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1. Introduction

In recent years, RNA viruses have become a significant threat to pub-

lic health because of apparent sudden epidemic outbreaks and periodic

pandemics, which cause considerable medical and socioeconomic burden.1

These viruses, many of them causing so-called emerging infections, such as

Ebola, Influenza, and Zika, are highly transmissible and cause immense
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morbidity and mortality.2–4 The newly emerged coronavirus disease

2019/20 (COVID-19) caused by infection with the severe acute respiratory

syndrome coronavirus 2 (SARS-CoV-2) has spread rapidly across the world

since December 2019.5,6 As of September 9, 2021 there have been more

than 222 mio. confirmed cases and 4.5 mio. death cases globally related

to COVID-19, according to the World Health Organization. Currently,

although very efficient vaccines are available, the worldwide number of

infections is still rapidly growing, impacting billions of people’s lives not only

in acute infections but also in long term perspectives as long-COVID.7

Therefore, developing not only safe and effective vaccines but also drugs

against SARS-CoV-2 is urgently needed. First of all, a number of important

repurposed antiviral drugs (e.g., Lopinavir, Hydroxychloroquine, and

Ritonavir)8 have been licensed to treat COVID-19. Medicinal chemists

in academia and at companies are seeking for new drugs for the treatment

of infections by not only SARS-CoV-2 but also for a broad spectrum of

RNA viruses.9

For several decades, manyRNA or DNA polymerase inhibitors based on

nucleoside analogs (e.g., HIV-RT and nucleos(t)ide reverse transcriptase

inhibitors (NRTIs)) are extensively used as the backbone to combat infec-

tions caused by HIV, influenza, hepatitis B and hepatitis C virus, herpes virus

and recently SARS-CoV-2.10–15 Mainly these compounds target the virus

replication by interfering with the action of the virus specific polymerases. In

this respect they either act as obligate or as non-obligate chain terminators

which in both cases finally lead to incomplete replication of the viral genome

and thus incompetent new virus particles. A further mechanism of action of

such compounds is that—if they are not repaired after incorporation—they

induce a high number of mutations within the viral genome leading finally

to lethal mutagenesis by error catastrophe. In order to combat COVID-19,

many approved nucleoside antivirals, such as Remdesivir, Sofosbuvir, and

Tenofovir have been used to combat this virus-caused pandemic (repurposing

approach).16,17 Previous studies have demonstrated that the nucleobase analog

Favipiravir (6-fluoro-3-hydroxypyrazine-2-carboxamide) is an antiviral agent

that inhibits the RNA-dependent RNA polymerase of many RNA viruses in

animal infection models,18,19 including Influenza virus (types A, B and C)

infection,18–22 Lassa virus infection,23 severe fever with thrombocytopenia

syndrome virus (SFTSV) infection,24 Ebola virus (EBOV) infection,25

Rabies virus infection,26 Rift Valley fever virus (RVFV) infection,27

Western equine encephalitis virus (WEEV) infection,28 West Nile virus

(WNV) infection,29 Norovirus infection,30 Crimean-Congo hemorrhagic
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fever virus (CCHFV) infection,31 Yellow fever virus disease (YFV)

infection,32 and Hantavirus virus (HRTV) infection.33 Favipiravir was devel-

oped by the Japanese Toyama Chemical Company for the treatment of

severe or pandemic influenza18,21 and was first approved in Japan in 2014

to treat human influenza virus infections.34 Recently, Favipiravir has been

demonstrated to be a potential agent for COVID-19 patients.35,36 Due to

its successful antiviral potency, Favipiravir was first approved for clinical use

in China in March 2020 to treat SARS-CoV-2 infections.35,37

The antiviral efficacy of many nucleos(t)ide polymerase inhibitors is

strongly dependent on their intracellular activation by host cellular kinases

to yield, via the nucleoside monophosphate (NMP) and nucleoside diphos-

phate (NDP), ultimately the bioactive nucleoside analog triphosphate

(NTP). The nucleobase analog Favipiravir (T-705) first undergoes meta-

bolic activation through phosphoribosylation to form ribofuranosyl-

50-monophosphate (Favipiravir-RMP, T-705-RMP) by the eukaryotic

hypoxanthine guanine phosphoribosyltransferase (HGPRT) which is then

converted through intracellular phosphorylation into its ribofuranosyl-

50-triphosphate metabolite (Favipiravir-RTP, T-705-RTP) most probably

by host cell enzymes (Fig. 1).22,38 In previous studies the ribofuranosyl-

50-diphosphate metabolite (Favipiravir-RDP, T-705-RDP) was not

observed or was formed in amounts below the limit of detection.

However, the enzymes involved in the conversion of T-705-RMP into

T-705-RDP and T-705-RTP have not been completely identified.22,38,39

Earlier, Favipiravir is noted as a promising drug for the treatment of

infections caused by different RNA viruses probably due to the inhibition

of the RdRP by T-705-RTP in a dose-dependent manner.18,19,22,40

However, Favipiravir is effective on SARS-CoV-2 and other RNA viruses

at high doses only,41 In addition, it was shown that Favipiravir has a risk for

embryotoxicity and teratogenicity.42 Based on these concerns, the Ministry

of Health, Labor andWelfare has formulated strict regulations on its produc-

tion and clinical use.42

Recently, the related pyrazine derivative (T-1105; 3-hydroxy-2-

pyrazinecarboxamide), which is the non-fluorinated T-705 analog has also

shown promising results in the treatment of influenza virus43 and other

RNA viruses. Also its nucleoside analog form T-1106 (3,4-dihydro-3-

oxo-4-β-D-ribofuranosyl-2-pyrazinecarboxamide; Fig. 1) showed potent

antiviral activity against RNA viruses without significant toxicity to mam-

malian cells.20–22,32,44,45 As T-705, T-1105 needs activation into its trip-

hosphorylated form but proved to be more efficiently activated by human
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Fig. 1 Mode of action of Favipiravir (T-705) and T-1105 and the corresponding nucleoside prodrug approach.



HGPRT than T-705 in influenza virus infected MDCK cells.39 The ant-

iviral activity of the nucleoside analog T-1106 was in many cases virtually

similar to T-705, although the dose of T-1106 required was lower than that

of T-705.

Earlier studies have shown that both T-705 and T-1105 are poor sub-

strates for the HGPRT and thus the overall conversion of T-705 and

T-1105 into their corresponding nucleoside triphosphates (T-705-RTP

and T-1105-RTP) has been identified as being the limiting factor for the

antiviral activity.39 So, it would be beneficial to use the already phosphor-

ylated metabolites as potential drugs, in the extreme to use the ultimately

active triphosphate of the two nucleobase analogs. However, the charged

phosphorylated metabolites cannot be considered as viable drug candidates

because of their high polarity which prevents cell membrane penetration.

To overcome the inefficient phosphorylation of nucleoside analogs

T-705 and T-1105 and thus to achieve the higher intracellular concentra-

tion of its active metabolites (T-705-RTP and T-1105-RTP), several

pronucleotide strategies developed by our group, such as nucleoside mono-

phosphate prodrugs (cycloSal), nucleoside diphosphate prodrugs (DiPPro-

concept), and nucleoside triphosphate prodrugs (TriPPPro-concept) have

been applied to the nucleoside forms of T-705 (Favipiravir) and T-1105

(T-1106; Fig. 1).46

This minireview summarizes the application of our mono-, di-, and tri-

phosphate pronucleotide approaches to T-705 and T-1105 and other nucle-

oside analogs. The synthesis, hydrolysis properties, and structure–activity
relationships in the antiviral evaluation of these prodrugs are discussed here

briefly.

2. T-705/T-1105 mechanism of action (MoA)

For all positive stranded RNA viruses like influenza, Ebola and also

SARS-CoV-2, RdRp’s play a crucial role in the viral RNA replication.

In case of SARS-CoV-2 this protein is coded nsp12. The role of nsp12

makes it an ideal target for antiviral agents due to the importance for the viral

life cycle and the lack of host homologs.

Intracellular nucleoside analog 50-triphosphates (NA-TPs) are then incor-

porated by error-prone viral RdRp’s into the nascent viral RNA.47–49 This

can lead to a disruption of the RNA synthesis by chain termination, or can

lead to lethal mutagenesis. In contrast to other RNA viruses, SARS-

CoV-2 has the possibility to remove nucleoside analogs from the viral
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RNA after the incorporation by nsp12, which is carried out by the RNA

proof-reading exoribonuclease (nsp14-ExoN).50 This can lead to resistance

development of SARS-CoV-2 against nucleoside analogs. For example, it

has been shown that nsp14 is capable of excising Ribavirin, a long-known

broad-spectrum antiviral nucleoside analog, from the viral genome due to

its proof-reading capabilitys.51,52 Nevertheless several antivirally active nucle-

oside analogs are currently under investigation as potential anti-SARS-CoV-2

candidates.17,53,54 Although Favipiravir is currently part of clinical trials for

treatment of SARS-CoV-2, the exact MoA is still not finally determined.

Several previous studies showed that the antiviral activity of T-705-RTP

relies on its mutagenic properties.55–59

Moreover, two independent studies were published showing that the

incorporation of a single or two consecutive T-705 molecules led to chain

termination.60–62 To get a deeper understanding of the MoA, in a collabo-

rative work with the group of B. Canard, SARS-CoV-2 infected Vero cells

were cultivated in the presence (500 μM) or absence of T-705.63

Subsequently, a deep sequencing of viral RNA was performed. It could

be observed, that in the presence of T-705 the total mutations are 3-fold

higher and the GdA and CdU transition mutations increased by 12 times

compared to the absence of T-705. The increase in mutation frequency has

also a measurable antiviral effect on SARS-CoV-2. The viral replication is

inhibited with an EC50 value of 0.2 mM and the virus-induced cytopathic

effect is lowered with an EC50 value of 0.1 mM. In SARS-CoV-2 infected

cells, the fact that T-705 has an antiviral effect showed first that T-705 man-

ages to avoid removal from the viral RNA by nsp-14. The second conclu-

sion that can be made is that the inhibition of the replication is, at least

partially, caused by the lethal mutagenesis induced by T-705. Even more

effective as the T-705-RTP was the T-1106 triphosphate analog.

