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Preface
The high quality of everyday life of the modern society is tightly connected with the 
progress of all branches of industrial chemistry, which is, in turn, entirely dependent 
on the permanent upgrading of the existing catalysts and catalytic technologies, 
as well as designing novel advanced ones. Although the trial-and-error approach 
continues to be extensively exploited in engineering research directed at design-
ing new catalysts and processes, it is obvious that achieving deep insight into the 
reaction mechanisms can rationalize the enhancement of existing catalyst systems 
and provide the keys to the construction of novel catalyzed processes on the basis of 
well-grounded understanding of the mechanisms of catalytic action of both mature 
and emerging catalyst systems. The use of powerful spectroscopic methods is often 
crucial (and in some cases indispensable) for gathering the mechanistic information 
on the working catalysts.

This book is focused on the applications of nuclear magnetic resonance (NMR) 
and electron paramagnetic resonance (EPR) spectroscopy to the identification 
and reactivity studies of active intermediates of industrially attractive catalytic 
processes. Initially, we aimed at advertising the rich and versatile capabilities of the 
magnetic resonance spectroscopy for a broad audience of homogeneous catalytic 
and organic chemists. When elaborating the book proposal, it became clear that the 
book should also serve to uncover the basic principles of the NMR and EPR phenom-
ena, and advantages and drawbacks of spectroscopic techniques founded thereupon 
(essentially keeping in mind the needs of graduate students and their supervisors). 
That is why the book begins with a short introduction to the basic principles of NMR 
and EPR spectroscopy (Chapter 1), which could be helpful for the readers in following 
the interpretation of experimental spectra discussed in the book. Chapter 2 is aimed 
at demonstrating the utility of various 1H and 13C NMR spectroscopic techniques, 
and at getting insight into the information it can provide. Also, some aspects of the 
NMR of paramagnetic molecules are discussed in Chapter 2.

The rest of the book is an overview of advancements in the NMR and EPR 
spectroscopic investigations of the mechanisms of two types of homogeneous 
catalytic processes: (1) chemo- and stereoselective oxidation of organic substrates, 
promoted by transition metal complexes (Chapter 3), and (2) coordination–insertion 
polymerization and oligomerization of olefins over single-site (metallocene and post-
metallocene) catalysts (Chapter 4). The scope of the review is purely the authors’ 
choice; we mostly adhered to those research areas that have attracted much interest 
from industry and academia in the last 20–30 years.

Evgenii Talsi
Konstantin Bryliakov
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1

Basic Principles of EPR 
and NMR Spectroscopy

1.1 � ELECTRON AND NUCLEAR MAGNETIC MOMENTS 
IN THE MAGNETIC FIELD

The basic physical principles of electron paramagnetic resonance (EPR) spectros-
copy and nuclear magnetic resonance (NMR) spectroscopy are similar [1–6]. Both 
methods allow probing with electromagnetic irradiation the energy levels emerging 
in the molecules when the latter are subjected to an external stationary magnetic 
field 

�
B0. In the case of EPR, these levels typically arise from splitting the otherwise 

degenerate spin states due to the interaction of the magnetic moment of the unpaired 
electron(s) 

�
µe  with 

�
B0. In the case of NMR, the magnetic moment of nuclei 

�
µN  (if it 

is nonzero) interacts with 
�
B0, giving rise to two (or more, for I > 1/2) nondegenerate 

states, differing in the mutual orientation of 
�
µN  and 

�
B0 (parallel and antiparallel). 

The magnetic moment of the unpaired electron or nucleus is proportional to the cor-
responding angular momentum (spin).

The external magnetic field 
�
B0 is commonly taken as directed along the z axis. 

For the simplest (and most widespread) case of S = 1/2 compounds, two projections 
µz
e  of the electron spin magnetic moment 

�
µe  along the magnetic field 

�
B0 are possible:

	 µ βz
e

e e Sg m= − 	 (1.1)

where ge = 2.002319 is the electron spin g-factor, βe ee m= | | /� 2  is the Bohr magne-
ton, mS = ±1/2, and � is the reduced Planck constant.

Similarly, the projections of the proton magnetic moment 
�
µP (originating from 

the proton spin) on the z-aligned external magnetic field 
�
B0 are

	 µ βz
P

P N Ig m= 	 (1.2)

where gP = 5.585695 is the proton g-factor, βN Pe m= | | /� 2  is the nuclear magneton, 
and mI = ±1/2 (for the case of I = 1/2 nuclei). The value of ge can be calculated the-
oretically and measured experimentally with very high precision [1], whereas the 
value of gP (and g-factors gN of other nuclei) is less precisely measured [1]. The value 
of µz

e  exceeds that of µz
P by a factor of ca. 658.2.

The g-factors for nuclei other than proton are rarely used in the NMR literature. 
Typically, µz

N  is presented as

	 µ γz
N

N Im= � 	 (1.3)

1
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where γN is the so-called gyromagnetic ratio; γ µN N Ng= /� , where gN stands for 
g-factor for nucleus N. The gyromagnetic ratios for various magnetic nuclei can be 
found in the NMR literature [2].

Taking into account the expression for the energy of interaction of a magnetic 
moment 

�
µ  with external magnetic field 

�
B, E B= − ⋅

� �
µ , the splitting of energy levels 

of magnetic moments of an electron 
�
µe  or a proton 

�
µP in the external magnetic field �

B0 are expressed as

	 ∆E g Be
e e= β 0 	 (1.4)

	 ∆E B g BP
P P P= =| | | |γ β� 0 0 	 (1.5)

Graphically, these splittings are presented in Figure 1.1.
EPR or NMR spectroscopists deal with large ensembles of spins, giving rise to 

the macroscopic magnetization 
�

M . The equations describing the net magnetization 
for ensembles of electron and nuclear spins are similar. The relative populations 
of the two electron spin states |α〉 (mS = +1/2) and |β〉 (mS = −1/2) are given by the 
Boltzmann distribution:

	

n

n

E

kT
α

β
= −





exp
∆

	
(1.6)

In a high-temperature approximation (ΔE ≪ kT), Equation 1.6 is simplified to 
Equation 1.7

	
exp −





≈ −∆ ∆E

kT

E

kT
1

	
(1.7)

mS = 

mS =

ΔE = geβeB0 ΔE = gPβNB0

B0 B00 0

1
2

(b)(a)
+

1
2–mI  =

1
2+1

2– mI =

FIGURE 1.1  Zeeman splitting of electron spin (a) and proton spin (b) levels in the external 
magnetic field.
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Denoting N = nα + nβ and Δn = nβ − nα, where nα and nβ are the number of spins 
in the |α〉 and |β〉 states, respectively, one can evaluate the population difference as

	
∆n g B N

kT
e e≈ β 0

2 	
(1.8)

and the equilibrium magnetization will be defined as

	

�
M g m n

Ng B

kT
e e S

e e
0

2 2
0

4
= − ≈β β∆

	
(1.9)

The integral intensities of the signals measured by the magnetic resonance meth-
ods will be proportional to the macroscopic magnetization. According to Equation 
1.9, the latter is proportional to N (the total number of spins in the system). This 
important result demonstrates the possibility of the quantitative measurement of con-
centrations by means of EPR and NMR spectroscopy.

The magnetic resonance phenomenon is based on the fact that transitions between 
the |α〉 and |β〉 states are possible if the system is irradiated with oscillating elec-
tromagnetic field 

�
B1, which is radio frequency (RF) for NMR (10–1000 MHz) and 

microwave (MW) frequency for EPR (9–10 GHz for the most widely used X-band 
EPR spectrometers). The condition for the transitions induced by the oscillating elec-
tromagnetic field is fulfilled when the frequency of the oscillating field ν obeys the 
resonance condition hν = ΔE, where ΔE is defined by Equation 1.4 or 1.5. The oscil-
lating magnetic field induces the |α〉→|β〉 and |β〉→|α〉 transitions with equal prob-
ability. That is why the resonance absorption will only be detected if the population 
difference Δn is nonzero.

The scope of objects that can be studied by EPR spectroscopy is limited to para-
magnetic species (organic radicals, some transition metal complexes). At the same 
time, virtually all chemical substances contain nuclei with nonzero spin (magnetic 
nuclei) and are thus potentially NMR active [3]. The important advantage of EPR 
spectroscopy is its higher sensitivity (stemming eventually from higher electron 
magnetic moment as compared to the magnetic moments of nonzero-spin nuclei [4]). 
That is why EPR spectroscopy often appears more fruitful for the investigations 
of the highly reactive transient paramagnetic intermediates of catalytic reactions, 
whose steady-state concentrations are too low to be observed by NMR. Another 
advantage of EPR may be the absence of background signals from diamagnetic com-
pounds present in the reaction solution, which enables one to selectively observe the 
target paramagnetic species.

There are alternative approaches to the detection of magnetic resonance absorption: 
continuous-wave (CW) and pulsed magnetic resonance spectroscopy. Accordingly, 
all NMR and EPR spectrometers belong to one of the two types: CW or pulsed 
spectrometers. In CW spectrometers, the electromagnetic irradiation is permanently 
applied to the sample, and the absorption spectrum is obtained by slowly changing 
the frequency ν (ΔE≈hν) or magnetic field B. In pulsed spectrometers, a short pulse 
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of electromagnetic radiation containing a range of frequencies centered about the 
frequency ν (typically, this range is wide enough to excite the whole spectrum of a 
given molecule) is applied to the sample. The energy absorbed by the sample during 
this RF pulse is then returned to the receiver coil in the form of oscillating decaying 
electric signal, the so-called free induction decay (FID). Subsequent Fourier trans-
form (FT) converts the time-domain signal (FID) to the frequency-domain signal 
(spectrum). The latter appears identical to those obtained by using CW spectrom-
eters. The success of FT NMR spectroscopy has been closely connected with the 
progress of computer technology, which resulted in the emergence of fast and com-
pact computers that could be used together with the spectrometer for performing the 
FT procedure. Nowadays, pulsed FT NMR spectrometers have completely replaced 
their CW predecessors, ensuring much higher sensitivity (due to the possibility of 
repeated application of many RF pulses, with accumulation of data collected after 
each pulse) and providing a broadest collection of advanced spectroscopic tools for 
structural characterizations of molecules. On the contrary, the sensitivity restriction 
rarely occurs in EPR spectroscopic studies, such that good signal-to-noise ratios can 
be achieved after measuring a single spectrum, without data accumulation. That is 
why X-band CW EPR spectroscopy remains the method of choice for chemists, both 
for routine sample measurements and for advanced tasks, such as studies of transient 
species in catalytic reactions.

1.2  INSTRUMENTATION FOR CW EPR SPECTROSCOPY

A block diagram for a typical CW EPR spectrometer is presented in Figure 1.2. The 
source of MW radiation is a vacuum tube called a klystron. The sample is placed 
in the resonator cavity, which is connected to the MW source by the wave conduc-
tor equipped with an attenuator. In X-band EPR spectrometers, the resonant cavity, 
placed in the middle of an electromagnet, is a rectangular metal box with character-
istic dimensions of ∼3 cm. The sample is located in the antinode of the MW field. 
The waveguides (rectangular open-ended metallic tubes) are used for transferring 
microwaves from the MW source to the sample and from the sample to the detector 
(a microwave diode). The majority of EPR spectrometers are reflection spectrom-
eters, measuring the amount of radiation that is reflected back out of the resonant 
cavity. The changes in the level of reflected microwave energy at various values 
of B0 represent the EPR spectrum. Technically, the detector is sensitive to a broad 
frequency range. To reduce the noise, the magnetic field is sinusoidally modulated 
with an oscillating field (typically 100 kHz frequency), and only the modulated part 
of the diode output voltage is detected. This approach ensures a drastically enhanced 
signal-to-noise ratio and assumes the detection of the first derivative of the absorp-
tion spectrum rather than the absorption line itself (Figure 1.3). The maximum of the 
absorbance line corresponds to a zero point of the first derivative.

1.3 � MAIN PARAMETERS CHARACTERIZING EPR SPECTRA

As was mentioned, the majority of routine EPR measurements are performed on CW 
instruments. In such spectrometers, the sample is permanently irradiated at constant 
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MW frequency (for the most widespread X-band, it is 9–10 GHz). The magnetic 
field is slowly changed in the available range (ca. 0–7000 G), and the EPR spectrum 
appears as absorption intensity versus magnetic field. For technical reasons (see 
above), the first derivative of the absorption signal is usually detected.

As an example, the EPR spectrum of stable nitroxyl radical (2,2,6,6-tetramethyl-
piperidin-1-yl)oxyl (TEMPO) in liquid solution is presented in Figure 1.4. This spec-
trum appears as a triplet (1:1:1), centered at the field position corresponding to the 
isotropic g-factor (g0). The triplet structure illustrates a typical case when the EPR 
signal is splitted on magnetic nucleus or nuclei present in the structure of the free 
radical. This hyperfine (HF) splitting into a triplet is due to the interaction of the 

Microwave
source

Attenuator

Attenuator

Frequency
counter

Phase
adjustment

ϕ

Magic tee
coupler

Circulator

Detector

MW
cavityElectromagnet

Lock-in
amplifier

Magnetic
field controllerModulation coil

Computer

Iris

FIGURE 1.2  Block diagram of a CW EPR spectrometer.

Absorbance First derivative

Magnetic field Magnetic field

FIGURE 1.3  Absorbance (left) and first derivative (right) line shapes.
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magnetic moment of the unpaired electron 
�
µe  with the magnetic moment of nitro-

gen nucleus 
�
µN  (I = 1). This so-called Fermi contact interaction is analogous to the 

scalar coupling (J-coupling) of nuclear spins (Section 1.6.2). The energy of the HF 
interaction is given by

	 E a e N= ⋅0

� �
µ µ 	 (1.10)

where a0 is the HF splitting constant.
The deviation of experimentally observed g from ge, ((g − ge)/ge), is an analog of 

the chemical shift in NMR. This deviation is much larger than chemical shifts (see 
Section 1.6.1).

The electron spin angular momentum is associated with isotropic g-factor 
ge = 2.0023. In the general case, the magnetic moment of an atom or ion is expressed as

	
� � �
µ β= − +e eg S L( ) 	 (1.11)

where 
�
S  is the electron angular momentum and 

�
L  is the orbital angular momentum 

for the ground-state configuration of the atom or ion considered; the g-factor for the 
pure orbital angular momentum is unity.

3300 3320 3340 3360 3380

a0 a0

3400 3420 3440 3460
Magnetic field (G)

g0 = 2.005

FIGURE 1.4  EPR spectrum (toluene, +20°C) of stable nitroxyl radical (2,2,6,6-tetramethyl-
piperidin-1-yl)oxyl.
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In the ground state, the majority of molecules (including radicals) have zero 
orbital angular momentum. Therefore, one might expect that the g-factor of the mol-
ecule containing one unpaired electron would have the “spin-only” value of 2.0023. 
However, the electron spin is involved in spin–orbit coupling (between 

�
S  and 

�
L , � � �

H LSS O− = λ ) that admixes the “pure spin” ground state with certain excited states 
and adds a small amount of orbital angular momentum to the pure spin angular 
momentum. Introducing effective spin �S, which includes the electron spin S  and the 
contribution owing to the spin–orbit coupling, one can eventually write the energy of 
the S = 1/2 atom (or ion) with I = 0 nondegenerate electronic ground state as

	 E BgSe= ⋅β
� � �

	 (1.12)

where 
�
g is a second-rank tensor (a symmetric (3 × 3) matrix). In the arbitrary coor-

dinate system, this tensor has the following form:

	

′ ′ ′
′ ′ ′
′ ′ ′

















g g g

g g g

g g g

xx xy xz

yx yy yz

zx zy zz 	

(1.13)

In the principal-axis system, the above matrix is diagonalized:

	

g

g

g

xx

yy

zz

















	

(1.14)

where gxx, gyy, and gzz are the principal values of g-tensor. The principal-axis system 
often coincides with the symmetry axes system of the molecule. For the axially sym-
metric paramagnetic centers, the following notations of principal values of g-tensor 
are used: gzz = g||, gxx = gyy = g⊥.

The admixture of orbital angular momentum to the electron spin angular momen-
tum leads to g-factor anisotropy. Using perturbation theory, the following expression 
for the given elements of g-tensor can be obtained [6,7]:

	

g g
L n n L

E E
ij e ij

i j

nn

= −
−

=

∞

∑δ λ2
0 0

00 	

(1.15)

where δij is the Kronecker symbol (δ = 0 for i≠j and δ = 1 for i = j); Li and Lj are 
the components of the orbital angular momentum operator; 0 represents the ground 
state and, n is the different excited states; and E0 and En are the energies of the 
ground state and the excited states, respectively. Equation 1.15 shows that the devia-
tion of the g-factor from ge is proportional to λ. The contribution of excited states 
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is inversely proportional to En − E0; in effect, the low-lying excited states make the 
major contribution to the g-factor deviation from ge.

Typically, the spin–orbit coupling constant λ is higher for heavier elements, and 
the values of En − E0 are smaller for transition metal complexes, as compared to 
organic radicals. Therefore, according to Equation 1.15, transition metal complexes 
could be expected to exhibit higher g-factor anisotropy than organic radicals. Indeed, 
while principal g-tensor values mostly fit within the range of 1.99–2.015 for organic 
radicals, for S = 1/2 transition metal complexes, they may spread over the range of 
1.4–3. Transition metal complexes with S > 1/2 can exhibit more complicated spec-
tra, owing to the interaction between unpaired electrons.

In the case of transition metal complexes, theoretical calculations of g-tensor are 
still rather approximate. Therefore, only tentative information on the composition 
and structure of paramagnetic center can be derived from the analysis of g-tensor. At 
the same time, the observed magnitude and anisotropy of HF coupling can provide 
more detailed information on the electronic and spatial structure of the paramag-
netic center.

EPR spectroscopy of both liquid and frozen solutions is widely used for mecha-
nistic studies in homogeneous catalysis. In the case of frozen solutions, the EPR 
spectra of the systems with one unpaired electron (S = 1/2) are characterized by prin-
cipal values of g- and A-tensors (gxx, gyy, gzz, Axx, Ayy, Azz). Like the g-factor, the HF 
coupling is anisotropic, resulting in the (3 × 3) A-matrix with principal values Axx, 
Ayy, and Azz. Typically, a0 and Aij values are expressed in frequency units (MHz) 
or in magnetic field units (mT or G). In liquid solutions with unrestricted motion 
of molecules, isotropic g-factor and HF coupling values, g0 = (gxx + gyy + gzz)/3 
and  a0 = (Axx + Ayy + Azz)/3, respectively, are observed.

1.4  EPR SPECTRA OF FROZEN SOLUTIONS

The EPR spectra of frozen solutions are similar to the EPR spectra of polycrystalline 
materials (powder spectra). Aggregation of dissolved paramagnetic compound on 
freezing can cause line broadening due to dipole–dipole interaction between mag-
netic moments of the unpaired electrons. The use of glass-forming solvents allows 
avoiding the undesired aggregation.

In the principal-axis coordinate system, the spin Hamiltonian (Hamiltonian oper-
ator incorporating spin operators) of paramagnetic center (S = 1/2) with HF splitting 
from one nucleus can be presented as follows:

	

� � � � � � � � �
H g B S g B S g B S A I S A I S AB xx x x yy y y zz z z xx x x yy y y zz= + +( ) + + +µ II Sz z

�

	
(1.16)

Frozen solutions incorporate a large number of single crystals randomly ori-
ented in space. The resulting spectrum from these crystals is spread over resonant 
field range determined by the principal g-values. Fortunately, the intensity of the 
spectrum is not uniform, and characteristic peaks at the positions corresponding to 
the principal values of g-tensor are observed. The examples of simulated axial and 
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rhombic EPR spectra (apart from the HF interactions), corresponding to the spin 
Hamiltonians (1.17) and (1.18), respectively,

	

� � � �
H g B S B S g B SB x x y y z z= +( ) +



⊥µ ||

	
(1.17)

	

� � � �
H g B S g B S g B SB xx x x yy y y zz z z= + + µ

	
(1.18)

are presented in Figure 1.5a and b. For the axially anisotropic spectrum (Figure 
1.5a), peaks corresponding to g⊥ and g‖ can be readily distinguished, since the for-
mer is more intense, than the latter. In the case of rhombically anisotropic spectrum 
(Figure 1.5b), one cannot unequivocally assign the observed peaks to the corre-
sponding molecular axis (x, y, z). Therefore, these peaks are commonly denoted as 
g1, g2, and g3. The corresponding HF splitting constants (if available) are denoted as 
A1, A2, and A3.

The simulated EPR spectrum of the S = 1/2 and I = 1/2 system is presented in 
Figure 1.6. It is seen that the principal values of g- and A-tensors can be readily 
derived from this spectrum.

3050 3100 3150 3200 3250 3300 3350 3400

g3 g2 g1

g ⎜⎜

Magnetic field (G)

g⊥

(a)

(b)

FIGURE 1.5  Simulated EPR spectra of S = 1/2 system with axial (a) and rhombic (b) g-tensor 
anisotropy. g‖ = 2.148, g⊥ = 2.100; g1 = 2.057, g2 = 2.100, and g3 = 2.148.



10 Applications of EPR and NMR Spectroscopy in Homogeneous Catalysis

However, the interpretation of the EPR spectrum of frozen solutions may be com-
plicated by the presence of the so-called extra absorption peaks arising from the 
interplay of g- and A-anisotropies. For axially symmetric complexes, these peaks 
appears at θ = θe≠0, π/2, where θ is the angle between the magnetic symmetry axis z 
of the complex and the direction of the magnetic field [8]. As an example, experimen-
tal and simulated EPR spectra of frozen solutions of bis(acetylacetonato)Cu(II) in a 
toluene/chloroform 1:1 mixture are presented (Figure 1.7). The simulated spectrum 
parameters are almost axial: g1 = g2, and the difference between A1 and A2 is very 
small compared to the difference between A1 and A3 and A2 and A3 (see the caption 
of Figure 1.7). The values of g3 and A3 can be easily retrieved from the experimen-
tal spectrum. Contrariwise, the intense extra adsorption peaks (denoted with aster-
isks in Figure 1.8) complicate the evaluation of g1, g2 and A1, A2. The simulation of 
powder or frozen solution spectra is essentially equal to numeric summing-up EPR 
spectra of an ensemble of single crystals, with random orientations of the molecular 
axis with respect to the laboratory frame of axis. In effect, the simulated spectrum 
represents an averaged curve depending on gx, gy, gz, Ax, Ay, Az, and dx, dy, dz, where 
the latter three parameters correspond to the principal values of the line width ten-
sor of single crystals. Quite often, the experimental EPR spectra of frozen solutions 

2800 2900 3000 3100 3200 3300 3400 3500 3600 3700
Magnetic field (G)

g3

A3

g2

A2

g1

A1

FIGURE 1.6  Simulated EPR spectra of S = 1/2 system with g1 = 1.95, g2 = 2.11, g3 = 2.25, 
A1 = 30 G, A2 = 15 G, and A3 = 15 G. Line widths d1 = d2 = d3 = 5 G.
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FIGURE 1.7  Experimental (a) and simulated (b) EPR spectra of bis(acetylacetonato) 
Cu(II). Experimental spectrum recorded in a chloroform/toluene (1:1) mixture at −196°C, 
[Cu(acac)2] = 5·10−3 M. The following parameters were used for simulation: g1 = 2.05146, 
g2 = 2.04822, and g3 = 2.24850. Hyperfine splitting from two magnetic isotopes of Cu was taken 
into account, 63Cu (69%, I = 3/2): A1 = 33.90 G, A2 = 22.62 G, and A3 = 220.67 G; 65Cu (31%, 
I = 3/2): A1 = 31.65 G, A2 = 21.12 G, and A3 = 206 G. Asterisks mark the extra absorption peaks.
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FIGURE 1.8  Block diagram of an FT NMR spectrometer.
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can be interpreted only with the aid of computer simulation. The latter may also have 
some restrictions; for example, if the major details of the experimental spectrum are 
masked by line broadening, accurate g and A parameters cannot be derived from this 
spectrum even by computer simulation.

