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5-Ferrocenyl-2,2'-bipyridine Ligands: synthesis,
palladium(II) and copper(I) complexes, optical and
electrochemical properties.

S. @. Scottwell,” K. J. Shaffer,” C. J. McAdam,” and J. D. Crowley.”

Two ferrocene-appended 2,2'-bipyridine ligands, 5-ferrocenyl-2,2'-bipyridine (Fc-bipy) and 5-
ferrocenyl-5'-methyl-2,2'-bipyridine  (Fc-bipy-Me) metalloligands were synthesised using
palladium(0) catalysed Suzuki-Miyaura cross-coupling reaction. Their coordination chemistry with
palladium(ll) and copper(l) ions was examined. The molecular structures of several complexes,
including [Pd(Fc-bipy-Me)(Cl)2], [Pd(Fc-bipy)(py)2](SbFe)2, [Pd(Fc-bipy)(DMAP)](SbFe)2, [Pd(Fc-
bipy-Me)(DMAP),](SbFg)2, and [Cu(Fc-bipy)(6,6'-dimesityl-2,2'-bipyridine)](PFs) and [Cu(Fc-bipy-
Me)(6,6'-dimesityl-2,2'-bipyridine)](PFs) were determined using X-ray crystallography. 'H and *C
NMR spectra and high resolution electrospray mass spectrometry (HR-ESMS) experiments
confirmed that the majority of the complexes are stable in solution. The exceptions were [Pd(Fc-
bipy)(DMAP),](SbFs). and [Pd(Fc-bipy-Me)(DMAP),](SbFs). which were found to disproportionate
to give equilibrium mixtures containing [Pd(Fc-bipy).](SbFe). and [Pd(DMAP),](SbFs).. The
optical absorption and electrochemical properties of these complexes were compared to those of
the parent ligands. The 5-ferrocenyl-2,2'-bipyridine ligands are yellow/orange in colour with the
expected weak d-d transition found at ~450 nm. The absorption bands of the palladium(ll) and
copper(l) complexes are red-shifted relative to the free ligands and show enhanced molar
absorptivity. The complexes all display strong MLCT absorptions in the visible spectrum, the
palladium(ll) compounds are deep purple (Anax = ~540-560 nm), while the copper(l) complexes
are red-brown (Anax = ~470 nm). Electrochemical investigations showed that all the compounds
displayed the expected chemically reversible one-electron oxidation of the ferrocenyl group. The
reduction potential of the redox-active ferrocene unit was anodically shifted, relative to the free
ligand, upon complexation to the metal ions. The copper(l) complexes displayed an additional
reversible oxidation wave that was assigned as a Cu(ll)/Cu(l) redox process.
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Introduction

Ferrocene has been known for over 60 years' and is the most
ubiquitous of the metallocenes. The sustained interest in this
molecule is at least in part due to the ready synthesis of
ferrocene derivatives and their reversible redox properties.
Ferrocene-containing systems have found applications in a
wide range of areas, including catalysis,> electrochemical
sensing,” molecular recognition* and electronics.” Additionally,
systems have been exploited to develop molecular machines®
and cytotoxic agents.’

Many of these applications take advantage of heterocyclic
ferrocene compounds, particularly those containing pyridines
(py).® The conjugation of pyridyl units onto ferrocene has been
used to develop a range of redox-active metalloligands.’ 2-,'% 3-
JOHL T ang 4,10k 10L THE 12 gy btituted ferrocenyl-pyridines (Fig.
1, A-C) have been generated and their properties exhaustively
explored. Surprisingly, the analogous ferrocenyl bipyridines'
have not received as much attention despite the wide ranging
applications of the 2,2'-bipyridine (bipy) ligand architecture.'*
The synthesis and coordination chemistry of the 6-ferrocenyl
2,2'-bipyridine isomer D has been reported by an number of
authors.'® " 15 However, the corresponding 4- and 5-
ferrocenyl 2,2'-bipyridine isomers E and F have not yet
appeared in the literature. More functionalised systems
featuring the 4-ferrocenyl 2,2'-bipyridine as a subunit are
known.!*? ¢ Likewise, as part of work towards developing
ferrocene-based molecular machines,''® we have previously
reported the system G which contained the 5-ferrocenyl 2,2'-
bipyridine subunit. In order to push forward the development of
these ferrocene-containing molecular machine systems we
needed to better understand the coordination chemistry and
physical properties of 5-ferrocenyl 2,2'-bipyridine.
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Figure 1. Isomeric ferrocenyl- pyridines (A-C) and bipyridines (D-F) and the
molecular rotor (G) developed by Bosnich and co-workers.

Herein we report the synthesis of 5-ferrocenyl-2,2'-bipyridine
the
bipyridine metalloligands. Coordination complexes of these
ligands with Pd(II) and Cu(l)
Additionally, the electrochemical and optical absorption
properties of the ligands and the corresponding complexes have

and structurally related 5-ferrocenyl-5'-methyl-2,2'-

ions were generated.

been examined.
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Results and Discussion

Ligand Synthesis

The two structurally related 5-ferrocenyl-2,2'-bipyridine ligands
3a-b were generated using the Pd(0) catalysed Suzuki-Miyaura
cross-coupling reaction (Scheme 1). Exploiting the microwave
accelerated reaction conditions developed by Braga et al.,'’ the
commercially available ferroceneboronic acid (1), one of the 5-
bromo-2,2'-bipyridines, either 2a or 2b,'8 Na,CO3, NaOH and
the [PdCl,(1,1’-bis(diphenylphosphino)ferrocene] catalyst were
suspended in a mixture of 1,4-dioxane, dimethoxyethane and
water then irradiated (300 W) for 30 minutes at 110 °C. After
work-up the ligands 3a-b were isolated as orange solids in
acceptable yields (62-73%). The ligands were characterised
using 'H, C NMR, and IR spectroscopies, as well as high
resolution electrospray ionisation mass spectrometry (HR-ES-
MS) and elemental analysis. Additionally, the molecular
structure of the ligand 3a was confirmed via X-ray
crystallography (ESIT). X-ray quality crystals of 3a were grown
by vapour diffusion of petroleum ether into a chloroform
solution of 3a. These orthorhombic (Pccn) crystals diffracted
weakly so efforts were made to grow better quality crystals.
This resulted in a second batch of weakly diffracting
monoclinic (P2y,,) crystals of 3a. Despite the weak diffraction
from both sets of crystals the connectivity of 3a was shown
unequivocally (ESIf). The ferrocene unit adopted an eclipsed
conformation and the nitrogen atoms of the 2,2'-bipyridine unit
were found in the anti-conformation as was expected”“l (ESIT).
The main difference in the two polymorphs is the torsion angle
between the ferrocene and the attached bipyridine unit which
differs between the two by 5.62° (ESIY).

