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Abstract

The widespread and large scale use of platinum group metals, especially palladium, in a wide variety of
industrial applications has seen their levels in wastewater streams, roadside dust and even pharmaceuticals
significantly rise over recent years. Due to the possible environmental damage and potential health risk this
may cause, there is now substantial demand for inexpensive, efficient and robust methods for the detection
of palladium. Based upon self-immolative linker technologies, we have designed and synthesised a number
of allyl ether-functionalised electrochemical probes to determine the optimum probe structure required to
deliver a ratiometric electrochemical detection method capable of achieving a limit of detection of
<1mg/mL within 20 minutes through the use of disposable screen-printed carbon electrodes. Combined
with an enzymatic assay, this method was then used to achieve a proof-of-principle ratiometric

electrochemical molecular logic gate.

1. Introduction

The extensive use of platinum group metals in the automotive, electronics and chemical industries, as
well as having popular applications in jewellery and dentistry, has seen a sharp rise in the amount of these
metals in waste streams (1). In particular, the concentration of platinum and palladium in a variety of
environmental locations can be up to 70 times greater than that found in the earth’s crust, which is attributed
to metal loss from automotive catalytic converters through exhaust emissions (2-5). Despite rigorous
purification techniques, metal contaminants found within medicinal compounds is also becoming
commonplace and as this could pose a potential health risk (6), a low limit has been placed on the
concentration of palladium impurities allowed to be found in drug substances (7). As a result, there is now

a significant demand for efficient and sensitive protocols for palladium detection.
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Highly sensitive palladium detection techniques include atomic absorption spectroscopy (AAS) (8-9),
inductively-coupled plasma atomic emission spectrometry (10), mass spectrometry (11-13), X-ray
fluorescence spectrometry (14-15), and solid-phase microextraction high performance liquid
chromatography (SPME-HPLC) (16). Recently, substantial effort has been deployed for the development
of a range of colourimetric and fluorescent probes for simple and effective palladium detection (17). To
achieve greater sensitivity, palladium detection methodologies look to take advantage of the inherent
catalytic attributes that the target possesses (18). For example, the catalytic Tsuji—Trost-like deallylation
protocols pioneered by Koide and co-workers (19-23), allow rapid and sensitive palladium detection
through the use of simple handheld UV lamps (24). Further sensitivity can also be achieved through small
molecule autoinductive signal amplification systems if required (25). Electrochemistry is also becoming
increasingly popular as an analyte detection method due to its low-cost, inherent miniaturisation capability
and simple incorporation into point-of-care devices (26-27). Heavy metals such as cadmium, lead, mercury
and arsenic can be detected using disposable, but modified, screen-printed electrodes but this is typically
achieved through harsh stripping voltammetric methods (28). Herein, we describe the ratiometric
electrochemical detection of palladium with unmodified screen-printed carbon electrodes using differential
pulse voltammetry (DPV).

2. Results and Discussion
2.1 Ratiometric Electrochemical Detection of Palladium

Ratiometric electrochemical sensing can be achieved through either tagging both termini of nucleic
acid capture probes bound to electrode surfaces with redox labels that have different oxidation potentials
(29-41), manipulating host—guest or metal binding interactions on electrode surfaces with
electrochemically distinguishable redox probes (42-44), or the use of redox-active probes which
demonstrate a unique shift in oxidation potential selectively in the presence of the analyte (45-46). For
analytes that display target catalysis as a means of amplification within diagnostic assays, we have found
the latter offers a number of benefits, such as improved reaction kinetics, since probes are not surface bound,
and ease of analysis, as electrodes do not require modification prior to detection (47-48). Continuing our
goal of producing a suite of redox-active probes that enable the ratiometric electrochemical detection for a
range of different analytes, we designed and synthesised a range of redox-active probes for the selective
detection of palladium. To do this, we utilised ferrocene as the redox-active moiety due its well-understood
Fe''/Fe'' one-electron redox pathway and easy derivatisation (49), coupled covalently via a self-immolative

linker (50), to an allyl trigger unit (Figure 1).
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Fig 1. Concept of self-immolative linker-based sensing and its application towards the design of ratiometric
electrochemical probes for selective palladium detection.