1.5 � INSTRUMENTATION FOR PULSED FT NMR SPECTROSCOPY

The block diagram of an FT NMR spectrometer is schematically presented in Figure 
1.8. The strong and highly homogeneous magnetic field B0 is typically generated by 
a superconducting magnet. The probe, which contains a coil, serving to transmit 
the RF pulse to the sample and subsequently detect the FID, is inserted into the 
magnet. The coil is connected to two capacitors, “tune” and “match”; adjusting the 
“tune” capacitor brings the circuit in resonance to the desired nucleus, and adjusting 
the “match” brings the circuit impedance for the maximum energy transfer (to effi-
ciently transfer the FID to the receiver). Tuning and matching the probe are techni-
cally similar to tuning a radio receiver to a particular radio station. After applying a 
pulse of RF irradiation, the sample’s response (FID) is detected, which is a very weak 
electric signal, usually in the μV range. This signal is amplified and then digitized 
by the analog-to-digital converter (ADC). The ADC yields the time-domain signal 
as an array of data points. The digital data are transferred to the computer, which 
can collect as many FIDs (scans) from the same sample as necessary for attaining 
appropriate signal-to-noise ratio. After the acquisition is complete, the accumulated 
time-domain FID is Fourier transformed to the frequency-domain spectrum.

1.6  MAIN CHARACTERISTICS OF NMR SPECTRA

Solution NMR spectroscopy usually provides the most detailed information on the 
structure of molecules as compared to other spectroscopic methods. As an example, 
Figure 1.9 shows the 1H NMR spectrum of a chemical substance containing three 
groups of protons. The x axis of the spectrum is called the delta scale (δ) with units 
of ppm (see below); the intensity is expressed in dimensionless units. The spectrum 
displays three separate multiplets originating from the protons of OH (triplet, t), CH2 
(doublet of quartets, dq), and CH3 (triplet, t) groups. The area under each multiplet 
(integral) is proportional to the number of protons in each group. In addition to pro-
viding the information on the identity of the analyzed substance (ethanol), the spec-
trum in Figure 1.9 indicates the presence of an impurity at ca. δ 4.6. The chemical 
shift value of the latter readily allows the assignment of the latter to H2O.

1.6.1  Chemical Shift

Since all protons have identical magnetic moments, one might expect all sorts of 
protons in a molecule to display resonance signals at the same field/frequency values. 
This is only true for isolated protons in a vacuum. In real systems, fortunately, the 
situation is not so trivial. When an atom is placed in a magnetic field, its electrons 
circulate about the direction of the applied magnetic field. This circulation induces 
an additional small local magnetic field at the resonating nucleus, which opposes the 
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external applied field. The resulting magnetic field at the nucleus is therefore gener-
ally smaller than the applied field by a factor σ, known as the shielding constant:

	 B B= −0 1( )σ 	 (1.19)

In some cases, the direction of the induced magnetic field coincides with the 
external applied field B0. For example, the circulations of electrons in the aromatic 
π-orbitals create a magnetic field at the hydrogen nuclei, which enhances the B0 
field (deshielding). Overall, each nucleus in a molecule feels a unique magnetic field, 
which depends on the chemical environment of the nucleus. The parameter charac-
terizing the relative change in the resonance frequency is called chemical shift, δ. 
It is accepted to define chemical shift as follows:

	
δ

ν
=

−
× −v vref

ref

10 6

	
(1.20)

where ν and νref are frequencies of the given resonance and the standard (reference 
molecule added in the sample), respectively. The chemical shift is expressed in parts 
per million (ppm) and is considered positive when the resonance is shifted downfield 
with respect to the reference. Typically, the ranges of known δ values for various 
nuclei vary from 10 ppm (for protons) to thousands of ppm for heavy nuclei. Various 
standards (usually their chemical shift is taken as zero, δ = 0) are used for various 

δ (ppm)
0.40.81.21.62.02.42.83.23.64.04.44.85.25.6

5.40 3.603.705.30

CH3

CH2OH

*

FIGURE 1.9  1H NMR spectrum of “neat” ethanol. Asterisk denotes the impurity (water).
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nuclei, for example, tetramethylsilane for 1H, 13C, and 29Si, water for 17O, 85% H3PO4 
for 31P, and CH3NO2 for 15N.

1.6.2  Spin–Spin Coupling

The resonances of OH, CH2, and CH3 protons (Figure 1.9) appear as multiplets 
due to the so-called spin–spin coupling (known also as J-coupling and scalar cou-
pling). This coupling splits the NMR signals due to the interactions between the 
magnetic moments of different magnetic nuclei in the same molecule, transmitted 
through electrons involved in chemical bonding, and thus provides information on 
the connectivity of molecules. Scalar spin–spin coupling has no analog in classical 
electrodynamics. The energy of scalar spin–spin coupling between nuclei having 
spins I1 and I2 (having the corresponding magnetic moments 

�
µ1 and 

�
µ2) can be pre-

sented as follows:

	 E J= ⋅ ⋅
� �
µ µ1 2 	 (1.21)

where J is the coupling constant. Instead of using energy units, the magnitude of 
spin–spin couplings is commonly measured in frequency units (Hz). The number 
of splittings indicates the number of chemically bonded nuclei in the vicinity of the 
observed nucleus. Scalar coupling brings the most useful information for structural 
determination in one-dimensional (1D) NMR spectra and provides detailed insight 
into the connectivity of atoms in a particular molecule. Coupling to n equivalent 
(I = 1/2) nuclei splits the signal into an (n + 1) multiplet with intensity ratios follow-
ing Pascal’s triangle. For example, the 1H resonances of OH and CH3 groups of etha-
nol are 1:2:1 triplets, while the CH2 resonance is doublet of quartets due to splitting 
from one OH proton and three CH3 protons (Figure 1.5). Note that coupling between 
nuclei that are magnetically equivalent (i.e., have the same chemical shift) does not 
manifest itself in the NMR spectra. Couplings between nuclei that are distant (more 
than three σ bonds) are typically too small (<1 Hz) to be observed in routine high-
resolution NMR spectra. On the contrary, in cyclic and aromatic compounds, long-
range couplings through more than three bonds can often be observed.

1.6.3 NM R Line Width

For the I = 1/2 magnetic nuclei (such as 1H, 13C, and 31P), the widths of NMR reso-
nances are usually determined by the so-called direct dipole–dipole interaction. 
This interaction is analogous to the classical through-space interaction of two mag-
netic moments 

�
µ1 and 

�
µ2, originating from the interaction of one of the magnetic 

moments with the magnetic field induced by the other magnetic moment. For exam-
ple, the dipole 

�
µ1 feels the magnetic field induced by the dipole 

�
µ2, having the fol-

lowing magnitude:

	

� � �
�
�

B
r

r
r

r
= ⋅ −3 2

5
2
3

( )µ µ
	

(1.22)
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where 
�
r  is the radius vector connecting the nuclei with magnetic moments 

�
µ1 and �

µ2. According to the general expression for the energy of interaction of magnetic 
moment with external magnetic field (E B= − ⋅

� �
µ ), the energy of interaction of 

�
µ1 

with 
�
µ2 will be

	
E

r

r r

r
= ⋅ − ⋅ ⋅
� � � � � �µ µ µ µ1 2

3
1 2

5

3( )( )

	
(1.23)

The magnitudes of direct dipole–dipole couplings are relatively large, of the order 
of kHz (cf. typically 1−250 Hz for scalar spin–spin couplings). In effect, dipole–
dipole interactions appear to be the main reasons of dramatic broadening of NMR 
resonances in solid samples. In liquids, fortunately, dipole–dipole coupling is strongly 
suppressed; in most cases, it is averaged to zero as a result of fast rotational diffusion 
of molecules, due to the angular dependence of the value of E in Equation 1.23.

However, the molecular motions in solution result in random fluctuations of the 
dipole–dipole coupling, owing to fluctuations of the local magnetic field at each 
nucleus. Those fluctuations are one of the most important reasons of nuclear spin 
relaxation, which determines the line widths in the NMR spectra. 1H isotope is the 
most abundant nuclei in aqueous and organic solutions and organic molecules, and 
its magnetic moment is the highest one of common (naturally occurring) nuclei. 
Therefore, protons usually make the major contribution into the dipole–dipole relax-
ation. This relaxation mechanism mostly determines the NMR line widths in 1H 
and 13C NMR spectra of compounds containing those isotopes. The typical widths 
of NMR resonances in this case range from <1 to several Hz. With slowing down, 
the molecular motions (which may be caused by using viscous liquids as NMR sol-
vents or by cooling the solution), the relaxation due to dipole–dipole interactions 
gets faster, resulting in broadening of NMR resonances.

With increasing field strength, B0, another phenomenon, called the chemical shift 
anisotropy (CSA), becomes more important relative to other relaxation processes. 
Generally, owing to the effect of shielding (see Section 1.6.1), the local magnetic field at 
a nucleus in a molecule placed in external magnetic field depends on how this molecule 
is oriented relative to the magnetic field. In effect, the chemical shift of a nucleus is a 
function of the orientation of the molecule in the magnetic field, and the shielding σ 
and chemical shift δ are tensors. Molecules in liquids rapidly experience all possible 
orientations relative to the direction of a magnetic field, so the local magnetic field at 
the nucleus is varying and the observed δ is an averaged value. However, those motions 
causing oscillations of the local magnetic field lead to spin relaxation. For some I = 1/2 
nuclei (like 31P, 19F), the contribution of CSA to the relaxation may be more significant 
than the dipole–dipole interaction even in the commonly used magnetic fields (7–12 T).

Another important relaxation mechanism appears for nuclei with I > 1/2 because 
these have nonzero electric quadrupole moments Q, which is able to interact with 
electric field gradients. The electric field gradient is provided by an asymmetric dis-
tribution of electron density around the nucleus. In liquids, the effect of quadrupo-
lar interactions on the position of NMR resonances is averaged due to diffusional 
motions, but these interactions effectively induce spin relaxation. For all quadrupolar 
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nuclei, quadrupolar relaxation dominates over all other relaxation mechanisms. 
Therefore, the NMR resonances of quadrupolar nuclei (that are ubiquitous in inor-
ganic and organometallic chemistry) can be several kHz wide, which complicates 
their detection and masks the observation of scalar couplings that the observed 
nuclei are involved in, as well as small chemical shift differences.

Fortunately, this rule has some important exceptions. If the quadrupole moment 
is small (as for 2D, 6,7Li, 9Be, 14N, and 17O) or if the electric field gradient is small or 
zero (which is the case for sufficiently symmetric—usually tetrahedral or octahe-
dral—molecules), the line broadening caused by quadrupolar relaxation is not too 
severe, and sharp (several Hz wide) resonances can be readily observed.

The application of NMR spectroscopy to homogeneous catalysis is restricted 
to measurements in liquid solutions since the NMR spectra of frozen solutions are 
extremely broad due to chemical shifts anisotropy and direct dipole–dipole and quad-
rupolar interactions. NMR measurements in liquid solutions allow the observation of 
averaged values for chemical shift and spin–spin coupling constant δ0 = (δxx + δyy + δzz)/3, 
J0 = (Jxx + Jyy + Jzz)/3, where δxx, δyy, δzz are the principal values of the chemical shift 
tensor, and Jxx, Jyy, Jzz are the principal values of the spin–spin coupling tensor.

For EPR spectroscopy, the situation is different. Although EPR resonances are 
much broader than NMR peaks (1–100 MHz vs. 1 Hz–10 kHz), the EPR spectra of 
frozen solutions can be well resolved due to a larger range of available magnetic fields 
(for X-band EPR, it is 0–20 GHz in frequency units). The analysis of the EPR spec-
tra of frozen solutions (see also Section 1.4) often provides valuable information on 
the structure of transition metal complexes. Lowering the temperature improves the 
signal-to-noise ratio due to increased population difference (according to Equation 
1.6). Moreover, for transition metal complexes, the so-called spin–lattice relaxation 
time T1 (see Section 1.7) strongly depends on the temperature, often resulting in a 
situation when the spectra can only be detected at cryogenic temperatures (e.g., 77 or 
even 4 K), since at room temperature, their spin–lattice relaxation is too fast, result-
ing in unacceptably broad EPR resonances.

In the next section, the classical mechanics treatment of the physical principles 
of NMR and EPR spectroscopy, as developed by Felix Bloch, is presented. This 
approach provides a good description of the observed line shapes in CW and pulsed 
NMR and EPR spectra.

1.7  BLOCH EQUATIONS

The famous Bloch equations describe the time evolution of the total spin magnetiza-
tion vector 

�
M  of the sample in the presence of static and oscillating magnetic fields �

B0 and 
�
B1. We will consider below these equations in the context of observation of 

NMR; a similar approach is applicable to EPR.
Let us assume that the macroscopic sample contains an ensemble of identical 

molecules with nuclei of one type (with nuclear magnetic moment 
�
µi). The macro-

scopic magnetization of the sample will be

	

� �
M i

i

= ∑µ
	

(1.24)
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Note that the macroscopic magnetization 
�

M  is also related to the total spin angular 
momentum of the sample as 

� �
M P= γ . The applied external magnetic field 

�
B0 will 

exert a torque 
�
τ  on the magnetic moment, resulting in the Larmor precession of the 

macroscopic magnetization about the direction of 
�
B0.

The torque is given by the following equation:

	

�
�
� �

τ = = ×dP

dt
M B0

	
(1.25)

which, taking into account the ratio 
� �
M P= γ , gives the equation for the time evolu-

tion of 
�

M :

	

dM

dt
M B

� � �
= ×γ 0

	
(1.26)

or for individual components:

	

dM

dt
B Mx

y= γ 0
	

	

dM

dt
B My

x= −γ 0
	

(1.27)

	

dM

dt
z = 0

	

Let us introduce ω0 = −γB0 (Larmor frequency). Taking 
�
B0 parallel to the z axis 

(
�
B B0 00 0= { , , }), and M Mx( )0 0= ⊥ , My(0) = 0, and M Mz z( )0 0= , the following solution 

of Equation 1.27 can be obtained:

	 M M tx = ⊥
0

0cosω 	

	
M M ty = − ⊥

0
0sinω

	
(1.28)

	 M Mz z= 0

	

which describes the precession of 
�

M  about the 
�
B0, the M⊥ (the projection of 

�
M  to 

the xy plane) rotating in the xy plane with the Larmor frequency ω0, and Mz (the 
projection of 

�
M  to the z axis) remaining constant. This is an idealized picture that 

does not take into account the phenomena (Section 1.6.3.) leading to relaxation; the 
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latter consists of gradual approaching the equilibrium condition (when the transverse 
components of 

�
M , Mx and My, are zero, and the parallel component Mz is equal to its 

equilibrium value M0 defined by Equation 1.9).
Bloch had predicted [9] that the projections Mx, My, and Mz should approach their 

equilibrium values M Mx y
0 0 0= = , M Mz

0
0=  exponentially, with characteristic times 

T2 (transverse or spin–spin relaxation time) and T1 (longitudinal or spin–lattice relax-
ation time), respectively, such that Equation 1.27 transforms to the following equations:

	

dM

dt
M M Tx

y x= −ω0 2/
	

	

dM

dt
M M Ty

x y= − −ω0 2/
	

(1.29)

	

dM

dt
M M Tz

z= − −( )0 1/
	

In CW NMR experiments, besides the static magnetic field 
�
B0 directed along the 

z axis, the sample is subjected to weak oscillating magnetic field 2B1cosωt directed 
along the x axis. This oscillating field can be formally presented as a sum of two 
magnetic fields with magnitude B1 (

�
B1

+ω  and 
�
B1

−ω), rotating in the xy plane in opposite 
directions with angular frequencies +ω and −ω, respectively. In the coordinate sys-
tem, rotating with angular frequency +ω, the magnetic field 

�
B1

+ω  is static against 
�

M  
and cause rotation of 

�
M  around the direction of 

�
B1

+ω , with angular frequency −γB1. 
The other component of magnetic field 

�
B1

−ω  rotates around the direction of 
�

M  with 
high frequency (2ω) and virtually does not interact with 

�
M ; this component may be 

excluded from further consideration. In effect, the overall magnetic field affecting 
the magnetization can be expressed as

	
� � � �
B i B t j B t k B= ⋅ − ⋅ + ⋅1 1 0cos sinω ω 	 (1.30)

where 
�
i , 
�
j , and 

�
k  are unit vectors in the directions x, y, and z, respectively. In effect, 

in the laboratory frame, Equation 1.29 will transform to the following equations:

	

dM

dt
B M B M t M Tx

y z x= + ⋅ −γ ω[ sin ]0 1 2/
	

	

dM

dt
B M B M t M Ty

x z y= − − ⋅ −γ ω[ cos ]0 1 2/
	

(1.31)

	

dM

dt
B M t B M t M M Tz

y x z= − ⋅ + ⋅ − −γ ω ω[ cos sin ] ( )1 1 0 1/
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This form is not that straightforward due to the oscillating components. 
Fortunately, the Bloch equations have more simple form in a frame of reference 
(x′, y′, z′), rotating with angular frequency ω around the z axis. This speed of rotation 
is the same as that of B1, which is directed along x′. The projection of 

�
M  along x′ will 

be denoted as �Mx, and those along y′ and z′ are �My and �Mz , respectively (note that 
�M Mz z= ). To transform vector 

�
M  in the laboratory frame to vector �M  in the frame, 

rotating about the z axis, one could apply the rotation matrix formalism known from 
linear algebra [10]:
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�
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(1.32)

After applying Equation 1.32, the Bloch equations in the rotating frame will be 
expressed as
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(1.33)
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where ω0 = γB0. The use of rotating frame notation is convenient for theoretical con-
sideration. In practice (i.e., in pulsed NMR spectrometers), the so-called reference 
frequency ωref (ωref is close to the Larmor frequency ω0) is subtracted from the NMR 
signal prior to FT. Mathematically, this procedure is equivalent to switch to the rotat-
ing frame. Both CW and pulsed NMR spectrometers detect �My (the projection of �
M  on the y′ axis of the rotating frame). When both �Mx and �My are being detected 
simultaneously, it is called quadrature detection.

In CW spectroscopy, the ω frequency slowly passes through the resonance value 
ω0, and the NMR signal (resonance absorption) is permanently detected. The steady-
state solution is
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When γB1 ≪ (T1T2)−1/2, the oscillating magnetic field B1 does not essentially change 
the Boltzmann population difference N1 − N2, and the last term in each denominator 
of Equation 1.34 may be neglected. In this case, Mz ≈ M0, and the transverse compo-
nents �Mx and � �M My 0 . The shape of the NMR resonance g(ω0 − ω) corresponds to 
the value of detected �My and thus can be expressed as
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(1.35)

where coefficient 1/π is introduced to normalize the function to a unit area under the 
curve. Function g(ω) describes the so-called Lorentzian line shape. Its important 
characteristic is line width, defined as width at half height Δω1/2 (Figure 1.10), which 
is equal to 2/T2.

The physical meanings of the transverse (spin–spin) relaxation time T2 and the 
longitudinal (spin–lattice) relaxation time T1 lie outside the realm of the Bloch 
equations. In brief, T2 is mostly a measure of the interactions of the individual 
spins, while T1 determines the characteristic time of thermodynamic equilibration 
of the magnetization directed along the static magnetic field with its surroundings, 
achieved via interactions between the nuclear magnetic moments and other degrees 
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FIGURE 1.10  The Lorentzian line shapes. T2 = 3 s (solid line) and T2 = 1 s (dashed line).
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of freedom of surrounding molecules (considered as “lattice”). In solid samples, 
direct dipole–dipole interactions between nuclei cause relatively fast relaxation of 
Mx and My without transfer of energy to the lattice, that is, T2 < T1. In nonviscous 
solvents, typically used for NMR measurements, T2 and T1 for 1H have comparable 
values, typically lying in the range of 1–5 s. For 13C nuclei, T1 is typically several 
times as long as T2.

In CW NMR experiments, the steady-state conditions are fulfilled when a spec-
tral range of 1 Hz is recorded during ca. 1 s. In effect, it took several minutes to 
measure a typical 1H NMR spectrum (for a 100 MHz spectrometer, the 1H spectral 
range of 10 ppm is equal to 1000 Hz). Nowadays, CW NMR machines have been 
entirely replaced by pulsed FT instruments, providing a full-range spectrum or even 
accumulating many FIDs (“scans”) within a limited time frame; the time required 
to measure one “scan” is usually as long as the longest of T2 and T1, typically a few 
seconds.

1.8  PULSED FT NMR SPECTROSCOPY

Let us place a sample incorporating one type of equivalent nuclei into the static mag-
netic field 

�
B0. At a particular moment of time, this sample is subjected to a short 

pulse of RF irradiation, generated by rapid opening of the RF transmitter with oper-
ating frequency ω, followed by its closing. Under resonance conditions (ω = ω0), the 
rotating frame and the magnetic component 

�
B1 of the RF pulse rotate with Larmor 

frequency. In effect, in the rotating frame, the effect of B0 vanishes, and the magneti-
zation �M  interacts only with 

�
B1 directed along the x′ axis (the following equations are 

obtained from Equation 1.33 by applying ω = ω0 and neglecting the relaxation terms):
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with the solution (obtained for starting conditions Mx(0) = 0, My(0) = 0, and 
Mz(0) = M0)

	
�Mx = 0 	

	
�M M ty = 0 1sinω

	
(1.37)
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Just after switching on the transmitter, 
�

M  starts to rotate in the z′y′ plane around 
the x′ axis with angular frequency γB1. During the pulse duration (τ), the magnetic 
moment 

�
M  will turn by angle θ:

	 θ γ τ= NB1 	 (1.38)

This is the main equation of pulsed NMR spectroscopy. The pulse τ, which turns 
the macroscopic magnetization by θ = π/2, is called 90° pulse; the pulse of duration 
2τ corresponding to θ = π is called 180° pulse (Figure 1.11a and b). Just after a 90° 
pulse, the magnetization vector 

�
M  will be directed along the y′ axis (Figure 1.11a). 

In NMR spectrometers, the intensity of the electric signal generated in the receiver 
coil is proportional to the projection of 

�
M  into the xy plane. Therefore, the 90° pulse 

will ensure the maximum initial magnitude of the output signal.�
M  will remain static and directed along y′, only if all static and fluctuating mag-

netic fields that the magnetic moments 
�
µi  are exposed to are the same. In prac-

tice, this is never the case, and the projection of 
�

M  on the y′ axis, �My, will decay 
exponentially, via dephasing of the individual spin vectors (Figure 1.11c and e). In 
the ideally homogeneous magnetic field, the characteristic time of this exponential 
decay should be equal to the spin–spin relaxation time T2. In reality, however, the 
inhomogeneity of the static magnetic field 

�
B0 may be the major factor determining 

the spin dephasing; the corresponding characteristic time T2* then will be shorter 
than T2. If the sample contains equivalent nuclei, and the frequency of the RF pulse 
ω (equal to the rotation frequency of the rotating frame) coincides with the Larmor 
frequency of these nuclei ω0, the output signal (FID) generated in the receiver 
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coil represents the exponential function decaying with the characteristic time T2* 
(Figure 1.11e). If ω and ω0 are not equal, 

�
M  will be directed along the y′ axis only 

just after the 90° pulse, and then it will rotate about the z axis with the angular fre-
quency (ω − ω0), and decay with characteristic time T2*. The resulting FID will be 
an exponential function modulated with harmonic oscillations with v = (ω − ω0)/2π 
(Figure 1.12). If the sample contains several groups of nuclei with various chemi-
cal shifts, the resulting FID will be a superposition of several decaying exponential 
functions modulated by harmonic oscillations. The frequency of those oscillations 
will correspond to the differences between the ω0 and ωi for each nuclei and hence 
to the chemical shift δi.

FID is a time-domain signal; to retrieve the frequency-domain spectrum from the 
FID, the operation of FT should be applied to the latter:

	

g f t e dti t( ) ( )ω ω=
−∞

∞

∫
	

(1.39)

where f(t) is the time-dependent FID. FT returns a sum of individual peaks at par-
ticular frequencies; the latter correspond to the frequencies of harmonic oscillations 
modulating the decaying FID. Graphically, the effect of FT on the FIDs and the cor-
responding model spectra are presented in Figure 1.13.