Palladium(II) Complexes

While a wide range of metal complexes of 6-ferrocenyl 2,2'-
bipyridine D have been synthesised we initially targeted the
generation of palladium(II) complexes of 5-ferrocenyl 2,2'-
bipyridines 3a-b. Palladium(II) complexes continue to be of
great importance in catalysis and metallo-supramolecular
chemistry and we have previously exploited Pd(II) complexes
to generate reversible switching of the ferrocene-based
molecular rotor G.'¢

The palladium(I) dichloride complexes 4a-b were
synthesised in excellent yields (90-97%) by stirring
[PdCI,(CH;CN),] and one of the ferrocene ligands 3a or 3b in
acetone solution at room temperature for 30 minutes (Scheme
1). Upon addition of the [PdCl,(CH;CN),] to the orange
solution containing the ligand a purple coloured precipitate
immediately formed, indicative of complexation. Elemental
analysis and IR spectra were consistent with the formation of
the expected [PdCly(3a or 3b)] complexes 4a-b. Surprisingly,
the complexes proved exceedingly insoluble in all common
organic solvents and water making further solution state
characterisation difficult. Heating a suspension of 4a to near the
boiling point of d-DMSO enabled the acquisition of the 'H
NMR spectrum of the complex. This was consistent with the
coordination of the palladium to the ferrocene ligand (ESIT).
However, the initial purple coloured solution rapidly changes to
brown and the "H NMR spectrum became broad suggesting that
these relatively harsh conditions lead to the degradation of the
complex.
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The molecular structure of the complex 4b was confirmed
via X-ray crystallography (Fig. 2a). X-ray quality crystals of 4b
were grown by layering a chloroform solution of the ligand 3b
on top of an acetone solution of the [PdCl,(CH3;CN),] salt and
allowing them to slowly diffuse together. As expected, the 5-
ferrocenyl-5'-methyl-2,2'-bipyridine ligand was coordinated to
the Pd(Cl), fragment in a square planar fashion (Fig. 2a). The
Pd-N (2.027(3) and 2.024(3) A) and Pd-Cl (2.291(1) and
2.2944(7) A) bond lengths and angles (Figure 2a) are very
similar to the average values (Pd-N 2.034 A, Pd-CI 2.290 A)
obtained from Cambridge Structural Database (CSD)* for
[Pd(bipy)Cl,] complexes indicating that the 5-ferrocenyl 2,2'-
bipyridine ligand is behaving like a normal bipy ligand. This is
quite different to the known 6-ferrocenyl 2,2'-bipyridine
system. Addition of Pd(Cl), to D instead generates an ortho
palladated complex due to the close proximity of the ferrocenyl
unit to the coordination pocket of the ligand.'%% '

Interestingly, the complex 4b forms head-to-tail dimers in
the extended solid state structure that appear to be stabilized by
metal-metal (Pd-Pd distance = 3.3811(3) 10\) and m-anion®’
(centroid — Cl distances range from 3.405-3.340 A) interactions
(ESI¥).

(L 2>>—B(OH),

4a(R=H)
4b (R = CHj,)

Scheme 1. Synthesis of the 5-ferrocenyl-2,2-bipyridines 3a-b and their
corresponding palladium(ll) dichloride complexes 4a-b. (i) 1 M Na,COs(aq), 3 M
NaOH (aq), dioxane, DME, [Pd(dppf)Cl,], MW (300 W), 110 °C, 30 mins; (ii)
[Pd(CH5CN),Cl,], acetone, RT, 30 min

While palladium dichloride complexes are often used as
starting materials for other palladium systems the extreme
insolubility of 4a-b preclude their use in the generation of
further complexes. As complexes of the type [Pd(bipy)(py).]**
are often used to generate metallosupramolecular architectures
we were interested in methods that would allow the synthesis of
the [Pd(3a or 3b)(py)2]2+ complexes, 5a-b and 6a-b. The one-
pot method?' shown in scheme 2 was used to generate the
cationic palladium complexes Sa-b and 6a-b in modest isolated
yields (63-77%).

Pyridine or 4-dimethylaminopyridine (DMAP) were added
to a solution of [PdCI,(CH;CN),] in acetone and stirred at room
temperature for 30 minutes. AgSbF¢ was then added to abstract
the chloride ligands, and the pale yellow solution was filtered to
remove the precipitated AgCl. Finally an acetone solution of
one of the ferrocene ligands, either 3a or 3b, was added

This journal is © The Royal Society of Chemistry 2012

resulting in the immediate formation of a purple solution.
Vapour diffusion of diethyl ether into the reaction solution
generated a mixture of purple and colourless crystals. These
different crystals were painstakingly physically separated in
order to obtain the pure products Sa-b and 6a-b (purple) along
with a small amount of the by-products [Pd(L = py or
DMAP),](SbF¢), 7 or 8 (colourless). Mass balance would
require the presence of a small amount of the bis-bipy
complexes 9a-b. Related systems are known,*'? but crystals of
these compounds were not isolated from the reaction mixture.
9a was generated independently in good isolated yield (ESI¥).
The generation of a similar three component mixture using a
related one pot synthetic approach has been observed before in
the literature.*'®

3aor3b
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Scheme 2. Synthesis of the cationic palladium complexes 5a-b and 6a-b, 7, 8 and
9a-b. (i) a) [Pd(CH3CN),Cl,], py or DMAP (2 eq.), 30 mins, RT, b) AgSbFs (2 eq.), 30
mins, RT, c) 3a or 3b, 1h, RT.

