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ABSTRACT: The synthesis of a novel series of seven-membered ring nucleoside analogues as candidates for biological
screening and gene silencing applications is described. The key step in the synthetic approach is a stereoselective synthesis of an
epoxide that is used as a common synthetic intermediate to prepare functionalized oxepane nucleoside derivatives. The
conformational landscape and preferred ring-puckering of selected oxepane nucleosides was also studied by NMR, X-ray
crystallography, and quantum mechanical calculations.

N ucleoside analogues are extremely valuable compounds in q
medicinal chemistry.”” Modification of the furanose \kaH N”i/fR
moiety and its impact on the conformation and biological Ho\’g}‘base to~o 0 po~ o
activity of nucleosides has been studied extensively.”* Due to . Hw How “on
their more challenging accessibility, ring-expanded derivatives ) ) HO
have been considerably less explored. Hexose- and hexitol-based NH, o NH,
nucleosides are the most studied among this class and were first (Nﬁ Hoé(_)w B
described by the Eschenmoser™® and Herdewijn7’8 groups, ro_o A NZ :O 3 O I o
respectively. In the hexitol series (1), the flexible furanose ring is U’OH NV%IN) Ho@
replaced with a more rigid six-membered sugar ring, and the wé  oH NH, =/ "OH
position of the nucleobase is moved from the anomeric carbon to 4 5 6
the 3"-position (Figure 1). Nucleic acids derived from hexitol Figure 1. Hexitol nucleosides (1), oxepane nucleoside previously
nucleosides have been proven useful for gene silencing, synthesized in our laboratory (2), other examples of oxepane
biotechnology, and synthetic biology applications.” nucleosides reported to date (3-6).

Seven-membered oxepane scaffolds are commonly found in
natural products and biologically active molecules.'’™"* In the examples of oxepane nucleoside analogues have been reported
search for ring-expanded DNA analogues, we recently reported as ;)otential glycosidase inhibitors (3),'” antiviral agents (4'°and
the synthesis of oligonucleotides constructed from oxepane 5'"), and unexpected byproducts of nucleoside syntheses (6)"'*
nucleosides (oxepane nucleic acids, ONA, 2)." It was (Figure 1).
hypothesized that expanding the carbohydrate moiety of DNA As part of our ongoing interest in the development of
to a seven-membered skeleton would provide conformationally nucleosides with expanded sugar rings,""'” we herein describe
more flexible sugars relative to the six-membered ring pyranose, the synthesis of several novel oxepane-based nucleosides that are
thus better mimicking the conformation of natural 2- excellent candidates for biological screening and building blocks
deoxyribose. Indeed, ONA, like DNA oligonucleotides, are
able to trigger RNase H-mediated degradation of a comple- Received: September 24, 2015
mentary RNA strand."* Following our work, a few more Published: October 22, 2015
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for gene silencing oligonucleotides.”® The focus of this study is to
use a common and versatile chiral synthetic intermediate to
generate structurally diverse oxepane nucleosides.

We also report for the first time on the conformation of some
of the synthesized analogues, assessed by X-ray crystallography,
NMR, and theoretical (classical and quantum mechanical)
calculations.

Synthesis and Characterization of Oxepane Nucleosides

An efficient five-step synthesis of oxepene 7 was previously
described by our laboratory,'* starting from commercially
available tri-O-acetyl-D-glucal and adaptmg the ring expansion
strategy described by Hoberg et al.”' The attractiveness of 7 is
that its alkene functionality can be manipulated for the
introduction of different functional groups in the seven-
membered ring. For example, access to a new series of
functionalized oxepane nucleoside monomers was devised
from an asymmetric epoxidation of 7, enabling the diaster-
eoselective installation of new stereocenters. Thus, we first
focused on finding the best conditions for the stereoselective
epoxidation of 7 (Scheme 1).

Scheme 1. Stereoselective Synthesis of Oxepane Nucleoside 8
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We attempted to take advantage of the allylic alcohol to
perform an asymmetric epoxidation. Thus, the silyl bridge of 7
was cleaved before subjecting it to epoxidation with VO (acac),.””
Under the experimental conditions, we observed rapid
decomposition of the starting material. Classical oxidation of 7
with mCPBA in DCM afforded a 2:1 a/f diastereomeric mixture
of the epoxide in 50% yield. The two isomers showed very similar
polarity (TLC, AR, < 0.1), making it difficult to separate them by
silica gel column chromatography (Table 1, entry 1). Next, we
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Table 1. Epoxidation of Protected Oxepene 7 under Different
Conditions

entry  epoxidation reagent  cat. (mol %) yield (%) 8a/ 8/ de (%)
1 mCPBA 504 2:1 33
2b (S,S)-Jacobsen cat. S 367 1:1.7 26
3? (R,R)-Jacobsen cat. 5 34¢ 14:1 87
4¢ (R,R)-Jacobsen cat. 10 58¢ 14:1 87

