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Prologue
This thesis ‘Shedding light on active intermediates in Fe, Ni and Cu catalysis:
Photochemical, spectroscopic and electrochemical studies’ is mostly concerned
with the trapping and spectroscopic characterisation of potentially active species
formed from first row transition metal complexes in catalysis under catalytically
relevant conditions. Electrochemistry and in particularly Raman and resonance
Raman spectroscopies are employed extensively to understand the properties of
several iron and nickel oxygen based intermediates and the interaction of copper
complexes with DNA. The goal is to understand how speciation can relate to
catalytic activity.
UV/Vis absorption and Raman spectroscopies are key in the characterisation of
active intermediates involved in iron and manganese based oxidation catalysis, In
the first part of Introduction a survey of the use of Raman as a tool for
fingerprinting in the characterisation of iron based intermediates such as FeIIIOOH(R), FeIII-OO, FeIII=O, FeIV=O, FeV=O, FeIII-O-O-FeIII and to a lesser extent to
RuIV=O, MnIII=O, MnIV=O, MnV=O and MnV≡O species. The fundamental
differences between the complementary techniques of IR and Raman spectroscopy
are addressed. The use of labelling experiments to assign Raman bands to modes
with certainty is discussed also. Finally, the advantages and opportunities presented
by the resonance Raman effect is discussed using a few examples. In the second
part of Introduction, the electrochemistry of known FeIV=O complexes in water
and in acetonitrile is discussed. The discrepancies between data from different
sources are analysed critically to set the stage for the electrochemical and
photochemical studies described in chapters 4 and 5. In the third part of
Introduction, biochemical halogenation reactions are reviewed. The mechanisms
proposed for halogenases and haloperoxidases are compared and contrasted.
In chapter 2, multiple spectroscopic and electrochemical techniques are applied to
the speciation of the FeII(N4Py) family of complexes in aqueous solutions of
relevance to DNA cleavage studies. UV/Vis absorption and 1H NMR spectroscopy
indicated that, in their aquated forms, e.g., [(N4Py)FeII(OH)]+, the complexes were
present in solution as an equilibrated mixture of low and high spin states and
showed a pH dependence on the coordination mode of the N4Py ligand. The
equilibria established between two distinct complexes differing in the coordination
number of the N4Py ligand and an equilibrium between singlet and quintet spin
states in aqueous solution was proposed to be at the origin of the effectiveness of
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FeII(N4Py) in cleaving DNA in water with 3O2 as terminal oxidant through the
transient population of a triplet state.
In chapter 3, the remarkable photochemical enhancement of the rate of oxidation of
iron(II) polypyridyl complexes by oxygen through outer sphere electron transfer is
described. The data obtained represents a breakthrough in our understanding of the
involvement of photochemistry in the activity of iron(II) polypyridyl complexes in
the cleavage of DNA and in a more general sense in the perturbation of ground state
spin equilibria in solution.
In chapter 4, the isolation and characterization of a new non-heme FeIV=O species
was carried out both chemically and electrochemically in water. In this chapter the
clean conversion of [(MeN4Py)FeII(CH3CN)]2+ to the high valent species
[(MeN4Py)FeIV(O)]2+ via the complex [(MeN4Py)FeIII(OH)]2+ at an applied
potential 0.85 V vs. SCE in water is demonstrated and the redox potential of
FeIV/FeIII couple compared and contrasted with those reported elsewhere.
In chapter 5, the photochemistry of FeIV=O complexes is explored for the first time
in the solid state as well as in solution together with their reactivity in regard to the
alkane hydroxylation and alkene epoxidation. In contrast to Fe(II) complexes,
FeIV=O complexes undergo photochemical reduction upon irradiation a 355 nm in
acetonitrile. This process is faster in the presence of substrates such as ethyl
benzene, benzyl alcohol, cyclooctene and indane etc. which undergo oxidation
concomitantly. The enhanced reactivity of the FeIV=O, under irradiation, towards
substrate oxidation is attributed to the population of an S = 2 state.
In chapter 6, generation of a non-heme FeIII-OCl species and its spectroscopic
characterisation is reported. Addition of one or two equivalents of aqueous NaOCl
to an aqueous solution of [(MeN4Py)FeII(Cl)]+ or [(N4Py)FeII(CH3CN)]2+ at room
temperature generates the corresponding FeIII-OCl adduct, assignment of these
intermediates was carried out using UV/Vis absorption, (resonance)Raman and
EPR spectroscopy and by Cryo ESI-MS. Raman characterisation of the FeIII-O and
O-Cl modes was aided by bromine (FeIII-O-Br) and with 18O labelling. Over time
these intermediates convert to their FeIV=O analogues. In contrast to
[(TPFP)FeIII(OCl)2]- (which is stable at -60 °C for 1 h in CH3CN/CH2Cl2),
[(MeN4Py)FeIII(OCl)]2+ is stable in water at room temperature for at least 10
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minutes. These intermediates can attack electron rich alkenes and give
corresponding α-hydroxy halides or diols.
In chapter 7, generation of non-porphyrinic NiII-O· species and it’s spectroscopic
characterisation is presented. Addition of 11 equivalents of aqueous
NaOCl/Ca(OCl)2 to acetonitrile solutions of [(H,MePyTACN)NiII(CH3CN)2]2+ at
room temperature generates a NiII-O· species. Addition of acetic acid shows a
positive effect on the extent of formation of the intermediate and its rate of
formation. Characterisation of this intermediate was carried out with UV/Vis
absorption, (resonance)Raman, NMR and EPR spectroscopies and by Cryo ESIMS. The NiII-O· species is proposed to activate the C-H bond and NiII-OCl species
to insert the halogen into the substrate.
[CuII(L)(NO3)2] polypyridyl complexes catalyse enantioselective C-C bond forming
reactions in water with DNA as the source of chirality. Among all, complex
CuII(dmbpy) shows the highest ee’s and selectivity in DNA-based asymmetric
catalysis, whereas the complex CuII(terpy) yields the opposite enantiomer. In
chapter 8, the interaction with salmon testes DNA of a series of [CuII(L)(NO3)2]
polypyridyl complexes in the absence of substrate was studied by various
spectroscopic techniques. For the first time UV resonance Raman spectroscopy was
employed to probe the interaction of Cu(II) complexes with DNA. In the presence
of DNA, the complexes CuII(dppz) and CuII(dpq) which are intercalators show
clear shifts in the Raman spectrum whereas the groove binders CuII(bpy) and
CuII(dmbpy) do not. Overall the data suggest that the complexes CuII(bpy) and
CuII(dmbpy) engage primarily through groove binding with DNA while CuII(dppz)
and CuII(dpq) undergo intercalation. For complexes CuII(phen) and CuII(terpy) the
data indicates that both groove binding and intercalation takes place, albeit
primarily intercalation. These findings provide important insights into the complex
structure of these DNA-based catalysts.
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Introduction

Raman spectroscopy and
electrochemistry in the study of
inorganic complexes of relevance to
catalysis
A general introduction to the topics discussed in this thesis is presented in this
chapter. The chapter has been divided into three parts. In the first part, a survey of
the use of Raman spectroscopy as a tool for fingerprinting in the characterisation of
iron and manganese based complexes involved in oxidation chemistry is presented.
In the second part, the electrochemical properties of FeIV=O complexes are
discussed. In the third part, biochemical halogenation reactions and their reaction
pathways are reviewed.

Parts of this chapter have been published:
J. J. McGarvey, A. Draksharapu, W. R. Browne, Special Periodic Reports, 2013, 44, 68-94.
C. Brennan, A. Draksharapu, W. R. Browne, J. J. McGarvey, J. G. Vos, M. T. Pryce, Dalton
Trans., 2013, 42, 2546-2555.
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Chapter 1

I.1 Raman spectroscopy and its application in speciation of
inorganic compounds
Detailed investigation of the vibrational and vibronic energy states under static
conditions is important in the development of a more complete understanding of the
structure of biological systems. In many cases these studies focus on their
biological function and potential application in a catalytic context. This chapter
selects a number of recent examples of the use of Raman and resonance Raman
methods to probe a variety of metal-centred systems in biomimetic oxidation
catalysts and focuses primarily on iron based systems of relevance to the work
described in this thesis.

I.1.1 Introduction
The versatile chemical, photochemical and photophysical behaviour of metal
complexes arising from the diverse range of electronic states accessed through
several types of perturbation has stimulated increasing interest in metal-centred
systems over the last decades. The manifold of states of various orbital types that
are accessible in mono- and multi-nuclear metal complexes remains key to the
continuing interest in their investigation. In mononuclear metal-centred species with
a single type of ligand, the most common orbital transitions involved in thermal and
photochemical excitation are generally metal-centred (MC), metal-ligand chargetransfer (MLCT), ligand-metal charge-transfer (LMCT) or possibly ligand-centred
(LC). The focus of this chapter will be primarily on the use of Raman spectroscopy
to extract detailed structural information. This concerns primarily catalytically
important biomimetic complexes and recent studies that demonstrate the use of this
technique in understanding second coordination sphere effects.

I.1.2 Methods for structural and dynamic investigation of electronic and
vibrational levels in metal complexes
When light interacts with matter several things may happen. Light may pass
through the sample without interacting with it, or it may be absorbed (UV/Vis and
IR spectroscopy depending on the light source) or it may scatter (Rayleigh
scattering and Raman spectroscopy). Raman spectroscopy is a complementary
technique to IR spectroscopy. In principle both Raman and IR spectroscopy give the
same information about a molecule but differ in their physical basis and selection
rules. IR spectroscopy is an absorption spectroscopy, where the absorption of the
incident IR radiation causes the excitation of the molecule to higher vibrational
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levels. The excitation happens when the frequency of the light matches the energy
difference between the vibrational levels. In contrast, Raman spectroscopy involves
excitation, with monochromatic light, of the molecule to ‘virtual states’ from where
the molecule relaxes to the same or different vibrational level compared to the
initial state. Raman spectroscopy depends on the inelastic scattering of light when it
interacts with matter. Scattering can be divided into two categories elastic scattering
(Rayleigh scattering, the frequency of the scattered light is the same as the incident
light) and inelastic scattering (the frequency of the scattered light is different
compared to the incident light). Most of the light will scatter elastically, so it is not
useful for Raman spectroscopy. Inelastic scattering occurs when the scattered light
has a different frequency than that of the incident light. If the scattered light has a
higher frequency than the incident light, it is referred to as anti-Stokes scattering.
This is unlikely at room temperature because the molecule should be initially in a
higher vibrational state. If the scattered light has a lower frequency than the incident
light, it is referred to as Stokes scattering. It is common to measure Stokes
scattering for practical reasons. Raman spectroscopy is inherently weak since
approximately for one photon in every 106 - 107 photons will scatter inealistically.
The selection rules for IR and Raman spectroscopy are also different. A vibrational
mode becomes IR active, if there is a change in dipole moment during that
vibration, whereas Raman spectroscopy needs a change in the polarisability. For
example, the symmetric and asymmetric vibrational mode of carbon dioxide are
shown in Figure 1. In the symmetric vibrational modes there is no change in the
dipole moment and, hence, this mode is IR inactive. However, a change in
polarisability occurs during this vibration so this mode is Raman active, indeed a
peak corresponding to this mode appears at 1335 cm-1. In the case of the
asymmetric vibrational mode, the rate of change in the polarisability at the mean is
zero, hence, this mode is Raman inactive. But the dipole moment of the molecule
changes in this vibration and IR absorption is observed at 2349 cm-1. With the help
of group theory it is possible to assign the Raman and IR active modes in a given
molecule.
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Figure 1 Symmetric and asymmetric vibrational modes of carbon dioxide. Where P is
polarisability and µ is dipolemoment.

The frequency of the Raman or IR band frequency can be calculated using Hooke’s
law (equation 1)

Where ῡ wavenumber (cm-1), c speed of light (2.997 x 1010 cm s-1), K is the force constant
(dynes cm-1 where dyne = g cm s-2) and µ reduced mass ((M1xM2)/( M1+ M2) in grams).

From equation 1 it is clear that the stronger the bond the higher its vibrational
frequency and vice versa. For example the vibrational frequencies of C≡C
(2250 cm-1) > C=C (1600 cm-1) > C-C (1000 cm-1). Furthermore, the lower the
mass, the higher the vibrational frequency. For example CHCl3 shows a C-H
stretching band at 3021 cm-1. If C-H is replaced with C-D, it is possible to predict
the change in vibrational frequency from equation 2. A value ῡC-D (2216 cm-1) can
be calculated upon substituting the values of ῡC-H (3021 cm-1), µC-H (0.92 g) and
µC-D (1.71 g) in equation 2. Indeed, a band at 2254 cm-1 is observed experimentally
in the Raman spectrum of CDCl3.1

Similarly, 18O isotope labelling is often employed for the definitive assignments of
intermediate such as FeIV=O, FeIII-OOH, FeIII-(OO), FeIII-OCl and MnIV=O etc.
However, as shown in chapter 6, definitive assignment of an FeIII-O-Cl species was
not possible even after labelling with 18O. This is due to the similarity in predicted
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shifts for Fe-O18 (29 cm-1) and 18O-Cl (26 cm-1) calculated from Hooke’s law under
a two atom approximation. In this case exchange with a heavier atom such as
bromine (FeIII-O-Br) was employed to assign the vibrational modes of FeIII-O and
O-Cl (see chapter 6 for the details).
Due to the inherently weak nature of Raman scattering, high concentrations is
needed to acquire a Raman spectrum in solution. Fortunately, this problem can
overcome by using shorter wavelength (higher frequency) lasers. The intensity of
the Raman signals has a fourth power dependence on laser frequency (I α υ4 α λ-4).
The other way to increase the signal intensity is to tune or select a laser frequency
closer to the absorption maximum of the compound under study. In this way the
Raman intensity can be enhanced by 104 - 106 times under diluted conditions.
Moreover, resonance effects selectively enhance the bands of the molecule, which
are involved in the electronic transition close to the excitation wavelength.
Among the spectroscopic methods capable of addressing the ‘vibronic’ (vide infra)
levels of metal complexes in uniquely revealing ways, resonance Raman (RR)
spectroscopy stands out in regard to the range and depth of information that can be
obtained. It is one of the techniques included in the present chapter, not only
because of its inherent fundamental interest but on account of its versatility,
frequently in tandem with other physical methods, such as UV/Vis absorption
spectroscopy for probing molecular structure and reactivity. This has probably been
most obviously felt in the field of bioinorganic chemistry where the body of data
now available makes RR, and conventional Raman spectroscopy, together with 18O
isotope labelling, essentially a standard in the field.
Figure 2 shows the ‘vibronic’ energy level diagram used to illustrate the basic
principles of Raman and resonance Raman spectroscopy. The term ‘vibronic’ here
has its conventional meaning, referring to a vibrational transition coupled to an
electronic transition and is particularly relevant in the context of RR spectroscopy.
The very weak inelastic (Raman) scattering of monochromatic radiation (as little as
1 photon in 106-107), occurring via excitation to virtual levels (Figure 2), can be
greatly enhanced when the excitation wavelength employed coincides with an
electronic absorption (represented as S1 ← S0) in the scattering compound. This
resonantly enhanced Raman (RR) scattering arises for those vibrational modes
coupled to the electronic transition (hence the use of the term ‘vibronic’),
specifically those which undergo the greatest displacement in the excited state.
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Figure 2 Representation of the processes that occur (from left to right) in non-resonant
Rayleigh scattering, Stokes and anti-Stokes Raman resonance Raman spectroscopy and IR
spectroscopy.

Raman and especially RR spectroscopy not only complement infrared and
conventional UV/Vis absorption spectroscopy but are frequently uniquely
informative in elucidating structural and dynamic behaviour of metal-centred
species. For example, the RR spectra of [(bpy)2RuII(Mephpztr)]2+ in acetonitrile at
various excitation wavelengths is shown in Figure 3.2 Notably between λexc 355 nm
and 473 nm the Raman spectrum is comprised of bands assignable exclusively to
bpy based modes. At λexc 532 and 561 nm the spectrum is dominated by pyrazine
based modes, which is confirmed by comparison with the spectra of
[([H8]-bpy)2RuII([D3]-Mephpztr)]2+.
The
[([D8]-bpy)2RuII(Mephpztr)]2+ and
wavelength dependence of the RR spectrum allows for assignment of the longest
wavelength absorption band (at ca. 550 nm) to pyrazine based 1MLCT ← GS
transitions and the absorption band at ca. 430 nm to bpy based 1MLCT ← GS
transitions (Figure 3).
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Figure 3 (left) structure and UV/Vis absorption spectrum of [(bpy)2RuII(Mephpztr)]2+ in
acetonitrile and (right) wavelength dependent Raman spectra of [(bpy)2RuII(Mephpztr)]2+ in
acetonitrile. Solvent bands are masked with a white box. * bands from bpy ligand and
# bands from Mephpztr ligand.

I.1.3 Raman spectroscopy: fingerprinting active intermediates from
metalloproteins to biomimetic oxidation catalysts
Metalloproteins perform an extensive range of chemical transformations, many of
which have yet to be matched in function and selectivity in the synthetic laboratory.
Mononuclear non-heme and heme iron and manganese proteins,3 for example, carry
out a diverse range of functions to achieve highly selective activation of C-H bonds
in many organic substrates.4 These catalytic capabilities are due to the remarkable
properties of metal-containing active sites where both the first and second
coordination sphere play important roles. Considerable experimental and theoretical
effort has been directed towards mimicking and understanding so- called oxygen
activated iron-containing proteins and already a wide range of such species,
including oxo, hydroperoxo and peroxo species, have been prepared synthetically
that serve as structural and spectroscopic models for proposed reactive
intermediates in metalloproteins.10-14
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Figure 4 Structures of the ligands that are mentioned in this chapter.

These functional and structural mimics of active sites are important, not only from a
biological perspective, but also for industrially critical applications, the oxidation of
methane to methanol perhaps being among the most highly prized.3,5 Raman and in
particular RR spectroscopy have proven to be invaluable and versatile tools in this
general area. The ability to obtain structural information regarding catalysts and
enzymes present at relatively low concentration is one of the real strengths of the
technique, where resonant enhancement of Raman scattering is possible. In the next
few sections a number of recent examples are presented illustrative of the
assignment of various important structures by means of Raman spectroscopy.

I.1.4 Characterisation of iron and manganese complexes by vibrational
spectroscopy
The importance of mononuclear heme and non-heme iron based metalloenzymes
ranging from cytochrome P450 to methane monooxygenase (MMO) and taurine
catabolism dioxygenases (Tau-D), has stimulated considerable interest in synthetic
high-valent iron-oxo species, which can serve as models for oxygen activated
enzymes. In the case of non-heme iron based enzymes Que, Nam and co-workers
and others have explored and isolated a considerable number of iron-oxo species
and peroxo species over a wide range of oxidation states and spectroscopic data
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from both UV/Vis absorption, FTIR and (resonance)Raman spectroscopy are now
available (Chart I).9-14 Characterising metal oxo and peroxo species especially those
of Fe and Mn represents a considerable challenge due to their often very high
reactivity. Overall the role played by vibrational and especially RR spectroscopy in
the characterisation of non-heme iron and to a lesser extent manganese species can
hardly be overestimated, providing not only evidence of structure but also detailed
information regarding bond strengths.

Chart 1 Wavenumber ranges in which O-O and M-O stretching vibrations are normally
observed for various metal oxygen species (Δ indicates isotope 18O shift).

In non-heme iron and manganese complexes a first indication of the structure of
oxygen activated species can be garnered from their UV/Vis absorption spectra. In
general iron and manganese complexes exhibit absorptions in the near-IR region
(500-900 nm, see Chart 1), albeit with relatively low molar absorptivities. However,
the absorption spectra cannot generally be used to discriminate between different
possible structures (e.g., FeIV=O vs. FeIII-OO). It is at this level of assignment detail
that RR spectroscopy is exceptionally useful, frequently alongside 18O labelling to
confirm band assignment (Chart 1).
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I.1.5 Resonance Raman and the study of iron oxygen species
I.1.5.1 Iron(III)-hydroperoxo/alkyl peroxo (FeIII-OOH(R)) species
From a biological perspective the bleomycin (BLM) family of antibiotics6 that are
used widely in chemotherapy, have stimulated considerable effort in understanding
‘oxygen activated’ iron complexes. In particular iron bleomycin reacts with oxygen
to form the so-called ‘purple’ species, which exhibits an absorption band around
600 nm that is now known to be characteristic of the FeIII-OOH species. In the case
of Fe-BLM the active intermediate has been identified spectroscopically as a lowspin FeIII-hydroperoxide.7 Several structural mimics of the metastable purple FeIIIOOH species have been prepared, in particular complexes with neutral pentadentate
ligands e.g., 1,1-di(pyridin-2-yl)-N,N-bis(pyridin-2-ylmethyl)ethanamine (N4Py)
etc.8 Resonance Raman spectroscopy has proven itself to be invaluable in gaining
detailed insight into the properties of the low-spin FeIII-OOH moiety and of the
related Fe-OO- (side-on bound peroxy species), formed upon deprotonation.9,10a
Formation of the corresponding conjugate bases was confirmed by the red shift in
the complexes absorption maxima and by electrospray mass spectrometry.
Table 1 UV/Vis absorption and resonance Raman signatures on selected FeIII-OO(H/R)
species.
FeIII-OOR
(R = H or t Bu)

λmax (nm)
(ε,
M-1 cm-1)

O-O
(18O-18O)
cm-1

520

781

639

In acetone, at λexc 568.2
nm, at 77 K

10b

[FeIII(TPA)(OOtBu)(acetone)]2+
(LS)

560
(900)

788

693

In acetone, at λexc 568.2
nm, 77 K

10c,d

[FeIII(β-BPMCN)(OOtBu)(X)]2+
(LS)

566
(2500)

789

680

In DCM, at λexc 647.1,
568.2, 488 nm, at 77 K

10b
[FeIII(5-Me3-TPA)(OOtBu)
(acetone)]2+ (LS)

560
(1500)

789

691

In d6-acetone, at λexc
568.2 nm, at 77 K

9

538

789

626

In THF/CD3CN (1:4), at
λexc 568.2 nm, at 223 K

9,10a

548
(1300)

790
(-44)

632
(-16)

In acetone, at λexc 568.2
nm, at 77 K

10f

[(6-MeTPA)FeIII(OOtBu)
(H2O)]2+ (LS)
[(6-MeTPA)FeIII(OOtBu)(H2O)]2+
(HS)

598

790

682

In CH3CN, at λexc 599.5
nm, at 77 K

842, 878

648

10a
[(5-(MeO)-N4Py)FeIII(OOH)]2+
(LS)

549
(1030)

791

644

In acetone, at λexc 568.2
nm, at 77 K

10a,c

[(β-BPMCN)FeIII(OOtBu)(X)]2+
(LS)

600
(2500)

793

685

In CH3CN, at λexc 647.1
nm, at 77 K

10a

557
(1210)

795

641

In acetone, at λexc 568.2
nm, at 77 K

10a

[(TACNPy2)FeIII(OOH)]2+ (LS)

[(TPA)FeIII(OOH)]2+
[(N4Py)FeIII(OOH)]2+ (LS)

10

[(5-Br2-N4Py)FeIII(OOH)]2+ (LS)

Fe-O
(Fe-18O)
cm-1

Experimental
conditions

Introduction
10e

[(TPA)FeIII(OOtBu)(H2O)]2+ (LS)

600

796

696

In CH3CN, at λexc 599.5
nm, at 77 K

[(TPEN)FeIII(OOH)]2+ (LS)

541

796

617

In CH3OH, at λexc 568
nm, at ambient
temperature

10f,g

537
(1000)

796
(-45)

617
(-17)

In CH3OH, at λexc 568
nm (25 mW), at
ambient temperature

10f

531
(950)

796
(-50.5)

625
(-23)

In CH3OH, at λexc 568
nm, at ambient
temperature

10h

[([15]aneN4)FeIII(OOtBu) (SC6H5-pSC6F5)]+ (LS)

508

799
(-34)

623
(-26)

In DCM, at λexc 514 nm,
at 110 K

10i

[([15]aneN4)FeIII(OOtBu)(SC6H5)]+
(LS)

526

803
(-35)

611
(-27)

In DCM, at λexc 514 nm,
at 110 K

10h

[([15]aneN4)FeIII(OOtBu)
(SC6H5-p-Cl)]+ (LS)

524

803
(-35)

612
(-27)

In DCM, at λexc 514 nm,
at 110 K

10a

592

806

627

In acetone, at λexc 568.2
nm, at 77 K

10i

[(bpy)2FeIII(OOtBu)
(BzOH)]2+ (LS)

640

808

678

In CH3CN, at λexc 628
nm, at 77 K

10j

568
(1200)

830
(-17)

621
(-22)

In d6-acetone, at λexc
570 nm, at 223 K

10k

580

833, 870

627

In DCM, at λexc 514.5
nm, at 77K

10k

545

832, 873

623

In DCM, at λexc 514.5
nm, at 77K

10k

[(L8py2)FeIII(OOtBu)(OTf)]+ (HS)

550

831, 878

623

In DCM, at λexc 514.5
nm, at 77K

10e

[(6-Me3TPA)FeIII(OOtBu) (H2O)]2+
(HS)

562

842, 877

637

In CH3CN, at λexc 599.5
nm, at 77 K

10e

[(6-Me2TPA)FeIII
(OOtBu) (H2O)]2+ (HS)

552

842, 878

648

In CH3CN, at λexc 599.5
nm, at 77 K

10l

[(6-Me3TPA)FeIII
(OOtBu)(OBz)]+ (HS)

514

844, 880

648

In DCM, at λexc 514.5
nm, at 80 K

11a

526

855, 868
(-48)

658
(-25)

In d6-acetone, at λexc
531 nm, at 77 K

10f

[(trispicMeen)FeIII(OOH)]2+ (LS)

[(trispicen)FeIII(OOH)]2+ (LS)

[(Py5)FeIII(OOH)]2+ (LS)

[(H2bppa)FeIII(OOH)]2+ (HS)
[(L8py2)FeIII(OOtBu)(OTf)]+ (HS)
[(L8py2)FeIII(OOtBu)(OBz)]+ (HS)

[(TMC)FeIII(OOH)]2+ (HS)

Where HS is high spin and LS is low spin
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Figure 5 Resonance Raman spectra of intermediates obtained with 514.5 nm excitation on
frozen
CH3CN
solutions:
(a)
[(6-Me3TPA)FeIII(OOtBu)(H2O)]2+,
(b)
III
t
2+
[(6-Me2TPA)Fe (OO Bu)(H2O)] , (c) [(6-MeTPA)FeIII(OOtBu)(H2O)]2+ (from tBuOOH;
peaks marked with an asterisk are from the low-spin isomer). Solvent bands are labelled “s”.
Reproduced from Reference 10e with permission from American Chemical Society (1997).

In recent years characteristic vibrational bands for these intermediates have been
determined from their resonance Raman spectra, primarily by virtue of the
characteristic LMCT transitions of, e.g., FeIII-OOR species that absorb in the range
500 to 600 nm. UV/Vis absorption and resonance Raman signatures on selected
FeIII-OOH(R) are given in Table 1. Indeed the ν(O-O) stretching mode is now
informative of the spin state of such species; low-spin FeIII-OOR complexes
typically exhibit weak ν(O-O) bands in the range 780-810 cm-1 compared to their
high spin analogues which have vibrational features in the range 830-880 cm-1. FeO stretching frequency in these complexes typically falls between 610-700 cm-1 and
does not show similar correlations with spin state except that it has been suggested
that the low-spin FeIII-OOR complexes exhibit relatively intense Fe-O bands,
compared to high-spin FeIII-OOR complexes. It should be noted that that there is no
apparent correlation between high and low spin complexes and the Fe-O stretching
frequency (Table 1). The value of RR spectroscopy in assignment of spin states in
solution is further exemplified in the complex [(6-MeTPA)FeIII(OOtBu)(H2O)]2+
(where 6-MeTPA is tris(2-(6-methyl)pyridylmethyl)amine). This complex exhibits
EPR signals at g = 4.3 and at g = 2, i.e. both high and low spin states, respectively,
which was manifested in the resonance Raman spectra as a mixture of high-spin and
low-spin FeIII-OOR features (Figure 5).10e
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I.1.5.2 Iron(III)-peroxo (FeIII-OO) species
Iron(III)-peroxo complexes absorb at longer wavelengths compared to their
hydro/alkyl peroxo analogues. These complexes show the characteristic O-O
stretching band in the range 800-830 cm-1, as with high spin FeIII-OOH complexes
(Table 2). This makes it particularly difficult to identify the iron(III) peroxo with
hydro/alkyl peroxo complexes. However, the Fe-O band is distinctly different in
these two species. In contrast to iron(III)-hydro/alkyl peroxo complexes, the
stretching mode of Fe-O band in iron(III)-peroxo complexes was observed between
460-500 cm-1. This band is far lower in energy than the corresponding Fe-O
stretching frequency in iron(III)-hydroperoxo complexes (610-700 cm-1). For
example, high-spin [(TMC)FeIII(OOH)]2+ complex shows a O-O stretching mode at
861 cm-1, which is 34 cm-1 higher than the corresponding conjugate base
[(TMC)FeIII(OO)]+. This indicates a weakened O–O peroxo bond, which is ascribed
to back bonding from iron to the peroxo antibonding π* orbital, which considerably
weakens the O–O bond. UV/Vis absorption and Raman frequencies of known
FeIII-OO species are summarised in Table 2.
The contribution of resonance Raman spectroscopy, as one of an array of
techniques, in helping to unravel important issues in catalysis and especially in
oxidation catalysis is exemplified in the recent reports by Nam and co-workers11 on
the isolation of three oxygen activated iron intermediates implicated in various
catalytic cycles; namely [(TMC)FeIII(OO)]+ (1), [(TMC)FeIII(OOH)]2+ (2) and
[(TMC)FeIV(O)]2+ (3) where TMC is the macrocyclic ligand 1,4,8,11-tetramethyl1,4,8,11-tetraazacyclotetradecane. Despite their intrinsic instability, crystal
structures of two of these species, 1 and 3, are available. Further essential structural
information about these active intermediates is deduced from UV/Vis absorption
and Raman spectroscopy, as Figure 6 shows.
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Table 2 UV/Vis absorption and RR signatures on selected FeIII-OO species.
Complex / FeIII-OO

12a

[(OEP)FeIII(OO)](heme)

λmax (nm)
(ε, M-1
cm-1)
545, 573
(584 sh)

O-O
( O-18O)
cm-1
805 (-46)
18

Fe-O
(Fe-18O)
cm-1
Not
mentioned

780 (-49)
12b

[(EDTA)FeIII
(OO)]3- (HS)
10g
[(TPEN)FeIII
(OO)]+ (HS)
10g
[(trispicMeen)FeIII
(OO)]+ (HS)
11a
[(TMC)FeIII
(OO)]+
10a
[(N4Py)FeIII
(OO)]+ (HS)

520

816 (-40)

755

817

459
(-13)
470

740
(500)
782

819

470

825(-44)

685(520)

827(-47)

487
(-19)
495
(-17)

Experimental conditions

Me2SO/18-crown-6, at RT
(IR)
at λexc 528.7 nm, frozen sample
at 170 K (RR)
In water, at λexc 514.5 nm (100
mW), at 70 K
In MeOH, at λexc 647 nm,
ambient temperature
In MeOH, at λexc 647 nm,
ambient temperature
In d6-acetone, at λexc 785 nm
(300 mW), at 77 K
In MeOH, at λexc 647 nm, at
77 K

Figure 6 (a) UV/Vis absorption spectra of 1, 2 and 3; arrows indicate spectral changes for
the conversion of 2 to 3 in the reaction of 1 (1 mM) and 3 equiv. HClO4 in
acetone/CF3CH2OH (3:1) at -40 oC and (b) RR spectra of 1 in d6-acetone with 16O (i) and
18
O (ii) isotopic substitution in the region of Fe-O and O-O stretches. (iii) is the 16O and 18O
difference spectrum. The band marked with “s” is assigned to the solvent. Reproduced from
Reference 11b with permission from Nature (2012).

The resonantly enhanced vibrational stretching modes for the O-O bond at 825 and
861 cm-1 (latter band is not shown in Figure 6) for 1 and 2, respectively, confirmed
their high spin electronic state (by comparison with literature precedents, see
Chart 1). The decrease in the bond strength from the peroxo to the hydroperoxo
reflects the increased back bonding from Fe(III) into the peroxo antibonding
orbitals. The Fe-O band was observed at 487 cm-1 for 1 and at 658 cm-1 for 2. In the
case of 3, the FeIV=O band was observed at 834 cm-1, and shifted by 34 cm-1 upon
18
O labelling, as expected for an Fe-O bond. These data demonstrate that the extent
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to which species can be characterised even in circumstances of relatively high
instability.
I.1.5.3 Metal-oxo (MIII/IV/V=O) species
High-valent iron-oxo species have commonly been considered as intermediates in
the reaction of non-heme iron enzymes with dioxygen. High valent non-heme
FeIV=O complexes exhibit near-IR transitions with relatively low molar
absorptivity. Their lower molar absorptivities suggest that these electronic
transitions are not charge-transfer transitions but more likely ligand field in origin.
In non-heme iron complexes the FeIV=O stretch was normally observed in the range
between 810-850 cm-1 (Table 3). The modes were assigned definitively by
incorporating 18O into the oxo complex. The FeIV=O band shifts to lower
wavenumber shift by 38 cm-1 when 18O is substituted for 16O. Additionally the band
position is markedly influenced by the axial ligands. Notably, the ν(Fe=O) modes of
[(TMC)FeIV(O)(NCS)]+ and [(TMC)FeIV(O)(N3)]+ are at lower frequency relative to
that of [(TMC)FeIV(O)(CH3CN)]2+, which reflects the substitution of the π-acidic
CH3CN with the more π-basic N3- and NCS- ligands, yielding ν(Fe=O) frequencies
closer to that observed for the TauD intermediate (821 cm-1).14f The FeIII=O
vibration14a,b at 671 cm-1 for [(H3beua)FeIII(O)]2- occurs outside the range reported
for heme and non-heme FeIV=O systems; for instance, a ν(Fe-O) at 834 cm-1 was
found for the monomeric FeIV=O complex [(TMCPy)FeIV(O)(CH3CN)]2+.14h
Recently, Que reported the existence and spectroscopic characterisation of a
[(TAML)FeV(O)]- species.13 The FeV=O band was observed at 798 cm-1 along with
an associated 1587 cm-1 overtone. The corresponding conjugate acid shows the
band at 811 cm-1 along with an overtone at 1613 cm-1. These vibrational frequencies
at 798 and 811 cm-1 are at the lower end of the reported FeIV=O vibrational
frequencies. Resonance Raman spectroscopy has proven useful to identify other
metal oxo intermediates also. In the case of Ru complexes, the RuIV=O band occurs
at ~800 cm-1, which is lower compared to FeIV=O species. The RuIV=O band shifts
to lower frequency by 40 cm-1 when 18O is substituted for 16O.
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Table 3 UV/Vis absorption and Resonance Raman signatures on selected metal oxo species.
Metal oxo
14a,b

[(H3buea)FeIII(O)]214c
[(H3buea)MnIII(O)]214d
[(BQCN)MnIV(O)]2+
14e

HO-MnV=O (Heme)

λmax (nm)
(ε,
M-1 cm-1)
----630
(400)
---

M-O
(M-18O)
(cm-1)
671 (-26)
700 (-28)
707 (-31)

Experimental conditions

FTIR solid
FTIR solid
In 9:1 acetone/water at 409
nm, at 233 K
In CH2Cl2/CH3CN at 413.1
nm, at 278 K

10d

[(TPAH+)RuIV(O)(bpm)]3+

690

791 (-34)
(MnV=O)
518 (-27)
(MnV-OH)
800 (-43)

14f

[(TPA)RuIV(O)(H2O)]2+

465

806 (-42)

In water at 442 nm

13

[(TMC)FeV(O)
(NC(O)CH3)]+

410 (4000),
780 (430)

In CH3CN at 413 nm , at 77 K

14f

805, 1050

798 (-35)
1587
(overtone)
812 (-33)

[(TMC)FeIV(O)(N3-)]+

14g

730 (380)

818 (-24)

14f

[(TPEN)FeIV(O)]2+

[(TMC)FeIV(O)(NCS)]+
14h
[(TMC-Py)FeIV(O)]2+

850, 1010
834

820 (-34)
826 (-34)

14f

820

834 (-34)

[(TMC)FeIV(O)(CH3CN)]2+
IV

2+

In water at 363.8 nm, at 295 K

In CH3CN at 406.4 nm, at 295
K
FTIR, In CH3CN at 298 K
In CH3CN at 406.4 nm, 293 K
In CH3CN at 407 nm, frozen
solution
In CH3CN at 406.4 nm, 293 K

14i

[(N4Py)Fe (O)]

695

840 (-34)

14i

[(MeN4Py)FeIV(O)]2+

687

843 (-36)

14j

[(TBC)FeIV(O)(CH3CN)]2+
[(salen)FeIV(O)]

885
---

842 (-38)
851 (-35)

In 1:3 water/CH3CN at 407
nm, at 273 K
In water and in CH3CN at 473
nm and 785 nm, at RT
In CH3CN at 442 nm, 293 K
At 406.7 nm, 15 K, O2 matrix

14b

(TTPPC)MnV≡O (heme)

---

952 (-39)

1.0 mM CH2Cl2 at 413.1 nm

14l

MnV≡O

---

979 (-37)

FTIR solid

418, 634
---

979 (-41)
997 (-43)

In CH2Cl2 at 413.1 nm (RT)
KCl pellet at 413.1 nm (RT)

14k

14l

V

(TBP)8(Cz) Mn ≡O
(TBP)8(Cz) MnV≡O

Interestingly, reported non-heme MnIII=O14c and MnIV=O14d complexes show
characteristic Mn-O stretching bands at ~700 cm-1. In the former case the
measurement was obtained on a solid sample by FTIR and the complex has trigonal
bipyramidal geometry. [(BQCN)MnIV(O)]2+ is an octahedral complex and the
Raman spectrum was obtained in acetone/water. One other point to emphasis here is
that the MnIII=O species has three intra-molecular hydrogen bonds in the solid state.
The MnIV=O stretch in the [(BQCN)MnIV(O)]2+ complex is much lower in
frequency compared to the corresponding MnIII=O species. The complex
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[(H3buea)MnIV(O)]- exhibits a band at νMn=O = 737 cm-1, which is closer to the
MnIV=O porphyrin complexes (νMn=O ~ 750 cm-1).14c,d
Other intermediates such as MnV=O and MnV≡O, can be easily distinguished using
Raman spectroscopy.14e,l The former shows a band at ~800 cm-1 but the latter shows
a band in the range 950-1000 cm-1. In the case of (TTPPC)MnV≡O a very strong
band was observed at 952 cm-1, which was shifted to 913 cm-1 upon 18O substitution
assigning it as a Mn-O stretching band. However, the observed value of 952 cm-1 is
significantly higher than the doubly bonded MnIII=O (700 cm-1), MnIV=O
(700 cm-1), porphyrinic HO-MnV=O (791 cm-1)14e and O=MnV=O (νMn=O = 741-743
cm-1)15 complexes. Moreover, the calculated force constant for the 952 cm-1 mode is
6.61 mdyn/Å, which is consistent with assignment of the mode as MnV≡O.
I.1.5.4 Diiron (FeIII-O-O-FeIII) complexes
(Resonance)Raman spectroscopy is also employed to probe the structure of the
Fe2(μ-1,2-O2) core. The vibrations of the Fe-O-O-Fe unit consist of three modes: the
O-O stretch, symmetric and asymmetric ν(Fe-O-O-Fe) deformations. The O-O
stretching frequency is observed in the range 840-910 cm-1. This band is easily
confused with the O-O stretching frequencies of other intermediates such as
FeIII-OOR and FeIII-OO. But one can use the Fe-O-O-Fe symmetric and asymmetric
modes as marker bands, as they are not observed in the other intermediates. The
νsym(Fe-O-O-Fe) mode is typically found below 500 cm-1 (Table 4). On the other
hand, the νasym(Fe-O-O-Fe) mode is found above 500 cm-1.

17

Chapter 1
Table 4 UV/Vis absorption and Resonance Raman signatures on selected FeIII-O-O-FeIII
species.
FeIII-O-O-FeIII

λmax (nm)
(ε,
-1
M cm-1)

O-O νsym
(18O-18O)
cm-1

[FeIII2(µ-O)(µ-1,2O2)(6-Me3-TPA)2]2+
16b
[FeIII2(µ-O)(µ-1,2O2)(BQPA)2]2+

648(1200)
846 (230)
620
(1000)

848 (-46)
FD
844 (-44)

Fe-O-O-Fe
νsym
18
(Fe- O-18OFe) cm-1
462 (-21)
FD
464 (-17)

16c

[FeIII2(µ-O)(µ-1,2O2)(6-Me2BPP)2]2+
16b
[FeIII2(µ-O)(µ-1,2O2)(6-Me3-BQPA)2]2+

577
(1500)
Not
reported

847 (-33)

465 (-19)

847 (-44)

463 (-21)

16b

[FeIII2(µ-O)(µ-1,2O2)(6-Me-BQPA)2]2+

Not
reported

853 (-45)

463 (-15)

16d

[FeIII2(µ-1,2-O2)
(µ-O2CPh)2(Tpipr2)2]
16e
[FeIII2(µ-1,2-O2)
(µ-2CCH2Ph)2(Tpipr2)2]
16b
[FeIII2(µ-1,2-O2)
(N-Et-PTB)(OPPh3)2]2+

682
(2500)
694
(2650)
588
(1500)

876 (-49)

418 (-9)

888 (-46)

415 (-11)

900 (-50)

471 (-16)

16c

644
(3000)

908 (-47)
FD

465 (-11)
FD

16a

[FeIII2(µ-OH)(µ-1,2O2)(6-Me2BPP)2]2+

Experimental conditions

At 628 nm, in CH3CN
At 647.1 nm, in CH3CN
on gold plated copper
cold finger
At 600 and 580 nm (30
mW), in MeOH at 193 K
At 647.1 nm, in CH3CN
on gold plated copper
cold finger
At 647.1 nm, in CH3CN
on gold plated copper
cold finger
At 676 nm (20 mW), in
toluene at 193 K
At 647 nm (50 mW), in
toluene at 195 K
At 647.1 nm, in CH3CN
on gold plated copper
cold finger
At 600 and 580 nm (30
mW), in MeOH at 193 K

Where FD is Fermi doublet

I.1.5.5 µ-oxo iron(III) dimers (FeIII-O-FeIII)
The Raman and infrared spectral properties of µ-oxo and µ-hydroxo diiron(III)
complexes are well documented in Reference 17. In many cases νsym(Fe-O-Fe) and
νasym(Fe-O-Fe) have been identified definitively by their l8O isotope shifts. The
energies of the two Fe-O-Fe vibrations show the expected dependence on Fe-O-Fe
angle. As the Fe-O-Fe angle decreases the frequency of the asymmetric stretch
decreases while the frequency of the symmetric stretch increases. These data
indicate that knowledge of νsym and νasym should allow the prediction of an Fe-O-Fe
angle within 10° of the correct value. A survey of known (μ-oxo)diiron(III)
complexes reveals that the asymmetric Fe-O-Fe stretch occurs between ∼700-850
cm-1 and symmetric Fe-O-Fe stretch occurs between ∼400-540 cm-1. The
asymmetric stretch shifts to lower energy by ∼30-45 cm-1 when 16O is substituted
for 18O.17
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I.1.6 Second coordination sphere interactions in molecular systems
A recent example relevant to catalytic water oxidation, concerns the Keggin-type
complexes [RuIII(H2O)SiW11O39]5- and [RuIII(H2O)GeW11O39]5- employed as
catalysts for water oxidation to dioxygen using Ce(IV) as a one electron oxidant (it
should be noted that water oxidation is, overall, a four electron process). Cyclic
voltammetry indicated that a Ru(III)-OH species could undergo oxidation to a
Ru(V)-oxo species and indeed such a species was identified by UV/Vis absorption,
resonance Raman and EPR spectroscopy. Of note with regard to the present
discussion is the use of H218O labelling. The Ru(V)=O stretching mode was
identified at 800 cm-1,18 however, the isotopic shift was only 15 cm-1 rather than the
expected 40 cm-1, based upon a simple Hooke’s law two-atom harmonic oscillator
approximation. The authors considered this to indicate that Ce(IV) was binding to
the oxygen atom, hence rendering the two atom oscillator approximation for
predicting the 16/18O shift an oversimplification but highlighting the role of second
coordination sphere type interactions in determining the behaviour of such systems.
The effect of hydrogen bonding on FeIII=O and MnIII=O bond strengths has
implications for the mechanism by which the oxygen evolving complex of
photosystem II operates.19 The issue has been explored recently19 in some elegantly
designed systems to investigate the effects of hydrogen bonding on the reactivity
and spectral properties of M=O species. The ligand system shown in Figure 4
enforces penta-coordination on the metal centre and holds hydrogen bond donor
units in proximity to the oxygen of the M=O unit. The strength of the hydrogen
bond donors can be tuned systematically.
A further challenge in designing these systems (see Figure 7) was to overcome the
strong tendency for metal ions to form M-O-M bonds. The complexes
[(H3buea)MIII(O)]2- in Figure 7, where M = Fe or Mn and H3buea = tris[(N’-tertbutylureaylato)-N-ethylene]aminato), were formed by direct activation of
dioxygen.20 In these systems isotopic labelling studies as well as the assignment of
bands in the resonance Raman spectra of the complexes confirmed that the oxygen
source for the oxo ligand was dioxygen; the ν(Fe-O) feature at 671 cm-1 shifted to
645 cm-1 with 18O2 and similarly the ν(Mn-O) band at 700 cm-1 shifted to 672 cm-1.
However, demonstrating the occurrence of hydrogen bonding interactions between
the M=O unit and the proximal amide N-H groups is not straightforward. In the
present instance the weakening of the M-O bond as a result of H-bond interactions
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was easily apparent from the Raman shift of the respective ν(M-O) mode.
Oxidation of the [(H3buea)MnIII(O)]2- complex to the MnIV=O state and
subsequently to the MnV=O state was achieved electrochemically at low
temperature and resonance Raman proved to be an important tool in characterising
the details of the system.21

Figure 7 The H3buea ligand (where R = tBu) developed by Borovik and co-workers to
probe second coordination sphere effects (i.e. hydrogen bonding interactions) in a synthetic
system. The cavity provides up to three H-bonding opportunities and the bulky R groups
preclude formation of oxo bridged dinuclear complexes.20

These studies reflect the increasing emphasis placed on understanding the second
coordination sphere on the activity and properties on metal complexes, in particular
metal-oxo and metal-peroxy species, as proposed by Alfred Werner over a century
ago.22

20

Introduction

I.2 Electrochemical properties of FeIV=O complexes
Knowledge of the electrochemical properties of FeIV=O complexes is desirable to
understand their role in the oxidation of organic substrates.23 Unfortunately, data on
the FeIV/FeIII redox couple of non-heme iron complexes remains equivocal in
literature primarily due to the sluggish rates of heterogeneous electron transfer
which limit the utility of cyclic voltammetry.24 The available electrochemical data
on non-heme FeIV=O and the corresponding Fe(II) complexes in water and in
acetonitrile is summarized in Table 5.
[(N4Py)FeIV(O)]2+ is perhaps the most studied of the non-heme FeIV=O complexes.
[(N4Py)FeII(CH3CN)]2+ itself shows a reversible redox wave at +1.01 V vs. SCE in
anhydrous acetonitrile, which is assigned to the FeIII/FeII(CH3CN) redox couple.23,25
As shown in chapter 2, in water this complex shows a reversible redox wave at
+0.4 V vs. SCE (FeIII/FeII(H2O/OH)) depending on the pH of the solution due to the
exchange of CH3CN with an aqua/hydroxide ligand upon dissolution.25 In contrast
to [(N4Py)FeII(CH3CN)]2+, [(N4Py)FeIV(O)]2+ reported by Que and co-workers to
show an irreversible reduction wave in its cyclic voltammogram at -0.13 V vs. SCE
in anhydrous acetonitrile, which was ascribed to the FeIV/FeIII(O) redox couple.23
The question arises though as to why the FeIV/FeIII(O) reduction occurs at a much
lower potential than its FeIII/FeII(CH3CN) or FeIII/FeII(OH) redox couple? A simple
answer is that the reduction of FeIV=O to FeIII-OH is proton coupled and, hence, in
anhydrous acetonitrile reduction becomes more difficult in the absence of protons.
However, this would make it a very weak oxidant. Regardless the stability of the
FeIV=O complexes, means that it is possible to generate the FeIV=O species in
acetonitrile and in DCM in the presence water.26 Using spectropotentiometric
titrations Que and co-workers determined the oxidation potential for the
FeIV/FeIII(O) couple in acetonitrile containing water to be +1.3 vs. SCE, in sharp
contrast to their initial report and inconsistent with the proton coupled nature of the
process (the potential gap is too large, i.e. +1.43 V).26 However, a reversible redox
wave for FeIV/FeIII(O) in water at +0.41 V vs. SCE was reported by same group.27
Surprisingly, the corresponding FeIII/FeII(OH) redox couple, which shows a
reversible redox wave in the same potential region was not considered in their
interpretation of the cyclic voltammograms. The authors claimed that the
irreversibility in acetonitrile is due to slow electron transfer rates. If this were the
case why would the same complex show a reversible redox wave in water?
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Furthermore for the same complex Nam and Fukuzumi proposed a reduction
potential of +0.51 V vs. SCE in acetonitrile for the FeIV/FeIII(O) couple based on
spectrophotometric redox titrations.28 The reduction potentials of +0.49 V for
[(BnTPEN)FeIV(O)]2+, +0.39 V for [(TMC)FeIV(O)(CH3CN)]2+, +0.13 V for
[(TMC)FeIV(O){OC(O)CF3}]+ and -0.05 V for [(TMC)FeIV(O)(N3)]+ vs. SCE, were
also reported by applying same method.28
Table 5 Reported redox potentials of known FeIV=O complexes.
FeIII/FeII in
anhydrous
CH3CNa,b

FeIII/FeII
in H2Oa,c

[(N4Py)FeIV(O)]2+

+1.01

+0.4

+1.30

[(BnTPEN)FeIV(O)]2+

+1.09

+1.47

[(Me2TACN-Py2)
FeIV(O)]2+

+0.95

+1.23

-0.18

[(BP1)FeIV(O)]2+

+1.12

+1.38

-0.08

[(BP2)FeIV(O)]2+

+1.17

+1.63

+0.12

Complexes

FeIV/FeIII
(ox) in
anhydrous
CH3CNb

FeIV/FeIII
(red) in
anhydrous
CH3CNb,d

FeIV/FeIII
(red) in
CH3CNe

FeIV/FeIII
(ox)
in H2Of

-0.13

+0.51

+0.41

-0.03

+0.49

[(TMC)FeIV(O)
(CH3CN)]2+

+0.39

[(TMC)FeIV(O)
{OC(O)CF3}]+

+0.13

[(TMC)FeIV(O)(N3)]+
a

-0.05
b

Corresponding Fe(II) complexes, spectropotentiometric titrations starting with
corresponding Fe(II) complexes, from Reference (23), cfrom Reference (25), dstarting with
FeIV=O complexes from Reference (23), estarting with FeIV=O complexes from Reference
(28), fstarting with FeIV=O complexes from Reference (27) and all potentials are vs. SCE.

