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molecular structure or stereochemistry. Many of these enantioselective transformations involve chiral
ligands incorporating transition-metal ions. Over the years numerous synthetic, spectroscopic and the-
oretical approaches have been applied to understand and probe the inner workings and mode of chiral
transfer in these homogeneous based catalysts. For the paramagnetic based asymmetric complexes, elec-

Iéfg::fgg“ aramagnetic resonance tron paramagnetic resonance (EPR) can provide a wealth of detail and information on the structure and
spectrosc[())py 8 mechanism gf the catalysts. Despite this pgteptial, the application apd upFal(g of advanc.ed EPR. method-
Electron spin-echo envelope modulation ologies to this field of endeavor has been limited. The purpose of this review is to explain and illustrate,
spectroscopy through representative examples, the enormous amount of information that can be obtained from an EPR
Electron nuclear double resonance study of the chiral metal-based complexes, ranging from electronic structure and symmetry to spatial
spectroscopy arrangement of interacting ligands and substrates.
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1. Introduction

In 2001 the Nobel Prize in Chemistry was awarded to Knowles,
Noyori and Sharpless for their pioneering work in catalytic asym-
metric synthesis; specifically on chiral, catalyzed hydrogenation
and oxidation reactions. The development of chiral ligands that
easily coordinate metal ions, and ultimately induce high stere-
oselectivities for organic transformation, therefore represents an
extremely important area of modern chemistry [1]. The chiral prod-
ucts formed in these types of reactions are increasingly important
for different industrial applications, particularly pharmaceutical
and agrochemical products [2]. This importance is most obviously
appreciated within the context of drug-receptor interactions, since
most biological targets are chiral entities [3]. The performance
of these homogeneous asymmetric catalysts, and to some extent
the asymmetric heterogeneous (or supported) catalysts, will be
controlled by a multitude of molecular characteristics, such as
symmetry and steric properties of the catalyst and the reacting
ligands, the electronic nature of the catalyst and its H-bonding
capacity [4,5]. Obviously, a targeted design of optimally perform-
ing enantioselective catalysts can only be achieved through a clear
understanding of the electronic and structural properties that gov-
ern the inner workings of such a catalyst. Several approaches,
including theoretical density functional theory (DFT) computa-
tion and many spectroscopic analyses, have been applied to gain a
greater insight into these properties and, specifically, to learn how
the steric properties of the ligand contribute to the asymmetric chi-
ralinduction mechanism [6-11]. A particularly challenging problem
remains the experimental detection of weak inner and outer sphere
substrate-ligand interactions that determine the mode of chiral
information transfer between substrate and ligand [12].

Paramagnetic transition-metal ions form the core of many
important homogeneous (asymmetric) catalysts. Although electron
paramagnetic resonance (EPR) offers an excellent tool to ana-
lyze paramagnetic materials, its potential is largely unexploited
and indeed underestimated in the field of homogeneous catalysis.
The majority of the EPR studies applied to the fields of homoge-
neous and heterogeneous catalysis still involve continuous-wave
(CW)-EPR [13] at the conventional X-band microwave frequencies
(~9.5GHz). This contradicts the rapid changes that the field of
EPR has undergone since the late 1980s, whereby many advanced
pulsed and/or high-field EPR methods have been introduced that
enormously increased the performance and applicability of EPR
to unravel complex problems in physics, chemistry and biology
[14-24].

This review aims to highlight the potential of different EPR
techniques in the study of inorganic complexes and homogeneous
catalysis in general, and in chiral homogeneous catalysis in par-
ticular. After a brief overview of the current state-of-the-art EPR
methods, the power of these methods will be illustrated using a
selected number of examples from synthetic and biological (enzy-
matic) catalysis. Note that this review is not meant to be exhaustive,
but aims at giving a concise overview of the usefulness of advanced
multi-frequency-EPR techniques. More exhaustive reviews on the
EPR methodology or on the general applications of EPR can be found
in the literature [14-24].

2. The EPR method in a nutshell
2.1. CW-EPR

As already mentioned in the introduction, the majority of all EPR
studies are still carried out using X-band continuous-wave (CW)

EPR. CW-EPR relies on the electron Zeeman effect: when a param-
agnetic compound is placed in an external magnetic field, By, the
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Fig. 1. Schematic illustration showing the lifting of the degeneracy of the ms man-
ifolds by an increasing external magnetic field By (electron Zeeman effect). The
three pairs of lines correspond to the situations found for B, parallel to the g, axis
(solid lines), gy axis (dotted lines) and gy axis (dashed lines) of an S=1/2 system
characterized by g, =2.1527, g, =2.1678 and g, = 2.2312. The corresponding powder-
like CW-EPR spectra for this system are simulated at Q-band (35 GHz) and X-band
(9.5GHz) mw frequencies. In relation with the energy scheme, this illustrates the
resolution enhancement achieved at higher mw frequencies.

energy of the different spin states will depend linearly on By and on
the magnetic quantum number, mg [13]. For the simple case of one
unpaired electron (S=1/2, mgs=+1/2), the magnetic field will split
the originally degenerate energy levels in two (Fig. 1). The state of
the electron spin (determined by its ms value) can be changed by
irradiation with microwaves, provided the frequency matches the
resonance condition:

hvmw = gBeBo, (1)

where B. is the Bohr magneton, h is Planck’s constant and vmw
is the microwave frequency. The g factor is characteristic of the
local environment around the electron and the value depends on
the orientation of the molecule with respect to the magnetic field.
This orientation dependence, which is nothing other than a reflec-
tion of the symmetry and anisotropy of the local surroundings, is
expressed mathematically by the so-called g tensor. The g tensor
is fully characterized by its three principal g values (gx, gy and gz)
and by the orientation of the corresponding principal g axes in the
molecular frame [13].

In an X-band CW-EPR experiment, the microwave frequency is
chosen in the X-band, i.e. around 9.5 GHz. This frequency is kept
fixed while the absorption of microwaves is monitored as a func-
tion of the varying external magnetic field. When the resonance
condition (1) is fulfilled, absorption of microwaves will be detected.
For technical reasons, the first derivative of this absorption signal is
normally detected. In the case of single crystals, the g tensor and its
principal directions can be fully determined through CW-EPR mea-
surements at different crystal orientations in the magnetic field
(so-called angular variations). However, in the case of disordered
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systems, like frozen solutions of metal complexes or enzymes, the
CW-EPR spectrum will be the sum of all spectra belonging to all
possible orientations of the molecule in the magnetic field. This
leads to so-called powder-type spectra, a typical example of which
is depicted in Fig. 1. In powder spectra, the principal g values can
be obtained through spectral simulations, but all information about
the orientation of the g tensor in the molecular frame is lost.

Although X-band CW-EPR has many advantages, there are also
many drawbacks when only this technique is used. If the princi-
pal g values differ only slightly, this difference may not be resolved
in the X-band CW-EPR spectra. Furthermore, in order to perform
X-band EPR, one needs a significant amount of sample (typi-
cal sample volume is 0.1-0.2 cm?), which is not always available,
especially for biological materials. Finally, for the more complex
‘high-spin’ systems (S>1/2), the X-band microwave quantum may
be too small to induce a transition between the mgs and mg+ 1 level
[17]. This can be circumvented using higher microwave frequen-
cies: 35 GHz (Q-band), 95 GHz (W-band), and higher [17,19]. Fig. 1
illustrates schematically how CW-EPR spectroscopy performed at
higher microwave frequencies allows for a better spectral resolu-
tion. Furthermore, the sample volumes needed for high-field EPR
are smaller. At W-band the volumes are typically a factor 100 times
smaller than needed for X-band EPR. This relates to the 10-fold
smaller wavelength of the microwaves (W-band: Aqw ~3 mm; X-
band: Apmw ~ 3 cm).

