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Abstract

Three ferrocene derivatives 1-3, each containing two pyridine ligands, form complexes with a variety of d-block metals, as
evidenced by NMR and UV -vis spectroscopy and cyclic voltammetry. The X-ray crystal structures of 1 and its Mo(0) complex
are reported. The Zn(II) and Cu(I) complexes of 1-3 have a 2/1 (ligand/metal) stoichiometry. The factors influencing the changes
in the redox and chromogenic properties of these ligands upon complexation are discussed. © 2001 Elsevier Science B.V. All

rights reserved.

Keywords: Ferrocene; Complexes; Sensor; Cyclic voltammetry; Spectroscopy

1. Introduction

There have been numerous accounts over the past
two decades of the attachment of ligand groups to
ferrocene in order to assess the effect that the ferrocene
has on the properties of the proximate binding site and
likewise the effect that the binding site has on the
properties of the ferrocene. Accordingly, ligands for
transition metals [1], s-block cations [2], protons [3],
p-block anions [4] and organic molecules, be they
charged [5] or neutral [6], have been connected to
ferrocene through covalent bonds.

The ferrocene unit can affect the properties of the
binding site in a number of ways. For example, redox-
switched processes have been demonstrated where oxi-
dation of the ferrocene either decreases [2c] or increases
[6] the ligand binding affinity for a substrate. Fer-
rocenes are also known to quench metal-centred lu-
minescence [7], and can be used as flexible inorganic
spacer units for the assembly of novel heteronuclear
complexes [8].

* Corresponding author. Fax: + 44-1392-263-434.
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As implied by the redox-switched processes described
above, it is well known that binding at a proximate site
can affect the oxidation potential of the ferrocene unit
[1-6]. In general, metal centres increase the redox po-
tential by withdrawing electron density away from the
ferrocene centre, whereas p-block anions and those
neutral hydrogen bonding species reported so far, de-
crease the potential. This aspect has attracted interest
from researchers interested in developing redox-active
sensors for a variety of species [9]; i.e. attaching a
ferrocene group to a ligand enables the binding event to
be read-out using electrochemical methods. Binding at
a proximate site can also affect the UV—vis properties
of the ferrocene unit [3a,10]; in general, metal complex-
ation or protonation induces bathochromic shifts in the
lowest energy spin-allowed ferrocene band, which ab-
sorbs between 400 and 500 nm.

Perhaps the most studied ferrocene-containing lig-
ands have been those containing N-donor atoms, in
particular pyridine and its derivatives [la,1b]. As would
be expected, the usual species bound by ferrocene-con-
taining pyridyl ligands are the transition metals, al-
though s-block cations have been bound by such
derivatives in the presence of other hard donor atoms
[11] and neutral organic molecules have been bound
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Fig. 1. X-ray structure of 1.

through hydrogen bonds in the presence of other H-
bond donor groups [6].

Here we report the effect of transition metal com-
plexation on the electrochemical and spectroscopic
properties of three ferrocene-containing pyridine lig-
ands 1, 2 and 3, and examine the role of the spacer
group as well as that of the ligand and complex geome-
try in controlling these properties.

2. Results and discussion

Compounds 1 [1b], 2 [1b] and 3 [3a] were prepared as
described previously.
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Suitable crystals of 1 for X-ray diffraction were
grown by slow diffusion of diethyl ether into a
dichloromethane solution of the ligand at 275 K. The
structure is presented in Fig. 1 and selected bond
lengths and angles are presented in Table 1. It is
interesting to note that the N2 pyridine ring is coplanar
with the spacer group to maximise conjugation with the
double bond (C11-C12-C18-N2 angle = 10°) whilst
the two pyridyl groups are situated almost perpendicu-

lar to one another (C11-CI2-C13-N1 angle = 92°),
presumably to minimise steric and electronic repulsions.
The Cp rings are virtually eclipsed (rotation angle =
7°).

2.1. Complex formation with Mo(0)

The complex [1:Mo(CO),] was synthesised by react-
ing 1 with [Mo(NHC;H,,),(CO),] in benzene for 24 h.
As expected, 'H-NMR spectrosocopy in CDCl; re-
vealed that the two resonances corresponding to the
pyridine protons adjacent to two nitrogen atoms in the
free ligand (8.83 and 8.61 ppm) shift downfield upon
complexation to 9.09 and 9.02 ppm, respectively. It is
interesting to note that the singlet corresponding to the
olefinic proton shifts upfield by 0.77 to 6.98 ppm.
However, the most significant change, as found previ-
ously with the analogous Pt(IT) complex [1b], is that the
two signals corresponding to the two pairs of protons