Determining the FeIV/FeIII potential is evidently not straightforward as will be
shown in the chapter 4 due to their slow rates of heterogeneous electron transfer,
which limits the usefulness of direct measurement by cyclic voltammetry. The
reduction potential of the FeIV/FeIII(O) couple has also been determined by the
titration with one electron reductants such as ferrocene and its derivatives. It is
important to note that this approach requires that the redox couple is reversible
electrochemically.
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Figure 8 Species and equilibria occurring in aqueous/acetonitrile mixtures for
[(N4Py)FeII(CH3CN)]2+.25

Figure 8 shows the equilibria that exists between various species in
acetonitrile/water for [(N4Py)FeII(CH3CN)]2+. A potential of +1.1 V vs. SCE is
required to generate the FeIII-CH3CN species from FeIII-CH3CN, whereas only at
most +0.6 V vs. SCE is needed to generate FeIII-OH2 from FeII-OH2. The need for
highly positive potentials to generate the Fe(III) species in acetonitrile is possibly
the reason why identifying the oxidation potential of the FeIV/FeIII couple is
troublesome (Figure 9).25,26 First FeIII-CH3CN must be generated from FeII-CH3CN
at +1.01 V vs. SCE. If water is present, immediate ligand exchange occurs to form
FeIII-OH, which can then be oxidised at +1.01 V or less vs. SCE. However, the
potential must be held at above +1.01 V to complete both steps (see chapter 4).

Figure 9 Redrawn from reference 26.

To avoid this problem water is the solvent of choice because of the lower potential
needed to oxidize Fe(II) to Fe(III) (+0.6 V vs. SCE). Even though a reversible redox
wave assigned to the FeIV/FeIII couple in water was assigned to the
[(N4Py)FeIV(O)]2+ reduction, this assignment is questionable, due to the overlap of
FeIII/FeII(OH/H2O) redox wave and the role of catalytic processes at the electrodes.
Spectropotentiometric titrations in water would be expected to give a better handle
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to assign the oxidation potential of FeIV/FeIII(O) couple since the signal (absorption)
is not dependent on time in the same way current is and, hence, slow heterogeneous
electron transfer rates are less of an issue. In chapter 4 the question of the redox
potentials of FeIV=O species will be addressed.
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I.3 Biochemical halogenation reactions
Halocarbons are frequent structural motifs in many marine natural products,
including antibiotics and hormones and compounds of pharmaceutical and
agrichemical interest,29 and are key precursors in organic synthesis. Contemporary
synthetic methods for late stage incorporation of halogens into complex systems are
often hampered by a lack of selectivity and specificity, however. Nature, by
contrast, uses haloperoxidases and halogenases to achieve this in a highly specific
and selective manner30,31 and hence biomimetic functional approaches offer
substantial promise in this regard. Several haloperoxidases have been characterised
by means of X-ray crystallography.32 Based on their requirement for oxygen based
oxidants for halogenation of the substrates they can be divided into two classes,
(1) haloperoxidase and (2) halogenases.30 Both, Vanadium and heme dependent
enzymes use hydrogen peroxide as oxidant to generate the active intermediates for
halogenation reactions and hence they are called haloperoxidases also. In contrast
non-heme and flavin dependent enzymes use molecular oxygen as oxidant to
generate the corresponding active intermediates towards halogenation of substrates,
are named halogenases.

I.3.1 Halogenases
I.3.1.1 Flavin dependent halogenases
This class of enzymes does not contain a metal center in their structure. PrnA
(tryptophan 7-halogenase) and PrnC are examples of flavin dependent halogenases.
The chlorination reactions catalysed by this family of enzymes are highly
regiospecific. Due to the high regiospecificity of these enzymes, involvement of
free HOCl in the reactions is excluded. These enzymes use X+ (X = Cl or Br)
equivalents to halogenate electron rich substrates. The mechanism suggested by van
Pée (via a 4α-hydroperoxyflavin intermediate)33 and Walsh (via a FAD-4α-OCl
intermediate)34 were later shown to be unlikely when the crystal structure of PrnA
(with FAD, tryptophan and chloride bound) was reported by Naismith.35
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Scheme 1 Naismith mechanism (production of HOCl followed by protein mediated
electrophilic aromatic substitution). Redrawn figure from References 30 and 36.

Indeed halogenation involves HOCl but FAD exerts substantial control over HOCl
by keeping it within the channel through hydrogen bonding. The proposed catalytic
path is shown in scheme 1.36 Activated FAD reacts with molecular oxygen and
generates the species FAD-OOH. Chloride (Cl-) then attacks FAD-OOH to form the
FAD-OH (not shown in scheme 1) and HOCl. The K79 residue forms hydrogen
bonds with HOCl to keep it within the channel. Electrophilic attack of the
hypochlorous acid (Cl+ equivalent) on tryptophan C7 forms the carbocationic
intermediate. Deprotonation of the carbocation proceeds by the E346 residue
resulting in chlorination of tryptophan.37
I.3.1.2 Non-heme iron dependent halogenases
As mentioned above this class of enzymes uses non-heme Fe(II)/α-ketoglutarate
and oxygen to perform the halogenation of the inert aliphatic C-H bonds.30 SyrB1
and CmaA are a few examples of this class of halogenases. The key difference
between the non-heme Fe(II)/αKG dependent hydrolase and non-heme Fe(II)/αKG
dependent halogenase is that the latter contains a chlorido ligand instead of an
aspartate moiety.30,38
The reaction cycle of non-heme Fe(II)/αKG dependent halogenase with aliphatic
C-H substrates is presented in scheme 2.38 In the presence of the substrate (R-CH3),
the aqua ligand on the Fe(II) complex dissociates to facilitate the coordination of
molecular oxygen. The FeIV=O intermediate that forms upon decarboxylation has
been characterised by Mössbauer and (resonance)Raman spectroscopy. The highly
reactive FeIV=O intermediate can attack the C-H group in the substrate and form a
Cl-FeIII-OH intermediate and an alkyl radical. In contrast to non-heme Fe(II)/αKG
dependent hydrolase, a chlorine radical (Cl·) reacts with an alkyl radical (R-CH2·)
and leads to the formation of chlorinated products.38 At this stage hydroxy (·OH)
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radicals can compete with chloride radicals. The formation of the hydroxy radicals
is thermodynamically unfavourable compare to chloride radicals.32d,39 In contrast to
flavin dependent halogenases, these enzymes use X· (X = Cl or Br) equivalents to
halogenate at aliphatic C-H positions.

Scheme 2 Proposed mechanism of the Fe(II)- and αKG-dependent halogenases.
R = -CH2-L-CH(NH2)-CO-S-CytC2; R’ = -(CH2)2CO2-. Reproduced from Reference 38.

I.3.2 Haloperoxidases
I.3.2.1 Vanadium dependent haloperoxidases
Among the vanadium dependent haloperoxidases, vanadium bromo peroxidase is
well known due to its potential involvement in the biosynthesis of number of
halogenated natural products.40 In this class of enzymes an imidazole ring from a
histidine residue is ligated to the vanadium ion.30 Vanadium dependent
haloperoxidases use vanadate, hydrogen peroxide and halide (Cl-, Br- and I-) for the
halogenation of the electron rich substrates.41 The catalytic cycle and the
intermediates generated by this class of enzymes are shown in scheme 3. The
reaction between the vanadium complex and H2O2 produces a side-on peroxy
species, which will then attack the halide ion. Two electron oxidation of the halide
ion by peroxy species generates a V-O-X adduct. The exact nature of the
halogenating species in vanadium dependent haloperoxidases is not clear. As with
flavin dependent halogenases and heme dependent haloperoxidases, these enzymes
use X+ (X = Cl, Br and I) equivalents to halogenate the electron rich substrates with
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varying degrees of stereo-specificity and regioselectivity.

Scheme 3 Vanadium-dependent haloperoxidases. Redrawn from Reference 30.

I.3.2.2 Heme dependent haloperoxidases
Heme dependent haloperoxidases use hydrogen peroxide and halide ions to
halogenate substrates. Chloroperoxidase (CPO) from Caldariomyces fumago,42
myeloperoxidase (MPO), Thyroid peroxidase (TPO), lactoperoxidase (LPO) and
eosinophil peroxidase (EPO) are a few examples of heme dependent halo
peroxidases. As with flavin dependent halogenase, heme dependent halo
peroxidases use X+ (X = Cl or Br) equivalents for the halogenation reactions, so this
class of enzymes engage in halogenation of electron rich substrates. The
intermediates and the proposed catalytic cycle is shown in scheme 3. Initially, heme
Fe(III) reacts with hydrogen peroxide, which
generates the high valent
·+
IV
43,44
heme-Fe =O species known as Compound I.
Then Compound I oxidizes the
III
halide ion by two electrons and forms the heme-Fe -O-X (where X = Cl, Br and I)
adduct.44 It was proposed that the OX– bound metal complex is responsible for the
halogenation, but the actual structure of the chlorinating agent is still matter of
debate.

Scheme 4 Intermediates in the mechanism of heme-dependent halogenation reaction.
Redrawn from Reference 30.

Even though the participation of a heme-FeIII-OCl adduct is proposed in the
catalytic cycle of heme dependent haloperoxidases, direct spectroscopic evidence
for heme-FeIII-OCl adduct was observed only recently by Hiroshi et al.45 Addition
of OCl- to [(TPFP)FeIII(OH)] in CH3CN/CH2Cl2 generates an intermediate assigned
as [(TPFP)FeIII(OCl)2]-. Characterization of this intermediate was carried out by
(resonance)Raman, EPR and NMR spectroscopy and by ESI-MS. This intermediate
is stable for 1 h at -60 °C and decomposes to [(TPFP)FeIV(O)]. This is the first
evidence and spectroscopic characterisation of a FeIII-OCl species (M = Mn, Fe, Ni)
for a porphyrinic systems. To the best of my knowledge, evidence for the formation
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of the M-OCl adducts and their potential role in catalysis (C-H bond chlorination
and oxygenation and epoxidation of alkenes) has not been reported in any of the
non-heme and non-porphyrinic systems. Synthesis and spectroscopic
characterisation of haloperoxidase mimics such as non-heme iron and
non-porphyrinic nickel complexes and their reactions with NaOCl are discussed in
chapter 6 and 7.

I.4 Ligand Names
(1) TPA = tris(2-pyridylmethyl)amine
(2) TMC = 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane
(3) N4Py = bis(2-pyridylmethyl)bis(2-pyridyl)methylamine
(4) Bn-TPEN = N-benzyl-N,N’,N’-tris(2-pyridylmethyl)-1,2-diaminoethane
(5) Me-TPEN = N-methyl-N,N’,N’-tris(2-pyridylmethyl)-1,2-diaminoethane
(6) Me-TPPN = N-methyl-N,N’,N’-tris(2-pyridylmethyl)-1,3-diaminopropane
(7) BPMCN = N,N’-bis(2-pyridylmethyl)- N,N’-dimethyltrans-1,2-diaminocyclohexane
(8) [H3buea] = tris[(N’-tertbutylureaylato)-N-ethyl]aminato
(9) BQCN=N, N’-dimethyl-N, N’-bis(8-quinolyl)cyclohexanediamine
(10) TPEN = N,N,N’,N’-tetrakis(2-pyridylmethyl)ethane-1,2-diamine
(11) trispicmeen = N-methyl-N,N',N'-tris(2-pyridylmethyl)ethane-l,2-diamine
(12) trispicen = [N,N’,N’-tris(2-pyridylmethyl)ethane-1,2-diamine
(13) [15]aneN4 = 1,4,8,12-Tetraazacyclopentadecane
(14) PY5 = 2,6-bis-((2-pyridyl)methoxymethane)pyridine
(15) OEP = octaethylporphyrin dianion, TPP = tetraphenylporphyrin dianion
(16) Hbppa = N-(2-pyridylmethyl)bis(6-pivalamido-2-pyridylmethyl)amine
(17) L8py2 = N,N’-bis(2-pyridylmethyl)-1,5-diazacyclooctane
(18) TpiPr2 = HB(pz′)3, where pz′ is 3,5-bis(isopropyl)pyrazolyl
(19) 6-Me2BPP = N,N-bis(6-methyl-2-pyridylmethyl)-3-aminopropionate
(20) N-Et-HPTB=N,N,N′,N′-tetrakis(1′-ethylbenzimidazolyl-2′-methyl)-2-hydroxy-1,3diaminopropane
(21) Me-BQPA = Bis(2-quinolylmethyl)-6-methylpyridyl-2-methylamine
(22) H4EDTA = N,N′-ethylenebis(N-(carboxymethyl)glycine)
(23) HPTB = N,N,N′,N′-tetrakis(2-benzimidazolylmethyl)-2-hydroxy-l,3-diaminopropane
(24) TBC = 1,4,8,11-tetrabenzyl-1,4,8,11-tetraazacyclotetradecane
(25) salen = 2,2'-Ethylenebis(nitrilomethylidene)diphenol
(26) H3TTPPC = 5,10,15- tris(2,4,6-triphenylphenyl)-corrole
(27) TBP = 4-tert-butylphenyl
(28) [14]ane = Cyclam = 1,4,8,1l-tetraazacyclotetradecane
(29) OEP = octaethylporphyrin
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Chapter 2

Ligand exchange and spin state
equilibria of FeII(N4Py) and related
complexes in aqueous media
pH dependent equilibria between spin states and tetra- and penta-dentate
coordination of the ligand N4Py to iron(II) are identified spectroscopically and
electrochemically.

Parts of this chapter have been published:
A. Draksharapu, Q. Li, H. Logtenberg, T. A. van den Berg, A. Meetsma, J. S. Killeen, B. L.
Feringa, R. Hage, G. Roelfes, W. R. Browne, Inorg. Chem., 2012, 51, 900-913.
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Abstract
In this chapter, the characterization and solution chemistry of a series of FeII
complexes based on the pentadentate ligands N4Py, MeN4Py and the tetradentate
ligand
Bn-N3Py
ligands,
i.e.
[Fe(N4Py)(CH3CN)](ClO4)2
(1),
[Fe(MeN4Py)(CH3CN)](ClO4)2 (2) and [Fe(Bn-N3Py)(CH3CN)2](ClO4)2 (3),
respectively are presented. The solution properties of 1 - 3 are investigated using 1H
NMR, UV/Vis absorption and resonance Raman spectroscopies, cyclic voltammetry
and ESI-MS. These data confirm that in acetonitrile the complexes retain their solid
state structure, but in water immediate ligand exchange of the CH3CN ligand(s) for
hydroxide or aqua ligands occurs with full dissociation of the polypyridyl ligand at
low (< 3) and high (> 9) pH. In the pH range between 5 to 8, complexes 1 and 2
show an equilibrium between two different species. Furthermore, the aquated
complexes show a spin equilibrium between low and high spin states with the
equilibrium favoring the high spin state for 1 but the low spin state for 2. Complex 3
forms only one species over the pH range 4-8, outside of which ligand dissociation
occurs. The species analysis and the observation of an equilibrium between spin
states in aqueous solution is proposed to be the origin of the effectiveness of
complex 1 in cleaving DNA in water with 3O2 as terminal oxidant.

2.1 Introduction
Bleomycins (BLMs) are a class of glycopeptide antibiotics isolated from
Streptomyces Verticillus and are used in the clinical treatment of head, neck and
testicular cancers.1 The iron complex of bleomycin (Fe-BLM) is capable of
effecting efficient cleavage of DNA1,2 and catalyzes oxidation of a number of
organic substrates with 3O2 or H2O2,3 respectively. The mechanism by which 3O2 is
activated by non-heme iron systems, such as Fe-BLM, has received much attention
recently.4 Many structural and functional model complexes for metallo-bleomycins
have been developed in particular as synthetic DNA cleaving agents.5,6 Our group,
together with Que and coworkers, have developed the pentadentate ligand
1,1-di(pyridin-2-yl)-N,N-bis(pyridin-2-ylmethyl)methanamine) (N4Py) as a
structural and functional model for the metal binding domain of the BLM.7,8 The
FeII complex [FeII(N4Py)(CH3CN)](ClO4)2 (1) has been characterized and shown to
be active both in organic functional group oxidative transformations with various
terminal oxidants9 and in the oxidative cleavage of DNA with 3O2.7b,10 To date
mechanistic studies of complex 1 and related complexes have focused either on
their chemistry and catalytic activity in non-aqueous solvents, where the terminal
oxidant employed is H2O2,7a,9 peracids11 or iodosylbenzenes,12 or on the cleavage of
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DNA in water with 3O2.10 The activity of 1 in generating the active oxidant species
with 3O2 that are capable of achieving DNA cleavage is remarkable7b,10,13 and the
reaction of 1 with 3O2 is proposed to lead ultimately to formation of a low spin
FeIII-OOH species.7c,14 The FeIII-OOH species is considered to be the precursor for
the active species that is responsible for DNA cleavage.10c It is apparent that the first
step in the catalytic cycle is the oxidation of FeII to FeIII by 3O2 to form superoxide
either by inner or outer sphere electron transfer.15 Recently Li et al, has shown that
the DNA cleaving activity of 1 can be enhanced further by excitation with light
(between 350 and 480 nm) in which excitation into the 1MLCT absorption bands of
1 leads to a rate enhancement for DNA cleavage.13 The enhancement is possibly due
to the removal of the spin forbidden nature of the electron transfer reaction between
1 and 3O2 or by transient partial ligand dissociation.
In order to understand the oxidation activity of FeII(N4Py) complexes in water with
3
O2 as terminal oxidant it is essential to understand the species formed from 1 when
dissolved in water, as it is these species which reacts with 3O2. In this chapter, a
combined electrochemical and spectroscopic study of 1 in aqueous and non-aqueous
media will be presented. The goal is to understand the effect of redox state and pH
on the coordination chemistry and electronic properties of 1 in solution. It is shown
that, in water, 1 exhibits remarkable pH dependence in its electrochemical and
spectroscopic properties, whereas in acetonitrile 1 is stable and retains the
molecular structure it has in the solid state. It is demonstrated that there are several
pH dependent equilibria, involving acid/base chemistry, ligand dissociation,
interchange between penta- and tetra- denticity of the N4Py ligand and importantly
equilibria between spin states of the species that are present at near neutral pH
values. The latter equilibria between singlet and (presumably an intermediate)
triplet and quintet states may hold the key to understand why 1 interacts with 3O2 to
ultimately cleave DNA and the enhancements in the DNA cleavage activity of 1
observed upon irradiation with UV and visible light.13
The complexes [Fe(MeN4Py)(CH3CN)](ClO4)2 (2) (MeN4Py = 1,1-di(pyridin-2yl)-N,N-bis(pyridin-2-ylmethyl)ethanamine) and [Fe(Bn-N3Py)(CH3CN)2](ClO4)2
(3)
(Bn-N3Py
=
N-benzyl-1,1-di(pyridin-2-yl)-N-(pyridin-2ylmethyl)methanamine), which are structurally analogous to 1, are investigated also
(Figure 1) and their properties are compared and contrasted with those of 1. In
complex 2, the N4Py ligand is modified with a methyl group at the tertiary carbon
of the ligand (MeN4Py). In complex 3, one of the pyridine rings is replaced by a
phenyl ring (Bn-N3Py) to increase the number of coordination sites available for
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solvent on the complex and to estimate the effect of partial ligand dissociation on
the spectroscopic and electrochemical properties of 1.

Figure 1 Structure of the ligands N4Py, MeN4Py, Bn-N3Py and their iron complexes 1-4.

2.2 Results
2.2.1 Synthesis and characterization of 1 - 3
The ligand N4Py and the complex [FeII(N4Py)(CH3CN)](ClO4)2 (1) were available
from earlier studies.7,8 d5-N4Py, where only the alkyl hydrogen atoms are
exchanged with deuterium, was prepared by heating N4Py at reflux in CH3CO2D.16
The FeII complex (d5-1) was prepared as for 1. MeN4Py was prepared by
deprotonation of N4Py with tert-butyllithium followed by methylation with methyl
iodide. Complexation of MeN4Py with either Fe(ClO4)3·xH2O or Fe(ClO4)2·7H2O in
methanol/acetonitrile
yielded
a
red
crystalline
complex
II
1
[Fe (MeN4Py)(CH3CN)](ClO4)2 (2), which was characterized by H NMR
spectroscopy and single crystal X-ray analysis (Figure 2). Alkylation of N3Py with
benzyl chloride in the presence of K2CO3 provided the ligand Bn-N3Py.
Complexation of Bn-N3Py with Fe(ClO4)2·7H2O in methanol/acetonitrile resulted in
the formation of red crystals, characterized as [FeII(Bn-N3Py)(CH3CN)2](ClO4)2 (3)
by Raman spectroscopy and X-ray analysis (Figure 2).
2.2.2 Single crystal X-ray structural analysis
The crystal structure of 1 has been reported previously.8 The crystal structures of 2
and 3 are shown in Figure 1 and the Fe-N bond lengths compared in Table 1. The
cation of 2 is located on a crystallographic mirror plane and shows a six coordinate
FeII center in a slightly distorted octahedral geometry (Figure 2). Five coordination
sites are occupied by N atoms from the ligand and the sixth by a molecule of
acetonitrile. The five Fe-N bonds between the ligand MeN4Py and the FeII center
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range from 1.951(3) to 1.963(3) Å and are characteristic of low-spin
FeII complexes17 such as 1,8 [Fe(bpy)3]2+,18 and [Fe(TPA)(CH3CN)2]2+.19

Figure 2 Structures of (a) 2 and (b) 3 with 50% probability ellipsoids.

Introduction of a methyl group on the tertiary carbon of the N4Py ligand was found
to have a (minor) effect on the Fe-N bond distances in 2, with Fe-N2 bond
becoming shorter than the Fe-N4 bond. The steric hindrance introduced by the
methyl group results in the Fe-N bond length to the two pyridine rings attached to
the tertiary carbon decreasing. The iron ion in 2 lies 0.2058(6) Å above the plane
formed by the pyridine nitrogen atoms, which is less than the iron ion in 1
(0.2071(5) Å)8 and reflects the increased stability of the complex upon introducing
the methyl group. It is accompanied by elongation of the Fe-Nacn bond (Table 1).
Table 1 Fe-N bond lengths for complexes 1 – 3.

a

18

2

3

Fe-Namine (Å)

1.961 (3)

1.963 (3)

2.0121 (16)

Fe-Npy (Å)a

1.967 (3)
1.976 (3)

1.951 (3)
1.951 (3)

1.9604 (15)
1.9616 (14)

Fe-Npy (Å)b

1.975 (3)
1.968 (3)

1.963 (3)
1.963 (3)

1.9616 (14)

Fe-Nacn (Å)

1.915 (3)

1.927 (3)

1.9387 (17)
1.9533 (16)

Fe-mean eq. plane (Å)

0.2071(5) Å

0.2058 (6) Å

b

pyridine attached to tertiary carbon, pyridine attached to secondary carbon
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In the case of the cation of 3 the six-coordinate FeII center is in a distorted
octahedral environment (Figure 2), ligated by four N atoms of the ligand and two
from CH3CN molecules, and arranged cis to each other. The Fe-N ligand distances
range from 1.9387(17) Å for Fe1-N6 to 2.0121(16) Å for Fe1-N3. The Fe-Namine
bond of 3 {2.0121(16)} is longer than the Fe-Namine bond {1.961(3)} of 1,8 however,
overall, the Fe-N bond lengths are comparable to those found for other low-spin
iron(II) complexes.17,18,19 The Fe-Nacn bond length increase slightly compared to 1
and 2.
2.2.3 1H NMR Spectroscopy
As expected for a low spin iron(II) complex, in acetonitrile-d3, 1, its isotopologue
d5-1, 2 and 3 are EPR silent and exhibit 1H NMR spectra between 0 to 10 ppm
(Figure 3). In the case of 3 some broadening and shifting of the signals in the
1
H NMR spectrum is observed due to exchange of the CH3CN ligands with trace
water.
The 1H NMR spectra of 1 (Figure 5) in D2O was essentially identical to that
obtained by in situ formation of the complex from N4Py and FeSO4 in D2O and
similar to related in situ prepared complexes,10a,20 indicating dissociation of the
CH3CN ligand in agreement with UV/Vis spectroscopy (vide infra). Addition of
acetonitrile to 1 in D2O results in a diamagnetic spectrum similar to that observed in
acetonitrile-d3 (Figure 4).

Figure 3 1H NMR spectra of (left) 1, d5-1 and 2 and (right) 3 in CD3CN. An expansion is
shown as insets for clarity. Note that the spectrum of 3 is highly sensitive to traces of water
with increasing paramagnetic character as the water content increases.
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Figure 4 1H NMR spectra of 1 (a) in CD3CN and (b) in D2O at pD 6.5 with 1 vol%
acetonitrile added.

The 1H NMR spectra of 1 in D2O were recorded between pD 1.9 and pD 11 (Figure
5). A considerable pD dependence is observed with broadened bands observed
between 5 and 100 ppm above pD 4.2. The shift in the bands to outside of the
0-10 ppm region is due to the paramagnetic character of the species formed from 1
in water. Additionally, sharp bands between 0 and 10 ppm below pD 4 and above
pD 9, consistent with free ligand. Notably there are two distinct sets of
paramagnetically shifted signals. One set is observed at pD 4.2 while the second set
is observed at pD 9.8 suggesting that the two complexes are in equilibrium.
pH jumping experiments confirm this. Between pD 6.8 and 9.8 both sets of signals
are present with increased broadening observed.

Figure 5 1H NMR (600 MHz) spectra of 1 in D2O at various pD values.

The 1H NMR spectrum of 2 in D2O shows moderate broadening compared to the
spectrum of 1, and below pD 6.5 it is otherwise similar to that observed in CD3CN
(Figure 6). Above pD 8, the appearance of weak signals of a paramagnetic complex
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are observed for 2 in addition to appearance of diamagnetic signals of free ligand. In
contrast to 1, ligand dissociation was not observed even at pH 1.5 indicating that the
presence of the methyl substituent increases the stability of 2 considerably.

Figure 6 1H NMR spectra of 2 (a) in CD3CN, (b) in D2O at pD 6.5 with CH3CN 1 vol% and
(c) in D2O at pD 6.5.

The 1H NMR spectra of 3 were obtained between -10 and 120 ppm in D2O over the
pD range between 2 to 11 and were found to be only moderately pD dependent. The
spectra between pD 3 and pD 7 show relatively sharp paramagnetically shifted
signals in the range 0 to 120 ppm. Above pD 3.8, the spectrum of a paramagnetic
species is observed while additional sharp signals are observed below pD 3.8 and
above pD 8, consistent with free ligand, suggesting that ligand dissociation is more
facile for 3 than for 1 (Figure 7). The spectra obtained at pD 3.8 and 6.5 are similar,
indicating that, in contrast to 1 and 2, for complex 3 only a single species is present
in solution at intermediate pD values.

Figure 7 1H NMR (400 MHz) spectra of 3 in D2O at various pD values.
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2.2.4 UV/Vis absorption spectroscopy
The UV/Vis absorption spectra of 1, 2 and 3 in acetonitrile and in water are shown
in Figure 8. In acetonitrile, all three complexes show two absorption bands in the
visible region assigned to metal to ligand charge transfer (1MLCT) transitions (vide
infra)21 and pyridyl centered ππ* transitions between 200-300 nm (assigned by
comparison with the absorption spectrum of the non-coordinated ligands). The
spectra of 1 and 2 are similar apart from a small red shift in two 1MLCT bands to
ca. 380 and 460 nm for 2. For compound 3 a substantial blue shift of both bands and
decrease in molar absorptivity is observed consistent with the replacement of one
pyridine by a CH3CN ligand.
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Figure 8 UV/Vis absorption spectra of 1 (solid line), 2 (dashed line) and 3 (dashdot line) in
(a) acetonitrile and (b) water (at pH 6.5); all solutions are 0.25 mM.

The UV/Vis absorption spectrum of 1 in aqueous solution (pH 6.5) is similar to that
observed in acetonitrile, however a broadening of the ligand ππ* transitions and
the two absorption bands in the visible region is observed (Figure 8). Furthermore
the visible absorption bands are half the molar absorptivity found in acetonitrile.
Comparison of the UV/Vis absorption spectra of 1 and 4 (where a chlorido ligand is
present instead of CH3CN) in water (Figure 9) with the spectrum obtained by in situ
formation of the complex from a 1:1 mixture FeSO4 and the N4Py ligand confirms
that, in aqueous media, the CH3CN ligand of 1 and the chlorido ligand of 4
dissociate fully upon dissolution.22
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Figure 9 UV/Vis spectra of 1 and 4 in water at ca. pH 4 and pH 9.

For 2 both of the 1MLCT absorption bands are slightly broadened in water
compared to acetonitrile and are shifted to longer wavelengths (Figure 8). The
molar absorptivities of the MLCT absorption bands are decreased by ca. 20% on
going from acetonitrile to water. In contrast, for 3 a blue shift and broadening in the
visible absorption bands as well as a substantial decrease in molar absorptivity is
observed in water compared with acetonitrile (Figure 8). A near complete decrease
in the absorptivity of the MLCT bands in water is expected23 for complexes that are
completely in a non-singlet (high spin) ground state. Hence the < 50% decrease for
1 and 2 indicates that there is a spin equilibrium between singlet and, e.g., quintet
states in water at pH 6.5.
The broadening of the bands and the decrease in intensity is almost fully reversed
by addition of 1 vol% of acetonitrile to the aqueous solution of 1 or 2 (Figure 10).
Indeed, titration of an aqueous solutions of 1 shows that conversion to the parent
acetonitrile bound complex is observed to reach a limit at a conc. of 50 mM (with
respect to 1). Furthermore, the ππ* transitions (200-300 nm) revert to the same
shape, as observed in acetonitrile. The effect of added acetonitrile on the spectra of
1 and 2 obtained in water confirms that the difference between the aqueous and
acetonitrile spectra are not due to solvatochromic effects but instead are due to
displacement of the CH3CN ligand by H2O. That the equilibrium favors the CH3CN
bound complex over the aquated complex is consistent with the difference in redox
potentials; the oxidation potential of Fe(II)-NCCH3 complex is 400-600 mV more
positive than that of the Fe(II)-OH2/-OH complexes (vide infra).
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Figure 10 UV/Vis absorption spectra of (a) 1 and (b) 2 in acetonitrile (dashed line), water
(pH 6, solid line) and in water at pH 6 with 1 vol% of acetonitrile added (dash dot line).
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Figure 11 (a) UV/Vis absorption titration plots for 1 in water and with addition of
acetonitrile. (b) Changes in the absorbance at λmax 378 nm and 454 nm.

For 3, opposite behavior is observed. Addition of up to 25 vol% of acetonitrile to an
aqueous solution of 3 has no effect on the absorption spectrum. By contrast addition
of water to an acetonitrile solution of 3 results in a change in the spectrum to that
observed in aqueous solutions when 25 vol% of water is added (Figure 12).
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Figure 12 UV/Vis titration plots 3 (a) in acetonitrile and with addition of water (in vol%)
and (b) in water and with addition of acetonitrile (in vol%).
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The pH dependence of the absorption spectrum of 1 in aqueous solution is shown in
Figure 13. There are two distinct pH ranges over which a change in the absorption
spectrum of 1 is observed. Between pH 4 and pH 2 the visible absorption bands
decrease in intensity. This change is assigned to protonation of the -OH ligand on
the basis of comparison with the pKa point identified in the Pourbaix plot (vide
infra). Between pH 8 and 12 a red shift in both absorption bands and a relatively
minor decrease in intensity at 378 nm are observed for 1.
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Figure 13 pH dependence of the (a) UV/Vis absorption spectra and (b) absorbance at 378
(filled squares) and 454 nm (open circles) of 1 in water.
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Figure 15 pH dependence of the absorption spectra of (a/b) 3 in water. The broad increase
in absorption observed at pH values above 8 is due to the formation of a precipitate causing
scatter.

The pH dependence of the absorption spectrum of 2 in water is shown in Figure 14a
and b and contrasts sharply with that of 1. For 2, only a relatively minor decrease in
the absorbance is observed upon lowering the pH from pH 6 to 1.5, which is
consistent with the pKa determined from the Pourbaix plot (vide infra) and with the
absence of ligand peaks of the 1H NMR spectra of 2 at low pH (vide supra).
Between pH 8 and 12, a red shift in both bands and a sharp decrease in the
absorbance are observed. The decrease in absorption upon an increase in pH, results
in 2 having a similar molar absorptivity as 1 at pH > 8. It should be noted that for 2
the decrease in absorption upon increase in pH is much larger than for 1, however,
this is due to the fact that for complex 1 at low pH the equilibrium between high and
low spin states is relatively more equal than for 2 which is predominantly low spin
(and therefore shows more intense absorption) at below pH 7.5 (cf. NMR section
and Scheme 1). The changes are fully reversible upon lowering the pH again.
The UV/Vis absorption spectra of 3 in water, is pH independent between 4 to 7.
Below pH 4 and above 8, a decrease and an increase in absorption occurred (due to
scattering due to the formation of a precipitate), respectively, is observed and based
on 1H NMR spectroscopy is assigned to ligand dissociation (Figure 15).
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2.2.5 Resonance Raman spectroscopy

Figure 16 Solid state Raman spectra of 1, d5-1, 2 and 3 at λexc 785 nm.

Resonance Raman spectroscopy was employed to probe the electronic origin of the
visible absorption bands observed in both acetonitrile and aqueous solutions and to
monitor changes in the first coordination sphere of the complexes. Importantly the
vibrational modes of the ligand alkyl amine backbone are enhanced in addition to
the pyridyl modes, which allow for changes in the conformation of the ligand
coordinated to the FeII ion to be identified.
Solid state Raman spectra of complexes 1, 2, 3 and d5-1 (Figure 16) confirm that the
structure of complexes 1 and 2, i.e. the pentadentate coordination of the N4Py
ligand to the FeII center, is retained in acetonitrile solution (Figure 17).
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Figure 17 Raman spectra of 1 a) 1 M in acetonitrile (solvent subtracted) b) as a solid
powder. λexc 785 nm. Insert. C≡N vibrational bands of the CH3CN ligand coordinated to the
FeII center. * artifact from solvent subtraction.
2.2.5.1 Resonance Raman spectroscopy in acetonitrile

Complex 1 has two absorption bands in the visible region (Figure 4). Raman
spectra, recorded in optically dilute solutions (0.1 mM) in acetonitrile at λexc 355,
400.8, 449 and 473 nm (Figure 18), show both strong enhancements of the Raman
spectrum of 1 by comparison with the Raman spectrum recorded at a non-resonant
wavelength (i.e. 785 nm) and a clear excitation wavelength dependence on the
relative intensities of individual bands.
At all wavelengths examined (which span both visible absorption bands),
vibrational modes are observed at 1608, 1571, 1485, 1304, 1272, 1159 and
1029 cm-1, which are assigned to pyridyl based vibrations by comparison with the
Raman spectrum of [Fe(bpy)3]2+ (1608, 1565, 1492, 1322, 1278, 1175, 1026 cm-1).24
The modes at 1464, 1375, 1304, 1288, 1228 and 1076 cm-1 are assigned as C-H
vibrational modes of the alkyl amine backbone on the basis of the isotope shifts
observed in the spectra of d5-1 in which the alkyl hydrogens are exchanged for
deuterium (Figure 19). The 1608 cm-1 mode of 1 is more intense relative to the
1571 cm-1 mode at λexc 355 and 400.8 nm (i.e. absorption band II), however, at λexc
449 and 473 nm (i.e. absorption band I) the reverse is the case with the 1571 cm-1
mode more intense than the 1608 cm-1 mode. Overall, the spectra are typical for
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FeII and RuII polypyridyl complexes24,25,26 and the visible absorption bands of 1 are
assigned as 1MLCT with transfer of charge from FeII to the pyridyl rings; albeit with
a substantial contribution from the ligand’s alkyl amine backbone. The
enhancement of alkyl amine modes, is advantageous as it allows for changes in the
first coordination sphere to be monitored in detail (vide infra). A similar excitation
wavelength dependence of the resonance Raman spectrum of 2 was observed. The
resonance Raman spectra of 1 and 2 in acetonitrile at λexc 473 nm are shown in
Figure 20. The spectra are essentially identical in the regions between
1400-1700 cm-1 and 1000-1100 cm-1 with only minor shifts in the pyridyl based
modes. As expected the modes due to the alkyl amine backbone of the ligand are
distinctly different in the range 1200-1400 cm-1.

Figure 18 Resonance Raman spectra of 1 (0.1 mM) in acetonitrile at λexc 355, 400.8, 449
and 473 nm. The region with distortion due to incomplete subtraction of solvent bands is
masked.
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Figure 19 Resonance Raman spectra of 1 and d5-1 in acetonitrile at 0.1 mM (at
λexc 473 nm). The region with distortion due to incomplete subtraction of solvent bands is
masked. # denotes bands assigned to the alkyl amine modes.

Figure 20 Resonance Raman spectra of (a) 1, (b) 2 at λexc 473 nm and (c) 3 at λexc 449 nm
(0.1 mM) in acetonitrile. Spectra are solvent subtracted, residual solvent bands are masked.

For complex 3 vibrational modes are observed at 1610, 1572, 1477, 1327, 1275,
1159 and 1033 cm-1 (Figure 20c), all of which are assigned to pyridyl based
vibrations by comparison with the Raman spectrum of [Fe(bpy)3]2+ (1608, 1565,
1492, 1322, 1278, 1175, 1026 cm-1).24 The modes at 1296, 1223 and 1207 cm-1 are
assigned to the alkyl amine backbone based on comparison with the resonance
Raman spectra of 1. The band at 1003 cm-1 is assigned to a phenyl ring vibrational
mode.
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2.2.5.2 Resonance Raman spectroscopy in water

The resonance Raman spectra of 1 in water (pH 7.6) and acetonitrile are shown in
Figure 21. The spectra are similar however there are a number of differences in the
position and the relative intensities of certain modes. The most notable changes in
the spectrum are observed in the region 1200-1400 cm-1. The bands that change are
modes of the alkyl amine ligand backbone. The changes in these modes indicate
that the coordination sphere of the complex, such as Fe-N bond lengths, is changed
slightly, i.e. the conformation of the alkyl amine ligand backbone, as expected due
to the replacement of a CH3CN ligand for a hydroxido ligand.

Figure 21 Resonance Raman spectra at λexc 473 nm of 1 in acetonitrile (solid line) and water
(dotted) at pH 7.6. * Distortion due to imperfect solvent subtraction.
2.2.5.3 pH dependence of the resonance Raman spectroscopy of 1

The resonance Raman spectra of 1 in aqueous solution were obtained over the range
pH 2.4 to pH 11.7 with SO42- as internal reference (Figure 22). At pH 7.6, the bands
are most intense with respect to the spectra obtained at higher and lower pH.
Between pH 2 and 4, the intensity of the vibrational modes of 1 decrease and below
pH 2, they become too weak to be detected. This is consistent with the decrease in
the UV/Vis absorption that is observed over this pH range and 1H NMR spectra
showing dissociation of the ligand at low pH (vide supra). Although the absolute
intensity decreases as the pH is lowered, the spectrum itself is otherwise unchanged
with the relative intensities of individual bands remaining constant.
Above pH 8 a substantial change in the spectrum was observed. The modest
decrease in intensity over this pH range is consistent with the decrease in
absorbance at 473 nm. Furthermore the change in the relative intensity of the
1605 cm-1 and 1571 cm-1 band is most probably due to the bathochromic shifting of
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band I. Importantly, there is a clear change in the spectrum in the region
1100-1300 cm-1, which cannot be ascribed to changes in the UV/Vis absorption
spectrum, specifically the modes at 1375, 1304 and 1228 cm-1 either are lower in
relative intensity or are absent at high pH (> 8). The differences between the spectra
recorded at low and high pH can be assigned, therefore, to significant changes in the
coordination of the ligand.23 The resonance Raman spectrum of 3 in acetonitrile and
in water at pH 6.5 are more similar to the spectrum of 1 in water at pH 9.1 than the
spectrum of 1 in water at pH 7.6. This indicates that on going from low to high pH
the N4Py ligand of complex 1 switches from penta- vs tetra- dentate, i.e. at high pH,
one of the pyridine rings dissociates from the FeII center and a coordination of an
additional hydroxido ligand.

Figure 22 Resonance Raman spectra of 1 in water at various pH values at λexc 473 nm at
0.5 mM (spectra are normalized to the 981 cm-1 band of the 0.05 M SO42- internal
reference). For the corresponding UV/Vis absorption spectra of the solutions used to obtain
the Raman spectra Figure 6a. *SO42- , **ClO4-.
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The resonance Raman spectra of 2 in aqueous solution were obtained also between
pH 2.1 to 11.4 with SO42- as internal reference. Confirmation that the CH3CN ligand
of 2 is fully dissociated in water is obtained from the correspondence of the
spectrum of 2 in water with that of the in situ prepared complex (from FeSO4 and
MeN4Py ligand). In addition, as for the UV/Vis absorption spectrum of 2 in
aqueous solution, addition of 1 vol% of acetonitrile leads to a change to a resonance
Raman spectrum identical to that observed for 2 in acetonitrile (Figure 24).

Figure 23 Resonance Raman spectra at λexc 473 nm of the 1 (a) in acetonitrile, (b) in water
(pH 7, solid line) at 0.5 mM, (c) after addition of 1 vol% of acetonitrile to the aqueous
solution of 1 (dotted line) and (d) after addition of NaCl (0.1 M). The region in (a) with
distortion due to incomplete subtraction of solvent bands is masked.

At pH 7.5, 4.5 and 2.1 the bands of 2 are most intense with respect to the spectra
obtained at higher pH. This is consistent with the UV/Vis absorption spectrum,
which is essentially unchanged over this pH range (Figure 14). Above pH 8 the
intensity of the bands decrease, consistent with the decrease in absorbance over this
pH range and as observed for 1, substantial changes in both relative intensity and
band position were observed. In particular the bands associated with the alkyl amine
ligand backbone are most affected, indicating that a change in the ligand
conformation and also coordination mode occurs between pH 7 and pH 9. At pH 11
the overall intensity is decreased consistent with ligand dissociation at this pH.
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2.2.6 Electrochemistry
Cyclic voltammetry of 1 shows a reversible oxidation at 1.1 V in acetonitrile and at
ca. 0.4 V in water (pH 6.5), respectively (Figure 24). Addition of water (1 vol%) to
an acetonitrile solution of complex 1, renders the otherwise reversible oxidation,
irreversible with a new reduction wave observed at 0.6 V on the return cycle (Figure
24a). The correspondence of the potential of the new reduction wave with that of
the oxidation potential of 1 in water (under acidic conditions) indicates that
although the coordination of CH3CN is favored in the FeII oxidation state, when
oxidized to FeIII the CH3CN ligand is displaced readily by H2O. This is reversed
upon reduction of FeIII back to the FeII oxidation state as expected based on the
preference of nitrogen donor ligands for low spin FeII due to back bonding
stabilization.27
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Figure 24 Cyclic Voltammograms of 1 (0.5 mM) (a) in acetonitrile (0.1 M TBAPF6) (solid
line) and after addition of 1 vol% water (dashed line); (b) in water (0.01 M KNO3) (solid
line) and after addition of 1 vol% acetonitrile (dashed line). Scan rate 0.1 V s-1.

It should be noted that the ligand exchange with H2O is not coupled to the electron
transfer process as shown by the increased reversibility at higher scan rates (Figure
25) and hence an EC mechanism is in operation.
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Figure 25 Cyclic voltammetry of 2 (0.5 mM) in acetonitrile with 10 vol% water (0.1 M
TBAPF6, scan rate 0.1 to 20 V s-1). Voltammograms are normalized to the (scan rate)½.

Although from UV/Vis absorption spectroscopy it is apparent that addition of
acetonitrile to an aqueous solution of 1 results in immediate reversion to a CH3CN
bound complex (Figure 10), the effect on the cyclic voltammetry is not so clear
(Figure 24b). Addition of 1 vol% of acetonitrile to an aqueous solution of 1 would
result in a shift of the oxidation wave to ca. 1 V. Instead, only a modest shift of
100 mV of the oxidation wave to more positive potentials and the appearance of a
new irreversible oxidation wave at ca. 0.8 V are observed. These observations can
be rationalized by considering that the CH3CN and aqua ligands exchange rapidly in
aqueous solution and although the equilibrium lies in favor of coordination of
CH3CN, the rate of the forward and reverse reactions are sufficiently high with
respect to scan rate to result in a less positive oxidation wave. Similar behavior is
observed for 2 also.
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Figure 26 Cyclic voltammograms of 3 (0.5 mM) in acetonitrile (solid line, 0.1 M TBAPF6)
and in water (dashed line, 10 mM KNO3) (scan rate 0.1 V s-1).

The cyclic voltammetry of 3 in acetonitrile shows a single quasi-reversible redox
wave for the FeIII/FeII couple at 1.15 V. Addition of water (< 1 vol%) to an
acetonitrile solution results in the oxidation wave at 1.15 V becoming irreversible
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and an increase in the intensity of the subsequent reduction wave at 0.63 V and a
smaller reduction wave at 0.30 V. In water (pH 6.5) the oxidation potential of 3 is
0.44 V.
2.2.6.1 pH dependence of the redox chemistry of 1, 2 and 3

As for the 1H NMR, UV/Vis absorption and resonance Raman spectroscopy, the
redox chemistry of 1 and 2 in water is pH dependent.
2.2.6.2 pH dependence of the cyclic voltammetry of 1

Between pH 2.5 and 5 only one redox wave (species A in Figure 30 15a) is
observed within the accessible potential window (Figure 27). The E½ increases
linearly below pH 4 (see Pourbaix plot, Figure 30a). Below pH 2.5 an additional
electrochemically irreversible redox wave is observed assigned to ligand dissociated
iron(II) species (e.g., Fe(H2O)62+, by comparison with the FeSO4 under the same
conditions, Figure 28).
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Figure 27 Cyclic voltammograms of 1 (0.5 mM) in water (10 mM KNO3) at pH (a) 1.5, 1.7
and 1.9, (b) 2.0, 3.0 and 4.0. Scan rate: 0.1 V s-1.
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Figure 28 Cyclic voltammetry of FeSO4 (1 mM) in water at pH 3.7 and pH 2.0 (scan rate
0.1 V s-1), vs SCE.
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Above pH 5, a second reversible redox wave (species B in Figure 30a) at lower
potential (~100 mV) is observed (Figure 29a). At pH 8 only the redox wave at
ca. 50 mV is observed. Notably the stability of species A in the Fe(III) state is
considerably less than that of species B (i.e. the redox wave at 300 mV becomes
increasingly irreversible as the pH is raised). Above pH 9 the E½ decreases with a
pH dependence consistent with a 1e-/1H+ coupled process. At pH > 11 the complex
is unstable manifested in a decrease in the current density of the redox wave, and at
pH > 13, decomplexation is complete (Figure 29b). The decomplexation is in
agreement with the observation of non-coordinated ligand by 1H NMR spectroscopy
(vide supra).
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Figure 29 Cyclic voltammograms 1 (0.5 mM) in water (10 mM KNO3) at pH (a) 5.1, 6.0,
6.7 and 7.5 and (b) 8.5, 9.5, 10.5 and 11.8. Scan rate: 0.1 V s-1.

The Pourbaix plot for 1 in aqueous solution (Figure 30a) indicates that two distinct
species are present in solution between pH 5 and 8. Furthermore between pH 1.8
and 4.6 and above pH 9, the reduction potential is pH dependent in a manner
consistent with a 1e-/1H+ coupled redox process (slope is ~ -59 mV/pH). For the
species present at low pH (species A), the reduced form (i.e. the FeII complex) has a
pKa of 4.5, while for the oxidized form (i.e. the FeIII complex) the pKa is 1.9. For the
species present at higher pH values (species B), the pKa of the FeII state is > 12
while for the FeIII state the pKa is 8.9.
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Figure 30 Pourbaix plot for 1 and 2 in water (10 mM KNO3).
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Figure 31 pH jumping experiments (a) 1 in water pH from 6.8 to 2.2 to 11.0 and (b) 1 in
water pH from 10.2 to 4.4 to 2.2. The solutions were held at each pH value for several
minutes before pH was adjusted again. Complexes are 0.5 mM. Scan rate 0.1 V s-1.

