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Abstract 

A representative set of the simplest dialkyl polyfluoroalkylphosphonates was in silico profiled 

against their absorption, distribution, metabolism, and excretion with the use of the 

SwissADME tool. Promising results of the screening led us to attempt to synthesize the title 

compounds for further biological investigations. Detailed experimental and quantum-

theoretical (DFT) investigations were performed to reveal that the studied compounds could 

not be obtained through the standard Michaelis-Arbuzov or Michaelis-Becker reactions. Kinetic 

studies showed that the trimethyl phosphite undergoes a reaction with 1,1,1-trifluoro-2-

iodoethane at several orders of magnitude slower than a side reaction. The difficulty was 

overcome by developing a simple three-step synthesis path that involves only readily available 

substrates. The newly synthesized substances were tested against several cell lines. The in vitro 

research revealed that both dimethyl and diethyl (2,2,3,3,3-pentafluoropropyl)phosphonate 

exhibited toxicity towards the glioblastoma cells (U-87 MG) at a considerably lower 

concentration than known chemotherapeutics. 
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1. Introduction 

The interest in a synthesis of fluorinated and perfluoroalkylated compounds is a still-growing 

trend in chemistry. This is motivated by the fact that fluorine atoms notably change the 

physicochemical properties of organic molecules, including their biological activity. 

Particularly, perfluoroalkylated chains increase the lipophilicity and interactions with several 

cellular structures.1 For these reasons trifluoromethyl group, which constitutes the smallest 

polyfluorinated moiety that can be incorporated into a molecule in numerous ways, is 

commonly found in medicines.2-7 Equally interesting are biochemical characteristics of the 

phosphonic moiety. Phosphonates occur naturally in numerous structures of living organisms 

and play an important role in several biochemical pathways.8 Specifically, they can be 

recognized by enzymes related to phosphorylation/dephosphorylation processes and support 

trans-membrane transport, particularly anionic chemical delivery system (aCDS), which is used 

to deliver molecules to nerve cells.9, 10 This led us to a question of possible biological activity 

of a molecule with both polyfluoroalkyl and phosphonic moieties combined with merely no 

other functional group. Surprisingly, the literature study returned virtually no data related to 

any biological activity of such structures – a strikingly peculiar gap when the molecular 

simplicity of the compounds is considered. 

Not only the references to the bioactivity but also the synthesis of the simplest possible 

polyfluoroalkyl phosphonates are limited. For the first time the dimethyl (2,2,2-

trifluoroethyl)phosphonate was obtained by the hydrolysis of dimethyl 

pentafluoroisopropenylphosphonate with only 10% yield.11 The first practically useful method 

of the synthesis of the target compounds was developed in 2016 by the Gouverneur group.12 

The method exploits 2,2,2-trifluoro-1-diazoethane which has been considered possibly 

explosive.13 Recently, several dialkyl (2,2,2-trifluoroethyl)phosphonates have been prepared 

from 1,1-dichloro-2,2,2-trifluoroethane or trifluoroacetaldehyde N-tosylhydrazone utilizing 

copper-mediated synthesis.14, 15 While both, 2,2,2-trifluoro-1-diazoethane and 1,1-dichloro-

2,2,2-trifluoroethane are readily available from commercial sources they remain rather 

expensive starting materials. Moreover, their homologs with longer fluorinated chains are less 

accessible and even more expensive. Thus, we faced a problem of the accessibility of the desired 

compounds. 

Throughout the article, the dialkyl polyfluoroalkyl phosphonates of formula 

CxFy(CH2)nP(O)(OR)2 (x=1,2, y=2x+1, n=1,2,3, R=Me, Et) will be referred to as ZOTy-n-R, 

according to the naming convention used in our research project (Scheme 1). 

 

 

Scheme 1. The studied compounds. 

2. Results and discussion 

2.1.  ADME profiling 

Due to a lack of biological data related to the ZOTs, we decided to perform in silico screening, 

concerning the plausible absorption, distribution, metabolism, and excretion (ADME) 
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processes descriptors. The analysis was performed using the SwissADME – a free-to-use tool 

provided online by the Swiss Institute for Bioinformatics.16, 17 

The tool provides results of bioinformatic calculations of several molecular descriptors 

associated with physicochemical properties that strongly impact the biochemical properties of 

a substance, including lipophilicity, size, polarity, insolubility, insaturation, and flexibility. We 

tested trifluorinated and pentafluorinated phosphonates. Lipophilicity was calculated as 

XLOGP3, an atomistic method including corrective factors and knowledge-based library.18 For 

polarity, the tool uses a topological polar surface, an additive model based on contributions of 

separate atoms considered polar.19 Solubility was predicted by the use of the ESOL descriptor 

(Estimated SOLubility).20 Flexibility is simply expressed as the number of rotatable bonds. The 

compound is considered promising if its descriptor values lie in the subspace of the 

physicochemical properties suitable for bioavailability. Graphically, the bioavailability 

subspace can be represented by an area on a six-axis plot on which the most critical parameters 

are taken into account. It is clearly visible that considered fluorinated phosphonates fit perfectly 

into the desired subspace (Fig. 1). 

 

 

Figure 1. Radar plots of the main ADME parameters: lipophilicity (XLOGP3), molecular size, 

polarity (TPSA), insolubility (log S(ESOL)), insaturation (fraction of the sp3 carbons) and 

flexibility (number of rotatable bonds). The grey area represents the suitable physicochemical 

subspace for oral bioavailability according to the literature.16 Consult the main text (Section 

2.1) and the corresponding Table 1 for further details and values. 

The selected descriptors critical for predicting the pharmacokinetics and the druglikeness of the 

compounds have been analyzed and summarized in Tab. 1. All tested ZOTs showed high 

gastrointestinal(GI) absorption and blood-brain barrier (BBB) permeability.21 Additionally, all 

tested ZOTs were estimated to be non-substrates of p-glycoprotein (P-gp) and non-inhibitors 

of a given cytochrome P450 (CYP) isomers using algorithm design in SwissADME.17 P-gp is 

a key member of ATP-binding cassette transporters, which protects the central nervous system 
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(CNS) from xenobiotics and is associated with multidrug-resistance (MDR) in cancers. CYP 

isomers are the major executors of xenobiotics biotransformation and the alteration of their 

activity can result in harmful drug-drug interactions due to the production of metabolites with 

the pharmacological and toxicological profiles different from the original drug. Since ZOTs are 

predicted to be inert to P-gp and CYP isomers it can be expected that ZOTs should be resistant 

to P-gp-mediated drug elimination and its intake should be safe in the respect of drug 

metabolism. 

The Lipinski22, Ghose23, Veber24, Egan25, and Muegge26 rules were applied to evaluate 

druglikeness to predict whether a compound is likely to be orally bioavailable. The number of 

violations to these rules is documented in Tab. 1. All analyzed compounds lie within the range 

of all the parameters of the Lipinski, Veber, and Egan rules and demonstrated the bioavailability 

score of 0.55. According to the evaluation, ZOT3-1-Me, ZOT5-1-Me, ZOT3-2-Me lie within 

the close agreement with the Ghose and Muegge rules while the rest of the compounds abide 

with the criteria.  

Table 1. The main results of the ADME analysis of ZOTs. The minimum and maximum values 

describe the subspace for oral bioavailability. For a detailed description consult the main text 

(Section 2.1). The full set of data returned by SwissADME is available in the Supplementary 

Material file. 