Table 1 .
Selected bond lengths (A) and bond angles (°) for 1

Bond lengths

N(1)-C(13) 1.327(6) C(11)-C(12) 1.338(7)
N()-C(17) 1.341(6)  C(12)-C(13) 1.483(7)
N(2)-C(18) 1.338(6) N(2)-C(22) 1.329(6)
C(1)-C(11) 1.475(7)  C(12)-C(18) 1.488(7)
Bond angles

N(@2)-C(18)-C(12) 117.7(4)  C(11)-C(12)-C(13) 121.2(5)
C(12)-C(11)-C(1) 128.7(5) C(11)-C(12)-C(18) 121.1(4)
N(1)-C(13)-C(12) 117.6(4)  C(13)-C(12)-C(18) 117.6(4)
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Fig. 2. X-ray structure of [1:Mo(CO),].

on the derivatised Cp ring of 1 split into four separate
signels upon complexation.

The explanation for this change in the NMR spectra
can be found from an inspection of the X-ray structure
of [1:Mo(CO),], presented in Fig. 2. The formation of
the six-membered chelate ring forces the two pyridyl
units to be non-coplanar, resulting in a puckered con-
formation. Cremer—Pople analysis [12] shows the con-
formation to be boat (f and ¢ angles=99.3 and
178.64°, respectively). Assuming that such a geometry is
retained in solution, the two proton pairs on the deriva-
tised ring would not be equivalent, even if rotation
about the Cl10-Cl1 bond were fast on the NMR
time-scale. Unlike in the free ligand, neither pyridine is
coplanar with the spacer group but like in the free
ligand, the Cp rings are virtually eclipsed (rotation
angle =2°). Selected bond distances and angles are
displayed in Table 2.

The angle between the two bonds linking the pyridine
units hardly changes upon complexation. Clearly the
ligand is flexible enough to coordinate to the Mo centre
by appropriate rotation about the C12-C18 and C12-
C13 bonds in a manner which does not change the
geometry of the ferrocene and spacer units or deform
the octahedral geometry about the metal centre. The
equatorial M—C bonds trans to the Mo—N bonds are
significantly shorter than the two axial Mo—-C bonds,
reflecting the fact that the two Mo—N bonds result in
more Mo electron density being available for back-
bonding to the two equatorial carbonyls. Consequently,
these two ligands have longer C—O bonds. A similar
effect has been observed with related Mo(0) tetracar-

bonyl complexes [13]. Interestingly, no reaction oc-
curred when the reduced ligand 2 was treated with
[Mo(NHCH,,),(CO),] under a variety of conditions,
which shows that the introduction of a saturated link-
age between the ferrocene and the binding site must
disfavour chelate ring formation, although the reasons
for this are not clear.

2.2. Complex formation with Cu(l) and Zn(II)

In order to test the ability of ligands 1, 2 and 3 to act
as simple chromogenic and redox-active sensors for
metal ions, metal complexes were synthesised in situ by
the simple addition of an acetonitrile solution of the
metal salt to the appropriate compound, predissolved in
acetonitrile. The triflate salts of the alkali metals and
Zn(I) were used as they have good solubility in this
solvent, as does the tetrakis(acetonitrile)copper(I) salt.

Table 2 .
Selected bond lengths (A) and bond angles (°) for [1:Mo(CO),]

Bond lengths

N(1)-C(13) 1.355(15)  O(2)-C(24) 1.168(16)
N(1)-C(17) 1.353(16)  O(4)-C(26) 1.152(15)
N(2)-C(18) 1.374(14)  O(1)-C(23) 1.125(16)
C(10)-C(11) 1.455(18)  O(3)-C(25) 1.122(15)
C(11)-C(12) 1.338(17)

Bond angles

N(@2)-C(18)-C(12)  119.1(10)  C(11)-C(12)-C(13) 118.3(11)

C(12)-C(11)-C(10) 129.2(13)
N(1)-C(13)-C(12)  119.0(10)

C(11)-C(12)-C(18) 122.3(11)
C(13)-C(12)-C(18) 118.7(10)
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Fig. 3. 'H-NMR titration of the downfield shift of the Cp-H,
resonance of 1 as a function of molar equivalents of Cu(I) in CD;CN.

[
Fe Fe
Fig. 4. Structure of the complex [(1),;Mn]"*, M =Cu, n=1 and

M =Zn, n=2; compound 2 forms the same dimeric complex.