At pH values less than pH 3 and greater than pH 10, an additional factor is ligand
dissociation (as confirmed by 1H NMR spectroscopy, vide supra). For clarity the
redox chemistry of the dissociated iron is not described in the Pourbaix plot (Figure
30a). Importantly, pH jumping experiments show that over short periods the ligand
dissociation observed at low and high pH is fully reversible. Indeed the initial pH
and direction of pH change was found to have no influence on the pH dependence
observed (Figure 31). Furthermore, the cyclic voltammetry of 1 and 4 (which has a
chlorido ligand in place of the CH3CN ligand) are identical at all pH values
confirming that the complexes are fully solvated.
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Figure 32 pH jumping experiments followed by resonance Raman spectroscopy at 473 nm
(a) 2 in water at pH 2.1 (b) 2 in water at pH 2.0 {after solution was first brought to pH
11.4}, (c) 2 in water at pH 11.4 and (d) 2 in water at pH 11.4 {after solution was first
brought to pH 2.1}. (0.05 M Na2SO4 internal reference, * mode of SO42-, ** mode of ClO4-.
2.2.6.3 pH dependence of the cyclic voltammetry of 2 and 3

Complex 2 shows similar electrochemical behavior as 1. Overall the stability of 2
with respect to full ligand dissociation is greater at low and high pH than observed
for 1. By contrast, the oxidation potential of 3 is only moderately pH dependent
with an increase in E½ below pH 4.5 which may indicate that the pKa of 3 is at
ca. 4.5 (Figure 33). Below pH 3 and above 8.5 the complex was found to be highly
unstable with respect to ligand dissociation, in agreement with the 1H NMR spectra
of 3 in D2O (vide supra).
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Figure 33 Pourbaix plot for 3 in water (10 mM KNO3).
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2.2.7 Electrospray ionization mass spectrometry (ESI-MS)
ESI-MS is a widely applied technique in the characterization of first row transition
metal complexes allowing for study under a wide range of solvent conditions.28 In
the present study however, obtaining signals in pure or buffered aqueous solutions
was found to be impractical due to poor spray formation. Therefore, tBuOH/H2O
mixtures were employed to allow for a stable electrospray. Because of the solvent
dependence observed for the FeII(N4Py) complexes (UV/Vis absorption
spectroscopy, vide supra), control experiments were performed to confirm that the
species present in tBuOH/H2O were the same as those present in water. From the
UV/Vis absorption spectra and cyclic voltammetry it is apparent that at the 25 vol%
of tBuOH there is a minor change observed compared to in water alone, which is
possibly due to oxidation to the FeIII state. A further consideration in performing
and interpreting of the ESI-MS data obtained is the limited control over pH
achievable in the spray due to the nature of the ESI technique itself and the potential
for in situ redox reactions and oxidation by oxygen.33 Notwithstanding these
considerations,29 ESI-MS indicated the presence of several structures in solution
that are consistent with other spectroscopic and electrochemical data.
The ESI-MS spectrum of 1 in tBuOH/H2O (1:4 v/v) at pH 2 and 6, the CH3CN
ligand is dissociated with several major ions observed including
[FeII(N4Py)(OH2)]2+/[FeIII(N4Py)(OH)]2+ (m/z 220.2),30 [FeIII(N4Py)(tBuO)]2+
(m/z 248.3) [FeII(N4Py)](ClO4)+ (m/z 522.3), [FeIII(N4Py)(OH)](ClO4)+ (m/z 539.3)
and [FeIII(N4Py)(tBuO)](ClO4)+ (m/z 595.3). At pH 11, signals assigned to
[FeII(N4Py)(OH)]+ (m/z 440) and [FeIII(N4Py)(OH)2]+ (m/z 457) are observed
primarily. The observation of species in the FeIII oxidation state is not unexpected
given the relatively low redox potential in water (vide supra) and the propensity for
the complexes to be oxidized by O2. It should be noted that the corresponding FeII
complex of [FeIII(N4Py)(OH)2]+ is neutral and hence its presence in solution is not
observable by mass spectrometry.

2.3 Discussion
In the present study the pH dependence of the electrochemical and spectroscopic
properties of 1 are compared and contrasted with those of the related complexes 2
and 3 (Figure 1). The complexes were characterized by single crystal X-ray
analysis, 1H NMR and Raman spectroscopy. The structures of complexes 1 - 3
observed in the solid state (see X-ray Crystallography section) are retained in
acetonitrile solution as confirmed by the correspondence between solution and solid

59

Chapter 2
state (non-resonant) Raman spectroscopy. As expected for low spin FeII complexes,
in acetonitrile-d3 1, 2 and 3 are EPR silent and exhibit a diamagnetic 1H NMR
spectrum between 0 to 10 ppm. The solution properties of these complexes were
studied by 1H NMR, UV/Vis absorption, Raman and resonance Raman
spectroscopy, electrochemistry and ESI-MS in both aprotic (acetonitrile) and protic
(water) solvents. The multi-technique approach taken allows for a deeper
understanding to emerge of both the coordination chemistry and electronic structure
of the complexes in aqueous and non-aqueous media and importantly the pH
dependence of the equilibria between the various species present in solution, as
summarized in schemes 1 and 2 below.

Scheme 1 Species and equilibria occurring in aqueous/acetonitrile mixtures for 1 and 2.

In aqueous/acetonitrile solutions of 1 and 2, an equilibrium between the CH3CN and
H2O bound complexes are such that in the FeII oxidation state coordination of
CH3CN is favored whereas in the FeIII state coordination of water dominates the
equilibrium. Indeed even millimolar amounts of water are sufficient to displace the
CH3CN ligand in the FeIII state. The effect of addition of acetonitrile to aqueous
solutions of the complexes on their UV/Vis absorption spectrum shows that the
equilibrium favors CH3CN with respect to H2O coordination in the FeII state.
However from cyclic voltammetry it is apparent that the equilibrium between the
two states is reasonably fast on the electrochemical timescale (tens of milliseconds).
For 3 an opposite behavior is observed with facile displacement of at least one of
the CH3CN ligands by an hydroxido or aquo ligand.
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Scheme 2 Species and equilibria occurring in aqueous solution for complexes 1 and 2
(potentials and pKa values are approximate; see text for details).

For all three complexes, ligand dissociation is a key feature of their aqueous
chemistry at low (< pH 3) and high (> pH 9) pH and is readily observed by 1H
NMR spectroscopy and electrochemistry. The stability of the complex with regard
to ligand dissociation is in the order 3 < 1 < 2, with 2 forming the most stable
complexes. The discussion below will however consider pH ranges in which the
ligands are coordinated to the FeII.
2.3.1 Complex 1 in aqueous solutions
The species present in aqueous solutions of 1 are highly pH dependent. It is certain
that, upon dissolution in water, the CH3CN or chlorido ligands (in the case of 4)
dissociate fully and the complex is solvated as confirmed by comparison with in
situ formation of the complex by mixing free ligand with FeSO4. An equilibrium is
established between two distinct species in solution (species A and B, Scheme 2) in
addition to acid/base chemistry at low (ca. pH 2 - 4) and high (ca. pH 9) pH and
ultimately ligand dissociation at below pH 2.5 and above pH 9. This is most clearly
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seen in the Pourbaix plots (Figure 30) and the pH dependence of the UV/Vis
absorption spectrum (Figure 13).
The pH dependence of the resonance Raman spectrum (Figure 22) tracks, in terms
of overall intensity, the changes observed in the absorption spectrum, i.e. the lower
the absorbance the weaker the spectrum and vice versa, and the relative intensity of
the Raman scattering from each of the vibrational modes varies in accordance with
blue/red shifts in the main absorption bands. Furthermore the pyridyl modes, in
particular the band at 1605 cm-1, are typical of resonance enhancement by excitation
into a 1MLCT band for a low spin FeII complex.25 A more subtle change is observed
also in the vibrational structure associated with the alkyl amine ligand backbone.
The concomitant disappearance and appearance of modes is indicative of two
distinct species (labeled A and B, Scheme 2) present in a pH dependent equilibrium.
The range over which the change in the relative contribution of each species to the
total signal in the Raman spectrum is coincident with the changes observed in the
UV/Vis absorption spectra between pH 7 and 9 (Figure 13) and the appearance of
two distinct redox waves in the cyclic voltammetry. The differences in the Raman
spectra of the two species together with the pKa’s of the two species lying outside of
the pH 7-9 region indicates that the changes observed in this pH range by 1H NMR,
UV/Vis absorption and Raman spectroscopy and by cyclic voltammetry are due to a
structural change in the complex; specifically the detachment of one of the pyridyl
rings from the FeII at high pH (> ca. 8) (Scheme 2).31
2.3.2 Assignment of the molecular structure of the species present at low and
high pH
The close correspondence of the resonance Raman spectrum of 1 in water at pH 6-7
and in acetonitrile together with confirmation that the CH3CN ligand of 1
dissociates fully in water support the assignment of species A (scheme 2) as
[FeII(N4Py)(OH)]+. The observation of a m/z signal at 220 is consistent with this
assignment. the changes observed in the ligand alkyl amine modes compared with
species A and with 1 in acetonitrile solution and the decrease in redox potential are
consistent with the assignment of the structure [FeII(N4Py)(OH)2] to species B. This
assignment is supported further by the correspondence of the Raman spectra of 3
with species B. Mass spectrometry, despite the caveats mentioned in the results
section, supports, albeit tentatively, the assignment of the species made in Scheme
2, although the major signals observed are the FeIII forms of species A and B.

62

Ligand exchange and spin state equilibria of FeII(N4Py)
2.3.3 Spin state of aqueous species A and B
Although a priori one would expect that the FeII complex present in aqueous
solution would be in a high spin state (typically the quintet state), 1H NMR, UV/Vis
absorption and resonance Raman spectroscopy suggest that for 1 there is a
substantial (ca. 50%) proportion of the complex in a low spin (singlet) state.
For 1, the 1H NMR spectrum shows a strong paramagnetic downfield shift
consistent with the complex in a non-singlet ground state (Figure 5). However at pH
< 8 the resonances are broadened and it is clear that of the two species (A and B)
are present in a pH dependent equilibrium, species B (high pH) shows much sharper
resonances than species A. The timescale of 1H NMR spectroscopy (ms) results in a
spectrum that is the weighted average of the species present in solution. Hence the
spectral broadening indicates that species A and B show spin equilibrium with
relatively equal amounts (based on molar absorptivities) of singlet spin and,
presumably, quintet species.
UV/Vis absorption and Raman spectroscopy represent shorter experimental
timescales (fs) and hence each species contributes to the spectrum in an additive
manner, i.e. the spectra are a sum of the individual contributions. The UV/Vis
absorption spectra of 1 in aqueous solution (Figure 13) are consistent with the
conclusions drawn from the 1H NMR spectral data (Figure 5). A red shift in the
visible bands is observed and a decrease in absorptivity compared with the spectrum
in acetonitrile is observed, however the resonance Raman spectrum shows that,
certainly in the case of species A (above pH 4) and species B, at least 50% is in a
low spin state. Below pH 4 species A is protonated and the decrease in the visible
absorption indicates that the high spin state is dominant for the protonated complex
(scheme 3).
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Scheme 3 Relative ratios of singlet and high spin state species for each species for 1 and 2.

2.3.4 Comparison of 1 with 2
In complex 2, the N4Py ligand is modified with a methyl group at the tertiary alkyl
carbon of the ligand (MeN4Py). This change to the N4Py ligand was not expected
to show a substantial effect on the electronic properties compared to N4Py, but to
introduce greater rigidity (through steric hindrance) to the ligand when complexed
to FeII. Surprisingly this modification was found to have a clear effect on the
complex’s electronic properties and improved the stability of 2 with respect to
ligand dissociation in aqueous solutions below pH 2 and above pH 9 compared with
1. The difference in stability between 1 and 2 is not due to the replacement of the
sensitive tertiary proton in the alkyl amine backbone of 1, but more likely due to
steric effects of the methyl group, which stabilizes the complex by pushing the two
adjacent pyridyl rings towards each other and the FeII center. For 2 the introduction
of the methyl group in the ligand alkyl amine backbone decreases the Fe-N ligand
bond lengths and increases the stability further especially at low pH. The stability of
the ligand and reversibility of the ligand dissociation is confirmed by the full
reversibility observed in pH jumping experiments (Figure 31 and Figure 32).
2.3.5 Spin state of aqueous species (2)A and (2)B
Overall the aqueous chemistry of 2 mirrors that of 1 however there are several
important differences. In contrast to 1 the 1H NMR spectrum of 2 at pH < 8 is an
essentially diamagnetic 1H NMR spectrum with only minor line broadening. At
higher pH values (pH > 8) resonances shifted to the same extent as for 1, are
observed. For 1 the decrease in absorptivity in water compared with acetonitrile is
ca. 50%. For 2 the difference in absorptivity between water and acetonitrile is
ca. 20% only. Taken together these data indicate that for species (2)A the singlet
state is favored over a high spin species at pH < 8. At higher pH the UV/Vis

64

Ligand exchange and spin state equilibria of FeII(N4Py)
absorption decreases, consistent with a shift towards a high spin species (2)B. By
comparison with the absorptivity of 1 at high pH, it appears that species B and
species 2(B) show similar equilibria between low and high spin states.
2.3.6 Comparison of 1 and 2 with 3
In the case of 3, one of the pyridine rings of the ligand is replaced by a phenyl group
(Bn-N3Py) to increase the number of coordination sites on the complex available to
solvent and to estimate the effect of partial ligand dissociation on the spectroscopic
and electrochemical properties of 1. In acetonitrile solution both of the free
coordination sites are occupied by CH3CN ligands. The resonance Raman spectrum
of 3 in acetonitrile (Figure 20c) is consistent with a low spin FeII polypyridyl
complex in particular with regard to the relative intensity of the 1610 cm-1 mode.25
In aqueous acetonitrile solutions, 3 exhibits similar behavior as observed for 1 and 2
except that in this case two solvent molecules are exchanged upon change of
oxidation state. In aqueous media the CH3CN ligands are displaced by either aquo
and/or hydroxido ligands. The tetradentate ligand is relatively ineffective in forming
a stable complex except at intermediate pH values (pH 4-8) with ligand dissociation
apparent both in the 1H NMR spectra and in the cyclic voltammetry at pH < 4 and
pH > 8.
It is apparent from the pH dependence of the electrochemistry, 1H NMR
spectroscopy (in which only a single paramagnetic species with reasonably sharp
resonances is observed in D2O) and UV/Vis absorption spectroscopy that in
aqueous solution complex 3 solvates to form a high spin FeII complex. For 3, the
blue shift and large decrease in absorption compared with that in acetonitrile
solution is consistent with a high spin FeII species. Comparison of the Pourbaix
plots (Figure 30) for 1 (and 2) with that of 3 would indicate that the species present
at low pH (i.e. species A) would resemble 3 most. However, the possibility of
hydrogen bonding interaction between the free pyridyl ring and the coordinated
hydroxide could account for the difference in redox potential of 3 and species
formed by 1 and 2 at high pH.

2.4 Conclusions
In this contribution we have undertaken a combined spectroscopic and
electrochemical study of the oxidation catalyst 1 in acetonitrile and aqueous
solutions. The results were compared and contrasted with the analogous complexes
2 and 3. Overall the pH dependence of 1 (and 2) show that in addition to the
expected acid/base chemistry, two species (A and B) are present in pH dependent
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equilibrium. Importantly there are additional equilibria for species A (and B)
between the low (singlet) and high spin (e.g., quintet) states. The extents of the
equilibria are dependent on pH and on molecular structure with 2 showing increased
stabilization of the singlet state especially for species (2)A compared with species A
(formed from 1). This is especially the case at low pH (< 4). For 3 only a single
high spin species is present in water.
For 1 in aqueous solution the interconversion between the singlet and, presumably,
quintet states may be key to understanding the ability of 1 to engage in oxidative
DNA cleavage with 3O2. The interconversion between the singlet and higher spin
states would be expected to involve an intermediate triplet state, the transient
formation of which would facilitate electron transfer to 3O2, the first step in the
cleavage of DNA by 1 with 3O2. This conclusion is consistent with our recent
observation13 that visible and near-UV light can enhance the activity of 1 in
cleaving DNA in which the transient population of the triplet state of 1
([N4PyFeII(OH)]+) following photoexcitation in the 1MLCT states would be
expected.
In conclusion, the combined electrochemical and spectroscopic study of the pH
dependence of 1-3 demonstrates the remarkably complex coordination chemistry
that these species exhibit in aqueous solution. The results reported form a solid
foundation on which a mechanistic understanding can be built of the activity of
complexes such as 1 in oxidation catalysis with molecular oxygen and the
complexes formed after reaction of high valent FeIV=O complexes with organic
substrates.
2.5 Experimental section
The ligands 1,1-di(pyridin-2-yl)-N,N-bis(pyridin-2-ylmethyl)methanamine (N4Py)7a and
N-benzyl-N-[di(2-pyridinyl)methyl]-N-(2-pyridinylmethyl)amine
(Bn-N3Py)32
were
8
prepared by literature methods. The complexes [Fe(N4Py)(CH3CN)](ClO4)2 (1), [Fe(BnN3Py)(CH3CN)2](ClO4)2 (3)32 and [Fe(N4Py)(Cl)](ClO4) (4)8 were prepared and isolated as
previously reported.
2.5.1 Physical Methods
For details of X-ray crystallography of complexes 2 and 3, see SOI of reference 19. 1H NMR
spectra (400 MHz and 600 MHz) were recorded on a Varian Mercury Plus. Chemical shifts
are denoted relative to the residual solvent peak (1H NMR spectra CD3CN, 1.94 ppm; D2O,
4.79 ppm; CD3Cl, 7.26 ppm). pD for 1H NMR studies was controlled by addition of NaOD
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or H2SO4 (diluted in D2O) and measured using a pH meter; pD values are not adjusted for
the difference between the pD/pH scales and are therefore indicative only. Elemental
analyses were performed with a Foss-Heraeus CHN Rapid or a EuroVector Euro EA
elemental analyzer. UV/Vis absorption spectra were recorded with a HP8453
spectrophotometer or a Specord600 (AnalytikJena) in 1 cm path length quartz cuvettes.
Electrochemical measurements were carried out on a model CHI760B Electrochemical
Workstation (CH Instruments). Analyte concentrations were typically 0.25 - 0.5 mM in
water containing 10 mM potassium nitrate and in acetonitrile containing 0.1 M
tetrabutylammonium hexafluorophosphate [(TBA)PF6]. Unless stated otherwise, a 3 mm
diameter Teflon-shrouded glassy carbon working electrode (CH Instruments), a Pt wire
auxiliary electrode and an SCE or Ag/AgCl reference electrode were employed. Cyclic
voltammograms were obtained at sweep rates between 1 mV s-1 and 1 V s-1. All potential
values are quoted with respect to the SCE. Redox potentials are reported ±10 mV. ESI-MS
spectra of ligands were recorded on a Triple Quadrupole LC/MS/MS mass spectrometer
(API 3000, Perkin-Elmer Sciex Instruments). Mass spectra in tBuOH/H2O solvent mixtures
were measured as described previously33 in positive mode and in the range m/z 100-900.
Samples were prepared using doubly distilled water and pH was adjusted using dilute
aqueous H2SO4 and NaOH solutions. Solutions were purged with argon to exclude 3O2 prior
to measurements. FTIR spectra were recorded using a UATR (ZnSe) with a Perkin Elmer
Spectrum400, equipped with a liquid nitrogen cooled MCT detector. Raman spectra were
recorded at λexc 785 nm using a Perkin Elmer Raman Station at room temperature. Raman
spectra were obtained with excitation at 400.8 (50 mW at source, PowerTechnology), 449
nm (35 mW at source, PowerTechnology), 473 (100 mW at source, Cobolt Lasers), and 355
nm (10 mW, Cobolt Lasers) to the sample through a 5 cm diameter plano-convex lens (f = 6
cm) and Raman scattering collected in a 180o backscattering arrangement. The collimated
Raman scattering was focused by a second 5 cm diameter plano convex lens (f = 6 cm)
through an appropriate long pass edge filter (Semrock) into a Shamrock300i spectrograph
(Andor Technology) with a 1200 L/mm grating blazed at 500 nm, or 2400 L/mm blazed at
400 nm and acquired with an DV420A-BU2 CCD camera (Andor Technology). The spectral
slit width was set to 10 or 20 μm. Each spectrum was accumulated, typically 60 or 120 times
with 5 s acquisition time, resulting in a total acquisition time of between 5 to 10 min per
spectrum. Data were recorded and processed using Solis (Andor Technology) with spectral
calibration performed using the Raman spectrum of acetonitrile/toluene 50:50 (v:v).
Samples were held in quartz 10 mm path length cuvettes. For pH dependent resonance
Raman studies Na2SO4 was added as internal standard in water and aqueous HClO4 or
NaOH solutions were employed to adjust the pH. The UV/Vis absorption spectra were
recorded before and after each Raman measurement to verify that no change had taken place
during the measurement. Baseline correction was performed for all spectra.
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2.5.2 Synthesis
d5-1,1-di(pyridin-2-yl)-N,N-bis(pyridin-2-ylmethyl)methanamine (d5-N4Py). N4Py
(100 mg, 0.27 mmol) was dissolved in 3 ml of CH3COOD. The solution was heated under
reflux. After 3 h the solvent was evaporated in vacuo and CH2Cl2 was added to the residue.
The CH2Cl2 solution was washed with sat. aqueous NaHCO3. The aqueous layer was washed
with CH2Cl2. The combined CH2Cl2 layers were washed with brine and dried (over
anhydrous Na2SO4). Evaporation of the solvent afforded d5-N4Py (85 mg, 0.23 mmol, 84%)
as a yellow oil. Extent of deuteration was 95% as determined by 1H NMR spectroscopy.
[FeII(d5-N4Py)(CH3CN)](ClO4)2.2H2O (d5-1). A solution of Fe(ClO4)2·6H2O (92 mg,
0.25 mmol) in CH3CN (3 ml) was added to a solution of d5-N4Py (85 mg, 0.23 mmol) in
methanol (3 ml). The solution was placed in an ethyl acetate bath and after two days
d5-1 (119 mg, 0.17 mmol, 74.5%) was obtained as dark red crystals. 1H NMR (CD3CN)
δ 7.09 (d, 2H), 7.39 (m, 4H), 7.70 (m, 2H), 7.94 (m, 4H), 8.92 (d, 2H), 9.06 (d, 2H).
1,1-di(pyridin-2-yl)-N,N-bis(pyridin-2-ylmethyl)ethanamine (MeN4Py). N4Py (181 mg,
0.49 mmol) was dissolved in ether/THF (20 ml, 3:1) under an argon atmosphere. The
solution was cooled to -80 ºC and t-butyl lithium (0.36 ml of a 1.5 M solution in pentane,
1.1 equiv) was added. After stirring for 15 min at -80 ºC, iodomethane (45 μl, 1.5 mmol)
was added. The mixture was allowed to warm to room temperature overnight. The solvent
was removed in vacuo and water was added (5 ml). The aqueous mixture was extracted with
dichloromethane (3x15 ml) and the combined organic layers were washed with brine, dried
(Na2SO4) and the solvent removed in vacuo to yield MeN4Py (158 mg, 0.42 mmol, 84%) as
a white solid. An analytically pure sample was obtained by recrystallization from
hexane/ethyl acetate, m.p. 152.7-152.9 ºC. 1H NMR (CDCl3) δ 2.05 (s, 3H), 3.96 (s, 4H),
6.89 (m, 2H), 7.07 (m, 2H), 7.39 (m, 4H), 7.62 (m, 2H), 8.02 (m, 2H), 8.31 (m, 2H), 8.53
(m, 2H); 13C NMR (CDCl3) δ 21.20 (q), 58.40 (t), 73.10 (s), 121.19 (d), 121.58 (d), 123.31
(d), 123.47 (d), 135.54 (d), 135.91 (d), 148.49 (d), 148.59 (d), 160.87 (s), 163.99 (s);
Anal. calcd for C24H23N5: C 75.56, H 6.08, N 18.36; Found: C 75.34, H 6.12, N 18.30.
ESI-MS; 382.02 (calc. MH+ 382.026).
[FeII(MeN4Py)(CH3CN)](ClO4)2 (2). A solution of Fe(ClO4)2·6H2O (112 mg, 0.31 mmol)
in CH3CN (3 ml) was added to a solution of MeN4Py (90 mg, 0.24 mmol) in methanol
(3 ml). The solution was placed in an ethyl acetate bath and after 2 days 2 (111 mg,
0.16 mmol, 69%) was obtained as dark red crystals. Crystals suitable for X-ray analysis
were obtained by slow vapor diffusion of ethyl acetate into an acetonitrile solution of 2.
1
H NMR (CD3CN) δ 2.27 (s, 2H), 4.17 (q(AB), 4H, J = 17.9 Hz), 7.02 (m, 2H), 7.34
(m, 4H), 7.67 (m, 4H), 7.94 (m, 2H), 8.91 (d, 2H, J = 5.5 Hz), 9.0 (d, 2H, J = 5.5 Hz);
Anal. calcd for C26H26Cl2FeN6O8: C 46.11, H 3.87, N 12.41; Found: C 46.11, H 3.54,
N 12.41.

68

Ligand exchange and spin state equilibria of FeII(N4Py)
2.6 Acknowledgments
Dr. Q. Li is acknowledged for the synthesis of complex 3. Dr. H. Logtenberg, Dr. T.
A. van den Berg is kindly acknowledged for the initial work. Dr A. Meetsma, Dr M.
Lutz and Prof A. L. Spek are kindly acknowledged for obtaining the X-ray structure
of complexes 2 and 3.

2.7 References
(1) (a) H. Umezawa, K. Maeda, T. Takeuchi, Y. Okami, J. Antibiot., 1966, 19, 200-209; (b) S. M.
Hecht, Bleomycin: Chemical, Biochemical and Biological Aspects; Springer: New York, 1979; (c) W.
K. Pogozelski, T. D. Tullius, Chem. Rev., 1998, 98, 1089-1108; (c) R. M. Burger, Chem. Rev., 1998,
98, 1153-1170; (d) C. A. Claussen, E. C. Long, Chem. Rev., 1999, 99, 2797-2816; (e) S. M. Hecht, J.
Nat. Prod., 2000, 63, 158-168.
(2) (a) J. Stubbe, J. W. Kozarich, W. Wu, D. E. Vanderwall, Acc. Chem. Res., 1996, 29, 322-330; (b)
J. Y. Chen, J. Stubbe, Nature. Rev. Cancer, 2005, 5, 102-112.
(3) (a) N. Murugesan, S. M. Hecht, J. Am. Chem. Soc., 1985, 107, 493-500; (b) G. Padbury, S. S.
Sligar, J. Biol. Chem., 1985, 260, 7820-7823; (c) D. C. Heimbrook, S. A. Carr, M. A. Mentzer, E. C.
Long, S. M. Hecht, Inorg. Chem., 1987, 26, 3835-3836.
(4) (a) D. H. Petering, R. W. Byrnes, W. E. Antholine, Chem. Biol. Interact., 1990, 73, 133-182; (b) A.
L. Feig, S. J. Lippard, Chem. Rev., 1994, 94, 759-805; (c) K. E. Loeb, J. M. Zaleski, T. E. Westre, R.
J. Guajardo, P. K. Mascharak, B. Hedman, K. O. Hodgson, E. I. Solomon, J. Am. Chem. Soc., 1995,
117, 4545-4561; (d) L. Que, Jr., J. Biol. Inorg. Chem., 2004, 9, 684-690; (e) S. V. Kryatov, E. V.
Rybak-Akimova, S. Schindler, Chem. Rev., 2005, 105, 2175-2226; (f) A. Decker, J. U. Rohde, E. J.
Klinker, S. D. Wong, L. Que, Jr., E. I. Solomon, J. Am. Chem. Soc., 2007, 129, 15983-15996; (g) M.
S. Chow, L. V. Liu, E. I. Solomon, Proc. Natl. Acad. Sci. USA, 2008, 105, 13241-13245.
(5) For examples, see: (a) R. P. Hertzberg, P. B. Dervan, J. Am. Chem. Soc., 1982, 104, 313-315; (b)
R. P. Hertzberg, P. B. Dervan, Biochemistry, 1984, 23, 3934-3945; (c) R. J. Guajardo, S. E. Hudson, S.
J. Brown, P. K. Mascharak, J. Am. Chem. Soc., 1993, 115, 7971-7977; (d) G. C. Silver, W. C. Trogler,
J. Am. Chem. Soc., 1995, 117, 3983-3993; (e) G. Pratviel, J. Bernadou, B. Meunier, Angew. Chem. Int.
Ed., 1995, 34, 746-769; (f) P. Mialane, A. Nivorojkine, G. Pratviel, L. Azéma, M. Slany, F. Godde, A.
Simaan, F. Banse, T. Kargar-Grisel, G. Bouchoux, J. Sainton, O. Horner, J. Guilhem, L. Tchertanova,
B. Meunier, J. J. Girerd, Inorg. Chem., 1999, 38, 1085-1092; (g) C. Marchand, C. H. Nguyen, B.
Ward, J. S. Sun, E. Bisagni, T. Garestier, C. Hélène, Chem. -Eur. J., 2000, 6, 1559-1563; (h) H.
Kurosaki, A. Maruyama, H. Koike, N. Kuroda, Y. Ishikawa, M. Goto, Bioorg. Med. Chem. Lett.,
2002, 12, 201-203; (i) A. Mukherjee, S. Dhar, M. Nethaji, A. R. Chakravarty, Dalton Trans., 2005,
349-353.
(6) (a) M. Pitié, G. Pratviel, Chem. Rev., 2010, 110, 1018-1059; (b) D. S. Sigman, A. Mazumder, D.
M. Perrin, Chem. Rev., 1993, 93, 2295-2316.
(7) (a) M. Lubben, A. Meetsma, E. C. Wilkinson, B. L. Feringa, L. Que, Jr., Angew. Chem. Int. Ed.
Engl., 1995, 34, 1512-1514; (b) G. Roelfes, M. E. Branum, L. Wang, L. Que, Jr., B. L. Feringa, J. Am.
Chem. Soc., 2000, 122, 11517-11518; (c) G. Roelfes, V. Vrajmasu, K. Chen, R. Y. N. Ho, J. Rohde, C.
Zondervan, R. M. la Crois, E. P. Schudde, M. Lutz, A. L. Spek, R. Hage, B. L. Feringa, E. Münck, L.
Que, Jr., Inorg. Chem., 2003, 42, 2639-2653.
(8) G. Roelfes, M. Lubben, K. Chen, R Y. N. Ho, A. Meetsma, S. Genseberger, R. M. Hermant, R.
Hage, S. K. Mandal, V. G. Young, Jr., Y. Zang, H. Kooijman, A. L. Spek, L. Que, Jr., B. L. Feringa,
Inorg. Chem., 1999, 38, 1929-1936.

69

Chapter 2
(9) (a) G. Roelfes, M. Lubben, R. Hage, L. Que, Jr., B. L. Feringa, Chem. -Eur. J., 2000, 6, 21522159; (b) T. A. van den Berg, J. W. de Boer, W. R. Browne, G. Roelfes, B. L. Feringa, Chem.
Commun., 2004, 2550-2551.
(10) (a) T. A. van den Berg, B. L. Feringa, G. Roelfes, Chem. Commun., 2007, 180-182; (b) R. P.
Megens, T. A. van den Berg, A. D. de Bruijn, B. L. Feringa, G. Roelfes, Chem. -Eur. J., 2009, 15,
1723-1733; (c) Q. Li, T. A. van den Berg, B. L. Feringa, G. Roelfes, Dalton Trans., 2010, 39, 80128021.
(11) (a) T. A. van den Berg, J. W. de Boer, W. R. Browne, G. Roelfes, B. L. Feringa, Chem. Commun.,
2004, 2550-2551; (b) K. Ray, S. M. Lee, L. Que, Jr., Inorg. Chim. Acta, 2008, 361, 1066-1069.
(12) (a) J. Kaizer, E. J. Klinker, N. Y. Oh, J. -U. Rohde, W. J. Song, A. Stubna, J. Kim, E. Münck,
Nam, W. Que, L., Jr. J. Am. Chem. Soc., 2004, 126, 472-473; (b) S. P. de Visser, K. Oh, A. -R. Han,
W. Nam, Inorg. Chem., 2007, 46, 4632-4641; (c) S. Fukuzumi, H. Kotani, Y. -M. Lee, W. Nam, J.
Am. Chem. Soc., 2008, 130, 15134-15142.
(13) (a) Q. Li, W. R. Browne, G. Roelfes, Inorg. Chem., 2010, 49, 11009-11017; (b) Q. Li, W. R.
Browne, G. Roelfes, Inorg. Chem., 2010, 50, 8318-8325.
(14) (a) R. Y. N. Ho, G. Roelfes, R. Hermant, R. Hage, B. L. Feringa, L. Que, Jr., Chem. Commun.,
1999, 2161-2162; (b) R.Y. N. Ho, G. Roelfes, B. L. Feringa, L. Que, Jr., J. Am. Chem. Soc., 1999,
121, 264-265.
(15) D. T. Sawyer: in Oxygen Chemistry, edited by Donald T. Sawyer, Oxford Univ. Press, New
York, 1991, Chapter 6.
(16) A. Nanthakumar, S. Fox, N. N. Murthy, K. D. Karlin, J. Am. Chem. Soc., 1997, 119, 3898-3906.
(17) (a) E. König, K. J. Watson, Chem. Phys. Lett., 1970, 6, 457-459; (b) G. S. Matouzenko1, J. F.
Létard, S. Lecocq, A. Bousseksou, L. Capes, L. Salmon, M. Perrin, O. Kahn, A. Collet, Eur. J. Inorg.
Chem., 2001, 11, 2935-2945.
(18) G. M. E. Posse, M. A. Juri, P. J. Aymonino, O. E. Piro, H. A. Negri, E. E. Castellano, Inorg.
Chem., 1984, 23, 948-952.
(19) Y. Zang, J. Kim, Y. Dong, E. C. Wilkinson, E. H. Appelman, L. Que, Jr., J. Am. Chem. Soc.,
1997, 119, 4197-4205.
(20) (a) H. S. Soo, A. C. Komor, A. T. Iavarone, C. J. Chang, Inorg. Chem., 2009, 48, 10024-10035;
(b) A. A. Campanali, T. D. Kwiecien, L. Hryhorczuk, J. J. Kodanko, Inorg. Chem., 2010, 49, 47594761.
(21) M. M. N. Wolf, R. Gross, C. Schumann, J. A. Wolny, V. Schunemann, A. Dossing, H. Paulsen, J.
J. McGarvey, R. Diller, Phys. Chem. Chem. Phys., 2008, 10, 4264-4273.
(22) For both 1 and 4 the absorption spectra are unaffected by addition of NaCl (to 0.1 M) indicating
that coordination of chloride to the iron(II) complex does not occur in aqueous solution.
(23) S. Schenker, P. C. Stein, J. A. Wolny, C. Brady, J. J. McGarvey, H. Toftlund, A. Hauser, Inorg.
Chem., 2001, 40, 134-139.
(24) S. McClanahan, J. Kincaid, J. Raman Spectro., 1984, 15, 173-178.
(25) C. Brady, P. L. Callaghan, Z. Ciunik, C. G. Coates, A. Dossing, A. Hazell, J. J. McGarvey, S.
Schenker, H. Toftlund, A. X. Trautwein, H. Winkler, J. A. Wolny, Inorg. Chem., 2004, 43, 4289-4299.
(26) A. Basu, H. D. Gafney, T. C. Strekas, Inorg. Chem., 1982, 21, 2231-2235.
(27) M. J. Collins, K. Ray, L. Que, Jr., Inorg. Chem., 2006, 45, 8009-8011.
(28) (a) J. B. Fenn, M. Mann, C. K. Meng, S. F. Wong, C. M. Whitehouse, Mass Spectrom. Rev.,
1990, 9, 37-70; (b) J. H. Kim, Y. H. Dong, E. Larka, L. Que, Jr., Inorg. Chem., 1996, 35, 2369-2372;
(c) D. Feichtinger, D. Plattner, Angew. Chem., Int. Ed. Engl., 1997, 36, 1718-1719; (d) D. Feichtinger,
D. Plattner, J. Chem. Soc., Perkin Trans., 2000, 2, 1023-1028; (e) B. C. Gilbert, J. R. L. Smith, A.
Mairata i Payeras, J. Oakes, Org. Biomol. Chem., 2004, 2, 1176-1180; (f) O. Bortolini, V. Conte, Mass
Spectrom. Rev., 2006, 25, 724-740.

70

Ligand exchange and spin state equilibria of FeII(N4Py)
(29) Several factors limit the amount of information that can be gained from ESI-MS including the
lack of control of pH in the electrospray itself, the requirement for addition of a cosolvent and the
oxidation of the complex by molecular oxygen under the dilute conditions required for mass
spectrometry.
(30) The assignment of this m/z with regard to oxidation state (FeII/FeIII) is uncertain. Campanali and
coworkers20b have assigned this mass as the [FeII(N4Py)(OH2)]2+, however the pKa for this species (as
determined by the Pourbaix plot in this study) is 4.5 and hence it is unlikely that at pH 6 (the pH
employed in the earlier work) that the protonated complex is present. Hence our assignment of this
m/z signal is to the [FeIII(N4Py)(OH)]2+species.
(31) The assignment of which pyridine ring detaches made in scheme 2 is based on the expected
differences in flexibility of each of the pyridine rings.
(32) M. Klopstra, G. Roelfes, R. Hage, R. M. Kellogg, B. L. Feringa, Eur. J. Inorg. Chem., 2004, 846856.
(33) J. W. de Boer, W. R. Browne, J. Brinksma, P. L. Alsters, R. Hage, B. L. Feringa, Inorg. Chem.,
2007, 46, 6353-6372.

71

72

Chapter 3

Photo-induced oxidation of
[FeII(N4Py)(CH3CN)]2+ and related
complexes
Although overshadowed by ruthenium(II) polypyridyl complexes, the
photochemistry of iron(II) complexes is seeing renewed interest. In this chapter the
remarkable photochemical enhancement of the rate of oxidation of
iron(II) polypyridyl complexes by oxygen through outer sphere electron transfer is
described. The findings presented here further in our understanding of the
involvement of photochemistry in the activity of iron(II) polypyridyl complexes in
the cleavage of DNA and in a more general sense in the perturbation of ground
state spin equilibria in solution.
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3.1 Introduction
Whereas, even after more than half a century, the photochemistry of
Ru(II) polypyridyl complexes continues to receive attention,1 studies of the
photochemistry of electronically analogous Fe(II) polypyridyl complexes are
relatively scarce.2,3,4 This disparity is in large part due to the differences in the
excited state electronic structure of Ru(II) and Fe(II) complexes.5 For the invariably
low spin Ru(II) polypyridyl complexes the lowest electronically excited states tend
to be relatively long lived (50 ns to 10 μs) 3MLCT (metal to ligand charge transfer)
states.1 The photochemistry of these complexes is dominated by radiative and
non-radiative relaxation, thermal population of 3MC (metal centred) states leading
to ligand dissociation and photoinduced electron transfer (both oxidative and
reductive). By contrast the photochemistry of Fe(II) polypyridyl complexes (which
can be in either 1A1 or 5T2 ground states) is substantially hindered due to the lowest
excited electronic states being MC rather than MLCT.5 As a consequence the
excited states are deactivated rapidly (< 100 ps) to the ground state potential energy
surface either directly to the 1A1 state in the case of low spin Fe(II) complexes or
via a series of higher energy microstates, as demonstrated most elegantly in the
LIEST effect by Hauser and co-workers and others.6 The rate of these processes
renders other excited state relaxation channels such as emission, photo-dissociation7
and photoinduced electron transfer uncompetitive and hence, apart from
photo-dissociation, they are not usually observable. Despite this several groups
have shown that certain low spin Fe(II) polypyridyl complexes have sufficient long
lived low energy excited states (10s of ns) to show photochemistry such as
reversible ligand dissociation.4

Figure 1 Structure of complexes 1 and 2.

In this chapter the photochemistry of the complex [Fe(N4Py)(CH3CN)]2+ (1)8 and
its methylated analogue [Fe(MeN4Py)(CH3CN)]2+ (2)9 (Figure 1) in aqueous and
non-aqueous solvents will be discussed. Upon excitation with visible or UV light,
outer sphere electron transfer to 3O2 occurs to form the corresponding
Fe(III) complex (e.g., 3) and the superoxide radical anion.
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Complex 1 is one of the most active iron based oxidation-catalysts reported in the
cleavage of DNA with 3O2 as terminal oxidant.8b Recently Li et al demonstrated
that the activity of 1 in the cleavage of DNA was enhanced dramatically by
irradiation with both UV and visible light. Mechanistic probes suggested that
although the activity was increased, in the case of irradiation with visible light,10 the
mechanism of oxidation, i.e. the formation of superoxide from 3O2, remained the
same as observed for 1 in the absence of light. Furthermore we demonstrated9
recently by a combination of UV/Vis, Raman and 1H NMR spectroscopy and
electrochemistry that the chemistry of 1 in aqueous media was dominated by two
sets of equilibria in the pH range of relevance to the DNA cleavage studies
(Scheme 1). The occurrence of both an equilibrium between two distinct complexes
and in each case two distinct microstates suggested that the remarkable activity of 1
could be due to these spin equilibria which transiently remove the barrier to electron
transfer to 3O2 via an intermediate triplet state and that the enhancement observed
by irradiation could be due to an increase in the steady state population of such
higher lying triplet states.

Scheme 1 Relative ratios of singlet and high spin state species for each species for 1 and 2.9

The aim of the present contribution is to understand the origin of the
photo-enhancement of DNA cleavage activity, which necessitates the study of the
photochemistry of the 1 itself in aqueous and non-aqueous media.

3.2 Results
The UV/Vis spectroscopy and electrochemistry of 1 and 2 in acetonitrile and in
aqueous media were described earlier.9 For both complexes the absorption spectrum
in acetonitrile is typical of a low spin Fe(II) complex with two strong 1MLCT
transitions in the visible region and ligand ππ* transitions in the UV.9 In aqueous
solution the CH3CN ligand dissociates fully with the result of a 20 - 50% (pH
dependent) decrease in the molar absorptivity in the visible region. The shift and
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decrease in absorption is consistent with solvolysis in the case of water and
methanol. The decrease in visible absorption of 1 in dichloromethane and methanol
solution is less than that observed in water (Figure 2a). Furthermore there is only a
minor red-shift of the two visible absorption bands. By contrast for 2 a red-shift and
a similar decrease in absorbance is observed in dichloromethane, methanol and
water (Figure 2b). In dichloromethane the displacement of the CH3CN ligand with
residual water occurs rather than solvolysis.11 This is confirmed by the 1H NMR
spectrum of 1 in CD2Cl2 in which two species are observed, one of which is the
diamagnetic complex 1 with the CH3CN ligand coordinated, and the other a
paramagnetic species with a spectrum similar to that observed for the complex
[Fe(N4Py)(OH2)]2+ in water at low pH.9 In water saturated dichloromethane the
visible absorption bands decrease in intensity and undergo a red shift and only a
paramagnetic species is observed in the 1H NMR spectrum. The similarity of the
UV/Vis absorption and 1H NMR spectra in the presence of water indicate complete
displacement of CH3CN with –OH/H2O.11
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Figure 2 UV/Vis absorption spectra of (a) 1 and (b) 2 in acetonitrile, dichloromethane,
methanol and water (0.25 mM).

The cyclic voltammetry of 1 and 2 have been described previously in acetonitrile
and water.9 Briefly, the redox chemistry of both 1 and 2 is characterised by a
reversible one electron oxidation at ca. 1.1 V in acetonitrile and, depending on the
pH, at between -0.1 and 0.6 V in water. In addition, oxidation of 1 or 2 to the Fe(III)
redox state in acetonitrile in the presence of water results in immediate exchange of
the CH3CN ligand for H2O or OH-.9

76

Photo-induced oxidation of FeII(N4Py)
3.2.1 UV/Vis absorption spectroelectrochemistry
In earlier studies using complex 1 to cleave DNA with O2 as terminal oxidant,
oxidation to the Fe(III) state occurs with subsequent (chemical) reduction to the
Fe(II) state required to complete the catalytic cycle.10 Under irradiation with visible
light (e.g., at 400 nm) the activity of 1 was increased dramatically but with no
apparent change in the overall mechanism.10 Complexes 1 and 2, and the species
they form in aqueous solution, have been characterised in the Fe(II) oxidation state
in our earlier studies.9 The spectroscopic properties of the complexes in the
Fe(III) state have not been reported in detail, however, and hence in order to
establish if complexes formed upon irradiation of 1 and 2 are the same as formed
upon (electro)chemical oxidation, in situ oxidation of 1 and 2 to the Fe(III) state
was carried out in the present study by both chemical and electrochemical oxidation
in acetonitrile and in water at various pH values. The Fe(III) species formed were
characterised by UV/Vis absorption and EPR spectroscopy.
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Figure 3 Electrochemical oxidation of (a) 1 at 0.8 V and subsequent reduction at 0.0 V vs
Ag/AgCl at pH 7 (0.1 M KNO3) and (b) 1 at 1.2 V and subsequent reduction at 0.4 V vs
Ag/AgCl in acetonitrile solution (0.1 M TBAPF6). Initial spectrum in black.

The UV/Vis absorption spectra of 1 and 2 in water before and after electrochemical
oxidation and after reduction are shown in Figure 3.11 Both 1 and 2 show two bands
in the visible region in the Fe(II) oxidation state. Upon electrochemical oxidation at
0.6 V vs Ag/AgCl the absorbance of these bands decreases and a new band grows
in at 310 nm, with isosbestic points maintained. For 1 the original spectra were
recovered upon reduction at 0.0 V at pH 2.5 and pH 7.6. At pH 10 the spectrum did
not recover upon reduction, consistent with irreversible ligand dissociation.9 For 2,
by contrast the original spectrum was recovered even at pH 10.5. Similar changes
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were observed upon oxidation and reduction with cerium(IV) sulphate and ascorbic
acid, respectively.
In acetonitrile, complexes 1 and 2 are oxidised at 1.2 V, however full recovery of
the original spectrum occurred only upon reduction at 0.4 V (Figure 4), in
agreement with previous studies in which it was demonstrated that upon oxidation
the CH3CN ligand is displaced by H2O.9 The red-shift in the near-UV absorption
band of the Fe(III) complexes compared to water is indicative that in acetonitrile the
sixth ligand is H2O and not OH- as in water at pH > 2. Addition of 2 vol% of water
prior to oxidation resulted in the spectrum of the Fe(III) complex formed being
similar to that obtained in water at pH 7.6.
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Figure 4 UV/Vis spectroelectrochemistry and (inset) ex-situ EPR spectrum of 1 after
oxidation at 0.6 V in water at pH 6.6.

Characterisation of 1 and 2 in the Fe(III) state by EPR spectroscopy was achieved
by preparative bulk electrolysis followed by flash freezing of samples in liquid
nitrogen. The bulk electrolysis was monitored in situ by UV/Vis spectroscopy.
Samples prepared by bulk electrolysis in water at pH 2 were EPR silent at 77 K.11
At pH 3.9 and 6.6 two sets of signals, which are characteristic for high and low spin
FeIII species, are observed (Figure 4). At high pH only one signal corresponding to a
high spin FeIII complex is observed, which together with the irreversibility of the
oxidation at this pH (vide supra), indicates formation of free Fe(III) (i.e. ligand
loss).11
3.2.2 Aerobic oxidation of 1 and 2
In acetonitrile the UV/Vis absorption spectra of 1 and 2 remained unchanged for at
least several days. By contrast in dichloromethane, methanol or aqueous solutions
oxidation to the Fe(III) redox state was observed. The rate of oxidation in water was
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found to be pH dependent with oxidation proceeding faster under acidic conditions
(< pH 4) than at near-neutral pH (4 - 8).11 In general the rate of aerobic oxidation of
2 was at least an order of magnitude less than that of 1.
3.2.3 Photochemistry of 1 and 2
The photochemistry of 1 and 2 was examined in methanol, water, dichloromethane,
ethanol and acetonitrile. In acetonitrile, even under extended irradiation at all
wavelengths, no changes were observed in the UV/Vis absorption spectra of 1 or 2.
In contrast, irradiation in all other solvents examined resulted in changes in
UV/Vis absorption, EPR and resonance Raman spectra consistent with oxidation.
3.2.3.1 Photochemistry of 1 and 2 in aqueous media

Irradiation (at 312 nm, 365 nm or 400 nm) of aqueous solutions of 1 and 2 resulted
in a decrease in the visible absorption bands at ca. 390 and 450 nm, accompanied by
a concomitant increase in absorption at ca. 320 nm and 580 nm (Figure 5).11
Subsequent addition of L-ascorbic acid to, or electrochemical reduction of, the
irradiated solution resulted in full recovery of the original UV/Vis absorption
spectra of 1 and 2.11
The role for 3O2 as electron acceptor in the photooxidation of 1 was assessed by
irradiation of degassed12 aqueous and methanol (vide infra) solutions of 1 at
312 nm. The absorption spectra were unchanged in either solvent over 45 min of
irradiation (Figure 6). Both solutions were then purged with O2 and irradiation
continued. The bands in the visible region decreased with a concomitant increase in
absorbance at ca. 310 nm. This demonstrates that O2 is the terminal oxidant and that
direct photolysis of solvent even under UV irradiation is not responsible for the
changes observed.
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Figure 6 Irradiation at λexc 312 nm of 1 in (left) (a) degassed water and (b) degassed
methanol for 45 min and (right) after purging with oxygen; monitored by UV/Vis absorption
spectroscopy.
3.2.3.2 Photochemistry of 1 in methanol

Irradiation (at 365 nm, 400 nm or at > 400 nm) of 1 in air equilibrated methanol
results in oxidation as observed in water. Low intensity irradiation at 365 nm
(< 1 mW cm-2) results in a depletion of the visible absorption bands and an increase
in absorption at 310 nm (Figure 7a). The X-band EPR spectrum at 77 K of the
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irradiated solution shows the characteristic features of a low spin Fe(III) complex
with g-values of 2.29, 2.12 and 1.95 identical to that reported for
[Fe(III)(N4Py)(OMe)]2+ (Figure 7b).11 In addition a weak sharp signal is observed at
g = 2.003 (vide infra). Addition of L-ascorbic acid to the photoproduct, resulted in
recovery of the initial UV/Vis absorption spectrum of 1. Similar spectral changes
were observed for samples held in the dark, albeit over 24 h.11
(a) 1.50
1.25

Absorbance

2.12
2.29

(b)

Photoproduct
in MeOH

4.25

Photoproduct
in DCM

1.00
0.75

1.95
0.50

3 in MeOH

0.25
0.00

300

400

500

Wavelength (nm)

600

700 500

1000

1500

2000

2500

Gauss

3000

3500

4000

Figure 7 Change in the UV/Vis absorption spectrum of 1 in methanol upon irradiation at
365 nm and (b) EPR spectra of 3 in methanol (in blue), of the photoproduct of 1 in methanol
(red, top right) and in dichloromethane (black, top left).

