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Abstract: The high toxicity of phosphine and the use of organophosphines as nerve agent precursors
has provoked the requirement for a rapid and reliable detection methodology for their detection.
Herein, we demonstrate that a ferrocene-derived molecular probe, armed with an azidobenzene
trigger, delivers a ratiometric electrochemical signal selectively in response to organophosphorus(III)
compounds and can be accurately measured with an inexpensive, handheld potentiostat. Through an
intensive assay optimization process, conditions were found that could determine the presence of a
model organophosphine(Ill) nerve agent precursor within minutes and achieved a limit of detection
for triphenylphosphine of just 13 ppm. Due to the portability of the detection system and the excellent
stability of the probe in solution, we envisaged that this proof-of-concept of work could easily be
taken into the field to enable potentially toxic organophosphorus(Ill) compounds to be detected at
the point-of-need.
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1. Introduction

Phosphine, the simplest phosphorus(Ill) compound, is a volatile toxic gas that is utilized in
the agricultural industry as a fumigant [1,2]. Alkylphosphines and alkylphosphites also have acute
toxicologies similar to phosphine [3-5]. Alkylphosphinites are listed as Schedule 1 compounds under
the Chemical Warfare Convention as restricted precursors for the nerve agent VX, and alkylphosphites
are listed as Schedule 3. In addition, phosphorus(Ill) compounds have been widely used in organic
synthesis and the pharmaceutical industry, where a diverse number of new phosphorus(Ill) ligands
with unknown toxicologies have been used in cross-coupling reactions, which remain a predominant
synthetic tool [6,7]. However, though the toxicology of triphenylphosphine has been studied, with a
permitted daily exposure (PDE) of 250 ug reported recently [5], only a few studies have explored the
toxicity of less common aryl- and alkylphosphine ligands. In the absence of accurate toxicology, there
remains a requirement to detect low-level concentrations of these potentially toxic analytes.

The detection of phosphorus(Ill) compounds can be performed using chemiluminescence [8],
gas chromatography—mass spectrometry [9], and flame photometry [10]. However, these methodologies
are limited by the requirement for sensitive, lab-based equipment, and the transportation of highly
toxic samples to them. Extending the current methods to organophosphorus(Ill) species has so far been
limited to just volatile alkylphosphines until very recently, when nerve-agent mimics were shown to be
detected via fluorescence [11]. However, for their adoption into a point-of-care device, the construction
of a lightbox is needed [12].

Electrochemistry has emerged as a popular detection method, due to its rapid sample
detection rate, and its use of inexpensive equipment, which allows for applications within small,
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portable detection systems [13,14]. To combat problems arising from miniaturization, ratiometric
electrochemical probes have become more widespread, with the minimization of errors increasing their
reliability and reproducibility [15,16]. By obtaining direct conversions from the sample, systematic and
sampling errors are reduced. Ferrocene-based probes are specifically and commonly used, due to their
synthetic utility [17-19], aerobic and aqueous stability [20], and tunable oxidation potential [21,22].
Thus, we believe that we could utilize these advantageous properties to synthesize an electrochemical
probe purposed for the development of a point-of-care solution for the detection of potentially
highly-toxic organophosphorus(Ill) compounds. Herein, we describe the application of a ferrocene
probe to the ratiometric electrochemical detection of organophosphorus(Ill) compounds, including a
model nerve agent precursor, using a commercial, hand-held portable potentiometer.

2. Materials and Methods

All reactions were carried out under an atmosphere of nitrogen, in oven-dried glassware,
unless otherwise stated. Dichloromethane (DCM), and toluene were dried and degassed by passing
through anhydrous alumina columns, using an Innovative Technology Inc. (Carouge, Switzerland)
PS-400-7 solvent purification system, and were stored under an atmosphere of nitrogen prior to use.
4-Aminobenzyl alcohol was purchased from Alfa Aesar (Heysham, UK). Ferrocenecarboxaldehyde was
purchased from Fluorochem (Hadfield, UK). All other chemicals were purchased from Sigma-Aldrich
(Gillingham, UK). All chemicals were used as received.