Reaction conditions: “THF, 40 °C; b‘NaOCl DCM, 4-phenylpyridine
N-oxide (Y20 mol %, 40 mol %), rt. “Crude epoxide yield (a + f).
“Isolated yields for 8a."Ratio calculated by NMR in the isolated crude
mixture.

used a chiral catalyst to induce stereoselectivity. Jacobsen catalyst
is an attractive candidate due to its ability to catalyze
stereoselective epoxidations of unfunctionalized olefins. When
7 was treated with S mol % of (S,S)-Jacobsen catalyst in a
NaOCl/CH,CI, biphasic system and in the presence of pyridine
N-oxide, a 1:1.7 &/ diastereomeric mixture was obtained (Table
1, entry 2). A significant improvement in stereoselectivity (87%
de) was observed when the same reaction was carried out with
the (R,R)-Jacobsen catalyst under the same conditions (Table 1,
entry 3). The reaction proceeded in better yields (58%) by
increasing the catalyst loading to 10 mol % without any decrease
in stereoselectivity (Table 1, entry 4). Traces of 88 were removed
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by flash column chromatography. It is noteworthy that, at this
stage, the configuration of the epoxide ring was ambiguous as the
NOESY NMR spectra did not show the expected key
correlations. However, subsequent formation of the anhydro
oxepane 12 from 8a (Scheme 3) allowed the assignment of
stereochemistry at C3'—C4’.

The oxepane scaffold was then ready for diversification via
epoxide opening to generate functionalized oxepane nucleosides.
The reaction of 8 with 10 equiv of LiEt;BH at 0 °C resulted in a
completely stereo- and regioselective conversion to 9 in 36%
yield, together with unreacted starting material. Additional
equivalents of LiEt;BH did not increase the yield of the reaction
and resulted in formation of base reduction products.
Regioselective opening of epoxide 8@ can be explained by the
possible coordination of LiEt;BH to the nucleobase and directing
the attack of hydride to the proximal and less hindered C3’
position. The regio- and stereochemistry of 9 was confirmed by
COSY and NOESY NMR experiments, respectively. Cleavage of
the silyl protecting group afforded nucleoside 10 in 87% yield
(Scheme 2).

Scheme 2. Regio-/Stereoselective Synthesis of Oxepane
Nucleoside 10
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To further explore the scope of our strategy to synthesize
structurally diverse oxepane nucleosides, diastereomerically pure
8a was desilylated with TREAT-HF in 90% yield to afford
epoxide 11 that was then reacted with NaN; in DMF at 100 °C
and in the presence of 15-crown-S (Scheme 3). Unlike the
hydride reduction described above for protected nucleoside 8e,
the azidation reaction of 11 resulted in a 1:2.3 mixture of 13 and
14 in 70% combined yield. The regioselectivity and yield of this
step dropped significantly when azidation was carried out on 8«
instead. The position of the azide group in both 13 and 14
regioisomers was determined by COSY NMR in DMSO-dy. The
configuration was assessed by NOESY experiments. A clear
correlation between H6 of the nucleobase and H3’ was observed
for compound 14, suggesting the  configuration of H3'. In the
case of regioisomer 13, a correlation between H4' and H6 was
observed instead, suggesting a cis relative orientation between the
thymine and H4' (Scheme 3).

Interestingly, reaction of epoxide 11 with NaF/KHF, in
ethylene glycol at 120 °C resulted in an isomerization to afford
anhydro nucleoside 12 in high yield, as assessed by NMR and UV
experiments. NaF/KHEF, salts were found to not play arole in the
isomerization, as heating 11 in the absence of fluoride afforded
12 in the same yield and reaction time. The identity,
stereochemistry, and conformation of anhydro nucleoside 12
were unambiguously assigned by single-crystal X-ray diffraction.
Within the bicyclic structure, the oxepane ring adopts a chairlike
conformation in which the hydroxymethyl group and 5'-OH are
equatorial, while the thymine base and the 4'-OH group are
pseudoaxial (Scheme 3). We next turned our attention to
chlorine functionalization, given the recent discovery of
chlorinated nucleoside analogues with promising biological
activity.””** Indeed, reaction of 12 with HCI-Py in DMF
provided the desired chlorinated nucleoside analogue 15 with
complete stereoselectivity in 88% yield (Scheme 3).
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Scheme 3. Synthesis of Azido (13, 14) and Chloro (15) Oxepane Nucleosides”
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“Crystal structure of nucleoside 12 and key NOE correlations in 13 and 14.

