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ABSTRACT: A grand challenge that crosses synthetic
chemistry and biology is the scalable production of functional
analogues of biomacromolecules. We have focused our
attention on the use of deoxynucleoside building blocks
bearing non-natural bases to develop a synthetic methodology
that allows for the construction of high molecular weight
deoxynucleotide polymers. Our six-membered cyclic phos-
phoester ring-opening polymerization strategy is demonstrated,
herein, by an initial preparation of novel polyphosphoesters,
comprised of butenyl-functionalized deoxyribonucleoside repeat units, connected via 3′,5′-backbone linkages. A thymidine-
derived bicyclic monomer, 3′,5′-cyclic 3-(3-butenyl) thymidine ethylphosphate, was synthesized in two steps directly from
thymidine, via butenylation and diastereoselective cyclization promoted by N,N-dimethyl-4-aminopyridine. Computational
modeling of the six-membered 3′,5′-cyclic phosphoester ring derived from deoxyribose indicated strain energies at least 5.4 kcal/
mol higher than those of the six-membered monocyclic phosphoester, 2-ethoxy-1,3,2-dioxaphosphinane 2-oxide. These
calculations supported the hypothesis that the strained 3′,5′-cyclic monomer can promote ring-opening polymerization to afford
the resulting poly(3′,5′-cyclic 3-(3-butenyl) thymidine ethylphosphate)s with low dispersities (Đ < 1.10). This advanced design
combines the merits of natural product-derived materials and functional, degradable polymers to provide a new platform for
functional, synthetically derived polydeoxyribonucleotide-analogue materials.

■ INTRODUCTION

Nucleosides play important roles in Nature.1 The incorporation
of non-natural nucleosides into DNA and RNA allows for
significant investigations, including fundamental research on
structure and function,2−8 and development of synthetic
materials for clinical applications;9−11 yet there are only few
routes that allow access to well-defined synthetic DNA and
RNA derivatives. Enzymatic processes that integrate non-
natural nucleosides into DNA and RNA are limited by the
activity of the mediating polymerase, which often restricts the
extent of incorporation and reaction conditions.12−15 On the
other hand, synthetic methods offer exquisite sequence control,
but have focused mainly on stepwise condensation reactions of
nucleoside repeat units with electrophiles, such as 3′-
phosphoryl chloride,16 phosphotriester,17,18 and phosphorami-
dites19 (e.g., via solid-phase DNA synthesis). Synthetic
methods have not yet advanced for the construction of nucleic
acid-based polymers having 3′,5′-linkages through controlled
chain-growth addition polymerization, which offers rapid and
convenient polymer chain growth. Currently, syntheses of
DNA-derived polymers20 by chain-growth chemistries remain
limited to non-3′,5′-backbones through uncontrolled radical
polymerization,21,22 atom transfer radical polymerization
(ATRP),23−25 and reversible addition−fragmentation chain
transfer (RAFT) polymerization26 techniques that yield
polymers with pendant nucleosides. For 3′,5′-DNA-derived

materials, polymerization with predetermined molar mass and
control over end groups and sequence is a feasible, yet
unrealized, aim.
Besides several well-known polymer classes used in biological

research, such as polyesters and polycarbonates, polyphos-
phoesters, and particularly nucleoside phosphoesters,27 are
attractive due to their biocompatibility, biodegradability
through spontaneous and/or enzymatic hydrolysis, as well as
their structural similarity to nucleic and teichoic acids.28 Ring-
opening polymerization (ROP) is a versatile synthetic method
for generating well-defined macromolecules from carbocyclic or
heterocyclic monomers,29,30 and organocatalytic ROP31−38 of
five-membered cyclic phosphoesters has been demonstrated to
produce well-defined polyphosphoesters.28,33,39 However, poly-
merization of six-membered cyclic phosphorus-containing
monomers, a potential precursor for well-defined DNA
analogues with 3′,5′-backbones, has received less attention.
Studies on the ROP of a six-membered phosphorinane
monomer, 2-hydro-2-oxo-1,3,2-dioxaphosphorinane, have
been reported by Penczek and co-workers.40−42 Polymerization
was possible due to tautomerization of the monomer to
generate phosphorus(III) intermediates in situ43 that provide a
less sterically hindered environment at the electrophilic
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phosphorus center. Such ROPs have not yet been fully
expanded to nontautomerizable six-membered cyclic phos-
phoesters, such as cyclic adenosine monophosphate (cAMP)
and its guanosine counterpart (cGMP), which play critical
metabolic and regulatory roles. The only report on the ROP of
a nontautomerizable six-membered phosphorinane, 2-methoxy-
2-oxo-1,3,2-dioxaphosphorinane, led to oligomers (degree of
polymerization ≤10) under harsh conditions (neat, 135 °C),
due to extensive chain transfer originating from the low ring
strain energy.44 Hence, to achieve higher molecular weight
polyphosphoesters from six-membered cyclic phosphoesters,
introducing ring strain energy into the cyclic system is critical.
Higher ring strain energy is also generally accepted to be the