To determine the exact amount of T-705 and T-1105 that are incorpo-

rated by the SARS-CoV-2 RdRp into the viral RNA, enzyme assays with

the isolated RdRp were performed. These experiments should also help to

get a deeper understanding of the MoA. First, the primer dependent activity

of the nsp12 using annealed primer-templates (PT) and self-priming hairpin

(HP) RNA’s was determined. The RNA synthesis of nsp12 alone is not effi-

cient, this result is consistent with prior studies.64,65 For an efficient RNA

synthesis, the cofactors nsp7 and 8 are essential. Together with these cofac-

tors the nsp12 forms a four-component complex containing a nsp7/nsp8

heterodimer and a nsp8 monomer. Interestingly, the addition of further

nsp8 to this nsp12:nsp7L8 complex, forming the nsp12:nsp7L8:8 complex

6 Xiao Jia et al.



further increases the efficiency of the RNA synthesis, both on primer-

templates (PT) and self-priming hairpin (HP) RNAs.63 This nsp12 complex

was used for elongation reactions in the presence of T-705-RTP and

T-1105-RTPwith simultaneously omission of ATP and/or GTP. For both,

the PT and HP substrate, multiple incorporation events could be observed.

However, T-705-RTP proved less efficient as compared to T-1105-RTP.

The lower efficiency of T-705-RTP matches with previous results men-

tioned (see below) and may be explained by the lower chemical stability

of T-705-RTP compared to T-1105-RTP.66 The experiment also clearly

showed that both nucleoside analogs are functioning as purine analogs as

they are not incorporated in place of uracil and cytosine.

If the HP complex is used both nucleoside analogs are efficiently incor-

porated opposite of uracil and cytosine and the formation of full-length

products can be observed. These results suggest that lethal mutagenesis is

the MoA if HP was used as substrate. If on the other hand PT is used as sub-

strate a different MoA was observed depending on whether the nucleoside

analogs are incorporated opposite of uracil und cytosine. Both nucleoside

analogs are rapidly incorporated opposite of uracil but further extension is

slow and inefficient. Multiple consecutive incorporations even lead to com-

plete stop of the extension. Opposite of cytosine however a marked stall in

replication before each incorporation of a nucleoside analog occurred, but

after incorporation the elongation proceeds rapidly. In these experiments

without adding GTP more full-length products were observed. Previous

studies showed for the poliovirus RdRp that these pause events before

the incorporation of T-705/T-1105, opposite of cytidine, are caused by

backtracking of RdRp, which was attributed the primary cause of the ant-

iviral activity.67 The results of this work suggest that for nsp12 the MoA of

T-705/T-1105 is dictated by the structural and functional properties of the

polymerase and the RNA. The proof of not fully elongated RNA strains

suggests that chain termination may contribute to the antiviral effect as well

as chain termination, although it is not the predominantMoA, because chain

termination could only be observed after several consecutive incorporations

of the nucleoside analogs. Due to the fact that consecutive incorporation is

relatively unlikely and based on the speed and frequency of the incorpora-

tion of T-705/T-1105 it is more plausible that the antiviral effect of T-705/

T-1105 is caused by its lethal mutagenic effect. This is also consistent with

the earlier performed infectious virus experiments. It was also shown that the

SARS-CoV-2 polymerase is the fastest viral RdRp known. It is determined

that the SARS-CoV-2 nsp12 elongates with a frequency of 600–700
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nucleotides per second. This is significantly faster compared to picornaviral

polymerases (5–20 s�1) or dengue and hepatitis C polymerase (4–18 s�1).63

In the no-ATP experiments, GTP:U mismatches were observed, the

most common naturally occurring transition mutation, allowing to compare

the T-1105 incorporation rate with the appearance of the natural GTP:U

transition mutation. If in the elongation reaction 50 μM GTP and 1 μM
T-1105-RTP are used the T-1105:U pair occurs 5-fold more often as

the GTP:U mismatch. This means that, by taking the concentration into

consideration, the T-1105:U pair is by 250-fold more likely to occur then

the GTP:U mismatch (Fig. 2). These huge amounts of misincorporations,

compared to the natural occurring transition mutations, possibly exceed

the proof-reading capacities of nsp14. Even though these results match with

the infectious virus experiments, further studies have to examine if nsp14 is

capable of excising T-705/T-1105, as it is the case for other nucleoside

analogs, or not.52,68,69

3. Chemical synthesis of the nucleoside of T-705
and T-1106 as well as their monophosphates

Synthesis of T-705-RMP 3. The polymerase assays clearly showed the

huge antiviral potential of T-705/T-1105 once it gets inside the cell in their

phosphorylated nucleoside forms. As described above, one limiting factor of

the antiviral activity is the inefficient metabolism of T-705/T-1105 into the

corresponding ribonucleoside monophophates by the human HGPRT.39

A newer study suggests that the metabolism of the RMP into the RDP is

Fig. 2 Elongation reaction with the PT substrate in with each 50 μMof GTP, UTP and CTP
in the absence of ATP (left) shows rapid addition of the first uracil followed by slow mis-
incorporation of the GTP:U mismatch. If 1 μM T-1105-RTP it gets incorporated on a sim-
ilar timescale as the native GTP:U mismatch (right).63
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a second limiting bottleneck in the enzymatic activation.39 Additionally,

it was reported that the activation heavily depends on the used cell line,

which makes the activation by human enzymes even more unreliable.43

So possibly the antiviral activity could be enhanced by delivering the ant-

iviral active metabolites directly into cells. To achieve this, one aim of

our group was to develop reliable synthesis routes to prepare the T-705/

T-1105-ribonucleosides which served as starting materials for the synthesis

of the phosphorylated metabolites. Moreover, all these compounds then also

served for applying several prodrug strategies for intracellular delivery of the

corresponding nucleotides (Fig. 1).

T-705-ribonucleoside was synthesized using the Vorbr€uggen-coupling
method.66 First, T-705 1 was silylated by hexamethyldisiloxane (HMDS),

the silylated base was then coupled to tetra-O-acetyl-β-D-ribofuranose in

the presence of tin(IV)tetrachloride as Lewis acid. Subsequently the crude

product needed to be deacetylated. Unfortunately, it was not possible to

use standard deacetylation conditions using either methanolic ammonia,

sodium methoxide, or a mixture of triethylamine in water and methanol,

because all these conditions led to decomposition of the just formed nucle-

oside. This decomposition was probably due to the nucleophilicity of the

reagents which are typically used in the cleavage of esters. Then, less nucle-

ophilic reagents were used to synthesize T-705-ribonucleoside 2. Finally, a

transesterification reaction using 0.3 equivalents of dibutyltin oxide in meth-

anol gave the desired nucleoside 2 in a yield of 40%.

Following to synthesis of the T-705-ribonucleoside the next aim was to

synthesize T-705-ribonucleoside-50-monophosphate. One of the most

common method for the synthesis of 50-monophosphates is the method

of Sowa and Ouchi.70 Using this method, a tetrachloropyrophosphate

pyridinium chloride adduct was generated by adding water and pyridine

to phosphorus oxychloride. The tetrachloropyrophosphate pyridinium

chloride adduct then reacted with ribonucleosides selectively at the 50-posi-
tion. After hydrolysis the 50-monophosphate was formed together with

hydrochloric acid.70 Usually this aqueous solution was then adjusted to

pH 7–8 using solid ammonium carbonate to yield the monophosphate as

ammonium salt. However, using these conditions led to decomposition

of the T-705-RMP 3. After modification of the reaction conditions using

(i) short reaction times and hydrolysis times and (ii) careful neutralization

using aqueous ammonium bicarbonate solution, it was possible to obtain

the T-705-RMP 3 in a yield of 50% (Scheme 1).66 Further studies on

the chemical stability showed not only a significant stability of the glycosidic

bond but also a chemical instability of the fluorinated heterocycle itself.66
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Synthesis of T-1106-MP 9. Stability studies showed that T-1106 5 proved

chemically completely stable in contrast to T-705-ribonucleoside 2.66

Additionally, Balzarini et al. reported that the 3-hydroxyl function of

T-705 is critical for their substrate recognition by HGPRT but that the

5-fluoro atom of T-705 is not required for metabolic activation and antiviral

activity.39 Due to these facts the synthetic focus of our group shifted away

from T-705 towards T-1105.

T-1106 5was synthesized using the Vorbr€uggen-coupling method using

standard conditions; also the subsequent deacetylation under standard con-

ditions worked without any problems and yielded the desired nucleoside

5 in a yield of 55% (Scheme 2).66

The one step phosphorylation method of Sowa and Ouchi70 to convert

T-1106 5 into the 50-monophosphate was not successful. Thus, an alternative

route was developed to synthesize the monophosphate using phosphoramidite

chemistry. First, the 50-OHgroup of 5was dimethoxytrityl (DMTr)-protected

followed by the acetylation of the 20- and 30-OH groups. Subsequently, the

DMTr group was cleaved under acidic conditions to yield compound

7 (65%). The monophosphate 9 was then synthesized using bis(9H-fluoren-

9-ylmethyl)-diisopropylamino-phosphite. After basic cleavage of theO-acetyl

Scheme 1 Synthesis of T-705-ribonucleoside-50-monophosphate 3: (A) HMDS,
(NH4)2SO4, 60 min, 140°C; (B) tetra-O-acetyl-β-D-ribofuranose, SnCl4, CH3CN, 7 h, rt.;
(C) Bu2SnO, MeOH, 24 h, 80°C, overall yield: 40%. (D) phosphorous oxychloride, pyridine,
H2O, 30 min, 0°C. (E) addition of 2, 20 min, 0°C. (F) ice H2O, 30 min, aqueous saturated
NH4HCO3 (pH 7.0), overall yield: 50%.

Scheme 2 Synthesis of T-1106 5: (A) tetra-O-acetyl-β-D-ribofuranose, N,O-bis
(trimethylsilyl)acetamid, CH3CN, 30 min, rt.; (B) trimethylsilyl trifluoromethansulfonate,
CH3CN, 44 h, rt.; (C) MeOH, H2O, Et3N, 6 h, rt., overall yield: 55%.