In the presence of the target therefore, oxidative insertion of the palladium into the allyl trigger would
induce elimination of the linker and the subsequent entropically-favourable decarboxylation would release
the ferrocene unit. Provided there is a noticeable change in electronic environment around the iron centre
of the ferrocene, probe and product should be distinguishable electrochemically. It has been previously
suggested that in order to achieve a ratiometric electrochemical detection method, probe and product should
have a difference in oxidation potential (AEq) of approximately 100-200 mV (51). Thus, a number of
probes that met the design criteria were synthesised (see ESI) and the oxidation potentials of both
themselves and their respective elimination products were determined via DPV to ascertain the feasibility
of the ratiometric detection method (Table 1).
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Table 1 Structures and oxidation potentials of palladium-responsive ferrocene probes and their products.
Oxidation potentials were determined using carbon graphite screen-printed electrodes at a ferrocene concentration of
0.77 mM in pH 8.9 Trizma® buffer referenced to Ag/AgClI.

Probe 1, derived from ferrocenemethylamine 2, was the first to be synthesised and tested, as benzyl
carbamate linkers have shown good stability to unwanted hydrolysis within previous detection assays.
However, the AEox between probe and product was found to be significantly lower than the ideal suggested
AEox and possibly ruling out its use as a ratiometric electrochemical probe. This was confirmed through a
duplex study where a solution containing both probe 1 and product 2 was analysed by DPV (see Fig. S1,
ESI) and showed complete overlap of the peaks, thus preventing its use as a ratiometric electrochemical
probe. Probe 3, derived from ferrocenemethanol 4, was next to be tried and tested as the change in
heteroatom to a more electronegative atom should induce a greater difference in oxidation potential between
probe and product; a worthwhile trade-off considering the use of the more unstable benzyl carbonate linker.
As desired, the difference in oxidation potential was significantly increased and came within the ideal
difference range. Unfortunately, a duplex study (see Fig. S2, ESI) still showed partial peak overlap which
still prevents the use of the probe within a ratiometric detection method since accurate peak integrals cannot
be obtained. In order to induce a greater difference in electronic environment around the ferrocene core
between probe and product, we chose to remove the methylene unit between the ferrocene and the
carbamate linkage. This alteration gave probe 5 and afforded a difference in oxidation potential between
itself and aminoferrocene 6 of 377 mV; much greater than the difference needed to afford a ratiometric
detection method. This was confirmed through another duplex study (see Fig. S3, ESI) where both peaks
are clearly separated and the areas underneath them can be accurately integrated. However, initial test
assays aimed to release aminoferrocene 6 in the presence of palladium were unsuccessful, which was
presumed to be due to the slow elimination kinetics of the benzyl alcohol linker (52), and stability of the
intermediate phenol under neutral pH. To alleviate this problem, probe 7 was simply synthesised without

this linker. Probe 7 exhibited a lower oxidation potential to that of benzyl-linker containing probe 5 due to



its higher hydrophilicity; a known effect to cause significant changes in oxidation potential (53). However,
the difference in oxidation potential was still >200 mV and as a duplex study displayed two clear distinct
peaks (Figure 2), ratiometric detection was still feasible. As such, both peaks can be integrated accurately

and conversion of probe to product can be calculated using the following equation:

f6

Conversion (%) = (W

) x100

Pleasingly, when this probe was tested in the presence of palladium, aminoferrocene 6 was isolated in a
36% yield which can be attributed to palladium-catalysed deallylation of probe 7 followed by subsequent

decarboxylation.
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Fig. 2 Voltammogram of a solution containing 50 uM aminoferrocene 6 and 50 UM probe 7 in pH 8.9 Trizma®
buffer.
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Entry Pd Catalyst Catalyst Loading Reductant Solvent | Conversion?®
1 Pd(PPhs)s 10 mol% Morpholine (10 eq.) THF 100%
2 Pd(PPhs)s 5 mol% Morpholine (10 eq.) THF 6%
3 Pd(PPhs)s 5 mol% NaBH4 (10 eq.) THF 91%
4 Pd(PPhs)s 1 mol% NaBH4 (10 eq.) THF 93%
5 Pd(PPhs)s 0 mol% NaBH4 (10 eq.) THF 6%
6 Pd(PPhs)s 1 mol% NaBH4 (10 eq.) MeOH 100%
7 Pd(PPhs)s 1 mol% NaBH,4 (1.1 eq.) MeOH 100%
8 Pd(PPhs)s 0 mol% NaBH4 (10 eq.) MeOH 0%
9 Pd,dbas 0.5 mol% NaBH; (1.1 eq.) MeOH 98%
10 PdCl(PPhs); 1 mol% NaBH; (1.1 eq.) MeOH 67%