The situation described by Eq. (1) holds only for a system
with one unpaired electron (S=1/2), which is surrounded by non-
magnetic nuclei. This is, however, very rare. In most systems, the
unpaired electron(s) are surrounded by many magnetic nuclei with
anuclear spinI. For the metal complexes reviewed here, these nuclei
range from ligand- and substrate-based nuclei, such as 'H (I=1/2),
4N (I=1),3C(I=1/2), 3P (I=1/2), to the central metal ions them-
selves, such as *°Co (I=7/2), 836>Cu (I=3/2), >'V (I=7/2), etc. The
spin system is then described using the spin Hamiltonian [13]:

. Bogs Bngn,iBolk kBOIk
f=be hog +SDS+Z<SAka nen, + 3 TP,
K kI>1/2
(2)

where f, is the nuclear magneton, g, is the nuclear g factor, Ay is
the hyperfine tensor, D is the zero-field tensor and Py, is the nuclear-
quadrupole tensor. The first term of the spin Hamiltonian is the
electron Zeeman interaction explained earlier. The second term,
so-called zero-field splitting (zfs) term, is only present for S>1/2
systems and reflects the dipole-dipole coupling between the elec-
tron spins and the spin-orbit contributions. The latter contribution
is usually dominating for transition-metal ions. The third term is the
hyperfine interaction between the unpaired electron and the sur-
rounding magnetic nuclei. The fourth term is the nuclear Zeeman
interaction, whereby g, ; identifies the type of interacting nucleus.
The last term is only important if the magnetic nuclei have a nuclear
spin larger than 1/2. It represents the nuclear-quadrupole interac-
tion, which stems from the interaction of the non-spherical charge
distribution of the nucleus with the electric field gradient, caused
by the electrons and nuclei in the environment of the nucleus.
Within the context of the examples covered in this review, it
is important to focus more on the hyperfine interaction [13]. As
discussed for the g tensor, the hyperfine interaction also depends on
the orientation of the magnetic field with respect to the molecular
axes (A is a 3 x 3 matrix characterized by its principal values Ax, Ay
and Az, and the corresponding principal axes). The hyperfine tensor
is the sum of an isotropic (Fermi contact) term stemming from the
finite probability of the unpaired electron to be at the nucleus, and
a dipole-dipole contribution (represented by T). In the case where
the distance, r, between the electron and the nucleus is larger than
0.26 nm and the spin delocalization is small, the latter contribution

can be written as:

Mo 1
A r

where ry, ry, and r; are the direction cosines of the electron-nucleus
vector in the g tensor axes frame. For all other cases, the anisotropic
part of the hyperfine tensor will also contain information about the
types of molecular bonds that are formed (o-bond, w-bond, etc.).
The full set of hyperfine interactions can thus give crucial informa-
tion about the spin-density distribution and electronic structure of
the sample, and can reveal the local geometry of the paramagnetic
site. In the case of transition-metal ions, for instance, the transition-
metal hyperfine tensor and the corresponding g tensor lead to a
direct identification of the ion, its oxidation state, its ground-state
and the local symmetry [25]. As we will demonstrate later, this
information is vitally important in the derivation of any model
concerning structure-function relations in asymmetric catalysts,
which incorporate paramagnetic transition-metal ions.

In order to observe the hyperfine interactions, one needs to com-
bine different EPR techniques. The strongest central metal hyperfine
couplings may well be resolved in a CW-EPR experiment. This is
illustrated for example in Fig. 2a, depicting the X-band CW-EPR
spectrum of a VO!' complex in a frozen solution (resulting in a
powder-type EPR pattern). In this case, the interaction with the >V

T = 3gn,3nﬁegl 3rir; — 51}) (i,j=x,y,2), (3)

9= g||' AZ:AH
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Fig. 2. Simulated X-band (a) and W-band (b) CW-EPR spectrum of a typical square-
pyramidal VO complex using the following simulation parameters: g, =g = 1.935,
8xy=81=1.974,A;=A,=522MHz and A,y =A, =170 MHz. The schematic illustration
in the upper right corner shows the orientation of the principal g axes versus the VO!
unit. The principal g and hyperfine values can easily be read off from the W-band
CW-EPR spectrum (b), where the g, and A, features in the centre of the X-band
CW-EPR spectrum (a) are difficult to interpret without simulations.
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Fig. 3. Top: HYSCORE pulse sequence. Bottom left: Schematic representation of a single-crystal HYSCORE spectrum based on a simple S=1/2, =1/2 spin system, with positive
gn and hyperfine coupling. The hyperfine coupling is smaller than twice the Zeeman interaction (weak coupling case). Bottom right: energy level scheme corresponding to
this S=1/2, I=1/2 system. v1; and vs4 are the nuclear frequencies corresponding to the |Ams|=0, |Am;|=1 transitions.

(I=7/2)nucleus leads to an additional splitting of each EPR line into
eight lines. It will be obvious to the reader that this additional struc-
ture significantly complicates the profile and hence interpretation
of the spectrum. Fig. 2b shows the corresponding W-band CW-EPR
spectrum. At higher frequencies, the signal has become significantly
simpler, and the principal g and hyperfine values can be measured
directly from the spectrum. Indeed, the higher field has separated
the g, =g from the gxy =g, region, so that the corresponding 8-line
patterns no longer overlap. This simple example illustrates one of
the strengths of high-field EPR.

Unlike the central metal hyperfine couplings, in most cases,
the ligand hyperfine interactions cannot be resolved in a CW-EPR
experiment, because, for an electron interacting with n nuclear
spins Iy, each EPR line splits into Hn(ZIr1 + 1) lines, which quickly
leads to broad lines lacking all substructure. In order to observe the
different ligand hyperfine interactions that give important infor-
mation about the homogeneous catalysts, more advanced methods
need to be applied. These methods can be divided into three
groups: ESEEM (electron-spin-echo envelope modulation)-type
experiments, ENDOR (electron-nuclear double resonance)-type
experiments and ELDOR (electron-electron double resonance)-
detected NMR experiments. These experiments will allow for a
detection of the nuclear frequencies that contain the information
of the hyperfine interactions, nuclear-quadrupole couplings (for
I, >1/2) and the nuclear Zeeman interactions. A short overview of
these techniques is given in Sections 2.2-2.4.

2.2. ESEEM-type experiments

ESEEM techniques are very well suited for the detection of small
nuclear frequencies (<20 MHz). In the region below 5MHz, their
performance is superior to the ENDOR and ELDOR-detected NMR
techniques discussed in the next sections. In the ESEEM experiment,
the sample is no longer continuously irradiated with microwaves.
By analogy to the well-known pulsed NMR experiments [26],
the electron magnetization is now manipulated with microwave
pulses. In ESEEM, a sequence of microwave pulses is applied that
generates an electron spin echo (ESE). The echo intensity is moni-
tored as a function of a variation in one or more pulse intervals. This
leads to a one- or multi-dimensional time-domain signal. When the

pulse sequence and varying time intervals are adequately chosen,
the echo intensity will be modulated with the nuclear frequencies.
The physical background of this modulation effect is described in
detail in reference [20] and will not be explained in this text. Subse-
quent Fourier transformation of the time traces allows for a direct
determination of the nuclear frequencies.

Although different ESEEM experiments are widely used [20], we
will draw particular attention to the two-dimensional HYSCORE
(hyperfine sublevel correlation) spectroscopy [27] (Fig. 3). An anal-
ogy can be drawn with the many correlation techniques used in
NMR, such as COSY. In correlation-type experiments, the intro-
duction of a well chosen mixing pulse sequence between two
variable evolution periods induces specific cross peaks correlating
the nuclear frequencies according to their specific characteristics
(for instance, correlation of the frequencies of spin-spin-coupled
nuclei in COSY) [26]. In the four-pulse HYSCORE experiment, the
mixing 7 pulse between the two evolution times, t; and ty, leads
to a correlation between the nuclear frequencies of two different
ms manifolds. These cross peaks can be immediately interpreted
in terms of the individual nuclear contributions as illustrated in
Fig. 3 for a simple case of one unpaired electron (S=1/2) interacting
with a nuclear spin I=1/2 (e.g. a proton). The HYSCORE cross peaks
facilitate the analysis of complex ESEEM spectra.

In the last decade, the performance of the HYSCORE technique
has been improved by the introduction of matched HYSCORE [28]
and SMART HYSCORE [29]. The technique is by now one of the
major pulsed EPR methods used to detect nuclear frequencies. Once
again, for more specific details, we refer the reader to the specialized
literature [20].

2.3. ENDOR-type experiments

In the different ENDOR-type experiments, a combination of
radiofrequency (rf) waves and microwaves are used to obtain infor-
mation about the nuclear frequencies. Both CW and pulsed versions
of the ENDOR technique are known and widely used. CW-ENDOR
was introduced in 1956 by Feher [30]. The basics behind this exper-
iment are simple [30,31]. At a given magnetic field setting, the
CW-EPR signal (e.g. EPR transition 2-4 in the energy level scheme in
Fig. 3)is saturated by increasing the microwave power. The recovery
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Fig. 4. Pulsed ENDOR and ELDOR-detected NMR sequences. mw =microwave;
rf =radio frequency. (a) Davies-ENDOR (in the experiment, the rf frequency is swept),
(b) Mims-ENDOR (in this experiment the rf frequency is swept. Time t in both
sequences can be varied in a second dimension), and (¢) ELDOR-detected NMR exper-
iment with FID detection (the microwave frequency, mw2, of the high-turning angle
(HTA) pulse is swept around the fixed mw1 frequency).

of this signal is detected as a function of the frequency of contin-
uously irradiated radio waves. When the radio frequency matches
one of the nuclear frequencies, the populations of all energy lev-
els will be changed and a net microwave absorption (i.e. an EPR
signal) can again be detected. In our example, the 2-4 transition
will be desaturated when the rf frequency equals vy or v34. The
CW-ENDOR signals will thus directly reflect the nuclear frequen-
cies.