X-ray quality crystals of the ferrocene complexes Sa, 6a-b,
and the by-product 7 were obtained and the molecular
structures of these species determined using crystallography
(Figure b, 2c and ESIt). The structures of the metal cations 5a
and 6a-b were as expected with the palladium ions coordinated
to one of the ferrocenyl bipyridine ligands and two additional
monodentate ligands (either py or DMAP) in a square planar
arrangement !4 The Pd-Ny;, (2.031(5) and 2.040(5) A) and Pd-

N,y (2.010(5) and 2.021(5) A) bond lengths (Figure 2b) for 5a
are very similar to the distances observed in the related [Pd(G)
(Py)z] Complexlld and the average Values (Pd-Nypy 2.011 A,
Pd-N,,, 2.025 A) obtained from the CSD, for [Pd(blpy)(Py)z]2+
complexes Somewhat unexpectedly the (Pd- Nblpy 2.019(3) and
2.014(2) A, Pd-Npyap 2.022(3) and 2.017(3) A) of the complex
6a were very similar to those observed for Sa despite DMAP
being a more basic ligand than py. However, the Pd-Npyap
bond lengths in 6b (1.980(8) and 1.983(7)) were slightly shorter
than those of 6a and consistent with a stronger metal ligand
interaction between the Pd ion and the basic DMAP ligands. As
is common for bipy metal complexes a range of edge-to-face
(H-centroid distance range 2.724-3.068 10\) and face-to-face
(centroid-centroid distance range 3.705-3.870 A wn

J. Name., 2012, 00, 1-3 | 3
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interactions are observed in the extended structures of 5a and
6a-b (ESIY).
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Figure 2. ORTEP diagrams showing the solid state structures of the palladium
complxes a) 4b (Selected bond lengths (A) and angles (°): Pd1-N1: 2.024, Pd1-N2:
2.027, Pd1-Cl1: 2.294, Pd1-Cl1: 2.291, N1-Pd1-N2: 80.68, N2-Pd1-CI2: 94.54, N1-
Pd1-Cl1: 93.84, CI1-Pd1-CI2: 90.92) , b) 5a (Selected bond lengths (A) and angles
(°): Pd1-N1: 2.010, Pd1-N2: 2.021, Pd1-N3: 2.040, Pd1-N4: 2.031, N1-Pd1-N2:
81.09, N2-Pd1-N3: 96.13, N3-Pd1-N4: 88.00, N4-Pd1-N1: 94.87), and c) 6a
(Selected bond lengths (A) and angles (°): Pd1-N1: 2.019, Pd1-N2: 2.014, Pd1-N3:
2.022, Pd1-N4: 2.017, N1-Pd1-N2: 81.32, N2-Pd1-N3: 94.36, N3-Pd1-N4: 89.97,
N4-Pd1-N1: 94.27). The ellipsoids are shown at the 50% probability level.
Solvent, counterions and hydrogen atoms are omitted for clarity.

'H NMR and HR-ESMS spectra of the pyridine complexes 5a
and 5b were consistent with the retention of the solid state
structure when the compounds are dissolved in either acetone
or acetonitrile solution (ESIT). Surprisingly, the spectra of the
DMAP complexes 6a and 6b were more complicated (ESIY).
Careful analysis of the "H NMR spectra of both 6a and 6b
indicated the presence of 6a-b, 8 and 9a-b suggesting that the
heteroleptic palladium compounds disproportionate generating
an equilibrium that contains a mixture of homoleptic and
heteroleptic palladium complexes (ESI{). HR-ES-MS spectra
provided further support for this postulate with ions due to each
of the components of the equilibrium observed (for example
m/z = 927.0359 for [5a-SbFs]*, m/z = 831.1292 [8-SbFs]* , m/z
= 802.9516 [9a+OH-2SbF¢]*). This behavior seems to be
connected to the presence of the more basic DMAP ligands
which seem to stabilise the homoleptic complex 8 (L = DMAP)

4| J. Name., 2012, 00, 1-3

relative to the heteroleptic 6a-b, generating an equilibrium
mixture containing 6a-b, 8 (L = DMAP) and 9a,b.

Copper(I) complexes

The recently developed HETPHEN strategy has been
extensively exploited to generate heteroleptic copper(l)
complexes by combining sterically bulky bipyridine or
phenanthroline ligands with another diimine ligand.”> These
complexes have found applications in the generation of optical
materials,24 metallosupramolecular architectures® and
molecular machines.® ¢ The 5-ferrocenyl 2,2-bipyridine
HETPHEN Cu(l) 11a-b were synthesised using the method
developed by Schmittel ez al. (Scheme 3).* The 6,6'-dimesityl-
2,2'-bipyridine ligand (10) was first added to [Cu(CH;CN)4]PF¢
in acetone to generate the yellow complex
[Cu(10)(CH3CN),|PF¢ in situ. Then one of the ferrocene-
appended bipyridine ligands 3a or 3b was added resulting in the
instantaneous formation of a deep red coloured solution,
consistent with the generation of the desired complexes 11a-b.

3aor3b

11a (R = H)
11b (R = CHy)

Scheme 3. General route for Cu(l) complexation. (i) [Cu(CH3CN)4]PFg, 10, acetone,
r.t., 15 mins.

Vapour diffusion of diethyl ether into the acetone reaction
mixtures resulted in the formation of X-ray quality crystals
which were isolated in excellent yields (82-83%). Despite
crystallising in different space groups (11a, monoclinic, P2,/n,
11b, tetragonal, 14,/a) the structures of the two complexes were
nearly identical (Fig. 3). The copper(I) ions were coordinated to
10 and one of the ferrocenyl-bipy ligands in a distorted
tetrahedral coordination geometry (N1-Cul-N2 81.88(9)° and

82.40(1)°, N3-Cul-N4 79.46(9)° and 80.33(1)°). Analysis of

related [Cu(bipy),]* complexes in the CSD¥ shows that the
average N-Cu-N angle for these systems is 82.11° indicating
that this type of tetrahedral distortion is universally observed
for these copper(I) bis-bipy complexes. The Cu-Ny;,, bond
lengths of the complexes are all very similar, ranging from
2.007(3)-2.035(2) A, and slightly shorter than the average bond
distances found in the CSD for related bipy/phen Cu(I)
structures of 2.045 A. The 6,6'-dimesityl-2,2'-bipyridine ligand
is wrapped around the bipy unit of the ferrocenyl ligand in the
expected “pac-man-like”*** orientation stabilized by n-n
interactions (centroid-centroid distances 3.720-3.793 A)
between the mesityl and bipyridine units (Figure ).