The effect of RF pulse with the duration τ on the sample is approximately equiva-
lent to the effect of polychromatic radiation with frequencies distributed in the range 
of Δω ≈ 1/τ, with the center of spectrum ω0 corresponding to the operating frequency 
of the pulse generator. In effect, short pulses (several microseconds) result in exci-
tation in a broad range of chemical shifts. For example, a 10 μs pulse effectively 
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FIGURE 1.12  Model FID corresponding to an exponential function modulated with har-
monic oscillations.
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excites a spectral range of 105 Hz, which for 500 MHz spectrometer corresponds to 
a span of 1H chemical shifts of 200 ppm. The time required for recording one FID is 
determined by T2*, and in the case of 1H and 13C nuclei, it typically takes 2–10 s. For 
accurate integration of the resonances, the macroscopic magnetization should return 
to its equilibrium value before the next pulse, which requires ca. 3–5T1, typically 
10–60 s, which is much shorter than for CW NMR experiment (Section 1.7). This is 
one of the major advantages of pulsed FT NMR spectroscopy.

We have presented here a minimum basic introduction into NMR and EPR spec-
troscopies. More information on the principles and technical approaches of NMR 
spectroscopy can be found in Refs [5–15]. Additionally, some experimental tech-
niques will be described in the next chapter.
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Some NMR 
Spectroscopic 
Techniques Used in 
Homogeneous Catalysis

Nowadays, NMR spectroscopic analyses are occurring everywhere in homoge-
neous catalysis. Homogeneous catalysts are usually soluble metal complexes or 
low-molecular-weight organic compounds; high-resolution NMR spectroscopy can 
provide valuable information on their composition and structure within a reasonably 
tight time frame. Organic compounds (typically, ligands for metal–complex cata-
lysts) usually contain hydrogen and carbon atoms, which entails wide application of 
1H and 13C NMR spectroscopy for routine analyses, as well as in situ detection and 
identification of chemical objects of interest for catalytic chemists.

The advantage of 1H nucleus is its high sensitivity (the highest among naturally 
occurring isotopes). We note that the relatively small range of chemical shifts avail-
able for different protons in a molecule (for diamagnetic species, the chemical shifts 
in most cases fit within the range of δ + 12…0, Figure 2.1 [1]) and the frequently 
observed overlapping of individual 1H peaks can complicate the interpretation of 
1D NMR spectra. At the same time, two-dimensional (2D) NMR techniques may 
“resolve” overlapping signals and provide useful additional information, such as 
visualize scalar (J) and dipolar couplings between different protons, identify protons 
belonging to the same molecules, etc.

13C NMR spectra are usually much more informative than 1H NMR spectra due to 
the wider range of typical chemical shifts (δ + 220…0, Figure 2.1) [1]. Furthermore, 
there is much additional information that can be of use for structural analysis, such 
as the type of carbon (primary, secondary, tertiary, quaternary), 1JCH and long-range 
JCH couplings and 1JCC couplings. Two-dimensional spectroscopy may be extremely 
informative for extracting qualitative information on the scalar couplings (“correla-
tions”) between 13C and 1H nuclei, as well as 13C and 13C nuclei. The major draw-
back of 13C NMR is low natural abundance of the 13C isotope (1.1%) and lower 
gyromagnetic ratio (3.98 times smaller than for 1H), which results in much lower 
overall sensitivity of the 13C nucleus; in effect, 13C NMR spectra require relatively 
long acquisition times (or high concentrations). In some cases, 13C enrichment (see 
Chapter 4) is required to solve the problem.

The aim of the first part of this chapter is, without getting too much into tech-
nical detail, to demonstrate the utility of various 1H and 13C NMR spectroscopic 
techniques, and to get insight into the information it can provide. To this end, we 

2
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will briefly overview several NMR experiments (or techniques) that seem to be the 
most widely used in routine NMR characterizations, as well as in NMR analyses of 
metal complexes, ubiquitous in homogeneous catalysis. For more in-depth theoreti-
cal and technical descriptions, one can see References [2,3] and other literature cited 
in Chapter 1.

FIGURE 2.1  1H and 13C NMR chemical shifts diagram.
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On the other hand, many transition metal complexes have open electron shells 
and are therefore paramagnetic, often with S > 1/2. Contrary to the existing opinion, 
such paramagnetic complexes may appear suitable to NMR spectroscopic character-
ization. Moreover, in some cases (e.g., for some non-Kramers ions with integer S), it 
is NMR spectroscopy that can provide valuable information on the complex struc-
ture, whereas EPR studies may be complicated or futile. That is why in the second 
part of this chapter, we will consider the application of NMR spectroscopy to the 
investigation of paramagnetic metal complexes. The idea is to give some practical 
examples and demonstrate how structural information can be obtained from NMR 
spectra of paramagnetic compounds.

2.1 � MEASURING 1H AND 13C NMR SPECTRA OF A SAMPLE 
COMPOUND

2.1.1  One- and Two-Dimensional 1H and 13C NMR Spectra

In this section, an NMR characterization of an organic compound will be described, 
starting from 1D 1H NMR spectrum, following the order typically used by chemists 
in practice.

The vast majority of NMR machines working today in the laboratories are 
pulsed spectrometers, making use of pulsed Fourier transform NMR spectroscopy 
(Chapter 1). In effect, a simple 1H NMR experiment may be considered as consisting 
of a short pulse of RF field, followed by a relaxation delay, during which acquisition 
is being performed (Figure 2.2). For achieving maximum sensitivity, the 90° (π/2) 
pulses may be used; typically, π/2 pulses have a duration of several microseconds. 
In turn, the duration of the acquisition + relaxation period should be sufficient for 
spin–lattice relaxation to occur (usually 3–5 T1).

A sample 1H NMR spectrum is given in Figure 2.3. For simplicity, only part of 
the whole spectrum (corresponding to the aliphatic part of the titanium(IV) complex 
[4]) is presented. Owing to the presence of many types of nonequivalent protons 
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FIGURE 2.2  Schematic representation of a one-dimensional (1D) pulsed NMR experiment.
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(interacting with each other via scalar spin–spin coupling), the spectrum looks rather 
complicated. In addition, some of the peaks overlap, which introduces additional 
complication. Each resonance (or peak) has its characteristic chemical shift and inte-
gral intensity (or integral); the latter is proportional to the number of protons of this 
particular type in the molecule. In addition to the resonances of protons of the salan 
ligand, one can see the peaks attributable to hexane at δ 0.91 and 1.29. Hexane is 
used as a solvent in the course of the synthesis of the Ti–salan complexes, and it was 
shown to cocrystallize with them [4]. However, comparison of their integral values 
(ca. 1:1 instead of 4:3) suggests that there is most likely another peak (with integral 
intensity of ca. 1.0), overlapping with the hexane’s triplet at δ 0.91. We note that all 
peaks have integral intensities of ca. 1.0 or 2.0; one could assume that in the latter 
case, there are most likely two overlapping peaks.

The next logical step would be to establish whether all considered peaks belong to 
the same molecule. Most straightforwardly, this can be achieved by using 2D homo-
nuclear COrrelation SpectroscopY (1H,1H COSY). The scheme of the experiment is 
presented in Figure 2.4. The key feature of this sequence is the evolution time t1: to 
obtain a 2D NMR spectrum, a series of experiments are performed, with different 
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t1 for each experiment (incremented from one experiment to another), followed by 
the 2D Fourier transform. The resulting picture will be a three-dimensional (3D) 
surface, with two frequency axes (usually expressed in ppm) and the intensity axis. 
In practice, a COSY spectrum is usually represented as a cross section of this surface 
(Figure 2.5). For convenience, the 1D 1H NMR spectrum is provided, playing the 
role of a “projection” of the main diagonal along the frequency axes.
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FIGURE 2.4  Schematic representation of a 2D 1H,1H COSY experiment.
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The most important information provided by the COSY spectrum is the cross-
peaks placed off the main diagonal. Owing to the phenomenon called magnetization 
transfer [2], two symmetrical cross-peaks appear between two nuclei coupled to 
each other via scalar spin–spin coupling. In effect, the resulting picture should have 
twice as many cross-peaks as the number of scalar couplings between the protons of 
the sample. In practice, however, some cross-peaks may not appear if the coupling 
constant J is too small; typically, only peaks corresponding to 2JHH constants are 
well visualized, while those for longer-range couplings are not displayed or appear 
as trace peaks [5].

So, the homonuclear COSY spectrum shows the scalar couplings between the 
nuclei and thus can provide valuable structural information (how those nuclei are 
connected in the molecule). As an example of this kind, in Figure 2.5, the coupling 
between the hexane peaks is shown with dotted line. At the same time, it looks like 
that the δ 0.91 peak of hexane is coupled to the doublet at δ 2.40 (dotted line), which 
definitely belongs to the complex. The explanation is rather straightforward: as it was 
suspected before (on the basis of integral intensities), the hexane’s triplet at δ 0.91 
overlaps with some resonance from the titanium complex.

So far, we have considered 1H NMR spectra, which could be acquired within a 
short time frame: several minutes for a 1D spectrum and 10–60 min for a 2D spec-
trum. At the next step, 13C NMR spectra can be measured. Owing to the much lower 
sensitivity of the 13C nucleus (see above), as well as longer delays between the pulses 
[6], the acquisition of a 1D 13C NMR spectrum may require rather long times, up to 
many hours [7]. In most cases, researchers use 1H-decoupled spectra [2,3] to get rid 
of splitting of 13C resonances into multiplets owing to scalar coupling to protons [8]. 
1H decoupling is typically achieved by saturation of the sample at the 1H frequency 
during the acquisition at the 13C NMR frequency (Figure 2.6). In effect, the 13C{1H} 
NMR spectra appear as a set of singlets (Figure 2.7); the range of chemical shifts of 
13C NMR spectra is much broader than for 1H NMR, which makes 13C NMR data 
more informative and characteristic.

In the spectrum shown in Figure 2.7, one can readily distinguish the resonances of 
hexane (δ 14.3, 22.8, 31.7; the 1H and 13C chemical shifts of some common solvents 
and compounds can be found in References [1,9,10]). However, 1H decoupling leads 
to the loss of some important information—on the multiplet structure of the 13C 
peaks, reflecting the interaction of each 13C carbon with its neighboring protons. To 
get such information quickly on a qualitative level, J-modulated 13C NMR spectros-
copy is usually used, which is essentially one of the many “spin-echo” experiments 
[2,3]. The corresponding pulse sequence is presented in Figure 2.8. The feature of 
the sequence is the 180° pulse (the 13C channel) between the first 90° pulse and the 
acquisition; the 180° 13C pulse is accompanied by switching on the 1H decoupler 
[11]. Choosing the delay Δ = 1/J (where J is the 1JCH coupling constant [12]) leads 
to “J-edited” spectra, where 13C peaks of carbons with odd and even numbers of 
attached protons appear as having opposite amplitudes (Figure 2.9).

J-modulated carbon spectra (JMOD) are very effective for establishing the sub-
stitution pattern of the carbons in the molecule. The method is almost as sensitive as 
conventional 13C NMR (benefits from NOE signal enhancement) and provides the 
information on all carbons in the same spectrum [13], and using JMOD is on a routine 
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basis technically more simple than using, for example, DEPT pulse sequence [2,3]. 
On the other hand, J-modulated 13C spectra are proton-decoupled and therefore do 
not provide quantitative information on the values of the scalar coupling between the 
13C and 1H nuclei (nJCH). The latter constants may be collected by measuring gated-
decoupled 13C{1H} NMR spectra, when 1H-decoupling is switched off during acquisi-
tion (Figure 2.10a) in order to obtain the 13C resonances as NOE-enhanced multiplets.

A general problem with 13C NMR spectra is that the integral intensities of 13C{1H} 
NMR resonances, due to the NOE and long T1, are not proportional to the number of 
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FIGURE 2.6  13C NMR experiment with 1H decoupling.
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carbons. To avoid the NOE distortions, inverse-gated pulse sequence is used (Figure 
2.10b). In the latter, the decoupler is switched on for a relatively short period of time 
during acquisition (which time is insufficient for NOE to establish) and then is switched 
off during the relaxation time. In effect, the 13C NMR spectrum should appear as a 
set of singlet lines with correct integral intensities. To ensure correct integrals, the 
relaxation delay must be long enough (3–5 T1) for the spin–lattice relaxation to occur 
completely after each pulse. In practice, the delay may be as long as several minutes.

121620 24 28323640444852 5660 64 
δ (ppm)

h

h h

CH2

C*H  

2 × CH2

CH2

FIGURE 2.9  13C J-modulated NMR spectrum (400.13 MHz, chloroform-d, 20°C) of a sam-
ple compound—dimeric titanium(IV) salan complex 1 (aliphatic part). Multiplicities of car-
bons are shown. C* stands for asymmetric carbons. Resonances of hexane are marked with “h.”
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π
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Δ Δ

FIGURE 2.8  Pulse sequence for the J-modulated 13C NMR experiment, with 1H decoupling.
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To establish the structure of the hydrocarbon framework of an organic compound, 
the researcher has to establish the correlation between its 1D 1H and 13C NMR spec-
tra. This can be achieved in different ways. On the one hand, one can use selective 
1H decoupling [14], when only one 1H resonance is irradiated: in the 13C spectrum, 
only the corresponding carbon peak must appear as an NOE-enhanced singlet; all 
other 13C resonances will be displayed as multiplets without NOE. However, this 
approach is poorly informative and too time-consuming since the number of selec-
tively 1H-decoupled 13C NMR spectra should be equal to the number of resonances 
in the 1H NMR spectrum.

Another, much more efficient, approach is the use of 2D heteronuclear corre-
lation spectroscopy. The principles of heteronuclear H,X-correlation spectroscopy 
(often abbreviated as HXCO, or HETCOR, or H,X-COSY) are similar to those of 
homonuclear COSY (see above). The simplified pulse sequence for the H,X-COSY 
experiment (where X = 13C) is presented in Figure 2.11. The parameter t1 has the 
same meaning as in the homonuclear COSY experiment (incremented delay playing 
the role of variable evolution time). The delay Δ1 (to let the evolution of heteronuclear 
coupling [2,3,16]) is set equal to 1/2J [12]. The other delay Δ2 may in principle be 
varied for “editing” (manipulating with the intensities of CH, CH2, and CH3 reso-
nances), but in most cases, it is set equal to 0.3/J for adequate reproduction of the 
intensities of peaks corresponding to differently substituted carbons.

The 1H,13C heteronuclear correlated spectrum (aliphatic part) of the sample com-
pound 1 (Figure 2.3) is presented in Figure 2.12. With a ruler in hand, one can 
easily connect the correlating resonances of the 1D 1H and 13C NMR spectra (that 
are usually included as “projections” of the 2D plot (Figure 2.12). For example, the 
resonances of hexane are connected with solid lines; the HXCO spectrum readily 
confirms our initial suggestion that the broad 1H resonance at δ 1.29 is in fact a 
mixture of two overlapping peaks, each correlating with two different 13C NMR 
resonances.
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(a) (b)

13C

1H

2 x

Relaxation

Decoupling
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π
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Decoupling
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π

FIGURE 2.10  Gated- (a) and inverse-gated decoupled (b) 13C NMR pulse sequences.
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13C
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t1 Δ22
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2
π

2
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FIGURE 2.11  Pulse sequence for the H,X-COSY experiment (X = 13C).
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FIGURE 2.12  Two-dimensional 1H,13C HXCO spectrum (400.13 MHz, chloroform-d, 
20°C) of a sample compound—dimeric titanium(IV) salan complex 1. Only aliphatic part is 
shown. 1H and 13C resonances of hexane are connected with solid lines.
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The 2D 1H,13C-correlation spectra provide a useful tool for identifying pairs of 
diastereotopic protons—the protons that are bonded to the same carbon but are mag-
netically nonequivalent owing to the influence of the chiral perturbing center. In 
Figure 2.12, six pairs of diastereotopic protons are apparent: they exhibit themselves 
as correlations of one 13C peak with two separate 1H peaks (connected with dotted 
lines).

Two-dimensional 1H,13C-correlation NMR spectroscopy (HXCO) is a very pow-
erful tool for the identification of the chemical structures, based on the determi-
nation of direct (1J) C,H scalar couplings. Modern NMR spectrometers, taking 
advantage of pulsed magnetic field gradients, use other, gradient-dependent, tech-
niques such as HSQC (Heteronuclear Single Quantum Coherence spectroscopy) or 
HMQC (Heteronuclear Multiple Quantum Coherence spectroscopy); the important 
feature of such programs is that detection is performed on the 1H channel, which 
substantially reduces the acquisition time. Moreover, there are techniques optimized 
for detecting long-range correlations (2J−4J), such as COLOC (COrrelation through 
LOng-range Coupling), or HMBC (Heteronuclear Multiple Bond Correlation spec-
troscopy) for experiments with gradients. One could also mention the homonuclear, 
13C,13C-correlation spectroscopy (INADEQUATE), which can also be very informa-
tive for structural assignments [15]. Further theoretical as well as practical aspects 
of various 2D NMR spectroscopic techniques can be found in the literature, see, for 
example, References [16,17].

2.1.2  1H COSY versus 1H TOCSY Spectra

In this section, we will briefly consider the difference between the two types of 
homonuclear correlation NMR experiments, COSY and TOCSY (TOtal Correlation 
SpectroscopY). The former experiment was discussed above; in general, it is used to 
reveal the scalar 1H,1H couplings. However, the intensities of the cross-peaks depend 
on the coupling constants: the smaller the J constants, the lower the intensity. For 
example, in Figure 2.5, mostly the peaks corresponding to 2J constants are well 
represented, whereas those for longer-range couplings have lower intensities (and in 
some cases are not displayed at all). In practice, information on correlations between 
protons connected via more than three bonds is typically lost in 1H,1H-COSY spec-
tra. In most cases, it is not a serious problem [18], and the combined information as 
provided by 1H,1H- and 1H,13C-COSY spectra is sufficient for the correct assignment. 
In some cases, however, it may be desirable to identify as many correlations between 
the protons of the molecule as possible [19]. In theory, TOCSY generates cross-peaks 
between all members of a coupled spin network due to a different mechanism of 
magnetization transfer [20]. In practice, TOCSY can efficiently identify long-range 
correlations (through 5–6 bonds). The following example illustrates a situation when 
TOCSY provides complementary information to COSY.

Figure 2.13a and b represents the 1H-COSY and TOCSY spectra of the 
Ni-polymeryl species 2a, which is the true catalytically active site (chain-carrying 
species) of ethylene polymerization by neutral salicylaldiminato nickel(II) complexes 
2 (Scheme 2.1) [21]. Of particular interest is the polymeryl (Ni─CH2─CH2─CH2─…) 
part of the intermediate 2a. One can see that the COSY spectrum reflects only the 
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FIGURE 2.13  1H,1H COSY (a) and TOCSY (b) NMR spectra (600 MHz, toluene-d8, −20°C) 
of the Ni-polymeryl species 2a obtained by the addition of 30 equivalents of C2H4 to 0.012 M 
solution of catalyst 2 and storing for 3 min at 60°C.
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correlations between protons of neighboring CH2 groups. In principle, it is possible 
to establish the length of the polymeryl fragment “step by step”; in our case, however, 
only the correlations within the first three methylenes (Ni─CH2─CH2─CH2─) are 
readily seen. On the contrary, the TOCSY spectrum clearly shows the correlations 
between the Ni─CH2 protons and at least the next three methylene groups (Figure 
2.13, bottom), that is, through five chemical bonds [22]. In Reference [21], this finding 
was used to distinguish the Ni-polymeryl intermediates from the previously known 
Ni-propyl and Ni-butyl species. In fact, the TOCSY and COSY spectra can provide 
complementary information: the former gives the general picture of scalar interac-
tions existing within the same molecule, while the latter provides the “order” of 
these interactions and thus helps to establish the chemical structure. Additionally, the 
TOCSY spectra can be useful for separating signals from crowded spectral regions.

2.2 � 1H SPECTRA OF PARAMAGNETIC MOLECULES

Traditionally, NMR spectroscopy of paramagnetic molecules has been relatively 
underestimated by researchers. The authors of this book have an impression that the 
opinion that paramagnetism leads to unacceptable broadening of NMR resonances, 
and paramagnetic species are therefore unsuitable for NMR characterization, is still 
rather widespread (if not prevalent) within chemists. In fact, however, this opin-
ion is only correct for S = 1/2 paramagnetic compounds [23,24], while for S > 1/2 
paramagnetic species, the situation is not at all hopeless. Although the spectra of 
paramagnetic metal complexes are not so well resolved as those of diamagnetic com-
pounds, and nucleus–nucleus couplings can rarely be observed in such NMR spec-
tra, NMR studies of paramagnetic complexes can be a rich source of information, 
providing data on the structure of the complexes and the distribution of the unpaired 
electrons, as well as on exchange interactions the molecules are involved in, etc. [25].

On the other hand, an important drawback of paramagnetic NMR is the very 
narrow scope of suitable nuclei. In fact, only 1H and 2H are well available since only 
1H and 2H NMR spectra exhibit measurable paramagnetic shifts (even for 1H and 
2H, paramagnetic shifts may spread over several hundreds of ppm, cf. the typical 
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SCHEME 2.1  Formation of the Ni-polymeryl species 2a from the salicylaldiminato 
nickel(II) complexes 2 (n > 2).
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range of 1H chemical shifts of diamagnetic compounds is only ca. 10 ppm). Actually, 
the existence of the 2H isotope provides a useful (and most convincing) tool for 
peak assignment of paramagnetic species, consisting in selective deuteration of the 
ligand. The replacement of hydrogen atom with the deuterium results in the disap-
pearance of the corresponding peak in the 1H NMR spectrum, accompanied by the 
emergence of the corresponding 2H peak at the same (in the δ scale) position [27].

For other nuclei, the interactions between the electron spin and the nuclear spin 
most often lead to too high paramagnetic shifts. A fortunate exception is the case of 
ion pairs: as soon as the paramagnetic shift consists of the Fermi contact (through-
bond) and dipolar (through-space) contributions, the solvent-separated counterani-
ons may appear virtually unaffected by the presence of the paramagnetic center, 
providing sharp and informative resonances on heteronuclei (see below).

In this section, we will provide some illustrations how paramagnetic NMR can 
help researchers in getting the information on the nature of compounds that appear in 
catalytic studies, and on the interactions they are involved in, with a brief discussion.

2.2.1 �P robing the Structure of an Unknown Ni(II) Complex 
by Multinuclear NMR

For the purposes of this chapter, a new complex of nickel(II) has been prepared by 
reacting the TPA ligand with nickel(II) acetate in acetonitrile, and ammonium hexa-
fluorophosphate was added in the course of the synthesis (Scheme 2.2). While writ-
ing this sentence, the exact composition and the structure are unknown (the x-ray has 
not yet been acquired). Let us imagine ourselves real synthetic chemists: while await-
ing the x-ray data, we have submitted our complex to the multinuclear NMR study.

The 1H NMR spectrum of complex 3 is presented in Figure 2.14. The spectrum 
is characteristic of a paramagnetic species, which (1) corroborates that the Ni(II) 
metal center is indeed present in the structure and (2) indicates that the Ni(II) ion 
is in a nonplanar ligand environment [26]. The resonances fit within the spectral 
range of 143 to −3.3 ppm. The peaks are rather broad, and the integral intensities are 
not ideal; however, the latter well reflect the number of the corresponding protons 
with ±10% accuracy. This fact can be used for the line assignment (Figure 2.14 and 
Table 2.1).
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3

SCHEME 2.2  Synthesis of the Ni(TPA) complex.
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A complementary basis for the line assignment is the widths (Δν1/2) of the para-
magnetic resonances. In practice, the latter in most cases is determined by the 
pseudocontact interactions between the electron spin and the nuclear spin of the 
particular proton, which leads to the r−6 dependence of the Δν1/2 on the distance 
between the nucleus and the paramagnetic center [24,27]. In Table 2.1, the data on 
the 1H resonances of 3 are summarized, and the tentative assignment is given. The 
situation with ligands X and Y is not clear. On the basis of the integral values and 
the line widths, we can hypothesize that they are water molecule and acetate anion.

