(Ferrocenylmethyl)trimethylammonium cation: a very simple probe
for the electrochemical sensing of dihydrogen phosphate

and ATP anionst
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By virtue of strong ion-pairing interactions that are reinforced
following its oxidation to the ferrocinium form, (ferrocenyl-
methyl)trimethylammonium cation is able to electro-chemi-
cally sense dihydrogen phosphate and ATP anions in organic
electrolytes; clear two-wave voltammetry features allow their
amperometric titration by this very simple derivative of
ferrocene.

Anion binding plays a central role in chemical and biochem-
ical processes and their recognition by artificial molecular
hosts is an area of intense current interest.! An application of
anion receptor chemistry would be the qualitative and quan-
titative sensing of selectively bound anionic species. To this
end, considerable attention has focused on the incorporation
of a redox probe into a host structure to enable the detection
of guest species through the perturbation of the redox system
provoked by host—guest interactions.? Of the redox centres
used, the most prevalent have been the metallocenes, mainly
cobaltocenium and ferrocene moities.> Receptors containing
neutral ferrocenyl units exhibit interesting electrochemical
anion recognition effects, because electrostatic interactions can
be switched on by oxidation of ferrocene to its cationic fer-
rocinium form. Ferrocene-based hosts can co-ordinate and
electrochemically recognize anionic guest species via the
cooperative binding forces of electrostatic interaction and
other favourable interactions such as hydrogen bonding with
appended thiourea,® guanidinium,® amide*~’ or pyrrole® H-
donor groups. Additional amine,” pyridine® or polypyridine’
H-bond acceptor groups can enhance the interaction between
the receptor and oxoanions such as dihydrogen phosphate and
hydrogen sulfate anions. Shape selectivity and topological
effects in hosts based on macrocyclic calixarene'® and cyclo-
triveratrylene'! platforms or in dendrimers!? and colloids'?
also influence both anion—receptor interactions and guest
recognition. However, basic ion pairing appears the most
important feature to be exploited in the construction of redox-
active species able to electrochemically recognize anions,
especially in non-aqueous media. We herein report the
remarkable electrochemical sensing properties of the ordinary
(ferrocenemethyl)trimethylammonium cation 1 towards

1 Electronic supplementary information (ESI) available: cyclic vol-
tammograms of 1 in the presence of increasing amounts of ATP>~ or
HSO,". See http://www.rsc.org/suppdata/nj/bl/b107713a/
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dihydrogen phosphate and adenosine-5'-triphosphate anions
(ATP?7) in various organic electrolytes.
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The cyclic voltammetry (CV) curves for 1 exhibit the regular
wave corresponding to the reversible ferrocene/ferrocinium
(Fc/Fc*) redox couple in acetonitrile, dichloromethane or
acetone containing 0.1 M tetra-n-butylammonium perchlorate
(TBAP). Due to different solvation effects, E;/, ranges from
0.17 to 0.22 V, depending on the solvent used (Table 1). Pro-
gressive addition of hydrogen sulfate and nitrate produced
weak negative shifts of the Fc/Fc™ oxidation wave (Table 1).
With nitrate, the maximum perturbation of the CV curve (— 10
mV) was obtained with 1 equiv. of added anion. Larger shifts
of the Fc/Fc™ wave (up to — 100 mV in CH,Cl,) were observed
upon addition of an excess of hydrogen sulfate anion (Table 1).
Moreover, due to the weak solubility of ion pairs formed
between the oxidized dicationic probe and HSO, ™ anions, their
dissolution upon reduction are responsible for intense stripping
peaks in the presence of a large excess of anion, especially in the
less polar acetone and dichloromethane solvents. With F~ the
electrochemical response of 1 is characterized by a large
increase in the anodic peak current, along with a decrease in the

Table 1 Cyclic voltammetry data“ for 1 in the presence of one molar
equivalent (unless otherwise noted) of H,PO,~, ATP>~, HSO,  and
NOj;™ in different solvents containing 0.1 M TBAP