Molecule ZOT3-1-Me ZOT3-1-Et ZOT5-1-Me ZOT5-1-Et ZOT3-2-Me ZOT3-3-Me Min Max 

MW 192,07 220,13 242,08 270,13 206,1 220,13 150 500 

Insaturation  1 1 1 1 1 1 0,25 1,00 

Rotatable bonds 4 6 5 7 5 6 0 9 

Polarity TPSA 45,34 45,34 45,34 45,34 45,34 45,34 20 130 

Lipophilicity XLOGP3 0,59 1,32 1,26 1,99 0,94 1,3 0,70 50 

Insolubility ESOL Log S -1,14 -1,64 -1,8 -2,31 -1,38 -1,63 -6 0 

GI absorption High High High High High High   

BBB permeant Yes Yes Yes Yes Yes Yes   

P-gp substrate No No No No No No   

CYP1A2 inhibitor No No No No No No   

CYP2C19 inhibitor No No No No No No   

CYP2C9 inhibitor No No No No No No   

CYP2D6 inhibitor No No No No No No   

CYP3A4 inhibitor No No No No No No   

Lipinski #violations 0 0 0 0 0 0   

Ghose #violations 2 0 1 0 1 0   

Veber #violations 0 0 0 0 0 0   

Egan #violations 0 0 0 0 0 0   

Muegge #violations 2 0 0 0 0 0   

Bioavailability Score 0,55 0,55 0,55 0,55 0,55 0,55   

PAINS #alerts 0 0 0 0 0 0   

Leadlikeness #violations 1 1 1 0 1 1   
MW – molecular weight 
GI absorption – gastrointestinal absorption 
BBB – blood-brain barrier permeability 
P-gp – p-glycoprotein 

 

SwissADME performs an analysis of pan assay interference compounds (PAINS)27 which allow 

to exclude compounds that give the false-positive response in biological assays from the drug-

discovery process. The evaluation of ZOTs returned no warnings with the PAINS filter. All 

remaining data are available in the supplementary material. 
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2.2. Michaelis-Arbuzov reaction kinetics 

Promising ADME parameters fully justified the attempts of the synthesis of ZOTs. We decided 

to keep the synthesis as simple as possible exploiting only readily available substrates. This is 

essential when higher fluorinated homologs are considered. This is why we initially focused on 

the Michaelis-Arbuzov protocol. The reaction alkyl halide and trialkyl phosphite is a standard 

method of choice when the synthesis of an alkylphosphonates is desired. Thus, our first attempt 

to obtain the polyfluoroalkyl phosphonates was to exploit a set of reactions between the 

appropriate polyfluoroalkyl iodides and trimethyl phosphite (TMP) (Scheme 2, reaction 1). 

We expected a formation of minor amounts of 2 as a typical by-product – a result of the side 

reaction between the trimethyl phosphite and methyl iodide liberated during the main reaction 

(Scheme 2, reaction 2). Surprisingly, the 1H and 31P NMR spectra recorded from the reaction 

mixture did not reveal the formation of the desired fluorinated phosphonate at all. Instead, the 

only detectable product observed was dimethyl methyl phosphonate (2). Regardless of the 

conditions applied, the only process that took place was the formal rearrangement of the TMP 

to 2. 

 

Scheme 2. The desired Michaelis-Arbuzov reaction (1) and the side-reaction (2) of methyl 

iodide. 

We hypothesized that reaction 1 is of several orders of magnitude slower than reaction 2 thus 

the amount of ZOT produced is too low for being observed on NMR while the amount of 

methyl iodide being enough to sustain the rearrangement cycle. Typically, one could simply 

perform the reaction in an open flask to allow the methyl iodide to leave the system. However, 

the volatility of the substrate rendered such technique inapplicable. We attempted to verify this 

hypothesis by kinetic experiments. Since direct measurement of the kinetics of the reaction 1 

would be virtually impossible due to an extremally low rate of the process we developed a 

mathematical model of the reaction system from which the desired parameters could be 

extracted. The dependency of the concentration of 2 on the reaction time found with aid of the 

Wolfram Development Platform at Wolfram Cloud28 follows the formula:  (Eq. 1): 

𝑥𝑀𝑒𝑃(𝑂)(𝑂𝑀𝑒)2
= 𝑥0,𝑃(𝑂𝑀𝑒)3

tanh2 (𝑡√
1

2
𝑘1𝑘2𝑥𝐶𝐹3(𝐶𝐻2)𝑛𝐼 𝑥0,𝑃(𝑂𝑀𝑒)3

)  ( 1 ) 

To estimate the reaction rate constants k1 and k2 we performed two series of NMR-controlled 

kinetic experiments. First, the kinetics of the simpler reaction 2 was examined by heating the 

samples of trimethyl phosphite containing respectively 0, 0.01, 0.02, and 0.04 mole fraction of 

methyl iodide. The reactions were run at 50 °C and the progress was monitored by 31P and 1H 

NMR for 16 hours (see the Experimental section for technical details). 

The initial reaction rate v0 is linearly proportional to the reaction rate constant k2 and the 

concentration of methyl iodide. This is understandable, as methyl iodide can be formally 

considered a catalyst for the reaction. 

𝑣0

𝑥0,𝑃(𝑂𝑀𝑒)3

= 𝑘2𝑥𝑀𝑒𝐼     ( 2 ) 
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The value of v0 for each methyl iodide concentration was estimated from the initial data points 

as presented in Fig. 2. The reaction rate constant calculated by regression was found to equate 

k2 = 7.24 ∙ 10-4 s-1. 

To determine the rate constants k1 of the reaction 1 for each of three different fluorinated iodides 

(n=1,2,3) three separate reaction mixtures with trimethyl phosphite were prepared. In each of 

them, the molar fraction of the fluorinated iodide was equal to 𝑥𝐶𝐹3(𝐶𝐻2)𝑛𝐼 = 0.1  (𝑥0,𝑃(𝑂𝑀𝑒)3
=

0.9). The reactions were run at 50 °C and monitored on 31P and 1H NMR.  

 

 

Figure 2. Left: the concentration of the product of the Michaelis-Arbuzov reaction vs. the 

reaction time depending on the methyl iodide concentration. Right: dependence of the initial 

reaction rate vs. the methyl iodide concentration.  

 

A qualitative examination of the plotted data showed the expected “sigmoid” shape (Fig. 3). 

However, the attempt of fitting the squared hyperbolic tangent function in accordance with  Eq. 

1 to the data revealed a significant discrepancy between the theoretical model and the empirical 

results. As a plausible explanation to this could serve the fact that the theoretical model does 

not account for the changes of the physical properties, especially dielectric constant and 

viscosity of the reaction medium throughout the reaction progress (at the beginning the reaction 

mixture is dominated by the trimethyl phosphite which becomes successively replaced by the 

phosphonate 2). The incorporation of the changes of the reaction medium properties into a 

solvable differential equation system would require unsolicited assumptions that we decided to 

avoid. However, during the initial stage of the reaction progress, it can be safely assumed that 

𝑥𝑃(𝑂𝑀𝑒)3
and the dielectric constant remains quasi-constant. In such case the solution to the 

differential equation system simplifies to becomes quadratic (Eq. 3): 

𝑥𝑀𝑒𝑃(𝑂)(𝑂𝑀𝑒)2
=

1

2
𝑡𝑘1𝑘2(𝑥0,𝑃(𝑂𝑀𝑒)3

)
2

𝑥𝐶𝐹3(𝐶𝐻2)𝑛𝐼   ( 3 ) 

This should be expected, as the initial increase of the concentration of the methyl iodide 

produced in reaction 1 is linear thus the increase of the concentration of the product of the 

reaction 2 catalyzed by this iodide must be a quadratic function of the reaction time. After fitting 

the data from the initial stage of the reaction progress (arbitrarily set to 𝑥𝑀𝑒𝑃(𝑂)(𝑂𝑀𝑒)2
≤  0.2) 

with a quadratic function, the k2 values for each substrate were easily calculated from the 

second-order coefficient of the resulting trinomial (Fig. 3). 
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Figure 3. Reaction progress as measured by the integration of 31P NMR spectra. Top: the full 

set of data with the data used for fitting marked as green; note the sigmoidal shape of the curve, 

reassembling the squared hyperbolic tangent, as predicted by Eq. 1. Bottom: magnified part of 

the data taken for fitting the quadratic function as predicted by Eq. 3. Black line – the fitting 

curve. 

 

The values of the calculated reaction rate constants are presented in the Tab. 2. It is clearly 

visible that the Arbuzov reaction of the 1,1,1-trifluoro-2-iodoethane is about 350 thousand times 

slower than the side reaction with the methyl iodide. Even in the case of 1,1,1-trifluoro-4-

iodobutane, the main reaction is almost 3000 times slower than the side reaction. Elongation of 

the linker between the CF3 group and the iodine atom by one methylene moiety causes the 

reaction to speed up about ten times.  

