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Abstract

Phosphoramidite analogues of modified cyclotriphosphates provide a general and step-economical 

synthesis of nucleoside triphosphates and analogues on scale without the need for protecting 

groups. These reagents enable rapid access to pure nucleoside oligophosphates and a range 

of other analogues that were previously difficult to obtain (e.g., NH, CH2, CCl2, and CF2 

replacements for O, phosphono- and phosphoimidazolides, -morpholidates, -azidates, and 

-fluoridates). DFT calculations demonstrate that the selectivity of the cyclotriphosphate opening 

reactions proceeds via an inline substitution mechanism that displaces the least charged leaving 

group.

There is a general demand for the fundamental building blocks of our genetic material: 

the (deoxy)nucleoside triphosphates.1,2 Even more so, to study the myriad of processes 

nucleoside polyphosphates are additionally required for, general methods to access these 

molecules and tailored analogues are much sought after.3 Despite a long history of research 

in the field of chemical nucleoside polyphosphate synthesis, there is still a lack of a general, 

practical, step-economic, and high-yielding process that at the same time enables analogue 

generation in a straightforward manner. Such analogues continue to have a significant 

impact on studies into the biological functions of nucleotides and their derivatives. Detailed 

discussions of different approaches have been the subject of comprehensive reviews.4–6 A 
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recent study presents in detail the pros and cons of different approaches, which eventually 

rely on protecting group manipulations and chromatographic steps.7

Herein, a family of reagents is described that enables access to a wide range of modified 

nucleoside oligophosphates in simple, scalable one-flask operations without the need 

for protecting groups. These reagents are ease to handle and facilitate modifications 

in the α-, β-, and γ-positions of the triphosphate chain. They are, in principle, 

compatible with automated solid phase synthesis. The approach proceeds through modified 

(deoxy)cyclotriphosphates as central intermediates (Scheme 1), which are then linearized 

with nucleophiles.8–16 Such intermediates have previously been difficult to obtain in pure 

form. Moreover, despite their role as key intermediates, the mechanism and selectivity of 

this reaction, i.e., linearization vs branching, still remain poorly characterized (Scheme 2) 

and are therefore analyzed by DFT calculations in this publication.

We recently disclosed the synthesis of a stable prototype reagent that represents a 

phosphoramidite analogue of cyclotriphosphate (a cyclic pyrophosphoryl P-amidite: cPyPA, 

Scheme 1, reagent highlighted in blue). This reagent was applied to the synthesis of 

polyphosphate analogues to study polyphosphate metabolism.17 The application of cPyPA 

to generate modified nucleoside triphosphates is now discussed. The ease of its preparation 

starting from pyrophosphate also suggested that pyrophosphate analogues could be used 

to generate a whole family of new reagents (Scheme 3, box) that can be used to position 

nonhydrolyzable units in between the β and γ phosphate. These reagents can furthermore 

be applied to access activated and modified nucleoside triphosphates, facilitating the one-

flask synthesis of, e.g., phosphoimidazolides, -morpholidates, and -azidates. These can 

subsequently serve again as building blocks for longer oligophosphate chains, as, e.g., found 

in dye-linked nucleoside hexaphosphates (Scheme 4).18

The reactions of pyrophosphate and its nonhydrolyzable analogues, i.e., imidodiphosphate,19 

methylene diphosphonate, dichloromethylene diphosphonate, and difluoromethylene 

diphosphonate with (diisopropyl-amido)dichlorophosphite delivered cPyPA and its 

previously unknown imidodiphosphate and phosphonate analogues cPyNHPA, cPyCH2PA, 

cPyCCl2PA, and cPyCF2PA. All reagents except cPyNHPA were stable under argon 

atmosphere in dry solvents for several weeks and were obtained in pure form in solution. 

Reactions of these reagents with different alcohols (nucleosides, aliphatic alcohols) provided 

access to mixed P(III)–P(V) deoxycyclotriphosphate esters within a few minutes that were 

then oxidized, again in a few minutes, to the modified cyclotriphosphates (or phosphonates 

in the case of cPyCH2PA, cPyCCl2PA, and cPyCF2PA). Such rapid conversions remain the 

domain of P(III) reagents and cannot be achieved with the less reactive P(V) reagents.6

Oxidation was achieved with mCPBA, Beaucagés reagent, or KSeCN, thereby additionally 

enabling selective modifications of P-α. Ring opening with different nucleophiles (e.g., 

aliphatic, cyclic, and aromatic amines, ammonia, imidazole, azide, morpholine, hydroxide, 

alkoxides, fluoride, and fluorophosphate) gave linearized products with the nucleophiles 

exclusively found in the terminal position. Of note, linearization occurred not only with 

the cyclotriphosphates, but also with the phosphonates and imidophosphates in comparable 

efficiency. Scheme 3 gives an overview of the structures that were obtained highlighting the 
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generality of the approach. No Staudinger reduction with azides is induced by the P(III) 

reagents as demonstrated with azidothymidine (AZT) as starting material, where the azido 

group remained untouched.