Table 2. Optimisation of conditions for the deallylation of probe 7 to aminoferrocene 6. 2Conversion determined by
ratiometric electrochemical analysis

Having found an ideal probe for the ratiometric electrochemical detection of palladium, we first
proceeded towards an optimisation (Table 2). Initially, classic palladium-catalysed conditions of Pd(PPhs)4
in THF were chosen with the inclusion of morpholine present as an allyl scavenger to regenerate the catalyst
(Entry 1) (54). Pleasingly, in the presence of 10 mol% palladium, full conversion was observed within 10
minutes. However, halving the catalyst loading delivered less than 10% conversion. In order to improve the
reactivity, and therefore the sensitivity, of the assay, the allyl scavenger morpholine was replaced with
sodium borohydride, a commonly used hydride source in palladium-catalysed reductive deprotection of
alloc groups (55). As desired, a dramatic increase in sensitivity was observed as 5 mol% Pd(PPh3), delivered
near quantitative conversion after 20 minutes (Entry 3). Lowering the catalytic loading to 1 mol% furnished
a similar conversion (Entry 4), demonstrating the sensitivity of the assay conditions. Importantly, in the
absence of any palladium (Entry 5), a low background conversion was observed showing the stability of
the carbamate linkage even in the presence of ten equivalents of a hydride. To further improve the reactivity
of the assay, the solvent was changed from THF to methanol as this not only improves the solubility of the
borohydride salt, but forms a more reactive methoxyborohydride species (56). As desired, this change led
to an enhanced assay since full conversion was observed after just 5 minutes using only 1 mol% of catalyst

(Entry 6). Reducing the equivalents of borohydride to 1.1 equivalents did not hinder reactivity as a similar



conversion rate was observed (Entry 7). No conversion was seen when the borohydride was removed
completely demonstrating the stability of the alloc functional group even in the presence of metals, as well
as highlighting the requirement of an allyl scavenging reagent to afford deallylation and subsequent

conversion to product.

Other Pd® sources such as Pdz(dba)s (Entry 9) and Pd" sources such as PdCl,(PPhs), (Entry 10) were
found to give good conversion of probe 7 to product 6, demonstrating the high selectivity of probe 7 for
palladium whether in its 0 or +2 oxidation state. Pd,(dba)s being a source of Pd® gave a similar quantitative
conversion as observed with Pd(PPhs)s. To our surprise, the electrophilic Pd" source, PdCl,(PPhs). gave
>60% conversion of probe 7 to aminoferrocene 6 as typically nucleophilic Pd® species are needed to achieve
oxidative addition. Due to the presence of the reducing hydride source, it is presumed that Pd" gets reduced
to Pd° in situ before entering the catalytic deallylation cycle. Having studied the assay under different

sources and oxidation states of palladium, we next looked at the effect of other metals (Figure 3).

Due to the well-known efficiency of palladium in such Tsuji—Trost-like reactions, the metal screen was
conducted using 10 mol% catalyst to identify if any other metal could react with probe 7 in a similar fashion.
Ni'' was shown to be the most active metal species delivering near quantitative conversion after 20 minutes.
Similar to the Pd" example previous, we presume that reduction of Ni" to Ni° by NaBH, occurs in situ and
this allows for the now nucleophilic metal species to catalyse the deallylation and decarboxylation of probe
7. All oxidation states of rhodium and platinum tested were also found to be active within the assay giving
>50% conversion over the 20-minute timeframe. This was expected since a whole range of different
complexes are known to be active catalysts in Tsuji—Trost allylations (57). Of all the other metals screened
including other platinum group metals such as iridium and ruthenium, none were able to give >30%

conversion in the given assay time.
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2.2 Application to an Electrochemical Molecular AND Logic Gate