This journal is © The Royal Society of Chemistry 2012
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Figure 3. ORTEP diagrams of the molecular structures of a) 11a (Selected bond
lengths (A) and angles (°): Cu1-N1: 2.033, Cul-N2: 2.021, Cu1-N3: 2.035, Cul-N4:
2.035, N1-Cul-N2: 81.88, N3-Cul-N4: 79.46, N1-Cul-N3: 122.82, N2-Cul-N4:
130.98), and b) 11b (Selected bond lengths (A) and angles (°): Cul-N1: 2.026,
Cul-N2: 2.007, Cul-N3: 2.027, Cul-N4: 2.010, N1-Cul-N2: 82.40, N3-Cul-N4:
80.33, N1-Cul-N3: 117.83, N2-Cul-N4: 126.28). The ellipsoids are shown at the
50% probability level. Solvent, counterions and hydrogen atoms are omitted for
clarity.

ARTICLE

colour consistent with other literature examples.''® 2’ The
colour arises from a strong MLCT absorption around 540-560
nm, sitting squarely in the green/yellow section of the spectrum
and tailing off into the red, resulting in the deep purple
compounds. The copper(I) complexes (11a-b) are the expected

red-brown colour, displaying intense MLCT bands at ~470
IlII1.6a-C' 24
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Figure 4. UV-Vis spectra of ligand 3a, Pd(ll) complexes 5a and 9a, and Cu(l)
complex 11a in acetone.

Electrochemistry: The electrochemistry of the ligands and
complexes was investigated in acetone using a combination of
cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) techniques. The results are presented in Table 1 and the
voltammogram of 11b in Figure 5. Additional figures and data
for acetonitrile and dichloromethane solution experiments are
given in the ESI¥.

Table 1. Electrochemical data for 3a-b, 5-a, 9a and 11a-11b in acetone.

"H NMR and HR-ESMS spectra confirmed that the complexes
11a-b were stable in solution (ESIt). The "H NMR signals due
to the ferrocene-appended bipyridine protons were only slightly
shifted from the values observed for the “free” ligand due to
competing effects (a downfield shift caused by metal
complexation and upfield shifts due to n-m interactions with the
mesityl units). However, due to the lower symmetry of the
complexes the previously equivalent H;, and H, protons of the
mesityl units are split into two signals (H,, unap and Hy, ana o) @s
one side of the mesityl substituent is in closer proximity to the
ferrocene than the other once coordinated to the copper ion
(ESIf). The complexes appeared to be remarkably stable as
little to no fragmentation was observed under the conditions
used for the mass spectrometry experiments. The isotopically
resolved [11a or 11b -PF4]* ion was observed for each complex
(m/z = 795.2176 for [11a-PF¢]" and m/z = 809.2398 for [11b-
PFq]") (ESI?).

Physical Properties

Electronic Absorption Spectra: UV-Vis absorption spectra of
the two ligands (3a-b), the stable and soluble Pd(II) complexes
(5a-b and 9a), and the Cu(I) complexes (11a-b) were recorded
in acetone (Fig. 4 and ESIY). The 5-ferrocenyl-2,2'-bipyridine
ligands display two bands in the solvent accessible window. A
relatively intense band was observed at ~364 nm with a weak
metal-centred transition found at ~450 nm,'’® generating the
expected yellow-orange coloured ligands. Complexation of the
ligands to metal ions is accompanied by intense colour changes.
The Pd(II) compounds (Sa-b and 9a) are all deep purple in

This journal is © The Royal Society of Chemistry 2012

Compound E vy
Cu”! Ect0
3-FcPy (B) - 0.56
3a - 0.57
3b - 0.56
Sa - 0.69
5b - 0.68
9a - 0.67
11a 0.59 0.69
11b 0.59 0.69

[Cu(bipy(Mes),)(bipy)I(BF,) 0.56 -

*~1x 10° M in analyte, 0.1 M BusNPF;, referenced to [Fc*]™ =0.00 V.

All samples show the predicted one-electron chemically
reversible oxidation of the ferrocenyl group. For 3a the E° of
0.57 V for this redox couple compares well with that found for
the closely related 3-ferrocenylpyridine (Fig 1, B; E° = 0.56 V
(acetone)). The effect on the ferrocenyl redox potential of a
methyl 5'-bipy substituent (3b) is within the experimental error,
but is observed as a subtle shift in the predicted cathodic
direction.

For complexes 5a-b, coordination of the bipy ligand to
palladium gives the anticipated anodic shift of the ferrocenyl
E°. The novelty of the palladium complexes makes comparison
with other systems difficult, however the shift observed (120
mV) is significantly larger than that observed upon
coordination of 3-ferrocenylpyridine to palladium®® and 6-

J. Name., 2012, 00, 1-3 | 5
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ferrocenylbipyridine to other metal systems.'>® > Ferrocenyl
redox currents measured for 9a are approximately double that
of solutions of 5a, consistent with the presence of the two
independent metallocene units in the complex 9a.

The complexes 11a-b show two reversible redox processes

associated with the ferrocenyl and copper components. In this
class of compound there is a complex interplay between the
steric demands of the HETPHEN ligands and the variations of
the geometry of the Cu(Il) and Cu(l) states.*** 2 The E° for
Cu™ is highly sensitive to this interplay and is observed over a
400 mV potential window. Nishihara and co-workers have
prepared several ferrocenyl HETPHEN systems, including a 2-
[2-(5-ferrocenyl)pyridyl]-4-methylpyrimidine (FcMpmpy)
complex, which contains the same 5-ferrocenylpyridyl
substitution as 11a/b.* Due to intramolecular rotation, the
FcMpmpy complex exists as a dynamic mixture of two
structural isomers and required complex analysis to interpret
the observed electrochemistry and assign the Cu™ and
ferrocenyl E’s. Comparatively, both 5-ferrocenyl- and 5-
ferrocenyl-5’-methyl- systems of 1la/b are relatively simple
and do not require temperature, simulation, or
spectroelectrochemical techniques to interpret. We associate the
oxidations observed at E° 0.59 and 0.69 V to the Cu™ and
ferrocenyl oxidations respectively from consideration of the
various E° data in differing solvents (ESI), and by direct
comparison with data for [Cu(bipy(Mes),)(bipy)](BF,).>**
For the ligands 3a/b, an irreversible bipy reduction process was
observed at -2.1 V near the end of the acetone solvent window.
Reduction processes for the complexes were poorly defined and
not resolved; however, a quasi-reversible reduction is seen for
the copper complexes 11a/b at -1.63 V (Figure 5).

low

Current (pA)

T
2.0 A5 1.0 05 0.0 05 1.0
E(V)

Figure 5. CV (100 mV s, black trace) and DPV (red trace) of the Cu(l) complex
11b (0.1 M BusNPF, acetone, [Fc*]™).

