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Abstract: We report the catalytic stereocontrolled synthesis of dinucleotides. Chiral phosphoric
acid (CPA) catalysts are demonstrated to control the formation of stereogenic phosphorous centers
during phosphoramidite transfer for the first time. Unprecedented levels of diastereodivergence
are also demonstrated, enabling access to either phosphite diastereomer. Notably, two different
CPA scaffolds prove essential for achieving stereodivergence: peptide-embedded
phosphothreonine-derived CPAs, which reinforce and amplify the inherent substrate preference,
and C2-symmetric BINOL-derived CPAs, which completely overturn this stereochemical
preference. The presently reported catalytic method does not require stoichiometric activators or
chiral auxiliaries and enables asymmetric catalysis with readily available phosphoramidites. The
method was applied to the stereocontrolled synthesis of diastereomeric dinucleotides as well as
cyclic dinucleotides (CDNs) which are of broad interest in immono-oncology as agonists of the

STING pathway.

One Sentence Summary: Chiral Brensted-acids catalyze the formation of P-stereogenic
phosphorous compounds at the P(III) oxidation state, allowing efficient access to oligonucleotide
targets.
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Introduction

Synthetically modified nucleotides, designed to mimic and interact with their physiological
counterparts, continue to grow in importance (/). Examples include cyclic dinucleotides (CDNs),
a class of macrocyclic natural products with profound biological significance. The heterodimer
2'3'-cGAMP (Fig. 1A) elicits an immune response through activation of the stimulator of
interferon genes (STING) protein (2). This activation pathway is currently being evaluated in
multiple clinical studies for oncology therapeutics (3). Chemical modification of the native
phosphodiester linkages is a powerful strategy to prepare small molecule therapeutics with
increased metabolic stability and therapeutic potential (4). One effective modification is the
permutation of the phosphodiester linkage to a phosphorothioate (PS). However, this alteration
adds chemical complexity, as it renders the central phosphorus atoms stereogenic. Thus, four
possible diastereomers of a phosphorothioate-derived CDN exist, each possessing markedly
different biological activities and physical properties (3,5). Most synthetic methods for the
preparation of these CDN derivatives rely on nonselective syntheses, requiring tedious reversed-
phase HPLC purifications to isolate diastereomerically pure analogs in small quantities (6). To
date, the only stereoselective synthesis of a modified 3',3'-CDN employs chiral auxiliaries, which
despite impressive levels of stereocontrol, are deployed as components of stoichiometric reagents
(7). Given the critical importance of these new stereogenic-at-phosphorus compounds, efforts to
develop more robust and selective processes to access stereopure cyclic- and antisense

oligonucleotides (ASOs) are of broad general interest.

The most general method for the synthesis of PS-modified oligonucleotides employs
commercially available P(III)-phosphoramidites and a stoichiometric activator to afford a
stochastic mixture of 2" diastereomers (8). The use of chiral auxiliaries thus remains the only viable
option to establish reliable stereocontrol (Fig. 1B). In a series of pioneering studies, Wada and co-
workers demonstrated a P(I1I)-stereogenic chiral auxiliary that enabled access to stereochemically
pure phosphodiester analogs (9). More recently, Baran and co-workers unveiled a powerful P(V)-
based approach used for the stereocontrolled synthesis of phosphorothioates (7, /0). However, by
design, these strategies rely on multi-step syntheses to prepare and install the auxiliaries; a

stoichiometric quantity of byproduct is also intrinsic to the approach, as the chiral auxiliary is



10

15

20

25

30

Submitted Manuscript: Confidential

eventually cleaved from the target compound after the stereospecific installation of the P-

stereogenic functionality.

Asymmetric catalysis can potentially address the shortcomings of chiral auxiliary-based
approaches. Importantly, DiRocco et al. disclosed a multifunctional catalyst to assemble prodrugs
at the P(V) oxidation state through a dynamic kinetic asymmetric transformation (DYKAT) (11),
expanding greatly on the general principle of catalytic enantioselective phosphate transfer (72).
However, application of this catalytic modality to the formation of stereogenic PS compounds has
not yet been disclosed, nor was catalyst-controlled diastereodivergence demonstrated, which is
critical in enabling a fully stereocontrolled synthesis of all possible oligonucleotide stereoisomers.
Moreover, no catalytic asymmetric method has yet been reported for selective P(III)-based
transfers within the context of the widely employed phosphoramidite method for nucleotide

synthesis.