Table 3
UV-vis data of compounds 1 and 3 in CH;CN at 298 K

Amax (nM) & (dm?® mol~' cm~")
1 464 1200
[(1),:Cu(D)] 496 1810
[(1),:Zn(1D)] 486 1640
3 440 200
[(3),:Cu(D)] 440 250
[(3),:Zn(1D)] 450 310

4 Reported previously in CH,Cl, in Ref. [3a].

For compounds 1 and 2, 'TH-NMR studies in CD;CN
revealed shifts in the resonances corresponding to the
pyridyl and Cp protons upon addition of excess Zn(II)
and Cu(l), although no changes were observed upon
addition of alkali metal salts. Titration experiments
were carried out to evaluate the complex stoichiometry
by monitoring the downfield shift of the resonances
corresponding to the Cp protons upon complexation
(Fig. 3). Only one set of signals was seen which indi-
cated that exchange between free ligand and complex
was fast on the NMR time-scale. Although the
downfield shifts are very small, all the curves corre-
spond to a 2/1 (ligand/metal) stoichiometry (Fig. 3), in
which each metal ion can adopt a favoured pseudo-te-

trahedral geometry in-between two ferrocene ligands, as
depicted in Fig. 4.

A similar NMR titration experiment in CD;CN on
compound 3 did not reveal the complex stoichiometry,
as upon addition of increasing amounts Zn(II) and
Cu(l), precipitation occurred. However, the addition of
excess metal salt as a solid to 3 in CDCI; revealed
downfield shifts in the resonances corresponding to the
pyridyl and Cp protons, which indicated complexation
by the pyridine ligands.

Previous studies on ferrocene ligands have shown
that the characteristic band between 400 and 500 nm,
ascribed to the lowest energy spin-allowed d—d band of
the ferrocene unit [14], is perturbed by complexation
[3a,10]. Therefore, UV -vis spectroscopy was used for
further complexation experiments with 3 since lower
concentrations could be used. Accordingly, the addition
of Zn(II) or Cu(l) to a 10~* molar solution of 3 in
acetonitrile resulted in an increase in absorbance in this
band and in the case of Zn(Il), a clear shift in the A,
value to longer wavelengths (Table 3).

Titration experiments were performed on 3 where the
change in absorbance at a constant wavelength was
monitored upon addition of aliquots of metal salt. The
titration graphs, as shown in Fig. 5 for the system with
Cu(I), reveal that, as found with 1 and 2, a 2/1 (ligand/
metal) stoichiometry is favoured. This result was unex-
pected, since simple model studies suggested that the
two amide carbonyls and two pyridine ligands could
bind to the metal in a 1:1 stoichiometry. However, IR
studies in acetonitrile revealed no decrease in the amide
carbonyl stretching frequency of 3 (1624 ¢cm ~!) upon
metal complexation; in related ferrocene-containing bis-
amides, this band has been shown to shift to a lower
frequency when the amide carbonyls act as ligands [15].
Taking all this data into account, a schematic represen-
tation of the likely solution structure of the zinc or
copper complex with 3 is depicted in Scheme 1.
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Fig. 5. UV-vis titration of the change in absorption intensity at 440
nm of 3 as a function of molar equivalents of Cu(I) in CH;CN.
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Scheme 1.

As reported previously for the protonation studies
with 3 [3a], complex formation with this ligand must
necessitate cleavage of the two intramolecular hydrogen
bonds, as shown in Scheme 1. Accordingly, NMR
studies in CDCI, revealed a large upfield shift of ca. 1.4
ppm in the resonance corresponding to the two amide
protons of 3 upon addition of metal salts.

The addition of Zn(Il) and Cu(l) to acetonitrile
solutions of 1 resulted in similar changes to the 400-
500 nm range of the UV-vis spectrum, with a
bathochromic shift in the d—d band observed, accom-
panied by an increase in absorbance (Table 3). Titra-
tion experiments with 1 confirmed the complex
stoichiometries found from the 'H-NMR studies. Un-
fortunately, the d—d band for 2 in acetonitrile was very
weak and was masked by higher energy bands, which
prevented titration experiments from being performed
with this ligand.

2.3. Electrochemical studies

Cyclic voltammetry experiments were carried out to
assess the effect of metal complexation on the reversible
Fe(Il)/Fe(IlT) redox couple of the ligands 1, 2 and 3.
The studies were carried out in CH;CN solution (ca.
10~* M), except for the Mo(0) complex, which was
studied in CH,CIl, for solubility reasons. The electrode
potentials (£) for the ligands versus Ag]AgCl and
shifts in electrode potential upon complexation (AE)
are displayed in Table 4. It is clear from this data that,
as expected, metal complexation perturbs the electronic
properties of each ferrocene unit, making the complexes
harder to oxidise than the respective free ligands.