Conclusions

Two ferrocene-appended 2,2'-bipyridine metalloligands, 5-

ferrocenyl-2,2'-bipyridine  and  5-ferrocenyl-5'-methyl-2,2'-
bipyridine, were synthesised using the Pd(0) catalysed Suzuki-
Miyaura cross-coupling reaction. Their coordination chemistry
with Pd(II) and Cu(l) ions was examined and the molecular
structures of four palladium(II) and two copper(I) complexes
were determined using X-ray crystallography. 'H and *C NMR
spectra and HR-ESMS experiments confirmed that the majority
of the complexes are stable in solution. The exceptions were the
[Pd(Fc-bipy)(DMAP),](SbFg), complexes which were found to
disproportionate to give equilibrium mixtures containing
[Pd(Fc-bipy),](SbFs), and [PdA(DMAP),](SbFs),. The electron
absorption and electrochemical properties of these complexes
were compared to those of the parent ligands. The ligands and

the complexes are all highly coloured. The 5-ferrocenyl-2,2'-

6 | J. Name., 2012, 00, 1-3

bipyridine ligands are yellow/orange in colour with the
expected weak d-d transition found at ~450 nm. The absorption
bands of the Pd(II) and Cu(I) complexes are red-shifted relative
to the free ligands and show enhanced molar absorptivity. The
complexes all display strong MLCT absorptions in the visible
spectrum, the Pd(II) compounds are deep purple in colour (Ay.x
= ~540-560 nm, while the copper(I) complexes are red-brown
in colour (Ay.x = ~470 nm). Electrochemical investigations
showed that all the compounds displayed the expected
chemically reversible one-electron oxidation of the ferrocenyl
group. The reduction potential of the redox-active ferrocene
unit was anodically shifted in the metal complexes compared to
the ligands, as expected, and the introduction of a second redox
active centre in the case of the Cu(I) complexes resulted in two
separate oxidations, both of which could be assigned to their
respective centres.

The result herein suggest that these and related ferrocene-
bipy ligands and complexes could be exploited to develop dye-
sensitized solar cells (DSSS)** 30 redox-active
metallosupramolecular systems and molecular
Efforts in these directions are underway.

machines.

Acknowledgements

Alastair Lee, Courtney Keep, Damien Toitot and Sally Kong
are all thanked for their preliminary synthetic efforts on this
project. S@S thanks the University of Otago for a PhD
scholarship. CJM thanks the NZ Ministry of Business,
Innovation and Employment Science Investment Fund (Grant
No. UOOX1206) for financial support. JDC thanks the
Marsden Fund, and the University of Otago (Division of
Sciences Research Grant) for supporting this work. Professor
Keith C. Gordon is thanked for generously providing a sample
of [Cu(bipy(Mes),)(bipy)|(BFa).

Notes and references

¢ Department of Chemistry, University of Otago, PO Box 56, Dunedin, New
Zealand. Fax: +64 3 479 7906; Tel: +64 3 479 7731; E-mail:
jcrowley @ chemistry.otago.ac.nz

£ CSD accessed via ConQuest 1.16 (current version 2014). The number of
hits used for structural comparison was 45, 11, and 52 respectively for the
PdCl,, PdPy,/PADMAP,, and Cu complexes.

TElectronic available:  the

Information  (ESI)

supplementary information contains the experimental procedures, 'H and
3C NMR, HR-ESI-MS, UV-Vis, electrochemical and crystallographic
data. CCDC 1000093-1000101.
DOI: 10.1039/6000000x/

Supplementary

reference numbers See

1. a) T.J. Kealy and P. L. Pauson, Nature, 1951, 168, 1039-1040; b) S.
A. Miller, J. A. Tebboth and J. F. Tremaine, J. Chem. Soc., 1952,
632-635.

2. a) For some selected recent reviews see; b) M. Drusan and R.
Sebesta, Tetrahedron, 2014, 70, 759-786; c) D. J. Young, S. W.
Chien and T. S. A. Hor, Dalton Trans., 2012, 41, 12655-12665; d) U.
Siemeling, Eur. J. Inorg. Chem., 2012, 2012, 3523-3536; e) R.
Gomez Arrayas, J. Adrio and J. C. Carretero, Angew. Chem., Int. Ed.,
20006, 45, 7674-7715.

3. a) P. Molina, A. Tarraga and M. Alfonso, Dalton Trans., 2014, 43,
18-29; b) B. Lal, A. Badshah, A. A. Altaf, N. Khan and S. Ullah,
Appl. Organomet. Chem., 2011, 25, 843-855; c) P. Molina, A.
Tarraga and A. Caballero, Eur. J. Inorg. Chem., 2008, 3401-3417; d)
D. Astruc, C. Ornelas and J. Ruiz, Acc. Chem. Res., 2008, 41, 841-

This journal is © The Royal Society of Chemistry 2012

Page 6 of 9



Page 7 of 9

10.