Table 2. Reaction rate constants of the Arbuzov reaction for different iodides. 

Substrate Reaction rate constant / s-1 

CH3I 7.24 ∙ 10-4 

CF3CH2I (1a) 2.06 ∙ 10-9 

CF3CH2CH2I (1b) 2.46 ∙ 10-8 

CF3CH2CH2CH2I (1c) 2.55 ∙ 10-7 

2.3. Michalis-Becker reaction 

To avoid the above described competitive side reaction of methyl iodide liberated from TMP, 

we attempted to employ the Michaelis-Becker protocol instead. The appropriate anionic 

phosphonic nucleophile was generated from dimethyl H-phosphonate and sodium hydride in 

DMF solution (Scheme 3, reaction 3) and treated with an appropriate iodide (1a-c) at room 

temperature (Scheme 3, reaction 4). 
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Scheme 3. Michaelis-Becker synthesis: generation of the phosphite salt (3) and its reaction 

with the appropriate iodide. 

This approach allowed us to obtain products ZOT3-2-Me and ZOT3-3-Me with yields of 16% 

and 62% respectively (Tab. 3). However, no traces of ZOT3-1-Me have been observed. In all 

cases, the formation of byproduct 2 was observed. However, its origin is different than in the 

case of the Michaelis-Arbuzov reaction – it is probably formed in a nucleophilic attack of the 

anion 3 on the methoxy group from dimethyl H-phosphonate (Scheme 4). Prolonged reaction 

time did not affect the yield distribution significantly. 

 

 

Scheme 4. The plausible mechanism of the side reaction of the Michaelis-Becker synthesis in 

which the 2 is formed along with the desired fluorinated phosphonate. 

 

Table 3. Yields (isolated) of the Michaelis-Becker reaction for different iodides. 

Substrate Yield / % 

CF3CH2I (1a) 0 

CF3CH2CH2I (1b) 16.1 

CF3CH2CH2CH2I (1c) 62.2 

2.4. Theoretical calculations 

Comparing the results obtained from the Michaelis-Becker and Michaelis-Arbuzov reaction it 

was clearly visible that the proximity of the trifluoromethyl group causes a significant decrease 

in the reactivity of the electrophilic center in fluorinated iodides. 

For a better insight into the molecular course of the substitution, we performed DFT 

calculations. First, the Michaelis-Becker reaction was chosen for modeling as its mechanism is 

simpler. All reactions were modeled as solutions in DMF (consult the Experimental section for 

technical details). The overall process was modeled as two separated reactions – formation of 

the sodium salt and the substitution of the iodide. 

The first stage (Scheme 3, reaction 3) is the same in all cases thus it does not contribute to the 

observed differences. The reaction runs in an open-system and the newly-created hydrogen gas 

leaves the medium. 
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Table 4. Energetic contributions of reactions 3-4 in the total reaction referring to reactions 

occurring in DMF solution (temperature 273.15 K for reaction 3 and 298.15 K for reaction 4). 

 Reaction 3 

 ΔH / kcal mol-1 ΔG / kcal mol-1 

 -23.98 -23.07 

 Reaction 4 

Substrate ΔH / kcal mol-1 ΔG / kcal mol-1 

CF3CH2I (1a) -51.12 -49.36 

CF3CH2CH2I (1b) -51.41 -49.43 

CF3CH2CH2CH2I (1c) -50.41 -48.06 

 

The second reaction (Scheme 3, reaction 4) was considered the limiting step thus we discuss 

it in detail. Free energy changes for n=1,2,3 indicate that in each case the process is 

thermodynamically preferred (Tab. 4), thus differences in the reaction yields may exist due to 

kinetic factors. 

 

Figure 4. TS structure for the proposed SN2 mechanism of reaction 2. The image represents 

the case n=1, for n=2,3 analogously. 

The considered mechanism of the reaction is an SN2 one, where the lone pair of the phosphorus 

atom is engaged in a nucleophilic attack on the carbon center linked to iodine atom. Unlike the 

typical mechanism for SN2 cases, transition state (TS) eventually found by us using the QST2 

method represents a side-attack approach, not a backside one (Fig. 4). 

At first glance, the calculated differences in total reaction energy provide almost no explanation 

for the high discrepancies in the reactivity among the substrates. Thus, to analyze the kinetics 

of the reactions the free energies of activation for each system were calculated as the differences 

(Eq. 4): 

Δ𝐺𝑛
‡ = 𝐺𝑛,𝑇𝑆 − 𝐺𝑛,𝐶𝑂𝑀𝑃𝐿 ,   (4)   

where GTS and GCOMPL are the values of free energy for transition state and substrate complex 

respectively. Next, according to the Arrhenius equation (Eq. 5), the kinetic rate constants kn 

have been expressed as: 

𝑘𝑛 = 𝐴𝑛e
−Δ𝐺𝑛

‡

𝑅𝑇 ,    (5)   
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where k is the rate constant of considered reaction, A is an empirical value, the so-called pre-

exponential factor, R – the universal gas constant and T – temperature. After a reasonable 

assumption of constancy of A for n = 1,2,3 in the given reaction conditions, Arrhenius 

equation (Eq. 6) may serve to designate the quotients of individual rate constants k1, k2 and k3 

respectively: 

𝑘𝑛

𝑘𝑖
= e

Δ𝐺
𝑖
‡

−Δ𝐺𝑛
‡

𝑅𝑇 .     (6)   

A comparison of the kn/k3 rate constant quotients with observed reaction yields is particularly 

informative (Tab. 5). Although all thermodynamically preferred, the individual reactions do not 

proceed with the same (or even similar) rate. The substrate 1c reacts at least 2 orders of 

magnitude faster than 1a and only about twice as fast as 1b. This perfectly corresponds to the 

isolation yields. 

 

Table 5. Free energies of activation and relative rate constants of the Michaelis-Becker reaction 

at 273.15 K. Values in parentheses refer to 298.15 K. 

Substrate ΔG‡ / kcal mol-1 kn/k3 

CF3CH2I (1a) 39.48 (39.52) 0.0008 (0.0033) 

CF3CH2CH2I (1b) 36.06 (36.13) 0.4175 (0.4041) 

CF3CH2CH2CH2I (1c) 35.59 (35.60) 1 (1) 

 

To gain insight into the obtained results we studied in silico the Michaelis-Arbuzov reaction. 

For the sake of comparison, besides the fluorinated alkyl iodides (R = CF3(CH2)n-1) we decided 

to calculate the values of thermochemical potentials (ΔH, ΔG) for the reaction of methyl iodide 

(R = H) which, according to the experimental results, proceeds several orders of magnitude 

faster. 

According to the accepted SN2-mechanism, an alkyl halide undergoes a nucleophilic attack by 

the phosphorus lone pair of a trivalent phosphorus ester, yielding a quaternary phosphorus salt. 

In the subsequent step, a nucleophilic attack of the counter anion on the alkoxy-substituent of 

the salt creates another alkyl halide and a dialkyl phosphonate (Scheme 5). 

The PES stationary points for Michaelis-Arbuzov reaction, especially these corresponding to 

the transition state of the back-side nucleophilic attack of the phosphorus lone pair on the alkyl 

iodide, were obtained easily. Energetic results for the reaction path were obtained for 273.15 as 

well as 298.25 K (Tab. 6). 

The listed values show that energetic outcomes for reactions 3a-b exhibit practically no 

temperature dependence, and their values are very close, which means that all observed 

discrepancies in the reaction rates should be due to kinetic factors, similarly as in the case of 

reaction 2. 
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R = H:  

   

   

R = CF3: 

 
 

 

Scheme 5. The plausible mechanism of the Michaelis-Arbuzov reaction (R = H or CF3(CH2)n-1) 

and the calculated transition states TS1 and TS2 for two cases. 

Table 6. Values of overall changes in thermochemical potentials for the Michaelis-Arbuzov 

reaction in DMF solution in temperature 273.15 K as well as 298.15 K (parentheses). All values 

in kcal/mol. 