Irradiation of 1 in methanol at higher intensity (35 mW cm-2) at λexc 400 nm
(Figure 8) results in initially similar changes to that observed at 365 nm. The
changes in the absorption spectrum prior to commencing irradiation (at 750 s,
Figure 9) are minor. Upon irradiation the bands 377 and 451 nm decrease in
intensity, accompanied by an increase of the band at 318 nm.13 An additional band
appeared at ca. 590 nm, however, which is not assignable to the primary
photoproduct [Fe(III)(N4Py)(OMe)]2+ (or [Fe(III)(N4Py)(OH)]2+, with which it is
present in equilibrium). The additional spectral features are instead assigned to a
secondary photoproduct formed by irradiation of the primary photoproduct. This
was confirmed by irradiation of 3 (Figure 1) in methanol at 400 nm (Figure 9).11
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Figure 8 Irradiation of 1 at λexc = 400 nm in methanol (a) time dependence of absorption at
selected wavelengths, (b) absorption spectra over course of irradiation. Irradiation starts at
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3.2.3.3 Photochemistry of 2 in methanol

Irradiation of 2 in methanol resulted in similar changes in the UV/Vis absorption
spectrum as observed for 1 (Figure 10). Initially irradiation caused a small decrease
in the two absorption bands in the visible region with an increase in absorption at
310 nm. Extended irradiation increased absorption in the visible region and a new
band appeared at 575 nm. The time dependence of the changes in absorption shows
that the band formed initially at 310 nm increases quickly, indicative for formation
of the primary photoproduct. Subsequently the absorption band at 575 nm increased
in intensity. Isosbestic points were not maintained in agreement with a multistep
reaction. This is in contrast to 1 for which the band at 575 nm was not observed
except under irradiation at high intensity.
It is important to note that only the primary photoproduct can be formed by
chemical or electrochemical oxidation and that the secondary photoproduct is not
formed in the absence of light. The stability of the secondary photoproduct and its
absorption spectrum confirm that it is not a peroxy8a or higher valent
(e.g., Fe(IV)=O) species14 formed by reaction with the products of the reduction of
oxygen, i.e. superoxide or hydrogen peroxide.
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Figure 10 (a) Changes in the UV/Vis absorption spectrum of 2 in methanol upon irradiation
at 365 nm and (b) time dependence of the changes in absorbance (normalised) at selected
wavelengths.

The thermal and photo-stability of the secondary photoproduct of 2 in methanol is
sufficient to allow for storage for several days and for resonance Raman (rR)
spectra to be recorded at 473 or 561 nm. rR spectra of the secondary photoproduct
of 2 in methanol are shown in Figure 11, at λexc 561 nm (i.e. resonant with the
absorption band of the secondary photoproduct at 575 nm) and at λexc 473 nm
(resonant with both 2 and the secondary photoproduct). The rR spectrum (at λexc
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473 nm) of the secondary product showed differences compared to the rR spectrum
of 2, however, in general all three spectra are consistent with resonance with charge
transfer transitions involving the MeN4Py ligand. Two strong bands at 681 and
651 cm-1 were observed in the rR spectrum of the secondary product, which are
typical of Fe-O15 or Fe-N stretching modes.16 rR spectra of the photoproduct of 2 in
d4-methanol and ethanol show only minor differences.11 Hence the absorption bands
at 473 and 561 nm of the secondary photoproduct can be assigned17 to ligand to
metal charge transfer transitions (LMCT) involving at least the MeN4Py ligand.

Figure 11 Resonance Raman spectra of the secondary product of 2 in methanol at λexc 561
(top) and λexc 473 nm (middle) and of 2 in methanol at λexc 473 nm (bottom). *artefacts due
to imperfect solvent subtraction.

The EPR spectra of the products of irradiation of 2 in methanol were considerably
different to those obtained for 1. The EPR spectrum after irradiation at 400 nm is
show in Figure 12. A low spin Fe(III) species with g-values (g = 2.29, 2.12 and
1.93) consistent with the complex [Fe(MeN4Py)(OMe)]2+ was observed. However
in contrast to 1, for 2 two additional species were observed. A weak but sharp signal
at g = 2.003 and a second low spin Fe(III) species with g =1.97. The observation of
a sharp signal at g = 2.003 indicates the presence of the superoxide radical anion
that forms upon electron transfer from 2 to 3O2. Comparison with the EPR spectrum
of KO2 (at low concentration) in ethanol supports the assignment. The additional
broad signal observed is tentatively assigned to the secondary photoproduct, which
gives rise to the absorption band at 575 nm.
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Figure 12 EPR spectra of 2 in methanol at after irradiation at λexc 400 nm. Inset expansion
of 3350-3500 G region showing the broad signal at g = 1.97 and the sharp signal at
g = 2.003.
3.2.3.4 Photochemistry of 1 and 2 in dichloromethane

Dissolution of 1 or 2 in aqueous or methanol solution results in immediate exchange
of the CH3CN ligand for solvent. Dichloromethane is incapable of substituting the
CH3CN ligands of 1 and 2, however residual water, if present, in dichloromethane
displaces the CH3CN ligand readily (vide supra).
In water free dichloromethane, irradiation had little effect on the UV/Vis absorption
spectrum consistent with the absence of photochemistry observed for 1 and 2 in
acetonitrile. Addition of water to dichloromethane results in a change in the
absorption spectrum of both 1 and 2 consistent with exchange of the CH3CN ligand
with H2O. Irradiation in the presence of water results in changes the absorption
spectrum similar to those observed in water and methanol. The absorption bands at
377 and 451 nm decreased in intensity and a strong absorption at 325 nm arises in
the case of 1. The photoproduct showed a characteristic EPR spectrum of a high
spin FeIII complex with a g value of 4.25 (Figure 7b). For 2, the bands at 381 and
464 nm decreased in intensity over time and two new intense bands appeared at 325
and 355 nm.
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Figure 13 Irradiation of 1 at λexc 400 nm in dichloromethane (a) time dependence of
absorption at selected wavelengths, (b) absorption spectra over course of irradiation.
Irradiation starts at 750 s. The distortion in the spectra at 400 nm is due to scattered laser
light.
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Figure 14 Irradiation of 2 at λexc 400 nm in dichloromethane (a) time dependence of
absorption at selected wavelengths, (b) absorption spectra over course of irradiation.
Irradiation starts at 750 s. The distortion in the spectra at 400 nm is due to scattered laser
light.

3.2.4 Energy vs. electron transfer
Although irradiation leads to the formation of 1 and 2 in the Fe(III) redox state, this
does not a priori mean that electron transfer from a thermally equilibrated
photo-excited state is involved (vide infra). An alternative mechanism would be
sensitised formation of 1O2 followed by electron transfer. The possibility of singlet
oxygen formation was investigated in dichloromethane by comparison of the
intensity of singlet oxygen emission at 1260 nm (with λexc 532 nm) of isoabsorbtive
solutions of 1, 2 and zinc-tetraphenylporphyrin (Zn-TPP). 1O2 emission was
observed only for the Zn-TPP and not for 1 or 2. This indicates that the oxidation
from Fe(II) to Fe(III) is a result of direct electron transfer rather than energy
transfer to form singlet oxygen followed by electron transfer.
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3.3 Discussion
The aim of the present study was to understand better the role of irradiation in the
enhancement of the oxidative DNA cleavage activity of 1 in aqueous solution.10
Excitation of 1 in the visible region of the electronic absorption spectrum results in
population of 1MLCT states that would be expected2,3,4,5 to undergo rapid
intersystem crossing (ISC) and relaxation to metal centred states before returning to
the ground state. The effect of irradiation on the activity of 1 is most probably by
altering its interaction with 3O2. The mechanism by which 1 reacts with 3O2 is not
yet fully understood and can involve either (i) ligand dissociation to allow for 3O2 to
coordinate as proposed for iron bleomycin18 (and hence photoinduced ligand
dissociation may play a role for 1), (ii) energy transfer to 3O2 to form the highly
reactive 1O2 or (iii) electron transfer to 3O2 to form the superoxide anion radical.
Given that in aqueous or alcoholic solution ligand dissociation would be followed
by rapid recomplexation by solvent and the absence of singlet oxygen emission at
1260 nm, the most likely rationalisation of the effect of irradiation is the
enhancement of the rate of outer sphere electron transfer to 3O2. This necessitates
however that the involved excited state is sufficiently long lived to allow for
diffusion rate limited electron transfer.
In acetonitrile (and water free dichloromethane) complexes 1 and 2 retain the
CH3CN ligand and are diamagnetic low spin Fe(II) complexes in solution. Aerobic
oxidation to the Fe(III) redox state does not occur thermally or photochemically
primarily due to the high oxidation potential (ca. 1.1 V vs Ag/AgCl) and in the
latter case, possibly also due to the very short excited state lifetime. In water,
methanol and water saturated dichloromethane exchange of the CH3CN ligand for
H2O or MeOH is essentially complete. As shown previously, the aquo and
hydroxido complexes of 1 and 2 exhibit two equilibria in aqueous solution; between
two distinct Fe(II) species and between high and low spin states (Scheme 1). In all
three solvents oxidation of 1 and 2 by 3O2 proceeds under ambient conditions to
yield [Fe(III)(X-N4Py)(OR)]2+ (where X and R = -H or -CH3). The Fe(III) species
could be generated by electrochemical or chemical oxidation also and were
identified by EPR spectroscopy as a mixture of high and low spin Fe(III) species
depending on pH and solvent. In general the rate of oxidation of 1 was substantial
higher than the rate of oxidation of 2, which may reflect the higher contribution of
the low spin states to 2 (scheme 1). The Fe(II) complexes could be recovered in
almost all cases by electrochemical or chemical reduction.
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Upon irradiation with UV or visible light in the absence of 3O2, both 1 and 2 were
found to be photoinert. By contrast when 3O2 was present, oxidation to the
Fe(III) state was rapid relative to the corresponding thermal reactions. Again
restoration of the Fe(II) complex could be achieved with chemical or
electrochemical reduction. Importantly however the absorption bands at ca. 360 and
470 nm are due to the 1MLCT transitions of the Fe(II) complexes in the low spin
state and hence the photochemical acceleration of the oxidation of the complexes by
3
O2 must follow their photoexcitation. The absence of singlet oxygen emission and
the anticipated short excited state lifetime of the complexes suggest that the
photoinduced oxidation occurs on the ground state surface involving low lying spin
states. That is to say that photoexcitation serves to increase the steady state
population of low lying 3T states for which the spin forbiddenness for outer sphere
electron transfer to 3O2 is removed. Hence the effect of irradiation is at its simplest
described as a perturbation of the intrinsic spin equilibria exhibited by 1 and 2 in
solution. The overall mechanism is described in scheme 2.
The first step in the mechanism is the displacement of the CH3CN ligand with a
hydroxide or methoxido ligand. The complexes formed exhibit a spin equilibrium
between the 1A1 and 5T2 states in solution and hence transient thermal population of
the 3T1/3T2 states must occur providing a mechanism to overcome the spin
forbiddenness for outer sphere electron transfer to 3O2. It should be noted that it is
the 1MLCT((Me)N4Py1A1) state that is populated by photoexcitation. Hence the
increased photoreactivity of 2 compared with 1 is in agreement with the increased
bias towards the 1A1 state for 2 in solution. Relaxation to the ground state surface is
expected to be rapid in these complexes, however, it is proposed here that
photoexcitation serves to increase the steady state population of the intermediate
3
T states sufficiently to affect the rate of oxidation.
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Scheme 2 Proposed mechanism for photochemically driven acceleration of the oxidation of
1 and 2 by 3O2 to form the primary photoproduct.

The observation of a sharp signal at g = 2.003 in the EPR spectrum of 2 in methanol
after irradiation provides support to the proposed mechanism in that it is consistent
with the formation of superoxide. Furthermore the proposed mechanism is
consistent with the studies on the DNA cleavage activity of 1 both in the absence
and presence of light.10

Scheme 3 The secondary photoproduct forms upon irradiation of the Fe(III) complex either
complex 3 or formed upon irradiation of 1 and 2.

Although the focus of the present study was to examine the photochemistry of
complex 1 and 2, an interesting and somewhat surprising observation was the
formation of a secondary photoproduct from the Fe(III) complex formed initially
(see chapter 5). The spectroscopic properties of the secondary photoproduct are not
consistent with species such as [Fe(IV)(N4Py)(O)]2+,14 [Fe(III)(N4Py)(OOH)]2+ or
[Fe(III)(N4Py)(O2)]+, however.8a,c
The intensity of the lowest energy absorption band which can be assigned as a
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LMCT absorption involving the (Me)N4Py ligand taken together with the recovery
of 1 and 2 upon chemical reduction with L-ascorbic acid confirms that ligand
oxidation, for example, is not involved and suggests that it may be a dinuclear
Fe(III) complex possibly with the N4Py being tetradentate instead of pentadentate.
Further studies are underway to identify these species.

3.4 Conclusions
In conclusion, the present study of the photochemically accelerated aerobic
oxidation of complex 1 and 2 demonstrates the key role of interconversion between
the singlet and, presumably, quintet states play in the ability of 1 to interact with
3
O2 sufficiently to lead to oxidative DNA cleavage. The interconversion between
the singlet and higher spin states would be expected to involve an intermediate
triplet state, the transient formation of which would facilitate electron transfer to
3
O2, the first step in the cleavage of DNA by 1 with 3O2. This process leads to
formation of superoxide radicals that upon disproportionation form H2O2, which
can subsequently react with 1 to form Fe-OOH species. The photoactivity of
complex 3 which is in the Fe(III) redox state to form a secondary photoproduct
raises new questions as to the photochemistry of iron complexes in general that has,
perhaps, been overshadowed by their related Ru(II) complexes.
3.5 Experimental section
The ligands N4Py and MeN4Py and the complexes [Fe(N4Py)(CH3CN)](ClO4)2 (1),
[Fe(MeN4Py)(CH3CN)](ClO4)2 (2)9 and [Fe(N4Py)(OCH3)](ClO4)2 (3) were available from
earlier studies.19,9 Commercially available chemicals were used without further purification
unless stated otherwise. Solvents for electrochemical and spectroscopic measurements were
UVASOL grade (Merck) or better.
3.5.1 Physical Methods
For details of UV/Vis absorption, 1H NMR and Electrochemical measurements see the
chapter 2. Spectroelectrochemistry was carried out using a homemade electrolysis cell (a
2 mm pathlength quartz cuvette with a 3 cm by 1 cm platinum gauze, a Ag/AgCl reference
electrode and platinum counter electrode) or an OTTLE cell20 (a liquid IR cell modified
with Infrasil windows and a platinum mesh working and counter electrode and a Ag/AgCl
reference electrode) mounted in a Specord600 UV/Vis spectrometer with potential
controlled by a CHI760C potentiostat. EPR spectra (X-band, 9.46 GHz) were recorded on a
Bruker ECS106 spectrometer in liquid nitrogen (77 K). Samples for measurement were
transferred, after irradiation (250 μL) or electrolysis, to EPR tubes, which were frozen in
liquid nitrogen immediately. Raman spectra were obtained in an 180o backscattering
arrangement with excitation at 561 nm (100 mW at source, Cobolt Lasers) and 473 nm
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(100 mW at source, Cobolt Lasers) with Raman scattering collected and collimated and
subsequently refocused via a pair of 2.5 cm diameter plano-convex lens (f = 10 cm). The
collected light was filtered by an appropriate long pass edge filter (Semrock) and dispersed
by a Shamrock300i spectrograph (Andor Technology) with a 1200 l/mm grating blazed at
500 nm or 1800 l/mm blazed at 400 nm and acquired with an DV420A-BU2 CCD camera
(Andor Technology). The slit width was set to 10 or 20 μm. Data were recorded and
processed using Solis (Andor Technology) with spectral calibration performed using the
Raman spectrum of acetonitrile/toluene 50:50 (v:v). Samples were held in quartz 10 mm
path length cuvettes. Solvent subtraction and a multipoint baseline correction were
performed for all spectra. The concentrations used for resonance Raman studies were
0.25-0.5 mM. Singlet oxygen emission spectra were recorded using a 512 element InGaAs
diode array detector (iDus, Andor Technology) cooled to -60 oC coupled to a
Shamrock163 spectrograph with a 150 l/mm grating blazed at 1250 nm. Light collection
was through a fibre optic cable with the sample held in a fibre coupled cuvette holder
(Thorlabs) and excitation with a 200 mW (at sample) 532 nm laser (Cobolt) at 90o.
Irradiation of solutions of 1, 2 and 3 was carried out using either a 312 nm or 365 nm
Spectroline black light, a 400 nm CW laser (Powertechnology, 35 mW at sample) or a
medium pressure Hg lamp with a 400 nm long pass filter.
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On the redox potential of the
FeIV/FeIII couple
Isolation and characterisation of a new non-heme FeIV=O species was carried out
using both chemical and electrochemical generation in water. Electrochemical
generation of [(MeN4Py)FeIV(O)]2+ was observed at an applied potential of 0.75 V
or greater vs. SCE. The oxidation potential for the FeIV/FeIII redox couple was
found to be ca. 0.85 V vs. SCE. which is 440 mV more positive than the reported
FeIV/FeIII oxidation potential in water for [(N4Py)FeIV(O)]2+ (0.41 V vs. SCE).
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4.1 Introduction
High valent FeIV=O intermediates are of particular importance in the activation of
dioxygen in many biological systems, including TauD,1 naphthalene dioxygenases,2
CytC33 and etc. These enzymes carry out challenging oxidations in terms of
selectivity such as inert C-H bond hydroxylation and hetero atom oxygenation.4
Recent efforts to mimic these biological systems have been reported by several
groups including Que,5 Nam6 and co-workers,7 and several crystal structures of
FeIV=O species have become available over the last decade.8 Furthermore many of
these intermediates have been characterised by UV/Vis absorption, NMR,
(resonance)Raman, EXAFS, XANES and Mossbauer spectroscopies, X-ray
crystallography, ESI-MS and electrochemistry.7 Generating these intermediates is
typically carried out using oxidants such as H2O2, mCPBA, CAN (Cerium
Ammonium Nitrate), excess Iodosyl benzene9 and dioxygen in the presence of a
proton donor.10 With notable exceptions11 the characterisation of these
intermediates has been carried out primarily in non-aqueous solution. Comparing
the properties of synthetic FeIV=O intermediates with those of biological systems
requires, however, understanding of their properties in aqueous media.
The redox properties of FeIV=O species have been correlated to their catalytic
capabilities towards substrate oxidations. However, determination of the FeIV/FeIII
reduction potential by cyclic voltammetry is hampered by their sluggish rate of
heterogeneous electron transfer encountered with these complexes.12 Efforts to
determine the FeIV/FeIII redox couple have been made by several groups including
Que and Nam and a potential of -0.13 V vs. SCE to FeIV/FeIII reduction in anhydrous
acetonitrile has been determined for [(N4Py)FeIV(O)]2+ by cyclic voltammetry
albeit, the redox wave examined in the reduction is fully irreversible. This potential
is more negative than the corresponding FeIII/FeII(CH3CN) (1.01 V vs. SCE) redox
couple and indeed that of FeIII/FeII(OH) (0.4 V vs. SCE). In the presence of water a
potential of 1.30 V vs. SCE was ascribed to the FeIV/FeIII couple in
[(N4Py)FeIV(O)]2+. This jump from -0.13 to +1.30 V vs. SCE upon addition of
water is difficult to rationalize except by implication of slow heterogeneous electron
transfer rates.13,12a Furthermore the applied potential of 1.0 V or higher used to
oxidize FeII(CH3CN)FeIII(CH3CN) creates problems in determining the potential
of the FeIV/FeIII redox couple. Spectropotentiometric titrations of various FeIV=O
species in acetonitrile with added water lead to the determination of the FeIV/FeIII
potentials to be between 1.23 to 1.63 V vs. SCE. However, because there appears
to be a highly variable effect of water on the FeIV/FeIII couple in acetonitrile, it is
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worthwhile to change the solvent system used to water. Interestingly, in water a
reversible redox wave was observed at ca. 0.41 V vs. SCE (pH 4.0), which was
ascribed to the FeIV/FeIII couple.14 This appears to suggest that the sluggish electron
transfer rates observed in acetonitrile increase dramatically in water and a reversible
redox wave at 0.41 V vs. SCE for [(N4Py)FeIV(O)]2+ is observed.14 The problem
arises, however, in that the FeIII/FeII (OH/H2O) couple shows a reversible redox
wave at these potentials under these conditions also. To address these problems we
carried out our studies in water instead of acetonitrile. In this chapter the clean
conversion of [(MeN4Py)FeII(CH3CN)]2+ to the high valent [(MeN4Py)FeIV(O)]2+
via [(MeN4Py)FeIII(OH)]2+ at an applied potential 0.85 V vs. SCE in water is
described and the redox potential of the FeIV/FeIII cycle compared and contrasted
with values reported previously.

Figure 1 Structures of ligands N4Py and MeN4Py and complexes 1 - 6.

The
complexes
[(MeN4Py)FeII(CH3CN)](ClO4)2
(1)
and
II
[(N4Py)Fe (CH3CN)](ClO4)2 (2) were obtained from earlier studies (Figure 1, see
also chapter 2).15 As shown in chapter 2, for complexes 1 and 2, immediate ligand
exchange occurs of the Cl-/CH3CN ligand(s) in water for hydroxide or aqua ligands,
depending on the pH of the solution. Complex 1 is in general more stable even at
pH 1.5 when compared with 2 in terms of ligand dissociation. In the case of 2,
ligand dissociation occurs at pH < 2.5 and full ligand dissociation at pH > 10.
Between pH 5 and 8, complexes 1 and 2 show an equilibrium between two distinct
species.
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4.2 Results and discussion
4.2.1 Synthesis
Complexation of equimolar amounts of MeN4Py or N4Py with FeCl2·4H2O in
methanol yielded [(MeN4Py)FeII(Cl)](Cl) (3) or [(N4Py)FeII(Cl)](Cl) (4) as orange
powders, which were characterised spectroscopically. Complexes 3 and 4 are
employed to prepare and isolate [(MeN4Py)FeIV(O)](ClO4)2 (5a) &
(5b)
and
[(N4Py)FeIV(O)](ClO4)2
(6a)
&
[(MeN4Py)FeIV(O)](PF6)2
IV
[(N4Py)Fe (O)](PF6)2 (6b), respectively, due to their higher solubility in water.
Addition of 2.2 equiv of aqueous CAN to an aqueous solution of 3 or 4 generates a
blue solution. 5b and 6b were obtained from solution as blue precipitates after
addition of 10 equiv. of aqueous KPF6. These complexes were characterised by
elemental analysis, ESI-MS and UV/Vis absorption, NMR, ESI-MS and resonance
Raman spectroscopies. The FeIV=O species were also isolated as
hexafluorophosphate (PF6) salts in acetonitrile. The addition of aqueous KPF6
precipitates the FeIV=O species immediately and, hence, for crystallization sodium
perchlorate was used. Attempts to recrystallize complex 5a from acetonitrile/ether
at -20 °C overnight yielded red needles of 1, which is an indication of the oxidative
power of complex 5a in non-aqueous solvents (over time 5b transforms to 1, Figure
7). Crystallization of 5a from water was successful and blue micro crystals were
obtained overnight. Unfortunately, the FeIV=O species forms globular structures and
a sufficiently good quality X-ray analysis was not obtained.
4.2.2 Characterisation of [(MeN4Py)FeIV(O)]2+ and [(N4Py)FeIV(O)]2+
The 1H NMR spectrum of 6b in acetonitrile was essentially the same as that
reported previously.8a In water, except for the resonance at 44.4 ppm all other
resonances were shifted to higher field. The 1H NMR spectra of 5b in acetonitrile
and D2O were obtained also (Figure 2).
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Figure 2 1H NMR spectra of 5b and 6b in CD3CN and D2O at 400 MHz. # spectral artefact.
* Ammonium ion (NH4+). A line broadening of 5 applied to all spectra.

The UV/Vis absorption spectra of 5b in acetonitrile and in water are shown in
Figure 3. Complex 5b shows a near UV absorption at 350 nm in both solvents. The
characteristic near infrared band for FeIV=O was observed at 670 nm
(ε 248 M-1cm-1) in water, which was red shifted to 687 nm (ε 217 M-1cm-1) in
acetonitrile. In the case of complex 6b, the near infrared band was observed at
675 nm (ε 345 M-1cm-1) in water, which was red shifted to 696 nm (ε 358 M-1 cm-1)
in acetonitrile. To the best of our knowledge 5b shows the lowest λmax near infrared
band of any FeIV=O species.
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Figure 3 UV/Vis absorption spectra of 5b and 6b (at 0.5 mM) in water (solid line) and in
acetonitrile (dashed line). Inset: expansion of 530 and 1000 nm region.

The ESI-MS spectra show basic signals at m/z 598.090 and 584.073 for 5b and 6b,
respectively (Figure 4) both in acetonitrile and in water.
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Figure 4 Experimental and simulated ESI-MS spectra of 5b [(MeN4Py)FeIV(O)(PF6)]+
(m/z 598.090) and 6b [(N4Py)FeIII(O)(PF6)]+ (m/z 584.073) in water.

Both the complexes are EPR silent in water and acetonitrile at 77 K. The magnetic
moment of 2.95 and 3.03 BM were obtained for 5b and 6b, respectively in water by
the Evans method.16 In acetonitrile, a magnetic moment of 3.27 and 3.23 BM were
observed for 5b and 6b, respectively. This indicates that both complexes are low
spin (S = 1) in water and in acetonitrile.
Table 1 Comparison between 5b and 6b in water and acetonitrile.
λmax (nm)
ε (M-1cm-1)
5b
6b

H2O
670
(248)
675
(345)

CH3CN
687
(217)
696
(358)

FeIV=O
(cm-1)

ESI-MS
(m/z)

µeff
(BM)

H 2O
843

CH3CN
843

H2O
598.088

CH3CN
598.089

H2O
2.95

CH3CN
3.27

843

843

584.073

584.073

3.03

3.23

The (resonance)Raman spectra of 5b in water and in acetonitrile were obtained at
λexc 785 nm and 355 nm. At λexc 785 nm, in both solvents complex 5b shows a band
at 843 cm-1 (Figure 5), which is assigned to the FeIV=O stretch by comparison with
(N4Py)FeIV=O.4b Moreover this band was shifted to 807 cm-1 upon 18O labelling,
allowing for definitive assignment of the band. In addition to the 843 cm-1 band
there is another enhanced band at 1048 cm-1 (pyridine ring bending modes), but no
other prominent bands at λexc 785 nm, suggesting that the electronic transition at
687 nm is due to primarily to charge transfer from the oxo to the FeIV ion. In the
case of 6b, the FeIV=O stretch was observed at 843 cm-1 in solution also but at
840 cm-1 and 832 cm-1, respectively, for 5b and 6b in the solid state.
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in CH3CN
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#
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Figure 5 Resonance Raman spectra of [(MeN4Py)FeIV(O)]2+ generated by the reaction
between 3 and aqueous CAN (b) in acetonitrile (thin line) and (c) in water (thick line) at
λexc 785 nm. (a) For comparison Raman spectrum of 5b in acetonitrile (dotted line) also
shown. # acetonitrile band.

Figure 6 Resonance Raman spectra of 5b in water (top) and acetonitrile (bottom) at
λexc 355 nm. Solvent bands are masked with white box.

It should be noted that 5b and 6b show an absorption band at ca. 350 nm in both
solvents. The resonance Raman spectra at λexc 355 nm are, unsurprisingly similar
(Figure 6). These bands are assigned to ligand vibrations, hence, the near
UV absorption band at 350 nm is assigned as LMCT with transfer of charge from
pyridyl rings to FeIV ion. As mentioned in chapter 5, these complexes undergo
photochemical reduction in acetonitrile upon irradiation at 355 nm. The observed
Raman spectra do not matched with those of the Fe(II) complex, however. Complex
1 shows prominent bands at 1612, 1572 and 1292 cm-1 and, hence, the observed
spectra are related to the FeIV=O complex, not to the photoproduct. Moreover,
photochemistry was not observed in water.
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The stability of complex 5b in acetonitrile was monitored by 1H NMR
spectroscopy. From Figure 7 it is clear that over time 5b transforms to 1. Notably,
signals related to an Fe(III) species are not observed in the spectra.

Figure 7 1H NMR spectra of 3 in CD3CN at room temperature (20 °C) monitored over time;
(1) at the start, (2) 1 day, (3) 2 days, (4) 11 days and (5) 5 in CD3CN at 400 MHz. * spectral
artefact. Inset: expansion of 0 and 10 ppm region.

4.2.3 Reaction between Fe(II) and FeIV=O complexes in water and in
acetonitrile
UV/Vis absorption spectroscopic titration of an aqueous solution of 6b (2 mM,
10 µL each) to an aqueous solution of 2 (0.25 mM, 1 mL) results in a decrease in
the absorbance corresponding to the Fe(II)-OH complex and concomitant increase
in the absorbance at ca. 355 nm related to the Fe(III)-OH species (Figure 8a). Two
weak absorption bands are also observed at ca. 500 nm. An isosbestic point of
357 nm was observed in this process indicating a clean conversion to Fe(III)-OH.
After complete disappearance of the Fe(II)-OH complex, further addition of 6b
shows its characteristic absorption at 675 nm. Similarly, addition of an aqueous
solution of 5b (2 mM, 10 µL each) to an aqueous solution of 1 (0.25 mM, 1 mL)
results in a decrease in the absorbance corresponding to the Fe(II)-OH complex and
concomitant increase in the absorbance at ca. 355 nm related to the Fe(III)-OH
species (Figure 8b). In this case an isosbestic point at 350 nm was observed
suggesting clean conversion to Fe(III)-OH. After complete disappearance of the
Fe(II)-OH complex, further addition of 5b shows its characteristic absorption at
670 nm.
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Figure 8 UV/Vis absorption spectral changes after (a) addition of an aqueous solution of 6b
(2 mM, 10 µL each time) to an aqueous solution of 2 (0.25 mM, 1 mL, with stirring), (inset:
after complete disappearance of the absorption band of 454 nm further addition of 6b leads
to the appearance of its characteristic absorption band) and (b) addition of an aqueous
solution of 5b (2 mM, 10 µL each time) to an aqueous solution of 1 (0.25 mM, 1 mL, with
stirring), (inset: after complete loss of absorbance at 480 nm further addition of 5b leads to
the appearance of its characteristic absorption band). Spectra are corrected for dilution.

Addition of an aqueous solution of 3 (4 mM, 10 µL each time) to an aqueous
solution of 5b (0.5 mM) results in a decrease in the absorbance at 670 nm and a
concomitant increase in the absorbance at ca. 350 nm related to the Fe(III)-OH
species (Figure 9). Again an isosbestic point at 540 nm was observed in this
process. After complete disappearance of FeIV=O, further addition of 3 shows the
appearance of its characteristic absorption bands at 480 and 387 nm.
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Figure 9 UV/Vis absorption spectral changes after addition of an aqueous solution of 3
(4 mM, 10 µL each time) to an aqueous solution of 5b (0.5 mM, 1 mL, with stirring), (inset:
after complete disappearance of FeIV=O further addition of 3 leads to the appearance of its
characteristic absorption band). Spectra are corrected for dilution.

101

Chapter 4
(b) 2.5

(a)
2.0

0.20

0.12

Absorbance

0.10

1.0

0.05

Absorbance

0.10

0.15

1.5

Absorbance

Absorbance

2.0

1.5

0.08
0.06
0.04

1.0

0.02
0.00

0.00

0.5

600

700

800

Wavelength (nm)

900

600

0.5

700

Wavelength (nm)

800

900

0.0

0.0
300

400

500

600

700

Wavelength (nm)

800

900

1000

300

400

500

600

700

Wavelength (nm)

800

900

Figure 10 UV/Vis absorption spectral changes after (a) addition of an acetonitrile solution
of 2 (4 mM, 10 µL each time) to an acetonitrile solution of 6b (0.5 mM, 1 mL, with stirring)
and (b) addition of an aqueous solution of 3 (4 mM, 10 µL each time) to an acetonitrile
solution of 5b (0.5 mM, 1 mL, with stirring). Inset: expansion of 550 and 1000 nm region.
Spectra are corrected for dilution.

In sharp contrast to the reaction observed in water, titration of an acetonitrile
solution of 2 (4 mM, 10 µL each time) to an acetonitrile solution of 6b (0.5 mM)
does not decrease the absorbance of the FeIV=O species at 696 nm, however,
absorption bands related to the 2 were observed at 378 and 454 nm (Figure 10).
Furthermore, addition of an aqueous solution of 3 (4 mM, 10 µL each time) to an
acetonitrile solution of 5b did not affect the absorbance related to the FeIV=O,
instead bands related to 3 are observed at 458 and 380 nm.

Based on the UV/Vis absorption spectroscopic titrations it is clear that Fe(II)-OH
reacts faster with the FeIV=O species and generates the corresponding Fe(III)-OH in
water. In sharp contrast, reaction between Fe(II)-CH3CN and FeIV=O was not
observed in acetonitrile. Moreover, addition of water does not facilitate the reaction.
As shown in chapter 2, in acetonitrile the Fe(II)-CH3CN species is the dominant
species in acetonitrile, regardless of the amount of added water. Hence, reaction
between Fe(II)-CH3CN and FeIV=O is not observed due to the higher oxidation
potential of the former species (Scheme 1).
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Scheme 1 Reaction between Fe(II) and FeIV=O complexes in water and in acetonitrile.

4.2.4 UV/Vis absorption spectroelectrochemistry in acetonitrile
As shown in chapter 2 complex 1 shows a fully reversible redox wave at 1.1 V vs.
SCE in acetonitrile. Upon addition of 1 vol% of water a shift in redox potential to a
less positive potential and the appearance of a new reduction wave at ca. 0.5 V vs.
SCE is observed, which is assigned to FeIII(OH2)/FeII(OH2) redox couple. Upon
addition of 10 vol% of water the reversibility of the FeIII(CH3CN)/FeII(CH3CN)
process is lost and an irreversible reduction wave is observed (Figure 11).
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Figure 11 Cyclic voltammograms of 1 in acetonitrile (0.1 M TBAPF6) (dotted line), with
1 vol% water (dashed line) and with of 10 vol% water (solid line).

In chapter 3 it was shown that the electrochemical oxidation of 1 in acetonitrile at
1.16 V vs. SCE leads to formation of an Fe(III) species, however complete recovery
of the Fe(II) complex was observed only at an applied potential of 0.36 V vs. SCE
(Figure 12). This is consistent with the exchange of CH3CN for H2O in the
Fe(III) state.
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Figure 12 Electrochemical oxidation of 1 (a) at 1.16 V and (b) stepwise reduction to 0.36 V
vs. SCE in acetonitrile solution (0.1 M TBAPF6).
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Figure 13 Electrochemical oxidation of 1 in acetonitrile in the presence of 2 vol% water (a)
oxidation at 1.2 V and (b) stepwise reduction to 0.36 V vs. SCE in acetonitrile solution
(0.1 M TBAPF6). (Inset: expansion of 550 and 900 nm region). # spectral artefact.

Interestingly, in the presence of 2 or 8 vol% of water, a characteristic absorption for
FeIV=O at 687 nm (vide supra) was observed at 1.16 V vs. SCE, which is in sharp
contrast to that reported for complex 2 by Que and co-workers.17 The formation of
FeIV=O species is further progressed by applying a potential 1.36 V vs. SCE (Figure
13 and Figure 14).
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Figure 14 Electrochemical oxidation of 1 in acetonitrile in the presence of 8 vol% water
oxidation at 1.36 V vs. SCE in acetonitrile solution (0.1 M TBAPF6). (Inset: expansion of
550 and 1000 nm region). # spectral artefact.

Sequential reduction of the FeIV=O species to the Fe(III) and Fe(II) state was
achieved by applying potentials of 0.76 and 0.36 V vs. SCE, respectively. At
0.76 V, the absorption band at 687 nm diminished without formation of the
characteristic absorption of the Fe(II) state, complete recovery of 1 was observed at
0.36 V. Care must be taken to assign the FeIV/FeIII redox potentials. Although,
applying a potential of 1.36 V facilitates the formation of FeIV=O species, it does
not necessarily imply the oxidation potential of Fe(III)Fe(IV) is above 1.16 V vs.
SCE.13 Complete reduction of the FeIV=O was observed at ca. 0.56 V vs. SCE,
which suggests that around this potential reduction of Fe(IV)Fe(III) occurred.

Scheme 2 Redox chemistry of 1 in acetonitrile with water. Forward (FeII to FeIV) reactions
are shown in non-bold letters and the reverse (FeIV to FeII) reaction are shown in bold letters.
Applied potentials necessary to drive the reactions are indicated.

The redox chemistry of 1 in acetonitrile, in the presence of water involves a series
of one electron transfer steps as well as ligand exchange processes, which are
depicted in Scheme 2. The first step in the generation of FeIV=O species is oxidation
of FeII(CH3CN)FeIII(CH3CN), and the potential required for this transformation is
1.16 V vs. SCE in acetonitrile as discussed above. But rapid ligand exchange to
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form FeIII(OH2) is observed in acetonitrile in the presence of 1% water. The formed
FeIII(OH2) species has a redox potential at 0.4 V vs. SCE.15b The formation of the
FeIV=O species will occur rapidly at 1.16 V vs. SCE as it represents a relatively high
over potential (~ 0.5 V). So the applied potential of 1.16 - 1.36 V vs. SCE is only
required to oxidize the FeII(NCCH3) species to the FeIII(NCCH3) species. The ligand
exchange of CH3CN for H2O facilitates the oxidation to a FeIV=O species. Hence,
formation of the FeIV=O species occurs at lower potentials than the FeIII/FeII
(CH3CN) couple. This is consistent with the incapability of [(MeN4Py)FeIV(O)]2+
species to oxidize [(MeN4Py)FeII(CH3CN)]2+ to the corresponding
[(MeN4Py)FeIII(OH)]2+ species in acetonitrile (vide supra). Reduction of
FeIV(O)FeIII(OH2) and FeIII(OH2)FeII(OH2) was achieved by bulk electrolysis at
applied potentials of 0.76 V and 0.36 V vs. SCE, respectively. Immediate ligand
exchange of the H2O ligand in the FeII(OH2) species for CH3CN occurs.
4.2.5 UV/Vis absorption spectroelectrochemistry in water
To validate the observed oxidation potential of FeIII(OH2/OH)FeIV(O), the solvent
system was changed to water. In this way it is possible to avoid the need to apply
potentials above 1.0 V vs. SCE. The oxidation potential of FeII(OH)FeIII(OH) in
water is ca. 0.4 V vs. SCE, which is strongly dependent on the pH of the solution.
Bulk oxidation at 0.56 V vs. SCE of 1 in water (at pH 6.5) leads to the formation of
the corresponding FeIII(OH) species, which was identified by its characteristic
absorptions at ca. 310 and 368 nm (Figure 5).18 An isosbestic point at 327 nm was
observed in this process suggesting clean conversion (FeII(OH)FeIII(OH)). Further
increasing the potential of the same solution to 0.76 V results in the appearance of
an absorption band at 670 nm, the intensity of which increased further upon
applying a potential of 0.96 V vs. SCE (Figure 15), with the absorption band at
368 nm shifting to 350 nm.
Sequential reduction of the FeIV=O complex to the FeII(OH) species was carried out
by applying potentials 0.56, 0.36, 0.16 and -0.05 V vs. SCE, respectively. From
Figure 13 it is apparent that at 0.36 V the absorption at 670 nm decreased along
with the red shift in the band at 350 nm (extended electrolysis completes this
process). The complete disappearance of this band was observed at an applied
potential of 0.16 V vs. SCE (Figure 16). The precursor FeII(OH) was observed upon
reduction at -0.05 V vs. SCE. This cycle can be performed at least twice.
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Figure 15 Electrochemical oxidation of 1 in water at pH 6.5 (a) oxidation at 0.56 V and
(b) at 0.76 V vs. SCE (10 mM KNO3). (Inset: expansion of 550 and 900 nm region).
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Figure 16 Stepwise electrochemical reduction of [(MeN4Py)FeIV(O)]2+ in water to 0.56 V,
0.36 V, 0.16 V and -0.05 V vs. SCE in water at pH 6.5 (10 mM KNO3). (Inset: expansion of
550 and 900 nm region). # spectral artefact.

Complex 1 shows better stability under acidic conditions compared with complex 2
(see chapter 2). Bulk oxidation/reduction of 1 in water under acidic conditions gave
rise to similar changes as at pH 6.5.19 Formation of the FeIV=O species is observed
at an applied potential of 0.76 V vs. SCE and subsequent reduction to -0.05 V vs.
SCE generates the Fe(II) precursor quantitatively (Figure 17a). But at pH 10.5,
formation of FeIV=O species was not observed even at applied potential of 0.76 V
vs. SCE. This is consistent with its instability under basic conditions. Oxidation of
Fe(II) to Fe(III) occurred upon applying 0.56 V vs. SCE and recovery of
Fe(II) species was observed at an applied potential -0.25 V vs. SCE (Figure 17b).
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Figure 17 Electrochemical oxidation of 1 (a) at 0.76 V and subsequent reduction at -0.05 V
vs. SCE at pH 2.2 and (b) at 0.56 V and subsequent reduction at -0.25 V vs. SCE at pH 10.5
in 0.1 M KNO3. # spectral artefact.
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Figure 18 Electrochemical oxidation and subsequent reduction of 2 (a) in acetonitrile with
10 mM TBAPF6, (b) in water at pH 6.5, (c) in water at pH 2.5 and (d) in water at pH 10.0
with 0.1 M KNO3 vs. SCE. From chapter 3.
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As in previous reports,17 parallel experiments with 2 in acetonitrile with added
water (at applied potentials 1.2-1.4 V) and in water (at different pH) do not form the
corresponding FeIV=O species (Figure 18). To our surprise complex 1 generates
more readily the FeIV=O species electrochemically than 2 does.
As in aqueous acetonitrile, the redox chemistry of 1 in water also involves a series
of one electron transfer processes (Scheme 3). In water, immediate ligand exchange
of the CH3CN ligand with hydroxo occurs even in Fe(II) state. The redox potential
for the couple FeII(OH)FeIII(OH) is less positive than that of
FeII(CH3CN)FeIII(CH3CN). Hence, the first oxidation step (FeII(OH)FeIII(OH))
in the generation of an FeIV=O species, occurs at lower potential (ca. 0.56 V vs.
SCE). Oxidation of FeIII(OH)FeIV(O) starts at an applied potential 0.76 V vs. SCE
and hence the redox potential is ca. 0.85 V. This is consistent with its capability to
oxidize [(MeN4Py)FeII(OH)]+ to the corresponding [(MeN4Py)FeIII(OH)]2+ species
in water (vide supra). Reduction of FeIV(O)FeIII(OH) and FeIII(OH)FeII(OH)
during the bulk electrolysis studies required 0.36 V and -0.05 V vs. SCE,
respectively.

Scheme 3 Redox chemistry of 1 in water.

4.3 Conclusions
The results discussed in this chapter demonstrate clearly that the oxidation potential
of the FeIV/FeIII couple is around ~ 0.85 vs. SCE in water and not 0.41 V vs. SCE in
water as concluded by Que and co-workers14 for [(N4Py)FeIV(O)]2+. Due to sluggish
heterogeneous electron transfer rates, a reversible redox wave for FeIV/FeIII (O/OH)
couple in its cyclic voltammetry is most likely not observable in water or in
acetonitrile. If the oxidation potential of Fe(III) to Fe(IV) were 0.41 V then the
FeIII(OH) complex should act as good an oxidant as FeIV=O towards substrate
oxidations, but that is not the case. So most probably the reversible redox wave
observed in water by Que and co-workers corresponds to the FeIII/FeII(OH) couple.
The approach carried out by Nam and Fukuzumi to determine the FeIV/FeIII
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reduction potentials by using one electron donors such as ferrocene and its
derivatives seems interesting. But to use this method the redox couple should be
electrochemically reversible and this is not the case for FeIV=O complexes in
acetonitrile.
4.4 Experimental section
The ligands 1,1-di(pyridin-2-yl)-N,N-bis(pyridin-2-ylmethyl)methanamine (N4Py) and
1,1-di(pyridin-2-yl)-N,N-bis(pyridin-2-ylmethyl)ethanamine (MeN4Py) were prepared by
literature methods.15,20 The complex [(MeN4Py)FeII(CH3CN)](ClO4)2 (1) and
[(N4Py)FeII(CH3CN)](ClO4)2 (2) were available from earlier studies.15,20
4.4.1 Physical Methods
For details of UV/Vis absorption, Raman, resonance Raman and 1H NMR spectroscopy see
the chapter 2. For details of EPR spectroscopy and electrochemistry see the chapter 3. For
details of Cryo ESI-MS see chapter 6.
4.4.2 Synthesis
[(MeN4Py)FeII(Cl)](Cl) (3). To a solution of MeN4Py (45.2 mg, 0.12 mmol) in methanol
(1.5 mL) was added to FeCl2·4H2O (23.6 mg, 0.12 mmol). After stirring for 2 h, the solution
was placed in an ethyl acetate bath and after two days 3 (56 mg, 0.11 mmol, 93%) was
obtained as orange powder. UV/Vis absorption (in CH3CN) λmax at 382 nm and 479 nm.
1
H NMR (CD3CN) δ -10.74, 29.18, 32.13, 35.05, 48.67, 51.78, 53.54, 55.70, 100.63, 145.79
and 166.44.
[(N4Py)FeII(Cl)](Cl) (4). To a solution of N4Py (300 mg, 0.82 mmol) in methanol (10 mL)
was added FeCl2·4H2O (162 mg, 0.82 mmol) as solid. After stirring for 2 h, the solution was
placed in an ether bath and after two days 4 (307 mg, 0.6 mmol, 73%) was obtained as
orange powder. UV/Vis absorption (in CH3CN) λmax at 379 nm and 468 nm. 1H NMR
(CD3CN) δ -3.46, 28.85, 29.14, 39.81, 51.34, 52.27, 55.90, 90.37, 115.12, 140.45 and
160.31.
[(MeN4Py)FeIV(O)](PF6)2.2H2O (5b). A solution of cerium ammonium nitrate (CAN)
(339.05 mg, 0.62 mmol) in water (0.6 mL) was added to a solution of
[(MeN4Py)Fe(Cl)](Cl).2H2O (160.80 mg, 0.28 mmol) in Milli-Q water (16 mL). A blue
solid crashed out of the solution upon addition of aqueous KPF6 (517.42 mg, 2.81 mmol in 4
mL water). The resulted solution was filtered through a filter paper, washed with 4 mL of
Milli-Q water and dried over air for 1 h. The complex [(MeN4Py)FeIV(O)](PF6)2.2H2O (5b)
was obtained as blue solid with 71% yield (178 mg, 0.24 mmol). 1H NMR (400 MHz,
CD3CN) δ 44.4, 30.7, 9.86, 8.5, -9.4 (b), -12.76, -15.61 and -18.8 (b). Anal. calcd for
C24H23N5FeOP2F12: C 38.78, H 3.12, N 9.42; Found: C 38.21, H 3.12, N 9.19.
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[(MeN4Py)FeIV(O)](ClO4)2.2H2O (5a). A solution of cerium ammonium nitrate (CAN)
(42.9 mg, 0.078 mmol) in water (150 μl) was added to a solution of
[(MeN4Py)Fe(Cl)]Cl.2H2O (20.2 mg, 0.037 mmol) in water (2 ml). To this solution NaClO4
(45.9 mg, 0.375 mmol) was added and the solution kept at 5 °C for slow evaporation. After
1 day complex 5a was obtained as blue micro crystals.
[(N4Py)FeIV(O)](PF6)2.2H2O (6b). A solution of cerium ammonium nitrate (CAN)
(208 mg, 0.38 mmol) in water (300 µL) was added to a solution of [(N4Py)Fe(Cl)](Cl)
(85.3 mg, 0.17 mmol) in 2:1 acetonitrile and Milli-Q water (total 3.5 mL). A blue solid
crashed out of the solution upon addition of aqueous KPF6 (211 mg, 1.15 mmol in 2 mL
water). The resulted solution was filtered through a filter paper, washed with 4 mL of
Milli-Q water and dried over air for 2 - 3 h. The complex [(N4Py)FeIV(O)](PF6)2.2H2O (6b)
was obtained as blue solid with 68.5 % yield (86.2 mg, 0.07 mmol). 1H NMR (400 MHz,
CD3CN) δ 44.12, 30.02, 9.70, 8.55, -10.49, -16.16 and -19.91 (b).
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Photocatalytic oxidation of alkanes
and alkenes with non-Heme FeIV=O
and FeIII-OR complexes
The photochemistry of non-heme (S = 1) FeIV=O and FeIII-OR species in the solid
state and in solution are explored for the first time. Enhancement of the reactivity of
the complexes towards substrate oxidation was observed upon irradiation at
355 nm, which is ascribed to transient population of a S = 2 state.
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5.1 Introduction
High valent FeIV=O intermediates formed upon activation of molecular oxygen by
many non-heme enzymes, such as TauD, naphthalene dioxygenases, CytC3 and
SyrB2, are proposed to be the active species involved in substrate oxidations.1
These intermediates are found to carry out challenging oxidation reactions, such as
C-H bond activation,2 C=C bond epoxidation3 and oxygen transfer to hetero atoms.4
These FeIV=O intermediates are generally present in a high spin state (S = 2).5,1a,1b
In contrast to natural systems, the synthesis and isolation of analogous
intermediates is difficult due to their reactivity. With notable exceptions, most of
the reported FeIV=O intermediates are low spin (S = 1) in character.6 Generation of
low spin (S = 1) non-heme FeIV=O species has been carried out chemically with
oxidants such as MCPBA, CAN and PhIO etc. These intermediates can also be
generated electrochemically in acetonitrile and in DCM with added water.7
Recently, Nam and Fukuzumi reported the photochemical generation of
[(N4Py)FeIV(O)]2+ from the corresponding [(N4Py)FeII(CH3CN)]2+ complex in the
presence of [Ru(bpy)3]2+ as photosensitizer and [CoIII(NH3)5Cl]2+ as terminal
oxidant.8 Recent efforts to synthesize and isolate high spin FeIV=O species were
reported by Borovic, Que and Bakac and co-workers.9 However, the reactivity of
those complexes are not as pronounced as in biological systems and synthetic low
spin FeIV=O species.10 The low reactivity of the biomimetic high spin FeIV=O
species has been attributed to steric effects of the ligands used, which block the
approach of the substrate towards the oxo moiety.10 The reactivity of low spin
(S = 1) FeIV=O species was found to be enhanced in the presence of Sc3+ ions11 and
also by the addition of perchloric acid.4a,12 It was proposed, based on DFT
calculations, that even for synthetic FeIV=O complexes that have a S = 1 ground
state, reaction with substrates via a quintet transition state occurs albeit at low
rates.10 It is therefore desirable to access the S = 2 state to increase reactivity
towards organic substrates.
The photochemistry of [(N4Py)FeII(CH3CN)]2+ (4) and its analogous complex
[(MeN4Py)FeII(CH3CN)]2+ (3) in a range of solvents is reported in chapter 3. Photo
induced oxidation of Fe(II) complexes with molecular oxygen was observed with
near UV and visible irradiation in water, methanol and dichloromethane.13 Notably
the complexes are photochemically inactive in the presence of acetonitrile due to
their high oxidation potential (1.1 V vs. SCE) and the firmly low spin character of
the CH3CN coordinated complexes.
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In this chapter an investigation of the photochemical properties of the FeIV=O,
FeIII-OMe and FeIII(OH) complexes in acetonitrile is described. The photochemistry
of FeIV=O complexes is explored for the first time in the solid state as well as in
solution together with the effect of irradiation on their reactivity towards alkane
hydroxylation and alkene epoxidation. In contrast to Fe(II) complexes, FeIV=O
complexes undergo photochemical reduction upon irradiation a 355 nm in
acetonitrile. This process is faster in the presence of substrates such as ethyl
benzene, benzyl alcohol, cyclooctene and indane etc., which undergo oxidation
concomitantly. The enhanced reactivity of the FeIV=O complexes towards substrate
oxidation when under irradiation is attributed to the transient population of an S = 2
state.