RSC Advances

856; e) D. Astruc, C. Ornelas and J. Ruiz Aranzaes, J. Inorg.
Organomet. Polym. Mater., 2008, 18, 4-17.

a) H.-V. Nguyen, A. Sallustrau, L. Male, P. J. Thornton and J. H. R.
Tucker, Organometallics, 2011, 30, 5284-5290; b) H. V. Nguyen, Z.-
y. Zhao, A. Sallustrau, S. L. Horswell, L. Male, A. Mulas and J. H. R.
Tucker, Chem. Commun., 2012, 48, 12165-12167; ¢) Y. Willener, K.
M. Joly, C. J. Moody and J. H. R. Tucker, J. Org. Chem., 2008, 73,
1225-1233; d) H. Miyaji, M. Dudic, G. Gasser, S. J. Green, N.
Moran, I. Prokes, G. Labat, H. Stoeckli-Evans, S. M. Strawbridge
and J. H. R. Tucker, Dalton Trans., 2004, 2831-2832; e) P. Laurent,
H. Miyaji, S. R. Collinson, I. Prokes, C. J. Moody, J. H. R. Tucker
and A. M. Z. Slawin, Org. Lett., 2002, 4, 4037-4040; f) S. R.
Collinson, J. H. R. Tucker, T. Gelbrich and M. B. Hursthouse, Chem.
Commun., 2001, 555-556; g) M. Inouye, M.-a. S. Itoh and H.
Nakazumi, J. Org. Chem., 1999, 64, 9393-9398; h) M. Inouye, Y.
Hyodo and H. Nakazumi, J. Org. Chem., 1999, 64, 2704-2710.

a) I. Baumgardt and H. Butenschoen, Eur. J. Org. Chem., 2010,
1076-1087; b) J. Ma, M. Vollmann, H. Menzel, S. Pohle and H.
Butenschoen, J. Inorg. Organomet. Polym. Mater., 2008, 18, 41-50;
c) C. Engtrakul and L. R. Sita, Nano Lett., 2001, 1, 541-549; d) C.
Engtrakul and L. R. Sita, Organometallics, 2008, 27, 927-937.

a) S. Kume and H. Nishihara, Dalton Trans., 2011, 40, 2299-2305; b)
S. Kume and H. Nishihara, Chem. Commun., 2011, 47, 415-417; ¢) S.
Kume, K. Nomoto, T. Kusamoto and H. Nishihara, J. Am. Chem.
Soc., 2009, 131, 14198-14199; d) A. Takai, T. Yasuda, T. Ishizuka,
T. Kojima and M. Takeuchi, Angew. Chem., Int. Ed., 2013, 52, 9167—
9171; e) A. Iordache, M. Oltean, A. Milet, F. Thomas, B. Baptiste, E.
Saint-Aman and C. Bucher, J. Am. Chem. Soc., 2012, 134, 2653-
2671; f) J. Yoshino, E. Hasegawa, N. Hayashi and H. Higuchi,
Tetrahedron Lett., 2011, 52, 4295-4298; g) D. Zhang, Q. Zhang, J. Su
and H. Tian, Chem. Commun., 2009, 0, 1700-1702; h) K. Tanaka and
K. Kinbara, Mol. BioSyst., 2008, 4, 512-514; i) K. Kinbara, T.
Muraoka and T. Aida, Org. Biomol. Chem., 2008, 6, 1871-1876; j) H.
Kai, S. Nara, K. Kinbara and T. Aida, J. Am. Chem. Soc., 2008, 130,
6725-6727; k) T. Muraoka, K. Kinbara, A. Wakamiya, S. Yamaguchi
and T. Aida, Chem.-Eur. J., 2007, 13, 1724-1730; 1) T. Muraoka, K.
Kinbara and T. Aida, Chem. Commun., 2007, 1441-1443; m) T.
Muraoka, K. Kinbara and T. Aida, Nature, 2006, 440, 512-515; n) T.
Muraoka, K. Kinbara and T. Aida, J. Am. Chem. Soc., 2006, 128,
11600-11605; o) K. Heinze and M. Schlenker, Eur. J. Inorg. Chem.,
2005, 66-71; p) T. Muraoka, K. Kinbara, Y. Kobayashi and T. Aida,
J. Am. Chem. Soc., 2003, 125, 5612-5613.

a) S. S. Braga and A. M. S. Silva, Organometallics, 2013, 32, 5626-
5639; b) C. Ornelas, New J. Chem., 2011, 35, 1973-1985; ¢c) M. F. R.
Fouda, M. M. Abd-Elzaher, R. A. Abdelsamaia and A. A. Labib,
Appl. Organomet. Chem., 2007, 21, 613-625; d) D. R. van Staveren
and N. Metzler-Nolte, Chem. Rev., 2004, 104, 5931-5986.

R. Horikoshi, Coord. Chem. Rev., 2013, 257, 621-637.

L. R. Butler, Eur. J. Inorg. Chem., 2012, 2012, 4387-4406.

a) D. J. Booth and B. W. Rockett, Tetrahedron Lett., 1967, 1483-
1487; b) D. J. Booth and B. W. Rockett, J. Chem. Soc. C, 1968, 656-
659; ¢) D. J. Booth and B. W. Rockett, J. Chem. Soc. C, 1971, 3341-
3344; d) 1. R. Butler, Organometallics, 1992, 11, 74-83; e) 1. R.
Butler, J. L. Roustan and J. P. Charland, J. Crystallogr. Spectrosc.
Res., 1990, 20, 335-338; f) O. N. Chupakhin, I. A. Utepova, I. S.
Kovalev, V. L. Rusinov and Z. A. Starikova, Eur. J. Org. Chem.,
2007, 857-862; g) A. Hijazi, J.-P. Djukic, L. Allouche, A. de Cian,
M. Pfeffer, X.-F. Le Goff and L. Ricard, Organometallics, 2007, 26,
4180-4196; h) A. Hijazi, J.-P. Djukic, M. Pfeffer, L. Ricard, N.
Kyritsakas-Gruber, J. Raya, P. Bertani and A. De Cian, Inorg. Chem.,
2006, 45, 4589-4591; i) A. Kasahara, T. Izumi and M. Maemura,

This journal is © The Royal Society of Chemistry 2012

11.

12.

13.

