5-O-methyl-1,2-dideoxy-DD-gluco-

hept-1-enitol (9)

Into a flame-dried round-bottom flask was added
methyl triphenylphosphonium bromide (2.43 g,
6.8 mmol) and dry THF (30 mL) to make a white sus-
pension, which was cooled to 0 �C on an ice bath. n-
Butyllithium (6.8 mL, 1.0 M) was added dropwise with
stirring and gave a clear, dark-orange solution of meth-
ylene triphenylphosphane. This solution was stirred at
0 �C for 10 min, then allowed to warm to rt over
30 min. In a separate flask, residual water was removed
from 2,3,6-tri-O-benzyl-4-O-methyl-a/b-DD-glucopyran-
ose 8 (0.785 g, 1.7 mmol) via azeotropic distillation
from toluene (3 · 10 mL) under reduced pressure. The
residue was dissolved in dry THF (5 mL) and cooled
to 0 �C on an ice bath. n-Butyllithium (1.7 mL, 1.0 M)
was added dropwise with stirring. This solution was
then added to the methylene triphenylphosphane solu-
tion via cannula and stirred for 24 h. The reaction was
quenched by the addition of aq NH4Cl and the solvent
was removed under reduced pressure. The resulting
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orange oil was dissolved in DCM (25 mL) and washed
with brine (25 mL) and water (25 mL). The organic layer
was dried (Na2SO4) and the solvent removed under
reduced pressure. The residue was purified by column
chromatography (7:3 hexane/EtOAc) to give 9 (0.5 g,
64%) as a light yellow oil: [a]D +9.1 (c 0.8, CHCl3); 1H
NMR (300 MHz, CDCl3): d 7.43–7.32 (m, 15H), 5.99–
5.87 (m, 1H), 5.45 (s, 1H), 5.42–5.40 (m, 1H), 4.96 (d,
J = 11.1 Hz, 1H), 4.74 (d, J = 9.7 Hz, 1H), 4.70 (d,
J = 10.0 Hz, 1H), 4.58 (s, 2H), 4.50 (d, J = 11.7 Hz,
1H), 4.27 (dd, J = 7.4, 7.4 Hz, 1H), 4.10–4.00 (m, 1H),
3.86 (dd, J = 7.2, 2.6 Hz, 1H), 3.69–3.64 (m, 2H), 3.50
(dd, J = 6.6, 2.7 Hz, 1H), 3.43 (s, 3H); 13C NMR
(100 MHz, CDCl3): d 138.5, 138.4, 138.1, 135.5, 128.6,
128.5 (2), 128.4, 128.3 (2), 128.2, 128.0 (2), 127.9 (2),
127.8 (2), 127.7, 127.6, 119.3, 82.4, 81.2, 80.1, 75.0,
73.4, 71.3, 70.8, 70.0, 59.3; ESI-MS m/z [M+Na]+ calcd
485.2298, found 485.2290.

4.3. 3,4,7-Tri-O-benzyl-5-O-methyl-1,2-dideoxy-6-O-
vinyl-DD-glucohept-1-ene (10)

Ethylvinyl ether (40 mL) and dry DCM (5 mL) were
combined in a flame-dried round-bottom flask. To this
mixture was added 1,10-phenanthroline (0.034 g, 0.186
mmol) followed by Pd(OAc)2 (0.042 g, 0.186 mmol),
which was allowed to stir for 15 min. To this mixture
was added 9 (0.430 g, 0.93 mmol) in DCM (5 mL).
The flask was fitted with a condenser and heated at re-
flux for 3 days. The solvent was removed under reduced
pressure and the dark oily residue was purified by col-
umn chromatography (3:1 hexane/EtOAc) to give 10

(0.363 g, 80%) as a light yellow oil: [a]D +3.7 (c 0.7,
CHCl3); 1H NMR (400 MHz, CDCl3): d 7.39–7.27
(m, 15H), 6.25 (dd, J = 13.9, 6.5 Hz, 1H), 5.93 (ddd,
J = 17.2, 10.4, 7.8 Hz, 1H), 5.40 (d, J = 10.7 Hz,
1H), 5.37 (d, J = 17.9 Hz, 1H), 4.90 (d, J = 11.0 Hz,
1H), 4.66 (d, J = 11.5 Hz, 1H), 4.64 (d, J = 10.5 Hz, 1H),
4.56 (s, 2H), 4.45 (d, J = 11.5 Hz, 1H), 4.36 (dd,
J = 14.1, 1.5 Hz, 1H), 4.19 (dd, J = 7.5, 7.5 Hz, 1H),
4.13–4.10 (m, 1H), 4.04 (dd, J = 6.5, 1.5 Hz, 1H), 3.87
(dd, J = 10.9, 2.8 Hz, 1H), 3.74 (dd, J = 6.8, 3.1 Hz,
1H), 3.71 (dd, J = 6.5, 3.1 Hz, 1H), 3.66 (dd, J = 10.9,
4.9 Hz, 1H), 3.47 (s, 3H); 13C NMR (100 MHz, CDCl3):
d 151.1, 138.7, 138.4, 138.2, 135.4, 128.4, 128.3 (3),
128.2, 127.9, 127.7, 127.6, 127.5 (2), 119.5, 89.2, 82.2,
81.1, 79.6, 78.7, 75.2, 73.4, 70.7, 68.6, 60.4; ESI-MS
m/z [M+Na]+ calcd 511.2455, found 511.2451.