Let us now check whether there is counteranion and get insight into its composi-
tion. According to the synthetic procedure, we would expect that there should be 
hexafluorophosphate anion in the outer sphere; it is logical to measure the 31P and 19F 
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FIGURE 2.14  1H NMR spectrum (250 MHz, acetonitrile-d3, 20°C) of the Ni complex 3 (inset), 
with tentative line assignment. Peak of residual acetonitrile-d2 is marked with “s.” Resonances 
of traces of diethyl ether (cosolvent used for crystallization) are marked with asterisks.

TABLE 2.1
1H Spectral Data of Complex 3 (250 MHz, Acetonitrile-d3, 20°C)

δ (ppm) −3.4 13.4 31.4 43.3 49.2 66.9 143.4

Integral 6H 3H 3H 3H 3H 3H 2H

Δν1/2 (Hz) 960 45 470 230 270 2300 3600

Assignment e OAc b c d a H2O
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NMR spectra; both nuclei are rather sensitive and have 100% natural abundance [1]. 
The corresponding NMR spectra (Figure 2.15) give evidence that the phosphorus 
and fluorine are indeed present in the composition of compound 3; the 19F NMR 
spectrum appears as a doublet, and the 31P spectrum is septet, with the 1JPF coupling 
constant of 706 Hz. The chemical shifts and the coupling constants are typical for 
those of PF6

− anions [28–30], indicating that paramagnetism of the cationic part 
of compound 3 does not essentially affect the counteranion (most likely efficiently 
separated from the cation by the acetonitrile molecules).

One can see that NMR data provide valuable information (yet insufficient for 
structural analysis) on the nature of our model paramagnetic compound. After estab-
lishing the x-ray structure (Figure 2.16), we can certify its consistency with our ten-
tative assignment.

2.2.2  Temperature Dependence of the Paramagnetic Shift

Apart from the paramagnetic shift and paramagnetic line width, valuable data can 
be extracted from the temperature dependence of these values. First of all, the strong 
temperature dependence of paramagnetic shifts can be used to distinguish between 
the NMR resonances of paramagnetic species from those of diamagnetic compounds 
[31]; this is important if one has a mixture of diamagnetic and paramagnetic species 
in the sample. On the other hand, the character of the temperature dependence may 
provide information on the structure (monomeric/dimeric) of the paramagnetic spe-
cies and on the chemical exchange processes it is involved in. In this section, several 
typical cases of this kind will be considered.
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FIGURE 2.15  31P and 19F NMR spectra (101.25 and 235.36 MHz, respectively, acetonitrile-
d3, 20°C) of the Ni complex 3.
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2.2.2.1 � Temperature Dependence of the Paramagnetic Shift 
of Monomeric Compounds

Let us consider first the easiest and the most widespread situation, that is, the para-
magnetic species is monomeric, and the paramagnetic shift is only determined by 
Fermi contact and pseudocontact (dipolar) interactions [27], Equation 2.1. Theoretical 
treatment predicts that the Fermi contact contribution to the paramagnetic shift has 
the ∼T−1 temperature dependence [27,32]. In effect, the paramagnetic shift with pre-
vailing Fermi contact contribution should demonstrate the simple Curie-type tem-
perature dependence for the resulting paramagnetic shift (Equation 2.2; α may adopt 
both positive and negative values) [33]. In Figures 2.17 and 2.18, such a case is pre-
sented; one can see that in the range of 230–310 K, the temperature dependence is 
well described by the Curie law:

	
δ δ δ δ δ δ= + = + +dia para dia con dip( )

	 (2.1)

	
δ δ α
para con

T
≈ =

	
(2.2)

FIGURE 2.16  Molecular structure of compound 3. Ni(II) green, O red, N violet, C gray, 
H light gray, F yellow, and P orange. CCDC 1481081 contains the supplementary crystal-
lographic data for this figure. These data can be obtained free of charge from the Cambridge 
Crystallographic Data Centre via http://ww.ccdc.cam.ac.uk/data_request/cif and from the 
authors. The authors thank Dr D. G. Samsonenko for the x-ray measurements.
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Analyzing Equations 2.1 and 2.2, one can see that the paramagnetic contribu-
tion to the chemical shift vanishes at high temperature, so at T → ∞, the overall 
shift δ must approach its “natural,” diamagnetic value, which would be observed in 
the absence of Fermi contact and dipolar interactions. This fact can sometimes be 
exploited while making the peak assignments of 1H NMR spectra of paramagnetic 
complexes: extrapolation of the experimental δ versus T−1 dependence to T−1 → 0 
should give the δ values close to those of the free ligand [34].

In practice, dipolar interactions can make a sizeable contribution to the para-
magnetic shift. The dipolar contribution can have more complex temperature depen-
dence, essentially a mixture of ∼T−1 and ∼T−2 terms, the former one originating from 
the g-tensor anisotropy and the latter stemming from the zero-field splitting D [32]. 
In effect, the experimental dependence of the overall paramagnetic shift can be 
represented [27,32] by the expression given by Equation 2.3. In References [27,35], 
examples of temperature dependence of the type (2.3) can be found. Experimental 
dependencies of the type (2.3) can be used for qualitative conclusions (i.e., that the 
contribution of dipolar interactions to the paramagnetic shift is significant), as well 
as for quantitative estimation of the zero-field splitting D [35].

δ (ppm) 
010 20 30 370 40 330 

253 K 

273 K 

293 K 

FIGURE 2.17  1H NMR spectra (600 MHz, toluene-d8, 0°C) of the bis-ligated (Scheme 2.1) 
complex 2b⋅(pyridine-d5) (Py/Ni ca. 5:1) at different temperatures. Arrows show the evolu-
tion of positions of resonances with temperature.
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δ α β
para

T T
= + 2

	
(2.3)

2.2.2.2 � Temperature Dependence of Paramagnetic Shift of 
Antiferromagnetic Dimers

The temperature dependence of the paramagnetic shifts becomes more complicated 
when there are two paramagnetic centers (i.e., in binuclear complexes), their electron 
spins interacting with each other with the energy:

	 E J S S= − ⋅ ⋅2 1 2

� �
	 (2.4)

Very often, this exchange interaction is antiferromagnetic: J < 0, which case 
is relevant to many important biological macromolecules [35]. In this case, the 
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FIGURE 2.18  Linear (Curie) temperature dependence of paramagnetic shifts (δ vs. 1/T) for 
the 1H NMR resonances of 1c′⋅(pyridine-d5).
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dependence of the paramagnetic shifts can deviate from the Curie law, the stronger 
the antiferromagnetic interaction (i.e., the larger the |J| constant), the larger the devi-
ation. In principle, analyzing the experimental dependence of δpara, one can extract 
the J value. The Fermi contact shift for the coupled dimeric complex is given by the 
general equation [35]

	

δcon

i i i i
J S S S S S S kT

P

T

A S S S e
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(2.5)

where S is the spin of the dimer and S1 and S2 are the spins of the monomers con-
stituting the dimer. The spin S adopts values (S1 + S2), (S1 + S2 − 1), …, (S1 − S2). If 
we are fortunate and the hyperfine constants Ai are the same for all spin states [36], 
Equation 2.5 allows the determination of the exchange coupling constant J.

In Figure 2.19, the δ versus T plots for a dimeric, antiferromagnetically coupled 
ferric complex [37] are presented. For this case, S1 = S2 = 5/2, and S takes the val-
ues from 5 to 0; the S = 0 state corresponds to the lowest energy. It is archetypi-
cal for antiferromagnetically coupled dimers that the paramagnetic shift increases 
with increasing temperature (Figure 2.19), owing to the increasing population of 
excited, higher-spin states. Assuming that Ai = A, the temperature dependence of the 
observed shifts is expressed as

	

δ δ α
con dia

J S S kT

S

J ST

S S S e

S e
= +

+ +

+

− + −[ ]
=

−

∑ ( ) ( )

( )

( ) . /2 1 1

2 1

1 17 5

0

5

(( ) . /S kT

S

+ −[ ]
=∑ 1 17 5

0

5

	

(2.6)

220 240 260 280 300 320 340
20

25

30

35

40

δ 
(p

pm
)

T (K)

FIGURE 2.19  Experimental temperature dependence of chemical shifts of a diferric com-
plex, fitted (dashed lines) to function given by Equation 2.6.
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where δdia is regarded to be temperature independent. Fitting the experimental curves 
to Equation 2.6 gave the estimate for J of −136 ± 6 cm−1 (Bryliakov, K. P. and Talsi, 
E. P. Unpublished data.), which is typical for μ-O-bridged diferric complexes [37]. In 
practice, however, the Ai constants may vary for different states (and even adopt dif-
ferent signs), so care must be taken when extracting the J values from experimental 
data. When J is large (comparable with kT), it may be useful to roughly evaluate the 
J by taking into account only the ground state and the first and second excited states 
(the contribution of the higher states is neglected):

	
δ δcon dia

J kT J kT

J kT J kT

P

T

A e A e

e e
≈ + +

+ +
6 30
1 3 5
1

2
2

6

2 6

/ /

/ /
	

(2.7)

In principle, Equation 2.7 can be used to evaluate the ratio A1/A2.

2.2.2.3 � Measuring Magnetic Susceptibility (Evans Method) for 
Studying Spin Equilibrium

Measuring the magnetic susceptibility of transition metal complexes is a pow-
erful tool that provides the information on the spin state of the complex, even 
if the complex is “EPR silent” or measuring the EPR is not possible. Usually, 
such measurements are conducted in the solid state [38]. However, the solution 
structure of metal complexes may differ substantially from their solid-state struc-
ture; therefore, the catalytic chemists dealing with transition metal complexes may 
sometimes be more interested in measuring the magnetic susceptibility of their 
complexes in solution.

To this end, they can use the Evans method [39]. The technique is based on 
the facts that (1) the chemical shift is based on the bulk magnetic susceptibility of 
the medium (solution) in which the molecule is situated and (2) the paramagnetic 
substance affects the bulk magnetic susceptibility of the solution in a known way. 
Typically, the paramagnetic substance is dissolved in an appropriate solvent, and the 
solution is placed in the NMR tube; at the same time, the pure solvent is placed in 
the sample in a thin narrow tube (Figure 2.20).

The solvent must contain an additive of a reference compound (e.g., tetramethyl-
silane), whose 1H NMR shift is to be monitored. Owing to the presence of the para-
magnetic complex, the reference sample in the inner tube and in the outer volume 
will resonate at different frequencies, resulting in different chemical shifts. The mass 
magnetic susceptibility χg, (cm3 g−1), can be calculated from the following equation:
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where Δƒ is the frequency shift in Hz of the reference compound, ƒ is the spectrom-
eter frequency in Hz, m is the mass (in g) of the complex in 1 cm3 of the solution, 
χ0 is the mass susceptibility of the solvent in cm3 g−1, and d0 and ds are the densi-
ties of the solvent and solution, respectively [40]. The term in square brackets van-
ished because at the low concentrations used (10–15 mM), the solution density was 
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reasonably approximated as ds = d0 + m. The factor 3/4π is applied when the axis 
of the cylindrical sample is parallel to the magnetic field [41,42]; for other sample 
configurations, different expressions should be used. To take into account the solu-
tion volume changes with temperature, correction was introduced in m values so 
that m = m0h0/h, where m0 is the mass of the complex in 1 cm3 of the solution at 
298 K, h0 and h are sample heights at 298 K and at given temperature, respectively 
(Figure 2.20).

The molar susceptibility χM (cm3 g−1) can be obtained by multiplying the χg val-
ues by the molecular weight MW. The latter must be corrected for the diamagnetic 
contributions of the ligands, counteranions, and FeII core electrons using Pascal’s 
constants to give the corrected molar susceptibility χM′ [41]. The latter can be used to 
calculate the effective magnetic moment μeff = 2.828(χM′T)1/2 (in units of μB), where 
T is the temperature in K [43].

In Reference [41], the paramagnetic susceptibility of the [FeII(BPMEN)(CH3CN)2]
(ClO4)2 complex (Scheme 2.3) in solution was measured. This study was inspired by 
the observation that the 1H NMR spectrum of this complex in CD3CN solution are 
typical for paramagnetic Fe(II) complexes at high temperature (T > 320 K) but con-
vert to a diamagnetic spectrum at low temperatures (T < 240 K). The Evans measure-
ments were conducted in this temperature range, and the effective magnetic moment 
μeff was found to depend on the temperature (Figure 2.21). It is seen that at low tem-
peratures, the observed μeff is smaller than that expected for paramagnetic complexes 
(even for complexes with the lowest possible electron spin S = 1/2, the predicted μeff 
should be 1.73 μB [41]), while at high temperatures, the μeff is close to that corre-
sponding to S = 2 (4.90 μB) [42]. The rational of such temperature dependence is the 
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FIGURE 2.20  Preparation of the NMR sample for the Evans measurement.
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coexistence (in equilibrium) of the d6 iron(II) complex in the low-spin state (S = 0) 
and in the high-spin state (S = 2).

Interestingly, this dependence is not conventional spin equilibrium since the low-
spin–high-spin transition is caused by a change in the inner coordination sphere of 
the iron(II) complex (where n = 2) [40,44]:

	
[ ( )( ) ] [ ( )( ) ]Fe BPMEN CH CN Fe BPMEN CH CNII II

3 2
2
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FIGURE 2.21  Plot of μeff versus 1000/T for complex 4, in acetonitrile-d3 (▪), or in 
acetonitrile-d3/acetone-d6 (⦁), and their fits to Equation 2.10.

N

N

N

N

4

Fe
CH3CN

CH3CN

(CIO4)2

SCHEME 2.3  Structure of the [FeII(BPMEN)(CH3CN)2](ClO4)2 complex 4.
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Since the dissociation of acetonitrile is a fast (on the NMR timescale) process, the 
measured μeff is an averaged value, whose temperature dependence can be expressed 
as follows [42]:
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where μLS and μHS are the magnetic moments of the low-spin and the high-spin 
states, respectively, and exp(ΔS°/R)exp(−ΔH°/RT) is the observed equilibrium con-
stant Kobs = [HS-FeII]/[LS-FeII] [40]. Fitting the experimental points to Equation 
2.10, one can obtain the μLS and μHS, as well as the thermodynamic parameters 
ΔS° and ΔH° for this LS–HS spin transition, associated with the dissociation of the 
bound acetonitrile [45,46]. In effect, for the above spin transition, ΔS° was found to 
be 135 J ⋅ mol−1 ⋅ K−1, and ΔH° 39.5 kJ ⋅ mol−1. Both values are substantially higher 
than those reported in the literature for solution spin crossover systems [42,47,48], 
thus supporting the hypothesis that the spin change in this system overlaps with the 
chemical processes of acetonitrile dissociation [40].

In pure acetone-d6, no spin-equilibrium-type phenomena were observed, the 
paramagnetic shifts of 4 demonstrated the conventional Curie temperature depen-
dence (see Reference [40]). This is not surprising since the absence of acetonitrile 
in solution must shift forward the equilibrium in Equation 2.9 (Le Châtelier’s prin-
ciple), leading to the pure high-spin-state Fe(II) complex.

The situation described above is a typical (yet rare) example of overlap of solvent 
effects with the true spin crossover (so that substitution or dissociation of coordi-
nated ligands leads to the change of spin state). Phenomena like these should not be 
considered as true spin crossover interconversions [49]. Interestingly, the ΔS° and 
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FIGURE 2.22  Plot of δ versus T variation for complex 4 (0.01 M solution in acetonitrile-d3), 
fitted to Equation 2.11.
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ΔH° values can be obtained from the analysis of observed temperature dependence 
of the paramagnetic shifts of 4 in acetonitrile-d3, taking into account the Fermi con-
tact paramagnetic shift, as well as the LS–HS equilibrium [40]:
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When the experimental shifts (Figure 2.22) were fitted to Equation 2.11, the 
obtained parameters (ΔS° = 137 J ⋅ mol−1 ⋅ K−1, ΔH° = 40 kJ ⋅ mol−1) were nearly 
the same as those estimated from the variable-temperature magnetic susceptibil-
ity measurements. This demonstrates the utility of the combined solution magnetic 
susceptibility/1H NMR spectroscopic investigation for the detailed physicochemical 
investigations of the dynamic spin transition phenomena of this type.
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NMR and EPR 
Spectroscopy as a Tool 
for the Studies of 
Intermediates of 
Transition Metal–
Catalyzed Oxidations

The direct reaction of triplet oxygen 3O2 with singlet organic molecules to give sin-
glet products is a spin-forbidden process. In terms of chemical kinetics, this means 
that uncatalyzed reaction of 3O2 with organic substrates will proceed very slowly. At 
the same time, such reactions may be facilitated by transition metal complexes; the 
role of the metal center is (1) to “activate” the dioxygen molecule and convert it to 
reactive metal–oxygen species, which will then (2) transfer the oxygen atom to the 
organic substrate. In this chapter, we will particularly focus on the second process; 
typically, it is conducted by metal–oxygen intermediates (such as superoxo, peroxo, 
hydroperoxo, alkylperoxo, and oxo complexes of transition metals). The unfading 
interest in experimental and theoretical investigations of metal–oxygen reactive spe-
cies and oxidation reactions they conduct is to a large degree accounted for by the 
participation of related metal–oxygen intermediates in reactions occurring in living 
organisms in the presence of metalloenzymes. The corresponding branch of cata-
lytic science, focused on the investigation of synthetic metal complexes, modeling 
the catalytic functions of natural metalloenzymes, is called biomimetic catalysis. On 
the other hand, the attention to metal-catalyzed oxidations is caused by the growing 
demand in novel, more efficient, and “green” catalyst systems for chemo-, regio-, and 
stereoselective oxidation of organic substrates, which is mostly dictated by toughen-
ing economic and environmental constraints. Nowadays, it is generally accepted that 
the design of novel catalyst systems should be based on the understanding of the 
detailed mechanism of their catalytic action, which in turn requires deep insight into 
the nature of the reactive species.

This chapter will present the NMR and EPR spectroscopic detections and char-
acterizations of various metal–oxygen intermediates. The only exception is the last 
section, dedicated to oxygen-free Co(III) species, capable of directly abstracting an 
electron from alkanes and alkylbenzenes.

3
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3.1  SUPEROXO COMPLEXES

The early studies of the superoxide anion O2
•− and its complexes with transition met-

als of the type LM(O2
•−) (where M is a metal, and L is an organic ligand) reported 

that O2
•− and LM(O2

•−) were not highly reactive toward organic substrates [1,2]. The 
only fairly well-understood preparative catalytic reaction incorporating superoxo 
complex as an active intermediate was the oxidation of 2,6-disubstituted phenols 
to the corresponding quinones, promoted by cobalt(II) complexes L1CoII (where 
L1 = Schiff base ligand) [3–8].

3.1.1  Superoxo Complexes of Co(III)

Nishinaga and coworkers demonstrated that the monomeric superoxo complex 
CoIII(Salpr)(O2

•−) (1) (Salpr = bis(3-(salicylidenamino)propyl)methylamine) (Figure 
3.1) can abstract a hydrogen atom from 2,4,6-trisubstituted phenol: the authors 
detected a simultaneous disappearance of the EPR signal of 1 and the buildup of 
the signal of the phenoxy radical when the oxygen supply is limited (Scheme 3.1, 
reaction 1) [4]. It was assumed that the phenoxy radical reacted with 1 to afford the 
peroxy-p-quinolato cobalt(III) complex 2 (Figure 3.1, Scheme 3.1, reaction 2). In 
the case of 2,4,6-tri-tert-butyl phenol as a substrate (R1 = R2 = tBu), 2 was isolated, 
and its x-ray structure was established [6]. When 2,6-dimethylphenol was used as 
a substrate, the decay of 2 resulted in the formation of benzoquinone (Scheme 3.1, 
reaction 3) [7].

CoII(L1)(B) and CoIII(L1)(B)(O2
•−) (S = 1/2) species (L1 is tetradentate N,O-donor 

ligand, and B is Py, H2O, DMF, etc.) display informative EPR spectra. As an example, 
the EPR spectrum of frozen solution of CoII(acacen)(py) (3) in toluene is presented 
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FIGURE 3.1  Cobalt superoxo and related complexes.
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(acacen = N,N′-ethylenebis(acetylacetoniminide)) (Figure 3.2, Table 3.1). The values 
of g3 and A3 can be easily derived from the experimental spectrum (see correspond-
ing notations in Figure 3.2).

The values of g1, g2, A1, A2 can be determined with lower accuracy because of 
poor spectral resolution (Figure 3.2). Some of the hfs resonances corresponding to 
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SCHEME 3.1  Proposed mechanism for the oxidation of substituted phenols with Co(Salpr).
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FIGURE 3.2  EPR spectrum of Co(acacen)Py (3) in frozen toluene solution at −196°C. 
(Reproduced with permission from Hoffman, B. M. et al. 1970. J. Am. Chem. Soc. 92: 61–65.)
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A3 exhibit superhyperfine (shf) splitting from one pyridine 14N (I = 1) nucleus (Figure 
3.2, inset). The absence of shf splitting from in-plane nitrogen atoms gives evidence 
that the unpaired electron is associated with the 3dz

2 orbital of Co [9].
The EPR spectrum of CoIII(acacen)(py)(O2

•−) (4) (Figure 3.3a) displays much 
smaller hfs from cobalt than the parent complex 3 (Figure 3.2, Table 3.1) [9]. It is 
logical to conclude that the unpaired electron is mainly located at the O2

•− ligand of 
4. In the early studies, the EPR spectrum of 4 was interpreted in assumption of axial 
anisotropy of the g- and A-tensors [9]. However, for complex 1, rhombically aniso-
tropic g- and A-tensors were reported [3] (Table 3.1). Computer simulation shows that 
the axial EPR spectrum with parameters presented in Table 3.1 markedly differed 
from the experimental one (Figure 3.3a). A closer agreement between the simulated 
and experimental spectra of 4 can be obtained upon the assumption of rhombic 
anisotropy of g- and A-tensors (Figure 3.3b). The parameters of the EPR spectrum of 
Figure 3.3b are close to those of 1 (Table 3.1).

The x-ray data available for superoxo complex (benacen)CoIIIpy)(O2
•−) (5) 

(benacen = N,N′-ethylenebis(benzoylacetoniminide)) show that the superoxide 
anion O2

•− is coordinated to cobalt in the end-on (η1) fashion (Figure 3.1) [10]. By 
analogy, end-on coordination of O2

•− is proposed for superoxo complexes 1 and 4 
(Figure 3.1) [3].