Classically, for the synthesis of PS-modified CDNs, the first thiophosphate linkage is often
formed via a phosphoramidite coupling from readily available nucleoside fragments. Brensted-
acid activators of the P(III) phosphoramidite, often employed in stoichiometric or super-
stoichiometric quantities, produce an interconverting mixture of chiral P(IIl) intermediates,
followed by stereorandom nucleophilic displacement to afford a chiral P(III) phosphite
intermediate (13). Subsequent oxidative sulfurization affords the desired stereogenic P(V) species
as a mixture of diastereomers. Catalytic stereoselective phosphoramidite transfer would represent
a significant step forward if able to harness readily accessible phosphoramidites that are staples of
the global oligonucleotide synthesis enterprise. However, catalytic concepts for asymmetric
transfer of P(II) phosphoramidites are in their infancy, having been applied only to a small set of
enantioselective and site-selective reactions (/4). Analogous diastereoselective methods to
produce P-stereogenic compounds at the P(III) oxidation state are absent. Accordingly, we present
herein a catalytic synthesis of P(III)-stereogenic compounds based on a previously unknown
catalytic approach — the use of chiral phosphoric acid (CPA)-mediated couplings to access
stereodefined dinucleotides in a stereocontrolled manner (Fig. 1C). Our mechanistic concept is
predicated on a novel mixed-valence P(III)-P(V) substrate-catalyst complex (Fig. 1D) that
undergoes rapid, pre-stereochemistry determining epimerization at P(III), and is exemplified with

synthetic and mechanistic studies below.
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Results and Discussion

The efficient coupling of nucleoside P(III) phosphoramidites generally requires Bronsted-
acid activators such as 1H-tetrazole or 4,5-dicyanoimidazole (8,15,16). However, an excess of the
acid is required due to catalyst sequestration as the diaalkylammonium salt resulting from the
formation of stoichiometric dialkylamine. Recent advances enable the use of these activators in
sub-stoichiometric quantities (8), yet none has yet addressed the challenge of stereocontrol.
Perhaps the sole example of catalytic asymmetric phosphitylation employed tetrazoylalanine-
based catalysts in the desymmetrization of D-myo-inositol via enantioselective phosphoramidite
transfer (/4a). In these reactions, the chiral tetrazole serves as a Brensted-acid in conjunction with
10A molecular sieves to scavenge the liberated diethylamine, thereby facilitating catalyst turnover.
This result grounded the notion that chiral Brensted acids could serve as effective catalysts for

stereocontrolled oligonucleotide synthesis.

Over the past decade, Co-symmetric CPAs have emerged as powerful Bronsted acid
catalysts for myriad asymmetric transformations (/7). Recent efforts in our group have focused on
the development of peptide-embedded phosphothreonine (pThr) as a new class of CPA catalyst
(18). In order to assess the ability of these CPAs to affect an asymmetric phosphitylation, we
began with the 2' to 5' coupling of guanosine phosphoramidite 1 (ca. 1:1 dr) and adenosine
derivative 2 (Fig. 2A). Indeed, simple phosphoric acids catalyze the coupling of 1 and 2 to provide
a P(III) dinucleotide intermediate, which then undergo a stereoretentive oxidation with --BuOOH
to afford the desired stereogenic phosphate ester 3. Importantly, phenyl isocyanate was found to
be an effective scavenger of the liberated diisopropylamine by irreversible formation of a phenyl
urea adduct, thereby enabling catalyst turnover (19), while the use of 3A molecular sieves

prevented any acid catalyzed hydrolysis of phosphoramidite 1 (14a).