Substrate ΔH / kcal mol-1 ΔG / kcal mol-1 

MeI -38.59 (-38.60) -37.32 (-37.20) 

CF3CH2I (1a) -37.69 (-37.69) -36.21 (-36.07) 

CF3CH2CH2I (1b) -37.96 (-37.97) -36.29 (-36.14) 

CF3CH2CH2CH2I (1c) -36.97 (-36.98) -34.95 (-34.77) 

 

Two PES stationary points correspond to two transition states: TS1, connected to the 

nucleophilic attack of phosphorus lone pair, and TS2, connected to the attack of the counterion. 

Relative free energy barriers associated with them and depicted in Tab. 6 are denoted as ΔGTS1
‡ 

and ΔGTS2
‡ respectively and calculated as: 

Δ𝐺𝑛𝑇𝑆1
‡ = 𝐺𝑛,𝑇𝑆1 − 𝐺𝑛,𝐶𝑂𝑀𝑃𝐿 

for TS1 and 

Δ𝐺𝑛,𝑇𝑆2
‡ = 𝐺𝑛,𝑇𝑆2 − 𝐺𝑛,𝑆𝐴𝐿𝑇 

for TS2, where Gn,TS1 and Gn,TS2 are free energy values for corresponding transition states while 

Gn,COMPL and Gn,SALT are free energy values for substrate complex and quaternary salt 

respectively. As follows from the presented outcomes – the nucleophilic attack of the 

phosphorus lone pair is the rate-limiting step of the reaction considered.  
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Table 7. Energy barrier values for both transition states of Arbuzov reaction and the 

corresponding calculated and experimental rate constant quotients at 273.15 K. Values in 

parentheses refer to 298.15 K, experimental values refer to 323.15 K. 

Substrate Δ𝐺𝑛𝑇𝑆1
‡

 

/ kcal mol-1 

Δ𝐺𝑛𝑇𝑆2
‡

 

/ kcal mol-1 

kn/kMeI; calc. kn/kMeI; exper. 

MeI 16.71 (16.91) 14.51 (14.49) 1.0 (1.0) 1.0 

1a 25.26 (25.45) 14.65 (14.73) 1.4·10-7 (5.3·10-7) 2.84·10-6 

1b 21.85 (22.16) 13.44 (13.44) 7.6·10-5 (1.4·10-4) 3.40·10-5 

1c 18.02 (18.04) 13.01 (13.02) 8.9·10-2 (1.4·10-1) 3.51·10-4 

 

It is visible that the general trends observed in the experiment are closely followed by the 

theoretical results except for the compound 1c. Nevertheless, in the case of 1c, the observed 

discrepancy of two orders of magnitude translates to roughly 2.0 kcal/mol error in  

Δ𝐺3𝑇𝑆1
‡

value – the applied level of theory permits such an error. Moreover, the longer the 

fluoroalkyl chain, the more conformers (i.e. local minima on PES) it possesses. Apparently, 

G3,COMPL-minimum found by us (and used in the Δ𝐺3𝑇𝑆1
‡

calculations) is not a global minimum 

but a local one that is about 2.0 kcal/mol higher in energy than the global one. The reaction rate 

heavily depends on the proximity of the CF3 group. Substrate 1a reacts about 6-7 orders of 

magnitude slower than MeI. 

2.5. Synthesis 

 

Scheme 6. The three-step synthesis of the ZOT3/5-1 compounds. 

Since the Arbuzov reaction proved to be unsuccessful in the case of compounds with the 

shortest carbon chain we developed another strategy to synthesize the desired fluorinated 

phosphonates(Scheme 6). The protocol started from relatively cheap and readily available 

perfluorinated aldehyde hydrates (either fluoral hydrate or pentafluoropropionaldehyde 

hydrate). Upon treatment with dialkyl H-phosphonate in water with the aid of triethylamine, 

the corresponding dialkyl polyfluoroalkyl 2-hydroxyphosphonate was formed. The reaction run 

smoothly and large amounts of thermal energy were released. The hydroxyphosphonates were 

obtained as racemates. Single distillation was sufficient for purification for further steps. The 

hydroxyphosphonates were subsequently reacted with O-phenyl chlorothionoformate, yielding 

xanthates, which were purified by short flash chromatography. 

To finally release the desired polyfluorinated phosphonates we attempted to apply standard 

Barton-McCombie reaction protocol with tributyltin as a hydrogen source. However, the 

organotin by-products were found to be virtually impossible to remove through extraction and 

distillation. Any attempt of chromatography led to a rapid decomposition of the product. Thus, 

the organotin hydride was replaced with tris(trimethylsilyl)silane. Most of the by-products were 

removed by dissolving the dried post-reaction residue in acetonitrile and washing with hexane 
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or petroleum ether (pentane gave unsatisfactory results). The crude products were purified by 

two subsequent distillations. 

2.6. Biological activity 

The encouraging ADME results for ZOTs, especially, the BBB permeability and lack of 

interaction with P-gp, prompted us to study their biological activity in cells derived from 

brain.17, 21 We decided to screen the cytotoxic properties of ZOTs in routinely used glioblastoma 

U87-MG cell line. Moreover, close but nonfluorinated structural analogs of the ZOTs, dialkyl 

(isothiocyanatomethyl)phosphonates, were demonstrated to have antiproliferative activity 

against some cancer cell lines including lung (A549), breast and colon cancers.29 To evaluate 

whether ZOTs show tissue specificity, apart from U87-MG cells, we studied A549 lung 

carcinoma (solid cancer) cells and HL-60 promyelocytic leukemia (blood cancer) cells. The 

normal primary human peripheral blood mononuclear cells (PBMCs) were studied to assess the 

safety profile of ZOTs. Standard resazurin-based cytotoxicity assay was used. This assay is 

based on the reduction of weakly fluorescent resazurin to highly fluorescent resorufin by 

mitochondrial dehydrogenases of viable cells. The intensity of fluorescence corresponds to the 

number of live cells in a culture. 

The cytotoxicity of a similar group of compounds has not been evaluated elsewhere. Their 

structure containing both fluorine, which usually increases biological activity, and phosphonic 

moiety, which mimics carboxyl group, indicated that this group of compounds is a promising 

candidate to study anticancer properties. In the attempt to gain the structure-activity relationship 

in this group, ZOT3-1-Me, ZOT3-1-Et, ZOT5-1-Me, ZOT5-1-Et, ZOT3-2-Me, ZOT3-3-Me 

were tested. 

The analysis revealed that the pentafluorinated compounds (ZOT5 group, i.e. ZOT5-1-Me and 

ZOT5-1-Me) but not trifluorinated compounds ZOT3 group, i.e. ZOT3-1-Me, ZOT3-1-Et, 

ZOT3-2-Me, ZOT3-3-Me) exhibited cytotoxicity toward glioblastoma, lung carcinoma and 

promyelocytic leukemia cells (Fig. 5, Tab. 8). Their cytotoxic activity depended on the cell line 

and the compounds were the most potent toward U-87 MG cells and the least toward HL-60 

cells (Tab. 8). Both compounds demonstrated cytotoxicity toxicity toward PBMCs comparable 

to that observed in cancer cell lines tested. 

Table 8. Cytotoxicity (IC50 ± SEM (95%CI)) of ZOT5-1-Me and ZOT5-1-Et. 