4.4. 1,6-Anhydro-3,4,7-tri-O-benzyl-5-O-methyl-DD-gluco-

hept-1-enitol (6)

The following reaction was conducted in a glove box.
Diene 10 (0.2 g, 0.41 mmol) was dissolved in toluene
(81 mL). To this solution was added 2,6-diisopropyl-
phenylimidoneophylidenemolybdenum(VI) bis-(hexa-
fluoro-t-butoxide) (Schrock catalyst) (0.078 g, 0.102 mmol)
in toluene (5 mL). The mixture was stirred in the glove
box for 4 h, then removed from the box and the solvent
was removed under reduced pressure to give a brown
oily residue. Purification by column chromatography
(3:1 hexane/EtOAc) gave 6 (0.167 g, 89%) as a light
brown oil: [a]D +56.9 (c 0.7, CHCl3); 1H NMR
(400 MHz, CDCl3): d 7.41–7.29 (m, 15H), 6.50 (d,
J = 7.0 Hz, 1H), 4.77 (dd, J = 6.9, 6.7 Hz, 1H), 4.70–
4.57 (m, 7H), 4.06 (dd, J = 6.5, 5.5 Hz, 1H), 3.86 (dd,
J = 5.0, 3.9 Hz, 1H), 3.79–3.77 (m, 2H), 3.59 (dd,
J = 9.6, 3.5 Hz, 1H), 3.40 (s, 3H); 13C NMR
(100 MHz, CDCl3): d 149.3, 138.4, 138.3, 138.2, 128.4
(2), 128.3, 127.9, 127.7 (2), 127.6, 127.5, 103.3, 82.1,
82.0, 81.0, 73.5, 73.1, 72.4, 70.6, 70.3, 59.1; ESI-MS
m/z [M+Na]+ calcd 483.2142, found 483.2148.

4.5. Methyl 3,4,7-tri-O-benzyl-5-O-methyl-a-DD-glycero-

DD-idoseptanoside (11) and methyl 3,4,7-tri-O-benzyl-5-O-
methyl-b-DD-glycero-DD-guloseptanoside (12)

DMDO epoxidation of 6 (0.119 g, 0.259 mmol) in DCM
(2 mL) at 0 �C over 30 min was followed by solvent
removal under reduced pressure. To the resulting
1,2-anhydroseptanose was added NaOCH3 (0.010 g) in
CH3OH (5 mL), and the mixture was stirred overnight
(12 h). The reaction mixture was quenched with water
(3 mL), and the solvent was removed under reduced
pressure. The residue was dissolved in DCM (20 mL),
washed with water (2 · 10 mL), and dried (Na2SO4),
and the solvent was removed under reduced pressure.
The residue was purified by column chromatography
(3:1 hexane/EtOAc) to give two products.

4.5.1. Methyl 3,4,7-tri-O-benzyl-5-O-methyl-a-DD-glycero-

DD-idoseptanoside (11). The first fraction gave 11
(0.025 g, 19%) as a light brown oil: Rf = 0.3 (3:1 hex-
anes–EtOAc); [a]D +17.3 (c 0.4, CHCl3); 1H NMR
(400 MHz, CDCl3): d 7.38–7.29 (m, 15H), 5.02 (d, J =
10.9 Hz, 1H), 4.97 (d, J = 10.9 Hz, 1H), 4.86 (d, J =
10.8 Hz, 1H), 4.67 (d, J = 12.3 Hz, 1H), 4.63 (d,
J = 10.8 Hz, 1H), 4.62 (d, J = 12.3 Hz, 1H), 4.51 (d,
J = 6.0 Hz, 1H), 3.78–3.72 (m, 2H), 3.64–3.51 (m, 5H),
3.54 (s, 3H), 3.48 (s, 3H); 13C NMR (75 MHz, CDCl3):
d 138.6, 138.0, 137.6, 128.7, 128.4, 128.3, 128.1, 128.0,
127.8, 127.7, 127.6 (2), 104.1, 88.6, 81.6, 79.4, 76.3,
76.0, 73.4, 72.6, 70.3, 69.5, 60.9, 55.9; ESI-MS m/z
[M+Na]+ calcd 531.2353, found 531.2351.