Interestingly, when 12 was subjected to azidation conditions,
the expected product resulting from nucleophilic a-attack at the
3’-position was not detected. Instead, a regioisomeric mixture of
compounds 13 and 14 was obtained in a ratio similar to that of
azidation of epoxide 11. As previously reported for furanose
nucleosides,” we hypothesize that 12 equilibrates to epoxide 11
under these conditions, and that 11 is the direct precursor of 13
and 14 (Scheme 3). To further study the mechanism of this
reaction, 12 was dissolved in DMF-d, in the absence of NaN; and
crown ether. After being heated for 3 h at 100 °C in an NMR
tube, no changes were observed in the '"H NMR spectrum,
suggesting that nucleophilic conditions are crucial in this case to
drive the equilibrium toward epoxide 11.

Conformational Analysis

With this new set of oxepane nucleosides in hand, we next
embarked on the analysis of the structural properties of two of
the analogues, 10 and 11. The ring pucker of seven-membered
ring systems can be described as a combination of boat/twist-
boat (B/TB) and chair/twist-chair (C/TC) pseudorotational
cycles.”®”” The torsional landscape of 10 and 11 was first
assessed by molecular dynamics simulations coupled to a
metadynamics enhanced sampling scheme (see Supporting
Information). The most stable conformations were further
minimized using quantum mechanical density functional theory
calculations at the M062X/6-31+G(d,p) level using MeOH as
solvent (full details in Supporting Information). Our calculations
show that lowest-energy states for epoxide 11 correspond to a
chairlike conformation, in which all the substituents assume a
pseudoequatorial disposition to alleviate steric interactions
(Figure 2a). The differences in stability among the lowest-
energy states are due to small variations in the orientation of the
thymine and hydroxymethyl substituents; meanwhile, the sugar
pucker remains almost invariable (details in Supporting
Information). Lowest-energy states for the alcohol derivative
10 are mixtures of twisted chair and boat conformations (~65
and ~35%, respectively) (Figure 2b). The main differences
among low-energy states are also in this case due to small
variations in the orientation of the substituents, causing very
minor variations in the sugar conformation (Supporting
Information).

Calculated iy values based on the Boltzmann distribution of
the computed low-energy conformers of 10 and 11 were
compared with experimental *Jj;; values from '"H NMR coupling

5418

Figure 2. Lowest-energy conformations of (a) 11 and (b) 10. Derivative
10 is a mixture of boat and twisted boat conformations, and 11 is found
exclusively in the chair conformation. Supersposition of 10 (blue) with
(c) C2'-endo-thymidine (red) and (d) C3’-endo-uridine (orange).

constant analysis in MeOH-d, (Table 2; details in Supporting
Information). For 11, there was sufficient spectral resolution of
all the resonances so that coupling constants could be
conveniently extracted from the spectra. In the case of 10, the
large number of couplings involved in H2’ and H3' protons
prevented the extraction of the coupling constants between these

Table 2. Calculated and Experimental *Jy; ;; Coupling
Constants (+0.2 Hz) for 10 and 11

coupling constant caled 10° exptl 10° caled 11¢ exptl 117
Ty 11.0 10.0 10.1 10.5
Ty 2.3 34 0.7 24
yy 1.7 0.3 0
Yoy 123 5.7 4.5
Ty s 6.0 NA NA
g 2.5 NA NA
T 1.0 2.0 NA NA
Ty 9.9 9.8 4.0 47
s 42 2.5 0.6 0
Js.s 7.9 5.7 9.1 9.6

“Values calculated using GIAO/B3LYP/aug-cc-pVDZ methodology
on optlmlzed structures, averaged based on their Boltzmann
population. “Observed coupling constants from 'H NMR experiments
in MeOH-d,.
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protons. In general, there was good correspondence between
calculated and observed *J,yyy, supporting the accuracy of the
conformations provided by computation. The HI1’ splitting
pattern in both 10 and 11 are consistent with the
pseudoequatorial orientation of the pyrimidine base. Figure
2¢,d compares the 3D structure of compound 10 to the natural
nucleosides (dT and rU) by superposition of the structures.
When the bases are aligned, the pseudoequatorial C4'—OH bond
in 10 superimposes rather well with the pseudoequatorial C3'—
OH bond of uridine (shown in the favored C3’-endo
conformation), suggesting that 4’,7’-linked oligomers of 10
may conform to the structure of natural nucleic acids (e.g,
RNA).

In summary, we have described the synthesis of several novel
oxepane nucleosides by using a diastereomerically pure epoxide
as a common intermediate. Theoretical calculations and NMR
studies suggest that these analogues adopt a chair conformation
with the pyrimidine base in the equatorial orientation. We expect
this new series of ring-expanded nucleic acid analogues to be
useful as building blocks in the design of new functional genetic
systems and gene silencing oligonucleotides.
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