Cell line  Tissue / Disease Me (µM) Et (µM) 

U-87 MG Brain / Glioblastoma astrocytoma  19.30 ± 0.01 

(18.43 – 20.15) 

11.74 ± 0.01 

(11.13 – 12.37) 

A549 Lung / Non-small-cell lung carcinoma 71.62 ± 0.03 

(60.98 – 84.12) 

68.66 ± 0.02 

(62.86 – 74.99) 

HL-60 Blood / Promyelocytic leukemia 144.9 ± 0.04 

(121.0 – 173.5) 

84.81 ± 0.03 

(75.42 – 95.37) 

PBMCs Blood / - 66.19  ± 0.03 

(58.83 – 74.46) 

46.10 ± 0.06 

(40.28 – 52.77) 
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A 

 
B 

 

Figure 5. The cytotoxic properties of ZOT5-1-Me and ZOT5-1-Et toward normal human 

peripheral blood mononuclear cells (PBMCs) and human cancer cells: non-small cell lung 

cancer cells (A549), promyelocytic leukemia cells (HL-60) and glioblastoma astrocytoma cells 

(U-87 MG). (A) Cell viability expressed as a percentage of control cells after 24 h of ZOT5-1 

treatment. (B) Changes in U-87 MG cell morphology after 24 h of ZOT5-1 treatment.  
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The results indicate that pentafluorinated phosphonates of this class exhibit cytotoxic properties 

and thus have therapeutic potential as anticancer agents. Diverse sensitivity toward cancer cells 

to dimethyl and diethyl derivative suggests the existence of a specific molecular target for this 

class of molecules. We could only speculate on its nature because cancer cell lines used in this 

study have different genetic constitution and origin (solid vs blood cancer). The discrepancy in 

the cytotoxicity between blood cells, for ZOT5-1-Me IC50 values 144.9 µM for HL-60 cells 

and 66.19 µM for PBMCs, suggests that the insensitivity of HL-60 cells to ZOT5-1-Me  and 

ZOT5-1-Et could be associated with their deficiency of p53 protein or their undifferentiated 

state. Dysfunction of tumor suppressor protein p53 is a common feature in the majority of 

human cancers since it controls apoptosis, cell cycle, and DNA repair. Therefore the mechanism 

of their action should further be investigated including the role of p53 and differentiation 

pathways. Both ZOT5-1-Me and ZOT5-1-Et showed to be the most effective in U-87 MG 

glioblastoma cells. 

Since chemotherapeutics are predominantly administered intravenously, they can evoke a 

systemic effect of antitumor therapy. The PBMCs were used in this study for the evaluation of 

ZOTs cytotoxicity in primary normal cells to give an indication of possible systemic toxicity. 

The studied ZOTs demonstrated the cytotoxic effect towards the PBMCs, while high, was 

significantly lower than that observed in U87-MG cells (ZOT5-1-Me: 66.19 µM vs 19.30 µM, 

p < 0.001 and ZOT5-1-Et: 46.10 µM vs 11.74 µM, p < 0.001). 

Currently, a chemotherapeutic regime for glioblastoma multiforme includes the administration 

of alkylating agents: temozolomide or carmustine wafer30. Temozolomide and carmustine show 

IC50 = 330 µM and IC50 = 632 µM, respectively in U-87 MG cell line after 24 h31,32 Both ZOT5 

molecules showed significantly lower cytotoxic concentration than current chemotherapeutics 

in U-87 MG cells after 24 h treatment, IC50 = 19.3 µM and IC50 = 11.74 µM, respectively. 

Temozolomide and carmustine both belong to alkylating agents, which generally are highly 

effective but show weakly cytotoxic properties33.  

3. Future perspectives 

ZOTs constitute a new group of low molecular weight compounds combining polyfluoroalkyl 

and phosphonic moieties. Their unique chemical structure and simplicity hinder the prediction 

of the molecular mechanism of their cytotoxic properties since there is no study on biological 

targets of similarly structured compounds. 

Although both ZOT5-1-Me and ZOT5-1-Et do not meet the nanomolar rule commonly 

considered as necessary for further preclinical studies, they demonstrated promising ADME 

predicted pharmacokinetic properties and constitute a new group of compounds that could be 

chemically modified in the purpose of increasing their cytotoxic properties. The scope of the 

investigated compounds could be extended in the future, especially to include longer, fully and 

partially fluorinated chains as well as different substituents at the phosphonic site. Therefore, 

we believe that this group of compounds deserves further investigation to define their molecular 

targets, safety, metabolism, pharmacokinetics, and pharmacodynamics. The observed toxicity 

toward PBMCs indicates that for the further research encapsulation before in vivo 

administration would be beneficial to lower the systemic toxicity. Simultaneously, the cytotoxic 

properties of ZOTs should be screen on the wide spectrum of cancer cell lines, including NCI-

60 panel and glioblastoma cancer cell lines to select the most sensitive cancer types and thus 

reduce the off-target toxicity. 

Combining the promising cytotoxic effect against the U-87 MG cell line of ZOT5-1-Me and 

ZOT5-1-Et, with the results of the ADME profiling suggesting high bioavailability of these 

compounds we strongly suggest further investigations of the compounds of this class. 
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4. Conclusions 

In silico ADME profiling predicted high bioavailability of the simplest dialkyl 

polyfluoroalkylphosphonates. This includes high gastrointestinal (GI) absorption and blood-

brain barrier (BBB) permeability supported by non-inhibition of the main xenobiotics 

biotransformation executors. 

Through carefully designed kinetic experiments we proved that the title compounds could not 

be obtained by standard Michaelis-Arbuzov or Michaelis-Becker procedures since the reactions 

run several orders of magnitude slower than the side reactions. We further confirmed this by in 

silico DFT calculations which agree with the experimental data up to the internal uncertainty 

of the theoretical method. 

To overcome the problem with the availability of the compounds through an organic synthesis 

we developed a three-step protocol. The synthesis path starts from the addition of H-

phosphonates to readily available perfluorinated aldehydes and follows Barton-McCombie 

deoxygenation, yielding the final products. 

We have shown that the simplest pentafluorinated phosphonates exhibit significant toxicity 

towards several cancer cell lines including human non-small cell lung cancer (A549), human 

promyelocytic leukemia (HL-60) and human glioblastoma astrocytoma (U-87 MG). The latter 

cell line was found to be especially sensitive for ZOT5-1-Et and ZOT5-1-Me. The IC50 values 

revealed to be as low as 11.74 µM and 19.30  µM, respectively, which are lower than those of 

known chemotherapeutics clinically applied in the treatment of glioblastoma. 
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6. Materials and methods 

6.1. Chemical syntheses 

All chemicals were purchased from commercial sources and used without further purification 

except for solvents which were routinely distilled prior usage. Tetrahydrofuran (THF) was dried 

by distillation from sodium/benzophenone, dichloromethane was dried by distillation from 

calcium hydride. 
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The analytical NMR spectra were recorded on a Bruker AVANCE III 600 spectrometer in 

deuterated solvents. The chemical shifts (δ) are reported relative to the pre-assigned solvent 

peak position (for 1H and 13C{1H}) or external standard (19F and 31P{1H}).  

Mass spectrometry analyses were performed as a commercial service at the Institute of Organic 

Chemistry, Polish Academy of Science, using Synapt G2-S mass spectrometer (Waters) 

equipped with the electrospray ion source and quadrupole-Time-of-flight mass analyzer. The 

measurement was performed in positive ion mode with the resolving power of the TOF analyzer 

20000 FWHM. The exact mass measurements for all peaks were performed within 3 mDa mass 

error. 

6.2. Kinetic experiments 

Three solutions of MeI in P(OMe)3 were prepared, containing 1, 2, and 4 mol% of MeI 

respectively. A sample of pure phosphite was used as a reference and monitored under the same 

conditions as well. Three separate solutions of 10 mol% of 1a, 1b, and 1c respectively in 

P(OMe)3 were made. 

Each solution was placed in a capillary which was sealed by melting the tip. Each capillary was 

placed in an NMR tube containing 0.4 ml of D2O. For each solution, the starting point spectra 

(1H and 31P) were registered. All tubes were placed in an oil bath at 50 °C and kept at this 

temperature for the duration of the experiment. Before every measurement, the NMR 

spectrometer was thermostated at 50 °C using a pure D2O sample to minimize the variations of 

the temperature of the reaction mixtures. 

The spectra were recorded on Varian GEMINI 2000 spectrometer. The spectra were taken every 

2 hours for a period of the first 14 hours and then every 24 hours counting from the starting 

point. The longest experiment (using 1a) took 38 days. 