Catalyst optimization. In order to assess the feasibility of stereocontrol, we evaluated the
two families of CPAs, and compared the results with those obtained with diphenylphosphoric acid
(DPP), an achiral catalyst used to benchmark the intrinsic selectivity innate to the chiral substrates.
Evaluation of pThr-derived catalysts quickly revealed that catalysts biased toward the S-turn
structure with a "Pro and Aib motif in the i+1 and i+2 positions, respectively, emerged as a

selective catalysts (Fig. 2A, entries 1-11) (20, 21). In particular, catalyst P3 (entry 3; 20 mol%),
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afforded the product in 77% yield and 85:15 dr, amplifying the Sp diastereomer (relative to the
77:23 ratio obtained with DPP; entry 21). Two notable features of this catalyst are: 1) the
diaminopropionic i+3 residue, which often captures additional non-covalent interactions between
catalysts and substrates (18b), and 2) the allo stereochemistry of the threonine residue (/8c).
Further modifications to the catalyst architecture did not lead to a profound increase in selectivity
(P4-P8). However, several other variables influence the stereochemical outcome. By reducing the
reaction concentration to 0.04 M in acetonitrile, the selectivity was improved to 91:9 dr (entry 4);
lowering the reaction temperature to 4 °C afforded the product in 79% isolated yield and 94:6 dr
(entry 10). Scaling up to 0.1 mmol scale under a normalized set of reaction conditions (Fig. 3A),

the product was obtained in 67% yield and 88:12 dr.

Given the dramatic impact of P-stereogenicity on the efficacy of oligonucleotide-based
therapeutics (3,5) we sought a complementary, stereodivergent phosphitylation catalyst (22).
Notably, the CPA chemotype based on the C2-symmetric BINOL scaffold provided this outcome
(23 ). Initially, (R)-TRIP (B1) was evaluated under the standard reaction conditions and
dinucleotide 3 was obtained in 26% yield and with a modest, but diastereomerically reversed 45:55
dr (Fig. 2B, entry 12), favoring slightly the alternative Rp diastereomer. Strikingly, when
employing (S)-B1 as the catalyst, a marked improvement in yield and selectivity was observed
(74% vyield and 8:92 dr; entry 13), dramatically enhancing the selectivity for the opposite
diastereomer with respect to that observed with the pThr-based catalysts. A survey of BINOL-
CPAs revealed the tricyclohexyl catalyst (S)-B7 to be superior (entries 14-19), affording the (Rp)-
configured product in 63% yield and 1:99 dr. The enantiomeric catalyst (R)-B7 is much less
selective (43:57 dr), but still favors the same Rp diastereomer. It is thus demonstrated that the two
distinct catalyst scaffolds, the pThr-based CPA framework and the BINOL-derived CPA
architecture, enable catalytic asymmetric phosphoramidite couplings that exhibit significant

degrees of stereodivergence.

Mechanistic hypothesis. One hallmark of these reactions is the stereoconvergent
transformation of a diastereomeric mixture of phosphoramidite stereoisomers (1) to a highly
diastereoenriched phosphite product, which is then oxidized stereospecifically to the
corresponding stereogenic phosphate ((Rp)-3 or (Sp)-3). In analogy to the widely accepted
mechanism for 1H-tetrazole (8,15), we envisioned that the phosphoric acid catalyst acts as both an

acid and nucleophilic catalyst after proton transfer to displace diisopropylamine (Fig. 1D).

5
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Critically, the resulting mixed-valence P(III)-P(V) intermediate could undergo rapid
epimerization via displacement with an additional molecule of catalyst or, alternatively, via
intramolecular inversion with the adjacent P=O. The stereochemical outcome of the coupling
reactions thus tracks with the relative magnitude of the displacement rate constants k1 and 42 in a
typical Curtin-Hammett type regime characteristic of a dynamic kinetic asymmetric

transformation (DYKAT) mechanism (24).

To validate our assumptions and probe the mechanistic hypothesis, we separated the
phosphoramidite diastereomers (1) by reversed phase chromatography (Fig. 2C). The resulting
diastereomerically pure phosphoramidites (1. and 1siw) Were then subjected to the optimized
reaction conditions for each catalyst: P3, (5)-B7 and DPP. The stereochemical outcome of
dinucleotide 3 was found to be independent of the starting dr of 1, as the catalysts converted either

diastereomer of 1 to either (Rp)-3 or (Sp)-3 with the same diastereoselectivity.