key factor that facilitates the polymerization of five-membered
cyclic phosphoesters. The hydrolysis rates of five-membered
cyclic phosphoesters increase by an order of 105 as compared to
the acyclic species, which were attributed to enthalpy of
activation,45 ΔH⧧, rather than to the entropy of activation,46

ΔS⧧, according to Eyring plots. Ring strain and its relief are
enthalpic phenomena, and, hence, we reasoned that, if relief of
ring strain in the transition state of the rate-determining step is
crucial to the acceleration of hydrolysis in the cyclic
phosphoesters, analysis of those ring strain energies could
guide monomer design.
Herein, we report a synthetic strategy that includes

organocatalytic ROP of a six-membered cyclic phosphoester
monomer at ambient temperature to afford a new type of
thymidine-derived 3′,5′-linked polyphosphoester with a butenyl
group located on each repeat unit and number-average
molecular weights (Mn) up to 11 kDa. The monomer was
prepared in two steps, and the polymerization proceeded in a
controlled fashion to afford polymers with low dispersities (Đ).
This Article focuses on the synthesis of the novel monomers
and polymers that comprise a thymidine DNA derivative with a
polyphosphoester backbone. To the best of our knowledge, no
well-defined DNA-derived polyphosphoesters with 3′,5′-link-
ages in the backbones from ROP have been reported to date.

■ RESULTS AND DISCUSSION
The ring strain energies of monocyclic five-membered,
monocyclic six-membered, and 3′,5′-cyclic phosphoesters
were calculated using density functional theory (DFT). The
theoretical estimation of ring strain energies serves as
computational insight into direct the rational design of 3′,5′-
cyclic phosphoesters in nucleosides as a skeleton for ROP of
six-membered cyclic phosphoesters. Ring strain energy is a
relative quantity and is defined as the excess energy between a
cyclic molecule and an appropriately selected strain-free, linear
counterpart. Theoretical estimates of ring strain energy can be
obtained by using group equivalents to convert DFT energies
into reasonably accurate heats of formation. To investigate the
feasibility of ROP of 3′,5′-cyclic phosphoesters, ring strain
energies of different cyclic phosphoesters (Figure 1a) were
calculated with DFT using an approach similar to a previous
report by the Lim group47 at the B3LYP/6-31+G*, B97-D/6-
31+G*, and M06-2X/6-31+G* levels of theory to include
adjustments for medium-range electron and dispersion
corrections (Table 1). With the six-membered cyclic
phosphoester 1 assumed to be unstrained, the validity of
DFT calculations was verified by comparing the calculated ring
strain energies of 2 to experimental values.48 While a systematic
study on the ring strain energy of the 3′,5′-cyclic system was
not reported, enthalpies of hydrolysis of cAMP and diethyl

phosphate, 11.49 ± 0.35 and 2.50 ± 0.45 kcal/mol,
respectively,49 suggest a large ring strain energy for the 3′,5′-
cyclic system and are in agreement with the calculation results.
Therefore, it was expected that the higher ring strain energy of
the designed 3′,5′-cyclic phosphoester 3 would allow for ROP
on a six-membered cyclic phosphoester under mild conditions.
Moreover, the diastereomer (R)-3 was found to be more
strained, due to the anomeric effect in (S)-3.50−54