One of the drawbacks of the CW-ENDOR experiment, besides the
inherent one-dimensionality of the experiment, is the fact that the
electron and nuclear relaxation times usually limit the applicability
of CW-ENDOR to a small temperature window. This is circumvented
by pulsed ENDOR experiments [32,33], where the pulse sequence
can be made short enough to avoid these relaxation effects. In
pulsed ENDOR experiments, pulse sequences consisting of com-
binations of microwave and rf pulses are used. The two standard
pulsed ENDOR experiments are Davies-ENDOR (Fig. 4a) [34] and
Mims-ENDOR (Fig. 4b) [35]. In both cases, an ESE is created through
the microwave pulse sequence and the effect on the echo intensity
of varying the rf frequency is monitored. Mims-ENDOR is an excel-
lent method to detect weakly coupled nuclei, i.e. nuclei for which
the hyperfine coupling is smaller than twice the nuclear Zeeman
interaction. On the other hand, Davies-ENDOR allows the detec-
tion of contributions from the stronger coupled nuclei. The pulsed
ENDOR approach allows for more versatile experiments than the
CW-ENDOR technique. Two-dimensional experiments, involving a
combination of the radiofrequency sweep and a variation of an
interpulse distance, have been developed to correlate the nuclear
frequencies with specific parameters, such as the hyperfine value
[20,36]. Furthermore, variation of the strength of the microwave
pulses used in the pulsed ENDOR schemes can suppress selectively
certain interactions (hyperfine contrast selective ENDOR) [37].

From the above explanation, it will come as no surprise that
ENDOR techniques are often used to detect the different hyperfine
couplings. It should be stressed, however, that for nuclear frequen-
cies below 5 MHz, the performance of these ENDOR methods is not
good and ESEEM techniques should be applied.

2.4. ELDOR-detected NMR

Alast set of techniques that leads to the detection of nuclear fre-
quencies is the so-called ELDOR-detected NMR experiments [38].
In these experiments, microwave pulses with different microwave
frequency are used. Fig. 4c shows one of the basic ELDOR-detected
NMR experiments. The idea behind ELDOR-detected NMR is simi-
lar to the one behind pulsed ENDOR. However, instead of using an
rf pulse with variable frequency to affect directly the nuclear tran-
sitions (|[Ams|=0, |Am;|=1) and hence influence the population
difference in the electronic transition that is detected (|Amg|=1,
|Amy|=0, 1), an additional mw pulse with a variable microwave
frequency mw2 is applied. Whenever mw?2 hits an electronic tran-
sition, the population of the observed electronic transition will also
change. The difference between two electronic transitions is related
to the nuclear frequency (see for instance the energy scheme in
Fig. 3, where the difference between the two electronic transi-
tions v,4 and v,3 equals the nuclear frequency vs4). By plotting the
detected signal as a function of the difference between mw2 and
mw1, the nuclear frequencies can again be determined.

Although ELDOR-detected NMR experiments are far less estab-
lished than ENDOR and ESEEM experiments, they complement
nicely the latter techniques. At higher microwaves, ELDOR-detected
NMR techniques perform better than Davies-ENDOR for the detec-
tion of strongly coupled high-spin nuclei [39]. Recently, a combined
ELDOR-detected NMR/ENDOR experiment has been introduced,
referred to as triple hyperfine sublevel correlation experiment
(THYCOS) [40] that further expands the potential of these methods.

2.5. The multi-frequency approach

In Fig. 2 we already illustrated that performing high-field CW-
EPR not only facilitates the evaluation of the principal g values, but
may also allow for a more facile analysis of the hyperfine contribu-
tions visible in the CW-EPR spectra. The multi-frequency approach
is, however, even more important in ESEEM, ENDOR and ELDOR-
detected NMR experiments. Since the nuclear Zeeman interaction
linearly depends on the magnetic field, the nuclear spectra of
different magnetic nuclei will be separated more at higher mag-
netic fields. This is demonstrated in Fig. 5, showing the difference

VF vy
8 10 12 14 16 18 20
ENDOR frequency /MHz

120 125 130 135
ENDOR frequency /MHz

Fig. 5. Simulated ENDOR spectra of an unpaired electron (S=1/2) interacting with a
9F and a 'H nucleus. g=2, A("F)=[-1.2 -1.23.4] MHz, A('"H)=[-1.5 -1.52.5] MHz.
(a) X-band ENDOR spectrum. (b) W-band ENDOR spectrum. vg and vy stand for the
nuclear Zeeman frequencies of '°F and 'H, respectively.
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Fig. 6. Illustration of orientation selection. (a) Simulated X-band EPR spectrum of an S=1/2 system with axial g tensor: g, =2.43, g, = 2.00. (b) Calculated angular dependency
curve for the g tensor. (¢) Simulated ENDOR spectra if we assume that the electron spin from (a) is interacting with a 'H nucleus, A('H)=[-4.0 —4.08.0] MHz. As the field
position for the ENDOR measurement is changed in (a) (from positions 0, 1, 2,...,9), the profile of the resulting ENDOR spectrum also changes in (c) due to the angular
dependency of 6 shown in (c) (where 0 is the angle of By with respect to the unique axis; see inset).

between an X-band and W-band ENDOR spectra resulting from
weakly coupled 19F and 'H nuclei. While the contributions of both
nuclei are overlapping at low frequency, as in the former case
(Fig. 5a), the individual contributions are clearly separated in the
latter spectrum (Fig. 5b) at higher frequency. However, in a number
of experiments, such as some of the ESEEM experiments, higher
frequency measurements may not be feasible due to technical rea-
sons [20,24]. Nevertheless, it is clear from the previous discussion,
that a multi-frequency approach will be crucial in order to unravel
all nuclear interactions.

2.6. Solving the EPR puzzle

In order to obtain all of the available information in an effi-
cient way, the EPR spectroscopist now has to choose between all
the available experimental approaches. All EPR analyses will start
with the detection of a CW-EPR spectrum, most often performed at
X-band frequencies. This will immediately reveal some initial infor-
mation on the g tensor and possible zero-field splitting. In some
cases, additional high-field CW-EPR experiments will be needed. In
a second step, some trial ESEEM, ENDOR or ELDOR-detected NMR
experiments will be performed. Only for the cases with very small g
anisotropy, will the microwave pulses excite the full EPR spectrum.
In all other cases, only part of the spectrum is excited; namely the
part corresponding to a narrow range around the observer mag-
netic field position. From Eq. (1), we know that a given g value
leads, for a given microwave frequency, to an EPR resonance at a
specific magnetic field position, By. Alternatively, a given magnetic
field position will thus correspond to a specific g value, which is
related to a specific orientation of the molecule with respect to
the magnetic field (orientation dependence of the g values (Section
2.1)). Hence, the ESEEM, ENDOR or ELDOR-detected NMR spectrum
performed at a fixed observer field, will only reflect the hyperfine

and nuclear-quadrupole coupling corresponding to the selected
orientation(s). This so-called orientation selection [41] concept is
illustrated in Fig. 6 for a simple case of an unpaired electron inter-
acting with a proton. The relative orientation of the g and A tensors
is shown as inset in Fig. 6b. At position 0, only the orientations
with 0=0° are selected (Fig. 6a and b). Hence, the ENDOR spec-
trum reflects the hyperfine (A} ) at this orientation (4 MHz splitting
between the two peaks) (Fig. 6¢). At position 9 all orientations with
60=90° are selected (i.e. all in-plane orientations) and the ENDOR
spectrum now consists of contributions from the two extrema, A}
(-=4MHz) and A (8 MHz), and all hyperfine values lying between
these values.

In order to reconstruct the full information (i.e. the full set of ten-
sors), experiments at different field positions (and thus molecular
orientations) need to be performed; this is a very time-consuming
process. Hence, it is crucial to first select the optimal set of exper-
iments based on some trial measurements, before starting the full
orientation selection procedure. The EPR spectroscopist thus needs
to have a high degree of specialization and a thorough knowledge
about the available methods. This explains why the EPR technique
cannot be used in a ‘black-box’ fashion. More technical and practi-
cal information on the appropriate choice of methods is highlighted
elsewhere [42].

Once all of the EPR parameters are determined, they have to
be translated into valuable electronic and geometric information.
Several approaches ranging from very approximate methods to
the combination of experiments with advanced quantum-chemical
computations have been used [43,44]. In particular, the combina-
tion between EPR analyses and density functional theory (DFT)
computations has led to interesting new insights [45-47]. In the
following sections, some of the approaches introduced in the ear-
lier sections will be highlighted using a number of representative
examples.
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Fig. 7. Structure of the 17 electron cis- and trans-[Rh(troppP"), ] rhodium complex, and the [Rh(Htropdad)](03SCF3) complex [51,52].