10 Xiao Jia et al.



and fluorenylmethyl groups, T-1106-MP 9was synthesized in an overall yield

of 47% (Scheme 3).46

Synthesis of the T-1106-DP 12 and -TP 13. The T-1106-DP 12 and -TP

13were synthesized using an iterative strategy starting from the T-1106-MP

9 (Scheme 3).71 It was not possible to perform a purification on the double

Fm-protected diphosphate 10 because it rapidly hydrolyzed during

purification. A selective cleavage of one single Fm-group was achieved by

the short (5–20 min) treatment of 10 with triethylamine. The isolated inter-

mediate 11 was stable towards hydrolysis and it was possible to separate the

monophosphate using RP-chromatography. After an additional deprotection

step T-1106-DP 12was obtained in high purity (>98%) in an overall yield of

53%. The triphosphate 13 was then obtained by repeating the same steps,

starting from the diphosphate 12 (purity of >96%; overall yield 25%.

Scheme 3 Synthesis of T-1106-DP 12 and -TP 13: (A) DMTrCl, C5H5N, CH3CN, 2 h, rt.;
(B) TEA, Ac2O, C5H5N, CH3CN, 16 h, rt., 75% over two steps; (C) CH3OH, p-toluenesulfonic
acid, 10 min, rt., 84%; (D) 1. bis(9H-fluoren-9-ylmethyl)-diisopropylaminophosphite (in
CH2Cl2), DCI, CH3CN, 15 min, rt.; 2. TBHP, CH3CN, 10 min, rt.; (E) TEA, CH3CN, 72 h, rt.; then
CH3OH/H2O/TEA 7:3:1, 24 h, rt., 72% over steps (D–E); (F) bis(9H-fluoren-9-ylmethyl)-
diisopropylamino-phosphite (in CH2Cl2), DCI, DMF, 10–20 min, rt.; (G) TBHP, DMF,
5 min, rt.; (H) TEA, CH3CN, 10–20 min, rt.; (I) TEA, H2O, CH3CN, 24–48 h, rt.
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4. Cyclosaligenyl (cycloSal) nucleoside monophosphate
prodrug approach

Often the first metabolic phosphorylation of nucleoside analogs into

their nucleoside monophosphates (NMPs) has been identified to be the lim-

iting step in the intracellular anabolic phosphorylation cascade. Here, the use

of lipophilic NMP pronucleotides may serve as intracellular delivery system

for NMPs. In an attempt to obtain a neutral, lipophilic phosphate ester var-

ious masking units have been introduced with the aim to neutralize the neg-

ative charges at the phosphate or phosphonate metabolites by compensating

the hydrophobicity to ensure a cellular uptake.

In our laboratories, one of the most extensively explored type of NMP

prodrug approach was developed (cycloSal-technology).72 The cycloSal tech-

nology is based on a pH-driven chemical hydrolysis and the phosphate group

of the NMP are masked by salicyl alcohols 14 (Scheme 4).

The synthesis of the cycloSal-pronucleotides has been achieved either by

using P(III) or P(V) chemistry (Scheme 4). First salicyl alcohols 14 were syn-

thesized from salicyl aldehydes or salicylic acids.73 Cyclic saligenylchloro-

phosphanes 15 were prepared from diols 14 and PCl3 in yields between

50% and 85% (Method A). Next, compounds 15 were reacted with the

nucleoside analog d4T in the presence of diisopropylethylamine (DIPEA)

Scheme 4 Synthesis of cycloSal-d4TMP triesters 18 and T-1106-cycloSal-prodrugs 20,21.
Method A: PCl3, pyridine, Et2O, �10°C, 2 h, 50–85%; Method B: (i) d4T, DIPEA, CH3CN,
�20°C to rt., 1 h; (ii) TBHP, CH3CN,�20°C to rt., 1 h, 50–73%; Method C: diisopropylamine,
Et2O, 0°C, 30 min, 50–85%; Method D: (i) d4T, pyridinium chloride, tetrazole or
imidazolium triflate, CH3CN, 0°C, 30 min; (ii) TBHP, CH3CN, rt., 1 h, 70–95%; Method E:
O2, toluene, rt., 16 h, quant; Method F: POCl3, TEA, CH2Cl2, �60°C to rt., 61%; Method
G: d4T, pyridine, �50°C, 4 h, 83–95%; Method H: (i) cycloSal-phosphochloridite, TEA,
CH3CN, DMF, 15–20 min, rt.; (ii) TBHP, CH3CN, DMF, 1–2 h, rt.; (iii) TFA, CH2Cl2, TFA, 1 h,
rt. CycloSal-T-1105-RMP prodrug 21 was obtained in 87% purity.
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to generate cyclic phosphite triesters, followed by addition of tertbutyl hydro-

peroxide (TBHP) to yield cycloSal-pronucleotides (exemplified shown here

for cycloSal-d4TMPs 18). CycloSal-pronucleotides such as 18 were obtained

as mixtures of diastereomers in reliably yields of 50–73% (Method B).

Alternatively, compounds 15 were reacted with diisopropylamine to obtain

phosphoramidites 16 (Method C). Then, phosphoramidites 16were coupled

to d4T in the presence of a weak acid and subsequent oxidation with TBHP

(Method D). In some cases, the yields were markedly higher (up to 95%) than

those obtained according to method B. Using P(V) chemistry, diols 14 were

first reacted with POCl3 to form 3-methyl-cyclosaligenylphosphorochloridate

17 (Method F).74 The yields obtained by this method to give the cycloSal-

d4TMPs 18 varied between 83% and 95%. In 2018, this technology has been

also applied to T-1105 and T-705 to bypass the rate limiting formation of the

phosphorylated nucleobase analog by HGRPT. CycloSal-T-1105-RMP

prodrugs 20,21 were prepared to deliver the nucleoside monophosphate.46

In contrast to other NMP prodrug strategies based on enzymatic

activation,7576–84 cycloSal pronucleotides enable the intracellular delivery

of the target nucleoside monophosphate by a non-enzymatically induced

chemical reaction. The cycloSal-prodrugs were sensitive to basic conditions

(Scheme 5).85 The phenyl phosphate ester bond was preferably cleaved

(step a) to form the benzyl phosphate diester 22, followed by spontaneous

cleavage of the benzyl ester bond (step b) releasing the NMP and sali-

cylalcohol 14 (step b). In contrast, the alternative cleavage of the benzyl ester

bond in cycloSal-d4TMP-prodrug 23 is unfavorable (step c). Furthermore,

the initial hydrolysis step of these cycloSal-pronucleotides can be influenced

by substituents in the 4-position of the phenol phosphate esters: electron

withdrawing groups, such as nitro- or chloro-substituents, result in short

half-lives. In the past, a variety of cycloSal-prodrugs with different nucleoside

analogs (d4T, ddA, ddI, BVdU, and ACV) have been reported.86–90 As

expected, T-1106-cycloSal-prodrugs 20,21 showed a highly selective deliv-

ery of T-1105-RMP in phosphate buffer (PBS, pH 7.3) (Fig. 3).46

CycloSal-phosphate triesters were evaluated for their antiviral activity in

HIV-1- and HIV-2-infected wild-type CEM/0 cells and in HIV-2-infected

mutant thymidine kinase-deficient CEM/TK� cells and were compared to

the parent nucleoside analogs. Most of the cycloSal-d4TMP triesters proved

at least as active as d4T against HIV-1 and HIV-2 in wild-type CEM/0 cells.

Moreover, some cycloSal phosphate triesters were markedly more active

against HIV-2 in CEM/TK� cells as compared to the parent d4T.91,92

The antiviral activity of different nucleoside cycloSal-phosphate triesters
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improved by the introduction of the cycloSal masks, e.g., cycloSal-ddAMP

(EC50 ¼0.025 μM) was 100-fold more active as the parent ddA

(EC50 ¼4.3 μM)93,94 and cycloSal d4AMP was 600-fold (EC50 ¼0.05 μM)

more potent than d4A (EC50 ¼30 μM).88 These results proved (i) the uptake

of the cycloSal-triesters into cells, (ii) the successful intracellular delivery of

NMPs, and (iii) that the cycloSal-concept enables the bypass the first phosphor-

ylation step usually needed for the initial activation of nucleoside analogs.

Unexpectedly, the corresponding T-1106-cycloSal-prodrug 20 showed very

poor anti-influenza virus activity (an average EC50 ¼248 μM inMDCK cells

and an average EC50 ¼232 μM in MDCK-TGres cells, Table 1), probably

due to their low chemical stability (t1/2 ¼1.2 h) and low lipophilicity.

Scheme 5 Hydrolysis pathways of the cycloSal-d4TMP triesters 18 (left) 85 and T-1106-
cycloSal-prodrugs 20,21 (right).46

Fig. 3 Chemical hydrolysis of cycloSal-pronucleotides 20,21 in pH 7.3 phosphate buffer
at 37°C.46
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Table 1 Anti-influenza virus activity and cytotoxicity in MDCK and MDCK-TGres cells.a

Comp.b MDCK cells MDCK-TGres cells

Cytotoxicityc Antiviral activity (EC50 in μM)b Cytotoxicityc Antiviral activity (EC50 in μM)b

MCC CC50 A/X-31 B/Ned/537/05 MCC CC50 A/X-31 B/Ned/537/05

CPE MTS CPE MTS CPE MTS CPE MTS

20 >400 >400 280�120 >400 176�42 135�77 >400 >400 256�39 368 200�20 106�47

35 21�5 35�8 5.4�1.0 10�2 7.2�0.5 3.5�0.6 16�0 22�6 6.6�2.5 8.8�2.4 3.4�1.3 2.8�1.2

36a 37�3 >100 1.3�0.2 1.0�0.2 0.81�0.05 0.56�0.08 22�4 44�8 1.3�0.2 0.97�0.13 0.55�0.07 0.39�0.05

36b 21�5 31�0 1.5�0.3 1.6�0.3 0.67�0.12 0.58�0.07 16�0 17�1 1.5�0.3 1.4�0.1 0.66�0.04 0.53�0.17

52a 16�0 30�1 2.6�0.0 3.6�0.5 2.6�0.6 2.4�0.8 13�3 10�0 2.6�0.0 4.5�2.0 1.9�0.3 1.0�0.7

52b 16�0 38�5 6.0�0.4 6.7�2.0 9.9�0.6 6.0�1.9 16�0 10�1 5.6�0.8 5.4�1.3 2.6�0.0 1.5

T-1105 >250 >250 6.4�0.9 5.4�0.6 2.8�0.4 2.1�0.2 >250 >250 >250 >250 >250 >250

T-705 >250 >250 24�1 26�2 9.0�0.8 8.3�1.0 >250 >250 >250 >250 >250 >250

T-1106 >250 >250 58�3 52�3 24�2 19�2 >250 >250 53�4 51�3 20�3 19�2

aData are the means � SEM of 2–5 independent tests. MDCK: Madin-Darby canine kidney cells; MDCK-TGres: 6-thioguanine-resistant MDCK cell line lacking functional HGPRT.
bAntiviral activity is expressed as the EC50, defined as the compound concentration producing 50% inhibition of virus replication, as estimated by microscopic scoring of the CPE or by
measuring cell viability in the formazan-based MTS assay.
cCytotoxicity is expressed as theMCC, the compound concentration producing minimal changes in cell morphology, as estimated by microscopy; or CC50, 50% cytotoxic concentration
estimated by MTS cell viability assay.