To construct a 3′,5′-cyclic system similar to 3, thymidine (4)
was chosen of the four natural deoxyribonucleosides, due to the
potential for selective functionalization at the 3′-OH, 5′-OH,
and N3-positions. Selective functionalization at the N3-position
can be achieved with weak bases, such as potassium carbonate,
given the pKa differences between alcohols (pKa ≈ 16−17) and
the N3-proton (pKa ≈ 9.5).20 In contrast, strong bases, such as
sodium hydride, have the capability to deprotonate the 3′-OH,
5′-OH, and N3-protons, with functionalization occurring
preferentially at the 3′-OH and 5′-OH positions, due to the
increased nucleophilicity of alkoxides over imide anions. The
standard retrosynthetic analysis for the target monomer, 5, a
strained 3′,5′-cyclic structure, is given in Figure 1b. The
synthesis was realized through a two-step procedure that
involved selective butenylation at the N3-position in the
presence of weak base, followed by cyclization of 3′-OH and
5′-OH.
Installation of a butenyl group at N3 was conducted to

coincidentally protect the imide, enhance organic solubility, and
install a functionality that would allow for later chemical
modification. Because of the two electron-withdrawing carbonyl
groups at the 2- and 4-positions of the thymine unit, chemical
modification via nucleophilic substitution to afford N3-
substituted thymidine typically requires several days for
completion. Choice of solvents is also limited, due to the
solubility of the thymidine starting material, 4. Butenylation at
the N3-position was found to be possible in N,N-dimethylfor-
mamide (DMF) at 60 °C to give 6 as a white hygroscopic solid

Figure 1. Design and retrosynthesis of thymidine-derived DNA
analogues. (a) Different cyclic phosphoesters for DFT calculation of
ring strain energies. (b) Retrosynthetic analysis of the cyclic monomer
4 from thymidine 6.

Table 1. Experimental and DFT Calculations of the Ring
Strain Energies (kcal/mol) of Six-Membered Cyclic
Phosphoester (1), Five-Membered Cyclic Phosphoester (2),
and 3′,5′-Cyclic Phosphoester (3)

method 1 2 (R)-3 (S)-3

experimental 5.9 ± 0.3a

B3LYP/6-31+Ga 0 4.1 6.3 5.9
M06-2X/6-31+Ga 0 5.0 7.2 5.4
B97-D/6-31+Ga 0 4.2 7.0 5.8

aExperimental value of 2-Me was reported.48
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with high yields (>90%) within 48 h, while reaction in
methanol under the same conditions required longer reaction
times (at least 96 h).
A key challenge in the second step of the synthetic approach

is to favor cyclization over oligomerization. Cyclization of 6 was
expected to be both kinetically and thermodynamically difficult,
given the large ring strain barrier as well as slow kinetics of
cyclizing a trans-diol, which is in agreement with results from
the Buchard group.55,56 A linear oligomer was obtained upon
reaction with ethyl dichlorophosphate (7), in the presence of
triethylamine in tetrahydrofuran (THF) under dilute con-
ditions. Sufficient time for the conformational change from the
intermediate (8) was hypothesized to be important, to bring
the second alcohol and phosphorus into proximity to close the
ring, versus bimolecular reactions that could lead to
oligomerization. Additionally, it was considered that weaker
leaving groups might slow the condensation reaction, and 4-
nitrophenol has been shown to be a moderate leaving group for
phosphoester cleavage in the presence of an activator.57 Jain
and Kalman have reported the use of 4-nitrophenol and 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) as leaving group and
activator, respectively, to cyclize 5-fluoro-2′-deoxyuridine.58
However, attempts at ring closure by reaction of 6 with ethyl
bis(4-nitrophenyl)phosphate encountered the challenge of
incomplete separation of the monomer from the byproduct
4-nitrophenol, which could be a deactivator of the organo-
catalyst for ROP. Cyclization conditions were then screened
with the aim of optimizing the cyclization reaction using ethyl
dichlorophosphate (Table 2).
Oligomerization occurred when the reactions were con-

ducted in DMF and THF, in the presence of a variety of bases.
Polar aprotic solvents, such as DMF and THF, were found to
promote oligomerization over cyclization, presumably by
shortening the lifetime of the intermediate (8). The bases 4-
dimethylaminopyridine (DMAP) and N,N-diisopropylethyl-
amine (DIPEA) effectively facilitated cyclization in dichloro-
methane. Interestingly, the diastereoselectivity of these two
reactions differed significantly, where DMAP and DIPEA
yielded (R):(S) ratios of 88:12 and 8:92, respectively. This

selectivity is attributed to the nucleophilic characteristic of
DMAP to activate 7 and yield a more stable transition state that
leads to kinetic product (R)-5, even though (S)-5 is more
stable by 1.35 kcal/mol at the B3LYP/6-31+G* level of theory
(Scheme 1 and Figure 2). Because several recrystallization