Free 1 1+H,PO,~ 1+ATP* 1+HSO,~ 1+NO;~
Solvent  E;»/V AE’/mV ~ AE’/mV  AE‘/mV AE‘/mV
CH;CN 028  —295 —235 —10 (=15% —=10
CH,Cl, 027 —470 —280 —25(=100% —10
(CH5),CO 029  —320 —e —10(=35) —10
CH;OH 034 —7 —30%9 —f 7

“ Versus ferrocene; the different anions were used as their tetra-n-
butylammonium salts; v=0.1 Vs~ '; E,/»=(Ep,+ Epc)/2; Ep, and Ep,
are the oxidation and reduction peak potentials, respectively; AE = Ep,
([A71#£0) — Ep, ([A7]1=0). ® “Two-wave” behaviour. ¢ “One-
wave” behaviour. © Measured in the presence of 4 equiv. of
HSO,~. ¢ Not determined. / No recognition. ¢ Measured in the
presence of 1.5 equiv. of ATP?".
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reversibility of the Fc/Fc™ wave, which progressively shifts
towards more negative potentials. This behaviour is char-
acteristic of an EC mechanism with product adsorption and
suggests that strong ion pairs formed between oxidized 1 and
F~ remain strongly adsorbed onto the electrode surface.
Increasing amounts of CI™, Br~ or SCN™ do not produce any
significant change in the CV wave although, as for other fer-
rocenoyl compounds,’ catalytic oxidation of CI~ clearly occurs
upon addition of more than 4 equiv. of chloride and the fer-
rocene groups partially decompose to form [FeCl,] species.

In contrast, a remarkable two-wave behaviour was obtained
when considering the 1+ H,PO,~ system. Fig. 1(A) shows the
changes in the CV wave of 1 in the presence of increasing
amounts of dihydrogen phosphate in CH,Cl,+ TBAP elec-
trolyte. Successive additions of this anion result in the
extinction of the initial Fc/Fc* wave and the appearance of a
new wave corresponding to complexed redox probe. The new
wave grows at less positive potentials than the original Fc/Fc*
wave (— 295 to —470 mV, depending on the solvent used; see
Table 1). Maximum perturbation of the CV curves is obtained
with 3—4 equiv. of added H,PO, ™ anion. This clear electro-
chemical behaviour allows an amperometric titration curve to
be drawn by considering the intensity of the new anodic peak
Ipa vs. the H,PO,~ /1 molar ratio [Fig. 1(B)]. I}, increases
linearly with the amount of anion added to the solution, until
reaching a maximum. The slow decrease in current at higher
concentrations of anion is due to some precipitation of the
1+ H,PO4 complex.

The behaviour of the 1+ H,PO,™ system in acetone is close to
that observed in dichloromethane. In CH3;CN, strong adsorp-
tion-desorption phenomena are responsible for a larger peak-to-
peak separation and for the appearance of a sharp stripping
peak in the reverse scan. A similar behaviour was observed with
the ATP?~ anion in CH;CN and CH,Cl, (Table 1). However,
no reduction peak was seen after the addition of 1 molar
equivalent of anion, due to the very poor solubility of the ion
pairs formed between the oxidized 1 and ATP*".
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Fig. 1 (A) Cyclic voltammograms, recorded at a Pt disc electrode
(5§ mm in diameter) in CH,Cl, +0.1 M TBAP, of 0.6 mM 1: (a) free 1;
(b) H,PO,~/1=1.6; (c) H,PO4~/1=3. Sweep rate 0.1 V s~'. (B)
Amperometric titration of dihydrogen phosphate in CH,Cl, : increase
in the intensity of the new wave vs. the number of equivalents of
H,PO,  added per (ferrocenylmethyl)trimethylammonium.
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Compound 1 is thus potentially able to sense anionic guest
species via electrostatic interaction with the appended qua-
ternary ammonium group, which is further reinforced fol-
lowing oxidation to ferrocinium. The binding of anions
effectively stabilizes the double positive charge of the oxidized
form of 1 causing the Fc/Fc*t redox couple to shift to less
positive potentials. As shown in Table 1, polarity of the solvent
plays a central role in the recognition ability of 1. Potential
shifts are significantly higher in CH,Cl, than in CH5CN, due
to an increase in the electrostatic interaction in the less polar
solvent. Solvation can, however, counteract ion-pair forma-
tion. This was evidenced by studies carried out in methanol,
which presents a dielectric constant close to that of aceto-
nitrile. In this protic solvent stabilization of anions due to
hydrogen-bonding interactions is responsible for a complete
loss of electrochemical sensing ability of 1 towards almost all
the surveyed anions, with the exception of ATP?>~, which
induces a small negative shift (AE = — 30 mV with 1.5 equiv. of
anion) in the potential of the Fc/Fc™ redox wave (Table 1).