Although the half-lives for T-1106-cycloSal-prodrug 21 (t1/2 ¼16 h) was

found to be significantly higher by almost a factor of 13, again no

anti-influenza virus activity was detected.46 Because the cycloSal-

pronucleotide system gave nice improvements in antiviral activity and the

cleavage proceeded selectively to yield the monophosphates, the failure of

by-passing the enzyme responsible for the ribophosphorylation of T-1105

may also point to a further bottleneck in the activation leading to the triphos-

phate: the conversion of the monophosphate analog into its diphosphate

derivative. This might be an explanation, why the delivery of T-1105-

RMP was not sufficient to improve the antiviral activity.

5. Nucleoside diphosphate prodrugs

Despite these obvious advantages, not in all cases the cycloSal-

technology was successful. As just mentioned above, T-1105 cycloSal-

pronucleotides 20,21 showed no or very poor antiviral activity in

MDCK and MDCK-TGres cells.

The same happened when 30-deoxy-30-azidothymidine (AZT) was

used.95–97 Here, the cycloSal-approach failed to improve the antiviral activity

in thymidine kinase-deficient cells.97 One reason might be a rapid dephos-

phorylation of AZTMP by 30,50-(deoxy)nucleotidase present in the

cells.98,99 More importantly, in the metabolism of AZT, not the formation

of the monophosphate derivative (AZTMP) is critical but the formation of

the corresponding nucleoside diphosphate AZTDP by the host cell enzyme

thymidylate kinase (TMPK).100,101 Consequently, it was expected that the

development of nucleoside diphosphate prodrug systems would help to

overcome these problems.

Earlier, very few approaches have been developed for nucleoside diphos-

phate prodrugs, probably because of the inherent instability of the phosphate

anhydride bond. In 1990, Hostetler et al. designed several potential

NDP-diglyceride prodrugs.102–105 This approach was successfully used for

different nucleosides and improved antiviral activities compared to the par-

ent nucleosides, e.g., for 30-deoxythymidine (3dT, up to 37-fold). Later,

Huynh-Dinh et al. developed the acylphosphate concept based on a selective

cleavage of these mixed anhydrides releasing NDPs in aqueous buffer.106–108

However, in contrast to theNDP-diglyceride approach, no improvement of

the antiviral activity was detected as compared to the parent nucleoside.
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In order to improve the stability of the masked pyrophosphate unit, we

decided to design a pronucleotide approach based on masking the negatively

charged β-phosphate group only, namely, the DiPPro-approach.

5.1 Nucleoside diphosphate prodrugs based on cycloSal-
approach

Initially the previously developed cycloSal-technology was applied to

AZTDP, (cycloSal-AZTDP prodrugs 24; Scheme 6, upper section). The

nucleoside monophosphate was prepared from AZT by the Sowa–Ouchi

method.70 After the coupling reaction of cycloSal-phosphorochloridate 17

(P(V)-reagent) and AZTMP, cycloSal-AZTDP prodrugs 24 were prepared

using phosphorochloride chemistry. It was expected that such a construct

would allow a rapid conversion of the DiPPro-AZT prodrugs 24 into

AZTDP. The cycloSal-AZTDPs 24were incubated in PBS (pH 7.3) to study

their chemical stability and to identify the formed hydrolysis products. To

our surprise, only a very small amount of AZTDP (1%, Scheme 6, pathway

a) but a predominate formation of AZTMP (99%, Scheme 6, pathway b) was

detected in these studies. The undesired pyrophosphate cleavage leading to

AZTMP and cycloSal-phosphate were caused by nucleophiles attacking the

β-phosphate group. Consequently, the cycloSal-principle is unsuitable to

bypass the second intracellular phosphorylation step.

5.2 The symmetric DiPPro-nucleoside diphosphate prodrugs
Guided by the results from cycloSal-AZTDP prodrugs 24, we aimed to

design a new approach based on an enzymatically triggered pronucleotide

delivery system109 that has two masking groups at the β-phosphate. In
2008, we reported on the synthesis of the first examples of the bioreversible

Scheme 6 Synthesis and hydrolysis of cycloSal-AZTDPs 24.
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protection of nucleoside diphosphates using the phosphoramidite chemis-

try.110 The cleavage of the phenyl ester moiety within the masking units

was induced by chemical or enzymatic means to form NDP in CEM cell

extracts. Later, we developed a series of DiPPro-d4TDPs 28 bearing differ-

ent lipophilic acyl chain lengths to study their hydrolysis properties in chem-

ical or biological media and described structure–activity relationships in the

antiviral evalution.111–115 The synthesis of DiPPro-d4TDPs 28 is summa-

rized in Scheme 7. The method was applied to different nucleoside analogs

(e.g., AZT, d4U, carba-isoddA) and the overall yields varied between 10%

and 72%.110–113,115

For the synthesis, the required nucleoside monophosphates were pre-

pared from the nucleoside analogs as described before.70 In contrast to the

synthesis of cycloSal-nucleoside diphosphate prodrugs 24, first bis(tetra-

n-butylammonium)nucleoside monophosphates were coupled with a reac-

tive P(III)-reagent comprising the lipophilic bis(acyloxybenzyl) groups

to form P(III)–P(V) intermediates. Subsequently, the intermediates were

oxidized with tert-butylhydroperoxide (TBHP) to form the corresponding

diphosphates. As shown in Scheme 7, bis(4-acyloxylbenzyl)pho-

sphoramidites 27 were prepared from benzyl alcohols 25 and (N,N-

diisopropyl)dichlorophosphine 26 at low temperatures. Purified DiPPro-

d4TDPs 28 were obtained as brown syrups by reversed-phase (rp) column

chromatography. It should be noted that the reaction could be easily

followed by RP-HPLC: i) NMP was completely consumed, ii) the P(III)–
P(V) intermediates were formed within few minutes and then converted

to give the products.111

Stability studies. The DiPPro-d4TDPs 28 were investigated in PBS (pH

7.3) and CEM cell extracts to study their chemical and biological stability,

Scheme 7 Synthesis of the DiPPro-d4TDPs 28.
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respectively, and more importantly to study the delivery of the

corresponding d4TDPs. Two hydrolysis pathways of DiPPro-d4TDPs 28

were proposed (Scheme 8).

In the case of DiPPro-d4TDPs 28 in PBS, the chemical stability

increased with the increase of the alkyl chain lengths attached to the

4-acceptor-substituted benzyl esters. The half-lives of DiPPro-d4TDPs

28 were found to be between 10 h and 100 h, indicating that DiPPro-

d4TDPs 28 seem to be quite stable under chemical hydrolysis condition.

In PBS, the starting compounds 28 disappeared and the expected

mono-masked intermediates 30 were detected (Scheme 8; pathway A).

In these studies, the ester (acceptor unit) group is converted into a strong

donor hydroxy group, thus a spontaneous cleavage of the benzyl-

C-O-bond occurred subsequently, leading to the formation of intermediates

30. The half-lives of intermediates 30 (280–1400 h) were found to be much

higher than for starting compounds 28, potentially caused by repulsive inter-

action between the two negative charges of the intermediates and the

incoming nucleophiles. Additionally, when DiPPro-d4TDPs 28 were

almost consumed, an increase of the d4TDP concentration and a small

amount of d4TMPwere observed in these studies indicating that the hydro-

lysis of compounds 30 mainly followed pathway C. Furthermore, d4TMP

concentrations increased at the beginning of the hydrolytic process,

probably due to the anhydride bond breakage between the α-phosphate
and β-phosphate (Scheme 8; pathway B).

DiPPro-d4TDPs 28 were investigated in human CD4+ T-lymphocyte

CEM cell extracts to identify the hydrolysis products. The half-lives of

DiPPro-d4TDPs 28 were in the range of 0.05–21 h and found to be mark-

edly lower than the half-lives of prodrugs measured in PBS (up to 200-fold),

Scheme 8 Hydrolysis mechanism of DiPPro-d4TDPs 28.
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which indicates an enzymatic hydrolysis reaction. In the case of

DiPPro-d4TDPs 28, the cleavage and the formation of intermediates 30

were observed. Former studies have shown that intermediates 30 were

readily cleaved and hydrolyzed in CEM cell extracts, thus a predominate

formation of d4TDP was observed and no further increase of compounds

30 concentrations were detected. It was impossible to quantify the concen-

trations of d4TDP released in CEM cell extracts because this compound was

further dephosphorylated by enzymes, such as phosphatases, to form

d4TMP.