Having investigated and explored the ratiometric electrochemical detection of palladium, we next
wanted to apply the conditions to develop a proof-of-principle electrochemical molecular logic gate that
utilises the ratiometric detection method as a signal output. Continuing from previous, we considered a
concept where an AND molecular logic gate could be achieved if a reporter molecule could be linked via a
self-immolative linker to two functional groups (FG) arranged in series (Figure 4). In order to initiate signal
production and thus produce a positive output, both input A (to cleave the first functional group) and input

B (to cleave the second functional group) must be present.

Linker
INPUT A
\ INPUTA — ij
INPUT B
@ o *
INPUT B INPUT OUTPUT

\ Al B AAND B

0 0 0

@ 0 1 0
4* —~— o] o
1 1 1

Fig 4. Design concept of a molecular AND logic gate based upon self-immolative linker-based sensing and the
corresponding logic gate symbol and truth table.

To realise this potential, an aminoferrocene attached through a carbamate linkage to a benzyl linker
with two sequential functional groups appended, one phosphate and one bis(allyl), was designed (Figure 5,
probe 8). In principle, this compound should act like a molecular AND logic gate as only in the presence
of both palladium (input A = 1) and the enzyme alkaline phosphate (ALP, input B = 1) should both
deallylation and dephosphorylation occur, which is needed to release aminoferrocene 6 (output = 1). If
palladium is not present (input A = 0), the allyl functional groups attached to the phosphate should prevent
dephosphorylation, as the phosphate dianion (ROPOs*") is needed for the compound to be a suitable
substrate for ALP, and therefore prevent signal production (output = 0). If ALP is not present (input B =

0), then deallylation can still occur (input A = 0) but dephosphorylation, needed to trigger immolation of
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the linker and decarboxylation to release aminoferrocene 6, is unable to occur (output = 0). In the absence
of both palladium (input A = 0) and ALP (input B = 0), neither of the functional groups are able to be
cleaved and no signal should be produced (output = 0).
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Fig 5. Structure for electrochemical molecular AND logic gate and proposed mechanism required to obtain
positive signal production.

First, probe 8 was exposed to palladium under the reduction conditions as described above followed by
treatment with an alkaline buffered solution of ALP before the mixture was analysed electrochemically.
Unfortunately, under these reaction conditions, no aminoferrocene 6 was observed and the large number of
components present in the assay solution led to indistinguishable peaks and a noisy voltammogram. With
the one-pot process unsuccessful, we reverted back to our traditional conditions for deprotecting
bis(allyl)phosphate protecting groups and initially monitored this transformation by thin layer
chromatography (TLC) to determine the length of time required for full reaction conversion. Typically, 1
mol% of polymer-bound Pd(PPhs). requires 16 hours for complete deprotection of probe 8. In order to
accomplish the same feat in a more rapid time, we increased the catalytic loading to 100, 50 and 25 mol%

and found that full consumption of probe 8, as identified by TLC, occurred in approximately 45 minutes.



To verify this observation, the solution was then treated with a buffered solution containing 0.5 UmL ™ ALP

and the assay monitored electrochemically (Fig. 6).
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Fig. 6 Conversion of probe 8 to product 6 in the presence of different catalytic loadings of polymer-bound
Pd(PPhs)a.

Pleasingly, under these conditions, positive conversion of probe 8 to aminoferrocene 6 was observed,
demonstrating the applicability of the system to act like a molecular AND gate in the presence of both
inputs. Minimal difference in conversion was seen under different catalytic loadings of the solid-supported
palladium and as such, the highest loading was taken forward to maximise the level of conversion in the
shortest length of time. The concentration of ALP was next to be investigated so the assay was repeated at
100 mol% polymer-bound Pd(PPhs), for 45 minutes followed by treatment with different concentrations of
ALP (Fig. 7). Here, the optimal ALP concentration was found to be 12.5 UmL™ as this delivered

guantitative conversion after 30 minutes. With the optimised conditions in hand, we then went on to

11



determine the conversions, or the outputs, obtained under the conditions of different inputs to mimic a true
logic gate (Table 3).

