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The promise of gene-based therapies is being realized at an accelerated pace, with more than 155 active
clinical trials and multiple U.S. Food and Drug Administration approvals for therapeutic oligonucleotides,
by far most of which contain modified phosphate linkages. These unnatural linkages have desirable
biological and physical properties but are often accessed with difficulty using phosphoramidite
chemistry. We report a flexible and efficient [P(V)]-based platform that can install a wide variety of
phosphate linkages at will into oligonucleotides. This approach uses readily accessible reagents and
can install not only stereodefined or racemic thiophosphates but any combination of (S, R or rac)-PS
with native phosphodiester (PO,) and phosphorodithioate (PS;) linkages into DNA and other modified
nucleotide polymers. This platform easily accesses this diversity under a standardized coupling protocol

with sustainably prepared, stable P(V) reagents.

n traditional small-molecule drug dis-

covery, the features that determine tar-

get specificity and DMPK (distribution,

metabolism, and pharmacokinetics) are

usually inextricably linked (7). Converse-
ly, oligonucleotide-based therapeutics have
been referred to as “informational drugs” in
which the pharmacophore and PK proper-
ties can, in theory, be separately optimized
because the nucleoside sequence directly de-
termines the former whereas the unifying
chemistry (the phosphate linkages used to
couple the nucleosides) largely affects the lat-
ter (2). Advances in organic synthesis have had
a profound impact on the ability of modern
medicinal chemistry to target and rapidly ac-
cess increasingly complex small-molecule leads.
By contrast, as the range of oligonucleotide se-
quences and conceivable phosphate linkages
has expanded, the fundamental chemistry used
to enable their synthesis has largely remained
unchanged despite numerous refinements and
improvements. The incorporation of varied
phosphate linkages has been documented to
have a profound impact on both the proper-
ties and efficacy of the resulting structures
(3). The hypothetical chimeric sequence (1)
illustrated in Fig. 1, adorned with four differ-
ent phosphorus-based linkages and multiple
sugar backbones, tests the limits of the scope
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of existing methods. The impact of judiciously
designing backbone chemical modifications in
therapeutic oligonucleotides is only beginning
to be realized (4-7). The opportunity to install
broader combinations and variations at will
and in any order thus presents an important
step in the evolution of oligonucleotide thera-
peutics and requires the invention of enabling
science. The commercialization of oligonu-
cleotides and, more specifically, phosphor-
othioate antisense oligonucleotides (PS-ASOs)
faces major challenges (8-14). The ability to
easily make single-isomer species from sta-
ble species and/or fragments will aid control
over product quality and has the potential to
enable commercialization of these new ther-
apeutics sustainably (i.e., through enhanced
regulatory control of these complex mole-
cules). Thus, improved methods of oligonucleo-
tide synthesis amenable to standard methods
of automation would have a near-immediate
translational impact, enabling both the inter-
rogation of greater linker permutations in
drug discovery and better, more sustainable
commercialization (see the supplementary
materials for process mass intensity analysis) (3).

We recently demonstrated a practical ap-
proach to address the synthesis of stereopure
phosphorothioates (R-PS and S-PS, mainly in
the context of DNA), with the disclosure of the
phosphorus sulfur incorporation (dubbed PSI
or y) reagents. However, this initial study did
not address the installation of other linkages
such as phosphorodithioates and native phos-
phate diesters (15), other sugar chemistries
[such as locked nucleic acid (LNA)], or appli-
cability to a modern automated synthesizer
protocol.

With these goals in mind, several challenges
were apparent, with substantial lore and re-
activity concerns to address when using a P(V)-
based approach (16-20). For example, the rates
associated with P(V) reagents have historically
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been viewed as too sluggish to ever compete
with the P(III) manifold (21-23). Such ap-
proaches also had chemoselectivity challenges
in that the guanine and thymidine bases
would interfere in sequential couplings, react-
ing with the coupling reagents (24). Using
P(III)-based reagents to install phosphor-
odithioate (PS,) linkages is less than ideal.
For instance, Caruthers reported a protocol
based on protected thiophosphoramidites that
requires discreet oxidation and deprotection
steps (25) and suffers from the formation of
a nearly inseparable phosphorothioate by-
product in ~5 to 10% yield. Despite this serious
issue, this method is still commonly used be-
cause there are simply no viable alternatives
(26). Finally, chimeric sequences with multiple
modifications could be desired by medicinal
chemists, but only certain combinations (PS/
PO, PS/PS,, PO/PS,) are present in the liter-
ature. Even a hybrid synthetic approach that
merges P(III)-based phosphoramidite chem-
istry with P(V) reagents is unworkable because
it suffers from a lack of chemoselectivity (vide
infra) as oxidation of P(III) to P(V) requires a
protecting group on exposed PS/PS, linkages
to avoid desulfurization. The use of organic
oxidants was ruled out because of the extreme
number of equivalents required and their ex-
tended reaction times (27).