3. Paramagnetic transition-metal complexes

Despite the important role that paramagnetic transition-metal
ions play in synthetic homogeneous catalysis and inorganic chem-
istry, only a limited number of advanced EPR and ENDOR studies
on metal complexes have been reported. This is surprising, given
the fact that X-band CW-EPR has been used for a long time as
a standard characterization technique for paramagnetic inorganic
and organometallic compounds [25,48-50]. In this section we
will illustrate the potential of the more advanced EPR studies
using a selected number of studies on transition-metal com-
plexes.

3.1. Rhodium complexes

Although complexes of rhodium in the formally low oxida-
tion states of 0 and —1 are suggested to play an important role
in hydroformylation and homogeneously catalyzed water split-
ting reactions, only a few of these complexes have been isolated
to date. Griitzmacher and co-workers succeeded in the synthe-
sis of the 17-electron complex [Rh(troppP"), ] (tropp = tropylidene
phosphane) (see Fig. 7) [51]. A combination of X-, Q- and
W-band CW- and spin-echo-detected EPR, along with pulse
ESEEM and ENDOR experiments, led to a full characteriza-
tion of the complex [51]. The multi-frequency EPR spectra
revealed contributions arising from both trans and cis isomers
(Table 1). The temperature dependent CW-EPR study indicated
a dynamic equilibrium between these isomers, whereby the
cis isomer was slightly preferred (AH°=—-4.7+0.3kJmol~!) and

a negative entropy (AS°=-5=+1.5]mol-!) was found for the
trans-[Rh(troppPh),] < cis-[Rh(troppP"),] reaction. The fact that
8x=8y=81 <g,=g) indicated the presence of either a distorted
square planar structure (SOMO essentially d,>_,>) or a compressed
tetrahedron (SOMO essentially dyy). Using two-dimensional Mims-
ENDOR, the '93Rh hyperfine values were determined (Table 1).
Measurement of the 3'P, 13C and 'H hyperfine values of the lig-
and nuclei via CW-EPR, ENDOR and HYSCORE techniques revealed
that the unpaired electron was primarily located on the metal cen-
tre. This seemingly contradicted the relatively small observed 193Rh
hyperfine coupling, but was explained by the counterbalance of the
direct spin density in the higher lying orbitals and spin polarization
in the core orbitals [51].

Asimilar approach led to the characterization of the water-stable
rhodium complex [Rh(Htropdad)](03SCF3) (Htropdad = 1,4-bis(5H-
dibenzo|a,d]cyclohepten-5-yl)-1,4-diazabuta-1,3-diene) (see
Fig. 7) [52]. The g and '°3Rh hyperfine values of this neutral and
paramagnetic compound was clearly different from the ones found
for the [Rh(troppP"),] complexes (Table 2). DFT computations
of different model complexes were performed and compared
with the experimental '93Rh, N and 'H hyperfine couplings
determined via Q-band HYSCORE and ENDOR. This procedure
left no doubt that the electronic structure was best described as
[Rh*(Htropdad®*~)], with the unpaired electron mainly localized
on the ligand, explaining the difference with the tropp complexes
(Fig. 7).

The [Rh(trop, NCH; )(PPh3)] complex (trop = tropylidenyl) can in
principle be described either as a rodazacyclopropane (with Rh in
the formal oxidation state +1) or a rhodium iminium ion complex

Table 1
Principal g and '©3Rh hyperfine values for the different rhodium complexes mentioned in Section 3.1.
o gy 2 Ax/MHz Ay/MHz A;/MHz Reference

trans-[Rh(troppP")s ] 2.030 2.030 2.050 19 19 23 [51]
cis-[Rh(troppPh); | 2.0135 2.0135 2.030 16 16 20 [51]
[Rh(Htropdad)] 1.9977 1.9977 2.0113 ~10 12 6 [52]
[Rh(trop,NCH> )(PPhs)]* 2.0145 2.0155 2.121 29 25 _18 [53]
[Rhi(trop,N*)(bipy)]*OTf- 2.0822 2.0467 2.0247 12 18 48 [56]
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Table 2
Principal g values for the different paramagnetic MCR forms mentioned in Section
5.1.

8 &y g Reference
MCRed1a 2.061 2.064 2.243 [123-126,128]
MCRedic 2.063 2.068 2.248 [125,126]
MCRyed1m 2.061 2.071 2.251 [125,126]
MCRox1 2.231 2.168 2.153 [128]
MCRed2a 2.073 2.077 2273 [129]
MCRedar 2.175 2.231 2.288 [129]
MCR +BPS 2.108 2.112 2.219 [120]
MCR +BrMe 2.093 2.093 2.216 [121]
MCR +IMe 2.101 2.101 2212 [122]

(with Rh in the formal oxidation state —1) [53]. After electrochem-
ical oxidation, this will then lead to a radical cation with the Rh
centre either in a +2 or 0 oxidation state. A combined X- and Q-
band CW-EPR, HYSCORE and HYEND (hyperfine-correlated ENDOR)
study of the latter radical cation allowed for a determination of
the 13C, 103Rh, 3!P and 'H hyperfine couplings. The principal g and
103Rh hyperfine values were clearly different from the previously
observed complexes discussed in the previous sections (Table 1).
The EPR parameters computed using DFT for the rhodaazacyclo-
propyl radical cation agreed very well with the experimental data.
It was found that the assignment of an oxidation state to the metal
centre in this radical was meaningless, since this radical is best
described in terms of a delocalized unpaired electron (with 47%
of the spin density on the rhodium centre, while the rest is on the
ligand) [53].

Finally the free aminyl radicals, NR,*, are known to play impor-
tant roles in chemical and biological processes [54,55]. In this
respect, the synthesis of a rhodium-stabilized aminyl radical by
the Griitzmacher group was very exciting [56]. By a mild one-
electron oxidation of the amide complex of [Rh!(trop,N)(bipy)]
(bipy =2,2’-bipyridyl and trop as defined before), a stable
[Rh!(trop,N*)(bipy)]*OTf~ complex was formed with OTf~ trifluo-
rosulfonate. S-band (2.44 GHz) CW-EPR, Q-band pulsed ENDOR and
Q-band HYSCORE experiments played a crucial role in the character-
ization of this compound [56]. In all of the studies mentioned above,
the EPR techniques provided crucial information on the electronic
nature of the complexes; this information was not easily accessible
by any other spectroscopic method.

3.2. Paramagnetic metallo-porphyrin, corrin and phthalocyanine
complexes

Metallo-porphyrin, corrin and phthalocyanine complexes are
and have been extensively studied as model systems for many met-
alloproteins, such as heme and B, proteins, and have also extensive
applications ranging from catalysts and sensors to dyes and con-
ducting materials, to name but a few [57-59]. Despite the difficulty
involved in the preparation of these macrocycles, the applications
of metallo-porphyrins in asymmetric catalysis, particularly cyclo-
propanation, have grown significantly in the last decade [60]. From
the early years, X-band CW-EPR has been used to study these com-
plexes, but only in recent years, have more advanced EPR tools
been introduced in the analysis of these systems [61]. One of the
authors of this review has performed multi-frequency EPR anal-
yses of different paramagnetic transition-metal porphyrin, corrin
and phthalocyanine complexes [62-70], and some illustrative and
representative examples will be described in more detail below.

Although it has long been known that the intramolecular
dimethylbenzimidazole base does not coordinate to the Co™ ion of
cobalamin (Bq3;) at low pH, there has been much discussion about
the actual coordination number of the cobalt ion in this form. Four-
coordination, five-coordination (involving one water molecule) and

six-coordination (with two axial waters) modes have all been pro-
posed [71-73]. A detailed multi-frequency EPR and ENDOR analysis
of Byy; at low pH, and of the model complex heptamethyl cobyri-
nate perchlorate (cobester), revealed important information about
the axial ligation of Co!! corrinate complexes [67]. When cobester
was dissolved in an apolar solvent, a contact-ion pair was found
to be formed between the Co'' complex and its counter ion, per-
chlorate. In methanol, the axial ligation of the cobester complex
was temperature dependent and correlated with the phase transi-
tion of the solvent, as indicated by the temperature dependence
of the CW-EPR spectra. In the a crystalline phase of methanol,
only one methanol molecule coordinated to the cobaltous com-
plex, whereas two methanol molecules coordinated in the glassy
state. When a H, O:methanol mixture is used as a solvent, the frozen
solution has a largely crystalline structure, even at low temper-
ature, and, hence, only the EPR spectrum of the five-coordinated
species could be observed in this case. Solvent coordination could
be determined unambiguously using X- and W-band ENDOR, in
combination with 2H isotope labelling. The DFT computations of
the EPR parameters of five- and six-coordinated Co'! corrinates cor-
roborated the experimental interpretations. The study showed the
huge influence that the phase-transition properties of the solvent
can have on the structure of transition-metal complexes, and this
is a very important consideration in the investigation of more com-
plex catalyst-solvent-substrate mixtures.

