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ABSTRACT: A reliable and convenient method for determin-
ing the configuration and conformation of the furanose ring in
carbohydrates and nucleosides by vibrational circular dichroism
(VCD) spectroscopy is described. Diastereomeric pairs of
several furanose monosaccharides and nucleosides were
prepared, and their VCD spectra were analyzed. The results
revealed that VCD spectroscopy elucidates the equibrated state
of the furanose ring puckers, which is often difficult to study by

other techniques.

he creation and understanding of artificial nucleosides

have advanced various research fields including nucleoside
medicines such as AZT (an anti-HIV drug, 1’)," nuclease-
resistant oligonucleotides such as those containing FANA (2')
and L-nucleotide for antisense, siRNA, aptamer, etc.,”® and the
origin of life." Construction of such artificial nucleosides
requires careful regulation of the configuration and conforma-
tion of the sugar part because both of them are known to affect
the functions of nucleoside itself and oligonucleotides.5
However, the stereostructure of furanose moiety is often
difficult to analyze, which has obstructed the progress of the
studies using artificial nucleosides.

Furanose rings in carbohydrate and nucleoside exist as
various puckering states that are separated from each other by
relatively low energy barriers.” Consequently, the dihedral
angles of each pair of hydrogen atoms in a furanose ring, which
needs to be known for NMR stereochemical characterization,
are not defined with certainty. In most cases, conformational
analysis of furanose rings using NMR is performed based on a
model that considers only two states: the north (C3’-endo) and
south (C2’-endo) puckers (Figure la and Figure S1).”
However, the validity of this model for furanose rings with
unnatural substituents is yet to be confirmed, and in fact, some
artificial nucleosides are known to adopt other ring puckers
(e.g., an east pucker adopted by 2').* X-ray crystallography has
also been used for the structural analysis of nucleosides, but it
informs only one static conformational state under the
crystallization conditions. Theoretical calculations, on the
other hand, can predict multiple conformational states of a
given molecule, but this approach normally lacks experimental
validation of the calculated results. Therefore, establishment of
a method for the analysis of furanose-containing artificial
carbohydrate and nucleoside in solution has been in demand.
Here, we demonstrate the use of vibrational circular dichroism
(VCD) spectroscopy’ as a convenient and reliable tool for
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Figure 1. (a) Schematic representation of the conformation of p-
furanose. (b) Structures of the diastereomers of the nucleosides and
furanose monosaccharides synthesized and analyzed in this study and
the structures of AZT (1’) and FANA (2'). T = thymine. pTol = p-
tolyl.

analyzing the configuration and conformation of artificial
nucleosides and furanose monosaccharides (Figure 1b).

Furanose-containing glycosides have not been studied by
VCD spectroscopy except a few cases,'’ and no VCD study has
analyzed the structure of a S-membered ring sugar. In fact, even
for less flexible 6-membered ring sugars, only a few studies were
successful in accurately predicting their VCD properties."'
Thus, we thought it prudent to examine the reliability of the
VCD method for furanose monosaccharides before studying
nucleosides.
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First, we prepared'” diastereomeric pairs of furanose
monosaccharides with known stereochemistry (4§, 4a, S-
gluco, and S-allo) and measured their VCD spectra in CDCly
(Figure 2). The VCD spectral patterns were drastically different
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Figure 2. Comparison of the observed and calculated VCD (top) and
IR (bottom) spectra of (a) 4f, (b) 4a, (c) S-gluco, and (d) S-allo.
Corresponding VCD peaks are labeled, while nonmatching peaks are
indicated by asterisks. Measurement conditions: ¢ = 0.15 M (for 4f),
0.3 M (for 4a), or 0.1 M (for S-gluco and 5-allo) in CDCl;; I = S0 ym
(for 4a) or 100 um (for others). Calculation conditions: DFT/
B3LYP/6-311+G(d)/PCM (chloroform).