In this disclosure, three new reagent systems
are described, \4/2 (3), rac-y (4), and \yo 5),
which, when combined with the previously
reported systems [(+)-y, (+)-2] and [(-)-y,
(-)-2], provide a unified P(V) approach that
entirely departs from the rubric of P(III)-based
oligonucleotide synthesis and enables the at
will and controlled synthesis of specific chime-
ric oligonucleotides (Fig. 1C). Along with these
new reagents are protocols for their unified
application in commercial synthesizers using
a single coupling protocol that spans all cou-
pling types. This redox-neutral platform, which
is based on the native P(V) oxidation state,
challenges past assumptions of sluggish reac-
tivity and enables access to five relevant
P linkages across a range of sugar backbones
(DNA and LNA) and bases (A, T, G, and mC) in
one oligonucleotide construct. Aside from en-
abling straightforward access to a wide range
of chimeric oligonucleotides, the implementa-
tion of this new protocol benefits from a re-
duced reliance on protecting group chemistry
(which eliminates the labile cyanoethyl group
and therefore acrylonitrile production upon de-
protection) (28, 29), bespoke additives (30), and
redox fluctuations. This new P(V) platform also
eliminates one full step in the standard solid-
phase oligonucleotide synthesis (SPOS) proto-
col (namely the phosphorus oxidation).

Figure 2 outlines the synthesis of y? and y°
reagents for the incorporation of phosphor-
odithioate and native phosphodiester link-
ages, respectively. The development of these
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Fig. 1. Introduction and background. (A) Inspiration. (B) Challenges facing P(V)-based synthesis. (C) Recent developments and this work. 'Pr, iso-propyl; Me,

methyl; Bz, benzoyl; [0], oxidation; [S], sulfurization.

reagents required extensive experimentation,
whereas the synthesis of rac-y was relatively
trivial and proceeded by analogy to y using
cyclohexene oxide (see the supplementary
materials). Fully sulfurized versions of diphos-
phate esters, known as phosphorodithioate
linkages, are isopolar and isostructural ana-
logs of phosphates that are completely stable
to nucleases (31) but maintain the ability to
form stable duplexes and elicit desirable mRNA
cleavage by RNase H without the complexity
of chirality at phosphorus (32, 33). The pioneer-
ing work of Stec and colleagues on phospho-
lane heterocycles, which inspired the development
of (+)-y and (-)-y, was an essential precedent
for the present work (79). In 1995, it was dis-
closed that dithiaphospholanes could be in-
stalled onto nucleosides and coupled to afford
dinucleotides incorporating a phosphorodi-
thioate linkage, albeit requiring a separate
oxidation step to install sulfur, and a toxic and
unstable (explosive) reagent (Fig. 2A) (I8). Our
P(V)-centric study thus built on the lessons of
these two precedents with the goals of elim-
inating the extraneous oxidation step and
dangerous reagents. Upon identification of the
optimal leaving group (21 evaluated; see the
supplementary materials for Hammett corre-
lations of leaving groups) and ring size (two
evaluated), inexpensive P,S; could be com-
bined with pentafluorophenol, followed by
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capping of P(V) intermediate (6) with thiirane
to generate y? on large scale (>100 g). In this
way, unsafe P(IIT) chemistry was avoided, and a
stable and viable P(V) reagent was developed.
Oligonucleotides with native phosphodies-
ter linkages have poor pharmacokinetics and
are rapidly degraded by nucleases, but their
use is invaluable in routine molecular biology
and diagnostic settings (34). In addition, lim-
ited PO linkages are incorporated into current
antisense oligonucleotides. To the best of our
knowledge, there are no known P(V)-based
reagents for achieving P(III)-competitive reac-
tivity and chemoselectivity that are stable and
amenable to automated synthesis (34). Al-
though the design of such a reagent benefited
from the lessons of our previous studies, it was
repeatedly thwarted by the challenge of iden-
tifying both a highly reactive and stable entity
upon loading to a monomer. We evaluated
nearly 30 different backbones along with three
different leaving groups before arriving at y°
(see the supplementary materials for a compre-
hensive summary). The backbone optimization
systematically evaluated ring size, substitu-
ents, electronic effects, and stereochemistry
to probe effects on loading, coupling, and over-
all stability, with y°© emerging as the only vi-
able candidate. The synthesis outlined in
Fig. 2A requires three simple, scalable steps
(>50 g). In a similar fashion to y?, inexpensive
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P,S; was reacted with 4-bromothiophenol,
yielding P(V) intermediate ('7), which, when
combined with hydrogenated cis-limonene ox-
ide (8), yields the PS reagent (9); desulfuriza-
tion with SeO, yields y°.