In considering the observed selective sensing response one
should be aware of the interaction between neutral/oxidized 1
and the different anions. The association constants K, were
determined for 1 with HSO,—, NO; ™ and F~ by a standard 'H-
NMR titration,'" monitoring AS(CH,N") and AS[(CH3);N"]
in CD5;CN, CD,Cl, and CD;COCDs+ 0.1 M TBAP solutions
of 1 (1072 M) with the addition of increasing amounts of a
given anion (Table 2). In CD3;CN we found weak, similar
binding constants with the hydrogen sulfate, nitrate and
fluoride anions (K,=11, 9 and 10 M~', respectively). The
interaction of ATP?~ with 1 is significantly stronger (K, = 122
MY, in agreement with the better electrochemical sensing
properties of 1 towards this anion (Table 1). It is noteworthy
that the association constants are significantly higher in
CD,Cl, and CD;COCDj3, due to an increase in electrostatic
interactions in these less polar solvents. Unfortunately, in all
solvents precipitation of 1+ H,PO,  ion pairs onsets when
more than 1 equiv. of H,PO, ™ is added and the association
constants could not be determined due to these constraints.
However, the large AE values measured in the different elec-
trolytes (Table 1) mean that the apparent association constants
between H,PO,~ or ATP?>~ and the oxidized form of 1 are
several orders of magnitude larger than the association con-
stants with reduced 1,'>'* following the establishment of very
strong electrostatic interactions between the ferrocinium form
of 1 and these anions."?

The 1-H,PO,  complex was isolated in the solid state (see
Experimental). ES mass spectral analysis confirmed the for-
mation of strong ion pairs between 1 and H,PO,™ and gave
information on the stoichiometry of the species formed. The
mass spectrometric study clearly showed the presence in dry
acetonitrile of five different ion pairs: [1(H,PO4 ),] ™,
[(12(H2PO, )], [(D2(HoPOS )P, [(1)3(HoPO, )] and
[(1)3(H,PO47)s]*~. This result is in keeping with the poorly
defined stoichiometry (1+3—4 H,PO, ) determined from
electrochemical data.

Table 2 Association constants (K, M) between 1 and the surveyed
anions”

Solvent F- HSO,~ NO;~ ATP*
CD;CN 10.0 + 0.8 11.0+12 9.0 £ 1.7 122+6
CD,Cl, —b 61 + 10 b 185 + 12
(CD3),CO —b 38 £2 —b 159 + 18

@ Determined from 'H-NMR data (see the text) at T=294 K; in all
solvents precipitation of 1+ H,PO, " salt precluded determination of
K,. ? Not determined, due to the poor solubility of the anion.