In a similar way, the subtle effect that the matrix has on
the electronic state of Cu'l phthalocyanine complexes could be
revealed from a combined DFT and multi-frequency CW- and
pulsed EPR study [69]. The small changes in the EPR and
ENDOR spectra observed when copper(ll) 2,9,16,23-tetra-tert-
butyl-29H,31H-phthalocyanine (CuPc!) was dissolved in toluene or
in sulphuric acid, could be interpreted in terms of a more covalent
metal-ligand o bonding in the toluene case. The solvent matrix was
found to have a much stronger effect on the electronic structure
of the Cu" core of the phthalocyanines than the ring substituents.
Given the fact that the unpaired electron resides predominantly
in the copper dxziyz orbital, the effect of the matrix molecules on
the spin-density distribution is small. In contrast, the spin-density
distribution in Co" phthalocyanines is strongly affected by the sur-
roundings (unpaired electron is in a d,, orbital) [68].

4. Homogeneous asymmetric catalysts

In the previous section, examples have been given on the
extraordinary capabilities of EPR to explore the metal centre and
its local surroundings in paramagnetic transition-metal complexes.
In this section, we focus on EPR applications in the important field
of homogenous asymmetric catalysis. The amount of research on
enantioselective chiral catalysts by EPR is rather scarce and many
of the reported works only make use of the conventional CW-EPR
mode, mostly in a limited or incidental way. In this section we will
therefore review some of the most relevant extended EPR/ENDOR
investigations reported on chiral catalysts.

4.1. The early days—a chiral oxovanadium complex

One of the first reported investigations that showed the
great potential of applying pulsed EPR and ENDOR techniques
to the study of chiral transition-metal-containing catalysts was
conducted by Schweiger and co-workers [74]. They explored
the coordination sphere of cis-oxovanadium(IV) bis((1R)-3-
(heptafluorobutyryl)camphorate) (1), a catalyst used for the hetero
Diels-Alder reaction of an aldehyde with an activated diene to form
pyrone derivates with high enantioselectivities (up to 85% ee) and
diastereoselectivities (98-99%) [75].
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Fig. 8. Geometry and structural parameters obtained from the pulsed EPR and
ENDOR study of oxovanadium(IV) bis((1R)-3-(heptaflurobutyryl)camphorate) (1)
ligated to (a) benzaldehyde and (b) N-benzyliden-benzylamine. For the first com-
plex, internuclear distances determined from the experiments are indicated (values
in A).

The X-ray study revealed that complex (1) adopted a trimeric
form in the solid state. The trinuclear oxo-bridged cluster (1)3 con-
sists of three equivalent units with C3 symmetry. This gave no
information about either the actual conformation of the catalyst in
solution or the structure adopted upon aldehyde or amine coordi-
nation. The X-band CW-EPR experiments of (1) in toluene revealed
the typical EPR signature of a vanadyl ion in a dyxy ground state
(analogous to that shown in Fig. 2a). The addition of benzaldehyde
to the solution produced only a small reduction in the hyperfine
couplings, suggesting axial binding of the aldehyde. Instead, addi-
tion of N-benzyliden-benzylamine resulted in a larger decrease
of the hyperfine constants and indicated the substitution of an
in-plane oxygen by the imine nitrogen. Confirmation of these sug-
gestions about the binding site and coordination of benzaldehyde
and N-benzyliden-benzylamine could be determined using differ-
ent ENDOR and ESEEM techniques.

By recording the 13C X-band Mims-ENDOR spectra at different
magnetic field positions for (1) coordinated with single-13C-labeled
benzaldehyde (12CgH5-13CHO), it was possible to determine the
hyperfine coupling constants of the labeled carbonyl carbon and
its relative orientation in space with respect to the vanadyl cen-
tre. Two types of 13C interactions were detected. The first one was
assigned to the aldehyde carbon at a distance of ~5.7 A. It agreed
with a hydrogen bonding of the benzaldehyde to V=0 (Fig. 8a).
The second 13C coupling originated from a benzaldehyde axially
coordinated to the vanadium atom. From the dipolar part of the
hyperfine coupling, a VO-C distance of 3.20 A was determined. On
the basis of geometrical calculations, and assuming that the C=0
distance is typically 1.24 A, the V-0=C angle and V-0;idehyde dis-

tance were found to be 140° and 2.15 A, respectively. This spatial
conformation (Fig. 8a) is characteristic of m!-coordinated car-
bonyl compounds. The two- and three-pulse *N ESEEM spectra
of N-benzyliden-benzylamine coordinated to (1) revealed a mostly
isotropic N hyperfine coupling (~5.2 MHz). The magnitude was
typical for a nitrogen equatorially bound to the vanadium atom
and indicated that the imine ligand was binding in a cis mode
(Fig. 8b). This work nicely illustrates how spatial information on
the nature of interacting substrates (of vital importance when prob-
ing asymmetric induction steps) can be explored by advanced EPR
techniques.

4.2. Chiral Schiff-base complexes

Metal-salen complexes based on Ti, V, Cr, Mn, Fe, Ru and Co have
been extensively used over the years as catalysts for the oxo func-
tionalization of organic substrates [76]. The oxo-transfer species
in these transformations is believed to be based on a terminal
metal-oxo, metal-peroxo or bridging oxo complex. The salen lig-
and is most widely used for this reaction owing to the ease of
preparation/derivatization and the rigid tetradentate binding motif,
reminiscent of the porphyrin framework in heme-based oxidative
enzymes. A major breakthrough occurred in 1990 with the dis-
covery of chiral manganese(Ill) salen catalysts by the groups of
Jacobsen[77]and Katsuki[78,79] for the epoxidation of unfunction-
alized olefins. Jacobsen and co-workers introduced a new Mn'!Cl
derivative of the chiral salen-type Schiff base ligand N,N’-bis(3,5-
di-tert-butylsalicylidene)-1,2-cyclohexane-diamine (2) (Fig. 9a),
which converts achiral alkenes into chiral epoxides with enantios-
electivities as high as 98% [77]. This so called Jacobsen catalyst
was ‘1994 Reagent of the year’ and is one of the best chelating
agents known to date. Remarkably, not only Mn, but also other
transition-metal complexes of (2) have shown astonishing enan-
tiomeric excesses in the epoxidation of unfunctionalized alkenes,
epoxide ring opening, hydrolytic kinetic resolution of racemic epox-
ides, cyclopropanation and trimethylsilylcyanation of aldehydes
[80]. Nevertheless, and even though they are commercially avail-
able catalysts, the origins of their striking selectivity are not yet
fully understood. In particular, questions remain concerning the
nature of the oxo-transfer species, the mode of efficient stereo-
chemical communication between catalysts and substrate, and how
variations in ligand substituents can tune the catalytic activities. In
this section, we will discuss some of the most representative arti-
cles about CW-EPR, CW-ENDOR and pulsed EPR/ENDOR applied to
the study of different metallo-salen complexes, which have tried to
explore these questions.

4.2.1. Manganese

Regarding the high enantioselectivity of the [MnCl(2)] com-
plex, a two step catalytic cycle involving the formation of active
MnV=0 species by an oxidizing agent was initially suggested by
Kochi and co-workers [81]. Since then, several attempts to iden-
tify these and other intermediate species have been reported in
order to understand this very efficient asymmetric epoxidation
process. For a thorough account of this chemistry of Mn-salen
derivatives, the reader is referred to an excellent review by Katsuki
[79].

Bryliakov et al. studied the reactive intermediates of sev-
eral catalyzed [MnCl(2)] asymmetric epoxidations by X-band
CW-EPR [82-85]. Specifically, they monitored the interaction of
[MnCl(2)] with iodosylbenzene (PhIO), m-chloroperbenzoic acid
(m-CPBA), isobutyraldehyde (IBA), pivalaldehyde, peroxyisobutyric
acid (PIBA), IBA/N-methylimidazole (N-Me-Imd) and m-CPBA/N-
methylmorpholine-N-oxide (NMO). The X-band CW-EPR spectra of
[MnCI(2)] in toluene or CH,Cl; at 77K exhibited similar features
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Fig. 9. (a) Chemical structure of [Mn"CI(2)]. (b and c) Schematic illustration, from two different orientations, showing the hydrogen bonds (dashed lines) and coordination

mode of cis-2,3-epoxybutane to [VO(2)] as obtained from ENDOR and DFT [91].

dominated by a broad signal at g ~7.8 from forbidden transi-
tions within the |ms= 4 2) non-Kramers doublet of mononuclear
Mn'" (§=2) [82-85]. The [MnCl(2)] complex was found to be very
sensitive to the ligand coordination and this was translated into
clear changes in the EPR spectrum. Upon addition of IBA, PIBA or
pivalaldehyde [84,85], the Mn!! signal at g ~8 was transformed
into a superposition of signals at g ~5.2 assigned to mononu-
clear Mn'V=0-L with different axial ligands (L=Cl~, RCOO™, etc.).
This was accompanied by the appearance of spectral contribu-
tions originating from a Mn" complex. All the manganese was
converted into Mn!V by exposing the sample to air. Addition of trans-
[B-methylstyrene at this point showed no epoxide, meaning that
[Mn'V(2)] could not be the species responsible for olefin epoxida-
tion. However, if trans-B-methylstyrene was included before the
oxidants, a 31% and 45% epoxide formation yield was achieved for
PIBA and IBA/O, respectively. This led the authors to tentatively
suggest that the actual species behind the epoxidation process was
a short lived Mn'!! acylperoxo complex, which could not be detected
because of its high reactivity towards alkenes or fast conversion into
oxo Mn'V.