Table 2. Condition Screening for Cyclization of 6 with 7 Using Various Solvents and Bases at −78 °C

entry solvent base result yield (%) (R)/(S)a

1 THF Et3N oligomerization
2 THF pyridine oligomerization
3 THF DMAP oligomerization
4 THF DIPEA oligomerization
5 DMF Et3N oligomerization
6 DMF pyridine oligomerization
7 DMF DMAP oligomerization
8 DMF DIPEA oligomerization
9 CH2Cl2 Et3N no reaction
10 CH2Cl2 pyridine no reaction
11 CH2Cl2 DMAP cyclization 58 88:12
12 CH2Cl2 DIPEA cyclization 4 8:92

a(R)/(S) ratio was determined by 31P NMR of reaction crude.

Scheme 1. Synthetic Route from Thymidine to Monomer 5

Figure 2. Reaction coordinate diagram of using DMAP as activator to
promote cyclization of 6 at the B3LYP/6-31+G* level of theory.
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conditions failed to obtain a single crystal of 5 for X-ray
diffraction measurement, the absolute stereochemistries were
then determined by an indirect method with one-dimensional
nuclear Overhauser spectroscopy (1D-NOESY). The through-
space atomic distances between 4′-H (marked in gray on the
structures in Figure 3) and the methyl protons of the ethyl
phosphoester in the diastereomeric pairs are sufficiently
different, 6.6 versus 4.2 Å for (S)-5 versus (R)-5, respectively,
that the diastereomer assignments could be made by a positive
NOE only for the (R)-diastereomer in the 1D-NOESY
experiment.
ROP of 5 was conducted using 1,5,7-triazabicyclo[4.4.0]dec-

5-ene (TBD) as the catalyst, and 4-methoxybenzyl alcohol, a
natural chemical found in anise, honey, and vanilla, as the
initiator to enable straightforward end-group analysis by NMR
and to minimize potential toxicity following hydrolytic
degradation (Scheme 2). ROP of (R)-5 initiated at the onset
of TBD addition, according to thin-layer chromatography. In
contrast, the diastereomer (S)-5 showed no reaction under the
same conditions after 96 h; this lower reactivity is in agreement
with the lower ring strain energy calculated for the (S)-
configuration (Table 1). Attempts to polymerize (S)-5 at lower
temperatures (0 and −78 °C), to suppress the entropic penalty,
were unsuccessful. The conversion of (R)-5 monomer to afford
poly(3′,5′-cyclic 3-(3-butenyl) thymidine ethylphosphate)
(PCBT, 9) reached over 95% at ambient temperature, with
good control of the polymerization being retained, as suggested
by low Đ and excellent linear agreement between the Mn and
percent monomer conversion (Figures 4 and 5 and Table 3).
Copolymerization of a 88:12 diastereomeric mixture of (R)-5:
(S)-5 monomers led to incomplete copolymerization, without
apparent incorporation of (S)-5, as indicated by the proportion
of polymer to remaining (R)-5 and (S)-5 unreacted monomers
being 86:2:12, according to the crude 31P NMR spectrum
(Figure S7). 13C and 31P NMR spectra of PCBT10, PCBT21,
and PCBT32 contained signals resonating at multiple

frequencies, which may have resulted from diastereomers and,
potentially, combinations of head-to-head, head-to-tail, and tail-
to-tail regioisomers (Figures S4−S6). Regioisomeric differences
are possible from cleavage of the P−O5′ versus P−O3′ bond
during the initial ring opening following attack by an initiator,
and also during subsequent ring openings during propagation
of the ROP. A model reaction employing excess ethanol as
initiator and solvent was conducted to prevent the formation of
diastereomeric products and allow for evaluation of the

Figure 3. Use of 1D-NOESY to identify the diastereomers (a) (S)-5 and (b) (R)-5, with atomic distances of 6.6 and 4.2 Å, respectively, calculated
from DFT geometric optimization at the B3LYP/6-31+G* level of theory.