6.3. Synthesis 

Dimethyl (2,2,2-trifluoro-1-hydroxyethyl)phosphonate (43-Me) 

Trifluoroacetaldehyde hydrate (75% solution in water, 5 ml, 46.6 mmol) was placed in a round-

bottom flask equipped with a reflux condenser at ambient temperature. Dimethyl H-

phosphonate (10 ml, 109 mmol, 2.3 eq) was added followed by triethylamine (8 ml, 57.5 mmol, 

1.25 eq). Heat release was observed. The mixture was stirred for 1 hr. Volatiles were removed 

on a rotary evaporator (10 mmHg, 95 °C). The residue was dissolved in water (50 ml) and 

extracted with diethyl ether (5×20 ml). Solvents were removed in vacuo to give the crude 

product as white crystalline solid (6.5 g, 34%) which was used without further purification. The 
1H, 31P, and 19F NMR spectra were consistent with the literature. 

Colorless crystals, yield: 66.7%; mp 60-62 °C; 1H NMR (600 MHz, CDCl3) δ: 4.32 (dq,  

J = 12.7, 8.2, 1H), 3.88 (dd, J = 16.9, 10.8 Hz, 6H); 13C NMR (151 MHz, CDCl3) δ: 123.1 (dq, 

J = 281.2, 7.4 Hz), 67.6 (dq, J = 163.5, 33.7 Hz), 54.7 (d, J = 6.8 Hz), 54.0 (d, J = 7.1 Hz); 31P 

NMR (243 MHz, CDCl3) δ: 16.62 br s, 19F NMR (565 MHz, CDCl3) δ: -73.54 (t, J = 8.1 Hz); 

HR-MS (ESI) calcd for C4H8F3O4P [(M + Na)+]: 231.0010; found: 231.0003. 

Diethyl (2,2,2-trifluoro-1-hydroxyethyl)phosphonate (43-Et) 

Synthesized according to the procedure for 43-Me. 

Colorless crystals, yield: 92.9%; mp 64-65 °C; 1H NMR (600 MHz, CDCl3) δ: 4.34-4.23 (m, 

5H), 1.39 (t, J = 7.1, 3H), 13C NMR (151 MHz, CDCl3) δ: 123.2 (dq, J = 280.8, 6.6 Hz), 67.7 
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(dq, J = 162.6, 33.3 Hz), 64.2 (dd, J = 102.3, 7.0 Hz), 16.3 (d, J = 5.7 Hz), 31P NMR (243 MHz, 

CDCl3) δ: 14.23 (q, J = 7.7 Hz), 19F NMR (565 MHz, CDCl3) δ: -73.30 (t, J = 8.0 Hz); HR-MS 

(ESI) calcd for C6H12F3O4P [(M + Na)+]: 259.0323; found: 259.0318. 

Dimethyl (2,2,3,3,3-pentafluoro-1-hydroxypropyl)phosphonate (45-Me) 

Synthesized according to the procedure for 43-Me. 

Colorless oil, yield: 85.0%; bp 91-93 °C at 0.40 Torr; 1H NMR (600 MHz, CDCl3) δ: 4.44 (ddd, 

J = 25.3, 13.3, 3.1 Hz, 1H), 3.88 (dd, J = 18.7, 10.9 Hz, 6H); 13C NMR (151 MHz, CDCl3) δ: 

118.6 (qddd, J = 287.4, 37.1, 34.5, 14.1 Hz), 112.9 (ddqd, J = 261.6, 255.4, 36.9, 2.0 Hz), 66.3 

(ddd, J = 162.9, 32.5, 24.9 Hz), 54.7 (d, J = 6.9 Hz), 54.0 (d, J = 7.2 Hz); 31P NMR (243 MHz, 

CDCl3) δ: 17.24; 19F NMR (188 MHz, CDCl3) δ: -82.84 (d, J = 3.9 Hz), -119.32 (d, J = 279.5 

Hz), -127.80 (ddd, J = 279.5, 25.3, 2.8 Hz); HR-MS (ESI) calcd for C5H8F5O4P [(M + Na)+]: 

280.9978; found: 280.9970. 

Diethyl (2,2,3,3,3-pentafluoro-1-hydroxypropyl)phosphonate (45-Et) 

Synthesized according to the procedure for 43-Me. 

Colorless oil, yield: 96.8%; bp 90-93 °C at 0.45 Torr; 1H NMR (600 MHz, CDCl3) δ: 4.41 (ddd, 

J = 25.0, 13.1, 2.9 Hz, 1H), 4.33-4.23 (m, 4H), 1.39 (td, J = 7.1, 2.1 Hz, 6H); 13C NMR (151 

MHz, CDCl3) δ: 118.7 (qddd, J = 287.2, 37.2, 34.7, 13.6 Hz), 15.8 (d, J = 5.7 Hz), 113.0 (dqd, 

J = 145.9, 36.6, 6.4 Hz), 66.1 (ddd, J = 165.1, 31.8, 24.7 Hz), 64.0 (dd, J = 68.7, 7.1 Hz), 15.8 

(d, J = 5.7 Hz);  31P NMR (243 MHz, CDCl3) δ: 14.78 quasi-t; 19F NMR (188 MHz, CDCl3) δ: 

-82.77 (d, J = 3.8 Hz), -119.04 (d, J = 279.3 Hz), -127.90 (ddd, J=279.3, 25.1, 2.8 Hz); HR-MS 

(ESI) calcd for C7H12F5O4P [(M + Na)+]: 309.0291; found: 309.0286. 

O-(1-(dimethoxyphosphoryl)-2,2,2-trifluoroethyl) O-phenyl carbonothioate (53-Me) 

Dimethyl (2,2,2‐trifluoro‐1‐hydroxyethyl)phosphonate (43-Me) (1.66 g, 8 mmol) was 

dissolved in CH2Cl2 (15 ml) and triethylamine was added (1.4 ml, 9.6 mmol, 1.2 eq). The 

solution was cooled in an ice-bath and O-phenylchlorothionoformate (1.2 ml, 8.8 mmol, 1.1 eq) 

was added dropwise. After the addition was completed the mixture was allowed to heat up to 

the rt for 30 min and stirring was continued for 1.5 hr. Water (15 ml) was added, the mixture 

was vigorously stirred for 10 min. The layers were separated, the water layer was extracted with 

CH2Cl2 (3×20 ml) and combined organic phases were merged and the volatiles removed on a 

vacuum rotary evaporator to yield yellow oil which was purified on flash chromatography to 

give the product as a colorless oil (2.2 g, 80%). 

Colorless oil, yield: 80.5%; Rf = 0.3 (CH2Cl2); 
1H NMR (600 MHz, CDCl3) δ: 7.46-7.43 (m, 

2H), 7.34-7.32 (m, 1H), 7.16-7.14 (m, 2H), 6.40 (dq, J = 13.2, 7.9 Hz, 1H), 3.93 (dd, J = 12.9, 

11.1 Hz, 6H); 13C NMR (151 MHz, CDCl3) δ: 194.0 (d, J = 6.3 Hz), 153.7, 129.7, 127.1, 121.7 

(dq, J = 281.3, 5.4 Hz), 121.4, 73.7 (dq, J = 164.9, 34.5 Hz), 54.5 (dd, J = 6.3, 3.6 Hz); 31P 

NMR (243 MHz, CDCl3) δ: 10.72 (q, J = 6.6 Hz); 19F NMR (565 MHz, CDCl3) δ: -69.92 (t, J 

= 7.3 Hz); HR-MS (ESI) calcd for C11H12F3O5PS [(M + Na)+]: 366.9993; found: 366.9983. 

O-(1-(diethoxyphosphoryl)-2,2,2-trifluoroethyl) O-phenyl carbonothioate (53-Et) 

Synthesized according to the procedure for 53-Me. 