X-Ray quality crystals were grown at 5°C by slow diffusion
of diethyloxide in an ethanol solution of 1-H,PO, . The X-ray
structures revealed (Fig. 2) that the crystals of 1-H,PO4~
belong to the P2(1)/c space group of the monoclinic system.
1.-H,PO, ™ crystallizes in a channel structure (Fig. 2). The
ammonium group of 1 points towards the H,PO, ™ anion, each
H,PO,  anion being surrounded by four (ferrocenemethyl)-
trimethylammonjum cations with P—N distances ranging from
4708 to 5.040 A and P—O distances ranging from 1.498 to
1.565 A. The P—P distance bgtween two closest H,PO,~
anions in a channel is ca. 4.30 A. Both Cp rings are almost
coplanar with a small Cp—Fe—Cp bent angle of 2.4° and the
intramolecular distances (3.28 A) in the Cp rings are
as expected for a substituted ferrocene. One water and one
ethanol molecule are located in the unit cell and these solvent
molecules are strongly hydrogen-bonded to the H,PO4™ anion
with an H- - -A distance between 1.93(2) and 2.07(3) A. An H-
bonding interaction is revealed between a hydrogen atom from
a methyl group in the ammonium headgroup of 1 and an

Fig. 2 Packing view down the ¢ axis showing the location of di-
hydrogen phosphate anions in channels formed by (ferroce-
nylmethyl)trimethylammonium cations and the presence of ethanol
and water (located between ammonium headgroups) in the framework.
H atoms are omitted for clarity.

oxygen atom of H,PO4~ with an H- - -O distance of 2.41(3) 1&,
contributing to a reinforcement of the interactions between 1
and H,PO,™ in addition to the electrostatic forces.

The selective sensing of the dihydrogen phosphate anion is
believed to be due to specific electrostatic interactions with 1
and its oxidized form. In agreement with this statement, we
found that addition of dihydrogen phosphate to an acetonitrile
solution of unsubstituted ferrocene causes the development of
a stripping peak on the reduction branch of the CV wave while
no change occurred in the presence of hydrogen sulfate anions.
Furthermore, an additional Lewis acid-base interaction with
the iron centre of the ferrocene could also be involved. 'H-
NMR experiments showed evidence for slight interactions
between unsubstituted ferrocene and dihydrogen phosphate,
and to a lesser extent hydrogen sulfate; the H-Cp resonances
being shifted downfield by 0.2 ppm and 0.06 ppm upon addi-
tion of one equivalent of H,PO,~ and HSO, , respectively.
This might be due to the greater basicity of the former anion.

The ferrocenetetraalkylammonium 1 is thus a very simple
redox probe whose selective electrochemical sensing properties
towards H,PO,~ and ATP?~ in organic media are mainly a
direct consequence of a strong ion-pairing interaction. Both
the specific Fc/Fc' redox peak system and the large potential
shifts found with these anions suggest the potential use of 1
and its derivatives in the construction of amperometric sensor
devices. We are currently investigating the synthesis and the
redox sensing properties of polymer films containing cationic
derivatives of ferrocene.

Experimental

Electrochemical experiments were conducted in a three-
electrode cell under an argon atmosphere and at room tem-
perature, with as working electrode a platinum or a carbon
disc (5 and 3 mm in diameter respectively). Potential data are
referenced to the potential of the unsubstituted ferrocene/
ferrocinium redox couple. Acetonitrile (Rathburn, HPLC
grade S), acetone and methanol (analytical reagent grade) were
used as received. Dichloromethane (analytical reagent grade)
was dried over neutral aluminium oxide (activity I) for a least
4 days before use. Tetra-n-butylammonium perchlorate
(Fluka) was dried under vacuum at 80°C for 3 days. Tetra-
ethylammonium fluoride and nitrate, tetra-n-butylammonium
hydrogen sulfate and dihydrogen phosphate were of the
highest purity commercially available and were used without
further purification. The di(tetra-n-butylammonium) salt of
adenosine-5'-triphosphate (ATP?") was obtained from its
corresponding disodium salt by ion exchange on Amberlite
IRCS0 in n-BuyN™ form.