DiPPro-d4TDPs 28 were investigated for their antiviral activity in

HIV-1 and HIV-2-infected wild-type CEM/0 and in HIV-2-infected

mutant thymidine-kinase-deficient cells (CEM/TK�). The parent d4T

was used as reference compound. D4T showed no antiviral activity in thy-

midine kinase (TK)-deficient cells, because the first phosphorylation step to

yield the monophosphate metabolite catalyzed by TK is the metabolism-

limiting step. Most of the DiPPro-d4TDPs 28 showed similar activities

against HIV-1 and HIV-2 than the parent d4T in wild-type (CEM/0) cell

cultures. In contrast, all DiPPro-d4TDP prodrugs 28 were highly active in

CEM/TK� cell cultures. The antiviral activity determined for prodrugs

28a-d (AB:C1-C9) increased with increasing alkyl chain lengths due to

their advantageous permeability. DiPPro-d4TDP 28d (AB-C9) was the

most active compound of all the reported prodrugs: The inhibition of

HIV-1 and HIV-2 replication by DiPPro-d4TDP 28d (EC50¼0.08 μM/

HIV-1; EC50¼0.32 μM/HIV-2) improved by 11-fold and 7-fold, respec-

tively as compared to nucleoside d4T in wild-type (CEM/0) cells and the

activity was improved 1570-fold in CEM/TK� cell cultures. The antiviral

activity observed in the wild-type (CEM/0) cell cultures 28d (EC50¼
0.32 μM/HIV-2) was completely retained in CEM/TK� cell cultures

(EC50¼0.11 μM/HIV-2). It was concluded that these DiPPro-prodrugs 28

were successfully taken-up across the cell membranes and delivered phosphor-

ylated metabolites, most probably d4TDPs.

5.3 Non-symmetric DiPPro-nucleoside diphosphate prodrugs
Taking all previous results into account, we next developed a second gen-

eration of DiPPro-NDP compounds as shown in compounds 34

(Scheme 9). The second generation compounds comprised two different

acyloxybenzyl moieties linked to the β-phosphate of the nucleoside diphos-
phate. One of the bioreversible groups is bearing a short alkyl chain
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carboxylic acid ester (low lipophilicity) while the second group comprises a

long alkyl residue carboxylic acid ester or a substituted benzoic acid ester

(high lipophilicity). It was expected that such a design would allow a rapid

conversion of the DiPPro-compounds 34 into the mono-masked interme-

diates 30 and therefore avoid the unwanted phosphoanhydride bond hydro-

lysis in the prodrugs leading to NMP. The second masking unit would be

subsequently cleaved slowly to form the NDP. We expected that such a

design would achieve a highly selective conversion of the DiPPro-prodrugs

into nucleoside diphosphates.

DiPPro-d4TDPs 34 were made according to the phosphoramidite route

as summarized above.110,112,115First, bis(diisopropylamino)phosphoramidites

32 were prepared from 4-acyloxybenzyl alcohols 25 and phosphorus

trichloride 31 in the presence ofN,N-diisopropylamine (DIPA). Then, com-

pounds 32were reacted with the second 4-acyloxybenzyl alcohols 25 to form

non-symmetric phosphoramidites 33. Finally, phosphoramidites 33 were

coupled with d4TMP in an acid-activated reaction followed by oxidation

(Scheme 9).

DiPPro-d4TDPs 34 were studied with regard to their stabilities in dif-

ferent media and their hydrolysis products were analyzed. Interestingly, in all

cases, both intermediates 30a (short acyl residues) and intermediates 30b

(long acyl residues) were formed, indicating that both masking groups of

DiPPro-d4TDPs 34 were involved in the hydrolysis (pathways A and B;

Scheme 10). From analyzing the amounts of the formed products (interme-

diates 30, d4TDP, and d4TMP) the following conclusions can be taken:

(i) DiPPro-d4TDPs 34were found to be more readily cleaved to form inter-

mediates 30b, (ii) the intermediates 30b bearing long alkanoyl ester moieties

proved to be more stable than intermediates 30a bearing short alkyl moie-

ties, and (iii) an increase of d4TDP concentration and a very small amount of

Scheme 9 Synthesis of non-symmetric DiPPro-nucleoside diphosphates 34.
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d4TMP were detected. Furthermore, the chemical stability of DiPPro-

d4TDPs 34 was found to be higher as compared to those of the symmetric

DiPPro-d4TDPs 28. For example, the half-lives for DiPPro-d4TDPs 34

(acyloxybenzyl (AB)-C1;AB-C9) (t1/2¼40 h)113 improved by 4-fold com-

pared to 34a (AB-C1;AB-C1) (t1/2¼10 h).110

We evaluated the stability of DiPPro-d4TDPs 34 in CEM cell extracts as

well. As expected, the stability of DiPPro-d4TDPs 34 in cell extracts

(t1/2¼0.03–1.91 h) was significantly lower than the stability in PBS (up

to 1450-fold). The masking groups in DiPPro-d4TDPs 34 were selectively

cleaved to form intermediates 30a and intermediates 30b, respectively. In

the case of DiPPro-d4TDPs 34 (AB:C4;AB:R2), the formation of the

C4H9-intermediate and the long alkyl chain acyl group (R2) intermediates

were detected. However, for DiPPro-d4TDPs 34 (AB-C1;AB-R2), a

highly selective cleavage of the short biodegradable moiety (AB:C1) led

to the formation of intermediates 30b (AB:R2) in cell extracts. DiPPro-

d4TDPs 34 were also rapidly hydrolyzed by PLE and delivered d4TDP

within a few minutes (0.14–0.19 min). However, for DiPPro-d4TDP 34

(AB-C1;AB-C9), both alkanoyl esters were cleaved at almost identical rates.

In contrast, a large amount of C4H9-intermediate was observed in the

hydrolysis of DiPPro-d4TDP 34 (AB-C4;AB-C9) with PLE.

In antiviral assays, the inhibition of the replication of HIV-1 and HIV-2

by DiPPro-d4TDPs 34was similar, or slightly better, compared to their par-

ent nucleoside d4T in wild-type CEM/0 cells. In some cases, the antiviral

activity for DiPPro-d4TDPs 34 increased with the higher lipophilicity

associated with the introduced masking units of the DiPPro-prodrugs.

The high antiviral activity of DiPPro-d4TDP 34 (AB-C4;AB-C11)

Scheme 10 Hydrolysis pathways of non-symmetric DiPPro-d4TDPs 34.
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(EC50¼0.13 μM) was retained in thymidine-deficient CEM cells (TK�)
and compared to the parent nucleoside d4T (EC50¼150 μM) the

anti-HIV activity was improved by 1153-fold.

5.4 Nucleoside diphosphate prodrugs: T-1106-DiPPro-
prodrugs

We applied the bis(acyloxybenzyl)-masking approach to nucleoside analogs

T-705 and T-1106.46 Starting from T-705-RMP and T-1105-RMP,

T-705-DiPPro-prodrug 35 (R1 6¼R2) and T-1106-DiPPro-prodrugs 36

(R1¼R2 and R1 6¼R2) were successfully prepared using the previously

reported phosphoramidite protocol, respectively.110,113 The cleavage of

DiPPro-prodrugs 35,36 was further investigated in PBS (pH 7.3), with

PLE (PBS, pH 7.3), and in MDCK cell extracts.

In PBS (pH 7.3), T-705-DiPPro-compound 35 (AB-C4;AB-C14) was

fully decomposed after 30 h. However, the expected intermediates were not

observed. We assumed that the nucleophilic displacement of the fluorine

atom by water took place which led finally to the destruction of the

nucleobase analog. Furthermore, T-705-DiPPro-compound 35 (AB-C4;

AB-C14) was rapidly hydrolyzed with PLE and delivered the expected

T-705-intermediates (with R either C4H9 or C14H29) much faster compared

to the chemical hydrolysis. Compared to its T-705 counterpart, T-1106-

DiPPro-prodrugs 36 (for example 36a, t1/2¼30 h) showed much higher

chemical stability. The chemical hydrolysis of T-1106-DiPPro-prodrug

36a (AB-C9;AB-C9) released mono-masked T-1106-intermediate 37

(AB-C9), T-1105-RDP, and T-1105-RMP (Fig. 4A, condition without

esterase).With PLE, almost no formation of T-1105-RMP and the unknown

by-product was observed. The starting material disappeared and the

mono-masked T-1106-intermediate 37 (AB-C9) was formed.

Subsequently, T-1106-intermediate 37 (AB-C9) was fully converted into

the final metabolite, T-1105-RDP (Fig. 4A, condition with esterase).

Furthermore, T-1106-DiPPro-prodrugs 36a,b were efficiently converted

into the corresponding mono-masked intermediates 37 in extracts from

MDCK and MDCK TGres cells. Subsequently, T-1105-RDP was also

detected as intermediate metabolite that was further dephosphorylated to

T-1105-RMP (Fig. 5). T-1106-DiPPro-prodrugs 36a,b activation and

release of T-1105-RDP was found to proceed faster for symmetrically

masked T-1106-DiPPro-compound 36a (AB-C9;AB-C9) than for the

non-symmetrically masked T-1106-DiPPro-compound 36b (AB-C4;

AB-C14).
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Fig. 4 Metabolic profiles of T-1106-DiPPro-prodrug 36a (A) and T-1106-
TriPPPro-compound 52a (B). T-1106-prodrugs 36a (A) and 52a (B) were incubated at
450 μM in the absence or presence of PLE (3 U per mL).46

Fig. 5 Metabolic conversion of T-1106-DiPPro-prodrugs 36 and T-1106-
TriPPPro-prodrugs 52 in MDCK and MDCK-TGres cell extracts. Prodrugs 36,52
(500 μM) were incubated in cell extract and after 2 h, proteins were precipitated.46
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As expected, the initial cleavage step of the hydrolysis mechanism hap-

pened similarly to the cleavage pathways for compounds 28,34, respectively.

The hydrolysis pathways are shown in Scheme 11. The studies showed that:

(i) a minor pathway involved the cleavage of the phosphoanhydride bond in

T-1106-DiPPro-prodrugs 36, leading to T-1105-RMP, (ii) the major path-

way involved an enzymatic trigger mechanism leading to T-1105-RDP via

a mono-masked intermediate 37, and (iii) with PLE, a large amount of

T-1105-RDP and almost no T-1105-RMP was detected.46

T-705-DiPPro-prodrug 35 and T-1106-DiPPro-prodrugs 36 were

evaluated for their anti-influenza activity inMDCK andMDCK-TGres cells.