Scheme 2. Polymerization of 5 with 4-Methoxybenzyl
Alcohol as the Initiator and TBD as the Catalysta

aAlthough the polymer is illustrated with only one regiochemistry and
no stereochemistry, 31P NMR spectra suggested that the polymers
contained regioisomeric and diastereoisomeric repeat units.
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monomeric product(s) from an initial ring-opening reaction.
Characterization by 1H, 13C, and 31P NMR spectroscopies
confirmed the ring opening had occurred and identified a single
phosphorus environment (Figure S8). 1H−31P HMBC analysis
on the product isolated from unreacted (R)-5 indicated that
only unimer 10 had formed (Figure S9), suggesting that the
initial ring-opening reaction was more favorable at the P−O5′-
position. Further investigations on the regioselectivity during
subsequent propagation steps during the ROP are ongoing.
The kinetics of ROP of (R)-5 were investigated by

conducting three polymerizations simultaneously from stock
solutions. In these experiments, (R)-5 and 4-methoxybenzyl
alcohol (molar ratio of 20:1) were premixed in anhydrous
dichloromethane, and the solution was divided into three
portions, to each of which was added solutions of TBD (molar

ratio to initiator of 2:1) in anhydrous dichloromethane. After
the mixtures were allowed to stir for a predetermined amount
of time, aliquots were quenched by the addition of acetic acid.
The monomer conversions were determined by 31P NMR
(Figure S11), while the molecular weights and their distribution
values were determined by size exclusion chromatography
(SEC) calibrated with linear polystyrene standards using THF
as the mobile phase. Attempts to determine absolute molecular
weights from the light scattering detector SEC traces were
unsuccessful due to the poor signal-to-noise ratio (Figure S10).
The linearity of Mn versus monomer conversion (Figure 5)
suggested that the number of macromolecules in the reaction
system was constant during polymerization, up to 95%
conversion, with Đ less than 1.10 throughout the polymer-
ization. Kinetic plots of ln([M]0/[M]) versus time showed the
ROP of (R)-5 to exhibit pseudo-first-order kinetics with a
propagation rate constant of kp = 9.2 × 10−5 s−1 (Figure 6),

suggesting that the rate of initiation was greater than the rate of
propagation. Even though (R)-5 was calculated to be more
strained, the propagation rate was slower than those observed
in the ROPs of five-membered cyclic hosphoesters (calculated
as kp = 6.3 × 10−3 s−1 from published data)33 under the same
conditions.
A series of polymer 9 was synthesized in a variety of

molecular weights by controlling the monomer to initiator
ratio, as summarized in Table 3. The Waymouth and Hedrick
groups conducted investigations of TBD-catalyzed ROP of
cyclic esters,59 and found the reaction rates decrease with
solvent polarity; that is, THF and DMF were observed to
inhibit the catalytic activity of TBD due to hydrogen-bond

Figure 4. SEC traces of PCBT10, PCBT21, and PCBT32.

Figure 5. Plot of Mn and Đ versus monomer conversion for the
polymerization of (R)-5 using TBD as the catalyst and 4-
methoxybenzyl alcohol as the initiator, obtained from SEC analyses
from one of three runs; monomer/initiator/TBD ratio was 20:1:2.

Table 3. Polymerization Results of (R)-5 with 4-Methoxybenzyl Alcohol and TBD at Ambient Temperature in Dichloromethane

polymer catalyst M:I:catalyst (molar ratio)a time (h) conversion (31P NMR) Mn, Da (SEC)
b Đ (SEC)b Mn, Da (theo)

c Mn, Da (
1H NMR)d

PCBT10 TBD 10:1:2 6 96% 3200 1.09 3800 3900
PCBT21 TBD 20:1:2 8 98% 4800 1.06 7700 8200
PCBT32 TBD 30:1:4 24 95% 6200 1.09 11 000 12 400

aInitial monomer concentration for all entries was 0.25 M in dichloromethane. bMn (SEC) and Đ (SEC) were measured by THF SEC calibrated
using polystyrene standards. cMn (theo) was calculated from the monomer to initiator ratio and corrected for the conversion. dMn (

1H NMR) was
calculated by comparing the 1H NMR integration values for the resonance signals of the two aromatic protons ortho to the methoxy group of the 4-
methoxybenzyl initiated chain terminus (6.89 ppm) with one alkenyl proton of the butylene side chain groups (5.85−5.72 ppm).