between the diastereomers, which is favorable for the
assignment of their stereochemistry by the theoretical
calculations of VCD spectra.”” The spectral calculation started
with a conformational search.'” As expected from the
conformational restraint imposed by the isopropylidene acetal
structure, only a few conformers were obtained for each
compound within a 1.8 kcal/mol energy window by density
functional theory (DFT) calculations (Figures S2 and S3 and
Table S1a). Both VCD and IR spectra were calculated for each
conformer, and then the final spectra were obtained on the
basis of the Boltzmann population average of each spectrum
and compared with the observed spectra. The peak positions,
relative intensities, and signs of each signal in the observed
VCD spectra showed good agreement with the corresponding
calculated ones. For example, both observed and calculated
VCD spectra for 48 exhibited a positive peak at ~1090 cm™'
and a negative peak at ~1110 cm™" (labeled 1 and 2 in Figure
2a, respectively), whereas those for 4a exhibited a positive peak
at ~1080 cm™, a negative signal at ~1100 cm™’, a negative
peak at ~1140 cm™’, and a positive peak at ~1170 cm™'
(labeled 1—4 in Figure 2b). The similarities of each spectrum
were quantitatively confirmed by a numerical algorithm
implemented in CompareVOA software."*”'* As shown in
Table S2, the similarities between the experimental and
theoretical VCD spectra of the same diastereomer are higher
than those of different diastereomers. Thus, for the first time,
we found that the stereochemistry of S-membered ring sugars
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can be determined by comparing their experimental and
theoretical VCD spectra.

Having established the effectiveness of VCD spectroscopy for
the structural analysis of furanose-containing carbohydrate, we
then studied diastereomeric pairs of seemingly more flexible
furanose monosaccharides with unknown stereochemistry (6-
ribo, 6-arabino, 7-ribo, and 7-arabino). These compounds
were obtained as a diasteromeric mixture by nucleophilic attack
by azide anion during a synthesis of artificial L-nucleosides. The
stereochemistries of the separated diastereomers could not be
determined with certainty by our preliminary NMR experi-
ments (Figure 3 and Figure S4). Meanwhile, VCD approach
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Figure 3. NMR coupling constants and comparison of the observed
and calculated VCD (top) and IR (bottom) spectra of (a) 6-ribo and
(b) 6-arabino and (c) the most stable south and north conformers of
6-ribo. VCD spectra for the south and north puckers of 6-ribo were
simulated on the basis of the normalized calculated VCD spectra for
five south and three north conformers, respectively (see Figure SS).
The simulated VCD spectrum for the south pucker (dotted line)
mostly overlaps with the total VCD spectrum. The VCD spectrum for
the north pucker is shifted vertically for clarity. Corresponding VCD
peaks are labeled. Measurement conditions: ¢ = 0.16 M in CDCl;, I =
100 pum. Calculation conditions: DFT/B3LYP/6-311+G(d,p)/ PCM
(chloroform).

was found effective for these compounds: the measured spectra
agreed well with the calculated ones (Table S2). For example,
as for the diastereomers of 6, the VCD patterns around 1250
cm™ are the most prominent (labeled 4 and 5 for both 6-ribo
and 6-arabino). Therefore, we concluded that an isomer of 6
with *Jig14, 4.3 Hz was 6-ribo and another with %]y, 2.7 Hz
was 6-arabino (Figure 3). In a similar manner, the
diastereomers of 7 with *Jiy;, 3.9 Hz and ¥y, 5.6 Hz were
assigned as 7-ribo and 7-arabino, respectively (Figure S4).
The results of 6-ribo exemplified the feasibility of the VCD
analysis of the furanose ring conformation as well. An initial
MMFF conformational search of 6-ribo estimated that the
north pucker was more stable than the south (Table S1b). On
the contrary, the following DFT optimization predicted eight
stable conformers for which south conformations (92% in
total) were more stable than north conformations (8% in total)
(Figure SS). Comparison of the observed and calculated spectra
of the obtained conformers experimentally verified the higher
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Figure 4. Comparison of the observed and calculated VCD (top) and IR (bottom) spectra and selected stable conformers of (a) 16, (b) 1, (c) 26,
(d) 2a, (e) 3p, and (f) 3. The VCD spectra ¢ (dotted line) and d (gray line) of 18 were simulated using the calculated VCD spectra of the north
conformers (1 and S) and the south conformers (2—4), respectively, and normalized. Corresponding VCD peaks are labeled, while nonmatching
peaks are indicated by asterisks. All predicted stable conformers are shown for 18, while only four among eight stable conformers are shown for 24
(see Figure S7 for other conformers). Definition of pseudorotational angle P is shown in Figure S1. Measurement conditions: ¢ = 0.08 M (for the
lower frequency region of 1&) or 0.16 M (for others) in CDCly; I = 100 ym. Calculation conditions: DFT/B3LYP/6-311+G(d)/PCM (chloroform)
(for 28 and 2a) or DFT/B3LYP/6-311+G(d,p)/PCM (chloroform) (for others).

stability of the south conformers predicted by the DFT
calculations (Figure 3a,c). The simulated VCD spectrum for
only the north conformers showed a strikingly different pattern
than the observed one. The preference for south conformations
was further bolstered by the analysis of the NMR *J,y;; coupling
constant: the *Jiy354 value of 3.2 Hz should be due to the di-
pseudoequatorial relationship of H3 and H4. Therefore, this
study has demonstrated the ability of VCD spectroscopy to
elucidate the conformation of the furanose ring with
satisfactory accuracy. Details of the geometries of the
conformers of each compound studied in this work are
summarized in Supplementary Table Sla.