Colorless oil, yield: 85.4%; Rf = 0.3 (CH2Cl2);
 1H NMR (600 MHz, CDCl3) δ: 7.44 (dd, J = 8.4, 

7.6 Hz, 2H), 7.36 – 7.31 (m, 1H), 7.14 (dd, J = 8.6, 1.0 Hz, 2H), 6.37 (dq, J = 13.2, 7.8, 1H), 

4.35 – 4.24 (m, 4H), 1.40 (dt, J = 11.0, 7.1 Hz, 6H); 13C NMR (151 MHz, CDCl3) δ: 194.1 (d, 

J = 6.3 Hz), 153.7, 129.7, 127.0, 121.8 (qd, J = 281.4, 5.1 Hz), 121.4, 74.6 (q, J = 34.2 Hz), 

73.5 (q, J = 34.2 Hz), 64.4 (dd, J = 6.5, 3.5 Hz), 16.3 (dd, J = 5.6, 4.6 Hz); 31P NMR (243 MHz, 
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CDCl3) δ: 8.03 (q, J = 6.3 Hz); 19F NMR (565 MHz, CDCl3) δ: -70.36 (t, J = 7.3 Hz); HR-MS 

(ESI) calcd for C13H16F3O5PS [(M + Na)+]: 395.0306; found: 395.0300. 

O-(1-(dimethoxyphosphoryl)-2,2,3,3,3-pentafluoropropyl) O-phenyl carbonothioate (55-

Me) 

Synthesized according to the procedure for 53-Me. 

Colorless oil, yield: 82.9%; Rf = 0.3 (CH2Cl2); 
1H NMR (600 MHz, CDCl3) δ: 7.50 – 7.45 (m, 

2H), 7.37 (dd, J = 10.6, 4.3, 1H), 7.18 – 7.12 (m, 2H), 6.56 (ddd, J = 21.6, 13.7, 4.2 Hz, 1H), 

3.96 (dd, J = 14.1, 11.1 Hz, 6H); 13C NMR (151 MHz, CDCl3) δ: 193.5 (d, J = 4.6 Hz), 153.7, 

129.7, 127.1, 121.3, 118.2 (qddd, J = 287.6, 36.6, 34.4, 10.9 Hz), 111.3 (ddqd, J = 265.0, 256.1, 

38.8, 2.0 Hz), 72.8 (dd, J = 36.1, 23.5 Hz), 71.2 (dd, J = 36.1, 23.5 Hz), 54.5 (d, J = 6.1 Hz), 

54.4 (d, J = 6.7 Hz); 31P NMR (243 MHz, CDCl3) δ: 11.28 (t, J = 3.3 Hz); 19F NMR (565 MHz, 

CDCl3) δ: -83.35, -118.95 (dd, J = 286.3, 4.4 Hz), -122.88 (ddd, J = 286.4, 21.1, 1.9 Hz); HR-

MS (ESI) calcd for C12H12F5O5PS [(M + Na)+]: 416.9961; found: 416.9951. 

O-(1-(diethoxyphosphoryl)-2,2,3,3,3-pentafluoropropyl) O-phenyl carbonothioate (55-Et) 

Synthesized according to the procedure for 53-Me. 

Colorless oil, yield: 84.4%; Rf = 0.3 (CH2Cl2);
 1H NMR (600 MHz, CDCl3) δ: 7.50 – 7.44 (m, 

2H), 7.36 (t, J = 7.5 Hz, 1H), 7.17 – 7.12 (m, 2H), 6.53 (ddd, J = 21.3, 13.7, 4.3 Hz, 1H), 4.39 

– 4.27 (m, 4H), 1.43 (dt, J = 7.0, 7.0 Hz, 6H); 13C NMR (151 MHz, CDCl3) δ: 193.5 (d, J = 4.7 

Hz), 153.5, 129.6, 126.9, 121.1, 118.2 (qddd, J = 287.4, 36.6, 34.7, 10.7 Hz), 111.2 (ddqd, J = 

264.9, 256.9, 38.6, 1.6 Hz), 72.3 (ddd, J = 163.7, 35.7, 23.3 Hz), 64.3 (t, J = 6.4 Hz), 16.1 (t, J 

= 5.6 Hz); 31P NMR (243 MHz, CDCl3) δ: 8.58 (t, J = 3.3 Hz); 19F NMR (565 MHz, CDCl3) δ: 

-83.40, -118.99 (dd, J = 286.3, 4.5 Hz), -122.93 (ddd, J = 286.3, 20.9, 2.2 Hz); HR-MS (ESI) 

calcd for C14H16F5O5PS [(M + Na)+]: 445.0274; found: 445.0263. 

Dimethyl (2,2,2-trifluoroethyl)phosphonate (ZOT3-1-Me) 

Xanthate 53-Me (2.52 g, 6.54 mmol) was dissolved in toluene (50 ml) and the solution was 

heated to 80 °C. A solution of tributyltin hydride (2.2 ml, 8 mmol, 1.2 eq) and AIBN (197.0 mg, 

1.25 mmol, 0.2 eq) in toluene (10 ml) was prepared at ambient temperature and added in 

portions to the stirred hot solution of xanthate over 30 min. The mixture was stirred until no 

substrate was observed on a TLC plate (around 10-20 min). The solvent was evaporated in 

vacuo. The residue was dissolved in acetonitrile (50 ml) and washed five times with hexanes. 

The acetonitrile layer was evaporated in vacuo. The product was distilled on a microdistillation 

apparatus twice. 

Colorless oil, yield: 87.1%; bp 95-96 °C at 38 Torr; 1H NMR (600 MHz, CDCl3) δ: 3.84 (d, J 

= 11.3 Hz, 6H), 2.76 (dq, J = 19.6, 10.7 Hz, 2H); 13C NMR (151 MHz, CDCl3) δ: 123.5 (qd, J 

= 275.8, 3.3 Hz), 53.1 (d, J = 6.3 Hz), 32.0 (dq, J = 144.4, 31.5 Hz); 31P NMR (243 MHz, 

CDCl3) δ: 18.68 (q, J = 14.0 Hz); 19F NMR (565 MHz, CDCl3) δ: -58.57 (dt, J = 13.8, 10.7 Hz); 

HR-MS (ESI) calcd for C4H8F3O3P [(M + H)+]: 193.0241; found: 193.0236. 

Diethyl (2,2,2-trifluoroethyl)phosphonate (ZOT3-1-Et) 

Synthesized according to the procedure for ZOT3-1-Me. 

Colorless oil, yield: 87.6%; bp 103-108 °C at 31 Torr; 1H NMR (600 MHz, CDCl3) δ: 4.20 (dq, 

J = 14.5, 7.1 Hz, 4H), 2.60 (dd, J = 38.2, 19.1 Hz, 2H), 1.36 (t, J = 7.1 Hz, 6H); 13C NMR (151 

MHz, CDCl3) δ: 123.6 (qd, J = 275.7, 3.3 Hz), 62.8 (d, J = 6.3 Hz), 32.7 (dq, J = 144.0, 31.2 

Hz), 16.2 (d, J = 6.2 Hz); 31P NMR (243 MHz, CDCl3) δ: 15.87 (q, J = 13.6 Hz); 19F NMR (565 

MHz, CDCl3) δ: -58.53 (dt, J = 13.7, 10.7 Hz); HR-MS (ESI) calcd for C6H12F3O3P [(M + 

Na)+]: 243.0374; found: 243.0377. 
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Dimethyl (2,2,3,3,3-pentafluoropropyl)phosphonate (ZOT5-1-Me) 

Synthesized according to the procedure for ZOT3-1-Me. 

Colorless oil, yield: 65.8%; bp 65-66 °C at 25 Torr; 1H NMR (600 MHz, CDCl3) δ: 3.86 (t, J = 

7.6 Hz, 6H),  2.65 (q, J = 19.1 Hz, 2H); 13C NMR (151 MHz, CDCl3) δ: 118.5 (qtd, J = 285.7, 

36.1, 13.8 Hz), 113.0 (tqd, J = 254.6, 39.1, 9.4 Hz), 53.0 (d, J = 6.3 Hz), 28.2 (dt, J = 144.3, 

24.6 Hz); 31P NMR (243 MHz, CDCl3) δ: 19.29 (t, J = 5.6 Hz); 19F NMR (565 MHz, CDCl3) 

δ: -86.33, -112.55 (td, J = 18.6, 5.2 Hz); HR-MS (ESI) calcd for C5H8F5O3P [(M + H)+]: 

243.0209; found: 243.0214. 