Figure 1 Structures of complexes 1 - 6.

5.2 Results and discussions
5.2.1 Synthesis
The synthesis and solution state spectroscopic characterisation of the complexes
[(MeN4Py)FeIV(O)](PF6)2 (1) and [(N4Py)FeIV(O)](PF6)2 (2) is described in chapter
4. In acetonitrile, both complexes 1 and 2 have NIR absorption bands at 687 and
696 nm, respectively. In both complexes the FeIV=O stretching band was observed
at 843 cm-1 in acetonitrile and the assignments were confirmed through the
observed isotope shift upon labelling with 18O. Both complexes are EPR silent at
77 K14 and show a room temperature magnetic moments of 3.27 and 3.23 BM,
respectively, by the Evans method,15 in agreement with an S = 1 ground state.
5.2.2 Solid state characterisation of 1 and 2
The FeIV=O stretching band was observed in the solid state by Raman spectroscopy
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at 840 cm-1 for 1 and at 834 cm-1 for 2. The solid state analysis of 1 and 2 was
extended to Mössbauer spectroscopy and SQUID experiments.
5.2.2.1 Magnetic Susceptibility (SQUID experiments)

Temperature dependent magnetic susceptibility studies were carried out in the solid
state for 1 and 2 (Figure 2).
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Figure 2 (SQUID) Magnetic susceptibility plots for 1 and 2 in the solid state; (a) M vs.
applied magnetic field at 300 K and temperature (K) dependent plots against (b) 1/χM,
(c) χMT and (d) µ at 1000 Oe applied field.

A magnetic moment of 2.666 BM for 1 and 2.502 BM for 2 was observed at 300 K
with an applied field of 1000 Oe. These values are slightly lower compared to the
magnetic moment calculated with a spin only formula for systems with two
unpaired electrons (2.83 BM). Nevertheless, these data show that both complexes
have an S = 1 ground state in the solid state.16 From Figure 2d it can be seen that for
both complexes the magnetic moment (µ BM) is nearly constant over the
temperature range 300-35 K, but decreases sharply below 35 K. A similar trend was
also observed for the plots χMT (mol-1 K cm3) vs. temperature (K) (Figure 2c). The
Curie (C) and Curie-Weiss (ө) constants are 0.9233 and -9.233 for 1 and 0.8095 and
-8.107 for 2 (Figure 2b). A linear relation between mass susceptibility (χg) and
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applied magnetic field was observed (Figure 2a).
5.2.2.2 57Fe Mössbauer spectroscopy

The Mössbauer spectra of complexes 1 and 2 in the solid state at 4 K can be fitted
with two doublets. This is in contrast to the reported Mössbauer spectrum of
[(N4Py)FeIV(O)]2+ in solution at 4 K, which showed only one doublet with an
isomer shift (δ) of -0.04 mm/s and quadrupole splitting (ΔEQ) of 0.93 mm/s.6 The
contribution of each doublet, isomer shift and quadrupole splitting data of
complexes 1 and 2 are given in table 1. The near zero isomer shifts of both doublets
in complexes 1 and 2 exclude the complexes being in the Fe(II) state and are
characteristic of the Fe(III) and Fe(IV) oxidation state.6,17 The doublets may
indicate the presence of two distinct Fe(IV) species in the solid state, albeit such a
conclusion needs further evidence to support of it.
Table 1. Mössbauer spectral data for 1 and 2 in the solid state at 4 K.
1

2

Doublet 1

Doublet 2

Doublet 1

Doublet 2

Isomer shift (δ mm/s)

-0.0252 (25)

-0.0230 (25)

-0.0319 (94)

-0.0055 (84)

Quadrupole splitting
(ΔEQ mm/s)
Site population

0.757 (15)

1.059 (18)

0.692 (36)

1.095 (42)

46.8 (71)

53.2 (74)

39.0 (12)

61.0 (14)
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Figure 3 57Fe Mössbauer spectra of 1 (top) and 2 (bottom) in the solid state at 4 K
(no applied field).

5.2.3 Photochemistry of 1 and 2 in the solid state
The photochemical activity of 1 and 2 in the solid state was examined with
irradiation at λexc 473 nm and simultaneous monitoring with Raman spectroscopy
(Figure 4). Irradiation (at λexc 473 nm) of solid suspensions (dispersed in KCl) of 2
resulted in a decrease in the intensity of the band assigned to the FeIV=O stretch at
832 cm-1, with a concomitant increase in the bands associated with
[(N4Py)FeIII(X)]n+ and [(N4Py)FeII(X)]n+ complexes (Figure 5). For comparison the
Raman spectra of [(N4Py)FeII(CH3CN)]2+ (4) and [(N4Py)FeIII(OMe)]2+ suspended
in KCl are shown in Figure 5. The bands that increase over time match closely with
those of [(N4Py)FeII(CH3CN)]2+ (4) and also with [(N4Py)FeIII(OMe)]2+ (5).
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Figure 4 Changes in the Raman spectrum of 2 dispersed in KCl at λexc 473 nm. The band at
832 cm-1 is assigned to an FeIV=O stretching mode.

Figure 5 Comparison of the Raman spectra of 2 and its photoproduct with that of
[(N4Py)FeII(CH3CN)]2+ (4) and [(N4Py)FeIII(OMe)]2+ (5) dispersed in KCl at λexc 473 nm.
The band at 832 cm-1 is assigned to an FeIV=O stretching mode.
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Indeed an weighted sum spectrum of 4 and 5 matched closely with that of the
photoproduct of 2 and, hence, the photoproduct is ascribed as a mixture of Fe(II) or
Fe(III) complexes. It should be noted that in the solid state the conversion, although
resulting in very intense spectral features, is likely to be very low in fact since the
bands of the Fe(II) and Fe(III) complexes formed are resonantly enhanced.

Figure 6 Solid state Raman spectra dispersed in KCl at λexc 473 nm of photoproduct of 2
and of a simulated weighted sum spectrum of {4 + 5}.

Figure 7 Changes in the Raman spectrum of 1 dispersed in KCl at λexc 473 nm. The band at
840 cm-1 is assigned to an FeIV=O stretching mode.

Similarly, irradiation of 1 in the solid state resulted in a decrease in intensity of the
band at 840 cm-1 (FeIV=O stretch), accompanied by a concomitant increase in bands
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related to the corresponding Fe(II) and Fe(III) species (Figure 7). For comparison
the Raman spectra of [(MeN4Py)FeII(CH3CN)]2+ (3) and [(MeN4Py)FeII(Cl)]+
suspended in KCl are shown in Figure 8.

Figure 8 Changes in the Raman spectrum of 1 dispersed in KCl at λexc 473 nm. For the
purpose of comparison the Raman spectra of 3 and [(MeN4Py)FeII(Cl)](Cl) are shown. The
band at 840 cm-1 is assigned to an FeIV=O stretching mode.

5.2.4 Photochemistry of 1 and 2 in solution
In chapter 3 the photo-induced oxidation of the complexes 3 and 4 with oxygen as
terminal oxidant is described in various solvents (i.e. MeOH, DCM and H2O).13
Importantly neither complex exhibited photochemically induced oxidation in
acetonitrile, which was ascribed to the highly positive oxidation potentials (1.1 V
vs. SCE) of the complexes when CH3CN is coordinated to the Fe(II) center. In
contrast to 3 and 4, complexes 1 and 2 show wavelength dependent photochemistry
in acetonitrile. Although complexes 1 and 2 undergo slow conversion to 3 and 4
(ca. 7 days at room temperature) respectively, they are relatively stable over 6 h
(Figure 9). Irradiation (at λexc 355 nm) of solutions of 1 and 2 in acetonitrile,
however, results in a rapid decrease in their NIR absorption bands over time at
687 nm for 1 and 696 nm for 2. Absorption bands typical of 3 and 4 were observed
to grow in concomitantly at 459 and 454 nm, respectively (Figure 9). A similar
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effect was observed at a λexc of 400 nm. However, neither irradiation at λexc 449 nm
nor 691 nm induced changes in the UV/Vis absorption spectra (data not shown).
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Figure 9 Changes in the UV/Vis absorption spectra of (a) 1 (0.5 mM), (b) 2 (0.5 mM) in
acetonitrile upon irradiation (at λexc 355 nm). Time dependence of the absorbance at (c)
687 nm for 1 (squares) and 696 nm for 2 (circles) and (d) 459 nm for 1 (squares) and
454 nm for 2 (circles) in the dark and under irradiation.

5.2.5 Photo catalysis
FeIV=O complexes (e.g., 2) have been shown to be capable of hydroxylating C-H
bonds in alkanes, epoxidation of alkenes and oxygenation of thioanisole and PPh3.
The photo-induced reduction of 1 and 2 in acetonitrile prompted examination of the
activity of these complexes towards C-H bond hydroxylation, alkene epoxidation
and hetero atom oxygenation when under irradiation. Except for PPh3, product
analysis was not carried out for the substrates employed in the present study.
However, it was shown already that FeIV=O complexes are able to oxidise the
substrates employed in this study.2,3,4
5.2.5.1 Photochemical catalysis with substrates with strong C‐H bonds

In this section the effect of irradiation at λexc 355 nm on the rate of consumption of
the FeIV=O complex and rate of recovery of the FeII(CH3CN) in the presence of
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substrates such as ethylbenzene and cyclooctene is explored. The changes were
monitored by UV/Vis absorption and EPR spectroscopy.
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Figure 10 Reaction between 1 and 2 (0.5 mM in acetonitrile) with ethylbenzene (EB,
50 equiv) in the dark (circles) and under irradiation (squares) (at λexc 355 nm). Changes in
absorption (a) at 687 nm for 1, (b) at 696 nm for 2, (c) at 459 nm for 1 and (d) at 454 nm for
2 over time.

Photo-induced acceleration of the rate of reaction of FeIV=O was observed with
substrates bearing relatively strong C-H bonds such as ethyl benzene (benzylic C-H
bond strength is 87 kcal/mol). In the absence of irradiation both complexes show
low activity towards oxidation of ethyl benzene (Figure 10). For 2, irradiation at
λexc 355 nm in the presence of ethyl benzene (EB) resulted in the absorption band at
696 nm diminishing accompanied by an increase in absorption related to the
FeII-CH3CN complex at 454 nm (vide infra).19 By contrast only a small increase in
the rate of consumption of 1 was observed upon irradiation in the presence of EB. It
should be noted that the loss of the characteristic absorption of FeIV=O is not
concomitant with the recovery of the Fe(II)-CH3CN complex manifested in an
increase in absorption at 454 nm.
EPR spectral analysis of the reaction mixture reveals the formation of an
Fe(III) species during the reaction. A low spin Fe(III) species (g = 2.36, 2.13 and
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1.94) is dominant for 1, whereas both high (g = 4.34) and low spin Fe(III) species
were observed for 2 (Figure 11).18
(b) 0.6
(b)

0.5

g = 2.36

Absorbance

2 with EB, dark
0.4

g = 2.13

1 with EB

0.3
0s

0.2

2 with EB

g = 4.34

g = 1.94

13000 s

0.1
0.0
400

500

600

700

800

Wavelength (nm)

900

1000

500 1000 1500 2000 2500 3000 3500 4000 4500

Field (gauss)

Figure 11 (a) Changes in the UV/Vis absorption spectrum of 2 (0.5 mM in acetonitrile)
upon addition of ethylbenzene (EB, 50 equiv) in the dark and (b) EPR spectra obtained on a
frozen sample (77 K) prepared 25 min after addition of EB to acetonitrile solutions of 1 and
2.

In the dark, reaction of 1 and 2 with cyclooctene is slow. When irradiated in the
presence of cyclooctene (CO), complex 2 reacts faster compared to 1 (Figure 12). In
this case the absorption band at 696 nm decreased concomitantly with an increase in
the absorption band at 454 nm. As with the ethyl benzene (vide supra) a low spin
Fe(III) species was observed for 1 (with values g = 2.36, 2.13 and 1.94), and both
low and high spin Fe(III) species (g = 4.34) were evident for 2 (Figure 12) during
the reaction.18
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Figure 12 Reaction between 1 and 2 (0.5 mM in acetonitrile) with cyclooctene (CO,
50 equiv) in the dark (circles) and under irradiation (squares) (at λexc 355 nm). Changes in
absorption over time (a) at 687 nm for 1 and at 696 nm for 2, (b) at 459 nm for 1 and at
454 nm for 2, and (e) EPR spectra obtained from a frozen sample (77 K) prepared 25 min
after addition of CO to acetonitrile solutions of 1 and 2.
5.2.5.2 Oxidation of benzyl alcohol with 1 and 2

Reaction of 1 or 2 with 50 equiv of benzyl alcohol in the dark and under irradiation
(λexc 355 nm) led to the oxidation of benzyl alcohol. The time dependence of
changes to the UV/Vis absorption spectra (Figure 13) show that with irradiation,
addition of benzyl alcohol to 1 led to a decrease in absorbance at 687 nm,
accompanied by an increase in absorbance at 459 nm assigned to the Fe(II) complex
(3). The rate of consumption of the FeIV=O species is only slightly higher when
under irradiation for 1 (Figure 13a). Similarly for 2, both in the dark and under
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irradiation the absorbance at 696 nm decreased with a concomitant increase in the
absorbance at 454 nm assigned to the Fe(II) complex (4). In contrast to 1, complex
2 reacts with benzyl alcohol at the same rate in the dark as under irradiation
(Figure 13b). Hence, in terms of loss of absorbance of the FeIV=O species (1 and 2)
it can be said that irradiation has little noticeable additional effect over the already
fast thermal reaction.
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Figure 13 Reaction of 1 and 2 (0.5 mM in acetonitrile) with benzyl alcohol (BA, 50 equiv)
in the dark (circles) and under irradiation (squares) (at λexc 355 nm). Changes in absorption
over time (a) at 687 nm for 1 and (b) at 696 nm for 2.

EPR spectral analysis of the reaction mixture reveals the formation of an Fe(III)
intermediate during the reaction. Low spin Fe(III) species (g = 2.30, 2.13 and 1.96)
were observed with both 1 and 2 (Figure 14). Interestingly, the observed ‘g’ values
in the present case do not match those of the corresponding complexes
[(MeN4Py)FeIII(OH)]2+ and [(N4Py)FeIII(OH)]2+ (g = 2.41, 2.15 and 1.92), but
match with those of [(N4Py)FeIII(OMe)]2+ (g = 2.29, 2.12 and 1.96). Hence the
Fe(III) species is likely to be an FeIII-OR (R = PhCH2-) species, which is also
photochemically active (vide infra).13 Overall, therefore, it can be concluded that
the FeIV=O species react rapidly with benzyl alcohol to form an Fe(III) species (vide
infra) together with formation of some of the corresponding Fe(II) complexes (3 or
4). Irradiation at 355 nm does not have a substantial effect on this already rapid
process (Figure 13).
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Figure 14 EPR spectra obtained from frozen samples (77 K) prepared 10 min after addition
of benzyl alcohol to acetonitrile solutions of 1 and 2.

Interestingly, for both complexes the appearance of the absorbance band related to
the corresponding Fe(II) complexes was observed to be concomitant with the loss
of FeIV=O band when under irradiation. But this is not the case in the absence of
irradiation, i.e. the increase in absorption at 459 and 454 nm did not occur at the
same rate and stopped completely after full consumption of the FeIV=O complexes
(i.e. loss of absorption at 687 nm and 696 nm, respectively, for 1 and 2) (Figure 15).
These data indicate that an intermediate step occurs in the reaction which is under
photochemical control also.
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Figure 15 Reaction of 1 and 2 (0.5 mM in acetonitrile) with benzyl alcohol (50 equiv) in the
dark (circles) and under irradiation (squares) (at λexc 355 nm). Changes in absorption over
time (a) at 459 nm for 1 and (b) at 454 nm for 2.
5.2.5.3 Photocatalysis with substrates with weak C‐H bonds

As with benzyl alcohol, irradiation does not show an effect on the rate of decrease
in the absorbance of the FeIV=O species when substrates with weak C-H bonds are
employed, primarily due to the already rapid thermal reaction. However, in the
second step, i.e. Fe(III) to Fe(II), irradiation is again important. For fluorene (C-H
bond energy of 79.5 kcal/mol), reactions with 1 or 2 in the dark and under
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irradiation (λexc 355 nm) led to its hydroxylation (Figure 16). In the case of 2, a
decrease in the band at 696 nm is observed to proceed at the same rate as an
increase in absorbance at 459 nm and irradiation has no effect on the process. In
contrast although complex 1 reacts with fluorene at the same rate both in the dark
and under irradiation, the recovery of the band at 459 nm is much faster under
irradiation. EPR spectral analysis of the nonirradiated reaction mixture reveals the
formation of a low spin Fe(III) intermediate (g = 2.30, 2.13 and 1.96) for 1, and
both high (g = 4.34 and 6.74) and low spin Fe(III) species for 2 (Figure 17a). At the
end of the reaction, formation of an FeII-CH3CN (i.e. 3 and 4) species was
confirmed by Raman spectroscopy (Figure 17b).
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Figure 16 Reaction of 1 and 2 (0.5 mM in acetonitrile) with fluorene (FL, 50 equiv) in the
dark (circles) and under irradiation (squares) (at λexc 355 nm). Changes in absorption over
time (a) at 687 nm for 1, (b) at 696 nm for 2, (c) at 459 nm for 1 and (d) at 454 nm for 2.
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Figure 17 (a) EPR spectra obtained from a frozen sample (77 K) prepared immediately after
addition of fluorene (FL) to acetonitrile solutions of 1 and 2 and (b) resonance Raman
spectra of reaction mixture at the end of the reaction and comparison with the 3 in
acetonitrile at λexc 473 nm. Several additional bands present in the spectrum originate from
fluorene.

The consumption of the FeIV=O species proceeds at the same rate as the appearance
of the Fe(II) complex in the reaction between 1 and 2 with indane (IN) under
irradiation but not in the dark (Figure 18). Again, the rate of consumption of FeIV=O
is the same for both complexes, but the appearance of the bands related to Fe(II)
complexes is not concomitant. Moreover, generation of the Fe(II)-CH3CN complex
is faster for 1 than 2, which is in contrast to where fluorene was used as substrate.
Again, a low spin Fe(III) species (g = 2.36, 2.13 and 1.93) is observed for 1,
whereas both high (g = 4.34) and low spin Fe(III) species (g = 2.36, 2.13 and 1.93)
were observed for 2 (Figure 18).
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Figure 18 Reaction of 1 and 2 (0.5 mM in acetonitrile) with indane (IN, 50 equiv) in the
dark (circles) and under irradiation (squares) (at λexc 355 nm). Changes in absorption over
time (a) at 687 nm for 1 and at 696 nm for 2, (b) at 459 nm for 1 and at 454 nm for 2 and
(e) EPR spectra obtained on a frozen sample (77 K) prepared immediately after addition of
indane to 1 and 2.
5.2.5.4 Oxygen atom transfer reactions

Addition of thioanisole or triphenylphosphine (PPh3) resulted in an immediate
disappearance of the NIR absorption bands of 1 and 2, accompanied by an increase
in absorbance of the corresponding Fe(II) complexes.19 Oxygen atom transfer
reactions are too fast (0-6 s) in the case of PPh3 to allow a significant effect of
irradiation on the reaction rate to be observed. There was no evidence for the
formation of Fe(III) intermediates by UV/Vis absorption and EPR spectroscopy
(Figure 19). Moreover an isosbestic point at 570 nm was observed in the reaction
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between 2 and thioanisole or triphenylphosphine and in contrast to C-H oxidation
catalysed by 1 and 2, an intermediate step is not observed in the oxo transfer
reactions to the thioanisole and PPh3. Formation of the OPPh3 was confirmed by
31
P NMR spectroscopy (data not shown).
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Figure 19 Changes in the UV/Vis absorption spectrum of 2 in acetonitrile (a) after addition
of 50 equiv of thioanisole and (b) 50 equiv of triphenylphosphine. Inset: EPR spectrum
obtained on the frozen sample (77 K) prepared shortly after addition of thioanisole to 2.

5.2.6 Photochemistry of 5 and 6 in acetonitrile
It was apparent from the data reported above that an Fe(III) species formed is also
photochemically active. The photochemical properties of two Fe(III) complexes 5
and 6 were studied in acetonitrile to elucidate the origin of the photochemistry.
Under irradiation at 355 nm, complex 5, which has an FeIII-OMe moiety, shows a
rapid increase in absorption at 378 and 454 nm, which is characteristic of the
FeII-CH3CN complex 4. The corresponding thermal reaction (i.e. in the dark) was
much slower (Figure 20).
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Figure 20 (a) Changes in the UV/Vis absorption spectrum of 5 (0.5 mM) in acetonitrile,
initial (solid line), after 80 min irradiation with λexc 355 nm (dotted line) and after 80 min in
the dark (dashed line) and (b) time dependence of the absorbance at 454 nm in the dark
(circles) and under irradiation (squares).
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In sharp contrast, complex 6, which bears an FeIII-OH unit, does shows a much less
pronounced effect of irradiation on its absorption spectrum with only a slow
increase in absorption at 378 and 454 nm observed compared to 5 (Figure 21).
Nevertheless, a significant increase in absorbance at 378 and 454 nm was observed
in the case of 6 under irradiation, compared to a sample kept in dark.
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Figure 21 Changes in the UV/Vis absorption spectrum of 6 (0.5 mM) in acetonitrile, initial
(solid line), after 2 h irradiation with λexc 355 nm (dashed line) and after 2 h in the dark
(dotted line).

Irradiation, of an equimolar mixture of 5 and 6 in acetonitrile, shows similar
changes as observed for 5 alone. Interestingly, the absorption of the FeII-CH3CN
species (λmax at 454 nm) observed in this case originates from complex 5 (which
bears a methoxy unit) and not from 6 based on the absorption maxima. In
conclusion species similar to 5, which bears a methoxido ligand, are most likely
responsible for the observed photochemical activity (Figure 22).
It is possible that the photoreduction proceeds though the formation of a strong
oxidant i.e. an FeIII-CH3CN complex (E1/2 = 1.1 V vs. SCE)19 through ligand
exchange. This species can oxidise both FeIII-OH or FeIII-OR (ca. 0.85 V vs. SCE,
chapter 4) to yield an FeII-CH3CN complex and an FeIV=O complex. Formation of
FeII-CH3CN was confirmed by its characteristic absorption bands at 378 and
454 nm (Figure 20 and 22) and by 1H NMR spectroscopy. However, formation of
an FeIV=O complex was not observed by UV/Vis absorption spectroscopy.
However, it is important to remember that the FeIV=O species is itself
photochemically active under irradiation at 355 nm and this may be the reason for
the absence of FeIV=O absorption in the UV/Vis absorption spectrum.
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Figure 22 (a) Changes in the UV/Vis absorption spectra of a mixture of 5 (0.5 mM) and 6
(0.5 mM) in acetonitrile, initial (solid line), after 100 min irradiation with λexc 355 nm
(dashed line) and after 100 min in the dark (dotted line) and (b) time dependence of the
absorbance at 454 nm in the dark (circles) and under irradiation (squares).

5.3 Summary
Complexes 1 and 2 are low spin with an S = 1 ground state in solution (confirmed
by Evans method)16 and in the solid state confirmed by SQUID measurements and
Mössbauer spectroscopy. In the solid state, irradiation at λexc 473 nm results in
partial photoreduction to Fe(III) and Fe(II) complexes. It was shown in chapter 3
that complexes 3 and 4, where acetonitrile is bound to Fe(II) centre, are
photochemically inactive in acetonitrile due to their high oxidation potentials and
singlet ground state. Importantly and in sharp contrast to their FeII-CH3CN
complexes, the FeIV=O complexes 1 and 2 show photochemical activity in
acetonitrile which lead, ultimately to reduction to the corresponding FeII-CH3CN
complex via an FeIII-OH2 intermediate. It was shown in chapter 4 that FeII-OH and
FeIV=O react rapidly to yield two molecules of FeIII-OH. However, in acetonitrile
the FeII-CH3CN complex does not react with FeIV=O species. Indeed, even with
20 vol% of water in acetonitrile, addition of 3 or 4 has no effect on the absorption
spectrum of the FeIV=O species. These data suggests that the observation of
FeIII-OH/OR species during the reaction between FeIV=O and several substrates,
with the exception of PPh3 and thioanisole in dark and under irradiation, is not due
to the reaction between FeII-OH/OR and FeIV=O complexes.
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Scheme 1 Reaction between Fe(II) and FeIV=O species for the formation of Fe(III)-OH
species.16

R'-H

step 1

Overall the data suggests that there are two steps involved in the photochemically
promoted reaction of 1 and 2 with substrates (Scheme 2). Except for PPh3 and
thioanisole, the first step is the conversion from FeIV=O to FeIII-OH/OR followed by
a second photochemical step in which it is probable that FeIII-OR converts to
FeIII-CH3CN (see section 5.2.4), which is a powerful enough oxidant to oxidise
FeIII-OH/OR to the FeIV=O state and form the FeII-CH3CN complex also.13,19 These
data suggests that the reaction proceeds via a rebound mechanism.

Scheme 2 Steps involved in the photochemistry of 1 and 2 in acetonitrile.

When compared to 1, complex 2 is more reactive towards substrate oxidation under
irradiation, e.g., ethyl benzene. This suggests a difference in reactivity of the quintet
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states or a difference in the photochemical quantum yields of 1 and 2.20 Irradiation
has no significant effect on the rate of formation of the Fe(III) species, in the
presence of substrates with weaker C-H bonds (e.g., indane and fluorene).
However, there is a substantial effect on the recovery of the FeII-CH3CN species.
The Fe(III) species generated in the reaction between PhCH2OH and FeIV=O has the
same g values as 5, indicating formation of FeIII-OCH2Ph. Further irradiation leads
to formation of FeII-CH3CN. These data are consistent with the rebound pathway in
the case of the initial oxidation step.
The enhanced catalytic reactivity towards C-H activation under the irradiation is
proposed here to be due to population of the S = 2 state. In enzymatic systems, such
as TauD a high spin FeIV=O (S = 2) species is utilised for the substrate oxidation.
By contrast, most of the synthetic FeIV=O species, which have triplet ground state
are unreactive when compared with biological systems. In scheme 3, the complex
[(tmg3tren)FeIV(O)]2+ has a quintet ground state, however this complex is a very
weak oxidant compared to [(tmc)(an)FeIV(O)]2+ and [(N4Py)FeIV(O)]2+ (2), which
have triplet ground states. The complex [(Tp)(OBz)FeIV(O)], which has degenerate
quintet and triplet states and is proposed to be a mimic for TauD shows higher
reactivity than the other complexes. In the present work both complexes 1 and 2
have triplet ground states as confirmed by Evans method. Overall, when these
complexes react with substrates via a quintet excited state is believed to mediate the
reaction and lead to the substrate oxidation.10 In the present case therefore it could
be concluded irradiation simply increases the transient population of the quintet
state.

Scheme 3 Energy profiles for the H-abstraction reactions of [(tmg3tren)FeIV(O)]2+ (left),
[(tmc)(an)FeIV(O)]2+ and [(N4Py)FeIV(O)]2+ (2) (middle) and [(Tp)(OBz)FeIV(O)] (right)
with 1,4-cyclohexadiene. RC is the reactant cluster. Reproduced from reference 10.
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5.4 Conclusions
In conclusion, we report the photochemically accelerated reduction of complexes 1
and 2 in the solid state as well in solution. In the solid state, irradiation causes the
reduction of the FeIV=O complexes to their corresponding Fe(III) and Fe(II)
complexes. In solution irradiation at λexc 355 and 400 nm leads to the reduction of
the complexes and formation of Fe(II)-CH3CN complexes. The increase in the
catalytic activity is ascribed to accessing of the S = 2 when under irradiation.
Further experiments and DFT calculations are expected to confirm the origin of the
photochemical reactivity.
5.5 Experimental section
The ligands 1,1-di(pyridin-2-yl)-N,N-bis(pyridin-2-ylmethyl)methanamine (N4Py)21 and
1,1-di(pyridin-2-yl)-N,N-bis(pyridin-2-ylmethyl)ethanamine (MeN4Py)19 were prepared by
literature methods. The complexes [(MeN4Py)FeII(CH3CN)](ClO4)2 (3)19 and
[(N4Py)FeII(CH3CN)](ClO4)2 (4)21 were available from earlier studies. For the complexes
[(MeN4Py)FeIV(O)](PF6)2 (1) and [(N4Py)FeIV(O)](PF6)2 (2) see chapter 4. Commercially
available chemicals are used without further purification.
5.5.1 Physical Methods
For details of UV/Vis absorption, Raman and resonance Raman spectroscopy see the
chapter 2. For details of EPR spectroscopy see the chapter 3. All UV/Vis absorption
experiments were carried out with a 400 or 420 nm long pass filter. Only the halogen lamp
was employed in UV/Vis absorption spectrometer to avoid additional photochemistry.
Irradiation at λexc 355 nm employed a Zouk from Cobolt Lasers with the power 10 mW at
the sample. In the case of λexc 449 nm (35 mW at source, PowerTechnology), 400.8 (50 mW
at source, PowerTechnology) and 691 nm (45 mW at source, Ondax) were employed. 57Fe
Mössbauer spectra have been recorded using a conventional constant-acceleration type
spectrometer equipped with a 50 mCi 57Co source and a flow-type, liquid helium cryostat.
Spectra of the powder samples (ca. 30 mg) were recorded at 4 K. Least-squares fittings of
the Mössbauer spectra have been carried out with the assumption of Lorentzian line shapes
using the Recoil software package. The magnetisation of the samples was measured both at
constant temperature (300 K) as a function of the applied field (1000 - 21000 Oe) and at a
constant applied field (1000 Oe) as a function of the temperature (2 - 300 K) using a
Quantum Design MPMS superconducting quantum interference device (SQUID)
magnetometer. The experimental data were corrected for the diamagnetic contribution.
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Synthesis and characterisation of
non-Heme FeIII-OCl complexes
The conversion of [(MeN4Py)FeII(Cl)](Cl) (1) to [(MeN4Py)FeIV=O]2+ via an
[(MeN4Py)FeIII(OCl)]2+ intermediate using 1-2 equivalents of aqueous NaOCl or
Ca(OCl)2 in water is reported for the first time. The intermediate
[(MeN4Py)FeIII(OCl)]2+ is characterised by a range of spectroscopic techniques
and its structure is considered using DFT methods.
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6.1 Introduction
The wide range of chemical transformations that can be achieved with
metalloproteins provides a constant source of inspiration to synthetic chemistry and
homogeneous catalysis. Mononuclear non-heme iron and copper proteins carry out
oxidative transformations such as C-H bond hydroxylation,1 epoxidation2 and
hetero atom oxygenation of many organic substrates.3 Their catalytic capability is
attributed to the remarkable properties of metal based species, including
iron(III)-hydroperoxo, iron(III)-peroxo and iron(IV)-oxo species, formed by the
reaction, for example, between an iron(II) complex and molecular oxygen.4
Functional and structural mimics for these intermediates are important in both
understanding biological activity, as well as, for synthetic applications, in
understanding the mechanisms by which metalloenzymes operate.5 Biomimetic
metal complexes that generate similar active intermediates or provide similar
coordination environments are viewed as being key to understanding enzymatic
mechanisms. Spectroscopic studies of trapped intermediates have employed X-ray
crystallography, X-ray absorption etc., Mössbauer, EPR, UV/Vis absorption and
(resonance) Raman spectroscopies and electrochemistry.6 The spectroscopic
characterisation of potential intermediates has provided insight into biological
systems and in our understanding of catalytic mechanisms.5
With notable exceptions, most oxygen activated iron intermediates have been
generated in organic solvents and, hence, direct comparison with intermediates
formed in biological systems is often difficult. Generation and characterisation of
such intermediates in aqueous media gives rise to the possibility of direct
comparison with that of active intermediates in metalloenzymes.
Chloroperoxidases, for example are a class of enzyme capable of catalysing
oxidation of Clֿ, Brֿ and Iֿ with H2O2 and forming carbon-halogen bonds in the
presence of the halogen acceptor. It has been proposed7 that the formation of an
FeIII-OCl adduct leads to halogen insertion in to substrates. To the best of our
knowledge, evidence for such an FeIII-OCl species has not been reported with the
exception of a single example of a heme complex reported recently.8
FeII complexes based on the pentadentate ligands N4Py and MeN4Py have served
as functional and structural models for FeII-BLM (Scheme 1). As with FeII-BLM,
these complexes have been shown to be capable of activating inert C-H bonds in the
presence of an oxidant9 and in the oxidative cleavage of DNA with molecular
oxygen.10 It has been shown that addition of oxidants such as H2O2, PhIO and CAN
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generates FeIII-OOH and FeIV=O intermediates, which are kinetically competent in
the reactions catalysed by these complexes.24 Spectroscopic evidence for FeIII-OOH
and FeIII(OO) has been reported by Que and Feringa et al,11a and the crystal
structure of [(N4Py)FeIV(O)]2+ was reported by Que et al.12 In this chapter the direct
conversion of [(MeN4Py)FeII(Cl)](Cl) (1) to [(MeN4Py)FeIV(O)]2+ via an
[(MeN4Py)FeIII(OCl)]2+ intermediate with 1-2 equivalents of aq. NaOCl or
Ca(OCl)2 in water at low pH is reported as well as the pathways involved in the
reaction of NaOCl with FeII complexes to yield FeIV=O species. Similar results were
obtained with the analogous complex [(N4Py)FeII(CH3CN)](ClO4)2 (2). The
reactions between these complexes and ClOֿ are compared and contrasted at neutral
and low pH.

Scheme 1 Structures of the ligands N4Py and MeN4Py and complexes 1 and 2 and species
formed from 1 and 2 in aqueous media.13

As discussed in chapter 2 for complexes 1 and 2, immediate ligand exchange of the
Cl-/CH3CN ligand(s) for hydroxide or aqua ligands, depending on pH, occurs in
water. Complex 1 is in general more stable towards ligand dissociation at low and
high pH compared to 2. In the case of 2, ligand dissociation is observed at pH
below 2.5. Full dissociation of the N4Py ligand was observed pH > 10. In the pH
range 5 to 8, complexes 1 and 2 show an equilibrium between two distinct species
(Scheme 1).13

6.2 Results and discussions
Complexes 1 and 2 were available from earlier studies.14 [(MeN4Py)FeIV(O)]2+ and
[(N4Py)FeIV(O)]2+ were generated by addition of 2.2 equiv of CAN to the aqueous
solution of 1 or 2, respectively, and were characterised by UV/Vis absorption,
(resonance)Raman and 1H NMR spectroscopy (see chapter 4).
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6.2.1 UV/Vis absorption spectroscopy
6.2.1.1 Reaction of 1 and 2 with NaOCl in water at low pH

Addition of 0.5 equiv of NaOCl to a solution of 1 in water (pH 2.9)15 led to a
decrease in absorbance at 490 nm (within 150 s) and the appearance of a band at
480 nm. Addition of a further 0.5 equiv of NaOCl results initially in an increase in
absorbance at 480 nm, after which, a band at 670 nm appeared concomitant with a
decrease in absorbance at 480 nm (Figure 1).
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Figure 1 Changes in UV/Vis absorption (a) after addition of 0.5 equiv of NaOCl to an
aqueous solution of 1 (0.5 mM, pH 2.9) and (b) corresponding time dependence of the
absorbance at 480 nm and at 670 nm, (c) after addition of a second 0.5 equiv of NaOCl and
(d) corresponding time dependence of the absorbance at 480 nm and at 670 nm. # the sharp
spike is an instrumental artefact. ‘t’ is in s.
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Figure 2 Changes in UV/Vis absorption (a) after addition of 1 equiv of NaOCl to an
aqueous solution of 1 (0.5 mM, pH 2.2) and (b) corresponding time dependence of the
absorbance at 480 nm and at 670 nm, (c) after addition of a second 1 equiv of NaOCl,
(d) corresponding time dependence of the absorbance at 480 nm and at 670 nm and (e) the
effect of NaOH on the spectrum of FeIV=O species. # the sharp spike is an instrumental
artefact. ‘t’ is in s.

Direct addition of 1 equiv of NaOCl to 1 at pH 2.2 led to a near complete loss in
absorbance at 490 nm within 15 s, indicating a complete loss of the FeII complex,
after which a new band grew at 480 nm and reached a maximum absorbance within
ca. 2 min. Subsequently a decrease but not complete loss in absorbance at 480 nm,
concomitant with an increase in absorbance at 670 nm, was observed (Figure 2).
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Upon addition of a second equivalent of NaOCl, the band at 480 nm increased
initially with no change in absorbance at 670 nm. After the absorbance at 480 nm
reached a maximum, the absorbance at 670 nm began to increase with a
concomitant decrease in absorbance at 480 nm. The absorption band in the NIR
region (i.e. at 670 nm) is typical of an FeIV=O species.6 Under acidic conditions the
absorption at 670 nm is persistent but disappears rapidly upon an increase in pH
(Figure 2e).
6.2.1.2 Reaction of 1 and 2 with NaOCl at pH 7 ‐ 8
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Figure 3 Changes in UV/Vis absorption (a) after addition of 0.5 equiv of NaOCl to an
aqueous solution of 1 (0.5 mM, pH 7.4), (b) corresponding time dependence of the
absorbance at 480 nm and at 670 nm, (c) after addition of a second 0.5 equiv of NaOCl and
(d) corresponding time dependence of the absorbance at 480 nm and at 670 nm. # the sharp
spike is an instrumental artefact. ‘t’ is in s.

In contrast to that observed at low pH, addition of 0.5 equiv of NaOCl to an
aqueous solution of 1 (0.5 mM) at pH 7.416 resulted in an immediate (< 4 s)
disappearance of a band at 490 nm and the appearance of the band at 480 nm. An
absorption band at 670 nm was not observed. A second addition of 0.5 equiv
NaOCl results in an increase in absorbance at 670 nm with concomitant loss in
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absorbance at 480 nm (Figure 3). It is shown in Figures 2 and 3, that the rate of
formation of the species that absorbs at 480 nm is slower at low pH.
6.2.1.3 Comparison with [(N4Py)FeII(CH3CN)](ClO4)2 (2)
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Figure 4 Changes in UV/Vis absorption (a) after addition of 0.5 equiv of NaOCl to an
aqueous solution of 2 (0.5 mM, pH 3.3) and (b) corresponding time dependence of the
absorbance at 495 nm and at 675 nm, (c) after addition of a second 0.5 equiv of NaOCl and
(d) corresponding time dependence of the absorbance at 495 nm and at 675 nm. # the sharp
spike is an instrumental artefact. ‘t’ is in s.

Parallel experiments were carried out on the related complex
[(N4Py)Fe(CH3CN)](ClO4)2 (2). In contrast to 1, addition of 0.5 equiv of NaOCl to
an aqueous solution of 2 (at pH = 3.3)17,18 generates [(N4Py)FeIV(O)]2+ (λmax at
675 nm)19 immediately with a weaker absorption at 495 nm. Addition of a second
0.5 equiv of NaOCl resulted in a further increase in absorption at 675 nm
(i.e. [(N4Py)FeIV(O)]2+, Figure 4). Interestingly, addition of 0.5 equiv of NaOCl to
an aqueous solution of 2 (at pH = 6.5) generates [(N4Py)FeIV(O)]2+ (λmax at
675 nm)19 rapidly without the intermediate appearance of an absorption band at
495 nm. Furthermore, a second batch addition of 0.5 equiv of NaOCl to the same
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solution results in an increase in absorbance at 675 nm. At pH 6.5 - 7 the band at
495 nm was not observed.
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Figure 5 Changes in UV/Vis absorption (a) after addition of 0.5 equiv of NaOCl to an
aqueous solution of 2 (0.5 mM, pH 6.5) and (b) corresponding time dependence of the
absorbance at 495 nm and at 675 nm, (c) after addition of a second 0.5 equiv of NaOCl and
(d) corresponding time dependence of the absorbance at 495 nm and at 675 nm. # the sharp
spike is an instrumental artefact. ‘t’ is in s.

6.2.2 1H NMR spectroscopy
1
H NMR spectroscopy was employed to characterise the species formed in the
reaction of 1 and 2 with NaOCl in the neutral and low pH. Addition of 0.5 equiv of
NaOCl to an aqueous solution of 1 (at pH 2.2) resulted in a loss of all signals in the
1
H NMR spectrum. The 1H NMR spectrum obtained after the appearance of the
blue species generated with 2 equiv of NaOCl in water matched that of
[(MeN4Py)FeIV(O)]2+generated with CAN.20 Similarly, the blue species generated
in the reaction between 1 and NaOCl in water is identical to that reported for
[(N4Py)FeIV(O)]2+ in the literature.12
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Figure 6 1H NMR spectra of [(MeN4Py)FeIV(O)]2+ generated with CAN from 1 in D2O
(top) and blue species generated with 1 (5 mM) in D2O at pH 2.2 (bottom) with 2 equiv of
NaOCl.

6.2.3 EPR spectroscopy
The EPR spectra obtained by flash freezing samples at 77 K, 60 s after addition of
2 equiv of NaOCl to an aqueous solution of 1 (1 mM, pH 2.2) shows signals
originating from two distinct low spin Fe(III) complexes at g = 2.42, 2.26, 2.15,
1.97 and 1.92. The signals at g = 2.42, 2.15 and 1.92 are assigned to
[(MeN4Py)FeIII(OH)]2+.11b The remaining signals are assigned to a new low spin
Fe(III) intermediate. Recently, Hiroshi et al assigned a complex with g values of
2.256, 2.137 and 1.964 as being [(TPFP)FeIII(OCl)2]−.8 These values match well
with the signals observed in the present case. The signal at 2.13 is absent, however,
which is likely to be due to overlap with the signal of [(MeN4Py)FeIII(OH)]2+. A
minor amount of high spin FeIII at g = 4.39 was observed. Residual FeIII signals
were observed in the EPR spectrum of the [(MeN4Py)FeIV(O)]2+ (670 nm species),
consistent with the consumption of the FeIII-OH and FeIII-OCl species.
[(MeN4Py)FeIV(O)]2+ is itself EPR silent at 77 K.21 Addition of aqueous NaOH to a
solution of [(MeN4Py)FeIV(O)]2+ generated with NaOCl gave rise to high spin
FeIII signals at g = 9.06, 5.08 and 4.27 corresponding to a high spin Fe(III) complex.
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Figure 7 EPR spectra, at 77 K, of (a) [(MeN4Py)FeIII(OCl)]2+ and (b) [(MeN4Py)FeIV(O)]2+
generated by reaction of 1 (1 mM, pH 2.2) with 2 equiv of NaOCl in water at room
temperature and (c) the effect of NaOH on the spectrum of [(MeN4Py)FeIV(O)]2+ (670 nm
absorbing species).
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Figure 8 (a) EPR spectra, at 77 K, of 2 after reaction with 1 equiv (bottom) and 2 equiv
(top) of NaOCl in water (1 mM, pH 2.8) and (b) EPR spectra, at 77 K, of 2 after reaction
with 0.5 - 2 equiv of NaOCl in water (1 mM, pH 6.5) and a solution of [(N4Py)FeIV(O)]2+.

Similar experiments were carried out with 2. As for 1, the EPR spectrum obtained
from flash frozen samples when the absorbance at 495 nm was at a maximum
(generated by adding 2 equiv of NaOCl to the aqueous solution of 2, 1 mM, pH 2.8)
shows signals at g = 2.42, 2.26, 2.16, 1.97 and 1.92 characteristic for low spin
Fe(III) complexes. In contrast to 1, however the contribution of the high spin Fe(III)
signal was higher (Figure 8). At medium pH (6.5), a signal related to a high spin
Fe(III) species was observed (Figure 8).
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6.2.4 ESI-MS analysis
Cryo spray ESI-MS has been applied recently to the analysis of first row transition
metal complexes and their intermediates formed by reaction with a range of
oxidants.22 Addition of 1 equiv of NaOCl to an aqueous solution of 1 (0.5 mM,
pH 2.2), resulted in the appearance of several major ions [(MeN4Py)FeIII(OH)]2+
(m/z 227.066), [(MeN4Py)FeIV(O)]2+ (m/z 226.563), [(MeN4Py)FeIII(OCl)(ClO4)]+
(m/z
553.080),
(m/z
587.043),
[(MeN4Py)FeIII(OH)(ClO4)]+
IV
+
[(MeN4Py)Fe (O)(ClO4)]
(m/z
552.075)
and
[(MeN4Py)FeII(ClO4)]+
(m/z 536.079). The only ion in the Fe(II) oxidation state observed was
[(MeN4Py)FeII(ClO4)]+, which decreases in intensity over time. Due to small
differences in their m/z values, the ions [(MeN4Py)FeIII(OH)]+2 &
[(MeN4Py)FeIV(O)]2+
and
[(MeN4Py)FeIII(OH)(ClO4)]+
&
III
+
[(MeN4Py)Fe (O)(ClO4)] (m/z 552.075) overlap. Addition of a second equiv of
NaOCl increases the intensity of the [(MeN4Py)FeIV(O)(ClO4)]+ (m/z 552.075)
signal concomitantly with a decrease in intensity of other mono cationic ions.
Eventually [(MeN4Py)FeIII(OCl)(ClO4)]+ is not observed, and only
[(MeN4Py)FeIV(O)(ClO4)]+ (m/z 552.075) was observed. With Na18OCl instead of
Na16OCl all mono cationic ions except for [(MeN4Py)FeII(ClO4)]+ (m/z 536.079),
were shifted by two m/z units and dicationic ions shifted by one m/z unit. This
supports their assignment as [(MeN4Py)FeIII(18OH)]2+ (m/z 228.070),
(m/z
227.564),
[(MeN4Py)FeIII(18OCl)(ClO4)]+
[(MeN4Py)FeIV(18O)]2+
(m/z 589.047),
[(MeN4Py)FeIII(18OH)(ClO4)]+
(m/z
555.084)
and
IV 18
+
23
[(MeN4Py)Fe ( O)(ClO4)] (m/z 554.078) (Figure 9).
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Figure 9 Experimental and simulated Cryo ESI-MS spectra obtained from the reaction
mixture containing NaOCl and 1 in H2O16 and H2O18 at pH 2.5
(a) [(MeN4Py)FeIII(OCl)(ClO4)]+ (m/z 587.04) (b) [(MeN4Py)FeIV(O)(ClO4)]+ (m/z 552.07)
generated with Na16OCl and (c) [(MeN4Py)FeIII(18OCl)(ClO4)]+ (m/z 587.04) and
(d) [(MeN4Py)FeIV(18O)(ClO4)]+ (m/z 552.07) generated with Na18OCl.

Parallel experiments were carried with complex 2. As for complex 1, addition of
1 or 2 equiv of NaOCl to an aqueous solution of 2 (0.5 mM, pH 3), shows mono
cationic ions [(N4Py)FeIII(OCl)(ClO4)]+ (m/z 573.027), [(N4Py)FeIII(OH)(ClO4)]+
(m/z 539.064), [(N4Py)FeIV(O)(ClO4)]+ (m/z 538.058) and [(N4Py)FeII(ClO4)]+
(m/z 522.064) and dicationic ions
[(N4Py)FeIII(OH)]2+ (m/z 220.058),
[(N4Py)FeIV(O)]2+ (m/z 219.555). The peaks related to FeIV=O increased in
intensity over time where as other ions decrease in intensity. Again with the
labelled Na18OCl, all mono cationic, with exception of [(N4Py)FeII(ClO4)]+, and
increased by two m/z units and dicationic ions were increased by one m/z unit.
To avoid interference of the water present in aqueous NaOCl, we carried out similar
experiments using Ca(OCl)2 (as solid). As with NaOCl, addition of 2 or 4 equiv of
Ca(OCl)2 to an aqueous solution of 1 (0.5 mM, pH 2.5), shows mono cationic ions
[(MeN4Py)FeIII(OCl)(ClO4)]+ (m/z 587.042), [(MeN4Py)FeIII(OH)(ClO4)]+
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(m/z 553.080),
[(MeN4Py)FeIV(O)(ClO4)]+
(m/z
552.073)
and
II
+
III
[(MeN4Py)Fe (ClO4)] (m/z 536.079) and dicationic ions [(MeN4Py)Fe (OH)]2+
(m/z 227.066), [(MeN4Py)FeIV(O)]2+ (m/z 226.563). With labelled Ca(18OCl)2
mono cationic ions except [(MeN4Py)FeII(ClO4)]+ (m/z 536.079), increased by two
m/z units and dicationic ions were increased by one m/z unit (Figure 10).