\/\O i) 100 mol% PB-Pd(PPh3),
/\/o\llj/o 15 eq. HCOOH
i H 10 eq. Et3N
o] o\n/N. THF, rt, 45 minutes HzN\‘
o y ii) X UmL~" ALP y
! pH 9 Trizma® buffer !
8 @ rt, 30 minutes 6 O
100

Conversion (%)

ALP Concentration
X 12.5UmL’
X 6.25UmL"
X 25umL’
X 1.25UmL"

L o e e e e e e e e e B I e |
0 3 6 9 12 15 18 21 24 27 30

Time (minutes)

Fig. 7 Conversion of probe 8 to product 6 in the presence of different concentrations of ALP.
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o i) X mol% PB-Pd(PPh,),

0.1.0 15 eq. HCOOH
N 10 eq. Et;N
i H 4=
fo) O\H/N THF, rt, 45 minutes HoN

0 Y ii) X UmL-" ALP Y
- B
[Pd] [ALP] Conversion INPUT A INPUT B OUTPUT
0 mol% ouUmL™ 0% 0 0 0
0 mol% 125 UmL™ 0% 0 1 0
100 mol% 0uUmL™? 0% 1 0 0
100 mol% | 12.5UmL™ 100% 1 1 1

Table 3 Conversion of probe 8 to product 6 in the presence of none, either or both inputs.

As desired, only in the presence of both input values is any conversion observed. Interestingly, full
conversion to aminoferrocene 6 is achieved, demonstrating significant confidence in the system that a
definitive positive signal will only be returned in the presence of both input values (see Fig. S4, ESI for
voltammogramatic overlays). Importantly, no background conversions were seen when either or both input

values are null showing the excellent selectivity of the probe to the specific input signals.

3. Conclusion

In conclusion, we have developed a ferrocene-derived electrochemical probe for the ratiometric
electrochemical detection of palladium. After a short optimisation, the detection was shown to be
reasonably sensitive for palladium (0.77 mg/mL) using disposable screen-printed carbon electrodes in just
20 minutes. Selectivity was an issue however, as other metals such as nickel could also induce the
production of a positive signal. To achieve a fully selective ratiometric electrochemical probe for palladium,
further modifications of the probe will be investigated in due course. Additionally, the catalytic deallylation
procedure was used to inspire development of a ferrocene-derived compound that could behave as a
molecular electrochemical AND logic gate. Excellent control was demonstrated in this system as only when
both inputs were present was any conversion, and therefore a positive signal, observed. We hope this work
inspires the next generation of ratiometric electrochemical probes for more accurate and more reliable
point-of-need sensing applications towards the detection of other analytes and the development of further

electrochemical-based molecular logic gates.
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4. Experimental
Electrochemical Analysis

Electrochemical analysis was performed by applying a 20 puL sample to screen-printed electrochemical
cell (GM Nameplate, Seattle) equipped with a carbon graphite working electrode (2.36 mm?), a carbon
graphite counter electrode (10.15 mm?) and a silver (pseudo Ag/AgCl) reference electrode (0.85 mm?). The
potential across the cell was controlled by a Metrohm Autolab PGSTAT30 potentiostat operated via a laptop
running General Purpose Electrochemical System (GPES) software in differential pulse mode (modulation
= 0.04 s, interval = 0.1 s, initial voltage = —500 mV, end voltage = 500 mV, step potential = 3 mV,

modulation amplitude 49.95 mV). Peak integrals were obtained using the ‘peak search’ function and

. . L , 6
conversions calculated using the equation: Conversion (%) = (W) x 100.