(Ferrocenylmethyl)trimethylammonium iodide'® was con-
verted to its corresponding tetrafluoroborate salt by metathesis
with NH4BF,. The mixture was extracted with CH,Cl, and
the orange extract was dried over Na,SO,. Addition of Et,O
gave 1-BF, as a dark-yellow powder; yield 60%. Analytical
data: "H-NMR (250 MHz, CD5CN, 10 mM, 295 K) §: 2.86 [s,
9H, NT'(CHs);], 4.23 (s, 5H, Cp-H), 428 (s, 2H,
Cp—CH,—N"), 4.38 (m, 2H, Cp-Hp), 4.44 (m, 2H, Cp-H,);
I3C.NMR (250 MHz, CD;CN, 10 mM, 295 K) &: 52.79
[NT(CH3)3], 67.76 (Cp—CH,—N™), 70.14, 71.42, 73.08, 73.47
(Cp); UV-vis (CH3CN) Amay/nm (e/M ™' cm™"): 431 (75), 335
(30); FAB*-MS: m/z 258 (1™).

1-H,PO,~ was obtained by adding an excess of tetra-n-
butylammonium dihydrogen phosphate (4 molar equivalents)
to an acetonitrile solution of 1.BF,~ (5 mmol in 3 mL) at room
temperature under stirring. A pale yellow precipitate was
formed instantaneously. The solid was isolated by suction fil-
tration and washed with cold acetonitrile. Analytical data: 'H-
NMR (250 MHz, CD;0D, 10 mM, 295 K) &: 2.98 [s, 9H,
N*(CHs)s], 4.26 (s, 5H, Cp-H), 4.42 (s, 2H, Cp—CH,—N™),
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4.43 (m, 2H, Cp-Hy), 4.49 (m, 2H, Cp-H,); UV-vis (C,HsOH)
Jmax/0m (g/M~! em™"): 432 (63), 339 (22). Anal. calcd for
C14H2FeNO4P-H,O-CH;0H (M, =405.214): C, 44.46; H,
6.96; N, 3.46; P, 7.64; Fe, 13.78; found C, 44.99; H, 6.68; N,
3.59; P, 7.40; Fe, 13.18%.

X-Ray quality crystals were grown by vapour diffusion of
Et,0O into an ethanol or methanol solution of 1-H,PO,™ at
5°C. Crystal data: 1‘H2PO47‘H20‘C2H50H: C14H22Fe—
NO4P-H,O-C,H¢O, Mr0:419.23, crystal size =0.08 x Q.S x 0.5
mm, a=17.024(5) A, «=90°, b=13.5733) A, =
95.710(15)°, ¢=8.4498(19) A, y=90°, U=1942.8(9) A?,
T=223(2) K, 2=0.71073 A, monoclinic, space groups
P2(1)/c, D;=1.433 Mg m™>, u=0.889 mm~', collected
reflections = 12266, final R [I >20(1)]=0.0301, wR =0.0739,
R indices (all data)=0.0517, wR =0.0882. The data sets for
the single-crystal X-ray study were collected with Mo-Ka
radiation on a Brucker SMART diffractometer. All calcula-
tions were performed using the SHELXTL program.'” The
structure was solved by direct methods and refined with full-
matrix least-squares on F2.

CCDC reference number 176826. See http://www.rsc.org/
suppdata/nj/b1/b107713a/ for crystallographic data in CIF
or other electronic format.

"H-NMR experiments were conducted at 21°C on a Brucker
AC250 spectrometer using the solvent deuterium signal as
internal reference. ES mass spectra were recorded on a Micro-
mass Quattro mass spectrometer. 1-H,PO,~ was dissolved
(0.5 mg ml™!) in dry CH;CN and samples were introduced into
the ES source with a flow rate of 5 pl min~".
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