Figure 10 Experimental and simulated Cryo ESI-MS spectra obtained from the reaction
mixture containing Ca(OCl)2 and 1 in H2O16 and H2O18 at pH 2.5
(a) [(MeN4Py)FeIII(OCl)(ClO4)]+ (m/z 587.04) (b) [(MeN4Py)FeIV(O)(ClO4)]+ (m/z 552.07)
generated with Ca(16OCl)2 and (c) [(MeN4Py)FeIII(18OCl)(ClO4)]+ (m/z 587.04) and
(d) [(MeN4Py)FeIV(18O)(ClO4)]+ (m/z 552.07) generated with Ca(18OCl)2.

Under neutral conditions FeIII-OCl species were not observed, and only signals
assignable to [(N4Py)FeIV(O)(ClO4)]+ (m/z 538.061) for 2 and [(MeN4Py)FeIV(O)]2+
(m/z 226.565) for 1 were observed upon addition with 1 or 2 equiv of NaOCl.
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6.2.5 Resonance Raman spectroscopy
Resonance Raman spectroscopy was employed to characterise the FeIII-OCl and
FeIV=O intermediates presumed to form in solution. Although the FeIV=O species
absorb strongly at 670 nm, λexc 473 nm was chosen to take advantage of the
potential resonance enhancement of the Raman scattering of the putative FeIII-OCl
species.

Figure 11 Reaction between 1 (1 mM in H2O at pH 2.2) and NaOCl (two equiv followed by
another two equiv in H2O) followed by Raman spectroscopy at λexc 473 nm. Spectra were
normalized to the ClO4- band at 934 cm-1 except for the initial spectrum. The legend is time
in minutes after addition of NaOCl.

Addition of 2 equiv of NaOCl to an aqueous solution of 1 (1 mM in H2O at pH 2.2)
was followed by Raman spectroscopy at λexc 473 nm. Before addition the intense
(resonantly enhanced) Raman scattering of the low spin FeII-OH species was
observed.13 Immediately, after addition of 2 equiv of NaOCl to an aqueous solution
of 1 bands at 580, 653 and 673 cm-1 appeared (within one minute total acquisition
time). These bands are in the region typical for FeIII-O vibrational modes.24 Over
time these bands decrease in intensity and a new band at 843 cm-1 increases
concomitantly. Addition of another two equiv of NaOCl regenerates the bands in
the region 570 to 750 cm-1, which again decrease over time with only the band at
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843 cm-1 persisting.

Figure 12 Reaction between 1 (1 mM in 18OH2 at pH 2.2) and Na18OCl (two additions of
two equiv in 18OH2) followed by Raman spectroscopy at λexc 473 nm. Spectra were
normalized to the ClO4- band at 934 cm-1 except for the initial spectrum. The legend is time
in minutes after addition of Na18OCl.

Addition of 2 equiv of Na18OCl to a solution of 1 (1 mM in 18OH2 at pH 2.2) results
in the appearance of the bands at 673, 628 and 562 cm-1. Again, these bands
decrease in intensity over time with a concomitant appearance of a new band at
807 cm-1 (Figures 12 and 13). Three bands are shifted when compared with the
non-18O-labelled samples. The band at 673 cm-1 was not sensitive to 18O labelling.
The bands at 843, 653 and 580 cm-1 shift to 807, 628 and 562 cm- 1. The observed
shift of 36 cm-1 of the band at 843 cm-1 is in good agreement with the calculated
shift (for a two atom approximation) for a Fe-O bond (37 cm-1). This is in
agreement with the assignment of the species formed later in the reaction with an
absorption at 670 nm as the [(MeN4Py)FeIV(O)]2+complex.19 The bands 653 and
580 cm-1 were shifted by 25 and 18 cm-1, respectively, these shifts are close to those
expected for an Fe-O bond (29 cm-1 for the band at 653 cm-1 and 26 cm-1 for the
band at 580 cm-1) and O-Cl (26 cm-1 for the band at 653 cm-1 and 23 cm-1 for the
band at 580 cm-1) modes. Hence definitive assignment of the mode cannot be made
on the basis of isotope shift.
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Figure 13 Intermediates generated upon the reaction of 1 (1 mM at pH 2.2) with
(a) Na16OCl in 16OH2 and (b) Na18OCl in 18OH2 followed by Raman spectroscopy at λexc
473 nm.

Figure 14 Raman Spectra of aqueous NaOCl before and after addition of NaBr at λexc
785 nm. Spectra were normalized to the water band at ca. 1650 cm-1.

NaOBr was employed to facilitate band assignments. Addition of 2 equiv of
NaOBr25 to an aqueous solution of 1 (1 mM in H2O at pH 2.2), results in substantial
interference from fluorescence and hence it is not possible to obtain Raman spectra
under the conditions employed. The solvent system was changed to
water/acetonitrile (1:1) to circumvent this problem. As with water, addition of
2 equiv of NaOCl to a solution of 1 (1:1 water/acetonitrile at pH 2.2) shows bands
at 580, 656, 676 and 843 cm-1. Addition of 2 equiv of NaOBr instead of NaOCl
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shows the bands 843, 673 and 629 cm-1. The band at 843 cm-1 was not affected. The
band at 676 was moderately shifted (3 cm-1) by replacement of Cl with Br, this band
is also oxygen insensitive indicating that it is a Fe-N mode. The 656 cm-1 band was
shifted to 629 cm-1, the observed shift of 27 cm-1 is too small to be assign to be due
to an O-Br vibrational mode. Interestingly, the band at 580 cm-1 was not observed.
Even though Hiroshi8 assigned the 786 cm-1 band in the heme (FeIII-OCl) system as
an O-Cl vibrational mode, 18O labelling and bromine labelling data support the
assignment of the 580 cm-1 band as the O-Cl vibrational mode. The other oxygen
sensitive mode at 656 cm-1 was tentatively assigned to an FeIII-O stretch. The shift
of 27 cm-1 might be due to the effect of bromine on the Fe-O stretch (i.e. a change
in force constant).

Figure 15 Reaction of 1 (1 mM in H2O at pH 2.2) with (a) NaOCl and (b) NaOBr followed
by Raman spectroscopy at λexc 473 nm.

6.2.6 DFT calculations
DFT optimised geometries of the complexes [(MeN4Py)FeIII(OCl)]2+ (S = 1/2) and
[(MeN4Py)FeIV(O)]2+ (S = 1) are shown in Figure 16. Both are in distorted
octahedral geometries. Bond distances of 2.000 Å and 2.026 Å are observed for
Fe-Npy and Fe-Namine respectively for [(MeN4Py)FeIII(OCl)]2+, which are comparable
to low spin Fe(III) polypyridyl complexes in agreement with the EPR data. The
FeIII-O and O-Cl bond distances are 1.807 and 1.712 Å, respectively. Nearly linear
geometry for Namine-Fe-O (175.09°) was observed, whereas a bent geometry with an
angle of 123.32° was observed for Fe-O-Cl. In the case of [(MeN4Py)FeIV(O)]2+,
distances of 1.991 Å and 1.994 Å are observed for the Fe-Npy bonds. The Fe-O
bond (1.624 Å) is comparable to the X-ray structural Fe-O bond distance for
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[(N4Py)FeIV(O)]2+ (1.639(5) Å).12 The Fe-O bond is shorter in [(MeN4Py)FeIV(O)]2+
compared to [(MeN4Py)FeIII(OCl)]2+ as expected due to its double bond character.
The Fe-O bond of [(MeN4Py)FeIV(O)]2+ pulls the iron center out of the plane of the
four pyridyl nitrogen atoms compared to [(MeN4Py)FeIII(OCl)]2+ (0.2642 Å
vs. 0.2394 Å).

Figure 16 DFT optimised geometries of [(MeN4Py)FeIII(OCl)]2+ and [(MeN4Py)FeIV(O)]2+.
Table 1 selected bond distances and bond angles of [(MeN4Py)FeIII(OCl)]2+ and
[(MeN4Py)FeIV(O)]2+
[(MeN4Py)FeIII(OCl)]2+
[(MeN4Py)FeIV(O)]2+
1.991
Fe-NPy (Å)
2.000
1.991
2.000
1.994
2.000
1.994
2.000
Fe-Namine (Å)
2.026
2.077
Fe-O (Å)
1.807
1.624
O-Cl (Å)
1.712
--Fe-O-Cl (°)
123.32
--O-Fe-Namine (°)
175.09
179.42
Fe-mean eq. plane (Å)
0.2394
0.2642

6.3 Summary and conclusions
In summary, through a combination of UV/Vis absorption, 1H NMR, EPR and
Raman spectroscopy and Cryo ESI-MS, a non-Heme intermediate FeIII-OCl species
that is able to convert to an FeIV=O species is observed for the first time. Initially,

156

Synthesis and characterisation of FeIII-OCl species
the chlorido ligand in 1 and CH3CN in 2 exchanges with H2O/OH־, depending on
the pH of the solution. Addition of 0.5 equiv of NaOCl to an aqueous solution of 1
(pH ~ 2 to 2.5) leads to the formation of an FeIII-OH intermediate, identified by
ESI-MS and EPR spectroscopies (appear with m/z 227.066 assigned to
[(MeN4Py)FeIII(OH)]2+ and EPR spectrum with g = 2.42, 2.15 and 1.92
characteristic for [(MeN4Py)FeIII(OH)]2+). The initial oxidation however may be
due to comproportionation of FeIV=O and FeII-OH which is rapid in aqueous
solutions (see chapter 4).

Scheme 2 Reaction between FeII-OH and FeIV=O complexes in water.

Addition of a 2nd equivalent of NaOCl generates the intermediate FeIII-OCl species
as confirmed by an absorption band at ca. 480 nm, which shows bands at 580 cm-1
(O-Cl), 656 cm-1 (Fe-O) and 673 cm-1 (Fe-N) in its resonance Raman spectrum at
λexc 473 nm and a peak at m/z 587.043 assignable to [(MeN4Py)FeIII(OCl)(ClO4)]+.
Over time this intermediate converts to an FeIV=O species. Addition of a further
equivalent of NaOCl generates more of the FeIII-OCl intermediate, which then
converts to additional [(MeN4Py)FeIV(O)]2+ again, identified by its characteristic
NIR absorption band at 670 nm, EPR silence at 77 K, Raman band at 843 cm-1
(807 cm-1 upon 18O labelling) assignable to FeIV=O, 1H NMR spectrum and peak at
m/z 552.075 assigned to [(MeN4Py)FeIV(O)(ClO4)]+ (Scheme 3). Similar results
were obtained when complex 2 was used.
It was apparent from the spectroscopic data that at low pH the generation of the
intermediates is slower and the FeIII-OCl species is stabilised compared to neutral
pH. The FeIII-OCl intermediate generated from 1 was more stable than the
intermediate generated from 2, which may reflect the steric hindrance caused by the
methyl group, which pushes the pyridyl groups more towards the iron center. A
non-heme M-OCl (i.e. FeIII-OCl) species has been spectroscopically characterised
in this study. We believe that this intermediate is capable of inserting the halogen
into substrates in a catalytic fashion. Preliminary results indicate that this is the
case. Exploring the catalytic activity of this intermediate is expected to improve our
understanding of the biological function of haloperoxidases and to support the
proposed involvement of such species in the catalytic pathway of
vanadium-dependent and heme-dependent haloperoxidases.
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Scheme 3 Intermediates formed during the reaction between 1 and 2 in water (pH 2 to 3)
and NaOCl.

6.4 Experimental section
The ligands 1,1-di(pyridin-2-yl)-N,N-bis(pyridin-2-ylmethyl)methanamine (N4Py) and
1,1-di(pyridin-2-yl)-N,N-bis(pyridin-2-ylmethyl)ethanamine
(MeN4Py)
and
14a
[(N4Py)Fe(CH3CN)](ClO4)2 (2) were prepared by literature methods. For the synthesis of
[(MeN4Py)Fe(Cl)](Cl) (1) see chapter 4. Commercially available chemicals were purchased
and used without further purification. Ca(OCl)2 and aqueous NaOCl (10 - 15 %) were
purchased from Sigma Aldrich. Na18OCl was prepared by dissolving aqueous Na16OCl in
18
OH2 with 1:7 v/v. Similarly Ca(18OCl)2 was prepared by dissolving solid Ca(16OCl)2 in
18
OH2. All the experiments were carried out at room temperature. Samples were prepared
using MilliQ water and pH was adjusted using dilute aqueous HClO4 or H2SO4 and NaOH
solutions. Buffers such as phosphate changes the chemistry of these complexes in water,
hence, buffers are not employed to control the pH of the reaction mixture in this study.
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6.5.1 Physical Methods
For details of UV/Vis absorption, Raman, resonance Raman and 1H NMR spectroscopy see
the chapter 2. For details of EPR spectroscopy see the chapter 3. High resolution mass
spectra (HRMS) were recorded on a Bruker MicrOTOF-Q IITM Instrument at Serveis
Tècnics of the University of Girona. A cryospray attachment was used for CSI-MS
(cryospray mass spectrometry). Temperature of the nebulizing and drying gasses was set at
5 and 0 ºC, respectively. Samples were introduced into the mass spectrometer ion source by
direct infusion using a syringe pump and were externally calibrated using sodium formate.
The instrument was operated in the positive ion mode. DFT Calculations were performed
using unrestricted hybrid density functional level B3LYP26,27 in Gaussian-09 program
package. All the geometries reported were result of full optimization without geometric
constraints and using analytical frequency to validate the absence of imaginary frequency.
The basis sets used are LANL2DZ and LANL2TZ+(f) with ECP core potential for iron and
from 6-311+G* to 6-311+G(d,p) for the other elements (H, C, N, O and Cl).
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Spectroscopic characterisation of
NiII-O· species in the reaction of a
non-porphyrinic Ni(II) complex
with NaOCl
In this chapter, the characterisation of a non-porphyrinic NiII(H,MePyTACN)
complex and its reactivity with NaOCl by UV/Vis absorption, (resonance)Raman,
1
H NMR and EPR spectroscopy, cyclic voltammetry and ESI-MS is reported.
Evidence for a NiII-O· species as well as a NiII-OCl complex is presented together
with the selective and efficient catalytic chlorination of alkanes with NaOCl
catalysed by the complex.

A. Draksharapu, D. Angelone, A. Company, Z. Codolà, J. Lloret-Fillol, L. Gómez, W. R.
Browne, M. Costas, to be submitted.
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7.1 Introduction
Metal catalysed oxidations play a central role in a myriad of biological and
chemical processes as discussed in the preceding chapters.1 These reactions
typically involve the formation of highly reactive inorganic (transition metal)
species, where the terminal oxidant acts in the first instance as a ligand.2
Subsequent oxidation of the metal concomitant with formation of a terminally
bound oxo ligand occurs frequently.3 The most prominent examples are the
metal-peroxides and hydroperoxides, however, other classes of metal-oxidant
complexes have been proposed in recent years and are gaining interest, due to the
increasing number of direct structural, spectroscopic and reactivity studies of
enzymatic systems.4 Important examples include non-porphyrinic iron and
manganese complexes ligated to iodosylbenzenes,5 for which X-ray structures have
been determined, and a single example of a Heme FeIII-OCl intermediate was
described recently.6 Investigation of the chemistry of these highly reactive species is
challenging due to their inherent instability, however, valuable insight relevant to a
wide range of biological oxidative transformations can be gained through such
studies.
The direct conversion of an aliphatic C-H bond to a C-Cl bond is an important and
challenging goal in transition metal based oxidation catalysis both for synthetic
applications and to understand the mechanisms by which metalloenzymes, in
particular, haloperoxidases operate.7 Over the past decades, numerous metal
catalysed C-H activation reactions have been developed for directed oxygenation.8
The hypochlorite anion constitutes a versatile oxidant that has found wide spread
application in metal catalysed oxidations employed in organic synthesis.9 Several
manganese, iron and nickel catalysed oxidations are based on the use of NaOCl,
however, to date, to the best of our knowledge, evidence for M-OCl species
(M = Mn, Fe, Ni) has not been reported in any non-porphyrinic systems and only
one example has been described for a heme system recently by Fujii et al
(notwithstanding chapter 6, of course).6
Catalytic halogenation of non-activated alkyl C-H groups, although receiving much
less attention, has been achieved also, for example, with manganese porphyrin
catalysts and sodium hypochlorite; the latter acting both as oxidant and source of
the halogen atom to be incorporated.9b Ni-salen complexes and indeed Ni(II) salts
have been shown to be capable of oxidative chlorination also, albeit requiring a
gross excess (40 times) of the oxidant NaOCl.10 It has been proposed in the context
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of nickel based catalysis that a nickel oxo species (NiIV=O or NiIII=O/NiII-O·)11,12,13
is responsible for catalytic activity of these complexes. Furthermore, a
NiIII=O(H)/NiII-O· active intermediate in catalysis with mCPBA has been proposed
by Itoh12 and Ray,13 recently. Spectroscopic evidence for these intermediates is,
however, not yet available. Moreover, the existence of a NiIV=O intermediate
proposed by Burrows11 is rather unlikely considering the ‘oxo wall’ (Fe-Ru-Os),
i.e. metals to the right of the wall will not support a terminal oxo group in a
tetragonal environment.14,15

Scheme 1 Structure of the ligand H,MePyTACN and its Ni(II) complex and the catalysed
halogenation of alkanes with NaOCl.

In this chapter, for the first time the direct spectroscopic characterisation of NiII-O·
and NiII-OCl species is described. These species are formed as intermediates during
the catalytic halogenation of alkanes. The non-porphyrinic complex
[NiII(H,MePyTACN)(CH3CN)2](OTf)2 (1) catalyses the halogenation of aliphatic C-H
bonds using NaOCl both as terminal oxidant and chlorine source (Scheme 1).
UV/Vis absorption, resonance Raman, NMR and EPR spectroscopic data indicate
that the active form of the catalyst is NiII-O· species (C-H abstraction) and NiII-OCl
(chlorinating agent) species. Catalyst 1, with sodium hypochlorite, transforms a
range of alkanes to alkyl chlorides with good selectivity and with only minor
amounts of oxygenated and other chlorinated products under optimised conditions.
Several aspects of the reactivity of these species in oxygen atom transfer reactions
are described also.

7.2 Results and discussion
7.2.1 Synthesis and Characterisation of 1
The ligand H,MePyTACN was available from earlier studies.16 Complex 1 was
prepared by reaction of equimolar amounts of the ligand H,MePyTACN and
[NiII(CH3CN)6](OTf)2 in acetonitrile and isolated as pale violet crystals. The
UV/Vis absorption spectrum of 1 in acetonitrile shows λmax at 275, 321, 525, 809
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and 906 nm (vide infra, Figure 4a). The spectrum is similar to that of
[NiII(TPA)(OAc)(H2O)](BPh4).17 By analogy, the bands in the UV region are
assigned to intra-ligand transitions, and the bands at 525 and 906 nm are assigned to
3
A2g  3T1g (F) and 3A2g  3T2g (F) transitions, respectively. The band at
ca. 809 nm is assigned tentatively, as a spin forbidden 3A2g  1E1g transition.17,18

10.0µ

Current in A

8.0µ
6.0µ
4.0µ
0.1 V/s
2.0µ
0.0
-2.0µ
-4.0µ
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

Potential in V vs SCE

Figure 1 (left) Raman spectra of 1 (a) 75 mM in acetonitrile (solvent subtracted) (b) as a
solid powder λexc 785 nm and (c) FTIR spectrum and (right) cyclic voltammetry of 1
(1 mM) in acetonitrile (10 mM TBAP, vs. SCE). * artefact from solvent subtraction.

The cyclic voltammetry of 1 in acetonitrile shows a single quasi-reversible redox
wave for the NiIII/NiII redox couple at 0.48 V vs. SCE (Figure 1). The coordination
of acetonitrile ligands both in solution and the solid state is apparent from the nitrile
bands of 1 at 2293 cm-1 and 2318 cm-1 in both the FTIR and Raman spectra. The
Raman spectra recorded under non-resonant conditions at λexc 785 nm of both
crystalline material and a 75 mM solution in acetonitrile of 1 are (with the
exception of solvent bands) identical both in terms of Raman shift and relative
intensity of the modes (Figure 1). The nitrile stretching bands of the CH3CN ligand
of 1 in the solid state at 2293 cm-1 and 2318 cm-1, are observed at the same
wavenumbers in solution also. The close correlation between FTIR and Raman
spectra of 1 in the solid state with the non-resonant Raman spectrum in acetonitrile
confirms that the structure of complex 1, i.e. the tetradentate coordination of the
PyTACN ligand to the NiII centre, is retained in solution.
Crystals suitable for X-ray crystallographic analysis were obtained by slow
diffusion of diethyl ether into an acetonitrile solution of 1. Complex 1 adopts a
distorted octahedral geometry with six nitrogen donors (Figure 2). Four
coordination sites are occupied by N atoms from the ligand PyTACN and the other
two by acetonitrile. The acetonitrile ligands are cis to each other. The six Ni-N
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bonds range from 2.046 to 2.112 Å and are similar to those reported for the
complex [NiII(TPA)(OAc)(H2O)](BPh4).12

Bond length
(in Å)
Ni-N1py
Ni-N2amine
Ni-N3amine
Ni-N4amine
Ni-N5acn
Ni-N6acn

2.079 (3)
2.061 (3)
2.112 (3)
2.105 (3)
2.105 (3)
2.046 (3)

Figure 2 Structure of 1 with 50% probability ellipsoids along with the bond distances.
Hydrogen atoms and triflate anions are removed for clarity.

7.2.2 Catalytic C-H activation with 1 and NaOCl
The oxidation of alkanes with sodium hypochlorite, catalysed by 1 (1 mol%, 1 mg
scale), is summarised in Table 1. Conversion was not observed in the absence of 1
or in the presence of [NiII(O2CCH3)2]. Chlorocyclohexane and chlorocyclooctane
were obtained in 17% and 12% yield, respectively, with respect to the terminal
oxidant and 6% and 4% yield, respectively, with respect to the substrate
cyclohexane and cyclooctane. For both substrates the only mono-oxygenated
products obtained were the corresponding ketones. In the case of n-hexane
(entry 4), the mono chlorinated products 2-chlorohexane and 3-chlorohexane were
obtained as the major products. A competition reaction between cyclohexane and
cyclohexane-d12 yielded a kinetic isotopic effect of 2, consistent with the
involvement of a highly reactive hydrogen abstracting reagent.8b Notably however,
chlorination of adamantane proceeds with high regioselectivity towards chlorination
at the tertiary C-H position (3o/2o = 8.6), which is inconsistent with the involvement
of hydroxyl radicals.19
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Table 1 Oxidative halogenation of aliphatic hydrocarbons
Substrated

Products

Chlorocyclohexane
Cyclohexanone

Without acetic acidb
Yielda
TON
Comm
ents
Ox
(%)
17
10
C/K =
4
4.4:1

With acetic acidc
Yielda
TON comments
Ox (%)
37
3

25
2

C/K =
14.7:1

1-chloroadamantane
2-chloroadamantane
1-adamantanol
2-adamantanol +
adamantanone
Chlorocyclooctane
Cyclooctanone

12
4
7
3

13

3°/2°
=
8.6:1

37
14
-----

25
10
-----

3°/2° =
7.7:1

11
1

6

---

28
6

19
4

C/K = 5:1

2-chlorohexane
3-chlorohexane
Indanonee

6
6
---

3
3
---

traces
ketone
---

11
11
36

7
7
24

traces
ketone
only
ketone

a

Yield based on oxidant, bconditions: (1/oxidant/substrate) 1:68:165, cconditions:
(1/oxidant/substrate/acetic acid) 1:68:165:27 and din acetonitrile except for adamantane (1:1
CH2Cl2 and CH3CN). All yields were determined by GC except ‘e’ (NMR yield with
dichlorobenzene as internal standard). C and K are Chloro and Ketone products,
respectively.

Interestingly, in the presence of up to 27 equivalents of acetic acid the conversion to
chlorocyclohexane increased over twofold to 37 and chloro/ketone ratio improved
from 4 to 15. The increased conversion to the corresponding chlorinated products in
the presence of acetic acid (Table 1) was observed in the case of adamantane and
cyclooctane also. In the case of n-hexane conversion to the corresponding chloro
products increased twofold. With indane, which has a relatively weak benzylic C-H
bond, indanone is the only product observed in 36% yield with respect to the
terminal oxidant.
The catalytic oxidation of cyclohexane in the absence of acetic acid was monitored
by Raman spectroscopy, with conversion monitored by the decrease in the relative
intensity of the cyclohexane band at 804 cm-1 with respect to a band of the internal
standard 1,2-dichlorobenzene at 662 cm-1. A new band due to chlorocyclohexane
was observed at 731 cm-1. The time dependence of the catalysed oxidation of
cyclohexane shows that the reaction continues for 60 min with 30% conversion of

166

Spectroscopy of NiII species formed by reaction with NaOCl
cyclohexane. Conversion was not observed in the absence of 1 or in the presence of
[NiII(O2CCH3)2] (Figure 3a).
II
1:68:165 (Ni acetate) (b)1.0

0.9

0.9
0:68:165

0.8

0.8
0.7

0.7
1:68:165 (1)
0.6
0.5

II

1:68:165:27 (Ni acetate)

Normalised Area

Normalised Area

(a) 1.0

0:68:165:27
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Time (min)
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0.5

1:68:165:27 (1)
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Figure 3 Conversion of cyclohexane to chlorinated products monitored online by Raman
spectroscopy (at λexc 532 nm) using dichlorobenzene as internal standard in the (a) absence
and (b) presence of acetic acid. The area under the bands 804 cm-1 (cyclohexane) and
662 cm-1 (1,2-dichlorobenzene) were used to calculate conversion. See the Table 1 for
conditions.

Addition of acetic acid causes the reaction rate to increase and 45% conversion was
achieved within 1 h (Figure 3b). It is important to note that, 33% conversion was
achieved when acetic acid was added in the absence of 1 over 2 h, albeit with a
lower reaction rate.
In the presence of an alkane, with relatively strong C-H bonds, the initially purple
solution turned to colourless immediately upon addition of oxidant and then pale
orange within a few seconds. After approximately 3 min, a fine black suspension
appeared and at the end of the reaction a white solid was obtained. The white solid
was identified as NiII(OAc)2 by Raman spectroscopy. The black solid formed
initially could, potentially, be involved in catalysis (i.e. nickel nanoparticles),
however, it should be noted that although the reaction ceased in terms of conversion
of cyclohexane, at ca. 60 min the black solid was still present for a further 30 min
indicating that this species is not in fact the active catalyst but rather a catalyst
degradation product. Indeed when NiII(OAc)2 is used instead of 1, the black
particles form also but substrate conversion is not observed.
7.2.3 UV/Vis absorption spectroscopy
In acetonitrile, two CH3CN ligands are coordinated to the nickel(II) center of 1 in
solution. Addition of water to an acetonitrile solution of 1 resulted a red shift in the
band at 525 nm to 538 nm and the bands at 321 and 906 nm increased in intensity
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(Figure 4a). This is ascribed to the displacement of the CH3CN ligands with
H2O/OH- (vide infra). Addition of 10.7 eq of NaOCl (~10 μL, 1.66 M in H2O) to a
solution of 1 in acetonitrile resulted in the formation of an orange coloured
intermediate (species A, which absorbs at 470 nm) over ca. 3 min. The visible
absorption spectrum shows a broad increase over the entire spectrum due to
scattering from precipitated NaCl and the appearance of absorption bands at λmax
367 and 470 nm, Figure 4b. Over time the two absorption bands decrease in
intensity and the solution becomes colourless.
0
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Figure 4 Changes in the UV/Vis absorption spectrum of (a) 1 upon addition of water (14
and 25 vol%) and acetic acid (AA) and (b) 1 (1.55 mM, 1 mL CH3CN, with stirring) over
time with 10.7 eq of NaOCl (~10 μL, 1.66 M in H2O). The baseline shifts as a result of
scattering. # absorption of quartz is observe at 950 nm due to a change in the refractive
index upon addition of water.
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Figure 5 Changes in the UV/Vis absorption spectrum of 1 (1.55 mM, 1 mL CH3CN, with
stirring) over time with 2.7 to 10.7 eq of NaOCl (~10 μL, 1.66 M in H2O). The baseline
shifts as a result of scattering.

The UV/Vis absorption spectrum of 1 changes upon addition of increasing amounts
of NaOCl (2.7 to 10.7 eq). The initial weak visible absorbance is replaced by the
appearance of an intense absorption in the visible region (Figure 5). In the presence
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of acid (i.e. acetic acid, triflic acid or sulphuric acid) the intensity of the band is
much greater indicating that the formation of the species is proton promoted.
Notably, addition of 8.6 eq of triflic acid together with 10.7 eq of NaOCl does not
lead to the appearance of a band at 470 nm even after 300 s. The addition of 10.7
more equivalents of NaOCl after 300 s led to a substantial increase in absorbance at
470 nm along with a broad feature at ca. 750 nm. These two absorption bands reach
a maximum within one minute, followed by a slow decrease in absorbance.
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Figure 6 (a) Changes in the UV/Vis absorption spectrum of 1 (1.55 mM) in CH3CN (with
stirring) before and after addition of triflic acid (8.6 eq) and NaOCl (10.7 eq). After 5 min a
second 10.7 eq of NaOCl (in water) was added and (b) the baseline corrected spectra. The
baseline shifts in (a) are as a result of scattering.

The change from purple to orange occurred also upon addition of aqueous Ca(OCl)2
both in the presence and absence of acetic acid. In the absence of acid, with 17 eq of
Ca(OCl)2 the absorbance at 470 nm reached a maximum after 450 s followed by a
decrease in absorbance and eventual decolouration of the solution. Addition of a
second batch of 17 eq of Ca(OCl)2 to the colourless solution regenerates the
absorbance at 470 nm more rapidly than the initial batch had (Figure 7).
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Figure 7 Changes in the UV/Vis absorption spectrum of 1 in acetonitrile upon addition of
(a) 17 eq Ca(OCl)2 (with stirring) and (b) at 815 s an additional 17 eq of Ca(OCl)2 was
added. Conditions: 1 (1.55 mM, 1 mL CH3CN), (each 17 eq of Ca(OCl)2 contains 57.6 μL
water). Baseline corrected by setting the absorbance at 650 nm to zero.
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Addition of 17 eq of Ca(OCl)2 to 1 generates the orange species in the presence of
8.6 eq of acetic acid within 150 s, i.e. the formation of the A with Ca(OCl)2 is
accelerated in the presence of acetic acid. Regeneration of the A is possible over
several cycles; three cycles are shown in Figure 8a. It should be noted that the band
at 470 nm was more intense after the second addition of Ca(OCl)2 compared to the
first addition, due to the contribution of attenuation by scattering from particles that
are present in the solution, which precludes a detailed kinetic analysis by UV/Vis
absorption spectroscopy. Resonance Raman spectroscopy (vide infra) suggests,
however, that the more rapid increase in absorption is indeed due to faster
formation of A.
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Figure 8 Changes in the UV/Vis absorption spectrum of 1 upon addition of 8.6 eq of acetic
acid in acetonitrile and Ca(OCl)2 (with stirring) (a) time dependence of changes in
absorbance at 470 nm, (b) with 17 eq Ca(OCl)2, (c) at 332 s a further 17 eq of Ca(OCl)2
were added and (d) at 506 s a further 17 eq of Ca(OCl)2 were added. Conditions: 1 (1.55
mM, 1 mL CH3CN), (each 17 eq of Ca(OCl)2 contains 57.6 μL water). Spectra are baseline
corrected by setting the absorbance at 650 nm to zero.
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7.2.3.1 UV/Vis absorption spectroscopy in the presence of substrates

Addition of near stoichiometric amounts of indane (8.6 eq) after addition of NaOCl
(10.7 eq) resulted in a complete loss in absorption at 470 nm within 20 s (Figure 9).
If the indane (165 eq) is added prior to addition of NaOCl then the absorption band
at 470 nm does not appear (Figure 10a).
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Figure 9 UV/Vis absorption spectrum of 1 in acetonitrile upon addition of 10.7 eq NaOCl
(with stirring). After 166 s, 8.6 eq of indane was added. Conditions: 1 (1.55 mM, 1 mL
CH3CN) and 10.7 eq of NaOCl (~10 μL, 1.66 M in H2O). Baseline shifting is as a result of
scattering.
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Figure 10 Changes in the UV/Vis absorption spectrum of 1 in acetonitrile with (a) 165 eq of
indane followed by 10.7 eq NaOCl and (b) 165 eq of cyclohexane followed by 10.7 eq
NaOCl. Conditions: 1 (1.55 mM, 1 mL CH3CN) and 10.7 eq of NaOCl (~10 μL, 1.66 M in
H2O).

In contrast to indane, addition of cyclohexane (165 eq) either before or after
addition of NaOCl has only a modest effect on the appearance of the absorption
band at 470 nm. This observation is consistent with its lower reactivity due to its
stronger C-H bonds in comparison to indane (Figure 10b).
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7.2.4 EPR Spectroscopy
Complex 1 is EPR silent in acetonitrile at 77 K. A was generated at 298 K with 10.7
eq of NaOCl and flash frozen to 77 K. The solution shows a signal with g┴ = 2.13,
and g// = 2.03 characteristic of a Ni(III) species.20 Over time at 298 K the orange
colour of the solution becomes yellow and finally colourless. The EPR spectrum of
the solution after 10 minutes at 298 K shows similar features, albeit weaker, as that
of the initially frozen solution. After several more minutes the solution becomes
colourless and the EPR spectrum is silent also (Figure 11 and 12).
(b) with acetic acid

(a) without acetic acid

g = 2.13

g = 2.15

(species A)
(after 10 min)

(after 10 min)

(species A)

g = 2.04

g = 2.03

2600

2800

3000

3200

3400

Field (Gauss)

3600 2600

2800

3000

3200

Field (Gauss)

3400

3600

Figure 11 EPR spectra of a solution of 1 (1.55 mM, in CH3CN) and (a) 10.7 eq NaOCl and
(b) 8.6 eq of acetic acid and 21.4 eq NaOCl. Spectra were recorded at 77 K.

Addition of acetic acid was found by UV/Vis absorption spectroscopy to enhance
the rate of formation of A (vide supra). Hence, the effect of acid on the formation of
the A was explored by EPR spectroscopy. Addition of acetic acid and excess of
NaOCl to an acetonitrile solution of 1, resulted in the appearance of a signal with g┴
= 2.15, and g// = 2.04 again characteristic of a Ni(III) complex.20 The perpendicular
band was slightly shifted to lower field compared to the signal generated without
acid (Figure 12).
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Figure 12 Normalised EPR spectra (Figure of 11a and 11b) of 1 (1.55 mM) in the presence
and absence of acetic acid with NaOCl in acetonitrile at 77 K.
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The EPR spectra obtained with triflic acid were essentially the same as those
obtained with acetic acid (Figure 13). However, the signals observed in the
presence of triflic acid were more intense which coincides with the stronger
absorbance at 470 nm (Figure 6). This indicates that acid acts as proton source and
not a ligand.

(species A)

1

(after 10 min)

2600

2800

3000

3200

Field (Gauss)

3400

3600

Figure 13 EPR spectra of 1 (3.1 mM) with 8.6 eq of triflic acid and 21.4 eq NaOCl in
CH3CN at 77 K.

EPR spectra of the species generated with Ca(OCl)2 in the presence and absence of
acetic acid were essentially the same as those obtained with NaOCl (Figure 14 and
15).
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Figure 14 EPR spectra of the solution generated in the reaction between 1 (1.55 mM) and
(a) 17 eq Ca(OCl)2 and (b) 8.6 eq of acetic acid (AA) and 17 eq Ca(OCl)2 in CH3CN at
77 K.
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Figure 15 Normalised EPR spectra (Figure of 14a and 14b) of 1 (1.55 mM) in the presence
and absence of acetic acid with Ca(OCl)2 in acetonitrile at 77 K.

7.2.5 1H NMR Spectroscopy
The 1H NMR spectrum of 1 in acetonitrile shows (Figure 16) two broad signals at
49.9 and 47.3 ppm assigned to pyridyl β-protons and a sharp signal at 14.96 ppm
assigned
to
the
pyridyl
γ-protons
by
comparison
with
II
2+ 21
[Ni (TPA)(CH3CN)(H2O)] . The signals of the pyridyl α-proton and PhCH2 were
not observed.

Figure 16 1H NMR spectrum of 1 (1.55 mM) in CD3CN at 400 MHz.

The 1H NMR spectra of 1 obtained after addition of 10.7 eq of NaOCl, recorded
immediately after appearance of an orange colouration and after 15 minutes, are
shown in the Figure 17. The 1H NMR spectra show shifts consistent with
substitution of CH3CN ligands for water. The reaction mixture shows signals at
49.4, 42.8, 15.1, 14.7, 14.47 and 13.37 ppm, and several signals observed between
0-10 ppm. Since Ni(III) complexes would be expected to be NMR silent, the signals
are assigned to Ni(II) species, and together with EPR data (vide infra) confirms that
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in the solution there are several nickel species present in different oxidation states
(e.g., NiII and NiIII).

Figure 17 1H NMR spectrum of 1 (1.55 mM, bottom), and after addition of 10.7 eq of
NaOCl (in H2O, middle) and of the same solution after 15 minutes (top) in CD3CN at
400 MHz.

The 1H NMR spectra after addition of 17 eq of Ca(OCl)2 to 1, obtained immediately
after appearance of an orange colouration and after 20 minutes are shown in the
Figure 18. The spectrum showed signals at 47.64, 42.85 and 14.24 ppm and several
signals between 0-6 ppm. The signals at 47.64 and 42.85 were broader and the
resonance at 4.42 ppm was not observed in the 1H NMR spectrum of the solution
obtained after 20 minutes. The signal 14.24 split into two signals and several
additional signals were observed between 7-9 ppm assigned to the non-complexed
pyridyl ligand.

175

Chapter 7

Figure 18 1H NMR spectrum of 1 and 1 with 17 eq of Ca(OCl)2 (in D2O) and the same
solution after 20 minutes in CD3CN at 400 MHz. Inset : expansion of 0-17 ppm range. *
spectral artefacts.

7.2.6 ESI-MS analysis
ESI-MS is a widely applied technique in the characterisation of first row transition
metal complexes allowing for their study under a wide range of solvent
conditions.22 The orange solution generated with 10.7 eq of NaOCl shows several
major ions [(H,MePyTACN)NiII(Cl)]+ (m/z 341.1), [(H,MePyTACN)NiII(OCl)]+
(m/z 357.1) and [(H,MePyTACN)NiII(OTf)]+ (m/z 455.09).23 The peak at m/z 357.1
increased by two mass units when using Na18OCl (10 μL NaOCl in H2O16 + 30 μL
H2O18), which supports its assignment as [(H,MePyTACN)NiII(OCl)]+. To avoid
interference from the H2O16 present in aq. NaOCl, we carried out analogous
experiments using Ca(OCl)2 (solid). The orange solution generated with 17 eq of
Ca(OCl)2 (in H2O) shows major ions [(H,MePyTACN)NiII(OCl)]+ (m/z 357.1) and
[(H,MePyTACN)NiII(OTf)]+ (m/z 455.09). During the reaction the peak at m/z 357.1
decreases relative to the peak at m/z 341.1 [(H,MePyTACN)NiII(Cl)]+. The oxygen of
Ca(OCl)2 is exchanged with 18O by dissolving it in H2O18. The peak at m/z 357.1
increased by two mass units when Ca(18OCl)2 was used (Figure 19).

176

Spectroscopy of NiII species formed by reaction with NaOCl

Figure 19 ESI-MS spectra of 1 (1.55 mM) in acetonitrile (a) orange solution generated with
10.7 eq NaOCl, (b) orange solution generated with 10.8 eq NaOCl (10 μL NaOCl in H2O16 +
30 μL H2O18), (c) orange solution generated with 17 eq Ca(OCl)2 (dissolved in H2O16) and
(d) orange solution generated with 17 eq Ca(OCl)2 (dissolved in H2O18).

7.2.7 Resonance Raman Spectroscopy
Resonance Raman spectroscopy is a powerful tool both in probing the nature of
electronic absorption bands and in characterizing species formed in solution under
catalytic conditions. The absence of resonance enhancement of the spectrum of 1 at
785 nm (using the Raman scattering of the triflate bands as an internal reference) is
consistent with the assignment of the absorption bands in that region as a metal
centred transitions.
The resonance Raman spectrum of the species (A), generated upon addition of
NaOCl, obtained at λexc 473 nm shows prominent bands are at 1682, 1618 and
724 cm-1 (Figure 20). The band at 1618 cm-1 is typical for a pyridyl mode and is
indicative of a ligand to metal charge transfer transition at that wavelength24 (and
hence the ligand does not dissociate upon formation of species A). The other band
at 1682 cm-1 is at too high wavenumber shift to be assigned as a pyridyl mode.
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Figure 20 Resonance Raman spectrum at λmax 473 nm of the solution by reaction of 1
(1.55 mM) with NaOCl in acetonitrile. Spectra were obtained with 60 x (3 s) acquisition. *
indicates imperfect solvent subtraction. # solvent band distortion covered by white box.

Figure 21 Resonance Raman spectra at λexc 473 nm of 1 in acetonitrile (with stirring) upon
addition of (a) 10.7 eq NaOCl and (b) a second batch addition of NaOCl (10.7 eq) at 782 s.
Conditions: 1 (1.55 mM, 1 mL CH3CN) and 10.7 eq of NaOCl (~10 μL, 1.66 M in H2O).
The legend indicates time in seconds. Spectra were normalised to the acetonitrile bands at
1375 and 756 cm-1 and offset for clarity.

Time dependent spectra following the formation of species A with 10.7 eq of
NaOCl are shown in Figure 21. At the concentrations (1.55 mM) employed for
catalysis bands related to the parent Ni(II) complex are too weak to be observed in
the Raman spectrum at λexc 473 nm. In Figure 21a, it can be seen that two bands
appear at 1682 and 724 cm-1 and reach a maximum intensity at ca. 3-4 min after
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addition of NaOCl, and disappear again over time (7-8 min). Complete
disappearance of the band at 1682 cm-1 was observed after 9 min. These data are
consistent with changes observed by UV/Vis absorption spectroscopy specifically
the appearance of the absorption band at 470 nm. Addition of a second batch of
NaOCl (10.7 eq) resulted in the band at 724 cm-1 reaching a maximum intensity
after 100 s, but the band at 1682 cm-1 does not appear concomitantly suggesting that
the 1682 cm-1 band arise from a distinct species. Furthermore the band at 1682 cm-1
reaches a maximum intensity at ca. 200 s concomitant with a decrease in the
intensity of the band at 724 cm-1 (Figure 21b). Hence, resonance Raman
spectroscopy indicates the involvement of two species (A and B).

Figure 22 Generation of A with 1 in acetonitrile (with stirring) by adding (a) 5.3 eq NaOCl
(the scaling of the low wavenumber section is increased for comparison) and (b) second
batch addition of NaOCl (10.7 eq) at 400 s monitored by Raman spectroscopy at λexc
473 nm. Conditions: 1 (1.55 mM, 1 mL CH3CN) and 4 + 8 eq of NaOCl (in water). In (b)
two bands at 1723 and 1622 cm-1 are spectral artefacts. Legend indicates time in seconds.
Spectra were normalised to the acetonitrile bands at 1375 and 756 cm-1.

UV/Vis absorption spectroscopic analysis indicated that addition of 10.7 eq of
NaOCl was necessary to yield substantial absorbance at 470 nm. With 5.3 eq of
NaOCl, the bands at 724 and 1682 cm-1 were observed, albeit that they are weaker
compared to signals generated with 10.7 eq of NaOCl (Figure 22). Addition of a
further 10.7 eq of NaOCl to the solution resulted in the band at 724 cm-1 reaching a
maximum intensity within 100 s, however, the band at 1682 cm-1 did not appear
concomitantly. It is important to note that the regeneration of A from B occurs
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faster than from 1 initially.
The effect of 8.6 eq of triflic acid or acetic acid on the generation of A was
examined also. It should be noted that 21.4 eq of NaOCl is needed to generate A in
the presence of acid.
Addition of 21.4 eq of NaOCl to a solution of 1 containing 8.6 eq of triflic acid
leads to the appearance of a Raman band at 724 cm-1, which reaches a maximum
intensity within 4-5 min; consistent with UV/Vis absorption spectroscopy
(Figure 6). This band decreases in intensity over time. Similar behaviour was
observed when employing acetic acid instead of triflic acid. Interestingly, the
intensity of the band was higher with triflic acid compared to acetic acid, suggesting
that the strength of the acid in acetonitrile plays a role (pKa of acetic and triflic
acids are 23.51 and 0.7 respectively, in acetonitrile).25 A second batch addition of
NaOCl (21.4 eq) regenerates A and the band at 724 cm-1 reaches a maximum
intensity within 1-2 min, suggesting that the resting species (B) is not a
decomposition product but is instead able to reform the 470 nm absorbing species
more rapidly than the initial Ni(II) complex (Figure 23 and 24).

Figure 23 Generation of A from 1 in CD3CN (with stirring) by addition of 21.4 eq of
NaOCl (a) in the presence of 8.6 eq of triflic acid and (b) 8.6 eq of acetic acid, monitored by
Raman spectroscopy at λexc 473 nm. Conditions: 1 (1.55 mM, 1 mL CD3CN), triflic acid
(8.6 eq), acetic acid (8.6 eq) and 21.4 eq of NaOCl (~ 20 μL, in water). The legend indicates
time in seconds. Spectra were normalised to the CD3CN band at 686 cm-1.
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Figure 24 Effect of second batch addition of NaOCl (21.4 eq) to the solution shown in
Figure 23 (a) with triflic acid and (b) with acetic acid on the Raman spectrum at λexc 473 nm.
Conditions as in Figure 23. Spectra were normalised to the CD3CN band at 686 cm-1.

Parallel Raman experiments were carried out with Ca(OCl)2 as oxidant. As with
NaOCl, the band at 724 cm-1 was also observed in the Raman spectrum of 1 upon
reaction Ca(OCl)2 both in the presence and absence of acetic acid (Figure 25).
Interestingly, the band at 1682 cm-1 was not observed in this case.

Figure 25 Resonance Raman spectrum at λexc 473 nm of 1 in CH3CN (with stirring) after
addition of 17 eq of Ca(OCl)2 in the presence and absence of 8.6 eq of acetic acid.
Conditions 1 (1.55 mM, 1 mL CH3CN), 17 eq of Ca(OCl)2 (in 60 μL of water). * Spectra
are solvent subtracted.
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Figure 26 Raman spectra of NaOCl in H2O16 and NaOCl diluted in H2O18 (10 μL NaOCl in
H2O16+ 30 μL H2O18) at λexc 785 nm.

The O-Cl stretching band of NaOCl was observed at 711 cm-1. 18O-labelled NaOCl
was prepared by mixing 10 μL NaOCl (in H2O16) with 30 μL of H2O18 (i.e. 1:3
H2O16 and H2O18). Exchange of oxygen was confirmed by Raman spectroscopy
(Figure 26). A statistical distribution of 1:3 was observed between the bands
711 cm-1 and 684 cm-1. The observed shift 27 cm-1 is in agreement with the
calculated shift based on the two atom approximation of O-Cl (28 cm-1).

Figure 27 Reaction of 1 (1.55 mM) in 1 mL of acetonitrile with 10.7 eq of NaOCl (40 μL;
10 μL NaOCl in H2O16+ 30 μL H2O18), monitored by Raman spectroscopy at λexc 473 nm.
The legend indicates time in seconds. Spectra were normalised to the acetonitrile bands at
1375 and 756 cm-1.
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A new band at 699 cm-1 along with the band at 724 cm-1 was observed when NaOCl
diluted in H2O18 (i.e. 1:3 H2O16 and H2O18) was employed. The ~ 1:3 ratio observed
between the bands is consistent with the expected statistical ratio. A shift of 25 cm-1
was observed upon O18 labelling (Figure 27). To assign this mode as either a Ni-O
or O-Cl stretch, the 724 cm-1 band should shift by 32 or 28 cm-1, respectively,
according to the Hooke’s law using the two atom approximation. Notably, the band
at 1682 shifts to 1655 cm-1, i.e. a 25 cm-1 also. NaOBr was employed to assist in the
assignment of bands at 724 and 1682 cm-1. Two intense bands at 728 and 1679 cm-1
were observed in the Raman spectrum upon addition of NaOBr (Figure 28). These
shifts of 4 and 3 cm-1, respectively, are negligible especially considering that the
introduction of bromine should shift these bands by 50-60 cm-1, and hence the band
at 728 cm-1 is not a Ni-O-Br stretch. The Raman band at 724 cm-1 is close to that of
a FeIII-O (690-610 cm-1).26 Based on the 18O labelling and bromine labelling data,
we assigned the 724 cm-1 band as a Ni-O stretch. The 18O isotope shift of band at
1682 cm-1 is not consistent with a O-H stretch of a NiII-O-H (species B).

Figure 28 Resonance Raman spectrum of A generated in the reaction between 1 (1.66 mM,
1 mL CH3CN) with acetic acid (8.6 eq) and NaOBr (10.7 eq, 20 µL) in acetonitrile at λmax
473 nm. # Artefacts due to solvent subtraction were masked with white box.

183

Chapter 7
Furthermore in the Raman spectrum of A, bands related to either of O-Cl or O-Br
were not evident, suggesting that A does not contain a NiII-OCl moiety. Hence, our
assignment of A is a NiII-O· or a NiIII-OH.
Evidence for a NiII-OCl species was not obtained by resonance Raman spectroscopy
such as that observed by ESI-MS (vide supra). This lack of observation by Raman
spectroscopy may be due to the lack of resonance enhancement of the Raman
scattering of NiII-OCl species at λexc 473 nm, i.e. absence of evidence is not
evidence of absence.