Synthetic procedure for probe 7

A stirring solution of ferrocenoyl azide (539 mg, 2.11 mmol, 1 eq.) in anhydrous toluene (7.2 mL)
under argon was heated to reflux for 2 hours. After the temperature of the reaction was reduced to 90 °C,
allyl alcohol (0.3 mL, 4.22 mmol, 2 eq.) was added and the reaction stirred for another 2 hours. Upon
allowing the reaction to cool to room temperature, the mixture was concentrated under reduced pressure to
afford the crude product. Purification by silica gel column chromatography (5% EtOAc in hexane) gave
probe 7 as an orange solid (491 mg, 82%). M.P.; 81-83 °C. IR; v 3271 (N-H), 3087 (C-H), 2938 (C—H),
2884 (C-H), 1690 (C=0), 1566 (C=0, amide). *H NMR (300 MHz, CsD¢); 81 5.76 (1H, ddt, J = 17.2, 10.6,
5.6 Hz), 5.34 (1H, br s), 5.14 (1H, dd, J = 17.2, 1.6 Hz), 4.99 (1H, dd, J = 10.6, 1.6 Hz), 451 (2H, d, J =
5.6 Hz), 4.41 (2H, br s), 4.03 (5H, s), 3.75 (2H, t, J = 2.0 Hz). *C NMR (75 MHz, CsDs); 5c 153.7, 133.3,
117.5, 96.4, 69.5, 65.7, 64.5, 60.9.

Synthetic procedure for probe 8

To a stirring solution of ferrocenoyl azide (255 mg, 1 mmol, 1 eq.) in anhydrous toluene (3 mL) under
argon was added diallyl (4-(hydroxymethyl)phenyl) phosphate (284 mg, 1 mmol, 1 eg.) and the reaction
mixture was heated to reflux for 2 hours. After cooling to room temperature, the reaction was concentrated
under reduced pressure to afford the crude product. Purification by silica gel column chromatography (50%
EtOAC in hexane) gave probe 8 as a dark orange oil (377 mg, 74%). IR (film, cm™); v 3094 (N-H), 2953
(C-H), 1726 (C=0), 1259 (P=0), 1017 (P-0), 951 (C=C-H). *H NMR (300 MHz, C¢Ds); o+ 7.26 (2H, app

14



d, J=8.3 Hz), 7.12 (2H, app d, J = 8.3 Hz), 6.81 (1H, br s), 5.71-5.58 (2H, m), 5.14 (2H, dd, J = 17.1, 1.3
Hz), 4.99 (2H, s), 4.92 (2H, dd, J = 10.4, 1.3 Hz), 4.47-4.33 (4H, m), 4.10 (5H, s), 3.81 (2H, app s). °C
NMR (75.5 MHz, CsDe); 8¢ 154.1, 150.9 (d, e » = 7 Hz), 134.3, 132.5 (d, *Jc »= 7 Hz), 130.1, 120.5 (d,
3Jcp=5 Hz), 118.4, 97.0, 69.5, 68.9 (d, 2Jcp = 6 Hz), 65.9, 64.5, 60.9. 'P {{H} NMR (121.5 MHz, CsDs);
8 —4.70. HRMS (ESI): calc’d for CasHosNaFeNOsP [M+Na]* m/z 534.0745, found 534.0760.

Procedure for the ratiometric electrochemical detection of palladium

A 77 mM solution of probe 7 (5 mg, 0.01 mmol) dissolved in MeOH (1.3 mL) in a 2 mL screw-top
sample vial, was subjected to the addition of sodium borohydride (4 mg, 0.11 mmol) followed by Pd(PPh3)4
(1 mg, 1 pmol). The assay was then stirred at 1000 rpm using a magnetic flea at room temperature and
every 5 minutes thereafter, a 1 ulL sample was taken from the assay, diluted by 1000 and thoroughly shaken.

This diluted sample was then analysed electrochemically by the aforementioned method.

Procedure for molecular electrochemical logic gate tests

A 10 mM solution of probe 8 (5 mg, 0.01 mmol) dissolved in THF (1 mL) in a 2 mL screw-top sample
vial, was subjected to the addition of polymer-bound Pd(PPhs)4 (13 mg, 0.01 mmol) followed immediately
by formic acid (6 pL, 0.15 mmol) then triethylamine (14 uL, 0.10 mmol). The assay stirred at 1000 rpm
using a magnetic flea at room temperature for 45 minutes. This solution was then added to a stirring solution
of ALP (12.5 UmL™) in 50 mM pH 8.9 Trizma® buffer (9 mL). Every 3 minutes thereafter, a sample was
analysed electrochemically by the aforementioned method.
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