With the successful results for furanose monosaccharides in
hand, we then applied VCD spectroscopy to elucidate the
configuration and conformation of nucleosides. To this end,
diastereomeric pairs of nucleosides with known stereochemistry
(1 and 2) and unknown stereochemistry (3) were prepared and
their VCD spectra were studied.

Parts a and b of Figure 4 present the VCD spectra of 14 and
la. A conformational search of 1§ and la resulted in five and
nine stable conformers, respectively, which showed several ring
puckers (Figure 4a, Figure S6 and Table Sla). VCD
calculations were performed by taking these conformers into
account, and the resultant spectra were compared with the
observed ones. Most of the signals in the experimental VCD
spectra showed a one-to-one correspondence with those in the
theoretical spectra, verifying its feasibility of elucidating the
stereochemistry of 1f and la (see Table S2 for quantitative
comparisons). Next, these VCD data were further examined to
see if their conformations could be elucidated. The
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conformation of AZT (1’) has been suggested to influence
the inhibitory activity toward HIV reverse transcriptase and was
reported to exist as both north and south puckers in a ratio of
50:50 in aqueous solution.” Based on the NMR data and ref 7,
we estimated that acetylated AZT (1) adopted equilibrated
states of north (39%) and south (61%) puckers in CDCl,."
This ratio was almost comparable to the results by DFT
calculations: among five stable DFT conformers of 18, the
south forms (conformers 2, 3, and 4; 53% in total) are slightly
favored over the north ones (conformers 1 and 5; 47%). The
reliability of the DFT prediction was confirmed by comparison
of the observed VCD spectrum (a) and the calculated one that
considers both the south and north forms (b) and the ones
simulated using only north conformers (c) or south conformers
(d) (Figure 4a). Clearly, a better agreement was seen between
the spectra a and b, despite the slight frequency differences
between the observed and calculated VCD signals (e.g, the
shift of the calculated peak 11 to higher frequency). Thus, this
result demonstrated that VCD spectroscopy provides solution-
state conformational information on nucleoside with satisfac-
tory accuracy.m’17

VCD structural analysis of nucleoside was also tested for 2.
The overall spectral features of 2f# and 2a were well reproduced
in their calculated spectra, which allowed one to determine
their stereochemistry (Figure 4c,d). Interestingly, theoretical
VCD results suggested that 28 prefers east as well as south/east
puckers, which are not considered in the north—south two
states model (Figure 4c and Figure S7, and Table Sla). The
credibility of this preference should be rationalized by the
known fact that FANA (2') also adopts east conformations.®
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Last, we applied VCD spectroscopy to elucidate the structure
of a pair of L-nucleoside diastereomers 3. Both diastereomers of
3 exhibited the same *J;;, 15, coupling constant of 4.3 Hz. Parts
e and f of Figure 4 show the comparison of the theoretical and
experimental VCD spectra. Clearly, the VCD spectra observed
for the major and minor diastereomers exhibited a better
agreement with those calculated for 38 and 3¢, respectively.
From these comparisons, the structures of the major and minor
isomers were determined. The VCD results also indicated that
these nucleosides mostly exist as north conformations (Figure
S8), in a similar manner to ribonucleosides and 2 -O0-[2-
(alkoxy)ethyl] derivatives.”

In summary, we synthesized several diastereomeric pairs of
furanose monosaccharides and nucleosides and studied their
structures by VCD spectroscopy. For the first time, this work
demonstrates the effectiveness of VCD spectroscopy in
determining the configurations as well as flexible conformations
of both furanose monosaccharides and nucleosides. The VCD
results for an AZT derivative (1f) clarified its north—south ring
pucker ratio, which is comparable to the ratio estimated by
NMR. Meanwhile, the furanose conformation of a FANA
derivative (2f8) was elucidated as an equilibrated state of
unusual east and south/east puckers. Preferred conformations
of a given molecule could be predicted by theoretical
calculations alone; however, it is desirable to examine its
reliability on the basis of experimental data, as different
theoretical methods could yield contradictory results, as is the
case for 6-ribo. Because the configuration and conformation of
the sugar moiety of nucleosides are closely related to their
functions, further use of VCD spectroscopy should advance
studies involving carbohydrate and nucleic acid.
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