4.5.2. Methyl 3,4,7-tri-O-benzyl-5-O-methyl-b-DD-glycero-

DD-guloseptanoside (12). The second fraction gave 12

(0.044 g, 34%) as a light brown oil: Rf = 0.2 (3:1 hex-
anes–EtOAc); [a]D +23.2 (c 0.6, CHCl3); 1H NMR
(400 MHz, CDCl3): d 7.35–7.28 (m, 15H), 4.72 (d, J =
11.5 Hz, 1H), 4.65–4.55 (m, 5H), 4.48 (d, J = 7.7 Hz,
1H), 4.02–4.00 (m, 1H), 3.98–3.93 (m, 2H), 3.87–3.85
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(m, 1H), 3.72–3.61 (m, 2H), 3.55 (s, 3H), 3.53–3.45 (m,
1H), 3.27 (s, 3H); 13C NMR (100 MHz, CDCl3): d
138.4, 138.1, 137.9, 128.4 (2), 128.3, 128.0 (2), 127.8,
127.7, 127.6, 127.5, 106.6, 83.0, 79.0, 77.2, 77.1, 73.6,
73.4, 72.6, 72.4, 71.9, 58.2, 56.4; ESI-MS m/z
[M+Na]+ calcd 531.2353, found 531.2359.

4.6. Methyl 5-O-methyl-a-DD-glycero-DD-idoseptanoside (3)

Pd/C (10%, 0.006 g) was added to a solution of 11

(0.022 g, 0.043 mmol) in CH3OH (10 mL). The reaction
was placed under an H2 atmosphere via a balloon, and
the mixture was stirred for 4 h at rt. The balloon was
removed from the flask, and the mixture was filtered
through a short pad of Celite. The Celite was washed
additional CH3OH (3 · 5 mL). The solvent was re-
moved from the combined filtrates by rotary evapora-
tion under reduced pressure to give a white solid
(0.010 g, 97%): [a]D +101.4 (c 0.4, CH3OH); 1H NMR
(700 MHz, CD3OD): d 4.35 (dd, J = 6.1, 3.1 Hz, 1H),
3.73 (dd, J = 11.5, 2.7 Hz, 1H), 3.65 (dd, J = 11.7,
4.4 Hz, 1H), 3.56 (s, 3H), 3.54 (ddd, J = 10.4, 4.2,
2.6 Hz, 1H), 3.46 (s, 3H), 3.41–3.35 (m, 3H), 3.17 (dd,
J = 10.4, 7.8 Hz, 1H); 13C NMR (100 MHz, CD3OD):
d 106.1, 83.0, 81.2, 74.3, 72.0, 71.7, 63.6, 61.0, 56.3;
ESI-MS m/z [M+Na]+ calcd 261.0945, found 261.0962.

4.7. Methyl 5-O-methyl-b-DD-glycero-DD-guloseptanoside
(4)

Pd/C (10%, 0.008 g) was added to a solution of 12

(0.040 g, 0.079 mmol) in CH3OH (10 mL). The reaction
was placed under an H2 atmosphere via a balloon, and
the mixture was stirred for 4 h at rt. The balloon was
removed from the flask, and the mixture was filtered
through a short pad of Celite. The Celite was washed
additional CH3OH (3 · 5 mL). The solvent was re-
moved from the combined filtrates by rotary evapora-
tion under reduced pressure to give a white solid
(0.018 g, 96%): [a]D +15.4 (c 1.0, CH3OH); 1H NMR
(700 MHz, CD3OD): d 4.39 (d, J = 5.9 Hz, 1H), 3.94
(dd, J = 8.4, 5.7 Hz, 1H), 3.84 (dd, J = 8.3, 3.0 Hz,
1H), 3.82–3.80 (m, 2H), 3.63–3.55 (m, 2H), 3.49 (s,
6H), 3.13 (dd, J = 9.6, 5.7 Hz, 1H); 13C NMR
(100 MHz, CD3OD): d 109.3, 85.5, 80.1, 74.9, 73.4,
73.1, 64.2, 59.9, 56.8; ESI-MS m/z [M+Na]+ calcd
261.0945, found 261.0963.