Desktop electrochemical analysis was performed by applying a 20 uL sample to a screen-printed
electrochemical cell equipped with carbon working and counter electrodes, and a silver (pseudo
Ag/AgCl) reference electrode. The potential across the cell was powered by a Metrohm Autolab
PGSTAT30 potentiostat controlled by a laptop running General Purpose Electrochemical System
(GPES) software in differential pulse mode (modulation = 0.04 s, interval = 0.1 s, initial voltage =
—400 mV, end voltage = 600 mV, step potential = 3 mV, modulation amplitude 49.95 mV). Post-scan,
a baseline correction (moving average: peak width = 0.03) was performed. Peak integrals were
obtained by using the “peak search’ function, and conversions were calculated by using the equation:

Conversion (%) = ([ product)/([ probe + [ product) x 100 (1)

Handheld electrochemical analysis was performed by applying a 20 uL sample to a screen-printed
electrochemical cell equipped with carbon working and counter electrodes, and a silver (pseudo
Ag/AgCl) reference electrode. The potential across the cell was powered by a PalmSens Emstat3 Blue
potentiostat controlled by a tablet, using PS Touch in differential pulse mode (equilibration time =0s,
initial voltage = —800 mV, end voltage = 200 mV, step potential = 3 mV, pulse potential = 49.95 mV,
pulse time = 0.1 s, scan rate = 0.015 V s~ !). Currents were obtained using the ‘peak search’ function,
and by finding the maximum current. The currents were calibrated by using Figure S1 to obtain the
concentrations, and the conversions were calculated by using the equation:

Conversion (%) = ([product])/([probe] + [product]) x 100 2)
3. Results

3.1. Concept

Inspired by trigger-linker—effector methodology [23,24], benzyl ferrocenylcarbamates have
been effectively employed for the ratiometric electrochemical detection of both enzymes, such as
(-galactosidase and alkaline phosphatase [25,26], and small molecules, such as fluoride and hydrogen
peroxide [27,28]. To achieve our objective of developing a molecular probe for organophosphorus(I1I)
species, we designed benzyl ferrocenylcarbamate 1 with a 4-azido trigger to allow for the
chemoselectivity for the target to be attained through a Staudinger reaction. In the presence of
the target, we proposed that the formation of iminophosphorane 2 would occur, which, under aqueous
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assay conditions, would be hydrolyzed to give aniline 3; then, a subsequent 1,6-elimination would
release aminoferrocene 4 (Scheme 1). Indeed, it has since been brought to our attention that whilst
this project was ongoing, the release of aminoferrocene 4 from 4-azidobenzyl ferrocenylcarbamate 1
under reductive conditions had been successfully demonstrated [29]. Due to the significantly different
electronic environments surrounding the iron center, aminoferrocene 4 should have a lower oxidation
potential (Eox) compared with that of 1; and, thus it should be electrochemically distinguishable.
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Scheme 1. Molecular structure of probe 1, and its proposed mechanism for the phosphine-triggered
release of aminoferrocene 4.

3.2. Synthesis, Stability, and Electrochemical Properties of 1

The synthesis of 1 was successfully achieved with a 77% overall yield via a Curtius rearrangement
of 4-azidobenzyl alcohol, obtained from 4-aminobenzyl alcohol through a Sandmeyer reaction, with
ferrocenoyl azide, obtained from ferrocenecarboxylic acid (see Electronic Supporting Information (ESI)).
Once in hand, chemodosimeter 1 remained bench-stable for several months, and more importantly,
it remained stable for a month as a solution in acetonitrile at room temperature, allowing for its storage
as a ready-to-use solution (Figure S2). A comparison of the electrochemical behavior of probe 1 to
aminoferrocene 4 via differential pulse voltammetry (DPV) showed that the oxidation potential of
probe 1 was significantly higher than the oxidation potential of aminoferrocene 4, by 300 mV (Figure 1).
Evidently, the two peaks were fully resolved allowing for conversions to be calculated from the
integration of the two peaks (Figure S3), using Equation (1) (see Section 2 Materials and Methods).
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Figure 1. Differential pulse voltammogram obtained for probe 1 (0.5 mM) and aminoferrocene 4
(0.5 mM) in MeCN:Tris buffer (pH 9, 50 mM).