Figure 6. Kinetic plot of ln([M]0/[M]) versus time, obtained from 31P
NMR data averaged over three runs. Linear regression equation: y =
0.33x; R2 = 0.98.
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interference. A similar phenomenon was expected in the ROP
of (R)-5, due to the presence of two strong hydrogen-bond
acceptors on the thymine unit; therefore, higher equivalents of
TBD was required to efficiently drive the ROP as the
stoichiometric ratio of (R)-5 to initiator increased. The degrees
of polymerization calculated from conversions determined by
31P NMR spectroscopy agreed with those calculated from 1H
NMR chain end analyses, which compared the integration
values for the resonance signals of the two aromatic protons
ortho to the methoxy group of the 4-methoxybenzyl-initiated
chain terminus (6.89 ppm) with one alkenyl proton of the
butylene side chain groups (5.85−5.72 ppm). Further analysis
of PCBT21 and PCBT32 with electrospray ionization mass
spectrometry (ESI−MS) suggested that chain end analyses
provided more accurate molecular weight results than THF
SEC (Figure S12).
Thymidine-derived 9 displayed thermal and physical proper-

ties distinct from previously reported polyphosphoesters as well
as DNA. Polyphosphoesters synthesized from five-membered
cyclic monomers exhibited low glass transition temperatures
(Tg) of ca. −50 °C.33,39 In contrast, higher Tg values were
measured for 9 (50−55 °C), likely due to the presence of a
more rigid backbone. However, no glass transitions were
detected for DNA samples,60 presumably due to the strong
Coulombic repulsion between anionic chains that prevents
long-range chain entanglement. Following treatment with
cetyltrimethylammonium (CTMA) chloride to neutralize
phosphates, a Tg of 148 °C was reported for the DNA−
CTMA powder. This high Tg value, even though not measured
from a pure DNA sample, may be attributed to the strong
hydrogen-bond interactions between base pairs. The lack of
hydrogen-bond pairs in 9 not only decreased the Tg values, but
also increased the hydrophobicity of the polymeric material in
combination with the ester protection of anionic phosphates,
making 9 insoluble in water but soluble in a variety of organic
solvents (methanol, ethanol, chloroform, dichloromethane,
dimethyl sulfoxide, DMF, and THF). The peak at ca. 270−
280 nm in the circular dichroism spectrum acquired in
dichloromethane (Figure S13) suggested that the stacking
behavior of N3-butenylthymine bases in PCBT20 might be
similar to that of thymine bases in natural polythymidine in
aqueous buffer.61

■ CONCLUSIONS
In summary, we have developed a novel, well-defined DNA-
analogue system with 3′,5′-linkages from a six-membered cyclic
phosphoester. Computational modeling was used to inform the
rational design of stable alkene-functionalized thymidine-
derived polyphosphoesters. DFT calculations indicated that
the ring strain energy of a six-membered cyclic phosphotriester
of a 5,6-bicyclic ring system (R)-3 is ca. 6−7 kcal/mol greater
than a six-membered monocyclic phosphotriester 1, suggesting
that such a structure could serve as a monomer for which ROP
would be enabled. Therefore, thymidine was functionalized in
the N3-position and cyclized through the 3′- and 5′-positions to
afford a strained six-membered bicyclic phosphotriester
monomer, and its organocatalyzed polymerization kinetics
were explored. Interestingly, the DFT-calculated 1.35 kcal/mol
higher energy of (R)-5, relative to its diastereomer (S)-5, led to
its selective ability to undergo ROP, whereas (S)-5 was inert
under the polymerization reaction conditions. To achieve the
synthesis of this thermodynamically less stable diastereomer,
(R)-5, the cyclization reaction was conducted under kinetically

controlled conditions at −78 °C. (R)-5 was found to
polymerize in a controlled manner (Đ < 1.10) under TBD-
catalyzed conditions initiated by 4-methoxybenzyl alcohol, and
the chain length obtained during ROP could be predetermined
by the stoichiometry of monomer to initiator ratios. The
pseudo-first-order rate constant was measured to be kp = 9.2 ×
10−5 s−1. Overall, this work presents a novel and reliable
synthetic methodology to obtain functional DNA analogues
with unique properties and diverse potential applications.
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