When N-Me-Imd was introduced into the solution, to obtain
the MnCl(2)/IBA/N-Me-Imd/O, catalytic system in the presence of
trans-3-methylstyrene, three different signals were detected [84].
The authors linked these signals to a N-Me-Imd-Mn!Y(OOCOR)
acylperoxo complex, a N-Me-Imd-Mn'V=0(2) adduct and a bis-.,-
oxo-Mn"'/Mn!V dimeric complex bound to two axial N-Me-Imd
ligands. No pulsed EPR or ENDOR experiments were performed
to support these conclusions and, in some cases, the assignments
were purely hypothetical. Since both the dimeric and the N-Me-
Imd-Mn!V=0(2) complexes were not capable of epoxide formation,
the authors suggested that the proposed acylperoxo complex was
responsible for the catalytic reaction. Similar conclusions were
drawn from the reactions with NMO and m-CPBA [82]. The acylper-
oxo species could be directly involved in the epoxidation process or
be the precursor of a MnV=0 species by homolytic cleavage of the
0-0 fragment of the acyl ligand.

Campbell et al. introduced the use of dual-mode X-band CW-EPR
to study the epoxidation of cis-B-methylstyrene by R,R-[Mn!l'CI(2)]
[86]. Parallel polarization EPR is helpful for integer electron spin
systems like Mn!!! (3d4, S=2), whereas the more conventional per-

pendicular polarization EPR enables the study of half integer spin
systems. The potential of this technique was already successfully
demonstrated in the study of manganese-containing biosystems
[87]. The [MnCl(2)] study revealed that the additives NMO and
4-phenylpyridine-N-oxide (4-PPNO), commonly used to improve
the epoxidation yields and enantioselectivity, bind to the Mn!!
centre before the epoxidation reaction. The use of the dual mode
EPR allowed the identification of different intermediate manganese
complexes that cannot be correctly assigned in a conventional
EPR experiment. A correlation between the formation of a Mn'l!V
dimeric cluster and the epoxidation reaction could be determined.
The EPR data of the individual species could be linked to the inner-
coordination sphere of the manganese ion and give an insight into
the mechanistic aspects of catalyst degradation and formation of
unwanted byproducts.

Finally, a CW-EPR study by Hsieh and Pecoraro [88] suggested
that the reaction of [Mn"'CI(2)] with m-CPBA leads to the forma-
tion of meta-chlorobenzoate (m-CBA) by oxygen transfer to the
[Mn'"C1(2)] complex. The organic radical observed in the EPR spec-
tra may be attributed to a chlorobenzo-carboxyl radical formed by
reaction with the MnV=0 species. Since this means that MnV=0 can
undergo single electron reduction, this poses the question whether
it can be assumed that Mn" species act via an oxo transfer group
or not. Campbell et al. [86] also detected formation of an organic
radical but thought this might be a byproduct formed due to the
oxidizing strength of m-CPBA, since it was not formed when NaOCl
was used instead of m-CPBA.

It is clear from the above review on [MnCl(2)] enantioselective
epoxidation that relatively simple CW-EPR experiments, both in
the conventional and dual mode, can shed some light on the reac-
tion mechanism. However, many questions still remain open. The
use of advanced pulsed EPR/ENDOR techniques could significantly
contribute to a rapid enhancement in our knowledge of the mech-
anistic details of these systems, as will become shown in Sections
4.2.2 and 4.2.3 for related complexes. However, for the high-spin
Mn'" system treated in this section, the expected short longitudi-
nal relaxation times (T;) and high-spin-related effects may pose
a limit to the applicability of some of the pulsed EPR and ENDOR
methods. In this context, it is important to point out one of the
most important limitations of these spectroscopic methods. For
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very short relaxation times, ESEEM and pulsed ENDOR may not be
feasible, because the signal is decaying too fast (sometimes even
within the spectrometer’s deadtime). In order to maximally slow
down the different relaxation mechanisms, pulsed EPR and ENDOR
measurements are therefore performed at very low temperatures
(4-25K region). Pulsed EPR and ENDOR measurements thus have
the drawback that the catalyst, or more generally the paramagnetic
system of interest, is not studied at its normal working tempera-
ture. Only an experimental evaluation can reveal whether a pulsed
EPR or ENDOR analysis is feasible for [MnCl(2)] and whether some
of the problems can be circumvented by the use of more advanced
multi-frequency pulsed EPR methods, as one of us recently showed
for high-spin Fe'll systems [39,89].

4.2.2. Vanadium

In a pair of communications, some of the co-authors of
this review have shown the effectiveness of combining CW-
ENDOR and DFT calculations to study chiral vanadyl Schiff-base
complexes [90,91]. The authors explored the spatial conforma-
tion and weak chiral interactions between [VO(2)] and selected
epoxide substrates, epoxypropane and 2,3-epoxybutane. Although
vanadium-based complexes, including Schiff bases, are widely
reported for efficient asymmetric oxidation reactions [92] and
multi-electron redox catalysts [93], the [VO(2)] system was orig-
inally used as a model of the [MnClI(2)] and [Co(2)] catalysts, to
investigate the mode of chiral induction by weak outer sphere inter-
actions between the ligand and an epoxide substrate [71,72].

TH CW-ENDOR of [VO(2)] in non-coordinating (toluene) and
weakly coordinating solvents (CH,Cl, and DMF) showed 'H cou-
plings assigned to the salen-based ligand, namely (i) the two
cyclohexyl methine protons (Hpethine-VO distances of 3.05A and
3.46 A), (ii) the imine protons (Hjpine—VO distance ~4 A) and (iii) the
inner 6-tert-butyl protons (Hpyy~VO distance ~3.43-4.05 A; range
due to rotamers) [90]. These results were found to be in good agree-
ment with the DFT computations. Additional peaks arose in the
spectra following epoxide coordination and were assigned to the
epoxide ring vicinal protons. Different epoxide "H ENDOR couplings
were found for the pairwise combinations of R,R-[VO(2)]/R-
epoxypropane and R,R-[VO(2)]/S-epoxypropane [90], indicating
different conformations of the diastereomeric adducts. Further-
more, the similarity of the rac-[VO(2)]/rac-epoxypropane and
R,R-[VO(2)]/R-epoxypropane spectra revealed that the homochiral
R,R-R adduct was strongly preferred. Based on a point dipo-
lar approximation, the two vicinal proton Hepoxige=VO distances
obtained were 3.72 A and 3.56 A for R,R-R, and 3.76 A and 3.66 A
for R,R-S, due to the asymmetric binding mode of the epoxides.
These results were confirmed by DFT. Recently, it was sug-
gested that the key step in the hydrolytic kinetic resolution of
epoxides by [Co(2)](X) (X=anion) is the interaction of activated
[Co(2)-(H20)(OH)] and [Co(2)-(H,0)(epox)] complexes and not
the enantioslective binding of the epoxide [94]. The above ENDOR
study supports this, since a preferential formation of the homochi-
ral diastereomeric R,R-R or S,S-S adducts was found. If these are
involved in the hydrolysis step, the opposite enantiomers will be
observed as products.

The 'H CW-ENDOR spectra of rac-[VO(2)] in trans-2,3-
epoxybutane and cis-2,3-epoxybutane were also recorded; the
former system displayed signals identical to the non-coordinated
rac-[VO(2)] complex in toluene suggesting the trans-isomer was
unbound. In the cis case, the 'H hyperfine couplings from the vicinal
protons of the epoxide were translated into VO-Hepoxide distances
of 3.30A and 3.97 A. Confirmation of the selective coordination
of the cis epoxide was obtained by a competitive rac-[VO(2)]/rac-
2,3-epoxybutane experiment, which produced an ENDOR spectrum
identical to that of the pure cis isomer. Interestingly, the DFT
model exhibited hydrogen-bond interactions between the vici-

nal epoxide protons and the two phenoxide oxygen atoms from
the salen ligand, in addition to a H-bond between the epoxide O
atom and the methine H®*° proton attached to the asymmetric
C-backbone (Fig. 9b and c). The latter interaction is crucial in deter-
mining the magnitude of the weak electrostatic coordination in the
[VO(2)]/epoxide complex, and therefore the enatioselectivity. The
hydrogen bonds formed between catalyst and epoxide could help
to orient the transition-state intermediates. The hydrogen-bond
formation with the phenoxide donors may be enhanced in electron-
rich ligands, which may explain the excellent enantioselectivities
observed in catalyst like [MnCl(2)].