Bull. Chem. Soc. Jpn., 1977, 50, 1878-1880; j) C. M. Liu, B. H.
Chen, W. Y. Liu, X. L. Wu and Y. X. Ma, J. Organomet. Chem.,
2000, 598, 348-352; k) J. Rajput, A. T. Hutton, J. R. Moss, H. Su and
C. Imrie, J. Organomet. Chem., 2006, 691, 4573-4588; 1) J. Rajput, J.
R. Moss, A. T. Hutton, D. T. Hendricks, C. E. Arendse and C. Imrie,
J. Organomet. Chem., 2004, 689, 1553-1568; m) K. Suenkel, R.
Branzan and S. Weigand, Inorg. Chim. Acta, 2013, 399, 193-199; n)
K. Suenkel and S. Weigand, Inorg. Chim. Acta, 2011, 370, 224-229;
o) K. Suenkel and S. Weigand, Polyhedron, 2012, 44, 133-137; p) S.
Takebayashi and T. Shibata, Organometallics, 2012, 31, 4114-4117;
q) G. Yaman, C. Kayran and S. Oezkar, Transition Met. Chem., 2005,
30, 53-57.

a) E. M. Barranco, O. Crespo, M. C. Gimeno, P. G. Jones, A. Laguna
and M. D. Villacampa, J. Organomet. Chem., 1999, 592, 258-264; b)
I. P. Beletskaya, A. V. Tsvetkov, G. V. Latyshev, V. A. Tafeenko and
N. V. Lukashev, J. Organomet. Chem., 2001, 637-639, 653-663; c)
O. Carugo, G. De Santis, L. Fabbrizzi, M. Licchelli, A. Monichino
and P. Pallavicini, Inorg. Chem., 1992, 31, 765-769; d) J. D.
Crowley, I. M. Steele and B. Bosnich, Chem. - Eur. J., 2006, 12,
8935-8951; e) C.-M. Liu, Q.-H. Xu, Y.-M. Liang and Y.-X. Ma, J.
Chem. Res., Synop., 1999, 636; f) T.-Y. Liu, Y. J. Chen, C.-C. Tai
and K. S. Kwan, Inorg. Chem., 1999, 38, 674-679; g) B. Long, Y.
Yang, L. Wang, W. He and J. Xiang, Synth. Commun., 2010, 40,
1202-1208; h) A. V. Tsvetkov, G. V. Latyshev, N. V. Lukashev and
1. P. Beletskaya, Tetrahedron Lett., 2000, 41, 3987-3990.

a) L. Cunha-Silva, I. S. Goncalves, M. Pillinger, W.-M. Xue, J.
Rocha, J. J. C. Teixeira-Dias and F. E. Kuehn, J. Organomet. Chem.,
2002, 656, 281-287; b) T. M. Miller, K. J. Ahmed and M. S.
Wrighton, Inorg. Chem., 1989, 28, 2347-2355; c¢) C. D. Nunes, T. M.
Santos, H. M. Carapuca, A. Hazell, M. Pillinger, J. Madureira, W.-M.
Xue, F. E. Kuehn and I. S. Goncalves, New J. Chem., 2002, 26, 1384-
1388; d) D. Paolucci, M. Marcaccio, C. Bruno, D. Braga, M. Polito,
F. Paolucci and F. Grepioni, Organometallics, 2005, 24, 1198-1203;
e) W.-M. Xue and F. E. Kuehn, Eur. J. Inorg. Chem., 2001, 2041-
2047.

a) Ferrocenyl-2,2";,6',2"-terpyridines have received more attention
than the corresponding bipyridines, for examples see; b) J. E.
Aguado, M. J. Calhorda, M. C. Gimeno and A. Laguna, Chem.
Commun., 2005, 3355-3356; ¢) J. E. Aguado, M. C. Gimeno, P. G.
Jones and A. Laguna, Can. J. Chem., 2009, 87, 341-347; d) B. Balaji,
B. Banik, P. K. Sasmal, B. Maity, R. Majumdar, R. R. Dighe and A.
R. Chakravarty, Eur. J. Inorg. Chem., 2012, 2012, 126-135; e) 1. R.
Butler, S. J. McDonald, M. B. Hursthouse and K. M. A. Malik,
Polyhedron, 1995, 14, 529-539; f) E. C. Constable, A. J. Edwards, R.
Martinez-Manez, P. R. Raithby and A. M. W. C. Thompson, J.
Chem. Soc., Dalton Trans., 1994, 645-650; g) T.-Y. Dong, H.-W.
Shih and L.-S. Chang, Langmuir, 2004, 20, 9340-9347; h) B. Farlow,
T. A. Nile, J. L. Walsh and A. T. McPhail, Polyhedron, 1993, 12,
2891-2894; i) B. Maity, S. Gadadhar, T. K. Goswami, A. A. Karande
and A. R. Chakravarty, Dalton Trans., 2011, 40, 11904-11913; j) B.
Maity, M. Roy, B. Banik, R. Majumdar, R. R. Dighe and A. R.
Chakravarty, Organometallics, 2010, 29, 3632-3641; k) S. P. Tang,
Y. L. Feng and D. Z. Kuang, Acta Crystallogr. E, 2011, 67, m1017; 1)
S. P. Tang, D. Z. Kuang, Y. L. Feng, M. S. Chen and W. Li, Acta
Crystallogr. E, 2009, 65, m731; m) S.-P. Tang and D.-Z. Kuang, Acta
Crystallogr. E, 2007, 63, m3007; n) S.-H. Wu, J.-J. Shen, J. Yao and
Y.-W. Zhong, Chem. - Asian J., 2013, 8, 138-147; o) L.-B. Xing, S.
Yu, X.-J. Wang, G.-X. Wang, B. Chen, L.-P. Zhang, C.-H. Tung and
L.-Z. Wu, Chem. Commun., 2012, 48, 10886-10888; p) I. R. Butler,
N. Burke, L. J. Hobson and H. Findenegg, Polyhedron, 1992, 11,
2435-2439.

J. Name., 2012, 00, 1-3 | 7



14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

RSC Advances

a) M. Hapke, L. Brandt and A. Luetzen, Chem. Soc. Rev., 2008, 37,
2782-2797; b) G. R. Newkome, A. K. Patri, E. Holder and U. S.
Schubert, Eur. J. Org. Chem., 2004, 235-254; c) C. Kaes, A. Katz
and M. W. Hosseini, Chem. Rev., 2000, 100, 3553-3590.

a) L. A. Bulygina, Z. A. Starikova, K. K. Babievskii, I. A. Utepova,
V. L. Rusinov, O. N. Chupakhin and V. I. Sokolov, Russ. Chem.
Bull., 2008, 57, 2214-2216; b) O. N. Chupakhin, M. V. Varaksin, L.
A. Utepova and V. L. Rusinov, ARKIVOC, 2008, 208-220; c) P.
Eding, A. M. Onal and S. Ozkar, J. Organomet. Chem., 2007, 692,
1983-1989; d) A. Goldberg, M. Kiskin, V. Grinberg, S. Kozyukhin,
A. Bogomyakov, I. Utepova, A. Sidorov, O. Chupakhin and I
Eremenko, J. Organomet. Chem., 2011, 696, 2607-2610.