With these new reagents in hand, a side-
by-side comparison with state-of-the-art P(IIT)
chemistry was conducted (Fig. 2B). For the
installation of the PS, linkage, the three-step
P(IIT) approach to access simple dimer (10)
through P(III) adduct (12) resulted in ~7% of
the PS impurity resulting from desulfurization
during the deprotection event. By contrast,
using \uz, dimer (10) was cleanly accessed in
two steps through P(V) adduct (11) in >99%
purity. To field test and contrast the synthesis
of mixed PO-PS backbones by the two plat-
forms, PS dimer (13) was subjected to a stan-
dard phosphoramidite coupling with (18) to
yield protected trimer (14+), which, upon oxida-
tion of P(III) to the requisite P(V), resulted in
rapid desulfurization [see ratio of (15)/(16) over
time]. Conversely, the redox-neutral P(V) ap-
proach using P(V) adduct (17) cleanly delivered
the unprotected mixed PS-PO trimer (19) with-
out any loss of sulfur.

The final challenge that P(V)-based reagents
face is the longstanding perception that their
diminished coupling rates preclude them from
being used in traditional automated oligo-
nucleotide synthesis regimes. With a full suite
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Fig. 2. Development of a fully P(V) platform for oligonucleotide synthesis. (A) Reagent development. (B) Overcoming chemoselectivity challenges.
(C) Overcoming historical P(V) rate challenges. PFP, pentafluorophenol; TFA, trifluoroacetic acid; DCA, dichloroacetic acid; DBP, dibutylphosphate; DDTT,
3-[(dimethylamino-methylidene)amino]-3H-1,2,4-dithiazole-3-thione; DCI, 4,5-dicyanoimidazole, DMTr, 4,4'-dimethoxytrityl.

of reagents in hand based on P(V), we eval-
uated their coupling performance side by side
with canonical P(IIT) chemistry using kinetics
studies (Fig. 2C). In addition, the original P(V)-
based coupling using phosphotriester chemis-
try was included because this was the initial
benchmark. Temporal reaction progress moni-
toring was performed by taking aliquots of the
mixture coupling P-loaded-T with AZT and mo-
nitoring product formation by high-performance
liquid chromatography-mass spectrometry

Huang et al., Science 373, 1265-1270 (2021)

using an internal standard. Full kinetic pro-
files are included in the supplementary mate-
rials, and here we present the main trends by
considering relative rates calculated from
these profiles. Consistent with the literature,
the classic P(V)-based phosphotriester ap-
proach was extremely sluggish (Fig. 2C, orange
bar). However, the P(V) reagent suite detailed
herein performed equally well as the industry
standard P(III) protocol, with all reactions re-
aching full conversion in under two minutes.

10 September 2021

Extensive optimization of the SPOS meth-
odology for phosphoramidite-based synthesis
has been achieved over the course of the past
30+ years. Although some of these methods
could be leveraged in this new context, there
were areas in which existing solutions were not
compatible with the P(V) synthesis protocol
(Fig. 3A). Existing universal supports were
not sufficient stable toward 1,8-diazabicyclo
[5.4.0Jundec-7-ene (DBU), prompting our de-
velopment of a universal support (20) with
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Fig. 3. Automated P(V) oligonucleotide synthesis. (A) P(V) solid-phase oligonucleotide synthesis cycle. (B) Synthetic cycle conditions, protecting groups,
and linker chemistry. (C) 3-10-3 LNA/DNA gapmer synthesis. (D) Racemic phosphorothioate oligonucleotide synthesis. IBA, isobutryic anyhydride; NMI,
N-methyl imidazole.