4.2.3. Cobalt

In our recent work [95], we used pulsed EPR techniques, in
combination with DFT calculations, to study the electronic nature
of the widely employed [Co'(2)] complex, which is an excellent
catalyst for the hydrolytic kinetic resolution of racemic epoxides
(after activation under air with an organic acid) [96]. The spin
Hamiltonian parameters obtained from the X-band CW-EPR spec-
tra of a R,R-[Co(2)]/toluene frozen solution were consistent with
a |yz, 2A;) ground state. The X-band “N HYSCORE experiments
revealed the hyperfine and nuclear-quadrupole tensors of the nitro-
gens from ligand (2). The relative orientation of these tensors in
the molecular frame could only be determined by matching the
experimental data to DFT computations. X-band proton HYSCORE
allowed for a determination of the proton hyperfine values of the
cyclohexyl methine protons, which were clearly different from
the protons of the ethylenediimine bridge in N’,N-ethylene-bis-
(acetylacetoatiminato) cobalt(II). The EPR data of the pre-activated
[Co(2)] complex provided a reference basis to follow the evolution
of the electronic and geometric structure of the catalyst under acid
activation. In a first step, the activation of the cobalt catalyst with
acetic acid in anaerobic conditions was tested [95]. This induced
an enormous change in the CW-EPR spectra. Two new signals were
observed that could be related to (a) the binding of [Co(2)] complex
to an axial o-donor, most likely acetate, and (b) a high-spin (S=3/2)
[Co!] species related to the destruction of [Co(2)] and possible for-
mation of Co(OAc),-based complexes.

4.2.4. Chromium

Although the field of enantioselective epoxidation of alkenes
is dominated by [MnCI(2)], [CrCI(2)] is also a very effective
catalyst for epoxidation of E-alkenes. While the various oxida-
tion states of Cr can be readily investigated by low and high
field EPR [8], it is surprising that so few EPR studies have
actually been conducted on [CrCl(2)]. Bryliakov et al. [97,98]
performed a CW-EPR study on [CrCl(2)] and a derivative com-
plex, namely racemic-N,N’-bis(3,4,5,6-tetra-deutero-salicylidene)-
1,2-cyclohexanediamino Cr''" chloride. Both complexes showed
effective g values of g~4 and 2, typical of an electronic S=3/2
spin system, while the zero-field splitting parameters revealed
moderately large D values (~0.7-0.8cm~!) and small rhombicity
parameter, E (~0.108-0.042 cm~1). A notable decrease in the axial
zfs parameter and an increase in the rhombicity parameter were
observed after addition of pyridine as an activator. This revealed
that the EPR parameters were sufficiently sensitive to monitor
changes to the structure of the catalysts before and after activation.

At least two intermediates species were identified by CW-
EPR when the [CrCl(2)] complex was reacted with iodosylbenzene
(PhIO). CW-EPR and 'H NMR revealed that the first intermedi-
ate could be assigned to a reactive mononuclear oxochromium(V)
species [CrYO(2)L], where L=CI~ or a solvent molecule. The second
intermediate was identified as an inactive mixed-valence binuclear
[L(2)crOCrY(2)L] complex. Bryliakov et al. thereby proposed that
the [CrCl(2)] catalyzed epoxidation of alkenes proceeds in accor-
dance with a modified “oxygen rebound cycle” [97,98].
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Fig. 10. (a) Chemical structure of the bis(sulfoximine) ligand S,5-(3). (b) Schematic
representation of the geometry of Cu" complex (4) as obtained from the EPR/ENDOR
analysis in Ref. [100].

4.3. Copper(1l) bis(sulfoximine) and bis(oxazoline) complexes

It has recently been reported that copper complexes of the
bis(sulfoximine) ligand (3) (Fig. 10a) can catalyze asymmetric het-
ero Diels-Alder reactions with high enantioselectivities (99% ee)
[99]. Bolm et al. identified a Cu"" complex (4) (Fig. 10b) associated
with the catalyzed Diels-Alder reaction [100]. This complex was
formed by reaction of (3) with copper triflate (Cu'}(OTf),), and its
additional activation with a dienophile. Evidence for this proposed
structure was obtained using a combination of different CW- and
pulsed EPR techniques. The principal g and copper hyperfine values,
obtained by X- and W-band CW-EPR, were typical for a tetrag-
onally distorted pyramidal Cu'! centre with dxzfyz ground state.
A partially resolved hyperfine splitting revealed the coupling to
two N nuclei. These couplings were determined more accurately
using hyperfine-contrast selective Davies-ENDOR and are typical of
equatorially bonded nitrogens. The W-band Mims-ENDOR spectra
displayed orientation dependent '°F hyperfine interactions stem-
ming from '9F nuclei at ~5 A corresponding to a triflate anion in an
axial coordination position. X-band HYSCORE experiments revealed
further interactions with 'H, 19F, 13C, N, and possibly 3°Cl/37Cl
nuclei. The 'H signal was tentatively attributed to protons from
the sulfoximine ligand with proton hyperfine couplings lower than
10 MHz, while the 9F coupling confirmed the ENDOR result. Fur-
thermore, the authors observed contributions from 13C nuclei in
natural abundance, from the N nucleus of the dienophile ligand,

and from 3>C1/37 Cl nuclei from the CH;Cl, solvent. The combination
of CW and pulsed EPR/ENDOR techniques showed a low symme-
try of complex (4) with a distorted geometry of the copper centre
coordinated axially to the triflate ligand. The remote *N observed
with HYSCORE, together with preliminary molecular-mechanics
calculations, suggested the coordination of the dienophile activator
through non-equivalent in-plane oxygen atoms.

The effect of the counter ions on the stereoselectivity of the
Diels-Alder reaction catalyzed by [Cu(3)] was also studied by EPR
techniques [101]. The complexes formed between the parent Cu''X,
(X=Cl, Br, OTf and SbFg) salts, S,S-(3) and N-(1-oxoprop-2-en-1-
yl)oxazolidin-2-one as substrate in CH,Cl, were investigated. The
ee was 75% in the presence of TfO~ and SbFg—, and no selectivity was
observed for the ClI~ and Br~ counterions. This difference in enan-
tioselectivities was also reflected in the EPR spectra. The X-band
CW-EPR spectra of 5,S-[Cull(3)]-(X), with X =TfO~ and SbFs~ were
analogous and produced comparable axial gand A copper hyperfine
values. The spectra of X=Cl~ and Br~ were similar and consisted of
contributions from a single and coupled Cu'' species. The formation
of oligonuclear copper compounds was indicated by the observa-
tion of a 6-line hyperfine structure and a half-field signal. From the
latter signal, the authors estimated a Cu"'-Cu! distance of ~6 A for
the dinuclear S,S-[Cu'/(3)]-(X), complexes (X=Br~ and Cl~). The
remarkably long Cu-Cu distance, compared with those reported
for crystalline (solvent free) halogen-bridged Cu complexes, sug-
gested that axial chlorine atoms of CH,Cl, are implicated in the
bridge.

Activation of the catalyst with the above mentioned dienophile
had again parallel effects on the CW-EPR spectra of TfO~ and SbFg~,
and of ClI~ and Br~. The activated catalyst gave almost identical
spectra in the presence of TfO~ and SbFg~ with a better resolution
than their precursors. In the Cl~ and Br~ case, the EPR spectra con-
sisted of two contributions from single and coupled Cu!! species,
respectively.

To analyze the single copper species in more detail, X-band
Davies-ENDOR and HYSCORE experiments were performed on
5,S-[Cu(3)]-(X), with X=Br~ and CI~. Strongly coupled “N and
35C1/37l, as well as weakly coupled 'H were detected by ENDOR
and HYSCORE. None of these spectra changed upon addition of
the dienophile activator. This demonstrates that the dienophile
substrate does not bind strongly. The study revealed that, in the
case of the TfO~ and SbFg~ counterions, the asymmetric coor-
dination sphere of the [Cul/(3)] complex was formed by two
equatorial inequivalent N atoms and two counterions, which moved
to axial sites when replaced by the dienophile substrate. For the
strongly coupled Br~ and Cl~ counterions in equatorial positions,
the dienophile could only replace the weakly bound axial solvent
molecules. This was supported by the intensity decrease observed
for the dimeric signal in the CW-EPR spectrum and was consistent
with the idea that Cu-Cu interactions take place through the axially
coordinated halogen atoms. Stereoselectivity thus requires weakly
coordinated counterions that can be displaced by the substrate and
moved to axial positions.