3.3. Sensitivity and Selectivity of 1 towards Organophosphorus(I1I) Compounds

To test the probe’s response to phosphorous(Ill) compounds, triphenylphosphine (PPhs) was
initially selected as a model analyte, as it is an easy-to-handle solid, and it is the standard phosphine
of choice in the Staudinger reaction (Table 1). Initial conditions were inspired by Staudinger
ligation conditions, with 10 equivalents of triphenylphosphine in a mixed solvent system of
N,N-dimethylformamide (DMF)/water. While this delivered a 37% conversion efficiency after
60 min at room temperature, changing the water-miscible co-solvent to acetonitrile (MeCN) or
1,4-dioxane improved the conversion efficiency considerably. Probe 1 was found to be insoluble
in alcoholic solvents, and aminoferrocene 4 was found to be unstable in both dimethylsulfoxide
(DMSO) and tetrahydrofuran (THF), thus preventing accurate electrochemical analyses, so acetonitrile
was selected as the co-solvent moving forward (Table S1). Altering the solvent ratio to a 3:1 ratio of
acetonitrile to water greatly improved the homogeneity of the reaction mixture, allowing for more
reproducible sampling, which in turn improved the reliability of the method. Further increasing the
ratio of acetonitrile to water was found to be detrimental to the reaction. Halving the equivalents of
triphenylphosphine improved the accuracy, as we believed that this limited electrode fouling, though
this alteration lowered the conversion down to 43%. The conversion could be increased to 80% within
20 min, and near-quantitative conversion within 60 min, by warming the assay mixture to 50 °C.
At temperatures of above 50 °C, solvent loss and inaccuracies in sampling led to unreliable results.

Table 1. Optimization of the reaction assay of 1 (1 mM) with triphenylphosphine (10 mM).
10 eq. PPhg

o Solvent:H,0 /@
/@ X:1

J@AOJL” T Tk
N <& <

1 4
Exp. No. Solvent (1 M) Solvent:Water Ratio Conversion !
N,N-dimethylformamide o
1 (DKAF) 1:1 37%
2 1,4-dioxane 1:1 78%
3 acetonitrile (MeCN) 1:1 79%
4 MeCN 3:1 79%
52 MeCN 3:1 43%
63 MeCN 3:1 96%

1 Conversion determined by ratiometric electrochemical analysis. 2 Five equivalents of PPhs. 3 5 equivalents of
PPhj at 50 °C.

With the optimized assay conditions in hand, the sensitivity of probe 1 was further examined
(Figure 2). At superstoichiometric concentrations of triphenylphosphine (2.5 mM and 5 mM),
quantitative conversion was achieved within 60 min. No background reactivity was observed in
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the absence of triphenylphosphine. The negligible background rate allowed for the accurate detection,
within 60 min, of low concentrations of triphenylphosphine, 50 uM, with a 3% conversion observed.
This value is within an order of magnitude of the limit of detection (LOD) for the fluorescence detection
of organophosphorus pesticides, using an expensive desktop fluorimeter with highly sophisticated
DNA-functionalized nanoparticle detection methodology [30]. This value also corresponds to a LOD
of 13 ppm, which is the value of the reported LC50 for rats [2]. At the stoichiometric equivalents of
triphenylphosphine, a 40% conversion was obtained within 30 min, with no significant further increase
in conversion was observed after this period. This is consistent with precedent from the literature,
where it has been reported that the Staudinger reaction requires two equivalents of triphenylphosphine
to release aniline [31].
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Figure 2. Conversion of probe 1 (1 mM) to aminoferrocene 4 after the addition of triphenylphosphine
in MeCN:H,O (3:1, 1M) at 50 °C. Error bars represent the standard deviation where n = 3.

To explore the selectivity of probe 1, a selection of organophosphorus(Ill) compounds were
screened. An analyte concentration of 1 mM was chosen, to allow for changes in the rate of reaction
to be observed (Figure 3). Expectedly, electron-rich arylphosphines showed an increased reaction
rate in comparison to that of triphenylphosphine (Figure S4). However, the change in electronics
also corresponded to a decrease in aminoferrocene stability, which resulted in a reduced degree
of reproducibility over time. Conversely, electron-deficient arylphosphines showed a significantly
reduced rate of reaction in comparison to triphenylphosphine. In general, both alkylphosphines and
alkylphosphites also exhibited lower rates of conversion, though pleasingly, diethylmethylphosphonite,
a precursor in the synthesis of VX nerve gas, delivered a positive conversion of 8%, and it could be
easily distinguished from the background. Oxygen-sensitive phosphines proved to be incompatible
with the assay, due to their degradation in the assay media. Common phosphorus(V) compounds
such as phosphate salts, potassium hexafluorophosphate, triphenylphosphine oxide, and triethyl
phosphonoacetate yielded no conversion or breakdown of 1, highlighting its high specificity towards
phosphorus(Ill) species. Other soft nucleophiles such as thiols were also tested and of them,
only hydrogen sulfide (H,S) was shown to give any positive conversion with a 10% measurement after
60 min. Neither glutathione nor cysteine, both of which have also been shown to be able to reduce aryl
azides [32], afforded any conversion.