7.3 Summary and mechanistic considerations
7.3.1 Reactions in the absence of a Ni(II) catalyst
It is important to note that chlorination of substrates is observed both in the absence
and presence of the Ni(II) complex (1), albeit at lower rates and with lower
conversions in the former case. This is not surprising, since acid catalysed reactions
with NaOCl are well described in the literature.27 In the absence of 1 and in the
presence of acetic acid the reaction is likely to proceed through a radical pathway
involving hypochlorous acid, which is formed in situ upon addition of sodium
hypochlorite to the acetic acid. The proposed mechanism for the acid catalysed
reaction is depicted in Scheme 2.27

Scheme 2 Proposed mechanism for acid catalysed reaction.27

Protonation of hypochlorite in the presence of acetic acid generates hypochlorous
acid. Chloroxyl radicals can be generated from hypochlorous acid, which is able to
abstract a hydrogen from cyclohexane and generate alkyl radicals. These alkyl
radicals further react with Cl2O, to produce chlorinated products and regenerate the
chloroxyl radicals. Notably, in the presence of [NiII(O2CCH3)2], the acid catalysed
reaction is in fact retarded and lower conversion is observed possible due to
quenching of radicals formed.
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7.3.2 Catalysis in the presence of 1
Raman spectroscopy confirms that complex 1 retains the CH3CN ligand in
acetonitrile solution, and its octahedral structure (Figure 1).17,18 Addition of water to
an acetonitrile solution of 1, leads to the displacement of CH3CN ligands with either
aqua/hydroxo ligand albeit with the overall structure of the complex being retained
(Figure 4).

Scheme 3 Proposed mechanism for C-H chlorination reaction under ambient atmosphere.

It is apparent from UV/Vis absorption spectroscopy that addition of aqueous NaOCl
to 1 in acetonitrile results in the formation of a species A that is orange in colour
and potentially reacts with substrates. That 10 eq of oxidant is needed to generate
the species suggestive that the initial step may be rate limiting (i.e. formation of a
NII-OCl species C). Species A is likely to be of the type NiII-O· with a 18O sensitive
Raman band at 724 cm-1 and characteristic EPR signals. The requirement of 10 eq
of aqueous NaOCl is attributed to generate the [(L)NiII(OHx)2] (where x = 1 or 2),
which then reacts with the oxidant. This NiII-O· (A) species is responsible for
abstraction of a hydrogen from the alkane substrate and forms alkyl radicals and a
NiII-OH species, since conversion is observed concomitant with the presence of A.28
Indeed species A is present at much lower levels in the presence of substrates than
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in their absence. The formation of the halogenated product requires that the
[(L)NiII-OCl] complex species C (observed by ESI-MS) reacts with the alkyl
radical, and the species NiII-O· is restored.29 After several turnovers (ca. 20) nickel
acetate (in the presence of acetic acid) and nickel oxide (in the absence of acid)
were observed.

7.4 Conclusions
In conclusion, we report a selective catalytic system for chlorination of alkanes with
Ni(H,MePyTACN) complex. The intermediates NiII-O· (A) and NiII-OCl (C) were
characterised by UV/Vis absorption, EPR and resonance Raman spectroscopy and
ESI-MS, respectively. The Raman band at 724 cm-1 assigned as a Ni-O stretch of
species A. To the best of our knowledge, this is the first spectroscopic evidence for
the involvement of NiII-O· and NiII-OCl species in catalysis. Importantly we can
exclude that the black particulate species formed is involved in the catalytic
halogenation reactions.
7.5 Experimental section
The ligand H,MePyTACN was available from earlier studies.16
7.5.1 Physical Methods
For details of UV/Vis absorption, 1H NMR, Raman, resonance Raman, FTIR, EPR and
Electrochemical measurements, see chapter 2. For details of ESI-MS measurements, see
chapter 6. Crystals suitable for X-ray crystallography were obtained by slow diffusion of
ether into an acetonitrile solution of 1. These crystals of 1 used for room temperature
(300(2) K) X-ray structure determination. The measurement was carried out on a BRUKER
SMART APEX CCD diffractometer using graphite-monochromated Mo Kα radiation
(λ = 0.71073 Å) from an X-ray Tube. The measurements were made in the range 2.04 to
28.69° for θ. Full-sphere data collection was carried out with ω and φ scans. A total of
43320 reflections were collected of which 7175 [R(int) = 0.0528] were unique. Programs
used: data collection, Smart; data reduction, Saint+; absorption correction, SADABS.
Structure solution and refinement was done using SHELXTL Version 6.14 (Bruker AXS
2000-2003). The structure was solved by direct methods and refined by full-matrix
least-squares methods on F2. The non-hydrogen atoms were refined anisotropically. The
H-atoms were placed in geometrically optimized positions and forced to ride on the atom to
which they are attached. (Final R indices [I>2sigma(I)] -- R1 = 0.0436, wR2 = 0.1090; R
indices (all data) -- R1 = 0.0610, wR2 = 0.1194 and Absolute structure parameter 0.092(14).
7.5.2 Synthesis
[Ni(H,MePyTACN)(CH3CN)(OTf)](OTf) (1). A solution of Ni(CH3CN)6(OTf)2 (242.7 mg,
0.40 mmol) in anhydrous THF (1 mL) was added drop wise to a vigorously stirred solution
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of H,MePyTacn (99.8 mg, 0.40 mmol) in CH2Cl2 (1 mL). After two hours, the solution
becomes cloudy and a pale violet precipitate appears. After stirring for 2 h the solution was
filtered off and the resultant solid dried under vacuum. This solid was dissolved in CH3CN
and slow diethyl ether diffusion affords 102 mg of intense violet crystals (0.26 mmol, 66%).
The sampler for elemental analysis was crushed and kept under vacuum for 12 h prior the
analysis changing the colour to pale violet. Anal. Calcd. for (1Ni+CH3CN)
C18H27F6N5NiO6S2: C, 33.45; H, 4.21; N, 10.84; S, 9.92 %. Found: C, 33.74; H, 3.97; N,
10.69; S, 10.09 ESI-MS (m/z): 455.1 [M-OTf]+ (100%), 153.0 [M]2+ (16%).
7.5.3 Catalysis
63 µL NaOCl (104.9 µmol, 10-15 active chlorine NaOCl) in water was added to a stirred
solution of 1 (1.55 µmol), alkane (255.4 µmol, ) in 1 mL acetonitrile in a 10 mL sealed vial.
The resulted solution was stirred vigorously for 2 h. Reactions were run at room temperature
after 2 h the internal standard (biphenyl) was added and the solution was filtered through a
basic alumina plug, which was subsequently rinsed with 3 mL of dichloromethane. Samples
were filtered over a short silica plug and analysed by GC on an Agilent 6890 instrument
equipped with a HP-1 dimethylpolysiloxane column (for KIE determination a CPWax25
column). Products were quantified with respect to the biphenyl internal standard.
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Towards elucidating the structure
of DNA-based asymmetric catalysts
In this chapter, the interaction with st-DNA of a series of Cu(II) polypyridyl complexes in
the absence of the substrate aza-chalcone was studied by various spectroscopic techniques.
For the first time Raman spectroscopy was employed to probe the interaction of
Cu(II) complexes with DNA, and clear shifts in the peaks of the complexes are observed in
the presence of DNA with the intercalators. It was proposed that the complexes that induce
rate enhancement and the highest ee to the substrate in DNA-based asymmetric catalysis
can be considered as groove binders and possibly more accessible.

A. Draksharapu, A. J. Boersma, M. Leising, A. Meetsma, G. Roelfes, W. R. Browne,
submitted.
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Abstract
The interaction between salmon testes DNA (st-DNA) and a series of Cu(II)
polypyridyl complexes, i.e. [Cu(dmbpy)(NO3)2] (1) (dmbpy = 4,4’-dimethyl-2,2′bipyridine), [Cu(bpy)(NO3)2] (2) (bpy = 2,2′-bipyridine), [Cu(phen)(NO3)2] (3)
(phen = phenanthroline), [Cu(terpy)(NO3)2].H2O (4) (terpy = 2,2’:6’,2’’terpyridine), [Cu(dpq)(NO3)2] (5) (dpq = dipyrido-[3,2-d:2’,3’-f]-quinoxaline) and
[Cu(dppz)(NO3)2] (6) (dppz = dipyrido[3,2-a:2’,3’-c]phenazine) was studied by
UV/Vis absorption, Circular Dichroism, Linear Dichroism, EPR, Raman and
(UV and vis) resonance Raman spectroscopies and viscometry. The complexes
catalyze enantioselective C-C bond forming reactions in water with DNA as the
source of chirality. Complex 1 crystallizes as an inorganic polymer with nitrate
ligands bridging the copper ions, which adopt essentially a distorted square
pyramidal structure with a fifth bridging nitrate ligand at the axial position. Raman
spectroscopy indicates that in the solution the nitrate ligands in 1, 2, 3 and 4 are
displaced by solvent (H2O). For complex 1, multiple supramolecular species are
observed in the presence of st-DNA in contrast to the other complexes, which
appear to interact relatively uniformly as a single species predominantly, when stDNA is present. Overall the data suggest that complexes 1 and 2 engage primarily
through groove binding with st-DNA while 5 and 6 undergo intercalation. For
complexes 3 and 4 the data indicates that both groove binding and intercalation
takes place, albeit primarily intercalation. These findings provide important
insights into the complex supramolecular structure of these DNA-based catalysts.

8.1 Introduction
The development of new homogeneous catalytic methods has, until recently,
focused heavily on the concept of the catalytic center, e.g., a metal ion, and the
control of its reactivity through the first coordination sphere, in particular tuning of
the structure of ligands. Although highly successful, in particular with regard to
asymmetric catalysis, recently, a paradigm shift has taken place in the fields of
homogeneous catalysis and biocatalysis where the role of the microenvironment in
which the catalytic center is located is considered as a factor in determining both
catalytic activity (rate enhancement) and selectivity.1 This paradigm shift has led to
new strategies in catalysis, not least directed evolution,2 supramolecular3 and hybrid
catalysis4 in which efforts are directed towards optimizing, what is termed as, the
second coordination sphere.
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Figure 1 Cu(II) complexes 1 - 6. The enantioselectivity obtained in an asymmetric DielsAlder reaction between azachalcone and cyclopentadiene reported previously is shown in
parentheses (*for complex 4, the opposite enantiomer was obtained).5

In DNA based asymmetric catalysis (Figure 1), the second coordination sphere
provided by DNA’s double helix can be harnessed directly as the source of chiral
information, providing often excellent enantioselectivity in transition metal
catalyzed reactions.6 In this approach a hybrid catalyst is formed by placing an
achiral catalytically active metal complex in proximity to DNA through
non-covalent interactions. A key challenge in developing a mechanistic
understanding of these complex supramolecular catalyst systems is to identify at a
molecular level the precise mechanism by which the chiral information contained
within the structure of DNA is transferred in such a highly efficient manner to the
product of, e.g., copper(II) catalyzed reactions. In the first instance the binding
mode of the kinetically competent complex to DNA needs to be established, in
order to understand how such interactions are affected by the presence of the
copper(II) binding substrates (e.g., azachalcones) under conditions where catalysis
takes place. Perhaps surprisingly the nature of binding of such simple complexes,
e.g., CuII(bpy), to DNA is unknown to date.
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Elucidating the interaction between metal complexes, substrates and drugs with
double stranded DNA is an area of intense interest.7 Definitive assignment of the
binding mode of the compounds with DNA is necessary, for example, in the
development of new chemotherapeutic agents.8 However, long chain biomolecules
such as DNA are inherently inhomogeneous environments in which to embed small
molecules. A range of spectroscopic techniques have been employed to probe small
molecule-DNA
interactions
including
X-ray
crystallography,9,10
UV/Vis absorption,10 Circular and Linear Dichroism,11,16c EPR,12 Fluorescence13
and NMR spectroscopy14 together with viscometry15 and DNA melting curves, to
name but a few. A key challenge in assigning the mode by which compounds bind
to DNA is that limited data sets can often lead to incorrect assignments, due to the
ambiguity and exceptions-to-the-rules encountered with each technique employed
to address this question. For example, the complex [Ru(phen)3]2+ shows both
intercalation, as well as groove binding, to DNA and hence data from spectroscopic
and the other techniques can present a confused picture as to the overall binding
depending on the dominance of contributions from each binding mode to the data
obtained with a particular technique.16 Hence, in studying such systems, achieving
the spectroscopic sensitivity and discrimination between not only bound and
unbound species but also species bound in distinct local environments is a key
challenge. Barton et al. have proposed criteria for the assignment of the binding
interactions (e.g., intercalation) of compounds to DNA, in which a multi-technique
approach is promulgated and the potential conflict between data obtained with
distinct techniques regarding binding mode is recognized.17
In this contribution we report a spectroscopic study of the interaction of st-DNA
with the Cu(II) complexes [Cu(dmbpy)(NO3)2] (1) (dmbpy = 4,4’-dimethyl-2,2′bipyridine), [Cu(bpy)(NO3)2] (2) (bpy = 2,2′-bipyridine), [Cu(phen)(NO3)2] (3)
(phen = phenanthroline), [Cu(terpy)(NO3)2].H2O (4) (terpy = 2,2’:6’,2’’terpyridine), [Cu(dpq)(NO3)2] (5) (dpq = dipyrido-[3,2-d:2’,3’-f]-quinoxaline) and
[Cu(dppz)(NO3)2] (6) (dppz = dipyrido[3,2-a:2’,3’-c]phenazine). These complexes
have proven to be versatile catalysts especially for asymmetric C-C bond forming
reactions in water with DNA as the source of chirality.1a UV/Vis absorption,
Circular Dichroism, Linear Dichroism, EPR and Raman spectroscopy and
viscometry were employed to elucidate the binding mode or modes by which these
complexes interact with st-DNA. UV resonance Raman spectroscopy in particular
proves useful in the case of complexes 5 and 6 where shifts to lower wavenumbers
are observed for certain modes, a previously unreported phenomenon that is

192

Towards elucidating the structure of DNA-based asymmetric catalysts
consistent with intercalation.18 For complexes 1 and 2, by contrast, the combined
spectroscopic data demonstrate that the interaction between these complexes and
st-DNA can be broadly characterized as groove binding, whereas complexes 3 and
4 show spectroscopic characteristics suggestive of both groove binding and
intercalation, with the latter dominating.

8.2 Results
8.2.1 Synthesis and characterization of Cu(II) complexes
Complexes 1, 2, 3, 5 and 6 (Figure 2) were obtained according to literature
procedures5,18 and were characterized by elemental analysis, FTIR, Raman and
resonance Raman spectroscopy. For 4, mixing of terpy with Cu(NO3)2·3H2O in
ethanol resulted in the formation of a green powder, with the structure
[Cu(terpy)(NO3)2].H2O (4) indicated by elemental analysis, FTIR and Raman
spectroscopy. Raman and FTIR spectroscopy show that coordination to the
Cu(II) ion results a shift in the pyridyl modes of the ligands at ca. 1600 cm-1 to
higher wavenumbers.
Blue crystals of 1 were obtained by mixing a solution of dmbpy with
Cu(NO3)2·3H2O in ethanol followed by standing in an ethyl acetate bath. 1
crystalized as a polymer with a nitrate ligand bridging between Cu(II) ions. The
formally penta-coordinate Cu(II) ions have a distorted square pyramidal structure
with a highly elongated Cu-O bond (2.35 Å) in an axial position (Figure 2). The
nitrogen atoms of the ligand dmbpy and the oxygen atoms of two nitrate ligands
bind to the Cu(II) ion with bond lengths of ca. 1.98 Å.19 A dihedral angle of 5º is
observed between the pyridine rings in the dmbpy ligand. The distances between
O2 and O5 and Cu are 2.82 and 2.77 Å, respectively, and are too long to be
considered as bonding.19
Inter atomic distances (Å)
Cu-O1
1.9909 (12)
Cu-O4
1.9714 (14)
Cu-O3
2.3532 (14)
Cu-N1
1.9858 (15)
Cu-N2
1.9897 (15)
Cu-O2
2.8255 (13)
Cu-O5
2.7666 (17)

Figure 2 Structure of 1 at 50% probability ellipsoids (left) and selected bond lengths (right).
Hydrogen atoms are omitted for clarity.
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8.2.2 EPR Spectroscopy of 1
The EPR spectrum of 1 shows four parallel peaks (g) and one perpendicular peak
(g), Figure 3a. For 1, the axial symmetry observed, g>g>2.0023, indicates that
the highest occupied orbital is the d(x2-y2) orbital. Furthermore, g/A, a factor
influenced by the geometry and the donor atoms,20 is characteristic of slightly
distorted square planar complexes; in agreement with the X-ray structural analysis.
The superhyperfine structure in the perpendicular axis shows five signals as
expected with two nitrogen atoms (2N+1) coordinating the Cu(II) ion, indicating
that as in the solid state, in solution each Cu(II) ion is coordinated to a single dmbpy
ligand.
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(b)
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Figure 3 X-band EPR spectra of 1 - 4 (0.3 mM) in 20 mM MOPS at pH 6.5 (1.8 vol%
DMSO present to improve glass formation). Experimental conditions: T = 77 K; Microwave
frequency = 9.46 GHz; microwave power = 20 mW; 10 G field modulation amplitude; time
constant 81.92 ms; conversion time 81.92 ms; 3 accumulations.

In the presence of st-DNA, the EPR spectrum of 1 shows the signals of the copper
complex as in the absence of st-DNA and an additional, albeit, a weaker set of
signals from a new species, indicating that two populations of complex were present
1 and 1 bound to st-DNA (Figure 4). The dependence of the EPR spectrum of 1 on
the presence of various short strand DNA-sequences, was examined also. In the
presence of self-complementary oligonucleotides containing different DNA
sequences the parallel peaks in the EPR spectrum of 1 shift to higher field
compared to shifts observed with st-DNA (Table 1 and Figure 4). With the
synthetic duplexes d(GACTGACTAGTCAGTC)2 and d(TCAGCGCGCTGA)2 only
one set of parallel peaks was observed, while with d(TCAGGGCCCTGA)2 several
overlapping sets were observed; suggesting the presence of multiple distinct copper
complexes in the latter case.
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Table 1 EPR data for 1 at 77 K.a
Complex
g
1 in EtOH:buffer (2:1)
1in buffer
1/st-DNA
1/d(TCAGCGCGCTGA)2

2.32
2.31
2.30
2.28

g
2.07
2.07
2.07
2.07

A (× 10-4 cm-1)
154
158
160
165

A (× 10-4 cm-1)
14
15
-

g/Ab
151
146
144
138

a

See Figure 3 for details. bA change in the ratio g/A is indicative of a change in
coordination geometry or a change of donor atoms.

(e)
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Figure 4 X-band EPR of 1 in buffer (20 mM MOPS pH 6.5, 1.8 vol% DMSO), and in the
presence of st-DNA. Experimental conditions: T = 77 K; Microwave frequency = 9.46 GHz;
microwave power = 20 mW; 10 G field modulation amplitude; time constant 81.92 ms;
conversion time 81.92 ms; 3 accumulations. 9 accumulations in the case of c - e. a) 0.3 mM
1, b) 0.3 mM 1 and 1.4 mg/mL st-DNA, c) 0.25 mM 1, 1.2 mg/mL d(TCAGCGCGCTGA)2,
d) 0.25 mM 1, 1.2 mg/mL d(GACTGACTAGTCAGTC)2 and e) 0.25 mM 1, 1.2 mg/mL
d(TCAGGGCCCTGA)2.

The EPR spectra of 2 and 3 (Figure 3) show four parallel signals (g) and one
perpendicular signal (g) as for 1. In contrast to 1, the additional features due the
presence of st-DNA were less pronounced. The EPR spectrum of 4 shows three
parallel signals along with unresolved superhyperfine splitting. The parallel peak at
~3140 G lies under the perpendicular signal. The coordination of terpy to
copper(II) was confirmed by UV/Vis absorption and resonance Raman
spectroscopy (vide supra). In contrast to 1, addition of st-DNA to 4 does not lead to
the appearance of additional features.
8.2.3 Raman Spectroscopy
Raman spectroscopy shows considerable potential as a tool in studying small
molecule-DNA interactions.21 Although routine assignment of the binding modes of
substrates to DNA, based on Raman spectroscopic data, has not been established to
date, Kelly et al22 and Barton et al.23 have described the effect of intercalation to
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calf thymus DNA on [Ru(phen)2(dppz)]2+ using time resolved resonance Raman
and resonance Raman spectroscopy, respectively. However, in those studies shifts
in the Raman bands of the potential DNA binding moieties themselves were not
observed in the presence of DNA. In the present study, UV resonance Raman
spectroscopy is employed to study the interaction between the copper complexes
and st-DNA. The overlap between the absorption spectrum of st-DNA and the
complexes in the UV region required that a resonance Raman study of st-DNA is
carried out also in order to establish contributions to the spectrum from st-DNA in
the spectra obtained with the complexes.
8.2.3.1 Wavelength‐dependent Raman and resonance Raman spectroscopy of st‐
DNA

The non-resonant Raman spectra of st-DNA were obtained at λexc 473 nm in
solution and at 785 nm in the solid state. Although the Raman spectrum obtained at
473 nm shows a poor signal to noise ratio, the close correspondence with the
Raman spectrum of a solid sample of st-DNA is apparent. St-DNA shows
absorption between 230 and 300 nm, and hence resonance enhancement of the
Raman spectrum of st-DNA is observed at λexc 244 and 266 nm, with
(pre)resonance enhancement at 355 nm (Figure 5). The UV-Raman spectra of
st-DNA in MOPS buffer were assigned by comparison with earlier assignments for
calf-thymus and short stranded DNA.24
The Raman spectra of st-DNA obtained at λexc 355 nm, 473 and 785 nm show bands
assignable to the carbonyl and aromatic moieties of the nucleotides. Raman spectra
obtained at λexc 355 and 473 nm are similar to the solid state spectrum of st-DNA
obtained at λexc 785 nm. Although the absorptivity of DNA at λexc 355 nm is low,
the Raman spectrum recorded at that wavelength shows enhancement in intensity
compared with that at λexc 473 nm, in particular bands assignable to carbonyl
stretching modes are enhanced to a greater extent with respect to other modes. At
λexc 244 and 266 nm bands associated with purine modes are enhanced most.
Resonance enhancement of adenine (A) bands is most pronounced at λexc 266 nm
and guanine (G) bands at λexc 244 nm.25 Bands assignable to guanine and adenine
overlap at 1600, 1580 and 1484 cm-1 at both λexc 244 and 266 nm. The bands at
1506, 1421, 1336, 1312 cm-1 are assigned to the adenine modes.26 The shoulder at
1319 cm-1 in the spectrum at λexc 244 nm is assigned to guanine. The bands at 1654
and 1373 cm-1 are assigned to the thymidine. The broad band at 1654 cm-1 has been
assigned previously as being predominantly a thymidine carbonyl mode and is
stronger at λexc 266 nm.25, 26

196

Towards elucidating the structure of DNA-based asymmetric catalysts

Figure 5 Wavelength dependent resonance, pre-resonance and non-resonant Raman spectra
of st-DNA in MOPS buffer at pH 6.5. UV/Vis absorption and Raman spectra of st-DNA
were obtained at 1.3 mg/mL in 20 mM MOPS buffer at pH 6.5. Raman Spectra were solvent
subtracted followed by a multipoint baseline correction.
8.2.3.2 Raman and resonance Raman Spectroscopy of complexes 1 ‐ 4

The Raman spectra of 1 - 4 in solution were acquired at λexc 244, 266, 355 and
473nm in aqueous solution and at 785 nm both in solution and in the solid state, and
show the expected bands at (for 1) 1621, 1565, 1500, 1427, 1321, 1200 and 1041
cm-1, (for 2) 1607, 1572, 1501, 1441, 1323, 1177 and 1038 cm-1 and (for 4) 1615,
1602, 1572, 1503, 1479, 1410, 1337, 1299, 1259, 1116, 1044 and 1015 cm-1, which
are typical of pyridyl based ligands, and (for 3) at 1634, 1613, 1592, 1526, 1461,
1436, 1314 and 1058 cm-1 (for example Figure 6 and 7).27 The expected isotopic
shifts were observed for the corresponding isotopologs 1a - 4a (data not shown).
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Figure 6 Raman spectra of 1 in water (> 50 mM) and in the solid state at λexc 785 nm. The
solid state Raman spectrum of dmbpy is shown for comparison. The Raman spectrum in
water was solvent subtracted and a multipoint baseline correction has been applied.

The structure of 1 in the solid state (vide supra) and the structure adopted in
solution were compared using FTIR and Raman spectroscopy. The FTIR spectrum
of 1 in the solid state shows that the pyridine bands at 1590 cm-1 were shifted by
27 cm-1 to higher wavenumbers compared to the ligand dmbpy.28 In addition the
FTIR spectrum of 1 in the solid state shows strong absorptions at 1013, 1268, and
1440 cm-1 assigned to coordinated nitrate.29 Absorption from unbound NO3- at
1362 cm-1 was not observed. Similarly, the solid state non-resonant Raman spectra
of 1 shows a 14 cm-1 shift to higher wavenumber in the pyridyl mode of dmbpy at
1602 cm-1 (Figure 6).
In water at high concentrations (> 50 mM), the Raman spectrum of 1 showed minor
changes to that observed in the solid state with all bands undergoing a shift to
higher wavenumbers (~6 cm-1). The shifts suggest exchange of the nitrate ligands
for aquo ligands, which is expected in view of nitrate’s low association constant to
copper of 0.07 ± 0.02 M-1 in water.30 Similar changes were observed for complexes
2, 3 and 4 also (data not shown). Overall, vibrational spectroscopy suggests that the
structure of 1 does not change significantly upon dissolution in water, except for the
displacement of the coordinated nitrate ions by water.
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Figure 7 UV/Vis absorption (0.03 mM) and wavelength dependent (resonance)Raman
spectra of 1 (at 0.3 mM) in 20 mM MOPS buffer at pH 6.5. Raman spectrum obtained at λexc
785 nm is in water. A spectral artifact was masked by a white box at λexc 473 nm. Raman
Spectra were solvent subtracted followed by a multipoint baseline correction.

The Raman and resonance Raman spectra of complexes 1 - 4 were obtained λexc at
244, 266, 355, 473 and 785 nm. As expected, the relative intensity of individual
bands is strongly excitation wavelength dependent under conditions where resonant
enhancement is achieved, however, in all cases the band positions remain unaltered
(e.g., Raman spectra of 1 shown in Figure 7).
In the presence of st-DNA the resonance Raman spectra of complexes 1 - 4 are
essentially identical to those obtained in its absence, with the exception of the
presence of bands due to st-DNA itself. Importantly significant shifts31 in peak
positions were not observed (vide infra). The resonance Raman spectra recorded at
λexc 355 nm of 1 in the absence and presence of st-DNA is shown in Figure 8
(contributions from st-DNA were removed by spectral subtraction).
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Figure 8 Raman spectra of 1 in 20 mM MOPS buffer in the presence (dotted line) and
absence (solid line) of 1.3 mg/mL st-DNA at λexc 355 nm. Raman spectra were solvent
subtracted followed by a multipoint baseline correction.
8.2.3.3 Raman and resonance Raman Spectroscopy of complex 5 and 6

Complexes 5 and 6 provide relatively rich resonance Raman spectra at λexc 355 nm
and, unsurprisingly given the structural similarity of the ligands dpq and dppz, the
spectra of 5 and 6 appear similar, albeit with complex 6 showing additional bands
(Figure 9).

Figure 9 UV/Vis absorption (0.03 mM) and wavelength dependent (resonance)Raman
spectra of 5 and 6 (at 0.3 mM) in 20 mM MOPS buffer at pH 6.5. Raman spectra were
solvent subtracted followed by a multipoint baseline correction.
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Dpq and dppz are well-known intercalating ligands with DNA.18 For metal
complexes such as [Ru(phen)2(dppz)]2+, the presence of ct-DNA, results in a
decrease in the intensity and broadening of the Raman bands, at λexc 355 nm, of the
dppz ligand.22,23,32 To the best of our knowledge, changes in peak positions in the
Raman spectra of those complexes when they bind to DNA have not been reported.
Intercalation of a ligand/complex into st-DNA could have a significant effect on
band position of the ligand if the interaction leads to a change in its conformation or
electron density, as noted for several drug like compounds where a shift to lower
wavenumber for several bands has been observed upon intercalation.21

Figure 10 Resonance Raman spectra of (a) 5 and (b) 6 in the presence (dotted line) and
absence (solid line) of st-DNA are at λexc 355 nm. Raman spectra were solvent subtracted
followed by a multipoint baseline correction (contributions from DNA are removed by
spectral subtraction).

The resonance Raman spectra recorded at λexc 355 nm of 1, 5 and 6 in the absence
and presence of st-DNA are shown in Figures 8 and 10. The resonance Raman
spectra of complexes 1 - 4 in the absence and presence of st-DNA are essentially
identical with the exception of bands due to st-DNA. Significant shifts in peak
position were not observed. By contrast, for 5 and 6, several bands are shifted by
several cm-1 to lower wavenumber.33 Shifts in the Raman spectra were not observed
in the case of 1 and 5 with 150 mM sodium dihydrogen phosphate, suggesting that
the phosphate backbone is not involved in coordination (vide infra). These data
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indicate that π-π stacking interactions lead to a decrease in the band gap between
ππ* orbital of the ligand and base pairs, which is consistent with the substantial
bathochromic shift in the absorption spectra observed upon addition of st-DNA to 5
or 6 and, hence, intercalation can be inferred (vide infra).17
8.2.4 UV/Vis absorption spectroscopy
UV/Vis absorption spectroscopic data for complexes 1 to 6 in the presence and
absence of st-DNA are provided in Table 1 and Figure 11. For complexes 1 to 6,
ππ* transitions are observed between 290 - 400 nm with a red shift in the λmax
from 310 nm to 380 nm as the extent of conjugation in the ligand increases from
phen to dppz. The binding constants (103 to 105 M-1) for 1 - 6 with st-DNA were
reported earlier.5 Complexes 1 - 4, show similar binding affinities, while complexes
5 and 6 show 10 and 100 times higher binding constants, respectively.
Table 1 UV/Vis absorption data and binding constants for complexes 1 - 6.
complexes
λmax (nm)
λmax (nm) (with
% hypoBinding affinity
DNA)
chromism
(M-1)a
297
----9.4 (± 0.3) x 103
1
307
307
33 (307)
300
300
--1.2 (± 0.2) x 104
2
310
310
14 (310)
295, 327 (w),
-----1.3 (± 0.1) x 104
3
345 (w)
5.9 (± 0.1) x 103
----313 (sh)
4
34.3 (326)
332
326
28.4 (339)
339
339
7.2 (± 1.2) x 104
--314 (sh)
309 (sh)
5
--326
321
12.3 (335)
340
335
8.0 (± 3.0) x 105
--331
325
6
--363
359
48.5 (377)
381
377
sh (shoulder) and w (weak). Conditions as described in the caption of Figure 11. a from
Reference 5.

For 1 and 2, negligible bathochromic shift, hypochromism and band broadening is
observed upon addition of st-DNA. The effect of st-DNA on the absorption
spectrum of 3 was not easily discerned due to overlap with the absorption of
st-DNA itself. For 4, the band at 326 nm underwent a bathochromic shift of 6 nm,
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however, the absorption band at 339 nm does not shift; both bands show
hypochromism. For 5, st-DNA induced a 5 nm bathochromic shift for the bands
between 309 and 335 nm, with minor hypochromism, which is surprising
considering the higher binding affinity of 5 with st-DNA (vide infra). The
absorption bands of complex 6 at 359 and 377 nm were shifted bathochromically by
4 nm upon addition of st-DNA, however, a greater hypochromic effect was
observed compared with that of 5.
st-DNA
1
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Figure 11 UV/Vis absorption spectra of complexes 1 and 6 (0.03 mM) in the absence and
presence of st-DNA (0.13 mg/mL). The ratio of the copper complex to DNA base pairs is
1:6. st-DNA in Milli-Q water with 0.03 vol% of DMSO in the case of 6.

8.2.5 Effect of ionic strength on binding to DNA and catalysis
Intercalation and groove binding are due to both hydrophobic and
electrostatic/hydrogen bonding interactions where the DNA binding species is
cationic. Indeed for cationic complexes electrostatic interaction with the negatively
charged DNA would be expected to be important, especially for groove binding.
This interaction can be diminished by screening the negative charge of the DNA
backbone with a large excess of Na+.34
The electrostatic contribution to binding of the complexes to st-DNA was
investigated by titration with of the metal complexes with st-DNA in the absence
and presence of NaCl (100 mM). The binding affinity of 1 and 2 decreased to such
an extent that it was no longer possible to quantify binding by
UV/Vis spectroscopy. In the case of the complex 5, the binding affinity decreased
modestly in the presence of NaCl (100 mM) from 7.2 × 104 to 1.3 × 104 M-1.
The decrease in binding affinity of 1 to st-DNA upon addition of NaCl was found to
affect the catalyzed Diels-Alder reaction: increasing the concentration of NaCl led
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to a decrease in both the rate and the enantioselectivity of the reaction (Figure 12).
These changes can be explained by the decrease in the proportion of 1 bound to
st-DNA, and hence an increase in the concentration of unbound complex 1 in
solution; the unbound species will catalyze the reaction in a racemic fashion albeit
at a much lower rate.6b
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Figure 12 Effect of NaCl on reaction rate (kapp) and enantiomeric excess of the product in
the 1/st-DNA catalyzed Diels-Alder reaction between azachalcone and cyclopentadiene.
Conditions: ratio of the 1 to base pairs DNA is 1:6 st-DNA (1.4 mg/mL), 1 (0.3 mM), azachalcone (1 mM) and cyclopentadiene (15 mM) in MOPS buffer (20 mM, pH 6.5) at 5 °C.
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Figure 13 Effect of NaCl on the EPR spectra of 1 with st-DNA. Conditions: ratio of the
Cu(II) complex to base pairs DNA is 1:6. st-DNA (1.4 mg/mL), 1 (0.3 mM) in 20 mM
MOPS buffer at pH 6.5 with 1.8 vol% DMSO at 77 K. The concentration of NaCl was
varied from 50 to 150 mM.

Furthermore, the coordination of chloride to copper(II) will shift the equilibrium to
a neutral copper(II) chloride complex thereby reducing the effective overall
concentration of 1 (both unbound and DNA bound, see scheme 1). The addition of
50 mM NaCl results in a complete change to the EPR spectrum of 1 (Figure 13).
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These data indicate that addition of NaCl results in formation of a copper(II)
chloride species.35

Scheme 1 Equilibria established in solution in the presence of NaCl, DNA and 1.

The effect of chloride and phosphate ions on complexes 1 and 5 was examined in
the absence of st-DNA. Addition to 150 mM of NaCl to solutions of 1 and 5
resulted in a red shift of the d-d band by 25 nm and 3 nm, respectively. Interestingly
peak shifts in the resonance Raman spectra were not observed. In contrast to NaCl,
addition of phosphate (150 mM) to 1 and 5 gave rise to hypochromism along with a
blue shift in the d-d band by 3 nm and 26 nm, respectively (Figure 14). The EPR
spectra of these complexes were strongly affected by the presence of phosphate
(data not shown). These data indicate that phosphate coordinates to copper(II) also.
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Figure 14 UV/Vis absorption spectra of (a) 1, 1 with NaCl and 1 with NaH2PO4 in MOPS
with 0.4 vol% d6-DMSO and (b) 5, 5 with NaCl and 5 with NaH2PO4 in 20 mM MOPS at
pH 6.5. Conditions: 1 and 5 (0.3 mM), NaCl (150 mM) and NaH2PO4 (150 mM).

Both the reaction rate and the enantioselectivity in the copper(II) catalyzed
Diels-Alder reaction studied were found to decrease as the concentration of NaCl
increased. If the effect of NaCl was only to reduce the overall concentration of 1 in
solution, through formation of a non-catalytically active copper(II) chlorido species,
then this would affect the reaction rate but not the enantioselectivity achieved. Since
a drop in ee is observed also, it may be concluded that the equilibrium between
DNA bound and unbound complex 1 must be affected by addition of NaCl, from
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which it could be inferred that there is a significant electrostatic component to the
binding of 1 to DNA.
8.2.6 Circular Dichroism (CD) Spectroscopy
CD spectroscopy was employed to explore the interaction of the copper complexes
with st-DNA through observation of induced CD (ICD) in the complexes. The CD
spectra of st-DNA in the absence and presence of the achiral copper complexes are
shown in Figure 15. For 1 and 2, ICD bands of similar intensities were observed at
302, 312 nm and 304, 314 nm, respectively. The positive CD band of st-DNA at
280 nm shows a slight decrease in intensity in the presence of 1, and to a lesser
extent, 2. The decrease is likely to be due to a negative ICD band for the complexes
in this region (Figure 15). Notably, the terpyridine based complex 4 shows at most a
very weak ICD effect.
The CD spectrum of st-DNA in the presence of 3 shows a positive ICD at ca. 280
and 300 nm and a slight shift in the negative band at ca. 260 nm, which correspond
to the main absorption bands of the complex. For both 5 and 6 the positive CD band
of st-DNA appears to increase in intensity by about 50% whereas the negative band
becomes ca. 25% weaker. The changes correspond to UV absorption bands for both
complexes. For 5, ICD bands corresponding to absorption at wavelengths greater
than 300 nm were not observed, while for 6, a negative ICD band at 290 nm was
observed upon addition of st-DNA. Titration of st-DNA (maintained at constant
concentration) with 6 showed that the negative CD band at 290 nm became more
intense and the positive band of st-DNA at 278 nm appears to undergo a blue shift
and increase in intensity as the concentration of 6 is increased. Although it is also
possible that the increase is due to a change in the conformation of the st-DNA from
B-form to A-form,36 under the present conditions this is unlikely and hence the
negative CD band is assigned to ICD arising from 6 bound to DNA (Figure 16).
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Figure 15 CD and UV/Vis absorption spectra of 1 to 6 in the presence of st-DNA (a to c).
Conditions: ratio of the Cu complex to DNA base pairs is 1:6. st-DNA (0.065 mg/mL), Cu
complex (0.015 mM) in Milli-Q water.
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Figure 16 Titration of st-DNA with 6 monitored by CD spectroscopy (the concentration of
st-DNA base pairs is constant). Conditions: st-DNA (0.065 mg/mL, in 20 mM MOPS), 6
(0.007 - 0.03 mM) in Milli-Q water.

8.2.7 Linear Dichroism (LD) Spectroscopy
Linear Dichroism (LD) spectroscopy was employed to gain insight into the
alignment (and hence binding mode) of the various copper complexes with respect
to the helix axis of st-DNA using sheer induced alignment in a micro-Couette cell.37
For 1, a negative rLD (reduced LD) signal indicates that the angle with which the
plane of the dmbpy ligand aligns with the axis of the st-DNA helix is ~65º, which is
intermediate between that expected for intercalation (ca. 90º) and minor groove
binding (ca. 45º) and is close to that reported for Δ-[Ru(phen)3]2+, which binds via
several binding modes, with an average angle of 70º (Figure 17). In the case of 2, an
angle of 55º was determined, indicating that 2 engages in groove binding with
st-DNA. For 3 and 4, a strong negative rLD signal was observed with angles of 76o
and 79°, which are close to that expected for intercalation.38
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Figure 17 LD, rLD and isotropic absorption spectra in the presence of st-DNA of 1 (a and
b), 2 (c and d), 4 (e and f) and 5 (g and h) (at 0.3 mM) and st-DNA (1.4 mg/mL) in MOPS
20 mM at pH 6.5.
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8.2.8 Effect of complexes 1 - 5 on the viscosity of st-DNA containing solutions
The binding of small molecules to st-DNA can result in a change in viscosity,39 due
to partial unwinding of the helix to accommodate intercalators thereby increasing
the hydrodynamic radius of DNA. For groove binders the helix, and hence the
hydrodynamic radius, is relatively unperturbed and therefore only minimal changes
in viscosity are expected. For complexes 3, 4 and 5 the viscosity of the solution
increased to a significant extent in comparison to complexes 1 and 2 (Figure 18).

Complexes
1
2
3
4
5
Hoechst
33258

Slope
0.322
0.278
0.609
0.592
0.641
0.049

Figure 18 Titration of 1 - 5 to st-DNA followed by viscometry. (i) 1 (open squares), (ii) 2
(triangles), (iii) 4 (diamonds) and (iv) Hoechst 33258 (open circles), in 20 mM MOPS
buffer, pH 6.5, at 22.0 °C. L/L0 is the apparent length of the st-DNA, r is the ratio
[Cu-L]:[DNA base pairs]. Figure was adopted from A. J. Boersma thesis (2009).

8.3 Discussion
Complexes 1 - 6 have shown remarkable activity and enantioselectivity in a wide
range of catalyzed asymmetric reactions in the presence of st-DNA, with both
activity and selectivity showing a dependence on the ligand employed.6e Elucidation
of the mechanism for transfer of chirality from st-DNA to the substrate via the
copper(II) catalyst requires that the nature of the interaction of the complexes with
st-DNA is understood in detail.
Here, a multi-technique approach, including UV/Vis absorption, CD, LD, EPR,
Raman and resonance Raman spectroscopy and viscometry, was taken to address
this issue and a correlation between the data obtained with trends observed earlier in
terms of reactivity and selectivity is attempted. It is important to note that the
conditions employed in this study are comparable to those used in the catalysis
reported previously.6
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Addressing the question as to the mode by which the complexes bind st-DNA, even
before addition of substrate, presents a challenge as no single technique can
distinguish between specific binding modes, e.g., intercalation, groove binding,
unambiguously.17 This point has been demonstrated, for example, with regard to
UV/Vis absorption spectroscopy. Although intercalators generally give rise to
significant red shifts upon binding to DNA, which are not usually observed in the
case of groove binders, examples do exist of groove binders undergoing significant
red shifts upon binding DNA as well.40 Indeed in the present study, it was found
that for all complexes a decrease in absorbance and band broadening is observed
upon addition of st-DNA together with a small to substantial bathochromic shift in
the lowest energy absorptions. Hence, UV/Vis absorption spectroscopy alone
cannot provide a definitive answer, albeit that for complexes 5 and 6, which contain
ligands expected to intercalate,18 the changes are somewhat more pronounced than
for the other complexes.
8.3.1 Evidence for groove binding to DNA by complexes 1 and 2
For complex 1 and 2 the changes observed in the UV/Vis absorption spectra upon
addition of st-DNA are ambiguous with regard to assigning binding mode as they
can be interpreted both as being characteristic of intercalation and of groove
binding.17 Intercalation would be expected to result in a larger bathochromic shift,
however, the absence of change is in itself not conclusive. An important
observation is that although the proportion of the complexes bound to DNA, under
catalytically relevant conditions, is higher than that unbound, the (resonance)Raman
spectra of the complexes are unaffected by the presence of st-DNA (vide infra). In
the case of 1, for which the solid state structure has been determined, apart from
exchange of NO3- ligands with H2O, the solid state structure of the complexes
(i.e. pseudo square planar) can be assumed to be retained in solution based on
non-resonant Raman spectroscopy. However, in the presence of chloride or
phosphate at high concentrations it is apparent that both ions compete with water to
bind to the copper(II) ions.
Previously, it was noted that the melting temperature of st-DNA is unaffected by
addition of 1.5 In the present study a modest increase in the viscosity of a DNA
containing solution, together with broadening of the UV/Vis absorption spectrum, is
observed upon addition of 1 or 2. A strong ICD signal was observed at wavelengths
where 1 and 2 absorb and the negative rLD signal indicates an angle of 65º and 55o,
respectively between the axis of the DNA helix and the plane of the complex. In
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addition, room temperature EPR studies in a flow cell where partial alignment of
the DNA occurs indicates that the binding of 1 and 2 is relatively static on the EPR
time scale.41 Even though the slight increase in the viscosity and the bathochromic
shift in the lowest energy UV absorption bands are suggestive of intercalation
overall it is concluded from the melting temperature, rLD, and UV resonance
Raman spectroscopy that 1 and 2 interact with st-DNA through groove binding.
The effect of st-DNA on the spectroscopic characteristics of 1 are overall to be
similar to those for 2. A key difference, however is in their EPR spectra. An
additional weaker signal was observed in the case of 1 in the presence of st-DNA,
suggesting that complex 1 is bound in at least two distinct ways. For 2, the presence
of DNA did not affect the EPR spectrum. The relevance of the additional species
observed by EPR to catalysis is not clear, as the solution was frozen at 77 K, and
the measurement performed in the absence of substrate, which will compete for
copper(II) coordination sites. In the case of synthetic oligonucleotides a new
copper(II) species was observed by EPR spectroscopy, possibly due to coordination
of DNA bases to copper. This relates to the observation that the DNA melting
temperatures of these duplexes decreased in the presence of 1.6b The EPR spectrum
of 1 in the presence of the duplexes does not coincide with the additional features in
the presence of st-DNA, whereas the catalytic activity and selectivity are
comparable, indicating that the additional species in case of the duplexes is not
likely to be of relevance to the result of catalytic reaction.
8.3.2 Evidence for intercalation as the major binding mode for complexes 3
and 4
Complexes 3 and 4, although structurally very different, show similar effects of
binding to DNA spectroscopically. For 3, the effect of st-DNA on the absorption
spectrum was not easily apparent due to substantial overlap with the absorption
spectrum of st-DNA. However, an ICD signal at 300 nm was observed. In the case
of 4, a 7 nm bathochromic shift and 34% hypochromism in the absorption of the
complex, and a very weak, if any, ICD was observed. As for 1 and 2, addition of
st-DNA has no effect on the resonance Raman spectrum of 3 and 4. LD
spectroscopy indicates an average angle of 74º between DNA helix axis and
phenanthroline ligand of 3, and an average angle of 78º between the plane of the
terpy ligand of 4 and the DNA helix axis. The angles determined are closer to those
expected for intercalators (i.e. 90º). These observations, in combination with the
increase in viscosity of a solution of st-DNA upon addition of 3 or 4, point towards
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intercalation as the major binding mode. It should be noted, however, that similar
ambiguities in the data were encountered in the assignment of the binding mode of
[Ru(phen)3]2+ to DNA.16 Nevertheless, even though the binding mode of 3 and 4 is
assigned as intercalation, the possibility that groove binding takes place also cannot
be excluded entirely. Moreover, the binding mode is likely to be dependent on the
local DNA sequence.16
8.3.3 Evidence for DNA intercalation of complexes 5 and 6
Complexes 5 and 6 are based on the planar 1,10-phenanthroline core and, a priori,
intercalation is expected to contribute substantially to the binding of these
complexes with st-DNA, and complexes of the ligands dpq and dppz are indeed
well known intercalators.18 The spectroscopic and physical data obtained for 5 and
6, i.e. the batho- and hypo-chromicity, negative ICD and rLD of 90o and notably the
shifts observed in the resonance Raman spectra (which are not observed with
complexes 1 - 4), lead to the conclusion that these complexes, primarily, intercalate
into st-DNA.
8.3.4 The DNA binding mode in DNA-based asymmetric catalysis
The determination of the DNA-binding mode of the complexes allows for
comparison with the data from DNA-based asymmetric catalysis. Complexes 1 and
2 provide the highest ee’s in DNA-based asymmetric catalysis, i.e. 99% and 90%
respectively, and these complexes appear to bind DNA by groove binding. Complex
3 tends to prefer intercalation in comparison to 1 and 2, and provides ee’s of
ca. 73%. Complexes 5 and 6 intercalate predominantly and provide the lowest ee’s
of 61 and 49%. From this it is tempting to conclude that a relation between the
binding mode and ee obtained exists. However, other parameters, which might be
related to the DNA-binding mode, such as the binding affinity of the complexes to
the DNA, also track the trend of the ee. Another parameter which might influence
the ee could be the rigidity of the complex when bound to DNA: binding with
specific geometry to DNA might result in higher activity and selectivity compared
to other geometries, and when a complex is unable to sample these most active and
selective pockets, for example because it is bound in a rigid, unfavorable, manner, it
will result in reduced overall ee.
Previously we have shown that the ee achieved correlates with reaction rate for a
series of different DNA sequences. Comparison of the binding of 1 to short strand
DNA sequences using EPR was complicated by the formation of an additional
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species, which is unlikely to contribute to catalysis, and can even be an artifact due
to freezing or the absence of substrate. Nevertheless, the data highlights the fact that
complex 1 can have multiple coordination environments, as postulated previously.
Complex 4 generates the opposite enantiomer in DNA-based asymmetric catalysis.
Here it is shown that the binding mode is more comparable to that of 3, and hence,
the binding mode per sé is not determining enantiopreference in an obvious manner.
This finding is consistent with the hypothesis that it is the coordination geometry of
the substrate to the copper that ultimately determines enantiopreference.6d
In this contribution the experiments were performed in the absence of the substrate.
It is that binding of the substrate to the copper(II) complexes influences their
binding geometry to the DNA, by displacing the solvent and changing the shape of
the complex and hence their optimum binding mode. Studies are currently
underway to test whether the substrate interacts with the complexes in a manner that
influences their binding to DNA.