Diethyl (2,2,3,3,3-pentafluoropropyl)phosphonate (ZOT5-1-Et) 

Synthesized according to the procedure for ZOT3-1-Me. 

Colorless oil, yield: 69.1%; bp 105-110 °C at 30 Torr; 1H NMR (600 MHz, CDCl3) δ: 4.20 (dq, 

J = 14.5, 7.1 Hz, 4H), 2.60 (dd, J = 38.2, 19.1 Hz, 2H), 1.36 (t, J = 7.1 Hz, 6H); 13C NMR (151 

MHz, CDCl3) δ: 118.5 (dtd, J = 285.6, 36.0, 13.4 Hz), 113.1 (tqd, J = 254.4, 39.1, 9.4 Hz), 62.8 

(d, J = 6.4 Hz), 29.0 (dt, J = 143.9, 24.5 Hz), 16.2 (d, J = 6.1 Hz); 31P NMR (243 MHz, CDCl3) 

δ: 16.45; 19F NMR (565 MHz, CDCl3) δ: -86.34, -112.63 (td, J = 18.6, 5.3 Hz); HR-MS (ESI) 

calcd for C7H12F5O3P [(M + Na)+]: 293.0339; found: 293.0342.  

Dimethyl (3,3,3-trifluoropropyl)phosphonate (ZOT3-2-Me) 

Sodium hydride (7.14 mmol, 60% suspension) was added to dry DMF (9 ml) and the mixture 

was cooled down to 0 °C. Dimethyl H-phosphonate (7.14 mmol, 0.75  ml) was added. The 

mixture was allowed to warm to room temperature and was stirred for 1 hr. A solution of 1-

iodo-4,4,4-trifluorobutane (3.59 mmol, 854 mg) in a dry DMF (4 ml) was added. The mixture 

was stirred for 24 hr. The DMF was removed on a rotary evaporator. The crude product was 

distilled twice. 

Colorless oil, yield: 16.1%; bp 96-100 °C at 38 Torr; 1H NMR (600 MHz, CDCl3) δ: 3.78 (d, J 

= 10.9 Hz, 6H), 2.41-2.35 (m, 2H), 2.00-1.94 (m, 2H); 13C NMR (151 MHz, CDCl3) δ: 126.4 

(qd, J = 276.2, 23.8 Hz), 52.8 (d, J = 6.6 Hz), 27.9 (qd, J = 31.2, 3.8 Hz), 18.1 (dd, J = 147.9, 

3.1 Hz); 31P NMR (243 MHz, CDCl3) δ: 30.56; 19F NMR (565 MHz, CDCl3) δ: -67.95 (t, J = 

10.2 Hz); HR-MS (ESI) calcd for C5H10F3O3P [(M + H)+]: 207.0398; found: 207.0403.  

Dimethyl (4,4,4-trifluorobutyl)phosphonate 

Synthesized according to the procedure for ZOT3-2-Me. 

Colorless oil, yield: 62.2%; bp 105-110 °C at 38 Torr; 1H NMR (600 MHz, CDCl3) δ: 3.78 (d, 

J = 10.8 Hz, 6H), 2.27-2.20 (m, 2H), 1.95-1.82 (m, 4H); 13C NMR (151 MHz, CDCl3) δ: 126.5 

(dq, J = 276.4, 1.5 Hz), 33.8 (qd, J = 28.8, 14.7 Hz), 52.1 (d, J = 6.7 Hz), 23.4 (d, J = 143.1 

Hz), 15.3 (dq, J = 6.9, 3.4 Hz); 31P NMR (243 MHz, CDCl3) δ: 32.67; 19F NMR (565 MHz, 

CDCl3) δ: -66.34 (t, J = 10.7 Hz); HR-MS (ESI) calcd for C6H12F3O3P [(M + Na)+]: 243.0374; 

found: 243.0373. 

6.4. Theoretical calculations 

The calculations were conducted using Gaussian 09 set of codes. The method used was Density 

Functional Theory (B3LYP functional with empirical GD3 correction for dispersion 

interactions: B3LYP-GD3, together with def2tzvp basis set34 with an ECP pseudopotential35 for 

the iodine atom; both adopted from EMSL Basis Set Exchange site36). The chosen basis set 

corresponds to the 6-311G(2df,p) Pople basis set. 

Page 20 of 24New Journal of Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
2 

Ju
ne

 2
02

0.
 D

ow
nl

oa
de

d 
by

 U
pp

sa
la

 U
ni

ve
rs

ity
 o

n 
6/

15
/2

02
0 

3:
04

:2
8 

PM
. 

View Article Online
DOI: 10.1039/D0NJ00963F

https://doi.org/10.1039/d0nj00963f


21 

 

Calculations were made for the condensed phase. The solvent (DMF) was modeled using 

CPCM approximation. Specific necessary solvent parameters for correct simulation were 

adopted from the literature37 and Gaussian website38 as follows: 

EPS=37.21938 

RSOLV=2.64737 

DENSITY=0.00777737 

VMOL=128.737 

EPSINF=2.03937 

Thermochemical corrections for reagents were calculated for the temperature of 275.15 K (the 

creation of sodium salt) and 298.15 K (ambient reaction temperature). 

All TS, as well as structures of reactant and product complexes, were confirmed by vibrational 

analysis to be first-order saddle points and minima respectively on the Potential Energy Surface. 

The vibrational scaling factor was chosen to be 0.98. 

6.5. Cell line and culture 

Human glioblastoma astrocytoma (U-87 MG) cell line was purchased from HPA Culture 

Collections and supplied by Sigma-Aldrich (Sigma-Aldrich, Poznan, Polska). Human non-

small cell lung cancer (A549) cell line was obtained from American Type Culture Collection 

(ATCC, Rockville, MD, USA). Human promyelocytic leukemia (HL-60) was a kind gift from 

dr Adrianna Nowak from Lodz University of Technology. Human peripheral blood 

mononuclear cells (PBMCs) were isolated using Histopaque 1077 (Sigma-Aldrich, Poznań, 

Polska) from leukocyte buffy coat obtained from the Blood Donation Center in Lodz, Poland. 

U-87 MG cells were grown in EMEM (Sigma-Aldrich) with 1% non-essential amino acids 

(Sigma-Aldrich) and 1 mM sodium pyruvate (Sigma-Aldrich). A549 cells were cultured in 

DMEM:F-12 1:1 mixture medium with 15 mM HEPES (Lonza, Basel, Switzerland), HL-60 

cells were maintained in IMDM medium with 15 mM HEPES (Lonza) and PBMCs were 

cultured in RPMI 1640 medium (Lonza). All media were supplemented with 2 mM L-glutamine 

(Lonza), 100 units/ml penicillin (Lonza), 100 μg/ml streptomycin (Lonza) and 10% fetal bovine 

serum (FBS, Biowest, Nuaillé, France), except for HL-60 cell medium which contained 15% 

FBS. Cells were incubated in standard conditions (37 °C, 5% CO2, relative humidity 100%). 

6.6. Cytotoxicity 

Compounds cytotoxicity was determined with the resazurin-based in vitro toxicology assay kit 

(Sigma-Aldrich, Poznan, Polska). Shortly, 10 000 cancer cells or 50 000 PBMCs in 100 µl 

culture medium were seeded on 96-well plate a day before the experiment and then exposed in 

triplicate to different concentrations of compounds for 24 h. Tested compounds were prepared 

in DMSO and diluted in medium with the final concentration of DMSO lower than 1%. After 

the incubation, the resazurin dye solution was added in an amount equal to 10% of the culture 

medium volume, and the cells were incubated for another 3 h. Then the fluorescence intensity 

was measured with the excitation and emission set at 530/25 nm and 590/35 nm, respectively 

using a Synergy HT spectrophotometer (Biotek, Bad Friedrichshall, Germany). The cytotoxic 

effect was expressed as the % of negative control cells. All of the results were presented as the 

mean ± SEM. Calculations of IC50 and their 95% confidence intervals (95%CI) were conducted 

using GraphPad Prism 5 Software (Intuitive Software for Science, San Diego, CA). 

7. Literature 
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