The robustness of the assay was then challenged by exposing compound 1 to a series of
complex samples. Specifically, crude reaction mixtures from various Suzuki cross-coupling reactions
were directly injected into the assay (Figure S5). The crude reaction mixture, which contained
tetrakis(triphenylphosphine)palladium(0) delivered an 87% conversion rate. This positive result
was attributed to the leaching of the organophosphorus(Ill) ligands, as alternative Pd(0) sources,
without phosphine ligands, showed minimal conversion.
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Figure 3. Conversion of probe 1 (1 mM) to aminoferrocene 4 60 min after the addition of phosphine
in MeCN:H,O (3:1, 1M) at 50 °C. Error bars represent the standard deviation, where n = 3. (1) PPhs;
(2) P(p-tol)s; (3) P(p-MeOPh)s; (4) P(p-CF3Ph)s; (5) P(O'Pr)s; (6) MeP(OEt),; (7) PCys; (8) P(OPh)s;
(9) PCI,Ph; (10) K;HPOy; (11) KPFg; (12) NapyOyPy; (13) triphenylphosphine oxide; (14) triethyl
phosphonoacetate; (15) hydrogen sulfide (H,S); (16) cysteine; (17) glutathione.

3.4. Applications towards a Point-of-Use Assay with a Handheld Potentiostat

To highlight the point-of-use capability of probe 1, the model assay was tested using a PalmSens
EmStat® Blue handheld potentiostat (Figure S6). The lower sensitivity of the potentiostat required an
increase in probe concentration to 10 mM; however, no other modifications of the reaction conditions
were necessary. Due to the higher sample concentration, a corresponding reduction in sample
homogeneity was observed, which resulted in a reduced reliability of the conversions, as calculated
through peak integration. Therefore, in this instance, the currents were measured directly at specific
oxidation potentials, and they were used to calculate the conversions via a calibration curve (Figure 57).
While this does not take into account the diffusion coefficients for both probe 1 and product 4, we
believe that they are similar enough to validate this proof-of-principle experiment. To test their
potential use for the detection of nerve agent precursors in the field, the modified assay was tested
with the model precursor diethylmethylphosphinite (Figure 4).
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Figure 4. Conversion of probe 1 (10 mM) to aminoferrocene after the addition of diethylmethylphosphinite
(XmM) in MeCN:H,O (3:1, 1 M) at 50 °C. Error bars represent the standard deviation, where 1 = 3.

Interestingly, the conversion obtained was significantly higher (19 &= 3%) than that seen previously
with a benchtop potentiostat (8 &= 2%). A similar increase was also observed when a comparative
assay was performed while using triphenylphosphine (Figures S8-510). We believe that the improved
reactivity could be attributed to the higher concentration of the probe. More importantly, the tight error
bars exhibited demonstrates the excellent reproducibility and reliability of the ratiometric detection
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assay. This, coupled with the negligible background rate, highlights the potential for the direct
incorporation of the assay into a future point-of-use device.

4. Conclusions

In conclusion, we have developed a ferrocene-based probe for the ratiometric electrochemical
detection of phosphorus(Ill) compounds, utilizing the chemoselective Staudinger reaction. The probe
showed excellent specificity for a range of phosphorus(Ill) compounds, compared against other
phosphorus species, creating a highly selective and rapid detection methodology. The negligible
background reactivity allowed for the reliable and reproducible detection of a model phosphine, down
to 13 ppm. The detection method was successfully applied to the detection of an organophosphorus(III)
nerve agent precursor, using a portable handheld potentiostat, demonstrating that the technique could
be potentially applied to the rapid detection of nerve agents in the field.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2227-9040/7/2/19/
s1, which includes the synthetic route for probe 1 (Scheme S1), and all synthetic procedures and NMR
spectra for the synthesis of 1 and any intermediates synthesized during the process. Table S1: Assay
optimization, Figure S1: Solution stability of probe 1, Figure S2: Kinetic linear transformation of probe 1,
Figure S3: Voltammogram overlays, Figure S4: Extended phosphine scope, Figure S5: Complex sample testing,
Figure S6: Handheld potentiostat setup, Figure S7: Calibration curve for the handheld potentiostat, Figure S8:
Triphenylphosphine assay using the handheld potentiostat, Figures S9&S510: Competitive assays between desktop
and handheld potentiostats.
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