TABLE 3.1
EPR Parameters for Some CoIII(L)(O2

•−), PdII(L)(O2
•−), and NiII(L)(O2

•−) 
Complexes in Frozen Solutions (Toluene for Co and Ni Species, and 
Toluene/Chloroform = 1:1 for Pd Species)

Compound g1 g2 g3 A1, G A2, G A3, G Reference

CoII(acacen)(Py) (3) 2.440 2.225 2.011 43.5 11.6 97.5a [9]

CoII(benacen)(Py) 2.440 2.23 2.014 48.7 13 98 [3]

CoIII(acacen)(Py)(η1-O2
•−) (4) 2.080 1.998 1.998 19.3 10.4 10.4 [3]

CoIII(benacen)(Py)(η1-O2
•−) (5) 2.077 1.998 1.998 18.3 10.4 10.4 [3]

CoIII(Salpr)(η1-O2
•−) (1) 2.085 2.007 2.000 22.7 13.3 13.5 [3]

PdII
3(OAc)6(η1-O2

•−) (6) 2.107 2.013 2.001 6.7 3 4.5 [11]

PdII(OAc)2(S)(η2-O2
•−) (7) 2.077 2.027 2.006 − − −b [11]

[NiII(PhTtAd)(η2-O2
•−)] (10) 2.24 2.19 2.01 − − − [17]

[NiII(14-TMC)(η1-O2
•−)]+ (11) 2.29 2.21 2.09 − − − [18]

[NiII(dkim)(η2-O2
•−)] (12) 2.138 2.116 2.067 − − − [20]

[NiII(13-TMC)(η1-O2
•−)]+ (13) 2.25 2.21 2.06 − − − [22]

[NiIII(13-TMC)(η2-O2
2−)]+ (14) 2.19 2.19 2.07 − − − [22]

a	 Some of resonances in the g3 region display shf splitting from one nitrogen nucleus AN
3 15= G .

b	 Not observed.
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3.1.2  Superoxo Complexes of Pd(II)

The palladium superoxo complex formed in the reaction of hydrogen peroxide with 
palladium(II) acetate represents another example of LM(O2

•−) complexes displaying 
remarkable reactivity toward organic substrates. It was found that reacting Pd(OAc)2 
with 30% H2O2 in a toluene/chloroform = 1:1 mixture at room temperature affords 
a relatively stable superoxo complex of palladium with the proposed structure 
Pd3(OAc)6(η1-O2

•−) (6) (Figure 3.4) [11,12]. In the frozen solution (−196°C), this com-
plex displays rhombic EPR spectrum (Figure 3.5) with resolved hfs (marked with 
asterisks) from one 105Pd nucleus (I = 5/2, natural abundance 22%) and with g-values 
(g1 = 2.107, g2 = 2.013, g3 = 2.001) similar to those for cobalt superoxo complex 1 
(Table 3.1). The EPR spectrum of 6 at room temperature displayed a single signal 
with shoulders stemming from unresolved hfs from 105Pd [11,12]. The frozen-solution 
EPR spectrum, similar to that of 6, can be obtained via the reaction of Pd3(OAc)6 
with KO2 (g1 = 2.083, g2 = 2.012, g3 = 2.001), which supports the assignment of 6 to 
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FIGURE 3.3  EPR spectrum of CoIII(acacen)(Py)(η1-O2
•−) (4) in frozen toluene solution at 

−196°C (a). (Reproduced with permission from Hoffman, B. M. et al. 1970. J. Am. Chem. Soc. 
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the superoxo complex of palladium [12]. The addition of ethylene ([C2H4] = 0.15 M) 
to a solution of 6 ([6] = 0.005 M) in CDCl3 resulted in the drop of the concentra-
tion of 6 (evidenced by EPR) and formation of ethylene oxide (confirmed by 1H 
NMR). The observed rate constants for the decomposition of the superoxo complex 
and ethylene oxide formation were estimated at 25°C, k = (3.5 ± 0.5) × 10–3 s−1 M−1. 
Ethylene oxide was the only observed product of this reaction [12].

In nonpolar solvents, palladium(II) acetate exists in the trimeric form Pd3(OAc)6, 
whereas in strongly coordinating solvents (S), it exists as a monomer Pd(OAc)2S2 
[13]. It was found that the addition of CH3CN or DMSO (dimethyl sulfoxide) to 
the solution of 6 in CHCl3 leads to the conversion of 6 into a new superoxo com-
plex 7 with more pronounced rhombicity of g-tensor (Table 3.1). In contrast to 6, 
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resolved hfs from 105Pd nucleus (I = 5/2, natural abundance 22%). (Reproduced with permis-
sion from Talsi, E. P. et al. 1987. Inorg. Chem. 26: 3871–3878.)
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superoxo complex 7 was inert toward ethylene. It was assumed that 6 is trimer 
Pd3(OAc)6(η1-O2

•−) with end-on coordination of the superoxide anion, while 7 is a 
monomer Pd(OAc)2S(η2-O2

•−) with side-on coordination of superoxide anion [12]. 
Valentine and Selke reported the strictly different reactivity of the ferric porphyrin 
peroxo complexes with η1- and η2-coordination of the peroxo moiety [14]. For a long 
time, palladium(II) superoxo complexes found in the systems Pd(OAc)2/H2O2 and 
Pd(OAc)2/KO2 remained the only spectroscopically characterized examples of pal-
ladium superoxo complexes. In 2011, it was shown that Pd0 complex with sterically 
hindered carbene ligands [Pd(IPr)2] (IPr = 1,3-bis(diisopropyl)phenylimidazol-2-yli-
dene) reacted with O2 at low temperature (−78°C) to generate a bis-superoxo complex 
[(IPr)2Pd(η1-O2

•−)2] (8) (Figure 3.4) [15]. According to x-ray crystallographic data, 8 
was a bis-superoxo Pd(II) complex with η1-superoxide anion binding. No data on the 
reactivity of 8 were provided [15]. At the same time, Ozerov with coworkers reported 
the x-ray structure of the superoxo complex [(FPNP)Pd(η1-O2

•−)] (9, FPNP = bis[2-
iPr2P(4-fluoro-phenyl)amido], Figure 3.4) [16]. This complex displayed a single line 
in the EPR spectrum with g-factor g0 = 2.06 (toluene, 20°C), similar to that of 6 
(g0 = 2.041); no hfs from palladium was observed. The reactivity of 9 was relatively 
low. In the presence of 2% of 9, 95% conversion of Ph3P to Ph3PO was observed after 
3 days at ambient temperature in C6D6 [16].

The results presented above show that the superoxo complexes of cobalt and pal-
ladium can display noticeably high reactivity toward organic substrates. However, 
there are no industrial catalyst systems involving metal-superoxo complexes as the 
active oxidizing species. At the same time, there continues to be the interest in super-
oxo complexes of first-row transition metal ions (e.g., Cu, Fe, Ni, Cr, Co, Mn), which 
is mainly inspired by their participation as intermediates in the reaction cycles of 
various enzymes or their models.

3.1.3  Superoxo Complexes of Ni(II)

The first nickel superoxo complexes with η2- and η1-coordination of the superox-
ide anion were reported by Riordan et al.; see structures [NiII(PhTtAd)(η2-O2

•−)] (10) 
and [NiII(14-TMC)(η1-O2

•−)]+ (11) in Figure 3.6 [17,18]. Complexes 10 and 11 were 
obtained by one-electron reduction of O2 by the corresponding NiI precursors at low 
temperature and were characterized by UV–Vis (UV-visible spectroscopy), FT-IR 
(Fourier transform infrared spectroscopy), EPR, 1H NMR, XAS (X-ray adsorption 
spectroscopy)/EXAFS (extended X-ray absorption fine structure), and DFT (density 
functional theory) calculations. The analysis of their EPR data indicates that in com-
plexes 10 and 11, a high-spin NiII (d8, S = 1) paramagnetic center is antiferromagneti-
cally coupled with an O2

•− anion radical (S = 1/2), resulting in the dz
2 doublet ground 

state (Table 3.1). Samples of 10 and 11 prepared from 17O2 (I = 5/2) show no or minor 
EPR line broadening due to hyperfine interaction, indicating that very little unpaired 
spin density resides on the superoxide anion ligand [17,18]. Complexes 10 and 11 oxi-
dize PPh3 to OPPh3. Samples of 11 prepared from H2

18O2 produce 18OPPh3, confirm-
ing that hydrogen peroxide is the true oxygen source. The oxidation of PPh3 to OPPh3 
by 11 proceeds in quantitative yield, the reaction rate exhibiting a first order in PPh3 
[18,19]. The reactivity of 10 and 11 toward other organic compounds was not reported.
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In 2008, Driess with coworkers reported the preparation, isolation, and reactivity 
study of the novel paramagnetic nickel(II) superoxo complex [NiII(dkim)(η2-O2

•−)] 
(12) (Figure 3.6) [20]. It was fully characterized by several spectroscopic techniques 
(X-ray, FT-IR, EPR, 1H NMR, EI-MS) [20]. In the absence of substrates, 12 was 
stable at room temperature; it oxidized PPh3 to OPPh3, but appeared inert toward 
olefins, sulfides, and aldehydes. Complex 12 was also unreactive toward alkanes 
bearing weak C─H bonds, such as 9,10-dihydroanthracene or triphenylmethane. 
However, reacting 12 with cyclohexanol led to the formation of cyclohexanone 
in 18% yield (with respect to the starting nickel complex). Similar reactions with 
1-phenylethanol and 2,4-di-tert-butylphenol afforded acetophenone (in 22% yield) 
and 2,6-di-tert-butyl-1,4-benzoquinone (in 50% yield), respectively. The ability of 
12 to activate N─H bonds was probed by the reaction with 1,2-diphenylhydrazine 
as substrate, and azobenzene formation was reported [21]. So, it seems clear that 12 
is unable to perform oxygen atom transfer to alkenes, sulfides, or alkanes, but it can 
oxidize O–H and N─H groups.

It is assumed that in 12 the unpaired electron is centered on the superoxide moiety 
because the NiII site (d8) is diamagnetic [20]. In this respect, 12 differs from 10 and 
11, where a high-spin NiII (d8, S = 1) paramagnetic center is antiferromagnetically 
coupled to an O2

•− anion radical (S = 1/2), and the unpaired electron is predominantly 
located in the dz

2 orbital of the Ni center [17–19].
EPR measurements of 10–12 in frozen toluene solutions reveal rhombic g-tensors, 

typical for paramagnetic S = 1/2 ground state (Table 3.1). The g-tensor anisotropy of 
12 (gmax–gmin) = 0.071 is smaller than the corresponding values for 10 and 11 (gmax–
gmin = 0.20–0.23). This agrees with the proposed different electronic structures (dif-
ferent location of the unpaired electron) of 10, 11, and 12.
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To understand the roles of Ni-superoxo versus Ni-peroxo species in oxidation chem-
istry, it is important to compare the structures and reactivities of known Ni-superoxo 
versus Ni-peroxo species. Recently, the synthesis of end-on NiII superoxo complex 
[NiII(13-TMC)(η1-O2

•−)]+ (13) and side-on NiIII peroxo complex [NiIII(13-TMC)(η2-
O2

2−)]+ (14), bearing common macrocyclic ligand, was reported [22] (Figure 3.6, 
Table 3.1). These intermediates were fully characterized by various spectroscopic 
techniques, as well as by x-ray crystallography and DFT calculations. The reactivi-
ties of 13 and 14 in electrophilic and nucleophilic reactions were compared. The end-
on superoxo complex 13 was capable of conducting oxidative electrophilic reaction 
(oxidation of PEt3 to OPEt3 at −40°C in CH3CN/CH3OH = 1:1, k = 3.6 × 10−2 M−1 s−1). 
Contrariwise, the peroxo complex 14 was inert toward PEt3 even at 25°C, but it con-
ducted nucleophilic oxidation reactions. For example, it reacted with 2-phenylpro-
pionaldehyde in CH3CN at 25°C (k = 4.2 × 10−3 M−1 s−1) to afford acetophenone [22]. 
The EPR parameters of 13 are close to those of the related complex 11 (Table 3.1).

3.1.4  Superoxo Complexes of Copper(II)

In the past decade, superoxo complexes of copper have attracted the most significant 
interest among related complexes of other metals because cupric superoxo species 
are assumed to be responsible for initiating the oxidation of various organic sub-
strates by copper enzymes [23–36]. For example, they can hydroxylate substrates 
with weak C–H bonds (ca. 88 kcal mol−1) in copper enzymes such as peptidylglycine-
α-hydroxylating monooxygenase (PHM) and dopamine-β-monooxygenase 
(DβM) [25,26,30] or initiate N–H oxidation in copper-containing amine oxidases 
(CAO) [33].

An important step in understanding the mode of action of DβM and PHM was 
made in 2004 with the publication of the x-ray structure of the dioxygen-bound form 
of PHM, soaked with the substrate (peptide containing N-acetyl-diiodo tyrosyl-
d-threonin) [37]. O2 is bonded in an end-on (η1) fashion to the CuB atom of PHM 
(CuB–O–O angle is 110°C and O–O distance is 1.23 Å). This geometry corresponds 
to the coordination of superoxide anion to CuB. Other coordination sites of the tetra-
hedrally coordinated CuB are occupied by N atoms of His242 and His244, and sulfur 
atom of Met314. The revealed geometry of the PHM-substrate complex is suitable for 
abstracting the substrate hydrogen atom by the O2

•− ligand of PHM.
There have been two more structurally characterized cupric superoxo com-

plexes. One of them is synthetic complex [CuII(HB(3-tBu-5-iPrpz)3)(η2-O2
•−)] (15) 

with a sterically hindered 3,5-disubstituted tris(pyrazolyl)borate ligand and a side-
on O2

•− moiety (Figure 3.7) [38]. This species has a singlet ground state (S = 0). 
The third example is complex [(TMG3tren)CuII(η1-O2

•−)]+ (16) with η1-bound O2
•− 

fragment {TMG3tren = (1,1,1-tris[2-[N2-(1,1,3,3-tetramethylquanidino)]ethyl]amine} 
(Figure  3.7) [39]. The electronic structure of 16 was elucidated by Solomon and 
coworkers [34,40]. It was shown to possess an S = 1 ground state, with ferromag-
netically coupled spins at the Cu(II) ion and at the superoxo fragment. Further stud-
ies of the other spectroscopically characterized end-on cupric superoxo complexes 
[CuII(L1)(η1-O2

•−)] (17) [41], [CuII(L2)(η1-O2
•−)] (18) [30], [CuII(L3)(η1-O2

•−)] (19) [31], 
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and [CuII(L4)(η1-O2
•−)] (20) [35] (Figure 3.7) revealed S = 1 ground state for all those 

complexes. Complexes 17–20 were EPR-silent in perpendicular microwave exci-
tation mode. However, in agreement with the triplet ground state, they displayed 
paramagnetically shifted NMR resonances [36]. Furthermore, complex 18 exhibited 
an EPR signal at g≈4 in the parallel microwave excitation mode. This signal corre-
sponds to “ΔmS = 2” transition, forbidden in the conventional perpendicular mode, 
thus corroborating the triplet ground state [30].

Very recently, a detailed mechanistic insight into the oxidation of a series of 
para-substituted 2,6-di-tert-butylphenols (p-X-DTBPs) by 20 was reported. Kinetic 
investigations revealed that 20 abstracted the phenolic hydrogen from p-X-DTBPs. 
This is the first and the rate-determining step for the oxidation of p-X-DTBPs. The 
mechanisms of p-X-DTBPs oxidations with copper and cobalt superoxo complexes 
(Scheme 3.1) are similar [35].

In biomimetic studies, modeling natural metalloenzymes, synthetic Cu(II)-
superoxo complexes have appeared reactive in the oxidation of ligand C–H groups 
and O–H groups of substrates [27–31,35]. However, these data cannot be directly 
transferred to DβM and PHM enzymes; for those, very limited evidence (obtained 
by theoretical and indirect kinetic studies) in favor of the involvement of the cupric 
superoxo species in the hydrogen atom abstraction process is available. Mononuclear 
species such as cupric hydroperoxide LCuIIOOH or copper oxyl LCuII–O• have been 
considered as alternative reactive intermediates, capable of participating in copper 
enzyme-mediated biotransformations [42].
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3.1.5  Superoxo Complexes of Iron(III)

The formation of an iron(III) superoxo species upon O2 binding to an iron(II) center 
is the first step proposed for the activation of O2 by cytochrome P450 enzymes, the 
true oxidizing species being high-valent metal-oxo intermediates [43–45]. However, 
for some non-heme iron enzymes, ferric-superoxo complexes can by itself initiate 
catalytic transformations via hydrogen atom abstraction from substrates with rela-
tively week C–H bonds. The known example is myo-inositol oxygenase (MIOX), 
carrying out the oxidation of myo-inositol [cyclohexane-(1,2,3,4,5,6-hexa)ol] (MI) 
to d-glucuronate (DG). MIOX activates dioxygen at a mixed-valent diiron(II/III) 
cluster, to afford an S = 1/2 diiron(III/III)-superoxo species 21 [45,46] (Scheme  3.2). 
This intermediate was trapped and characterized by EPR (g1 = 2.05, g2 = 1.98, 
g3 = 1.90). The rhombic g-tensor and observed hfs from one 57Fe nucleus are ratio-
nalized in terms of the proposed diiron(III/III)-superoxo structure with coordina-
tion of the superoxide to a single iron. The observed primary kinetic isotope effect 
kH/kD ≥ 5 shows that the reaction indeed proceeds via the cleavage of the C–H(D) 
bond of myo-inositol by 21 [46].

Another mechanism of interaction of iron superoxo complex with the substrate 
was documented for homoprotocatechuate 2,3-dioxygenase (2,3-HPCD), an enzyme 
that cleaves the aromatic ring of the substrate (3,4-dihydroxyphenylacetate) [47,48]. 
It was proposed that simultaneous binding of the substrate and O2 to the iron allows 
electron transfer from the substrate to oxygen, with the formation of ferrous superoxo 
complex and substrate cation radical. Recombination of those two radicals would 
trigger ring cleavage and oxygen insertion, to yield a muconic semialdehyde adduct 
as a product (Scheme 3.3). The EPR spectroscopic data show that ferric-superoxo 
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complex A is formed at the initial stage of the catalytic transformations presented in 
Scheme 3.3. A has S = 2 ground state, resulting from antiferromagnetic coupling of 
high-spin Fe(III) (S = 5/2) with the superoxide anion (S = 1/2), and exhibits an EPR 
signal near g≈8.2 in parallel mode [48]. The reaction scheme depicted in Scheme 3.3 
is strongly supported by x-ray characterization of intermediates formed during the 
reaction of the 4-nitrocatechol (4NC) with O2, catalyzed by 2,3-HPCD. The follow-
ing intermediates were trapped and characterized (see Scheme 3.3): ternary complex 
of enzyme with 4CN and side-on bond dioxygen species (B), alkylperoxo intermedi-
ate (C), and complex with cleaved-ring product (E) [47].

In spite of extensive studies of non-heme iron enzymes, there have been no 
unambiguous data on the structures and reactivities of ferric-superoxo complexes 
participating in their catalytic cycles. For synthetic non-heme iron complexes, the 
information on the structure and reactivity of iron-superoxo complexes is also very 
restricted. Hitherto, there have been two reports on synthetic non-heme dinuclear 
iron-superoxo complexes with the proposed diiron(μ-hydroxo) structures FeIIIFeIII–
O2

•− (22, Figure 3.8) [49] and FeIIFeIII–O2
•− [50], and one report on mononuclear 

superoxo complex with the proposed structure FeIII–O2
•− (23, Figure 3.8) [51]. 
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Resonance Raman and Mössbauer spectroscopy were employed to unambiguously 
assign 23 as a species containing a mononuclear iron(III)-superoxide core. Complex 
23 displays a resonance-enhanced vibration at 1125 cm−1 corresponding to the O─O 
bond of the superoxo moiety, and the Mössbauer spectrum corresponds to a high-
spin FeIII center, exchange-coupled to the superoxo ligand. Complex 23 oxidizes 
dihydroanthracene to anthracene, supporting the assumption that FeIII–O2

•− species 
can carry out H-atom abstraction [51]. The main drawback hampering more detailed 
studies of iron-superoxo complexes in non-heme iron enzymes and model systems 
is their low stability.

The presented data show that the major current interest in the studies of metal-
superoxo complexes is focused on the enzymic systems and their models (superoxo 
complexes of copper and iron). It is firmly established that for some non-heme iron 
and copper enzymes, superoxo complexes can initiate substrate transformation 
by direct abstraction of hydrogen atom from substrates with relatively week C─H 
bonds [27,28,32,45,46]; moreover, for some non-heme iron enzymes, the substrate 
transformation can be initiated by recombination of substrate cation radical and 
superoxo complex [47,48]. As for synthetic catalyst systems, the only example of 
preparative catalytic reaction incorporating superoxo complex as an active interme-
diate remains the oxidation of 2,6-disubstituted phenols to quinones catalyzed by 
Co(II) complexes [3–8].

3.2  ALKYLPEROXO COMPLEXES

As was noted above, metal-superoxo complexes participate in some oxidative transfor-
mations of organic substrates, catalyzed by copper and iron enzymes. However, there 
are no examples of their key role in industrial oxidations. Contrariwise, it is generally 
accepted that molybdenum- and titanium-alkylperoxo complexes are the key inter-
mediates of such important homogeneous catalytic processes as the Halcon epoxida-
tion of propylene [52–57] and the Katsuki–Sharpless epoxidation of allylic alcohols 
[58–61]. The titanium-hydroperoxo complexes are proposed to be the active species 
of heterogeneous epoxidation of propylene on titanium silicalites (TS-1) [62,63]. The 
existing examples of practical applications as well as the growing demand in indus-
trial epoxides stimulate the extensive search for novel catalyst systems based on vari-
ous complexes of molybdenum and titanium, and inspire their mechanistic studies.
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3.2.1  Alkylperoxo Complexes of Molybdenum

Molybdenum(VI) complexes have been among the best catalysts for the epoxida-
tion of olefinic substrates with alkylhydroperoxides as terminal oxidants. The most 
frequently used and tested monomeric complexes are Mo(CO)6 and MoO2(acac)2. It 
was observed that the rate constants for olefin epoxidation observed with these two 
catalysts were the same [64]. The absence of dependence of the reaction rate on the 
structure of the molybdenum precatalyst was ascribed to the formation of Mo(VI)-
1,2-diol complexes in the course of molybdenum-catalyzed epoxidations [64,65]. It 
was found that Mo(VI)-1,2-diol complexes can exist in the reaction solution in the 
form of mononuclear and dinuclear species. In the case of cyclohexene as substrate, 
these species can be schematically presented by the structures 24 and 25, respectively 
(Figure 3.9) [64]. In agreements with these results, the 95Mo NMR spectra of the cat-
alyst systems MoO2(acac)2/tBuOOH/cyclohexene and Mo(CO)6/tBuOOH/cyclohex-
ene in benzene display resonances from two complexes (Figure 3.10a). The relatively 
sharp resonance at δ 277 (Δν1/2 = 100 Hz) can be assigned to the mononuclear com-
plex 24, and the broader resonance at δ 56 (Δν1/2 = 250 Hz) most likely belongs to the 
dinuclear complex 25 [54]. To support this assignment, the 95Mo NMR spectrum of 
the system MoO2(acac)2/1,2-trans-cyclohexane diol in benzene was recorded (Figure 
3.11). This spectrum displays intense peak from complex 25 and weak resonance from 
complex 24 (Figure 3.11) [55]. The 17O NMR spectrum of the same sample exhibits 
17O resonance at δ 1034 from the Mo=O groups of MoO2(acac)2, and four resonances 
with the ratios 2:2:1:1 at δ 956, 917, 892, and 878 from complex 25 (Figure 3.12a). 
The Mo=O and Mo–O–Mo groups of MoO2(acac)2 and 25 were enriched with 17O 
isotope by the addition of H2

17O (3% enrichment in 17O) to the sample. The dinuclear 
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complex 25 presented in Figure 3.9 should display two 17O NMR peaks 2:1 from the 
O═Mo─O─Mo═O moiety. Most likely, the observed 2:2:1:1 pattern corresponds 
to two structural isomers of 25 (the ratio of isomers is 1:1). The detailed structures 
of isomers are unknown. However, it is well established that in the catalyst system 
MoO2(acac)2/tBuOOH/cyclohexene, the initial molybdenum(VI) complex converts 
in the course of epoxidation into molybdenum(VI) complexes with 1,2-alkanediols, 
the by-products of epoxidation.

The 13C, 95Mo, and 17O NMR spectroscopic studies of the catalyst sys-
tems MoO2(acac)2/tBuOOH/cyclohexene and MoO2(acac)2/tBuOOH/trans-1,2-
cyclohexanediol in benzene have shown that tBuOOH replaces the 1,2-diolate 
ligands in 25 to form the alkylperoxo complex 26 (Figure 3.9). After the addition of 

24
25

200 100 0 –100

FIGURE 3.10  95Mo NMR spectrum (benzene, 20°C) of the sample MoO2(acac)2/tBuOOH/
C6H10 = 1:30:30 in benzene recorded 15 min after heating at 80°C ([MO2(acac)2] = 0.05 M. 
(Reproduced with permission from Talsi, E. P. et al. 1993. J. Mol. Catal. 83: 329–346.)
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FIGURE 3.11  95Mo NMR spectrum (CHCl3, 25°C) of the MoO2(acac)2/1,2-trans-
cyclohexane-diol = 1:2; [MoO2(acac)2] = 0.1 M. (Reproduced with permission from 
Dorosheva, T. S. et al. 2003. Mendeleev Commun. 13: 8–9.)
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20 equivalents of tBuOOH to the solution containing MoO2(acac)2 and 25 in CHCl3 
at room temperature, the 13C NMR peaks of the coordinated OOtBu moiety of the 
alkylperoxo complex 26 appeared. The resonance at δ 26.0 and two resonances at 
83.3 and 82.9 were assigned to the primary and quaternary carbon atoms of the 
coordinated alkylperoxo moiety of 26, respectively. Free tBuOOH exhibited the 
corresponding 13C peaks at δ 25.4 and 80.2 [55]. The chemical shifts of peaks at 
δ 83.3 and 82.9 are close to the corresponding peak for η2-(tert-butylperoxo)tita-
natrane dimer 27 (δ 83.93 in CD2Cl2) (Figure 3.9) [66]. The peaks of 26 disappear 
when tBuOOH decomposes to tBuOH upon storing the sample at room tempera-
ture. The two peaks at δ 83.3 and 82.9 for 26, probably, reflect the existence of two 
isomers of the starting complex 25. The concentration of 26 reached 70% of the 
starting molybdenum complex. A comparison of the intensities of the corresponding 
13C NMR peaks shows that 26 incorporates one –OOtBu and one 1,2-cyclohexane-
diolate ligand per one molybdenum. The alkylperoxo ligand in 26 is most likely 
η2-coordinated, as in η2-(tert-butylperoxo)titanatrane dimer 27.