As found previously with the Pt(II) complexes of 1
and 2 [1b], there is a much larger change in the redox
potential of 1 upon Zn(II) or Cu(I) complexation than
there is with 2, due to the presence in 1 of m-electron
conjugation between the binding site and the ferrocene
unit. However the shifts in potential brought about by
the addition of 0.5 molar equivalents of Zn(Il) and
Cu(I) to ligand 3, which, like ligand 2, has no conju-
gated link between the binding site and the ferrocene
centre, are larger than expected. This result is all the
more surprising since the addition of two molar equiva-

lents of H* to 3 in CH,Cl,, which protonates both
pyridine groups, results in a much smaller shift in
potential (+ 15 mV) [3a]. Therefore, simple through-
space electrostatic effects can not be invoked to explain
these large changes in potential, since protons have a
much higher charge density. Furthermore, Cu(I), which
has a lower charge density than Zn(II), produces the
greatest effect. It is also evident that whereas metal
complexation imparts changes in the 400—500 nm re-
gion of the visible spectrum of 3 (Table 3), protonation
has no effect on the /., value [3a] and the observed
increase in intensity is thought to arise from
bathochromic shifts in higher energy bands. In fact,
previous studies have shown that there is often a corre-
lation between the oxidation potential and the energy
and intensity of the d-d band in the 400-500 nm
region, as both processes involve the participation of
electrons located in the Fe centred HOMO [3a,16].
The reason for this difference in the redox behaviour
of 3 towards metal complexation and protonation is
likely to be associated with the conformation of each
complex. So that 3 can bind the metal in a 2/1 stoi-
chiometry, the two arms of each ligand must orientate
themselves close to one another in a way that max-
imises bond strength but minimises steric hinderance
(Scheme 1). The size of the cation may also affect this
conformation. Such a process would not occur upon
double protonation of 3, since charge repulsion would

Table 4
Electrochemical data for compounds 1-3 and their complexes in dry
CH,CN at 293 K

Compound E/V AE (mV)
Mo(0) complex  +Cu(I) +Zn(II)
1 048> 41909 +150 +120
2 0.41° - +30 +70
3 0.37°¢ - +170 +100

40.49 V in CH,Cl, at 293 K.

® Value reported previously in Ref. [1b] vs. decamethylferrocene as
an internal reference in CH,CL,.

¢ Value reported previously in Ref. [3a] vs. ferrocene as an internal
reference in CH,Cl,.

4 Shift in CH,Cl,.
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place the two arms far apart. Conformational effects,
such as Cp ring tilt [17], and Cp ring rotation [10b] are
thought to influence the spectroscopic and redox prop-
erties of ferrocenes and it seems likely that similar
processes may play a role here.

3. Conclusion

Ferrocene ligands 1, 2 and 3 bind a range of d block
metals and complexation affects the redox and chro-
mogenic properties of the ferrocene unit in a variety of
ways. The differences in redox properties between 1 and
2, which are very similar structurally, can be readily
explained using simple bond conjugation arguments.
However, it appears that conformational effects have to
be considered in order to explain the redox and chro-
mogenic properties of 3 upon metal complexation.
Clearly the versatile nature of the geometry of the Cp
rings in ferrocene, in terms of their respective rotation
and tilt, continues to offer chemists opportunities to
design novel complexes with interesting spectroscopic
and electrochemical properties.

4. Experimental
4.1. General comments

'H- and '*C-NMR spectra were recorded on a
Bruker Advance DRX 400 spectrometer at 298 K. IR
spectra were taken on a Nicolet magna 550 spectrome-
ter. UV—vis spectra were recorded at 293 K on a
Unicam UV4 spectrometer. EI mass spectra were car-
ried out at the University of Wales, Swansea, UK by
the EPSRC National Mass Spectrometry Service. Titra-
tion experiments were carried out by adding aliquots of
a solution of the appropriate metal salt (zinc trifl-
uoromethanesulfonate or tetrakis(acetonitrile)copper(l)
hexafluorophosphate) to a solution of the ferrocene
ligand (ca. 10~3-10~* M) in CD;CN (for NMR stud-
ies) or CH;CN (for UV-vis studies). The absorbance
readings from the UV —vis spectra were adjusted to take
into account the dilution of the solution during the
course of each experiment.