Substrate scope. With a pair of stereodivergent catalysts in hand, we explored the scope
of the coupling with a selection of representative substrates (Fig. 3). Notably, by controlling the
stereochemistry at P(III), we can access a variety of P(V) products. For example, treatment of the
intermediate phosphite with ~-BuOOH affords the phosphate 3, while sulfurization using
phenylacetyl disulfide (PADS) affords the phosphorothioate 4 (25). Notably, the loading of (S)-
B7 could be reduced to 5 mol% to produce (Sp)-4 in 57% yield at 98:2 dr (26) by increasing the
reaction concentration to 0.40 M. As methods for the synthesis of selenophosphate (27),
boranophosphate (28), phosphoramidite (29), and methyl phosphonate (30) from the P(III)
oxidation state have all been reported, this new catalytic protocol enables access to a wide range

of functionalized P(V) products (Fig 1B).

In addition to isopropylidene adenosine (3), deoxyadenosine (5), and C2'-fluoro-
deoxyadenosine (6) were well tolerated. In each case, analogous diastereodivergence was observed
with enhancement of intrinsic selectivity with catalyst P3 and near-total reversal of selectivity with
catalyst (S)-B7. A particularly striking result is obtained when 2',3'-unprotected adenosine is
employed as the nucleophilic coupling partner. In this case, a highly site- and diastereoselective
phosphorylation is achieved with (S)-B7, selecting for a single product (7) over five possible
alternative stereo- or regioisomers of monocoupled product. In contrast, a complex mixture of

products was obtained when DPP is used as the catalyst, as shown in the crude *'P NMR spectra



10

15

20

25

30

Submitted Manuscript: Confidential

(Fig. 3B). Other ribonucleosides could also be coupled to guanosine 1 in good yields and
selectivity (8-10). Interestingly, selectivities were lower when the role of the coupling partners
were reversed; when adenosine-derived phosphoramidite was coupled to the 5'-OH of guanosine
acetonide, both catalysts favor slightly the same (unassigned) diastereomer of dinucleotide 11.
Furthermore, the case of uridine illustrates the potential for catalyst refinement in situations where
the selectivity for new substrates is modest. For example, in the case of substrate 12, BINOL-
derived catalyst (S)-B7 delivers the product with an unimpressive dr of 47:53, yet an alternative
CPA (S)-B8 delivers the product with an excellent 3:97 dr. Peptide-derived catalyst P3 did slightly
enhance the selectivity for the antipodal diastereomer in this case, however with lower selectivity

than observed with the model substrate (73:27 dr).

Taken together, our scope studies reveal that the diastereodivergent catalysis we have
observed can be applied to other nucleobase pairs. The efficacy of the catalysts optimized for the
coupling of guanosine phosphoramidite 1 and adenosine 2 appears to be more strongly dependent
on the structure of the electrophile than the nucleophile. Selectivities remain high when coupling
1 to an array of different nucleosides (3—10) yet decrease when coupling other phosphoramidites
(11,12). Nonetheless, while neither universal catalysts nor a complete set of catalysts for all
possible couplings is yet in hand, the concepts we have demonstrated seem generalizable for this

very ambitious longer-term goal.

CDN synthesis. In order to address the reported synthetic inefficiencies associated with
both non-selective nucleoside couplings and (super)stoichiometric activators and auxiliaries, we
then prepared stereodefined CDNs in a catalyst-controlled manner (2,6). We envisioned a concise
asymmetric approach using this newly developed stereoselective phosphoramidite coupling
between 1 and 13, followed by a H-phosphonate macrocyclization to access phosphorothioate 16
with the desired phosphorus stereochemistry (Fig. 4) (37). Initially, coupling of 1 and 13*Et;N
under the optimized catalytic conditions revealed a disappointing level of selectivity (Fig. 4A).
Control experiments in the absence of chiral catalyst revealed a fast non-selective background
reaction, likely a result of autocatalysis promoted by the triethylammonium cation (pKampwmso) =