4.8. Computational methods

The Monte Carlo multiple minimum search protocol
implemented in Macromodel version 8.529 was used to
generate 50,000 conformers of 3 and 4. These conform-
ers were then optimized using the AMBER* force field30

as implemented in Macromodel version 8.5 with the
dielectric constant of water. All optimized conformers
within 12 kcal/mol of the global minimum were saved.
This process resulted in 2979 unique conformations for
3 and 1050 unique conformations for 4. Each conformer
was given a unique number beginning with 1 for the glo-
bal minimum according to the energy calculated by the
AMBER* force field and increasing up the energetic
manifold.

Of the optimized conformers located using the AM-
BER* force field, all conformers within �3.5 kcal/mol
of the global minimum were then optimized at the
HF/6-31G* level of theory using the Gaussian 03 soft-
ware package.31 Our previous studies7 with similar
hydroxylated septanosides had demonstrated that the
gas-phase optimized geometries and relative energetics
provided results that were virtually identical to those ob-
tained with the Minnesota Gaussian Solvation Model32

at the SM5.42/HF/6-31G* level of theory with water as
a solvent. Optimization of these conformers within
3.5 kcal/mol of the global minimum using the HF/6-
31G* level of theory resulted in 55 unique conformers
within 10 kcal/mol of the global minimum for 3 and
48 unique conformers within 7.4 kcal/mol of the global
minimum for 4. A vibrational frequency analysis was
performed on each optimized conformer at the HF/6-
31G* level of theory to confirm each conformer as a true
minimum on the potential energy surface. The bottom-
of-the-well energies at the HF/6-31G* level of theory
were used to calculate the contribution of each con-
former to the Boltzmann distribution. Consideration
of the zero-point vibrational energy, enthalpic and
entropic corrections was done for many of the low-
energy conformers, but the effects on the corresponding
Boltzmann distribution were small. These other ener-
getic values are provided in the Supplementary data,
and the bottom-of-the-well energies are discussed
herein.

To further analyze the relative energetics of the con-
formers and their contribution to the Boltzmann distri-
bution, single-point energy calculations were performed
at the B3LYP/6-311+G**//HF/6-31G* in the gas phase
and with inclusion of solvation effects with the PCM33

approximation for methanol. The bottom-of-the-well
energies determined at these levels of theory were used
to determine the contribution of each conformer to the
Boltzmann distribution. Previously we noted that such
an approach was a suitable protocol to compute the
geometries and the relative energies of related septano-
sides as a balance of accuracy and computational
expense.7

NMR coupling constants were determined for each
unique conformer that contributed greater than 1% to
the Boltzmann distribution using the Gaussian 03 soft-
ware package with the Perdew and Wang 91 exchange
and correlation functional with the IGLO-III basis
set.34 The one-bond 1JC,H and three-bond 3JH,H cou-
pling constants were determined for each conformer,
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and these values were then multiplied by their respective
contribution to the Boltzmann distribution so as to
compute an overall coupling constant across the entire
conformational distribution. The sum of the Boltzmann
distribution for each of the conformers was then com-
pared against experimentally determined coupling con-
stants to correlate the conformation of the septanose
ring. Such simulations of the NMR coupling constants
have been well utilized in the literature at the ab initio
level as well as with DFT methods.35

4.9. NMR spectroscopy

NMR spectra used in the conformational analysis of 3

and 4 were recorded on 5–10 mM samples (0.75 mL)
in CD3OD. The 3JH,H values were measured by manual
inspection of the peak splittings from 1H NMR spectra
(700 MHz). The simulation of the 1H NMR spectra for
3 and 4 was done using NMRSim from Brüker.36 Over-
lays comparing the simulated to the observed spectra are
provided in the Supplementary data. The 1JC,H were
measured by the inspection of 13C-coupled HMQC spec-
tra. These HMQC spectra for 3 and 4 are also provided
in the Supplementary data.

4.10. Determination of the C6–C7 rotamer populations

Eqs. 1–3 were used to determine the rotamer popula-
tions about the C6–C7 bond by analysis of the 3JH,H

coupling constants between H6 and H7R (3JH6,H7R)
and H6 and H7S (3JH6,H7S). The coefficients for these
equations were determined using Eq. 4.37 The coeffi-
cients derived using other methods38 were too large to
fit the observed coupling constants and gave negative
rotamer populations. The measured values of the
H–C–C–H dihedral angles (/) from the calculated low
energy conformers of 1 and 2 were used to define the
calculated 3JH6,H7R and 3JH6,H7S for the tg, gt, and gg
rotamers.
J calcd ¼ J 0 cos2 /� 0:28 Hz; J 0 ¼ 9:27 for 0�

¼ / ¼ 90� and J 0 ¼ 10:36 for 90� ¼ /

¼ 180� ð4Þ
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