4.2. Preparation of {[2,2-(di-2-pyridyl)ethenyl]-
ferrocenyl}tetracarbonyl molybdenum(0), [1:Mo(CO),]

Compound 1 [Ib] (0.050 g, 0.14 mmol) and
[Mo(CO)(NHCsH,,),][18] (0.053 g, 0.14 mmol) in an-
hydrous benzene (30 ml) were refluxed for 24 h under
an atmosphere of N,. Pure compound precipitated out
overnight and was collected by filtration, then washed
with anhydrous benzene (3 x 5 ml) to give a red solid
(0.052 g, 64%). The compound was recrystallised from
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Table 5
Crystal data and structure refinement for compounds 1 and
[1:Mo(CO),]
1 [1:Mo(CO),] 2
Empirical formula C,,H ¢N,Fe C,6H,sN,O,FeMo
Formula weight 366.23 574.22
Crystal system Orthorhombic Triclinic
Space group P2,2,2, P1
a (A) 7.5921(11) 8.144(2)
b (A) 14.9902(9) 9.226(2)
¢ (A) 15.372(2) 18.790(4)
a (%) 90.0 79.22(3)
p©) 90.0 85.63(3)
7 () 90.0 66.77(3)
V(A% 1749.4(4) 1274.5(5)
V4 4 2
D ;. (Mg m—3) 1.390 1.653
Absorption coefficient 0.867 1.103
(mm~")
F(000) 760 636
Crystal size (mm?) 0.28x0.16x0.12  0.55%x0.03x0.02
O max (©) 25.04 26.37
Observed reflections 7635 20492
collected
Independent reflections 2717 5143
Ry 0.0884 0.0805
Final R indices (/>20l) R, =0.0422, R, =0.0542,
wR, = 0.0937 wR, =0.1392
Final R indices (all data) R, =0.0541, R, =0.0833,
wR, = 0.0962 wR, =0.1551
p max/min (¢ A=3) 0.568/—0.315 0.761 and -0.706

CH,Cl,—diethyl ether to give red crystals suitable for
X-ray analysis, m.p. 240 °C (decomp.); 'H-NMR
(CDCl,) 9.09 (d, 1H, py—H), 9.02 (d, 1H, py—H), 7.80
(t, 1H, py—H), 7.58 (t, 1H, py—H), 7.52 (t, 1H, py—H),
7.20 (d, 1H, py—-H), 7.16 (d, 1H, py-H), 7.10 (d, 1H,
py—-H), 6.98 (s, 1H, olefin-H), 4.43 (m, 1H, Cp—H),
4.37 (m, 1H, Cp—H), 4.18 (m, 1H, Cp—H), 4.17 (s, SH,
Cp-H), 3.65 (m, 1H, Cp—H); v, /cm~! (CH,CL);
2003, 1915, 1891; m/z (EI) 576 [M*], accurate mass
Calc. for C,H,;FeMoN,O,: 575.9671. Found:
575.9676.

4.3. X-ray crystallography

Crystals of compounds 1 and [1:Mo(CO),] were
mounted on glass fibres using the oil drop technique
and intensity data collected at 150(2) K. A summary of
crystal data, data collection strategy and model refine-
ment parameters is given in Table 5. Data were mea-
sured on a FAST TV area detector diffractometer with
a rotating anode target (1y, x = 0.71069 A), following
previously described procedu;es [19]. The structures
were solved via direct methods (SHELXS-86) [20], and
then subjected to full matrix least-squares refinement on
F2 (SHELXL-93) [21]. For all structures non-hydrogen
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atoms were made anisotropic, with hydrogens in calcu-
lated positions (C—-H =0.96 A, with U, tied to U, of
the parent atoms). Data were corrected for absorption
effects using the semi empirical method of DIFABS [22].

4.4. Electrochemistry

Cyclic voltammograms were recorded at 293 K in dry
CH,CI, or dry CH;CN using an EG&G 273 poten-
tiostat or a BAS 100B/W electrochemical workstation.
Electrode potentials, E, where E = 0.5 (E,, + E,.) were
referenced to a Ag|AgCl reference electrode. The
confidence limit is + 10 mV. Pt working and Pt counter
electrodes were used with tetrabutylammonium per-
chlorate (0.1 M) as supporting electrolyte, scan rate =
100 mV s~ !. For each voltammogram, the reversibility
of the redox wave matched that of ferrocene under the
same experimental conditions (AE] = 70—100 mV).

5. Supplementary material

Crystallographic data for the structural analysis have
been deposited with the Cambridge Crystallographic
Data Centre, CCDC Nos. 154890 and 154891. Copies
of this information may be obtained free of charge
from The Director, CCDC, 12 Union Road, Cam-
bridge CB2 1EZ, UK (fax: + 44-1233-336-033; e-mail:
deposit@ccdc.cam.ac.uk or www: http://www.ccdc.
cam.ac.uk).
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