The 17O NMR spectra of the system MoO2(acac)2/1,2-cyclohexane diol/tBuOOH 
bear evidence that the O═Mo─O─Mo═O fragment of 25 remains intact upon the 
formation of 26. The addition of tBuOOH to the sample of Figure 3.12a gave rise to 
a small (about 2 ppm) increase of the chemical shifts of M═O oxygens, and a more 
sizeable (by 5–8 ppm) increase of the chemical shifts of the Mo─O─Mo oxygens, 
whereas the ratio between the peak intensities of M═O and Mo─O─Mo moieties 
remained unchanged (Figure 3.12b). It is natural to conclude that the formation of 26 
occurs via the replacement of 1,2-cyclohexanediolato ligands in 25 by tBuOO− [55]. 
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FIGURE 3.12  17O NMR spectra (CHCl3, 20°C, [MoO2(acac)2] = 0.1 M) of MoO2(acac)2/1.2-
trans-cyclohexanediol = 1:2 (a) and sample (a) 30 min after the addition of tBuOOH 
([tBuOOH] = 2 M. This sample contained 0.003 mL of H2

17O (3% enrichment in 17O) 
in 1.5 mL of solution. (Reproduced with permission from Dorosheva, T. S. et  al. 2003. 
Mendeleev Commun. 13: 8–9.)
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Hence, the key epoxidizing agent of the catalyst system MoO2(acac)2/olefin/tBuOOH 
is likely a dinuclear μ-oxo-bridged alkylperoxo complex of molybdenum(VI) (26) 
(Figure 3.9).

The independence of the epoxidation rate on the structure of the starting 
molybdenum complex was only demonstrated for molybdenum complexes with 
labile or oxidation-unstable ligands (e.g., MoO2(acac)2, Mo(CO)6), which could be 
replaced with the 1,2-alkanediolate ligands, formed in the course of olefin epoxida-
tion. Complexes of the type [MoO2Cl2L], where L is polypyridyl (28–38 [56,67]), 
1,4-diazabutadiene (39, 40 [68]), or salen-type ligand (41–42 [69]) (Figure 3.13), 
do not lose the starting ligand in the course of epoxidation and thus exhibit strong 
dependence of the catalytic activity on the nature of the ligand L. Furthermore, the 
catalytic activities of the systems 28–42/tBuOOH/alkene are much lower than that 
of the system MoO2(acac)2/tBuOOH/alkene, so one can expect that more stable cata-
lysts 28–42 are more suitable for mechanistic studies.

Kühn and coworkers suggested that the active species of epoxidation of the cata-
lyst systems 28–34/tBuOOH/alkene is a η1-alkylperoxo complex of molybdenum(VI) 
(43, Figure 3.14). This assumption was based on the detection of a new IR band in the 
reaction of [MoO2Cl2L] with tBuOOH (L = 4,4′-bis(n-hexyl)-2,2′-bipyridine) [56]. 
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This band at 885 cm−1 was similar to the ν (O–O) stretching band at 890 cm−1 for the 
X-ray crystallographically characterized vanadium(V) alkylperoxo complex, (dipic)
VO(η2-OOtBu) (dipic = 2,6-pyridinedicarboxylate) [70]. The authors proposed the 
η1-coordination mode for OOtBu group in 43; however, the η2-coordination may 
be more probable since known X-ray-characterized alkylperoxo complexes of vana-
dium [70] and titanium [66] display η2-coordination of the alkylperoxo moiety.

Until now, there have been no reported examples of isolated and X-ray-
characterized alkylperoxo complexes of molybdenum or reactivity data for alkyl-
peroxo complexes of molybdenum toward stoichiometric epoxidation of alkenes. 
Nevertheless, it is widely accepted that the active species of the catalyst systems 
based on molybdenum complexes and alkylhydroperoxides are the corresponding 
alkylperoxo complexes of molybdenum. This assumption is based on the spectro-
scopic detection of alkylperoxo complexes of molybdenum [55–57] and analogy with 
the alkylperoxo complexes of titanium and vanadium (see below).

3.2.2  Alkylperoxo Complexes of Titanium

Alkylperoxo complexes of titanium were proposed to be the active species of the 
practically important Katsuki–Sharpless asymmetric epoxidation system [71–73] 
and Kagan–Modena asymmetric sulfoxidation system [74,75]. The Katsuki–
Sharpless epoxidation system consists of Ti(OiPr)4, diisopropyl tartrate (DIPT), 
tBuOOH, and allylic alcohol (R1OH) as a substrate. Owing to the fluxional exchange 
of the tartrate, substrate, and oxidant molecules, the 1H and 13C NMR spectra of the 
catalyst system Ti(OiPr)4/DIPT/tBuOOH/R1OH are broadened and therefore poorly 
informative. Therefore, the actual structure of the active species operating in this 
catalyst system remains unclear. On the basis of indirect experimental data, dinu-
clear η2-alkylperoxo complex 44 (Figure 3.15) is postulated as the active species of 
asymmetric epoxidation [73].

So far, the only X-ray-characterized Ti(IV) alkylperoxo complex has been 
the achiral η2-tert-butylperoxotitanatrane dimer 27 [66]. Although this complex 
was shown to oxidize amines and sulfides to the corresponding oxides, it was not 
active in olefin epoxidation. Bonchio et al. have generated the asymmetric sulfoxi-
dation catalysts from titanium(IV) isopropoxide and enantiopure trialkanolamine 
ligands. Electrospray ionization mass spectrometry (ESI-MS), in combination with 
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FIGURE 3.14  Proposed structure of alkylperoxo complex of molybdenum(VI) formed in 
the catalyst system MoO2Br2(2,2′-bipy)/tBuOOH.
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low-temperature 1H NMR technique, has shown that in the presence of excess 
tBuOOH, the mononuclear alkylperoxo complex 45 predominates in the reaction 
solution (Figure 3.15). This complex serves as the active species of enantioselective 
sulfoxidation [76].

Fujiwara et  al. have shown that cubic silicon–titanium μ-oxo complex reacted 
with 4 equivalents of tBuOOH in hexane at −20°C to form a novel complex 46 as 
a white solid. This complex reacted with cyclohexene to afford cyclohexene oxide. 
The chemical shift of the peak of methyl carbons of the coordinated OOtBu group in 
complex 46 (δ = 26.5) was very close to that of the X-ray-characterized complex 27 
(δ = 26.6). On the basis of this similarity and reactivity data, 46 was assigned to the 
alkylperoxo complex (Figure 3.15) [77].

Using 1H and 13C NMR spectroscopy, Babushkin and Talsi have monitored the 
reaction of Ti(OiPr)4 with tBuOOH in CH2Cl2 (CDCl3) at −70°C to −30°C [78,79]. 
It has been unambiguously shown that alkoxo ligands of Ti(OiPr)4 are successively 
displaced by alkylperoxo ones with the increase in the tBuOOH:Ti(OiPr)4 ratio 
from 1:1 to 10:1 to form an equilibrium mixture of alkylperoxo complexes Ti(η2-
OOtBu)n(OiPr)4−n, where n = 1–4. The equilibrium (3.1) between all these complexes 
and Ti(OiPr)4 is rapidly established even at −70°C:

	 Ti O BuOOH Ti OO Bu O OH( ) ( ) ( ) ( ) ( )Pr Pr Pr ,i n t t i n i nn n4 4 1 4+ + = −↔ − 	 (3.1)

The molecular composition of the alkylperoxo complexes formed was deter-
mined by comparison of the relative intensities (NOE corrected) of the 13C NMR 
signals for the quaternary carbons of the OOtBu ligands and the ternary carbon 
atoms of the OiPr ligands, which were 1:3, 2:2, and 3:1 for Ti(OOtBu)(OiPr)3 (47), 
Ti(OOtBu)2(OiPr)2 (48), and Ti(OOtBu)3(OiPr) (49), respectively. Only the signals of 
the OOtBu ligands correspond to complex Ti(OOtBu)4 (50) in the 1H and 13C NMR 
spectra (Figure 3.16). As an example, Figure 3.17 shows the 13C NMR spectrum of 
the system Ti(OiPr)4 + 2(tBuOOH) in CH2Cl2 at −30°C. The signals of the quater-
nary carbons of the OOtBu ligands (δ 87.4…86.7) and the tertiary carbons of the 
OiPr ligands (δ 79.0…77.3) of complexes 47–49 are clearly seen.
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The difference in the chemical shifts for the quaternary carbon atom of the tBu 
group in Ti(OOtBu)n(OiPr)4−n (n = 1–4) and in tBuOOH is 6.9–7.5 ppm. The corre-
sponding difference for the primary carbon atoms of the tBu group is 0.25–0.75 ppm 
(Table 3.2). To define the mode of the OOtBu ligand coordination to titanium atom 
in complexes 47–50, the above differences were compared with those for the sepa-
rately prepared alkoxo complexes Ti(OtBu)n(OiPr)4−n, where n = 1–4 [78]. The cor-
responding differences for the α-carbon of the OtBu groups in Ti(OtBu)n(OiPr)4−n, 
and tBuOH were 11.2–12.2 ppm (Table 3.3). Thus, in the case of η2-coordination 
of the OOtBu ligand, one would expect a difference in the chemical shifts for the 
quaternary carbon atom of the tBu group in 47–50 and in tBuOOH up to 11–12 ppm. 
The experimentally observed difference of 6.9–7.5 ppm (Table 3.3) supports the η2-
coordination of OOtBu moieties in the alkylperoxo complexes 47–50 (Figure 3.16). 
It is noteworthy that only one set of 13C and 1H NMR signals was observed for 
ligands of any particular complex Ti(OOtBu)n(OiPr)4−n with n = 1–4. This fact pro-
vides evidence in favor of fast (even at −70°C) intramolecular rearrangements in the 
coordination sphere, leading to apparent magnetic equivalence of the ligands and to 
fast interconversion of all possible structural isomers of each alkylperoxo complex.
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FIGURE 3.16  Proposed structures of titanium(IV) alkylperoxo complexes 47–50.
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The reaction of 47–50 with benzyl phenyl sulfide was studied by 1H NMR spec-
troscopy in chloroform-d at −30°C [79]. At this temperature, alkylperoxo complexes 
47–50 are stable, and their concentrations do not change noticeably during several 
hours. The 1H and 13C NMR data show that at the ratio of the reactants [tBuOOH]/
[Ti(OiPr)4] ≤ 0.5, alkylperoxo complex 47 is the predominant titanium species in the 
reaction solution. The reactivity of 47 toward the sulfide can be readily determined 
by the 1H NMR monitoring of the concentrations of 47, sulfide and sulfoxide. The 
reaction was performed directly in an NMR tube. Thus, the obtained rate constant k47 
for the reaction of complex 47 with benzyl phenyl sulfide was (8 ± 2) × 10−4 M−1 s−1 
(at −30°C). At the initial concentration ratio [tBuOOH]/[Ti(OiPr)4]≈2, complex 
48 is the predominant species in the system Ti(OiPr)4 + tBuOOH in CH2Cl2. 
The reactivity of complex 48 toward benzyl phenyl sulfide was noticeably higher 
than that of 47, k48 = (3.2 ± 0.6) 10−3 M−1 s−1 (at −30°C). At the reactants ratio 
[tBuOOH]/[Ti(OiPr)4] > 10, complexes 49 and 50 predominated in solution. They 

TABLE 3.2
13C and 1H NMR Chemical Shiftsa for Titanium(IV) Alkylperoxo Complexes 
Ti(OOtBu)n(OiPr)4−n

Compound C(CH3)3 CH(CH3)2 C(CH3)3 CH(CH3)2 CH(CH3)2 C(CH3)3 CH(CH3)2

Ti(OiPr)4 − 76.59 − 4.491 1.270 − 26.73

47 86.93 77.51 1.444 4.564 1.276 26.26 26.52

48 87.42 78.18 1.450 4.656 1.269 26.41 26.01

49 87.21 78.95 1.421 4.724 1.286 26.63 25.89

50 87.04 − 1.426 − − 26.80 −

a	 13C NMR spectra were measured at −30°C in CH2Cl2, and 1H NMR spectra were measured at −40°C 
in CDCl3.

TABLE 3.3
13C and 1H NMR Chemical Shiftsa for Ti(IV) Alkoxo Complexes 
Ti(OtBu)n(OiPr)4−n

n C(CH3)3 CH(CH3)2 C(CH3)3 CH(CH3)2 CH(CH3)2 C(CH3)3 CH(CH3)2

0 − 76.59 − 4.491 1.253 − 26.73

1 81.28 76.36 1.316 4.488b 1.248c 32.35c 26.71c

2 80.98 76.14 1.313 4.484b 1.248c 32.35c 26.71c

3 80.68 75.85 1.308 4.476 1.243 32.35c 26.71c

4 80.33 − 1.298 − − 32.35c −

a	 13C NMR spectra were recorded at 0°C in CH2Cl2, and 1H NMR spectra were recorded at 20°C in 
CDCl3.

b	 Partially resolved.
c	 Unresolved.
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were much more reactive toward benzyl phenyl sulfide; for their reaction rate con-
stants, only the lower estimate was obtained: k49, k50 ≥ 1.5 × 10−2 M−1 s−1 (at −30°C) 
[79]. So, the reactivity of alkylperoxo complexes of titanium Ti(OOtBu)n(OiPr)4−n, 
n = 1–4 toward benzyl phenyl sulfide increases with the increase in the number 
of alkylperoxo ligands. Moreover, the reactivity per each alkylperoxo group also 
increases in this row.

Complex 47 is far less reactive toward olefins than toward sulfides (so that its 
interaction with olefins was studied at much higher temperature, 20°C). At this tem-
perature, self-decomposition of 47 takes place with the rate constant kd = 4 × 10−4 s−1. 
In the course of this decomposition, one molecule of acetone is formed due to the 
oxidation of one of the OiPr ligands by the OOtBu moiety. For the formation of the 
epoxide to be detected, the rate of the reaction of 47 with the olefin must be com-
petitive with the rate of this self-decay. For the sample with [cyclo-C6H10] = 1.4 M, 
[Ti(OiPr)4] = 0.24 M, and [tBuOOH] = 0.14 M, the molar ratio of the oxidation prod-
ucts [acetone]/[epoxide] was about 3. The rate constant for the reaction of 47 with 
cyclohexene was estimated as 10−4 M−1 s−1 (at 20°C). Complex 47 was unreactive 
toward stilbene and styrene under those conditions. Allylic alcohols react very rap-
idly with 47 at 20°C, to form the corresponding epoxides. In this case, self-decom-
position of 47 with acetone formation can be entirely suppressed.

3.2.3  Alkylperoxo Complexes of Vanadium

Since the first publications on vanadium alkylperoxo complexes, the latter had been 
implicated as the active species of transition metal–catalyzed epoxidation of olefins 
with alkyl hydroperoxides [80].

Mimoun and coworkers isolated and x-ray-characterized the stable (dipicolinato)
vanadium(V) η2-alkylperoxo complex 51 (Figure 3.18) [70]. However, 51 was found 
to be inert toward olefins. Later, the same group synthesized alkylperoxo complexes 
52a–e with tridentate N-(2-oxidophenyl)-salicylidenaminato Schiff base ligands 
(R′-OPhsal-R″) (Figure 3.18) [81]. Complexes 52a–e were characterized by ele-
mental analysis and IR and 1H NMR spectroscopy. Those complexes were the first 
well-defined examples of alkylperoxo complexes of d0-transition metals, capable 
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of epoxidizing olefins with high selectivity. The reaction was highly stereospecific: 
cis-olefins and trans-olefins were selectively transformed to cis-epoxides and trans-
epoxides, respectively [81].

Vanadium(V) species formed in the catalyst system VO(acac)2/tBuOOH/olefin in 
benzene-d6 were studied by 1H and 51V NMR spectroscopy [82]. It was found that 
alkylperoxo complex VO(acac)2(OOtBu) (53) is formed at the initial stage of reaction. 
Then, it rapidly decays, and three new vanadium(V) complexes 54–56 appear in the 
catalyst system studied (Figure 3.19). The concentrations of 54 and 55 decline with 
time, while that of 56 increases. Independent synthesis showed that 56 is complex 
VO(OtBu)3. The structures of 54 and 55 were not clearly established [82]. A subse-
quent 51V, 17O, 13C, and 1H NMR spectroscopic study of the vanadium species formed 
in the catalyst system VO(OnBu)3/tBuOOH unambiguously revealed the composition 
of complexes 54 and 55 [83].

Multinuclear NMR spectroscopic monitoring of the interaction of VO(OnBu)3 with 
tBuOOH in CH2Cl2 at −40°C showed that the alkoxo ligands of VO(OnBu)3 were suc-
cessively replaced by alkylperoxo ones with the increase in the tBuOOH:VO(OnBu)3 
ratio from 1:1 to 10:1, to form an equilibrium mixture of alkylperoxo complexes VO(
OOtBu)k(OnBu)3−k, where k = 1, 2, 3 [83]:

	 VO O Bu BuOOH VO OO Bu O Bu BuOH( ) ( ) ( )n kt t n ktk k3 3+ ↔ +− 	 (3.2)

Each alkylperoxo complex displays individual signals in the 51V, 17O, 13C, and 1H 
NMR spectra (Table 3.4). The composition of alkylperoxo complexes was deter-
mined from relative intensities of the 13C resonances of the OOtBu ligands and the 
primary carbon atoms of the OnBu ligands of VO(OOtBu)k(OnBu)3−k for k = 1 and 2. 
The relative intensities (NOE corrected) of these resonances for VO(OOtBu)(OnBu)2 
(57) and VO(OOtBu)2(OnBu) (58) were 1:2 and 2:1, respectively. Only the signals 
of the OOtBu ligands correspond to the VO(OOtBu)3 complex (59) in the 1H and 
13C NMR spectra. The observed chemical shifts for the quaternary carbon atom 
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of the tBu groups of 57–59 (Table 3.4) is indicative of the η2-coordination of the 
alkylperoxo moiety.

In the same solvent, 51V chemical shifts of 55 and 58 almost coincided, confirm-
ing that 55 is alkylperoxo complex VO(OOtBu)2(OtBu). 51V chemical shifts of 54 and 
57 were also very close, thus suggesting that 54 is alkylperoxo complex VO(OOtBu)
(OtBu)2[82,83]. One can conclude that three types of vanadium(V) complexes exist 
and operate in the catalyst system VIVO(acac)2/tBuOOH/olefin: VO(OOtBu)(OtBu)2 
(54), VO(OOtBu)2(OtBu) (55), and VO(OtBu)3 (56) (Figure 3.19). In the case of allylic 
alcohol R1OH as a substrate, one of the OtBu groups of 54 and 55 can be replaced by 
R1O group. There are still no direct data on the reactivity of 54 and 55. Apparently, 
by analogy with titanium congeners, alkylperoxo complexes 54 and/or 55 are the 
active epoxidizing species of the catalyst system VIVO(acac)2/tBuOOH.

In 1973, Sharpless and Michaelson reported on the remarkable reactivity and 
selectivity of vanadium catalysts toward the epoxidation of allylic alcohols with 
alkylhydroperoxides [84]. Later, the same group found that the combination of 
VO(acac)2 and chiral hydroxamic acid 60 (Figure 3.20) was capable of epoxidiz-
ing allylic alcohols by tBuOOH with up to 50% ee [85]. The enantioselectivity and 
efficiency of the vanadium-based catalyst systems for the asymmetric epoxidation of 
allylic alcohols were improved using specially designed hydroxamic acids 61, 62 (up 
to 96% ee [86,87]), and 63 (up to 71% ee [88,89] (Figure 3.20)).

The structure and reactivity of vanadium(V) complexes formed in situ in the 
catalyst system VO(OiPr)3/hydroxamic acid 63/tBuOOH were examined by means 
of 51V, 13C, and 17O NMR spectroscopy. For the first time, reactive vanadium(V) 
alkylperoxo intermediates in vanadium/hydroxamic acid epoxidations (Scheme 3.4) 

TABLE 3.4
13C, 1H, 51V, and 17O NMR Chemical Shifts (CH2Cl2, −40°C) for Vanadium(V) 
Alkylperoxo Complexes VO(OOtBu)k(OnBu)3−k

Compound C(CH3)3 C(CH3)3 C(CH3)3 OCH2 OCH2
51V V = 17O

VO(OnBu)3 − − − 84.3a 5.04b −593c,d 1162b,g

 57 87.0c 26.05 1.32 84.90a 5.07b −554e 1158b

 58 87.9c 26.22 1.36 85.85 5.04 −530 ± 3c,f 1190

 59 89.9 26.60 1.45 − − −545 ± 2c 1236

tBuOOH 81.0 25.85 1.23 − − − −
nBuOH − − − 62.85 3.63 − −

a	 Unresolved at −40°C due to fast ligand exchange.
b	 Unresolved.
c	 Chemical shifts depend on the tBuOOH concentration.
d	 Chemical shift in the presence of 2 M tBuOOH in CH2Cl2. In neat CH2Cl2, the chemical shift is 

−557 ppm, temperature dependence −1.4 ± 0.1 ppm/K.
e	 Temperature dependence of the chemical shift is less than 0.02 ppm/K.
f	 Temperature dependence of the chemical shift is −0.15 ± 0.01 ppm/K.
g	 17O NMR signal of nBuO ligands was at 350 ppm.
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were observed and spectroscopically characterized [90]. With a planar-chiral [2.2]
paracyclophane-derived hydroxamate 63 as the chelating ligand, two diastereo-
meric alkylperoxo vanadium(V) complexes 64a,b were formed in a 3:1 ratio, dif-
fering in the relative positioning of the V═O group and the planar-chiral aromatic 
part (Scheme 3.4). Upon the addition of geraniol as substrate, complexes 64a,b 
disappeared in a parallel manner, and geraniol epoxide was formed. Probably, the 
existence of those two diastereomeric complexes and their comparable reactivities 
account for the observed moderate enantioselectivity level (71% ee) and hence sets a 
fundamental limitation for the use of such ligands in this asymmetric catalysis [90].

Very recently, 51V NMR spectroscopy was used for the characterization of vana-
dium species formed during the transformation of furfurol into the synthetically 
important lactol (6-hydroxy-2H-pyran-3(6H)-one, Achmatowicz rearrangement, 
Scheme 3.5). By monitoring the reaction mixture under the reaction conditions by 
51V NMR, the authors were able to identify various vanadium species, including the 
alkylperoxo intermediate VO(OtBu)(OOtBu)(furfurol) (65) (Scheme 3.5) [91].

3.3 � PEROXO COMPLEXES

Hydrogen peroxide has been considered as one of the most attractive “green” 
oxidants, affording water as the only by-product in oxidation reactions, which stimu-
lated the interest in catalyst systems relying on transition metals and H2O2, in both 
the industry and academia. Particularly, peroxo complexes of molybdenum, vana-
dium, and titanium have been intensively studied as possible active species of cata-
lysts based on the above transition metals.