9.0), which outcompetes the catalyzed process (see SI). (32)

To circumvent this autocatalysis, we prepared a selection of alkali-metal phosphonate salts

via ion-exchange and evaluated the efficacy of these new salts. When the reaction was performed
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with 13+Na in the absence of catalyst, the product was obtained in 23% yield after 24 h, compared
to 46% with 13*Et3:N suggesting a suppressed background reaction (see SI). With our previously
optimized catalysts, we found that the selectivity was dependent on both the counterion and the
catalyst structure. Using pThr catalyst P3, we found the Cs* phosphonate salt afforded the highest
selectivity for the Rp diastereomer of 14 (10:90 dr) (26). Furthermore, catalyst (S)-B8 emerged
from a catalyst screen as the most selective for the Sp diasterecomer using the Li* salt of 13 (74:26
dr). With further refinement, the use of MeCN/DMF at 4 °C led to increased selectivity (77:23 dr)
due to the increased solubility of the Li* salt under the reaction conditions. It is noteworthy that
with these highly functionalized zwitterionic substrates, the peptidic catalyst P3 actually
outperforms the BINOL-derived catalyst (S)-B8, in contrast to the less functionalized substrates
presented in Fig. 3. Thus, catalyst tuning and counterion optimization enabled the preparation of

each diastereomer of dinucleotide 14 with high diastereoselectivity.

In order to complete the syntheses of stereopure CDNs (33), we carried out the couplings
of 1 and 13+Cs with P3 on a 3.0 mmol scale, to isolate >2 grams of crude (Rp)-14 after a simple
crystallization. Site-selective hydrolysis of the disilane at C5' with aqueous trifluoroacetic acid
(TFA) then afforded the macrocyclization precursor (Rp)-15 in 30% yield and 1:99 dr over two
steps after flash chromatography. When subjected to diphenyl phosphoryl chloride (DPPC) with
2,6-lutidine as the base and 20 mol% N-methylimidazole (NMI) as a nucleophilic catalyst in
dichloromethane, (Rp,Rp)-16 could be obtained with high diastereoselectivity (>90:10 dr) and
isolated in pure form in 21% yield (34,35). Following global deprotection, the final CDN 2',3'-
cGSASMP ((Rp,Rp)-17) was isolated as a single diastereomer via crystallization from acetone in
75% yield and high purity over two steps. The (2'-5")Sp,(3'-5")Rp diastereomer could also be
obtained in high selectivity through a similar sequence by employing (S)-B8 as a catalyst with
13-Li (Fig. 4C). The relative stereochemical configuration at phosphorus of (Rp,Rp)-17 and
(Sp,Rp)-17 was determined by measuring the HPLC elution order and comparison to the work of
Lim and Kim (36). Thus, peptide-derived catalyst P3 selects for the (Rp)-configured
phosphorothioate, whereas BINOL-derived catalysts (S)-B7 and (S)-B8 select for the (Sp)-
configured phosphorothioate. The relative configurations of the 2',5'-linked dinucleotide substrates

3-10 and 12 were thus assigned by analogy (Fig 3).

Conclusion
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CPAs based on both peptidic frameworks and C2-symmetric BINOL-derived scaffolds
catalyze phosporamidite coupling reactions with substantial control of stereochemistry at
phosphorus (III). Their effectiveness, and indeed their complementarity, are revealed in their
capacity to dictate stereodivergence in coupling reactions with readily available nucleotide
reaction partners. These catalysts were applied to the stereocontrolled synthesis of CDNs, which
not only demonstrates streamlined access to these compounds, but also reveals a capacity for these
catalytic reactions to be optimized in the presence of highly functionalized salt forms of nucleotide
substrates. Overall, each class of catalyst, and the CPA framework itself, unambiguously provides
a new catalytic approach to the synthesis of P-stereogenic nucleotide derivatives, which is of broad