8.4 Conclusions
In conclusion, we report the solution chemistry and the spectroscopic
characterization of a series of Cu(II) complexes (1 - 6). The interaction of these
complexes with st-DNA is compared and contrasted using several spectroscopic
techniques. Furthermore, we introduced Raman spectroscopy as an additional tool
in the determination of DNA-binding mode. We show that the complexes can be
grouped as follows; complexes 1 and 2 are groove binders, complexes 5 and 6 are
intercalators, whereas complexes 3 and 4 are primarily intercalators. Hence, the
complexes that induce the highest ee in DNA-based asymmetric catalysis can be
considered as groove binders. This structural finding is key to further structural
studies to unravel the mechanism of chirality transfer in DNA-based asymmetric
catalysis. Currently the effect of coordination of substrates to the complexes on
their st-DNA binding is under examination.
8.5 Experimental section
Salmon testes DNA (st-DNA) was obtained from Sigma and dialyzed against MOPS buffer
(20 mM, pH 6.5) prior to use. The complexes [Cu(dmbpy)(NO3)2] (1),5 [Cu(bpy)(NO3)2]
(2),5 [Cu(phen)(NO3)2] (3),5 [Cu(dpq)(NO3)2] (5)18 and [Cu(dppz)(NO3)2] (6)18 were
prepared and isolated as reported previously. [D8]-phenanthroline ([D8]-phen),
[D8]-bipyridine ([D8]-bpy) and [D12]-dimethylbipyridine ([D12]-dmbpy) were prepared as
reported previously.42 Reagents obtained from commercial sources were used without
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further purification unless stated otherwise. Solvents for spectroscopic measurements were
UVASOL (Merck) grade or better.
8.5.1 Synthesis
[Cu(dmbpy)(NO3)2] (1). 4,4’-dimethylbipyridine (73.4 mg, 0.4 mmol) in 7.5 mL ethanol
was added to Cu(NO3)2ּ3H2O (193.1 mg, 0.8 mmol) in 2.5 mL of ethanol. The blue
solution obtained was placed in an ethyl acetate bath. After 2 d, [Cu(dmbpy)(NO3)2] (1) was
recovered as blue crystals, which were suitable for analysis by X-ray crystallography. Yield:
132 mg, 0.355 mmol, 88%. Anal. Calcd for C12H12CuN4O6: C, 38.77 H, 3.25 N, 15.07.
Found: C, 38.38 H, 3.22 N, 14.88.
[Cu([D12]-dmbpy)(NO3)2] (1a). [D12]-4,4’-dimethylbipyridine (71.6 mg, 0.36 mmol) in 10
mL of ethanol was added to Cu(NO3)2ּ3H2O (88.18 mg, 0.36 mmol) in 10 mL of ethanol.
The blue solution obtained was placed in an ethyl acetate bath. After 2 d, [Cu([D12]dmbpy)(NO3)2] (1a) was recovered as blue crystals. Yield: 94 mg, 0.24 mmol, 67%.
[Cu(terpy)(NO3)2].H2O (4). Terpyridine (100.4 mg, 0.43 mmol) in 2 mL of ethanol was
added with stirring to Cu(NO3)2ּ3H2O (104.5 mg, 0.433 mmol) in 2 mL of ethanol. The
resulting solution was stirred for 2 h. [Cu(terpy)(NO3)2].H2O (4) was isolated as a green
powder by filtration and washed with a minimum amount of ethanol and ethyl acetate.
Yield: 160 mg, 0.36 mmol, 85%. Anal. Calcd for C15H13CuN5O7: C, 41.05 H, 2.99 N, 15.96.
Found: C, 41.36 H, 2.81 N, 16.06.
8.5.2 Physical Methods43
Elemental analyses were performed with a Foss-Heraeus CHN Rapid or a EuroVector Euro
EA elemental analyzer. FTIR spectra were recorded using a UATR (ZnSe) equipped Perkin
Elmer Spectrum400 FTIR spectrometer with a liquid nitrogen cooled MCT detector. Details
of X-ray structural analysis see Reference 41. EPR spectra were recorded on a Bruker ECS
106 spectrometer, equipped with a Bruker ECS 041 XK microwave bridge and a Bruker
ECS 080 magnet. The samples were prepared 2 h in advance and stored on ice. The samples
were added to EPR tubes and flash frozen to 77 K. The EPR spectra were baseline corrected
by subtraction of the spectrum of 20 mM MOPS buffer pH 6.5, 1.8 vol% DMSO, recorded
under identical conditions. Among the co-solvents tested, DMSO improved the glass quality
most. The spectra obtained were simulated using the programs SimFonia (Bruker) and
Winsim. UV/Vis absorption spectra were recorded with a Specord600 (AnalytikJena)
spectrophotometer in 1 cm path length quartz cuvettes. LD and CD spectra were recorded on
a Jasco J-815 Circular Dichroism spectrophotometer. For LD, samples were aligned using a
micro-Couette cell from Kromatek,44 with an applied rotation speed of 3000 rpm for
st-DNA. The reduced LD (LDr) was calculated from:

LD r ( ) 

LD( )
Aiso ( )
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where Aiso is the isotropic absorbance. The angle (α) between the transition moment of the
absorption band of the Cu(II) complex and the axis of the DNA helix was related to the LDr
according to:

LD r 



 

3
S 3 cos 2   1
2

where S is the orientation parameter. The orientation parameter was determined by
assuming the angle (α) between the macroscopic orientation axis and the transition moment
to be 86°.37
Raman spectra were obtained in an ca. 155o backscattering arrangement with excitation at
244 nm (5 mW at sample) and 266 nm (8 mW at sample) obtained by frequency doubling
488 nm and 532 nm respectively using a WaveTrain (Coherent), at 355 nm (10 mW, Cobolt
Lasers) and 473 nm (100 mW, Cobolt Lasers). Raman scattering was collected and
collimated (f = 7.5 cm) and subsequently refocused (f = 17.5 cm, or 7.5 cm in the case of
473 nm) via a pair of 2.5 cm diameter plano-convex lens. The collected light was filtered by
an appropriate long pass edge filter (Semrock) and dispersed by a Shamrock300i (at
473 nm) or 500i spectrograph (Andor Technology) with a 1200 l/mm grating blazed at
500 nm, or 2400 l/mm blazed at 300 nm and acquired with a DV420A-BU2 CCD camera
(Andor Technology). The slit width was set to 10 or 20 μm. Data were recorded and
processed using Solis (Andor Technology), Spekwin3245 and Spectrum (Perkin Elmer) with
spectral calibration performed using the Raman spectrum of cyclohexane or
acetonitrile/toluene 50:50 (v:v).46 Samples were held in 10 mm path length quartz cuvettes.
Solvent subtraction and a multipoint baseline correction were performed for all spectra.
Raman spectra were recorded at λexc 785 nm using a Perkin Elmer Raman Station at room
temperature.
Viscometry was performed using an Ostwald viscometer thermostated at 22 °C. A solution
containing 2 mg/mL st-DNA in 20 mM MOPS buffer pH 6.5 was sonicated for 30 min,
cooled at 4 °C for 10 min, and sonicated for a further 30 min. The solution was filtered over
a 0.45 μm filter and diluted to 0.2 mM in DNA base pairs. 6 mL were introduced into the
viscometer. The complexes (2 mM in DMSO) were added with 15 μL increments. After
addition of the complexes, the solution was mixed by passing air through the tube. After
equilibration for 15 min, the flow time was measured four times. The relative viscosity η
was obtained from the flow time t of the st-DNA containing solution with the Cu(II)
complex and the flow time t0 of the solution containing st-DNA alone:



t  t0
t0

The apparent st-DNA fragment length L/L0 was calculated from;47
1/ 3

 
 
 n0 
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The viscosity was corrected for increase due to the addition of DMSO by subtraction (using
data obtained with only DMSO added) and plotted versus the Cu(II) complex to DNA base
pairs ratio r. The amount of complex bound to DNA was corrected for its binding affinity
for st-DNA, which was determined earlier.5 Solution viscosity was found to not change upon
addition of the groove-binding agent Hoechst 33258 as expected.
Catalysis was performed over a range of NaCl concentrations to determine its effect on the
enantioselectivity of the reaction as described previously.5 The apparent rate constants (kapp)
were determined as described earlier.6b
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Chapter 9

Shedding light on active
intermediates in Fe, Ni and Cu
catalysis: future perspective
In this chapter the studies described in this thesis are placed in perspective and
consideration to impact and future directions is given.
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9.1 Biomimetics
At the start of my PhD, as a beginner in oxidation chemistry, I wondered about the
real meaning of the word ‘biomimetic’. Later I realised that it is the study of
functional, and as much as possible structural, models for biological systems that
mimic their catalytic properties in the laboratory flask. A number of biomimetic
systems are alluded to in this thesis. For example, the complex [(N4Py)FeIV(O)]2+
can be considered as a mimic for TauD1 and CytC32 as discussed in chapter 5.
FeIV=O species generated in the laboratory are mostly low spin (S = 1) in character.
In sharp contrast, nature uses high spin (S = 2) complexes to achieve selectivity and
reactivity in chemical reactions. Borovic, Que and Bakac and co-workers have
reported a number of synthetic high spin FeIV=O complexes.3 However, the
reactivity of those complexes is less, rather than greater, compared even to known
low spin FeIV=O species.4 Of course, in obtaining high spin complexes, the bulky
ligands and hydrogen bonding interactions used, can hinder the approach of a
substrate towards the FeIV=O moiety. These challenges should be considered in new
biomimetic systems, however, the synthesis of a new ligand and complexes may not
necessarily be the only approach.

Figure 1 Structures of iron complexes discussed in the text.

It is claimed often that knowledge of biomimetic systems is of direct relevance to
biological systems. I prefer to be cautious here. Except in a few cases, so called
active intermediates in oxidation chemistry are generated in non-aqueous media. In
sharp contrast, nature has no choice but to use water as its solvent. In many cases
formation of distinct intermediates are observed depending on the solvent used in
reactions carried out in the laboratory. For these reasons, the spectroscopic
properties of intermediates and their direct comparison and relevance for biological
systems is challenging. I am of course well aware that the solubilities of complexes
and substrates limit the use of water as a solvent in biomimetic studies. Given that
many of the generated intermediates are not stable at room temperature, often low
temperatures are needed to observe them. With water one cannot readily go much
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below 0 °C. This is not the case with non-aqueous solvents, which provide a larger
temperature window (the exact boundaries depending on the solvent) to stabilise
intermediates generated in a reaction. Acetonitrile is probably one of the most
popular solvents used to study oxygen activated species, however, FeIV=O
complexes (e.g., 3 and 4) are in fact more stable in water than in any non-aqueous
solvents as shown in this thesis. For example, attempts to recrystallize 4 (FeIV=O)
from acetonitrile/ether at -20 °C overnight yielded red needles of 2 (reduction
occurs before crystallization). However, crystallization of 4 from water at 5 °C was
successful and blue micro crystals were obtained overnight albeit of limited quality
for X-ray diffraction studies. If complexes and intermediate species are stable in
water, then why not study their spectroscopic and redox properties in water as well?
Here my point is not to negate the value of using non-aqueous solvents, but to
consider water also a solvent that is of direct relevance to the biological systems
that are being referred to.

9.2 Speciation analysis
Prior to studying the spectroscopic properties and reactivity of unstable ‘activated’
intermediates, it is, in my view, worthwhile to study the properties of the complexes
from which those intermediates are generated in the first place. The aqueous
chemistry of FeII(N4Py) and its analogues were explored in chapter 2. The
chemistry of the complexes (e.g. FeII(N4Py)) changes dramatically between
acetonitrile and water.5 In some regards this chapter can be viewed as a routine
speciation of a complex system of species and to some extent this may be true.
Nevertheless, a multi-technique approach was needed to explore the ligand
exchange and spin state equilibria of species formed in water. The knowledge
gained in this study of the speciation of FeII(N4Py) and its related complexes in
water and in acetonitrile served as a basis that stimulated the research described in
the major part of this thesis.
The power of such speciation analysis is illustrated with an example taken from the
literature. My intention in this is not to criticise the authors work but to exemplify
the benefit that can be drawn from such studies. Recently, Nam and coworkers6
reported the photochemical generation of [(N4Py)FeIV(O)]2+ using [Ru(bpy)3]2+ as a
photo-oxidant and [CoIII(NH3)5Cl]2+ as terminal oxidant. The authors described the
studies where the initial form of the complex in solution is a FeII(OH2) species
(i.e. in scheme 2 in reference 6). Such a species is unlikely to be present in solution,
however, when acetonitrile is present (chapter 2). The initial complex that should be
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considered in the system is an FeII-CH3CN species, which requires 1.1 V vs. SCE to
be oxidized to an FeIII-CH3CN species. Of course ligand exchange with H2O will
followed this redox event. This is essential to understanding the system since if a
FeII(OH2) species were present then weaker oxidants would serve just as well. In
this case the use of the strong oxidant [RuII(bpy)3]2+* (Eox = 1.18 V vs. SCE) meant
that the observations were not in disagreement with the scheme they drew to
describe the system but this is beside the point.

9.3 Redox chemistry of FeII and FeIV=O complexes
Knowledge of the redox properties of complexes is highly desirable for a better
understanding of the catalytic properties of metal complexes. Determination of
FeIII/FeII redox potentials of FeII(N4Py) complexes is straightforward due to
electrochemical reversibility and fast rates of heterogeneous electron transfer. For
example, complex 2 shows reversible redox chemistry at 1.1 V vs. SCE in
acetonitrile ascribed to the FeIII/FeII(CH3CN) redox couple, but in water a reversible
redox wave (of course depending on pH) was observed at ca. 0.4 V vs. SCE
ascribed to the FeIII/FeII(OH) redox couple. However, determination of FeIV/FeIII
redox potential by cyclic voltammetry is rather difficult due to the sluggish rates of
heterogeneous electron transfer encountered for this redox couple. Recording cyclic
voltammograms on isolated FeIV=O complexes will not help and in fact has led to
confusion in the literature. The approach taken by Nam and Fukuzumi in using one
electron donors such as ferrocene and its derivatives, however, neglects the fact that
electrochemically irreversible processes are involved in the case of
FeIV(O)/FeIII(OH)/FeII(OH) redox processes due to ligand exchange with CH3CN.7
Spectropotentiometric titrations of Fe(II) complexes in acetonitrile followed by
UV/Vis absorption spectroscopy has already shown its potential, however, in
determining the FeIV/FeIII redox couple, simply due to the fact that the absorption
spectrum can be obtained at any time after application of a potential so even slow
electron transfer is not a real issue.8 As discussed in chapter 4, the incorrect
assignment of the redox potential of the FeIV/FeIII couple is due to the higher
oxidation potential required to oxidise the FeII(CH3CN) to FeIII(CH3CN) in the first
place in acetonitrile. Whereas in water this is absent due to the lower potential
needed to oxidise the FeII(OH) species. The comproportionation reaction between
FeII-OH and FeIV=O, to generate FeIII-OH is shown in scheme 1. In water the
FeIV=O species (0.85 V vs. SCE) can easily oxidise FeII-OH (0.4 V vs. SCE).
However, the analogous reaction does not occur between FeII(CH3CN) and FeIV(O).
In this case FeIV=O is not a powerful enough oxidant to oxidize FeII(CH3CN) (1.1 V
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vs. SCE). This is strong evidence that the FeIV=O redox potential is in between 0.4
and 1.1 V vs. SCE.

Scheme 1 Reaction between FeII and FeIV=O complexes in water and in acetonitrile.

These electrochemical studies have direct implications for discussions in the
literature. First of all the redox potential of the FeIV/FeIII couple is 0.85 V vs. SCE in
water. The presence of acetonitrile, e.g., for solubility, and the failure to take into
account mediated electron transfer is at the root of the misassignment of the redox
potential of the FeIV/FeIII couple. In future studies, in cases where FeIV=O species
are stable in water, I would recommend studying their redox properties in water as
well and to take into account time scales for electron transfer.

9.4 Photochemistry of iron complexes
It can hardly be over emphasized that the photochemical properties of iron
complexes are overshadowed by its group partner ‘ruthenium’. Li et al reported that
the first step in the cleavage of DNA by 1 with oxygen (3O2) is enhanced under
irradiation,9 suggesting that FeII(N4Py) complexes are photochemically active. The
photochemistry of a series of Fe(II) (1 and 2), FeIV=O (3 and 4) and FeIII-OMe (5)
complexes were explored in chapters 3 and 5. Complexes 1 and 2 undergo
photoinduced oxidation under irradiation in various solvents such as water,
methanol and dichloromethane with dioxygen as terminal oxidant. The
photochemistry of Fe(II) complexes is of direct relevance to the photochemical
enhancement of DNA cleavage by 1 observed by Li et al.9 It has been proposed that
the interconversion between the singlet and higher spin states occurring in aqueous
solution involves an intermediate triplet state, form which electron transfer to 3O2
occurs readily. Excitation of N4Py based FeII-OH complexes is believed to increase
the population of complexes in the triplet state and, hence, increased activity.
One challenge here for the future is that the characterisation of the primary and
secondary photoproducts of 2 in methanol. It is likely that FeIII-OR (R = alkyl)
complexes are also photochemically active as well. Exploring the photochemistry of
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FeIII-OR complexes is highly desirable with regard to understand the rebound
mechanism discussed below.
Complexes 1 and 2 are not photochemically active in acetonitrile reflecting their
higher oxidation potentials and firmly low spin nature. In sharp contrast, complexes
3 and 4 undergo reduction under photo irradiation (UV and vis light). On the one
hand this is a problem as it is often struggle to obtain resonance Raman spectra of
such photochemically unstable compounds, but, on the other hand I took advantage
of this photochemical instability of the FeIV=O complexes (3 and 4) to explore their
photocatalytic properties.

Scheme 2 Steps involved in the photochemical reaction of FeIV=O complexes in
acetonitrile.

There are two steps involved in the photochemical process. The first step is the
conversion of the FeIV=O species to an Fe(III) species followed by a second
photochemical step in which the Fe(III) species formed is reduced to an
FeII-CH3CN species (scheme 2). The formulation of the Fe(III) intermediate was
obtained from the knowledge of the photochemical properties of the Fe(II)
complexes (1 and 2, chapter 3). As mentioned above, complexes 1 and 2 undergo
photoinduced oxidation under irradiation in various solvents with dioxygen as
terminal oxidant. Interestingly, in methanol, the primary photoproduct (FeIII-OMe)
is also photochemically active albeit at that time this was not understood fully.
Moreover, FeIII-OMe (5) undergoes photochemical reduction in acetonitrile under
photo irradiation. By contrast, the FeIII-OH complex in acetonitrile is
photochemically much less active. Hence, the primary photoproduct in the
reduction of FeIV=O is not an FeIII-OH species, but instead an FeIII-OR (R = alkyl)
species. These data indicate that C-H hydroxylation goes via a rebound mechanism
and is to the best of my knowledge, the only example of direct spectroscopic
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evidence for the rebound mechanism. In the second photochemical step the FeIII-OR
species may convert to an FeIII-CH3CN. The FeIII-CH3CN species is a powerful
enough oxidant to convert FeIII-OH/OR to FeIV=O and forming FeII-CH3CN also.
The enhanced reactivity of the FeIV=O species, under irradiation, towards substrate
oxidation is attributed to the transient population of an S = 2 state. If this is the case,
then photochemistry is an alternative way to populate the S = 2 state and to obtain
better reactivities. It remains to be seen whether this is a general feature of low spin
FeIV=O complexes.

9.5 Haloperoxidases
Nature uses haloperoxidases to achieve halogenation of substrates in a highly
specific and selective manner. Within this class of enzymes, vanadium bromo
peroxidase is perhaps the most eminent example due to its applications in the
biosynthesis of a number of halogenated natural products. It has been proposed that
with this class of enzymes a M-OCl adduct is responsible for halogenation,
however, direct spectroscopic evidence for heme-FeIII-OCl species was provided
only very recently by Hiroshi et al.10 More examples of haloperoxidase mimics and
their spectroscopic characterisation would be of considerable benefit to improve the
understanding of their biological function. To the best of my knowledge these
species have not been reported in any of the non-heme and non-porphyrinic
systems. The formation and spectroscopic characterisation of a non-heme FeIII-OCl
species is reported in chapter 6.
Addition of aqueous NaOCl to acidic aqueous solution of 1 or 2 at room
temperature generates the FeIII-OCl species, which was characterised by ESI-MS
and by Raman spectroscopy. In chapter 6, substitution of chlorine with bromine
(heavy isotope) and 16O with 18O, was employed to assign the resonance Raman
spectrum of the FeIII-OCl species. The catalytic activity of FeIII-OCl intermediate
was, however, only explored in a preliminary manner, but does show promise for
applications. Preliminary catalytic studies with styrene sulfonate as substrate
confirm the formation of a halohydrin. In this case the substrates scope for catalysis
is limited due to solubility in aqueous media. In addition, considerable background
reactions are observed under the reaction conditions also. More substrates could be
employed if the same species (FeIII-OCl) could be generated in non-aqueous
medium (e.g., acetonitrile). Another aspect that I would like to emphasize is the
effect of acid on the generation and stability of FeIII-OCl species. Surprisingly, it is
difficult to identify the FeIII-OCl species in the absence of acid at room temperature.
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The effect of acid on the system is not clear at present and this is something to be
explored in the future.

Figure 2 Structures of Ni(II) complex and possible intermediates discussed in the text. The
exact nature of ‘X’ is still unclear.

The existence of metal oxo complexes beyond d5 ions is unlikely due to the
‘oxo wall’ (Fe-Ru-Os), i.e. metals to the right of the wall will not support a terminal
oxo group in tetragonal environments.11,12 For example, the recent claims of the
existence of PtIV=O (d6) were retracted after quite a heated debate.13 In chapter 7, I
was tempted to assign an intermediate as a terminal NiIII=O species by analogy to
iron systems. Addition of aqueous NaOCl to acetonitrile solutions of 8 generates an
orange intermediate. From ESI-MS analysis the intermediate NiII-OCl was
determined. To support this assignment Raman studies were carried out on the
system. In the Raman spectrum of the orange solution only one oxygen-18 sensitive
mode was observed at 724 cm-1. And the band is not halogen sensitive. So the
species can’t be assigned to the NiII-OCl species obtained by ESI-MS. Due to its
oxygen sensitive and halogen insensitive nature, its vibrational frequency (724 cm-1,
in the range of FeIII-O and MnIII-O bands) and Ni(III) EPR signal I was tempted to
assign this intermediate as a NiIII=O species. However, consideration of the oxo
wall persuaded me to assign the species as a NiII-O· species (9), which has Ni(III)
character. These species are proposed to be active intermediates in Ni(II)/oxidant
catalysed reactions and to the best of my knowledge this is first direct spectroscopic
evidence for their existence in a reaction. Regardless, other possible structures such
as NiIII-O- (10), N-oxides (11) and multi-nuclear complexes cannot be excluded at
present (Figure 2). Complexes 9 and 10 are drawn as Lewis structures which is in
my view misleading. Unfortunately, evidence for a NiII-O· was only obtained by
Raman spectroscopy and evidence for NiII-OCl was only obtained by ESI-MS.
Further support from other spectroscopic techniques is perhaps necessary to be
conclusive. However, these intermediates are able to insert halogen into substrates
and hence can be regarded as functional models for haloperoxidases.
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9.6 DNA-based asymmetric catalysis
In the latter part of my PhD research attention shifted to quite a different catalytic
system, i.e. copper(II) catalysed reactions involving DNA. Speciation analysis was
the first step taken in studying DNA based asymmetric catalysis (chapter 8). The
challenges addressed are (1) how are the catalytically active complexes bound to
DNA, (2) do the catalysts interactions with DNA change, and if so in what way,
when bound to the substrate, and (3) how does DNA affect catalysis. To address
these challenges the binding mode of the kinetically competent complexes to DNA
needs to be established. The interaction with DNA of a series of Cu(II) polypyridyl
complexes in the absence of substrate was studied by a range of techniques, and the
data means that now the stage to state that the complexes that induce the highest ee
in DNA-based asymmetric catalysis are primarily groove binders has been reached.
However, things may change in the presence of substrate (e.g., aza-chalcone).
Notably, complex 7 generates the opposite enantiomer in DNA-based asymmetric
catalysis compared to Cu(II) complexes with bidentate ligands (e.g., dmbpy and
phen, Figure 3). This observation indicates that the coordination geometry of the
substrate to the copper ultimately determines enantiopreference.14 Of course, to
understand the catalysis itself, the substrate should be introduced into the system.

Figure 3 Structures of Cu(II) complexes and aza-chalcone discussed in the text.

Preliminary studies, not discussed in this thesis, indicate the important role
resonance Raman will play in unravelling a reasonable mechanism. Aza-chalcone
shows an absorption band at 350 nm and hence can be monitored by resonance
Raman at λexc 355 nm. The DNA-Cu-aza complex absorbs at 448 nm,15 and hence
resonance Raman at λexc 473 nm is useful. Resonance enhancement of Raman
signals of the Cu(II) bounded aza-chalcone makes it possible to study its
coordination to Cu-L complexes. Under catalytically relevant conditions Resonance
Raman spectroscopy at λexc 355 nm reveals that the intensity of the band of
aza-chalcone at ca. 1600 cm-1 decreases roughly 75% in the presence of DNA.
These preliminary results demonstrate that the aza-chalcone itself interacts with
DNA. UV/Vis absorption and resonance Raman spectra are shown in Figure 4.
Addition of 6 to aza-chalcone does not lead to new absorption bands. However,
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addition of 6 to the DNA-azachalcone mixture results in an absorption band at 448
nm appearing in the UV/Vis absorption spectrum and strong bands are observed by
Raman spectroscopy at λexc 473 nm. These preliminary data indicate that complex 6
drags the aza-chalcone out from DNA, but keeps it in proximity to DNA for
catalysis. This might be the key to understanding DNA-based asymmetric catalysis
and in particular rate enhancement through local concentration of substrate and
catalysts. Of course more studies are needed to draw firm conclusions on DNAbased asymmetric catalysis.

Figure 4 Raman and resonance Raman spectra of (a) aza-chalcone and (b) st-DNA + azachalcone at λexc 355 nm and (c) st-DNA + 6 + aza-chalcone at λexc 473 nm. Conditions:
aza-chalcone (20 µM), 6 (0.3 mM), st-DNA (1.33 mg/mL) in 20 mM MOPS buffer at pH
6.5. * Sulfate and # acetonitrile modes. Inset: Corresponding UV/Vis absorption spectra.

9.7 Concluding remarks
In Chart 1, I summarised how one research chapter stimulated research work
described in other chapters in this thesis. Speciation analysis described in chapter 2
played a key role in understanding other systems investigated in this thesis.
Especially, knowledge of the electrochemistry of Fe(II) complexes in water and in
acetonitrile built a strong basis to explore the redox properties of FeIV=O complexes
discussed in chapter 4. The photochemistry of Fe(II) complexes in various solvents
(chapter 3) stimulated the study of the photochemistry of FeIV=O and FeIII-OMe
complexes (chapter 5). Haloperoxidase mimics, i.e., FeIII-OCl (chapter 6) and
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NiII-OCl (chapter 7) mutually stimulated exploration of their chemistry and catalytic
properties. As it stands, chapter 8 is unfinished business and does not provide
conclusions regarding DNA-based asymmetric catalysis in itself but the studies
discussed in this thesis provide already the basis for understanding the complex
picture of catalysis and substrate-catalyst interactions.

Chart 1 Thesis chapters and their relation to one another. ‘HP’ is haloperoxidases.

In this thesis spectroscopic characterisation of several new intermediates such as
FeIII-OCl, NiII-OCl and NiII-O· is described. However, the effect of acid on the
generation of these intermediates was not explored in detail and should be part of
future.
Another aspect which is still unexplained is the effect of the methyl group in N4Py.
Iron complexes of MeN4Py are more stable in water and are also more stable under
lower pH conditions compared to their corresponding N4Py complexes. This
remarkable stability under acidic conditions makes it possible to study the
generation of FeIII-OCl species.
In conclusion, the extension of these studies to other iron and nickel systems is of
importance to establish the generality of the observations described in this thesis
and indeed one recent study has done in the case of the iron bispidine complexes
already.16
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Many of the transformations that chemists struggle with in the laboratory are often
carried out by nature with better activity, selectivity and with bio-degradable waste.
In sharp contrast to biological systems, manmade structural and functional models
of biological systems usually suffer severely from a lack of reactivity and
selectivity in their catalytic reactions. Matching the capabilities of biological
systems with mimics in the laboratory is a seemingly impossible task. In biological
systems complex structures are involved in chemical reactions, for example
enzymes, where chemical reactions are carried out at a so called active site. Apart
from the active site, the remaining part of the protein provides a second
coordination sphere, which helps to achieve better selectivities towards chemical
reactions by allowing the substrate to enter into the active site preferentially in only
one orientation. These advantages are not readily available to biomimetic systems.
However, in a few biomimetic systems a controlled second coordination sphere
environment has been created successfully.1 One such system is the topic of chapter
8, however, albeit that the catalytic reactions are not discussed there. In this thesis a
number of biomimetic systems including the FeII-N4Py group of complexes
(Figure 1), which are functional mimics for FeII-BLM (BLM = bleomycin)
(chapter 2), and FeIII-OCl/NiII-OCl species being mimics for haloperoxidases
(chapter 6 and 7), are discussed.

Figure 1 Structures of the complexes employed in this thesis.

When chemists refer to complexes as biomimetic, they generally mean that their
systems are able to generate intermediates and, hence, catalyse chemical reactions
similar to those carried out by the biological systems referred to. Generation of
active intermediates, their characterisation by various spectroscopic techniques and
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understanding their role in catalysis have direct relevance to understanding their
role in biological systems. The synthesis and characterisation of several
intermediates such as FeIV=O (chapter 4), FeIII-OR (chapter 5), FeIII-OCl
(chapter 6), NiII-OCl and NiII-O· (chapter 7) are discussed in this thesis. The
multi-technique approach taken in this work allows for the detailed characterisation
of several of these intermediates. In particular, Raman spectroscopy plays a pivotal
role in the studies described here.
The aqueous chemistry of complexes 1 and 2 was explored extensively in chapter 2.
A multi-technique approach was taken to establish the speciation of FeII(N4Py)
complexes of relevance to DNA cleavage studies reported earlier.2 Exchange of the
ligand CH3CN with aqua/hydroxido ligands occurs immediately upon dissolution of
[(N4Py)FeII(CH3CN)]2+ in water. Moreover, depending on the pH, distinct species
exist in aqueous solution and interchange reversibly with changes in pH.
Furthermore, the pentadentate N4Py ligand is tetradentate at high pH. A further
complication to speciation analysis of this system is that the complexes present in
solution at equilibrium are a mixture of low and high spin states and show rapid
spin interconversion. The equilibrium between singlet (low spin) and quintet
(high spin) spin states in aqueous solution was proposed to be at the origin of the
activity of FeII(N4Py) complexes in cleaving DNA with oxygen (3O2) as terminal
oxidant, through the transient population of a triplet state.
The photo-induced oxidation of complexes 1 and 2 in various solvents (i.e. H2O and
MeOH) with oxygen as terminal oxidant is discussed in chapter 3. Interestingly,
both complexes are photochemically inactive in acetonitrile, reflecting their high
positive oxidation potentials (1.1 V vs. SCE). Irradiation with UV and visible light
induces the oxidation of iron(II) complexes to the corresponding
iron(III) complexes with oxygen as terminal oxidant. Moreover, the primary
photoproduct of 2 in methanol is also photochemically active. Photochemical
enhancement of the rate of oxidation of iron(II) complexes by oxygen (3O2) through
outer sphere electron transfer was proposed. These results are important in
understanding the photo enhanced cleavage of DNA with 1. As mentioned above,
the interconversion between the singlet and higher spin states would be expected to
involve an intermediate triplet state, which would facilitate electron transfer to 3O2,
the first step in the cleavage of DNA by 1 with oxygen (3O2).
The photochemistry of iron complexes was extended further to the FeIV=O
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complexes, which is the subject of chapter 5. In sharp contrast to 1 and 2,
complexes 1a and 2a show photochemical activity in acetonitrile. These complexes
undergo photoreduction to the corresponding FeII-CH3CN complexes under
irradiation with UV and visible light (400 nm). Partial photoreduction to Fe(III) and
to Fe(II) complexes was observed even in the solid state (dispersed in KCl) under
irradiation with visible light. These photochemical properties were explored with
respect for enhancing catalysis, e.g., alkane hydroxylation and alkene epoxidation.
The photochemical reduction of the FeIV=O complexes is faster in the presence of
substrates such as ethyl benzene, benzyl alcohol, fluorene and indane. There are two
steps involved in the photochemical process, the first step is the conversion of
FeIV=O to FeIII-OH/OR followed by a second photochemical step in which the
FeIII-OR converts to FeIII-CH3CN. This latter species is a powerful enough oxidant
to oxidise FeIII-OH/OR to the FeIV=O state and form the FeII-CH3CN complex also.
In addition, the FeIII-OMe (3) complex is photochemically active in acetonitrile. In
sharp contrast, the FeIII-OH complex in acetonitrile is photochemically much less
active. So the primary photoproduct in the reduction of FeIV=O is not an FeIII-OH
species, but instead an FeIII-OR (R = alkyl) species. These data suggests that the
C-H hydroxylation is via a rebound mechanism. The enhanced reactivity of FeIV=O
species, under irradiation, towards substrate oxidation is attributed to the transient
population of an S = 2 state.
Knowledge of the redox properties of FeIV=O species benefits the understanding of
their reactivity towards substrate oxidation. Unfortunately, determination of the
FeIV/FeIII reduction potential by cyclic voltammetry is hampered by the sluggish rate
of heterogeneous electron transfer encountered in the reduction. These problems are
dealt with in depth in chapter 4. The chemical and electrochemical synthesis and
characterisation of a non-heme FeIV=O species in water is reported. A clean
conversion of complex 2 to 2a in water was achieved electrochemically. In
acetonitrile, conversion of complex 2 to 2a was observed only in the presence of
water. Moreover, the required potential (1.25 V vs. SCE) to generate the FeIV=O
species is higher in acetonitrile compared to the value of (0.85 V vs. SCE) in water.
This is attributed to the necessity of a high potential to oxidise FeII-CH3CN to
FeIII-CH3CN. Once FeIII-CH3CN is generated, immediate ligand exchange takes
place to form FeIII-OH2, which oxidises to FeIV=O spontaneously at such high
applied potentials. The available data suggested that the oxidation potential of the
FeIV/FeIII redox couple is around ~0.85 V, and not 0.41 V vs. SCE in water as
concluded by Que and co-workers3 for [(N4Py)FeIV(O)]2+.
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It has been proposed that in haloperoxidases a M-O-X (M = metal, X = Cl, Br and I)
adduct is generated and is responsible for the halogenation of the substrates. Direct
spectroscopic evidence for such intermediates had not yet been reported for any
non-heme system. In chapter 6, the synthesis and spectroscopic characterisation of a
non-heme FeIII-OCl species is reported. Addition of aqueous NaOCl to acidic
aqueous solutions of 1 or 2 at room temperature generates the corresponding
FeIII-OCl species. Over time the FeIII-OCl species converts to the corresponding
high valent FeIV=O species. Assignment of these intermediates was carried out by
UV/Vis absorption, (resonance)Raman and EPR spectroscopy and by Cryo
ESI-MS. Raman spectroscopic characterisation of the FeIII-O and O-Cl modes was
aided by bromine (FeIII-O-Br) and with 18O labelling. These intermediates react
with styrene to yield the corresponding halohydrin and diol.
In chapter 7, generation of non-porphyrinic NiII-O· and NiII-OCl species and their
spectroscopic characterisation is described. Addition of aqueous NaOCl/Ca(OCl)2
to an acetonitrile solution of 4 at room temperature generates a putative NiII-O·
species. Addition of Brønsted acids promotes the formation of such intermediates
and increases the rate of their formation also. Characterisations of these
intermediates were carried out with UV/Vis absorption, (resonance)Raman, NMR
and EPR spectroscopy and by Cryo ESI-MS. The formation and loss of the NiII-O·
species was followed by (resonance)Raman spectroscopy. Formation of the NiII-O·
species was confirmed by Raman spectroscopy, again with the use of bromine and
with 18O labelling and evidence for the formation of NiII-OCl species was obtained
by Cryo ESI-MS. The former species is proposed to activate C-H bonds and the
latter species is proposed to insert the halogen into the substrate. To the best of my
knowledge, this is the first direct spectroscopic evidence for the involvement of
NiII-O· and NiII-OCl species in catalysing the halogenation of aliphatic moieties.
Complexes 5 to 8 catalyse enantioselective C-C bond forming reactions in water
with DNA as the source of chirality. Complex 5 provides the highest
enantioselectivities in DNA-based asymmetric catalysis, whereas complex 6 yields
the opposite enantiomer.4 In chapter 8, the interaction with DNA of a series of
Cu(II) polypyridyl complexes was studied by various spectroscopic techniques in
the absence of substrate. For the first time UV resonance Raman spectroscopy was
employed to probe the interaction of Cu(II) complexes with DNA. In the presence
of DNA, complexes 7 and 8, which are intercalators, show clear shifts in their
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Raman spectrum whereas the groove binder 5 does not. These spectroscopic
observations point out those complexes that induce the highest ee in DNA-based
asymmetric catalysis are primarily groove binders. These findings provide
important insights into the complex structure of these DNA-based catalysts and set
the stage for establishing the effect of substrates on the interaction between DNA
and the complexes.
Finally in chapter 9 the work described in the thesis is placed in perspective.
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Samenvatting
Vele chemische omzettingen waar chemici in het laboratorium mee worstelen
worden door natuurlijke systemen vaak uitgevoerd met hogere activiteit, betere
selectiviteit en onder vorming van biologisch afbreekbare bijproducten. In scherpe
tegenstelling tot biologische systemen, lijden de door mensen gemaakte structurele
en functionele modellen van biologische systemen aan een ernstig gebrek aan
reactiviteit en selectiviteit in de door hun gekatalyseerde reacties. Het evenaren van
de capaciteiten van biologische systemen met modellen in het laboratorium is een
op het eerste gezicht onmogelijke taak. In biologische systemen zijn complexe
structuren betrokken bij het uitvoeren van chemische reacties; in enzymen vinden
de chemische reacties bijvoorbeeld plaats in het zogenaamde actieve centrum. Naast
het actieve centrum vormt een enzym een secundaire coordinatie-omgeving. Dit
helpt om een betere selectiviteit van de gekatalyseerde chemische reactie te
verkrijgen aangezien hierdoor het substraat bij voorkeur maar in één orientatie in
het actieve centrum past. Deze voordelen zijn niet gemakkelijk te bewerkstelligen
in een biomimetisch systeem. Het is echter in een aantal biomimetische systemen
gelukt om een gedefinieerde secundaire coordinatie omgeving te creëren.1 Een van
deze systemen vormt het onderwerp van hoofdstuk 8, hoewel de katalytische
reacties zelf daar niet beschreven worden. In dit proefschrift worden een aantal
biomimetische systemen beschreven, waaronder een serie FeII-N4Py complexen
(Figuur 1) die functionele modellen zijn voor FeII-BLM (BLM = bleomycine)
(hoofdstuk 2) en FeIII-OCl/NiII-OCl deeltjes die model staan voor haloperoxidasen
(hoofdstuk 6 en 7).

Figuur 1 De structuren van de complexen die in dit proefschrift beschreven worden.

Wanneer chemici complexen biomimetisch noemen, dan bedoelen ze in het
algemeen dat ze in staat zijn om met hun systemen intermediairen te genereren en

239

dat deze, dientengevolge, chemische reacties kunnen katalyseren die normaliter
uitgevoerd worden door de nagebootste biologische systemen. Het genereren van
actieve intermediairen, de karakterisatie ervan met behulp van diverse
spectroscopische technieken en het begrijpen van hun rol in de katalyse zijn direct
van belang met betrekking tot het begrijpen van hun rol in biologische systemen.
De synthese en karakterisatie van diverse intermediairen zoals FeIV=O (hoofdstuk
4), FeIII-OR (hoofdstuk 5), FeIII-OCl (hoofdstuk 6), NiII-OCl en NiII-O· (hoofdstuk 7)
worden in dit proefschrift beschreven. De in dit proefschrift genomen benadering,
dat wil zeggen gebruikmakend van een groot aantal technieken, heeft geresulteerd
in de gedetailleerde karakterisatie van een aantal van deze intermediairen. Met
name Ramanspectroscopie speelt een cruciale rol in het onderzoek dat beschreven
wordt in dit proefschrift.
Het onderzoek van de chemie in water van de complexen 1 en 2 wordt uitgebreid
beschreven in hoofdstuk 2. Door gebruik te maken van een groot aantal technieken
was het mogelijk om vast te stellen welke FeII(N4Py) complexen relevant zijn in
verband met eerdere studies hiermee met betrekking tot het knippen van DNA.2
Uitwisseling van het CH3CN ligand met water/hydroxido liganden vindt meteen
plaats als [(N4Py)FeII(CH3CN)]2+ opgelost wordt in water. Afhankelijk van de pH
zijn er bovendien duidelijk verschillende deeltjes in water te onderscheiden en deze
deeltjes kunnen reversibel in elkaar overgaan als gevolg van veranderingen in de
pH. Tevens treedt het, in principe, pentadentaat ligand N4Py bij hoge pH op als
tetradentaat ligand. Een verdere complicatie bij het analyseren van welke deeltjes in
evenwicht aanwezig zijn in dit systeem is dat de in oplossing aanwezige complexen
in zowel lage als hoge spintoestand voorkomen en dat deze snel in elkaar overgaan.
Er wordt gepostuleerd dat het evenwicht tussen de singlet (lage spin) en quintet
(hoge spin) spintoestanden in oplossingen van FeII(N4Py) in water ten grondslag
ligt aan de activiteit van FeII(N4Py) complexen met betrekking tot het knippen van
DNA met zuurstof (3O2) als oxidator, via de tijdelijke populatie van een triplet
toestand.
In hoofstuk 3 wordt de foto-geïnduceerde oxidatie van de complexen 1 en 2 in
diverse oplosmiddelen (i.e. H2O en MeOH) met zuurstof als uiteindelijk oxidant
beschreven. Het is interessant dat beide complexen niet fotochemisch actief zijn in
acetonitril, hetgeen weerspiegeld wordt door hun hoge positieve oxidatie potentiaal
(1.1 V vs. SCE). Bestraling met UV en zichtbaar licht brengt de oxidatie van de
ijzer(II) complexen naar de corresponderende ijzer(III) complexen teweeg waarbij
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zuurstof als uiteindelijke oxidator optreedt. Bovendien is het primaire fotoproduct
van complex 2 in methanol ook fotochemisch actief. De fotochemische versnelling
van de oxidatiesnelheid van ijzer(II) complexen door zuurstof (3O2) door middel
van ‘outer sphere’ elektronen-overdracht wordt gepostuleerd. Deze resultaten zijn
van belang om de versnelling van het knippen van DNA door 1 met behulp van
licht te kunnen begrijpen. Zoals hierboven vermeld wordt, valt het te verwachten
dat er bij de overgang tussen de singlet en de hogere spintoestanden een triplet
toestand als intermediair betrokken is, hetgeen elektronoverdracht naar 3O2, de
eerste stap in het knippen van DNA door 1 met zuurstof (3O2), mogelijk zou maken,
De fotochemie van ijzer complexen is verder uitgebreid naar de FeIV=O complexen,
hetgeen het onderwerp is van hoofdstuk 5. In scherpe tegenstelling tot 1 en 2, laten
de complexen 1a en 1b fotochemische activiteit zien in acetonitril. Deze complexen
ondergaan foto-reductie naar de corresponderende FeII-CH3CN complexen als ze
bestraald worden met UV en zichtbaar licht (400 nm). Gedeeltelijke foto-reductie
naar Fe(III) en naar Fe(II) complexen door middel van bestraling met zichtbaar licht
werd zelfs in vaste toestand (als dispersie in KCl) gezien. De fotochemische
eigenschappen met betrekking tot het versnellen van de katalyse, bijvoorbeeld de
hydroxylering van alkanen en de epoxidatie van alkenen, werd onderzocht. De
fotochemische reductie van de FeIV=O complexen verloopt sneller in de
aanwezigheid van substraten zoals ethylbenzeen, benzylalcohol, fluoreen en indaan.
Er zijn twee stappen betrokken in het fotochemische proces: de eerste stap is de
overgang van FeIV=O naar FeIII-OH/OR en dit wordt gevolgd door een tweede
fotochemische stap waarin FeIII-OR omgezet wordt in FeIII-CH3CN. Dit laatste
deeltje is een voldoende sterke oxidator om FeIII-OH/OR te oxideren naar FeIV=O
en hierbij wordt tevens het FeII-CH3CN complex gevormd. Ook het FeIII-OMe (3)
complex is fotochemisch actief in acetonitril. Het FeIII-OH complex is daarentegen
fotochemisch veel minder actief in acetonitril. Het primaire fotoproduct van de
reductie van FeIV=O is dus niet een FeIII-OH deeltje maar een FeIII-OR (R = alkyl)
deeltje. Deze gegevens suggereren dat de C-H oxidatie plaatsvindt via een
zogenaamd ‘rebound mechanisme’. De door bestraling verhoogde reactiviteit van
FeIV=O met betrekking tot het oxideren van substraten wordt toegeschreven aan de
tijdelijke populatie van een S = 2 toestand.
Kennis van de redox eigenschappen van FeIV=O deeltjes is van belang om de
reactiviteit van deze deeltjes met betrekking tot de oxidatie van substraten te
begrijpen. Helaas wordt het vaststellen van de FeIV/FeIII reductie potentiaal door
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middel van cyclovoltammetrie belemmerd door de traagheid van de heterogene
elektronenoverdracht die optreedt bij de reductie. Deze problemen worden
uitgebreid behandeld in hoofdstuk 4. De chemische en electrochemische synthese
en karakterisatie van een niet-heem FeIV=O deeltje in water wordt beschreven.
Complex 2 kan in water electrochemisch omgezet worden naar complex 2a. In
acetonitril werd de omzetting van complex 2 in 2a alleen gezien in de aanwezigheid
van water. Bovendien was de benodigde potentiaal om het FeIV=O deeltje te
genereren hoger in acetonitril (1.25 V vs. SCE) dan in water (0.85 V vs. SCE). Dit
wordt toegeschreven aan de vereiste dat een hoge potentiaal nodig is om
FeII-CH3CN te oxideren naar FeIII-CH3CN. Zodra FeIII-CH3CN is gegenereerd vindt
onmiddelijk ligand uitwisseling plaats resulterend in de vorming van FeIII-OH2 en
dit deeltje wordt spontaan geoxideerd naar FeIV=O onder dergelijk hoge toegepaste
potentialen. De beschikbare data suggereert dat de oxidatie potentiaal van het het
FeIV/FeIII redox-koppel in water rond ~0.85 V ligt en niet rond 0.41 V vs. SCE,
zoals geconcludeerd wordt door Que et al.3 voor [(N4Py)FeIV(O)]2+.
Het is voorgesteld dat een M-O-X (M = metaal, X = Cl, Br en I) adduct gegenereerd
wordt in haloperoxidasen en dat dit deeltje verantwoordelijk is voor de
halogenering van de substraten. Direct spectroscopisch bewijs voor het bestaan van
dergelijke intermediairen is tot dusver nog niet gerapporteerd voor niet-heem
systemen. In hoofdstuk 6 wordt de synthese en spectroscopische karakterisatie van
een niet-heem FeIII-OCl deeltje behandeld. Door toevoeging van een oplossing van
NaOCl in water aan zure oplossingen van 1 en 2 in water wordt bij
kamertemperatuur het corresponderende FeIII-OCl deeltje gevormd. Na verloop van
tijd verandert het FeIII-OCl deeltje in het corresponderende hoog-valente FeIV=O
deeltje. De karakterisatie van deze intermediairen is uitgevoerd met behulp van
UV/Vis absorptie-, (resonantie) Raman- en EPR-spectroscopie en met cryo
ESI-MS. Bij de toekenning van de FeIII-O en O-Cl pieken in de Ramanspectra werd
gebruik gemaakt van labelling met broom (FeIII-O-Br) en 18O. Deze intermediairen
reageren met styreen onder vorming van het corresponderende halohydrine en het
diol.
In hoofdstuk 7 wordt de vorming en de spectroscopische karakterisatie van
niet-porphyrine NiII-O· en NiII-OCl deeltjes beschreven. Bij kamertemperatuur zorgt
toevoeging van een oplossing van NaOCl/Ca(OCl)2 in water aan een oplossing van
4 in acetonitril voor de vorming van, vermoedelijk, een NiII-O· deeltje. De
toevoeging van Brønsted-zuren bevorderd de vorming van dergelijke intermediairen

242

Samenvatting
en versneld tevens de vorming ervan. De karakterisatie van deze intermediairen
werd uitgevoerd met behulp van UV/Vis absorptie-, (resonantie) Raman-, NMR- en
EPR-spectroscopie en met cryo ESI-MS. Zowel de vorming als het verdwijnen van
het NiII-O· deeltje werd gevolgd met behulp van (resonantie) Ramanspectroscopie.
De formatie van het NiII-O· deeltje werd bevestigd met Ramanspectroscopie,
wederom met behulp van labelling met broom en 18O, en bewijs voor de vorming
van het NiII-OCl deeltje werd verkregen door middel van cryo ESI-MS. Er wordt
gepostuleerd dat het eerstgenoemde deeltje C-H bindingen activeert en dat het
laatstgenoemde deeltje verantwoordelijk is voor de insertie van een halogeen in het
substraat. Voor zover mij bekend is is dit het eerste directe spectroscopische bewijs
voor de betrokkenheid van NiII-O· en NiII-OCl deeltjes bij de gekatalyseerde
halogenering van alifatische verbindingen.
De complexen 5 en 8 katalyseren de enantioselectieve vorming van C-C bindingen
in water waarbij DNA de bron van de chiraliteit is. Complex 5 zorgt voor de
hoogste enantioselectiviteit in DNA-gebaseerde asymmetrische katalyse, terwijl bij
gebruik van complex 6 het tegenovergestelde enantiomeer verkregen wordt.4 In
hoofdstuk 8 wordt de interactie van een serie Cu(II) polypyridyl complexen met
DNA in de afwezigheid van substraten bestudeerd met behulp van diverse
spectroscopische technieken. Voor het eerst is er gebruik gemaakt van UV
resonantie Ramanspectroscopie om de interactie van Cu(II) complexen met DNA te
onderzoeken. In de aanwezigheid van DNA laten de intercalerende complexen 7 en
8 duidelijke verschuivingen zien in hun Ramanspectra, terwijl dit niet het geval is
bij complex 5, dat in de groeve van het DNA bindt. Het spectroscopische bewijs
duidt erop dat de complexen die de hoogste ee geven in de DNA-gebaseerde
asymmetrische katalyse voornamelijk binden in de groeve van het DNA. Deze
bevindingen geven belangrijke inzichten in de complexe structuur van deze
DNA-gebaseerde katalysatoren en zijn een belangrijke basis voor het vaststellen
van het effect van de substraten op de interactie tussen DNA en de complexen.
Tenslotte wordt in hoofdstuk 9 het werk dat in dit proefschrift beschreven wordt in
perspectief geplaatst.
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