3.3.1 P eroxo Complexes of Molybdenum

In 1970, Mimoun, Roch, and Sajus discovered that diperoxo molybdenum complex 
Mo(O2)2⋅HMPA (66, Figure 3.21) (HMPA = hexamethylphosphoric triamide) is capa-
ble of stoichiometrically oxidizing alkenes to epoxides in good yields at room temper-
ature in aprotic solvents [92]. 18O labeling studies provided evidence that the epoxide 
oxygen originated exclusively from the peroxo ligands [93]. Theoretical calculations 
suggested that the epoxidation occurred via direct nucleophilic attack of the olefin 
at the electrophilic peroxidic oxygen through a transition state of spiro structure (67, 
Figure 3.21) [94]. Using hybrid density functional approach, Rösch and coworkers 
proposed different peroxide intermediates formed in the systems H3NMoO3/H2O2, 
and H3NOMoO3/H2O2 [95]. They have studied mono- and bisperoxo intermediates 
as well as hydroperoxo derivatives as the potentially reactive species. The inspection 
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of the energy pattern of various intermediates showed that the hydroperoxo inter-
mediates may be competitive (and even superior) to the peroxo intermediates as the 
active species of epoxidation [95].

1H, 17O, and 95Mo NMR spectroscopic monitoring of the intermediates formed in 
the catalyst systems MoO2(acac)2/H2O2 and MoO3/H2O2 in acetonitrile have shown 
that molybdenum complex 68 (Figure 3.22) is the major molybdenum species pres-
ent in the reaction solution ([H2O2]/[Mo] > 3) [96]. The 17O NMR spectra of the 
catalyst system MoO2(acac)2/H2O2 (Figure 3.23a) and complex MoO(O2)2⋅HMPA 
(Figure 3.23b) (natural abundance of the 17O isotope, solvent CH3CN) show that 
molybdenum complexes present in both samples display similar 17O resonances from 
Mo═O (δ 857, Δν1/2 = 200 Hz) and Mo(O2)2 (δ 450, Δν1/2 = 2500 Hz) moieties, with 
relative intensities 1:4. It is logical to assign 68 to a diperoxo molybdenum com-
plex MoO(O2)2⋅H2O (Figure 3.22). With the increase in the concentration of water 
in acetonitrile from 4 to 25 M, the 95Mo NMR peak of 68 shifted 45 ppm upfield, 
while the 17O chemical shift of Mo═O shifted 16 ppm downfield. Similar changes 
in 95Mo and 17O chemical shifts were observed when MoO(O2)2⋅HMPA converted 
into MoO(O2)2⋅HMPA⋅H2O. Apparently, with the increase in H2O concentration, the 
MoO(O2)2⋅(H2O) complex (68) transformed into molybdenum complex with the pro-
posed structure MoO(O2)2⋅(H2O)2 (69) (Figure 3.22). Complex 69 was inert toward 
alkenes. In contrast, 68 reacted with cyclohexene and allylic alcohols (in dioxane and 
acetonitrile) to afford the corresponding epoxides.
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FIGURE 3.21  Diperoxo complex of molybdenum(VI) and proposed transition state of its 
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The 95Mo NMR spectrum of the sample MoO2(acac)2/[H2O2] ([MoO2(acac)2] = 
0.1 M, [H2O2] = 1 M), recorded 10 min after the addition of H2O2, displays pre-
dominantly the resonance of 68 (δ −122, Δν1/2 = 900 Hz) (Figure 3.24a). After the 
addition of cyclohexene to the sample of Figure 3.24a and 2-min storing of the result-
ing solution at 80°C, the resonance of 68 disappeared, and those of the 1,2-diolo 
complex 25 (Figure 3.11) and Mo6O19

2− (70) (Figure 3.22) were observed (Figure 
3.24b). The addition of new portions of H2O2 restored the concentration of 68 (Figure 
3.24c) [96]. When the new portion of cyclohexene was added to the sample of Figure 
3.24c, the concentration of 70 was partially restored (Figure 3.24d). Most probably, 
the bis(peroxo) complex 68 is the active species of epoxidation. Complex 68 was 
shown to stoichiometrically epoxidize alkenes in good yields at room temperature 
in poorly coordinating solvents (while being inert in strong σ-donor solvents, e.g., 
DMF, DMSO, HMPA, and Py) [92]. This effect was explained by the decrease of 

Mo-peroxo

Mo=0

Mo-peroxo

HMPA

Enol
Hacac

H2O

1000 800 600 400 200 0

(b)

(a)

FIGURE 3.23  17O NMR spectra (acetonitrile, 20°C) of (a) Mo-peroxo complex 68 
and (b)  0.5 M solution of MoO(O2)2⋅HMPA. Complex 68 was prepared by the addition 
of 70% H2O2 to a 0.3 M solution of MoO2(acac)2 in acetonitrile to obtain [H2O2] = 5 M. 
HMPA = hexamethylphosphoramide. (Reproduced with permission from Talsi, E. P. et  al. 
1993. J. Mol. Catal. A Chem. 83: 347–366.)
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electrophilic properties of the coordinated peroxo groups upon the introduction of 
additional σ-donor ligand [94–96].

Recent data on the synthesis and catalytic activity of vanadium and molybdenum 
peroxides were reviewed by Conte and Floris [97]. A number of well-characterized 
molybdenum and vanadium peroxides have so far been reported, along with the elu-
cidation of factors governing the reactivity and selectivity of the peroxo complexes of 
transition metals; however, examples of commercial applications of catalyst systems 
of this type have not been reported thus far.

3.3.2 P eroxo Complexes of Vanadium

To date, numerous vanadium mono- and bis(peroxo) complexes have been prepared, 
which oxidized olefins and sulfides with hydrogen peroxide [89,97–99]. The oxida-
tion selectivity by vanadium compounds is usually lower than for their molybdenum 
congeners, due to the contribution of nonselective radical oxidation. For example, 
complex VO(O2)(Pic)(H2O)2 (71) prepared by Mimoun and coworkers (Figure 3.25) 
is stable and inactive in strong σ-donor solvents (DMF, H2O, MeOH) and decomposes 
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FIGURE 3.24  95Mo NMR spectra (acetonitrile, 20°C) of samples prepared by various treat-
ments of a 0.1 M solution of MoO2(acac)2 in acetonitrile: (a) 10 min after the addition of 70% 
H2O2 ([H2O2] = 1 M) at 20°C, (b) 5 min after the addition of cyclohexene ([C6H10] = 1 M) to 
the sample (a) and storing at 80°C for 2 min, (c) 5 min after the addition of another portion of 
H2O2 ([H2O2] = 2 M) to the sample in (b) at 20°C, and (d) 5 min after the addition of further 
portion of H2O2 ([H2O2] = 2 M) to the sample in (c) and heating at 80°C for 2 min. (Reproduced 
with permission from Talsi, E. P. et al. 1993. J. Mol. Catal. A Chem. 83: 347–366.)
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in less coordinating solvents (CH3CN, CH3NO2). This decomposition can initiate 
radical oxidation of benzene and alkanes [100]. Various groups tried to elucidate 
the decomposition mechanism of complex 71; however, this question is yet to be 
answered [100–103]. 51V NMR studies of the solutions of 71 in CH3CN, containing 
various amounts of water, showed the coexistence of complexes VO(O2)(Pic)(H2O)2 
(71) (δ −565) and VO(O2)(Pic)(H2O)(CH3CN) (72) (δ −522) in CH3CN/H2O mix-
tures (Figure 3.25). At high H2O concentrations in CH3CN, 72 converts to 71 [103]. 
Complex 72 is unstable and initiates radical oxidation of organic substrates, whereas 
71 is stable and inert. The radical nature of species formed upon decomposition of 
72 in CH3CN was confirmed by trapping HO• radicals in the reaction solution using 
3,3,5,5-tetramethyl-pyrroline-N-oxide (TMPO) as a spin trap [103]. The observed 
deactivation of 72 upon substitution of CH3CN ligand by stronger σ-donor ligands 
(e.g., H2O, MeOH, DMF) may be caused by the suppression of electron transfer from 
the peroxo group to the metal to give a radical-like species VIV–O–O• [100,103].

Pombeiro, Shulpin, and coworkers demonstrated that vanadate anion, VO3
−, effi-

ciently catalyzes the oxidation of organic compounds with H2O2 in acetonitrile in the 
presence of pyrazine-2-carboxylic acid (PCA), added to the solution as a cocatalyst 
[104 and references therein]. Detailed 51V NMR and kinetic studies of the catalyst sys-
tems vanadium complex/PCA/H2O2 confirmed the key role of HO• and HO2

• radicals 
in the oxidation of organic substrates; most likely, vanadium complexes containing the 
V(PCA)(OO)(OOH) moiety are responsible for the generation of these radicals [104].

From the practical perspective, the design of highly chemo- and stereoselective oxi-
dizing catalyst systems requires that the contribution of radicals, initiating nonselec-
tive pathways, should be reduced to a minimum. Mizuno and coworkers demonstrated 
that divanadium-substituted γ-Keggin polyoxotungstates TBA3[γ-PW10V2O38(OH)2] 
(73, TBA = tetra-n-butylammonium) and TBA4[γ-SiW10V2O38(OH)2] (74) (Figure 
3.26) are efficient catalysts for a range of selective liquid-phase oxidations with 
H2O2 [105–108]. Complex 74 selectively catalyzes olefin epoxidation [105], whereas 
73 catalyzes the epoxidation of electron-deficient alkenes [106], hydroxylation of 
alkanes [108], and alkylbenzenes [107]. 1H, 51V, 183W NMR and cold-spray ioniza-
tion mass spectrometric studies of the systems 73/H2O2 and 74/H2O2 indicate that 
intermediates with [OV–(μ-OH)(μ-OOH)–VO)] (75) and [OV–(μ-η2:η2–OO)–VO)] 
(76) core are formed in these systems, and they can be responsible for the selective 
oxidations [105–108] (Scheme 3.6).
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permission from Kamata, K. et al. 2010. Nat. Chem. 2: 478–483.)
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86 Applications of EPR and NMR Spectroscopy in Homogeneous Catalysis

Kholdeeva and coworkers reported that phosphotungstate 74 is an efficient cata-
lyst for the selective oxidation of industrially important alkylphenols/naphthols with 
35% H2O2 [109]. By applying the optimized reaction conditions, 2,3,5-trimethyl-
p-benzoquinone (TMBQ, vitamin E key intermediate) was obtained in a nearly 
quantitative yield via the oxidation of 2,3,6-trimethylphenol (TMP). The efficiency 
of H2O2 utilization reached 90%. The active vanadium peroxo complex, responsible 
for the oxidation of TMP to TMPQ, was identified by 51V and 31P NMR spectroscopy. 
The 51V spectrum of 73 in CH3CN displayed a single 51V resonance at −581 ppm and 
a 31P resonance at −14.2 ppm. After treatment of 73 with 1–2 equivalents of 35% 
H2O2, new 51V and 31P resonances at δ −557 and −14.8 appeared. The 51V resonance 
at δ −557 had previously been assigned to a vanadium μ-hydroxo–μ-hydroperoxo 
complex 75 [105]. After the subsequent addition of a 10-fold excess TMP, the reso-
nances of 75 rapidly disappeared. The decomposition of the hydroperoxo complex in 
the absence of the phenolic substrate was significantly slower (2 h vs. 20 min in the 
presence of TMP at 25°C). The new portions of H2O2 partially restored the concen-
tration of 75. These data allowed the authors to propose that it was 75 that conducted 
the selective oxidation of TMP to TMBQ [109].

Peroxo complexes of vanadium, capable of enantioselective oxidation of organic 
substrates with high efficiency, have been very rare. One of the major achievements 
of this kind has been the catalyst system for the asymmetric oxidation of sulfides, 
reported by Bolm and Bienewald [110]. It employed a catalyst formed in situ at room 
temperature from [VO(acac)2] and chiral Schiff base of type 77, and 30% aqueous 
H2O2 as the oxidizing agent (Figure 3.27). The catalyst system afforded chiral sulf-
oxides (with enantioselectivities up to 85% ee), demonstrating exceptionally high 
efficiency, which allowed the reduction of the catalyst loading down to 0.01 mol.%. 
Subsequently, several other research groups investigated related vanadium systems 
(see Reference [89] and references therein). Even though the enantioselectivities of 
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catalyst systems based on vanadium complexes with Schiff base ligands are not per-
fect yet, such systems occurred to be useful for mechanistic studies because the 
vanadium(V) intermediates responsible for the enantioselective oxidation were eas-
ily detectable by 51V NMR and displayed informative 13C NMR spectra.

Using 51V and 13C{1H} NMR spectroscopy, the structure and reactivity of vana-
dium peroxo complexes formed in the catalyst system [VO(OiPr)3]/Schiff base 
ligand/H2O2 were studied [111]. Two types of monoperoxo vanadium(V) complexes 
78 and 79 (Figure 3.27) bearing one Schiff base ligand per vanadium predominated 
in this system at −12°C. Those complexes were unstable at room temperature and 
decomposed with a half-life time of 20 min. The rate of this decomposition mark-
edly increased in the presence of methyl phenyl sulfide. The new portions of H2O2 
partially restored the concentration of monoperoxo complexes 78 and 79. Analysis 
of the 51V and 13C{1H} NMR data led Bryliakov et  al. to the conclusion that the 
monoperoxo complexes 78 and 79 corresponded to complexes with bidentate and 
tridentate coordination of the Schiff base ligand (Figure 3.27) [111].

3.3.3 P eroxo Complexes of Titanium

In contrast to molybdenum and vanadium peroxo complexes, all isolated and well-char-
acterized peroxo complexes of titanium appeared to be inactive toward the oxidation 
of organic substrates (except triphenylphosphine) in stoichiometric reactions [112–114]. 
Kholdeeva and coworkers have succeeded in preparing the first protonated peroxoti-
tanium complex, [Bu4N]4[HPTi(O2)W11O39] (80), via the reaction of the μ-oxo dimeric 
heteropolytungstate [Bu4N]8[(PTiW11O39)2O] (81) with a 15-fold excess of 35% aqueous 
H2O2 in CH3CN [115]. The atomic representation of the polyoxoanion [PTiW11O39]3− is 
shown in Figure 3.28. Complex 80 was isolated and well characterized by various tech-
niques. Potentiometric titration with methanolic TBAOH confirmed the presence of 
one acidic proton in the molecule of 80. The addition of 1 equivalent of OH− to 80 (31P 
NMR: δ −12.4) resulted in the formation of the well-known complex [Bu4N]5[PTi(O2)
W11O39] (82) (31P NMR: δ −13.0). Complexes 80 and 82 displayed sharply different 

L

M

FIGURE 3.28  Atomic representation of polyoxoanion [PTiW11O39]3−. (Reproduced with 
permission from Kholdeeva, O. A. et al. Inorg. Chem. 39: 3828–3837.)
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activities toward organic substrates. Complex 82 was inactive toward the oxidation 
of both olefins and thioethers, whereas 80 stoichiometrically oxidized methyl phenyl 
sulfide to the corresponding sulfoxide (the concentration of 80 was monitored by 31P 
NMR, and that of sulfoxide was followed by gas chromatography) [115]. The latter 
experiment was the first unequivocal demonstration of a direct stoichiometric reaction 
between a peroxotitanium complex and an organic substrate. Based on the product and 
kinetic studies, an outer-sphere electron transfer mechanism involving the formation 
of a thioether radical cation has been proposed [115]. Importantly, the presence of 
proton in the molecule of 80 is crucial for its reactivity. DFT and Raman studies on the 
monoprotonated peroxo complex 80 had indicated that the proton is located at one of 
the Ti─O─W bridging oxygen atoms. One of the possible explanations of the higher 
reactivity of 80 as compared to 82 is the increase in the redox potential of the peroxo 
group upon protonation. Cyclic voltammetry study revealed that 80 has higher redox 
potential (E1/2 = 1.25 V) compared to 82 (E1/2 = 0.88 V) [116].

Another important result concerning the role of protons in the oxidation of organic 
substrates with peroxo complexes of titanium was obtained in 2005 [117]. It was 
shown that 80, which is not able to mediate the heterolytic oxidation of alkenes to 
epoxides, became a good epoxidizing agent by the addition of one more proton to its 
cationic part to form diprotonated complex [H2PTi(O2)W11O39]3− (83). DFT calcula-
tions showed that the energy barrier for heterolytic oxygen transfer (i.e., epoxidation) 
decreases significantly upon protonation (ca. 6 kcal mol−1). This finding can explain 
why the presence of the second proton switches the oxidation mechanism from a 
homolytic to a heterolytic one [118].

3.4  OXO COMPLEXES

In the past 20 years, the studies focused on biomimetic oxidations with environ-
mentally friendly oxidants H2O2 and O2 have expanded greatly, resulting in the 
emergence of numerous bioinspired catalysts, capable of mimicking the reactivity 
of natural metalloenzymes in selective oxidation reactions. Today, some of the bio-
inspired catalyst systems may be regarded as promising, more selective, efficient, 
and clean alternatives to traditional systems [119,120]. This direction is rapidly pro-
gressing now, bringing out non-heme iron and related manganese complexes that are 
regarded as the most prominent prototypes for the future “green” catalyst systems for 
chemo-, regio-, stereoselective, and stereospecific oxidations of alkanes and alkenes 
with H2O2. Oxocomplexes of iron and manganese are often proposed as active spe-
cies of these catalyst systems.

3.4.1 O xocomplexes [CrV = O(Salen)]+

In 1985, Kochi and coworkers reported that [CrIII(salen)]+ complexes (84) were 
capable of catalyzing the epoxidation of unfunctionalized alkenes using PhIO as 
the stoichiometric oxidant (Figure 3.29) [121]. Good yields were achieved for many 
olefins; it was noted that the addition of oxygen donor ligands, such as pyridine 
N-oxide (PyO) and triphenylphosphine oxide (Ph3PO), increased the reaction rates. 
It was shown that the reaction of cationic complexes [CrIII(salen)]+ (84) with PhIO 
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in CH3CN leads to the formation of oxochromium(V) complexes [CrV = O(salen)]+ 
of the type 85—the active species of epoxidation (Figure 3.29). The EPR spectra of 
the d1 complex 85 (room temperature, CH3CN) are centered at g0 = 1.977–1.978 and 
display hfs aCr = 19.35–20 G (53Cr, I = 3/2, 9.55% natural abundance), and shf split-
ting from two equivalent nitrogen atoms aN = 2.12–2.17 G (14N, I = 1, 99.63% natural 
abundance). The involvement of the oxochromium(V) complexes in the catalytic 
cycle is supported by the similarity of the products obtained under the catalytic 
conditions to those obtained from the reaction of alkenes with the isolated oxo com-
plex. One oxochromium complex of the type 85, obtained according to the following 
equation, was isolated as X-ray-quality single crystals [121]:

	 [ ( )] ( ) [ ( )] ( )Cr Me salen OTf PhIO Cr O Me salen OTfIII V
2 2

+ − + −+ →84 85= ++ PhI 	
(3.3)

The oxygen transfer was proposed to occur via electrophilic attack by the oxo-
chromium complex on the double bond of the alkene. The details of the oxygen atom 
transfer from the oxochromium(V) complex to the olefin were not elucidated.

Later, the intermediates formed in catalyst systems 86/PhIO and 87/PhIO 
(Figure  3.29) in various solvents were studied by EPR, 1H and 2H NMR, and  
UV–Vis/NIR techniques [122]. Two types of high-valent chromium complexes 
A and B were identified in those systems. The EPR parameters of complexes A 
noticeably differ from those of B (g-factors and aN in the range of 1.970–1.974 and 
1.6–2.0 G for A, and 1.976–1.980 and 2.0–2.3 G for B). As an example, the EPR 
spectra of oxochromium(V) intermediates A86 and B86 formed in the system 86/
PhIO in CH3CN are presented in Figure 3.30. The subscript “86” is to highlight 
that species A and B originate from the starting complex 86. The EPR parameters 
of complexes 85, reported by Kochi, were close to those of complexes of the type 
B. Complex A86 (green solution, g = 1.970, aCr = 19.3 G) is unstable and almost 
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completely decays within 3 h at room temperature, with concomitant formation 
of complex B86 (brown solution, g = 1.976, aN = 2.1 G, aCr = 19.3 G); the latter is 
more stable, its concentration remaining nearly constant for several hours. When 
complex 87 was taken as the starting material for catalysis, the formation of A87 
(τ1/2 = 5 min, CH3CN, 17°C) and B87 (τ1/2 = 25 min, CH3CN, 17°C) was detected. 
According to the NMR data, the self-decay of the chromium species A and B was 
accompanied by partial destruction of the salen ligand.

The EPR spectra of species of type A in CH3CN displayed unresolved hyperfine 
structures. If tightly coordinating donor ligands D was added (DMSO, DMF, H2O, 
pyridine), well-resolved shf structures from the nitrogen nuclei were observed due to 
slower monodentate ligand exchange (Figure 3.31, Equation 3.4).

	 O Cr Salen L D Cr Salen D LV V= ′ + ↔ + ′( ) ( ) 	 (3.4)

(The nature of L′ is to be discussed later.)
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3400 3450 3500
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FIGURE 3.30  EPR spectra (CH3CN, 17°C) of chromium(V) complexes formed after vari-
ous times of stirring 16 μmol of complex 86 and 35 μmol of PhIO in 3 mL of CH3CN: 10 min 
(a), 30 min (b), 50 min (c), 150 min (d), and 4.5 mg addition of fresh portion of PhIO followed 
by mixture stirring for 10 min (e). (Reproduced with permission from Bryliakov, K. P., Talsi, 
E. P. 2003. Inorg. Chem. 42: 7258–7265.)



91NMR and EPR Spectroscopy

The reactivity of A87 in DMF toward E-β-methyl styrene was evaluated by EPR; 
the decay of A87 at differing E-β-methyl styrene concentrations demonstrated good 
accordance with a pseudo-first-order kinetics with a rate constant k1, which was 
dependent on the substrate concentration (Figure 3.32):

	 k k k1 0 2= + [ ]substrate 	 (3.5)

For complex A87, k0 was (6 ± 2) × 10−4 s−1 and k2 = 3.2 ± 0.3 × 10−3 L mol−1 s−1.
On the basis of EPR, 1H and 2H NMR, and UV–Vis/NIR techniques, the interme-

diate A was assigned to a reactive complex CrV = O(salen)L (where L = Cl− or a sol-
vent molecule), while intermediate B was concluded to be oxidation-inactive dinuclear 
chromium-salen complex, which acted as a reservoir for the active species. The latter 
complex demonstrated an EPR signal characteristic of oxochromium(V)-salen species, 
and 1H NMR spectrum typical for chromium(III)-salen complexes, and was identi-
fied as mixed-valence binuclear complex L1(salen)CrIIIOCrV(salen)L2 (L1, L2 = Cl− or 
solvent molecules) [122]. In support of this assignment, B86 was found to display a 
well-defined peak in the near-IR region (λmax = 1075 nm), attributable to an interva-
lence charge transfer (ICT) transition in the bridged dinuclear complex. The proposed 
mechanism of chromium-salen-catalyzed epoxidation is presented in Scheme 3.7.

3.4.2 O xocomplexes [MnV = O(Salen)]+

The interest in manganese-based catalysts of selective oxidations increased drasti-
cally when the groups of Katsuki and of Jacobsen reported the manganese salen-type 
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FIGURE 3.31  EPR spectra (CH3CN, 17°C) of chromium(V) complexes formed upon stir-
ring 16 μmol of complex 86 and 35 μmol of PhIO in 3 mL of CH3CN: 150 min stirring (a) 
and addition of 140-fold excess of DMSO (b). (Reproduced with permission from Bryliakov, 
K. P., Talsi, E. P. 2003. Inorg. Chem. 42: 7258–7265.)
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FIGURE 3.32  EPR spectra (17°C) of chromium(V) complex A87 in DMF at various 
moments of time after the addition of E-β-methyl styrene ([substrate] = 0.45 M) (a). Kinetic 
plot of A87 concentration in the above sample (b). Dependence of the first-order rate constant 
k1 on the concentration of E-β-methyl styrene. (Reproduced with permission from Bryliakov, 
K. P., Talsi, E. P. 2003. Inorg. Chem. 42: 7258–7265.)
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catalysts for the asymmetric epoxidation of unfunctionalized olefins with PhIO 
[123,124], followed by extensive mechanistic studies [125–131]. The major efforts 
were directed at MnIII complex 88a (known as the Jacobsen’s catalyst) (Figure 3.33).