As shown in Table 1, T-705-DiPPro-compound 35 (AB-C4;AB-C14) had

an average EC50 of 6.5 μM, which is 3-fold more active than the nucleobase

T-705 (an average EC50¼16.8 μM). As for T-1105 ribonucleoside

Scheme 11 Synthesis and hydrolysis mechanism of T-1106-DiPPro-prodrugs 36.
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(T-1106), the anti-influenza activity of the T-1106-DiPPro-prodrugs

36a,b was 35 to 42-fold higher as compared to the parent nucleoside

T-1106 (an average EC50¼38.2 μM), 4 to 5-fold higher than the

nucleobase T-1105 (an average EC50¼4.3 μM), and 6 to 7-fold higher than

its T-705 counterpart 35 (AB-C4;AB-C14), respectively.

Compared to the non-symmetric T-1106-DiPPro-compound 36b

(AB-C4;AB-C14) (EC50¼1.1 μM), the symmetric T-1106-DiPPro-

compound 36a (AB-C9;AB-C9) had similar (an average EC50¼
0.91 μM) anti-influenza activity. More importantly, the antiviral activity

observed in MDCK-TGres cell cultures (an average EC50¼0.91 μM) was

completely retained in the case of the lipophilic T-1106-DiPPro-compound

36a (AB-C9;AB-C9) in HGPRT-deficient MDCK-TGres cell cultures (an

average EC50¼0.8 μM), whereas T-1106 lacked any relevant anti-influenza

activity (EC50 > 250 μM). In antiviral assays, good anti-influenza activity of

the T-1106-DiPPro-prodrugs 36a (AB-C9;AB-C9),36b (AB-C4;

AB-C14) was observed in MDCK-TGres cells with 5 to 7-fold improved

activity as compared to the T-705-DiPPro-compound 35 (AB-C4;

AB-C14). Thus, T-1106-DiPPro-compounds 36 provided a successful

and selective delivery of T-1105-RDP inside cells and improved the

anti-influenza activity and this DiPPro-system proved to be highly successful

in the esterase-triggered release of T-1105-RDP. As for T-705, the

anti-influenza activity of T-705-DiPPro-compound 35 (an average EC50

of 6.5 μM, 6-fold less active than T-1106-DiPPro-compound 36b) is

probably limited by the chemical instability of its fluorinated nucleobase.

6. Nucleoside triphosphate prodrugs

As summarized above, we have developed a concept to deliver

NDPs inside cells using lipophilic but still partially charged DiPPro-

compounds.110–115 However, the released NDPs still need further intra-

cellular phosphorylation into their antivirally active triphosphate forms by

cellular kinases to interact with viral polymerases. Moreover, it was reported

that even the last phosphorylation might be problematic, e.g., the conver-

sion of FTC-DP to form FTC-TP by NDPK.116 As a consequence, the

development of nucleoside triphosphate (NTP) prodrugs is still highly inter-

esting and desirable because this enables: i) the bypass of all steps of the intra-

cellular phosphorylation and ii) the delivery of NTPs would in principle

maximize the intracellular concentration of the NTPs.
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In an attempt to develop NTP prodrugs, the following challenges

have to solved: (i) the highly negatively charged triphosphate unit requires

appropriate masking, (ii) two reactive phosphate anhydrides linkages in the

triphosphate moieties should be kept intact, (iii) the high sensitivity for

enzymatic dephosphorylation of NTPs should be prevented, and (iv) a

suitable chemical synthesis has to be established. Only very few NTP pro-

drugs have been reported in the past.117,118 These nucleoside triphosphate

prodrugs involved the attachment of only an alkyl or acyl moiety (high

lipophilicity) to the γ-phosphate moiety.109,117–121 Unfortunately, no

increase of antiviral activity was observed with these nucleoside triphosphate

prodrugs as compared to their parent nucleosides.121

6.1 Symmetric TriPPPro-compounds—Acyloxybenzyl
(AB)-nucleoside triphosphate prodrugs

Our group is working intensively on the development of NTP prodrug sys-

tems. Encouraged by the positive results of the DiPPro-prodrugs, we devel-

oped a novel nucleoside triphosphate prodrug concept in which two

biodegradable masking units were attached to the γ-phosphate moiety,

namely the TriPPPro-approach (Scheme 12; upper section).122 Later, we

report on the application of the TriPPPro-concept on several nucleoside

analogs to demonstrate the strength of the strategy (Scheme 12; lower

section).123 For the synthesis of TriPPPro-prodrugs 38, we developed

two different synthesis routes: the phosphoramidite route and the

H-phosphonate route.122,123

In the initial studies, TriPPPro-d4TTPs 38 bearing two biodegrad-

able masking groups (alkyl, alkoxyl, and aminoalkyl chains) attached to

the γ-phosphate group of d4TTP were prepared using the phosphoramidite

route with modest to good chemical yields (26–70%). The P(III) chemistry

was similar to our previously reported phosphoramidite chemistry used

for the synthesis of DiPPro-prodrugs.110,112 The difference was that the

P(III)-compounds 27 were reacted with d4TDP instead of d4TMP, as the

nucleotide components. For this, phosphoramidites 27were prepared in high

yields.110,112 D4TDP was synthesized using the cycloSal-technique (55%

yield). Then, compounds 27 were mixed with d4TDP in the presence of

dicyanoimidazol (DCI). After oxidation, the target products were purified

by automated column RP-18 chromatography.

Additionally, a further method (H-phosphonate route) was developed.

The chemistry was based on a coupling reaction of pyrophosphate 41

(P(V)-reagent) and NMPs. H-Phosphonate 40 was easily prepared from
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4-acyloxybenzyl alcohol 25e and diphenyl hydrogen phosphonate (DPP)

39. The H-phosphonate 40 was reacted with N-chlorosuccinimide

(NCS) to generate a phosphorochloridate which was then reacted with

tetra-n-butylammonium phosphate to yield pyrophosphate 41 in almost

quantitative yields. Due to its high chemical instability, compound 41

was quickly purified by extraction (CH2Cl2/H2O) and immediately used

in the next step. Finally, compound 41 was activated with trifluoroacetic

acid anhydride (TFAA) and N-methylimidazole,124,125 then reacted with

NMPs to give TriPPPro-NTPs 38 (n-Bu4N
+ form). The target

TriPPPro-NTPs 38 (NH4
+ form) were obtained in yields between 7%

and 71% using the above separation method. As compared to the pho-

sphoramidite pathway, the H-phosphonate route offers some advantages:

(i) NMPs are generally easier to prepare as the corresponding NDPs,

Scheme 12 Synthesis of TriPPPro-prodrugs 38 using via P(III) and P(V) chemistry.
(i) Triethylamine, THF, 0 C-rt, 20 h; (ii) 1. 5-chlorosaligenylchlorophosphite,
N,N-diisopropylethylamine, CH3CN, �20 C-rt, 3 h, 2. t-BuOOH in n-decane, 0 C-rt,
30 min; (iii) (H2PO4)Bu4N, DMF, rt., 20 h; (iv) 1. DCI, CH3CN, rt., 1 min, 2. t-BuOOH in
n-decane, 0 C-rt,15 min; (v) pyridine, 38°C, 2 h; (vi) 1. NCS, CH3CN, rt., 2 h, 2. (H2PO4)
Bu4N, CH3CN, rt., 1 h (vii) 1. TFAA, Et3N, CH3CN, 0 C, 10 min, 2. 1-methylimidazole,
Et3N, CH3CN, 0 C-rt, 10 min, 3. NMP, rt., 1–3 h.
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(ii) the diphosphate bond between the α- and β-phosphates was formed

without oxidation step, (iii) the method was more tolerant to the used sol-

vents, and (iv) the chemical stability of compound 40was higher than that of

the phosphoramidites 27.

In order to study the hydrolysis properties and the delivery mechanism of

TriPPPro-compounds 38, the mono-masked acyloxybenzyl (AB)-NTP

derivatives 43 were synthesized as well (Scheme 13). First, 4-acyloxybenzyl

alcohols 25 reacted with 5-nitrosaligenylchlorophosphite 15 to synthesis

benzyl-(5-nitro-cycloSal)-phosphate triesters 42 in high yields (up to 89%).

Then, the mono-masked triphosphates 43 were prepared from 5-nitro-

cycloSal-triesters 42 and d4TDP in yields of 26–30%.

In PBS, generally the half-lives of γ-(AB;AB)-d4TTPs 38a-h increased

with increasing acyl chain lengths (AB:C1-C13). TriPPPro-d4TTPs 38

hydrolyzed following similar cleavage pathways as described for DiPPro-

d4TDPs 28 (Scheme 8). In all cases to some extent, d4TDP was formed

as well and a very low amount of d4TMP was observed in addition to

the expected predominate formation of γ-(AB)-d4TTPs 43 and d4TTP,

indicating that TriPPPro-d4TTPs 38 hydrolyzed mainly followed pathway

A (A1 and A2; Scheme 14).

Furthermore, after complete conversion of the starting TriPPPro-

d4TTPs 38, no further increase of amounts of d4TDP and d4TMP was

observed. It was concluded that d4TDP and d4TMP were formed from

TriPPPro-d4TTPs 38 by a nucleophilic attack at the γ-phosphate
(pathway B) or β-phosphate (pathway C) moiety, respectively. As observed

for DiPPro-d4TDPs 28,112 the stability of the intermediately formed

γ-(AB)-d4TTPs 43 (t1/2¼95–637 h)122 was higher than the corresponding

TriPPPro-d4TTPs 38 (t1/2¼17–99 h),122 which was in agreement with the

results obtained from the studies of prodrugs 28 in PBS. Interestingly,

TriPPPro-NTPs 38 were also hydrolyzed to form γ-(AB)-NTPs as 43

Scheme 13 Synthesis of mono-masked NTPs 43.
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and then released the corresponding NTPs in PBS. The hydrolysis pathways

leading to the different phosphorylated nucleotide metabolites are shown in

Scheme 14.