The ease of cyclotriphosphate generation provide significant advantages over prior 

methods20–22 and enables selective access to a wide range of modified nucleoside 

analogues including nonhydrolyzable bridges in between P-β and P-γ. Triphosphorylations 

of 2′,3′-protected nucleosides and of nucleosides without additional reactive alcohols 

(e.g., AZT, d4T) are straightforward and result in quantitative conversions to the modified 

cyclotriphosphates, which, after ring opening with, e.g., hydroxide, can be collected by 

simple precipitation. Unprotected nucleosides with a reactive 3′ OH group gave partial 

phosphorylation also in that position (10–20% depending on the substrate). Nonetheless, 

cPyPA and analogues could be used to modify T and A, directly without protecting groups 

providing access to modified nucleoside triphosphates in one flask operations in overall 

yields of 37–64%, which is usually not possible with other approaches that have to rely 

on protecting groups.6,7 While step economy was significantly improved without protecting 

groups, an additional ion chromatography purification step was required. The separated 

3′-NTPs were also isolated and characterized (see the Supporting Information) and are thus 

accessible.

Some selected examples will be briefly discussed to emphasize the scope of the approach: 

ring-opening with imidazole as a nucleophile enables the generation of terminally modified 

P-imidazolides7,23 (e.g., 9, 28; for more examples, see the Supporting Information). 9 
and 28 can be activated with Zn2+, and reaction with ATP resulted in the formation of 

hexaphosphates with modified termini (Scheme 4). The use of tetramethylguanidinium 

azide as a nucleophile provides access to phosphoazidates 35 and 52 which are 

potential photoaffinity probes with minimal structural perturbation.24 Ring opening with 

fluorophosphates generates nucleoside tetraphosphates, such as 8, with terminal fluoro 

substitution as potential electrophilic traps and mechanistic probes.25 All these reactions 

were compatible with the whole family of cPyPA reagents. These advantages render cPyPA 

and its nonhydrolyzable derivatives novel benchmark reagents in the field of nucleotide 

analogue synthesis.

Selective nucleophilic attack and opening of the cyclotriphosphate to a linear product are 

highlights of the method. The present empirical results, over 60+ derivatives, indicate that 

attack occurs at the sterically least hindered site and elimination follows with preferential 

cleavage of the anhydride bond that results in the least charge accumulation on the 

leaving group. Discussions of the mechanism of related phosphotransfer reactions26–31 

present a full spectrum of associative, concerted, or dissociative possibilities. B97-D/Def2-

TZVPPD(water) calculations support a concerted SN2 type mechanism in cyclotriphosphate 

ring opening with amine nucleophiles (Figure 1). The transition state structures found 

leading to the branched and linear products with ammonia as a reference nucleophile predict 

barriers of 32.0 and 23.5 kcal/mol, respectively.

The transition state leading to linear product with propargyl amine as nucleophile predicts a 

barrier of 23.2 kcal/mol, essentially the same as that with ammonia and consistent with the 
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empirical reaction energetics. Thus, computations predict a selective reaction in which the 

nucleophile attacks at the least hindered phosphate opposite to the leaving group on which 

the lowest charge would be accumulated (Figure 1).

In summary, a new family of reagents has been developed and applied in the synthesis of 

modified oligophosphate analogues with a focus on nucleotides. These reagents are highly 

versatile, thereby enabling researchers to assemble diverse modified nucleotides on demand 

for studies into the function of these central building blocks of biology. The modularity 

of the approach in combination with high yields, short reactions times, step economy, 

scalability, and avoidance of protecting groups offers significant new opportunities in the 

field of nucleotide research.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
B97-D/Def2-TZVPPD (water) structure for the proposed transition state of 

methylcyclotriphosphate reacting with propargylamine. Illustration of colors: red, oxygen; 

orange, phosphorus; blue, nitrogen; gray, carbon; white, hydrogen.
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Scheme 1. 
Overview of Synthetic Approaches to Modified Oligophosphates via 

(Deoxy)cyclotriphosphates
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Scheme 2. 
Ring-Opening of the Cyclotriphosphate Can Lead to Linearization with the Nucleophile 

Residing in the Terminal Position (Top, Observed) or the α-Position (Bottom, Not 

Observed), or Branching (Middle, Not Observed)
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Scheme 3. Overview of the Reaction Scope of cPyPA and Analoguesa

a[a] The triphosphates were directly precipitated from the reaction mixture by using NaClO4 

in acetone without further purification. [b] The reaction mixture was characterized by 

NMR, and the product was directly used for the next transformations. [c] The product 

was precipitated from the reaction mixture and purified by anion exchange chromatography 

(SAX). [d] The product was precipitated from the reaction mixture and subsequently 

purified by Reverse Phase MPLC.
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Scheme 4. 
Synthesis of Capped Hexaphosphates from γ-Imidazolide Triphosphates
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