Other analogous complexes equally successful at bidentate coor-
dination of Cu" in an asymmetric environment for a range of
reactions include the bisoxazolines [2,102] and phosphinooxa-
zoline ligands [103]. A significant amount of research has been
devoted to the immobilization of the bisoxazolines for asymmet-
ric heterogeneous catalysis [104,105], particularly those containing
coordinated Cu! jons. Despite this, relatively few EPR inves-
tigations have been carried out. Using CW-EPR, Traa et al.
studied the enantioselective aziridination of styrene inside a CuY
zeolite using the complex (S)-(—)-2,2’-isopropylidenebis(4-phenyl-
2-oxazoline) [106]. The EPR spectra were consistent with the
formation of a single Cu''-bisoxazoline complex per supercage,
and notable changes were observed in the spectra during the
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Fig. 11. (a) The nickel-porphyrinoid co-factor F430 responsible for the MCR activity.
(b) A schematic representation of the structure of the nickel core in MCReq1, as
determined by EPR [123-126]. (c) A schematic representation of the structure of the
nickel core in MCRyx; as determined by EPR [128].

course of the reaction with styrene and the nitrogen source (N-
(p-tolylsulfonyl)iminophenyliodinane).

5. Biological catalysts-enzymes

Many of the complexes mentioned in Sections 3 and 4 have
been inspired by nature or used to model active sites in metallo
proteins. Indeed, nature is the ultimate master of asymmetric syn-
thesis, employing enzymes to catalyze stereoselective reactions
with unparalleled specificities. Advanced EPR techniques are often
used to extract valuable information about the paramagnetic cores
of transition-metal-binding biomolecules, which contrasts the lim-
ited applications of these methods in synthetic inorganic catalysis.
We mention here only a few studies that deal with the use of EPR
to elucidate the catalytic cycle of methyl-coenzyme M reductase
(MCR). We believe that these examples will be interesting also to the
general inorganic-chemistry community and that the spectroscopic
approaches can be extrapolated to applications in coordination
chemistry and homogeneous catalysis in general. More extended
reviews on the applications of advanced EPR methods in the study
of metallo proteins can be found elsewhere [21-24,107-109].

5.1. The active site of methyl-coenzyme M reductase

It has long been established that methanogenic archaea extract
energy via a specific metabolic pathway converting C; sub-
strates, such as CO, or acetate, to methane [110]. The most
important step in this reaction is the reduction of methyl-
coenzyme M (2-(methylthio)ethane sulfonate, CH3-S-CoM) with
coenzyme B (7-thioheptanoyl-threoninephospate, HS-CoB) to CHy4
and Co-M-S-S-CoB. This reaction is catalyzed by MCR, an enzyme
with two structurally interlinked active sites that contain the nickel
porphinoid cofactor F43¢ (Fig. 11a) and are embedded in an a3 327y2
subunit structure. Since the currently available X-ray structures of

MCR all describe the inactive, oxidized Ni!' forms [111-113], EPR
provides a main characterization tool to explore the different para-
magnetic forms of MCR, including the enzymatically active ones.

Two catalytic mechanisms have been proposed for the methane-
forming step, both starting from the Ni'F43¢ form. In the mechanism
A, a methyl transfer from CH3-S-CoM to NilF430 yielding a
CH5-Ni'"F430* compound has been proposed followed by a
protonolysis step to form methane [114-117]. The second mecha-
nism B proposes that the reaction of CH3—S-CoM and Ni'F43¢ gives
a Nil'F43gthiolate and a free CHs® radical. The latter radical is imme-
diately quenched by H-transfer from HS-CoB [118,119].

A first strong indication for mechanism A follows from the
reaction of MCR with the irreversible inhibitor 3-bromopropane
sulphonate (BPS) [120]. Q-band Davies-ENDOR and HYSCORE in
combination with 13C labeling allowed for the identification of
the bond formed between the nickel atom and the Cy atom of
the propane sulphonate residue. DFT computations of the EPR
parameters of an [alkyl-Ni'F430* ] model, agreed very well with the
observed experimental data. Similarly, ENDOR techniques played a
crucial role in identifying the formation of [CH3-Ni'F43¢*] species
by reaction of MCR with BrCH3 [121] and ICH3 [122].

The active form of MCR is referred to as the MCR¢q; state. It
is formed when the gas mixture used for cell growth (80% H,/20%
CO,) is made more reducing (100% H,). Different sub-forms have
been distinguished: MCRq1, Which is the red1 form in the absence
of other compounds (Fig. 11b), MCR 41 Which is the red1 molecule
with coenzyme M (H-S-CoM) present and MCR 411, indicating the
red1 in the presence of methyl-coenzyme M [123-126]. The CW-
EPR spectra of MCR¢q1, and the isolated Ni'F439 complex are very
similar and bear all the characteristics of a Ni' complex with the
unpaired electron residing in the d,>_,» orbital. The principal g val-
ues of the three red1 subforms are slightly different, indicating a
clear influence and possible binding of the (methyl-)coenzyme M
molecules ([125,126], Table 2).

When the cells are grown in an 80% N,/20% CO, mixture, i.e.
under more oxidizing conditions, MCR is found in the ox1 state.
It can be converted into the red1 state by incubation with Ti(III)
citrate [127]. There is a pronounced difference between the princi-
pal g values determined by W-band CW-EPR for the ox1 state and
the ones reported for the red1 forms (Table 2, Ref. [128]). A multi-
frequency EPR, ENDOR and HYSCORE study in combination with
2H, 61Ni and 33S labeling revealed that the MCR,; metal centre can
be described as a Ni'l-thiolate (Fig. 11¢) in resonance with a thiyl
radical/high-spin Ni! complex [128]. The former structure is the
dominant one.

MCR;q41a can be converted into a red2 form by addition of coen-
zyme M (to form MCReq1c) and subsequent addition of HS-CoB.
High-field EPR revealed that two structures are formed: MCR g2
characterized by an axial EPR spectrum and MCR,4y; With a typi-
cal rhombic EPR spectrum [129]. In a very detailed multi-frequency
Davies-ENDOR and HYSCORE study, combined with extensive DFT
modeling, Harmer and co-workers revealed that the MCR¢4>, form
can be described as an intermediate between a Ni'l-hydride and
an agostic interaction of the CoM-S-H hydrogen with Ni! [130].
The hydride formation is indicated by the detection of a large pro-
ton hyperfine coupling ([-43 —42 —5]MHz) and its discovery is
extremely important from a mechanistic point of view because
of the known ability of hydrides to activate methane [132]. This
study presents a nice illustration of the power of modern-day
EPR, whereby the latest state-of-the-art EPR spectroscopy, such as
REFINE (relaxation time filtered) HYSCORE [131], is used to gain
information that is not accessible by other means.

Although no satisfying theoretical structural model can at the
moment be presented for MCR,q4>, that agrees with the experimen-
tal EPR findings, different constraints can be proposed based on the
extensive multi-frequency EPR and ENDOR studies [130,133,134].
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The thiol sulphur of coenzyme M is coordinated to the nickel, an
exchangeable proton is close to the nickel on a Ni-H vector at an
angle of ~60° or ~120° from the Ni-S bond, a displacement of
the pyrrole A of the F439 macrocycle is occurring inducing a large
anisotropic distribution of the spin density, and the carboxamide
group of GIn®147 is no longer coordinating the nickel atom from
the distal side.

6. Conclusions

To obtain a complete structural characterization of any paramag-
netic species, it is first necessary to establish the chemical identity,
geometric structure and electronic structure of the system. As we
have shown, this information can be extracted from a combination
of modern advanced EPR techniques. Owing to the high sensitivity
of these methods, and due to the fact that the desired spectro-
scopic information can be obtained in frozen solutions (without the
need for single crystals), the investigation of homogeneous asym-
metric complexes incorporating transition-metal ions will benefit
enormously from state-of-the-art EPR techniques. It is clear that
the design and synthesis of chiral ligands that can coordinate
transition-metal ions, and, hence, induce high stereoselectivities for
organic transformations, constitutes an important area of modern
coordination chemistry. Of paramount importance in this devel-
opment, is the need to better understand the mechanisms and
structure—function relations of the asymmetric reactions in solu-
tion. Since the family of EPR techniques, including high-field EPR,
ESEEM, ENDOR and ELDOR-detected NMR, provide information, not
only on the localized transition-metal ions, but also on the remote
hyperfine interactions with ligand and substrate/reactant/product
nuclei, an unrivaled structural model of the active site can be
achieved. The power of EPR is even increased by combining the
experimental studies with DFT computations. With this promising
potential, EPR will hopefully be exploited more in the future for the
understanding of asymmetric reaction mechanisms.
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