The TriPPPro-concept is designed to be cleaved by esterases/lipases. As

compared to the chemical hydrolyses, TriPPPro-compounds 38 were rap-

idly hydrolyzed with PLE and formed intermediates 43 demonstrating the

enzymatic cleavage. The cleavage of intermediates 43 was again much

slower than for TriPPPro-prodrugs 38. Again, TriPPPro-compounds 38

were also readily cleaved to form intermediates 43 in CEM/0 cell extracts

and then delivered the corresponding NTPs. In addition to NTPs (e.g.,

d4TTP, t1/2¼38 min)122 also a high amount of NDPs (e.g., d4TDP,

t1/2¼59 h)122 were detected as well, probably due to the presence of

dephosphorylating enzymes in cell extracts.

To confirm the TriPPPro-concept, primer extension assays were per-

formed with HIV’s reverse transcriptase (HIV-RT) after hydrolysis of

γ-(AB-C8;AB-C8)-d4TTP. As expected, an immediate DNA chain termi-

nation was observed after incorporation of d4TMP, indicating that d4TTP

(substrate for RT) was released from γ-(AB-C8;AB-C8)-d4TTP with PLE.

Additionally, the thymidine-bearing γ-(AB-C8;AB-C8)-TTP was investi-

gated in the same way. The hydrolysis of γ-(AB-C8;AB-C8)-TTP was

performed and then the hydrolysis mixture was added to the polymerase

assay. Here, the expected canonical incorporation of TMP was observed

because the delivered TTP was accepted by HIV-RT as a substrate.

TriPPPro-prodrugs 38 were tested against HIV replication in infec-

ted wild-type (CEM/0) and TK-deficient (CEM/TK�) cell cultures.

Scheme 14 Hydrolysis mechanism of TriPPPro-prodrugs 38 in PBS (pH 7.3) (shown for
d4T as an example).
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TriPPPro-d4TTPs 38 showed virtually similar activities against HIV-1 and

HIV-2 as compared to the parent d4T in infected wild-type (CEM/0) cells.

Importantly, good to very good antiviral activity of TriPPPro-d4TTPs 38

(R�C8H17) was detected in CEM/TK� cells with 15–535-fold improved

activity as compared to the nucleoside. It was concluded from these studies

that TriPPPro-d4TTPs 38 with biodegradable masking groups efficiently

enter cells and deliver d4TTP, thereby bypass all intracellular phosphory-

lation steps. Again, TriPPPro-NTPs 38 (AB:C8;AB:C8) bearing different

nucleoside analogs were active against HIV-1 and HIV-2 in infected

wild-type (CEM/0) cell cultures, more importantly, they remained active

in CEM/TK� cells as well.123

6.2 Non-symmetric TriPPPro-nucleoside triphosphate
prodrugs

The first generation TriPPPro-prodrugs 38 comprised two identical biode-

gradable masking moieties and enabled the delivery of NTPs inside cells. In

the case of TriPPPro-d4TTPs 38, the desired cleavage of the phenol ester

dominated, consequently, the prodrug mainly yielded the corresponding

intermediates 43 and then released d4TTP (Scheme 14). From the results

summarized for TriPPPro-d4TTPs 38, the stability and antiviral activity

were related to the alkyl chain length attached to the acyl residues. The

shorter alkyl chain length led to lower stability of TriPPPro-d4TTPs 38

(AB:C1-C6) with no antiviral activity. In addition, TriPPPro-d4TTPs 38

(AB:C8-C15) comprising longer alkyl residues in the ester moiety exhibited

higher chemical and biological stability and also higher antiviral activity.

Compared to acyloxy ester TriPPPro-compounds, the alkyl carbonate func-

tional groups (ACB) increase the stability of these prodrugs. These observa-

tions formed the basis for our research to conduct a study on a series of NTP

prodrugs bearing two different biodegradable masking groups (R1 6¼R2).

Non-symmetric TriPPPro-prodrugs bearing two different biodegradable

masking groups (AB or ACB) are shown in Scheme 15.126–128

In 2020, we first described the non-symmetric γ-(AB;ACB)-d4TTPs
(Scheme 15) with the aim to deliver d4TTP with high selectivity in PBS

and by enzyme-triggered reactions in CEM cell extracts.126 Studies have

shown that the introduction of these different groups led to the selective for-

mation of γ-(ACB)-d4TTPs 51 by chemical hydrolysis and in particular in cell

extracts. Subsequently, the use of the TriPPPro-concept on a series of

approved and also on so-far non-active nucleoside analogs was described to

demonstrate the general applicability and the great potential that this approach
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promises (γ-(AB;ACB)-NTPs 47; Scheme 15).127 For comparison, we also

made and studied TriPPPro-prodrugs (γ-(AB;AB)-d4TTPs) comprising

two different AB moieties.128

6.3 Synthesis of non-symmetric TriPPPro-prodrugs 47 and
γ-(ACB)-d4TTPs 51

TriPPPro-prodrugs 47 were preferably prepared using the H-phosphonate

chemistry (up to 85% yield).126–128 As shown in Scheme 15, the non-

symmetric H-phosphonates 45 were stepwise activated with trifluoroacetic

Scheme 15 Synthesis of TriPPPro-prodrugs 47 (d4T as an example) and intermediates
51 via H-phosphonate route.
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acid anhydride (TFAA) and N-methylimidazole and reacted with d4TMP

to yield TriPPPro-prodrugs 47.123 In addition to the γ-(AB;ACB)-
d4TTPs 47, the mono-masked intermediates 51 were synthesized as

well (Scheme 15).126 H-Phosphonates 48 were synthesized from DPP,

3-hydroxypropionitrile, and 4-alkoxycarbonyloxybenzyl alcohols 44.

H-Phosphonates 48 were converted into pyrophosphates 49 and then

reacted with d4TMP to form γ-(ACB;β-cyanoethyl)-d4TTPs 50

(n-Bu4N
+ form). It was found that the crude product was hydrolyzed during

the ion-exchange to yield the mixture of γ-(ACB;β-cyanoethyl)-d4TTPs
50 (NH4

+ form, yields of 52–63%) and γ-(ACB)-d4TTPs 51 (NH4
+ form,

yields of 10–23%). We assumed that the β-cyanoethyl protecting group

was cleaved by the known β-elimination leading to γ-(ACB)-d4TTPs 51.
As before, TriPPPro-prodrugs 47were studied in PBS (25 mM, pH 7.3),

pig liver esterase (PLE), and CEM cell extracts. The calculated half-lives of

prodrugs 47 reflect the removal of the AB group and/or the ACB group to

yield the corresponding intermediates, γ-(AB)-d4TTPs 43 and γ-(ACB)-
d4TTPs 51, respectively. Possible hydrolysis pathways of TriPPPro-

d4TTPs 47 are summarized in Scheme 16.

Generally, the chemical stability of TriPPPro-d4TTPs 47 (AB-C2;ACB:

C9-C16) (t1/2¼25–83 h) increased with increasing alkyl chain lengths.

However, half-lives of more lipophilic compounds 47 (AB-C3-C9;ACB:

C12-C18) remained in the same range (t1/2¼74–90 h).126 The half-lives

of the carbonate intermediates 51 were significantly higher than those of

Scheme 16 Hydrolysis and delivery mechanism of TriPPPro-d4TTPs 47.
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γ-(AB;ACB)-d4TTPs 47. Moreover, chemical stabilities of γ-alkyl carbon-
ate bearing γ-(ACB)-d4TTPs 51 were higher than the corresponding ester

intermediates γ-(AB)-d4TTPs 43, which was in full agreement with the

results observed from the studies of γ-(AB;ACB)-d4TTPs 47 in PBS.

The half-life for γ-(ACB-C16)-d4TTP (t1/2 > 1600 h)126 was almost

3-fold higher as compared to the studies of γ-(AB-C17)-d4TTP (t1/2¼
580 h)122 described before. In the case of γ-(AB-C11;ACB-C6)-d4TTP,
the γ-(AB-C11)-d4TTP/γ-(ACB-C6)-d4TTP ratio was found to be 1:3.

In addition, the half-life of γ-(AB-C11)-d4TTP (t1/2¼460 h)122 was also

found to be lower than that for γ-(ACB-C6)-d4TTP (t1/2¼540 h).126

As an example, when γ-(AB-C2;ACB-C16)-d4TTP126 was totally

consumed after incubation for 50 days in PBS, both intermediates

γ-(ACB-C16)-d4TTP (mainly) and γ-(AB-C2)-d4TTP (trace) were

formed although in very different concentration and thus, the hydrolysis

proceeded highly selective. Both masking groups of γ-(AB;ACB)-
d4TTPs 47 were involved in the chemical hydrolysis pathway a1 and path-

way a2 (Scheme 16). Before complete consumption of the starting

γ-(AB-C2;ACB-C16)-d4TTP, an increase of d4TTP and γ-(ACB-C16)-
d4TTP concentrations and a very small amount of γ-(AB-C2)-d4TTPwere

observed, which supports that the γ-(AB-C2)-d4TTP was prone to hydro-

lysis to form d4TTP.

With PLE, TriPPPro-compounds 47 were rapidly hydrolyzed

(t1/2¼0.17–13.8 h).126–128 In the case of the enzymatically catalyzed hydro-

lysis of γ-(AB-C4;ACB-C16)-NTPs 47, both hydrolysis intermediates

γ-(ACB-C16)-NTPs and γ-(AB-C4)-NTPs were formed in markedly

different amounts. Both intermediates first accumulated and later were

slowly hydrolyzed to yield NTPs. As in PBS, the highly selective cleavage

of the AB group (e.g., AB-C2) led to the formation of γ-(ACB-C16)-NTPs.

In contrast, for the hydrolysis of γ-(AB-C4;AB-C15)-d4TTP, both possible
intermediates γ-(AB-C14)-d4TTP and γ-(AB-C15)-d4TTP were formed

in almost identical amounts.