K. Shibata, I. Katsuyama, M. Matsui and H. Muramatsu, Bull. Chem.
Soc. Jpn., 1990, 63, 3710-3712.

D. Braga, M. Polito, M. Bracaccini, D. D'Addario, E. Tagliavini, L.
Sturba and F. Grepioni, Organometallics, 2003, 22, 2142-2150.

S.-H. Kim and R. D. Rieke, Tetrahedron, 2010, 66, 3135-3146.

L. A. Bulygina, V. I. Sokolov, I. A. Utepova, V. L. Rusinov and O.
N. Chupakhin, Russ. Chem. Bull., 2007, 56, 1080-1082.

B. L. Schottel, H. T. Chifotides and K. R. Dunbar, Chem. Soc. Rev.,
2008, 37, 68-83.

a) N. B. Debata, V. Ramkumar and D. K. Chand, Inorg. Chim. Acta,
2011, 372, 71-78; b) N. B. Debata, D. Tripathy, V. Ramkumar and D.
K. Chand, Tetrahedron Lett., 2010, 51, 4449-4451.

a) S. K. Goforth, R. C. Walroth, J. A. Brannaka, A. Angerhofer and
L. McElwee-White, Inorg. Chem., 2013, 52, 14116-14123; b) E. C.
Constable, C. E. Housecroft, M. Neuburger, P. J. Roesel and S.
Schaffner, Dalton Trans., 2009, 4918-4927; ¢) W. K. C. Lo, G.
Cavigliasso, R. Stranger, J. D. Crowley and A. G. Blackman, Inorg.
Chem., 2014, 53, 3595-3605.

a) M. Schmittel, A. Ganz, W. A. Schenk and M. Hagel, Z
Naturforsch., B Chem. Sci., 1999, 54, 559-564; b) M. Schmittel and
R. S. K. Kishore, Org. Lett., 2004, 6, 1923-1926.

a) M. G. Fraser, H. van der Salm, S. A. Cameron, A. G. Blackman
and K. C. Gordon, Inorg. Chem., 2013, 52, 2980-2992; b) B. Bozic-
Weber, E. C. Constable and C. E. Housecroft, Coord. Chem. Rev.,
2013, 257, 3089-3106; ¢) B. Bozic-Weber, E. C. Constable, S. O.
Fuerer, C. E. Housecroft, L. J. Troxler and J. A. Zampese, Chem.
Commun., 2013, 49, 7222-7224; d) B. Bozic-Weber, S. Y. Brauchli,
E. C. Constable, S. O. Fuerer, C. E. Housecroft and I. A. Wright,
Phys. Chem. Chem. Phys., 2013, 15, 4500-4504; ¢) B. Bozic-Weber,
S. Y. Brauchli, E. C. Constable, S. O. Fuerer, C. E. Housecroft, F. J.
Malzner, I. A. Wright and J. A. Zampese, Dalton Trans., 2013, 42,
12293-12308; f) R. D. Costa, D. Tordera, E. Orti, H. J. Bolink, J.
Schoenle, S. Graber, C. E. Housecroft, E. C. Constable and J. A.
Zampese, J. Mater. Chem., 2011, 21, 16108-16118.

a) M. L. Saha, S. Neogi and M. Schmittel, Dalton Trans., 2014, 43,
3815-3834; b) M. L. Saha and M. Schmittel, J. Am. Chem. Soc.,
2013, 135, 17743-17746; c) S. Neogi, Y. Lorenz, M. Engeser, D.
Samanta and M. Schmittel, Inorg. Chem., 2013, 52, 6975-6984; d) J.
Fan, M. Lal Saha, B. Song, H. Schoenherr and M. Schmittel, J. Am.
Chem. Soc., 2012, 134, 150-153; e) M. Schmittel, B. He, J. Fan, J. W.
Bats, M. Engeser, M. Schlosser and H.-J. Deiseroth, Inorg. Chem.,
2009, 48, 8192-8200; f) K. Mahata and M. Schmittel, J. Am. Chem.
Soc., 2009, 131, 16544-16554; g) J. Fan, J. W. Bats and M.
Schmittel, Inorg. Chem., 2009, 48, 6338-6340.

a) S. K. Samanta, J. W. Bats and M. Schmittel, Chem. Commun.,
2014, 50, 2364-2366; b) S. K. Samanta and M. Schmittel, J. Am.
Chem. Soc., 2013, 135, 18794-18797; c¢) M. Schmiittel, S. De and S.
Pramanik, Angew. Chem., Int. Ed., 2012, 51, 3832-3836.

8 | J. Name., 2012, 00, 1-3

27.

28.

29.

30.

R. Packheiser, B. Walfort and H. Lang, Organometallics, 2006, 25,
4579-4587.

J. R. Wright, K. J. Shaffer, C. J. McAdam and J. D. Crowley,
Polyhedron, 2012, 36, 73-78.

a) M. T. Miller, P. K. Gantzel and T. B. Karpishin, Inorg. Chem.,
1999, 38, 3414-3422; b) Y. Pellegrin, M. Sandroni, E. Blart, A.
Planchat, M. Evain, N. C. Bera, M. Kayanuma, M. Sliwa, M. Rebarz,
O. Poizat, C. Daniel and F. Odobel, Inorg. Chem., 2011, 50, 11309-
11322.

T. Daeneke, T.-H. Kwon, A. B. Holmes, N. W. Duffy, U. Bach and
L. Spiccia, Nat. Chem., 2011, 3,211-215.

This journal is © The Royal Society of Chemistry 2012

Page 8 of 9



Page 9 of 9

& (L mol” cm”)

RSC Advances

Two previously unreported 5-ferrocenyl-2,2’-bipyridine ligands were synthesised using the
palladium(0) catalysed Suzuki-Miyaura cross-coupling reaction. Palladium(ll) and copper(l)
complexes of these ligands were synthesized. The complexes were deeply coloured. The optical and
electrochemical properties of the complexes were compared to those of the “free” ligands.
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