fundamental significance and utility.
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Fig. 1. Background and reaction development. (A) Structure of phosphorothioate cyclic dinucleotide (CDN).
(B) Strategies towards the stereoselective synthesis of P(III) compounds used in oligonucleotide synthesis. (C)
Bronsted-acid catalyzed dynamic asymmetric transformation of phosphoramidites for the synthesis of
stereogenic P(III) compounds. [HA], activator; Nuc, nucleophile. (D) Proposed mechanism for CPA-catalyzed
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Fig. 2. Catalyst and reaction optimization studies. (A) Optimization of pThr-catalyst favoring (Sp)-3. (B)
Optimization of BINOL CPA favoring (Rp)-3 diastereomer. (C) Diastereomeric ratios of 3 starting from
stereopure phosphoramidite 1. Fast and slow refer to the elution rates of phosphoramidites during purification
using reversed phase chromatography. Reactions were performed on 20 pmol scale at room temperature unless
otherwise noted. Yields and diastereomeric ratios are of isolated material after purification. Yield refers to
combined yield of both diastereomers; d.r. determined by 'H nuclear magnetic resonance (NMR) or high-
performance liquid chromatography (HPLC) analysis. TYield and d.r. were determined by *'P analysis of the
crude reaction mixture on 50 pmol scale. ¥ Reactions performed at 4 °C. MS: molecular sieves; CE: 2-
cyanoethyl; [Si] = TIPDS: 1,1,3,3-tetraisopropyldisiloxane; DPP: diphenyl phosphate.
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Fig. 3. Substrate scope. (A) Standard conditions: phosphoramidite (0.05 mmol), 20 mol% catalyst, nucleophile
(1.5 equiv), PhANCO (1.2 equiv), 3A MS, MeCN, RT, 24 h then +-BuOOH, 1h. Yield and diastereoselectivity
were determined by quantitative >'P NMR analysis of the crude reaction mixture with internal standard (triphenyl
phosphate) and are the average of two trials; dr refers to the Sp:Rp ratio. "Reactions were performed at 4 °C.
Phenylacetyl disulfide (PADS, 1.2 equiv) was used instead of ~BuOOH. YReaction was performed on 0.20
mmol scale with 5 mol% (S)-B7 at 0.40 M in MeCN. (B) *'P NMR analysis of crude dinucleotide 7 using (S)-
B7 (upper) and DPP (lower).
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Fig. 4. Gram scale CDN synthesis. (A) Optimization of H-phosphonate counterion. Standard conditions: 1
(0.03 mmol), 20 mol% catalyst, nucleophile (1.0 equiv), PhNCO (1.2 equiv), 3A MS, CH,Cl,, RT, 24 h then
Phenylacetyl disulfide (PADS, 1.2 equiv), 16 h. Yield and diastereoselectivity were determined by quantitative
3P NMR analysis of the crude reaction mixture with triphenyl phosphate as internal standard; dr refers to the
Sp:Rp ratio. "Reaction performed with 1.0 equiv 1 in MeCN/DMF (9:1 v/v) using (S)-B8. "Reaction performed
at 4 °C. SReaction performed with 1.0 equiv 1. (B) Reaction conditions: a. 1 (1.0 equiv), 13 (1.0 equiv), catalyst
(20 mol%), PhANCO (1.2 equiv), 3A MS, 7-48h then PADS (1.2 equiv), 16 h; b. TFA, H,O, THF, 4 °C, 5h; c.
NMI (20 mol%), 2,6-Iutidine (3.6 equiv), DPP-CI (2.0 equiv), 0 °C, 1 h then Beaucage reagent (3.0 equiv), RT,
30 min; d. 33% MeNH, in EtOH, 5 h; e. EtsN HF (5.00 equiv), pyridine, Et;N, 50 °C, 18 h. ¥ 13+Cs was used
with P3 and 13<Li was used with (S)-B8. (C) HPLC analysis (A 254 nm) of 17 as a stochastic mixture of
diastereomers (bottom trace), (Sp,Rp)-17 (middle trace), and (Rp,Rp)-17 (top trace). A, adenosine; G, guanosine.
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