As before, TriPPPro-compounds 47 were quickly hydrolyzed in

CEM/0 cell extracts and delivered the two intermediates. However, the sta-

bilities of γ-(AB;ACB)-d4TTPs were in the range of 0.8–6.4 h without

showing a clear trend. Interestingly, our studies have shown that γ-(AB;
ACB)-d4TTPs were readily cleaved to form intermediates γ-(ACB)-
d4TTPs 51 but in low concentrations in CEM/0 cell extracts. In addition,

a small amount of d4TTP and a large amount of d4TDP were detected

due to the fast dephosphorylation of the d4TTP (t1/2¼38 min)122 by
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phosphorylases/kinases present in the cell extracts. These results were in line

with the previous results of the symmetric TriPPPro-prodrugs 38. Moreover,

in case of γ-(AB-C11;ACB-C6)-d4TTP, a predominant formation of

γ-(ACB-C6)-d4TTP was observed, the ratio of γ-(AB-C11)-d4TTP and

γ-(ACB-C6)-d4TTP was 1:10 after 8 h incubation in CEM/0 cell extracts.

This was in full agreement with the results obtained from the studies of this

compound in PBS that an almost selective cleavage took place in cell extracts

with the AB-moiety being cleaved first. More importantly, it was proven

that NTPs were also successfully released from the TriPPPro-NTPs 47

(AB-C4;ACB:C16) in cell extracts.127 In all cases, the enzymatic cleavage also

took place for the mono-masked intermediates γ-(AB-C4)-NTPs and

γ-(ACB-C6)-NTPs, respectively. Again, NTPs were detected in low concen-

trations only because of the fast enzymatic dephosphorylation by phosphory-

lases/kinases (main product) and ultimately NMPs. In contrast to γ-(AB-C2;
ACB-C16)-d4TTP, no selective cleavage of the different AB-masks of

γ-(AB;AB)-d4TTPs was observed in the hydrolysis in CEM cell extracts.128

Prodrugs 47 and intermediates 51 were evaluated for HIV replication

inhibition in HIV-1/2-infected wild-type CEM/0 cells and in HIV-

2-infected mutant thymidine kinase-deficient (CEM/TK�) cells, and the

different nucleoside analogs as reference compounds. For γ-(AB-C2;
ACB-C16)-d4TTP (EC50¼0.027 μM/HIV-1, EC50¼0.0048 μM/HIV-

2), the antiviral activity in this infected cell line improved by 16-fold and

65-fold, respectively, as compared to d4T (EC50¼0.43 μM/HIV-1,

EC50¼0.31 μM/HIV-2).126 More importantly, also high activities were

obtained depending on the lipophilicity of the γ-(AB;ACB)-d4TTPs against
HIV-2 in this thymidine kinase-deficient (CEM/TK�) cell model. With

γ-(AB-C2;ACB-C16)-d4TTP (EC50¼0.11 μM/HIV-2) the antiviral activ-

ity in this infected cell line was improved by a 282-fold as compared to d4T

(EC50¼31.05 μM/HIV-2). However, the antiviral activity detected in

CEM/0 cell cultures decreased in the case of γ-(AB-C2;ACB-C16)-
d4TTP in CEM/TK� cells (23-fold), potentially due to the instability of

the these prodrugs in addition to a fast cleavage of the bioreversible AB- or

ACB-moiety. We speculated that γ-(AB;ACB)-d4TTPs 47 were rapidly

hydrolyzed in cell extracts and d4TTP was present in insufficient concentra-

tions (fast dephosphorylation) to exhibit anti-HIV activity in cells. Moreover,

it cannot be excluded that the antiviral activity observed in the infected

CEM/TK� deficient cells was at least in part due to the formation of

d4TDP and d4TMP. In the hydrolysis of γ-(AB-C2;ACB-C16)-d4TTP in

cell extracts, a large amount of d4TDP and some d4TMP were detected.126
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Interestingly, the intermediate γ-(ACB-C16)-d4TTP (EC50¼1.46 μM/

HIV-2) was also potent in CEM/TK� cell cultures, indicating that even

one long aliphatic chain in the ACB-units provides enough lipophilicity to

enable a cellular uptake of the aliphatic γ-(AB;ACB)-d4TTPs.
More interestingly, the high potential of the TriPPPro-approach was

also demonstrated by the nucleoside triphosphate prodrugs 47 bearing dif-

ferent nucleoside analogs.127 These prodrugs proved also highly potent in

CEM/TK� cells, whereas their parent nucleosides lacked any relevant ant-

iviral activity in wild-type CEM/0 cell model. It was confirmed that these

TriPPPro-NTPs 47 were also taken-up by the cells and delivered intracel-

lularly a phosphorylated form of the parent nucleosides, most likely NTPs.

Therefore, it was confirmed that the TriPPPro-strategy enabled the intra-

cellular delivery of NTPs, and the concept could be used to convert inactive

nucleoside analogs into powerful biologically active metabolites.

6.4 Nucleoside triphosphate prodrugs: T-1106-TriPPPro-
prodrugs

Encouraged by the previously obtained results, we synthesized two T-1106-

TriPPPro prodrugs 52, the symmetrical T-1106-TriPPPro prodrug 52a

(AB-C9;AB-C9) and the non-symmetrical T-1106-TriPPPro prodrug

52b (AB-C4;AB-C14), with the aim of achieving metabolic bypass and

superior antiviral potency.46 T-1106-TriPPPro-prodrugs 52 were prepared

using the phosphoramidite protocol (Scheme 17).110,113 The conversion of

T-1106-RDP to T-1106-TriPPPro prodrugs 52a,b resulted in yields of

27% and 44%. Due to the already mentioned stability problems, until

now we were unable to synthesize the T-705-RTP prodrug. T-1106-

TriPPPro prodrugs 52 were also studied with regard to their chemical

and biological stabilities and their hydrolysis products in PBS (pH 7.3,

Fig. 4B, condition without esterase), PLE (Fig. 4B, condition with esterase),

and crude enzyme preparations (i.e., MDCK and MDCK TGres cell

extracts) (Fig. 5). Additionally, these prodrugs were evaluated for their

anti-influenza virus activity in wild-type and HGPRT-deficient cells.

Similar to the cleavage pathway for TriPPPro-d4TTPs 38, T-1106-

TriPPPro prodrug 52a (AB-C9;AB-C9) was hydrolyzed to give the mono-

masked intermediate 53 (AB-C9) with some concomitant cleavage to

T-1105-RTP and subsequently T-1105-RDP (Fig. 4B). Interestingly, the

mono-masked triphosphate intermediates 53 proved to be more stable than

the corresponding mono-masked T-1106-DiPPro-compounds 37 (Fig. 4A

and B). However, when T-1106-TriPPPro-prodrugs 52a,b were exposed
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to crude enzyme preparations (i.e., MDCK or MDCK TGres cell extracts),

no T-1105-RTP was observed, probably due to its fast dephosphorylation

after initial formation (Fig. 5). Compared to the T-1106-DiPPro-prodrugs

36, after 2 h incubation, a higher amount of T-1105-RDP was detected

from the corresponding T-1106-TriPPPro-prodrugs 52a,b (Fig. 5, compare

dark gray stacks). As shown in Fig. 5, the stability of the T-1106-

TriPPPro-prodrugs 52a,b was found to be lower than the corresponding

T-1106-DiPPro-prodrugs 36a,b, respectively. In addition, the enzymatic

cleavage of the symmetric T-1106-TriPPPro-prodrug 52a proceeded faster

than the non-symmetric T-1106-TriPPPro-prodrug 52b.

The anti-influenza activity of T-1106-TriPPPro-prodrugs 52a,b in

MDCK and MDCK-TGres cells was lower as compared to T-1106-

DiPPro-prodrugs 36a,b (Table 1). T-1106-TriPPPro-prodrugs 52a

(AB-C9;AB-C9) and 52b (AB-C4;AB-C14) had EC50 values of 2.8 μM
and 7.2 μM, respectively.We assumed that the difference in antiviral activity

Scheme 17 Synthesis and hydrolysis mechanism of T-1106-TriPPPro-prodrugs 52.
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may be caused by the differences in cell membrane permeability. Moreover,

this ranking in antiviral activity corresponds to the ranking in activation rate

(Fig. 5). Interestingly, T-1106-TriPPPro prodrugs 52a,b also retained their

anti-influenza activity in HGPRT-deficient MDCK-TGres cells. For

instance, T-1106-TriPPPro-prodrugs 52a (AB-C9;AB-C9) had an average

EC50 value of 2.8 μM in MDCK cells versus 2.5 μM in MDCK-TGres cells

(Table 1). Therefore, the T-1106-TriPPPro-prodrugs 52 were successfully

released T-1105-RTP, thus bypassing their HGPRT and kinase depen-

dence (Fig. 1). The T-1106-TriPPPro-prodrugs 52 enabled the bypass

the second step of the intracellular phosphorylation in cells, i.e., phosphor-

ylation of T-1105-RMP to T-1105-RDP. We proved that the conversion

of T-1106-RDP into T-1106-RTP was not limiting. This was shown in

enzymatic studies.

7. Conclusion

The results summarized in this minireview show that nucleoside ana-

logs still have enormous potential to be used as antivirals mainly as inhibitors

of the viral polymerases as described here with the example of T-1105-RTP

and the RNA-dependent-RNA-polymerase of SARS-CoV-2. Although

this polymerase has a proof-reading system, the incorporated T-1105-

RMP at least in part escapes its repair after incorporation. With the already

known broad-spectrum antiviral activity of Favipiravir (T-705) this may also

lead in the case of T-1105 or even other derivatives thereof to broad spec-

trum antivirals. Moreover, the application of nucleotide delivery approaches

may contribute significantly to the improvement of antivirally active nucle-

oside analogs. This was already accepted in the past for the use of nucleoside

monophosphate prodrugs such as the phosphoramidate system, but here

we described results that in other cases the intracellular delivery of nucleo-

side monophosphates is not sufficient for the improvement of the antiviral

activity due to metabolic hurdles that appear after the conversion into the

monophosphate. In such cases nucleoside di- or even nucleoside triphos-

phate prodrug systems can help to overcome these limitations. This has been

shown here by the failure of the application of the cycloSal-nucleoside mono-

phosphate delivery approach and the use of the DiPPro- or the TriPPPro-

nucleoside di- or triphosphate compounds. The chemical synthesis routes

towards these latter compounds are now robust and can be applied to a

large variety of nucleoside analogs. We are convinced that the further devel-

opment of these prodrug systems of higher phosphorylated nucleosides will

have an important impact in nucleoside drug development.
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