Huang et al., Science 373, 1265-1270 (2021) 10 September 2021
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substantially improved base stability. Guided
by Stec’s earlier work, Pya-protecting groups were
used instead of the standard amide-protecting
groups (Fig. 3B) (I8). Improved results were
also obtained when a Pom protection was
used for thymidine (35). With all P(V) reagents
in hand and the chemoselectivity and rel-
ative coupling rates established, a system-
atic interrogation was undertaken to test
the efficiency of this redox-neutral P(V)-
platform on automated SPOS (Fig. 3A). The
cycle commences with the deblocking of the
DMT-protecting group of a resin-bound nu-
cleoside to afford a free 5 -alcohol that is
primed to react with any P(V)-loaded nucleo-
tide in the subsequent coupling step. This
key step was carefully optimized for all reagents
through systematic reactivity and hydrolysis
studies using ultraviolet and **P-nuclear mag-
netic resonance (NMR) analyses to enable a
robust double-coupling protocol for each P(V)
reagent. The subsequent capping and deblock-
ing steps complete the solid-phase cycle and
set the stage for the next coupling (Fig. 3A).
The utility of any new reagent system for an
oligonucleotide synthesis platform is wedded
to its fidelity and robustness in the context
of preparing diverse sequences with a single
protocol. Thus, a matrix was designed to in-
corporate all possible nucleobase (A, C, G, and
T) and sugar (DNA and LNA) combinations
templated onto a 3-10-3 DNA/LNA gapmer
scaffold, the current state of the art in RNase
H-activating ASOs (Fig. 3C) (3). LNA mod-
ifications that have a marked effect on bind-
ing affinity were coupled in near quantitative
yields (36). A single protocol was used regard-
less of the P(V) monomers used to assess the
generality of the method versus sequence-
specific optimization. First, the general method
was field tested to produce homogeneous,
chiral PS-ASOs with both alternating (21, 22)
and continuous stereochemical patterns (23-26).
This approach is the second industrially viable
platform to produce stereopure PS-ASOs and
uses redox-neutral, sustainably derived P(V)-
based reagents (37). With this milestone
achieved, the incorporation of PO, linkages
into these constructs was pursued. These chi-
meric sequences (27-30) could be accessed
in high purity with no substantial loss of sulfur
during synthesis. Next, sequences bearing
both PS and PS, (31-34) linkages were pre-
pared. Finally, constructs containing all four
possible linkages were cleanly produced (35, 36).
Thus, these protocols describe a convenient
single platform for probing linkage SAR that
could enable systematic tuning of physical
and biological properties (38, 39). Given the
differences in scale, chemical sequence, meth-
od of purification, and quantification, a direct
comparison between yields of this P(V) plat-
form and those of other stereopure methods is
outside the scope of this report. In its present
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manifestation, these homogeneous, chimeric
oligonucleotides (21-38) were produced in 12
to 27% isolated yield using a sequence- and
linkage-agnostic protocol. When compared di-
rectly with the stereorandom constructs (pro-
duced using state-of-the-art chemistry) that
were produced in 30 to 60% yield and ac-
counting for the ability to prepare distinctive
chimeric systems, the difference in yield is a
relatively small gap to fill to bring homo-
geneous, stereopure oligonucleotides on par
with their stereorandom counterparts. From a
pragmatic perspective, the observed yields even
in this first disclosure are more than enough
to progress a medicinal chemistry program.

Current methods to produce PS oligonucleo-
tides generate a statistical mixture of isomers
depending on the specific conditions used
(40). Homogeneous, well-defined ASOs are of
value, but no true P(V) oligonucleotide syn-
thesis platform would be complete without
rapid access to these stereorandom variants
(41). Thus, a final need was to produce rac-y
(Fig. 1), a derivative of y that retains high
reactivity and provides mixtures of diaster-
eomers comparable to those obtained with
P(IIT) methodology. rac-y was loaded onto
DNA cores, and the corresponding monomers
were cleanly implemented (Fig. 3D) into the
aforementioned workflow, thus enabling rac-
emic PS oligos to be produced on this platform
(37, 38).

Oligonucleotide therapeutics, so-called infor-
mational drugs, target essentially every level of
the central dogma of molecular biology. Given
the immense chemical space conceivable, the
number of nucleic acid modifications that
have been investigated to date is quite narrow,
with even fewer represented in the clinic. Al-
though P(I1I)-based phosphoramidites have
revolutionized access to vast swaths of this
space, new linkages and chemical modifica-
tions have pushed the limits of what is cur-
rently accessible. Oligonucleotide synthesis
originated with P(V)-based reagents because
nature only uses this oxidation state to craft its
building blocks of life, but this method was
soon abandoned because of perceptions of the
reduced reactivity and selectivity of these re-
agents. This work provides a compelling jus-
tification for renewed research in this field
because it can enable democratized access to
a wide range of medicinally promising chi-
meric sequences. Finally, this new approach
offers a realistic opportunity to connect the ex-
ploration of new chemical space directly to
patients through a platform containing im-
proved environmental sustainability, enhancing
our ability to discover, develop, and commer-
cialize this promising class of therapeutics.
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Platform for the synthesis of diverse oligos

DNA is primarily viewed as a carrier of information encoded in the sequence of bases, but the chemistry of the
phosphodiester backbone is crucial to oligonucleotide stability and structure. Building on previous work in synthetic
P(V) phosphorothioate coupling chemistry, Huang et al. developed two new reagents for making phosphorodithioate-
and phosphate-based linkages (see the Perspective by Virta). The authors incorporated all of these reagents into

a unified P(V)-based synthesis platform capable of running at high efficiency on a commercial automated solid-
phase synthesizer. They demonstrate the flexibility of this system by producing oligonucleotides with all three linkage
types in specific positions. Access to such precisely constructed molecules opens new approaches to therapeutic
oligonucleotide design. —MAF
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