The [(salen)MnV = O]+ species was originally suggested by Kochi and coworkers 
as a possible active species of manganese-salen-catalyzed epoxidations by analogy 
to the well-characterized [(salen)CrV = O]+ intermediate [132]. Later, direct evidence 
for the formation of [(salen)MnV = O]+ was obtained by Plattner and coworkers by 
electrospray MS experiments [126]. Talsi and coworkers studied the mechanism of 
asymmetric epoxidation of styrene with various oxidants in the presence of catalyst 
88a, using EPR and NMR spectroscopy [128]. It was shown that EPR spectroscopy 
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(salen)CrV-O-CrIII(salen)

+ CrIII(salen)

CrIII(salen)

– CrIII(salen)
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PhlO

O A

O
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SCHEME 3.7  Proposed mechanism of chromium-salen-catalyzed epoxidation. (Reproduced 
with permission from Bryliakov, K. P., Talsi, E. P. 2003. Inorg. Chem. 42: 7258–7265.)
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1H NMR (91)–characterized oxomanganese(V) complexes.
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is suitable for the detection and identification of paramagnetic MnII, MnIII, and MnIV 
species formed in the catalyst systems studied, whereas the 1H NMR spectroscopy 
can be used for the detection of the low-spin (S = 0) oxomanganese(V) active species.

The X-band EPR spectrum of a frozen 0.1 M solution of MnIII complex 88a (S = 2) 
in CH2Cl2 at −196°C is shown in Figure 3.34a. The weak signal at g = 7.8 ± 0.3 
belongs to the forbidden EPR transitions between the levels of the |±2〉 non-Kramers 
doublet. Coordination of N-methylmorpholine-N-oxide (NMO) to 88a changes the 

g = 7.8 g = 7.8

g = 4.3

670 930 H (G)

(a)

(b)

(d)

(e)

*

(c)
aMn = 43 G

g = 2.0

300 1300 2300 3300
Magnetic field (G)

FIGURE 3.34  Frozen solution (−196°C) X-band EPR spectra of 0.05 M solutions of complex 
88a in CH2Cl2 (a) and in CH2Cl2 containing N-methylmorpholine-N-oxide ([NMO] = 1 M 
(b,  c); of the (salen)MnII precursor of complex 88a in DMSO (d); and of the (salen)MnIV 
complexes, recorded 1 min after the onset of reaction of complex 88a with one equivalent 
of m-chloroperoxybenzoic acid at 0°C (e). (Reproduced with permission from Bryliakov, K. 
P. et al. 2000. J. Mol. Catal. A Chem. 158: 19–35.)
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shape of its EPR spectrum so that the signal at g = 7.8 displays 6-line hyperfine 
structure A = 44 ± 3 G from one manganese nucleus (I = 5/2) (Figure 3.34b and c).

The (salen)MnII (S = 5/2) precursor of 88a exhibits an intense signal at g≈2, with 
partially resolved hfs from one manganese nucleus (aMn = 87 G, I = 5/2, 100% natu-
ral abundance) (Figure 3.34d). The amplification in the spectrum of Figure 3.34d is 
two orders of magnitude lower than that in Figure 3.34a–c [128].

The (salen)MnIV complex (S = 3/2) obtained via the reaction of 88a with 1 equiva-
lent of meta-chloroperoxybenzoic acid (m-CPBA) in CH2Cl2 at 0°C exhibits a res-
onance at g = 5.4, aMn = 73 G, typical for MnIV species with D > hν [133] (Figure 
3.34e).

Known structurally characterized MnV=O(L) complexes with tetra-anionic 
ligands 89 and 90 (Figure 3.33) are diamagnetic low-spin d2 complexes and display 
sharp 1H NMR resonances. These complexes are stable and inert toward the oxida-
tion of organic substrates [134,135]. Groves and coworkers have detected by 1H NMR 
unstable diamagnetic Mn intermediate in the catalyst system (TM-2-PyP)MnIIICl 
(91)/m-CPBA, and assigned it to the [(TM-2-PyP)MnV = O]5+ complex (Figure 3.33) 
[136,137].

Inspired by those data, we undertook the search for the [(salen)MnV = O]+ interme-
diate in the catalyst system 88a + PhIO (at −20°C in CDCl3) by means of the 1H NMR 
spectroscopy. One could expect that this intermediate would be diamagnetic, like 
the structurally characterized isoelectronic complex [(salen)MnV≡N] [138]. Indeed, 
it was found that at the initial stage of interaction of 88a with PhIO, unstable diamag-
netic manganese complex with the proposed structure [(salen)MnV═O]+ was formed, 
which displayed three resonances from the tBu groups (1.68 (s, 9H), 1.64 (s, 9H), 1.42 
(s, 18H), δ, CDCl3, −20°C), similar to the [(salen)MnV≡N] (1.49 (s, 9H), 1.45 (s, 9H), 
1.28 (s, 18H), δ, CDCl3, −20°C) (other resonances of [(salen)MnV═O]+ were masked 
by those of PhI) [128]. The concentration of the proposed [(salen)MnV═O]+ species 
decreased rapidly in the presence of styrene at −20°C.

With m-CPBA as the oxidant, no species assignable to [(salen)MnV═O]+ were 
detected; contrariwise, the major species at −70°C was assigned to an unstable (salen)
MnIII(OOCOAr) complex. The latter was suggested to act as the oxygen-transferring 
species [128]. The assumption that various oxidants can operate in (salen)MnIII-
based catalyst systems was confirmed by the study of chemo-, diastereo-, and enan-
tioselective oxidation of olefins by various oxidants [129,139].

3.4.3 �O xocomplexes [(L)FeV═O]3+ (L = Tetradentate N-Donor Ligand) as 
Proposed Active Species of Selective Epoxidation of Olefins

Selective oxidation of organic molecules is an important step of many biological and 
industrial processes. Nature employs a number of heme [140–144] and non-heme 
[145–151] iron enzymes to carry out such transformations. For heme enzymes such 
as cytochrome P450, formally, FeV═O species ((P•+)FeIV═O, P•+═porphyrin cation 
radical) has been accepted as the active intermediate of oxidation [140–144]. For 
non-heme iron enzymes such as α-KG-dependent dioxygenases, the high-spin (S = 2) 
FeIV═O intermediate is considered to be responsible for the selective oxidation [148].
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To date, significant efforts have been directed to the design of synthetic (biomimetic) 
catalyst systems, capable of mimicking the chemical reactivities of naturally occur-
ring metalloenzymes. Iron complexes of the types 92–96 (Figure 3.35) with N4-donor 
ligands are regarded as the best functional models of natural non-heme oxygenases 
[119,147,150,152–158]. One can expect that the catalytically active species, responsible 
for the oxidation of organic substrates by synthetic biomimetic catalyst systems, can be 
similar to those of the metalloenzyme-based systems (i.e., FeIV═O or FeV═O species). 
However, until now, for the existing synthetic non-heme catalyst systems, capable of 
preparative epoxidation of olefins with H2O2, only FeV═O species have been consid-
ered as the active species of epoxidation, whereas FeIV═O complexes were shown to 
be responsible for side reactions, deteriorating the epoxidation selectivity [120,159].

The first synthesis of an oxoiron(V) complex, [(TAML)FeV═O]−(97, see 
Figure 3.39), was reported in 2007 [160]. The reaction of [(TAML)FeIII(H2O)] with 
m-CPBA in n-butyronitrile at −60°C yielded a deep green complex, identified as 
[(TAML)FeV═O]− by Mössbauer, EPR, EXAFS, and ESI-MS studies. This low-spin 
(S = 1/2) complex displayed a rhombically anisotropic EPR spectrum (g1 = 1.99, 
g2 = 1.97, g3 = 1.74) and was capable of oxidizing a variety of substrates, such as thio-
anisole, styrene, cyclooctene, ethylbenzene, and 9,10-dihydroanthracene. Inspired 
by this discovery, we undertook the search for the FeV═O intermediates in the cata-
lyst systems 92–96/H2O2. EPR spectroscopy was suitable for the detection of the 
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S = 1/2 species formed in the catalyst systems 92–96/H2O2 (e.g., FeIII–OOH, FeIII–
OH and putative FeV═O intermediates), and 1H and 2H NMR spectroscopy was used 
to observe the FeIV═O intermediates in the catalyst systems studied [161–164].

The EPR spectrum of the sample frozen 30 s after the addition of 2 equivalents 
of H2O2 to the 0.027 M solution of 92 in a 1.7:1 CH2Cl2/CH3CN mixture at −60°C 
displays resonances from the low-spin (S = 1/2) ferric species 92a and 92b (g values 
in the range of 1.9–2.4) and the resonance at g = 4.2 from an unidentified high-spin 
(S = 5/2) ferric species (Figure 3.36a). Storing this sample for 5 min at −70°C leads 
to the buildup of a new complex 92c (Figure 3.36b) [162].

The EPR spectrum of the sample recorded 30 s after mixing 92 with 10 equiva-
lents of H2O2 at −60°C predominantly displays resonances of complex 92b (Figure 
3.36c). Storing this sample for 5 min at −70°C results in an increase in the concentra-
tion of complexes 92c and 92a (Figure 3.36d). Overall, three types of low-spin iron 
species (92a–c) can be observed in the system 92/H2O2 at low temperatures.

The expanded EPR spectrum of 92a is presented in Figure 3.37a. This spectrum 
is a superposition of the spectra of two species: 92a-CH3CN (g1 = 2.218, g2 = 2.175, 
g3 = 1.966) and 92a-H2O (g1 = 2.197, g2 = 2.128, g3 = 1.970) (Table 3.5). The simu-
lated spectrum (Figure 3.37b) is in excellent agreement with the experimental one 
(Figure 3.37a). Complexes 92a-CH3CN and 92a-H2O were assigned to hydroperoxo 
complexes [(BPMEN)FeIII(η1-OOH)(CH3CN)]2+ and [(BPMEN)FeIII(η1-OOH)
(H2O)]2+, respectively [162]. ESI-MS data of Rybak-Akimova and Makhlynets 
have confirmed this assignment [165]. Complexes 92a-CH3CN and 92a-H2O do 
not directly react with cyclohexene. The rate of their self-decay at −70°C does not 
change in the presence of cyclohexene.

Complex 92b (g1 = 2.43, g2 = 2.21, g3 = 1.91) can be assigned to ferric hydroxo 
complex [(BPMEN)FeIII(OH)(S)]2+ (S = H2O or CH3CN) since its EPR param-
eters are close to those of known ferric hydroxo complexes with N4-donor ligand 
(Table 3.5) [166,167].

Importantly, in contrast to 92a and 92b, complex 92c reacted with cyclohexene at 
−70°C to afford cyclohexene epoxide. A clear connection between the rate of decay 
of 92c and the rate of cyclohexene epoxidation by the catalyst system 92/H2O2 was 
documented [161]. Hence, it is reasonable to assign intermediate 92c to the active 
species of epoxidation. Intermediate 93c with similar EPR spectra was observed in 
the catalyst system 93/H2O2/CH3COOH (Table 3.5). The decay of 93c accelerated 
with increasing cyclohexene concentration [161,162].

The catalyst system 92/H2O2/CH3COOH was the first example of non-heme 
iron-based systems that could be potentially useful for the preparative epoxidation 
of olefins [153]. Another milestone result was the synthesis and application of the 
catalyst [((S,S)-PDP)FeII(SbF6)2](95SbF6) (Figure 3.35). The catalyst system 95SbF6/
H2O2/CH3COOH was capable of regioselective and stereospecific oxidation of ali-
phatic C–H groups in complex organic molecules, with selectivities in some cases 
approaching those of enzymatic reactions [154,155].

The EPR spectrum of the sample 95/H2O2 = 1:2.5, frozen 1 min after the addition 
of H2O2 to the solution of 95 in a 1.7:1 CH2Cl2/CH3CN mixture at −70°C, displays reso-
nances from hydroperoxo complexes 95a-CH3CN and 95a-H2O (g-values in the range 
of 1.96–2.20), and resonances in the range of g = 4.2–8 from an unidentified high-spin 
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FIGURE 3.36  EPR spectra (−196°C) of the sample 92/H2O2 ([H2O2]:[92] = 2, [92] = 0.027 M) 
frozen 30 s after mixing the reagents at −60°C (a) and 5 min after storing the sample in “A” 
at −70°C (b). EPR spectra (−196°C) of the sample 92/H2O2 ([H2O2]:[92] = 10, [92] = 0.027 M) 
frozen 30 s after mixing the reagents at −60°C (c) and 5 min after storing the sample in “C” at 
−70°C (d). A 1:1.7 CH3CN/CH2Cl2 mixture was used as a solvent. (Reproduced with permis-
sion from Lyakin, O. Y. et al. 2011. Inorg. Chem. 50: 5526–5538.)
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(S = 5/2) ferric species (Figure 3.38a, Table 3.5). The increase in the [H2O2]:[95] ratio of 
the sample 95/H2O2 results in the rise in the concentration of 95a and in the appearance 
of resonances of a low-spin (S = 1/2) iron–oxygen species 95c (Figure 3.38b, Table 3.5). 
The EPR parameters of 95c are very close to those of the active intermediate of epoxi-
dation 92c (Table 3.5). The situation changes abruptly in the presence of acetic acid. 
The EPR spectrum of the sample 95/H2O2/CH3COOH = 1:2.5:15 (Figure 3.38c) shows 
predominantly the resonances of 95c. Apparently, acetic acid promotes the conversion 
of hydroxo complex 95a to the active species of epoxidation 95c.

Chiral complex 95 catalyzed the chemo- and enantioselective epoxidation of 
chalcone (by the system 95/H2O2/RCOOH) with up to 86% ee [163]. Remarkably, 
the epoxidation yield was improved by the addition of a carboxylic acid, and the 
epoxidation enantioselectivity increased monotonously in line with rising steric bulk 
of the carboxylic acid (Table 3.6). Apparently, the role of carboxylic acid additive 
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FIGURE 3.37  The expanded EPR spectrum of 92a (a). Simulated superposition of spec-
tra of 92a-CH3CN and 92a-H2O ([92a-CH3CN]:[92a-H2O] = 1.85) (b). Simulated spec-
trum of 92a-CH3CN (g1 = 2.218, g2 = 2.175, g3 = 1.966; individual line widths ΔH1 = 15 G, 
ΔH2 = 14 G, ΔH3 = 9 G; Gaussian line shape) (c). Simulated spectrum of 92a-H2O 
(g1 = 2.197,  g2 = 2.128, g3 = 1.970; individual line widths ΔH1 = 11.5 G, ΔH2 = 11.5 G, 
ΔH3 = 8 G; Gaussian line shape) (d). (Reproduced with permission from Lyakin, O. Y. et al. 
2011. Inorg. Chem. 50: 5526–5538.)
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is dual: it assists the activation of hydrogen peroxide and affects the epoxidation 
enantioselectivity; obviously, the acid molecule is incorporated into the active species 
at the enantioselectivity-determining step, presumably acting as an auxiliary ligand. 
The active species is most plausibly represented as [((S,S)-PDP)FeV═O(OCOR)]2+ 
(95c, Figure 3.39) [163]. A similar active species [(TPA)FeV═O(OCOCH3)]2+ (93c, 
Figure 3.39) was previously proposed for the catalyst system 93/H2O2/CH3COOH on 
the basis of the catalytic and 18O labeling studies [168].

In 2011, the first successful trapping of the elusive HO–FeV═O intermediate in 
a practical catalyst system 96/H2O2 was reported, using cryospray-assisted vari-
able-temperature mass spectrometry (VT-MS) [169]. The presence of the oxofer-
ryl moiety was confirmed by isotopic (18O) labeling experiments, and the reactivity 
of the intermediate was confirmed by the in situ observation of the reaction with 
cyclooctene. The same system was subsequently studied by EPR spectroscopy, and 
the reactive species was found to be a low-spin (S = 1/2) complex 96c with EPR 
parameters (g1 = 2.66, g2 = 2.43, g3 = 1.74) close to those of the intermediates 92c, 
93c, and 95c (Figure 3.39, Table 3.5) [164]. These data support the assignment of 
intermediates 92c, 93c, 95c, and 96c to the oxoiron(V) species.

It is important to directly compare the reactivity of the putative FeV═O and FeIV═O 
intermediates in the catalyst systems studied. It was found that the catalyst system 

TABLE 3.5
EPR Spectroscopic Data for S = 1/2 Iron–Oxygen Species Formed in the 
Systems Discussed Herein in Comparison with Those for Related Complexesa

Complex g1 g2 g3 Reference

[(BPMEN)FeIII(OOH)(CH3CN)]2+ (92a-CH3CN) 2.218 2.175 1.966 [162]

[(BPMEN)FeIII(OOH)(H2O)]2+ (92a-H2O) 2.197 2.128 1.970 [162]

[(BPMEN)FeIII(OH)(S)]2+ (92b)b 2.43 2.21 1.91 [162]

[(N4Py)FeIII(OH)]2+ 2.41 2.15 1.92 [166]

[(TPEN)FeIII(OH)]2+ 2.39 2.19 1.91 [167]

[(BPMEN)FeV═O(OC(O)CH3)]2+ (92c) 2.69 2.42 1.70 [161,162]

[(TPA)FeIII(OOH)(CH3CN)]2+ (93a-CH3CN) 2.194 2.152 1.970 [162]

[(TPA)FeIII(OOH)(H2O)]2+ (93a-H2O) 2.19 2.12 1.97 [162]

[(TPA)FeV═O(OC(O)CH3)]2+ (93c) 2.71 2.42 1.53 [161,162]

[((S,S)-PDP)FeIII–OOH(CH3CN)]2+ (95a-CH3CN) 2.206 2.171 1.955 [163]

[((S,S)-PDP)FeIII–OOH(H2O)]2+ (95a-H2O) 2.191 2.124 1.963 [163]

[((S,S)-PDP)FeII(OH)(S)]2+ (95b)b 2.44 2.21 1.89 [163]

[((S,S-PDP)FeV═O(OC(O)CH3)]2+ (95c) 2.66 2.42 1.71 [163]

[(TMC)FeV═O(NC(O)CH3)]+ 2.053 2.010 1.971 [172]

[(TAML)FeV═O]− 1.99 1.97 1.74 [160]

a	 EPR spectra were recorded at −196°C or lower. TAML = macrocyclic tetraamide ligand, N4Py = N,N-
bis(2-pyridylmethyl)-N-(bis-2-pyridylmethyl)amine, TPEN = N,N,N′,N′-tetrakis(2-pyridylmethyl)-
ethylenediamine​.

b	 S = CH3CN or H2O.
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FIGURE 3.38  EPR spectra (1.7:1 CH2Cl2/CH3CN, −196°C) of samples: (a) 95/H2O2 (1:2.5), 
(b) 95/H2O2 (1:10), and (c) 95/H2O2/CH3COOH (1:2.5:15), frozen 1 min after mixing the 
reagents at −70°C ([95] = 0.05 M).

TABLE 3.6
Asymmetric Epoxidation of Chalcone with H2O2 Catalyzed by Complex 95: 
Effect of Added Carboxylic Acida

Entry
Catalyst 
(mol %) Additiveb

Conversion (%)/
Epoxide Yield (%)  ee (%)c

1 95 (1.0) – 13/13 61

2 AA 77/75 62

3 BA 65/63 64

4 CA 68/65 64

5 IBA 85/85 73

6 CHA 91/90 73

7 EBA 89/89 82

8 EHA 90/89 82

9 VPA 92/92 83

a	 The reactions were performed at 0°C; [H2O2]/[substrate]/[RCOOH] = 2.0:1.0:0.55; H2O2 added by a 
syringe pump over 30 min. Conversions and epoxide yields are given based on the substrate.

b	 AA = acetic acid, BA = n-butyric acid, CA = n-caproic acid, IBA = iso-butyric acid, CHA = cyclohex-
anecarboxylic acid, EBA = 2-ethylbutyric acid, EHA = 2-ethylhexanoic acid, VPA = 2-propylvaleric 
acid (Figure 3.44).

c	 Absolute configuration of chalcone epoxide was (2R,3S).
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92/PhIO displays characteristic 1H NMR peaks from oxoiron(IV) intermediate 
[(BPMEN)FeIV═O]2+ (92d) (Figure 3.40), and no EPR resonances from the putative 
oxoiron(V) intermediate [(BPMEN)FeV═O]3+ (92c). In contrast, catalyst system 92/
H2O2 shows resonances from 92c (Figure 3.36b and d) but no signals from 92d [162]. 
It was shown that 92c is much more reactive toward cyclohexene at −70°C compared 
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with 92d. The intensities of the 1H NMR peaks of 92d decreased twofold after 1 h 
storing the sample containing 92d and 12 equivalents of cyclohexene, whereas the 
EPR peaks of 92c completely disappeared after 10 min under the same conditions. 
Cyclohexene oxide was the major oxidation product of the catalyst system 92/H2O2/
C6H10, while mostly allylic oxidation products (i.e., 2-cyclohexen-1-one and 2-cyclo-
hexen-1-ol) were observed in the catalysts system 92/PhIO/C6H10 [162]. Hence, 92c 
is able to selectively epoxidize cyclohexene, whereas 92d mainly drives its allylic 
oxidation. Reactivity studies of the well-characterized intermediates [(TPA)FeIV═O]2+ 
(93d) [168], [(BQEN)FeIV═O]2+ (94d) [170], and [(Me2PyTACN)FeIV═O]2+ (96d) [171] 
also showed that the FeIV═O species cannot drive the selective epoxidation of olefins. 
Therefore, oxoiron(V) intermediates are the likely active species of the catalyst sys-
tems based on complexes 92–96 and H2O2. We have assumed the highly unstable and 
reactive complexes 92c–96c (Figure 3.39) to be these particular intermediates.

However, the EPR parameters of 92c–96c drastically differ from those of known 
oxoiron(V) complexes [(TAML)FeV═O]− (97) [160] and [(TMC)FeV═O(NC(O)CH3)]+ 
(98) [172] (Figure 3.39, Table 3.5). Confused by this apparent discrepancy, Wang 
et al. hypothesized that 92c–96c were ferric-peracetate complexes FeIII−OOC(O)CH3 
rather than oxoiron(V) complexes [173]. In 2014, Oloo et al. reported the detection of 
the intermediate X (g1 = 2.58, g2 = 2.38, g3 = 1.72) in the catalyst system 93*/H2O2/
CH3COOH in acetonitrile at −40°C. In contrast to complex 93 with unsubstituted 
TPA ligand, the TPA* ligand of 93* contained donor substituents at the pyridine rings 
(Figure 3.41). By a combination of EPR, Mössbauer, resonance Raman, and ESI-MS 
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methods, X was identified as a low-spin acylperoxoiron(III) species [(TPA*)–FeIII(η2-
OOC(O)CH3)]2+. The rate of decay of complex X at −40°C was unaffected by the 
presence of cyclooctene, 1-octene, or 2-heptene in the reaction solution, ruling out the 
assignment of X to the actual oxygen-transferring species [174].

The g-values of X resemble those for complexes 92c–96c (Table 3.5). However, 
the assignment of 92c–96c to ferric-peracetate complexes FeIII−OOC(O)CH3 simi-
lar to X [173] would be incorrect. Species 92c, 95c, and 96c can also be observed 
in the catalyst systems 92, 95, and 96/H2O2, without any additives of CH3COOH 
[161,163,164], and thus cannot be acylperoxoiron(III) species. Moreover, the decay 
of 92c is accelerated in the presence of cyclohexene at −70°C [161], whereas the rate 
of decay for complex X at −40°C was unaffected by the presence of cyclohexene in 
the reaction solution [174]. To shed light on the possible reason of the sharp differ-
ence of the EPR parameters of 92c–96c and of known FeV═O species (Table 3.5), 
we undertook the search for the true active species in the catalyst systems 99/H2O2/
CH3COOH and 100/H2O2/CH3COOH. Dinuclear ferric complexes 99 and 100 can 
be used instead of the corresponding mononuclear ferrous complexes 93* and 95* 
as the precatalysts (Figure 3.41) because it was shown that the first 0.5 equivalents of 
H2O2 rapidly convert 93* and 95* into 99 and 100, respectively.

3.4.4 �EPR  Spectroscopic Detection of the Elusive FeV═O Intermediates 
in Selective Catalytic Epoxidation of Olefins Mediated by Ferric 
Complexes with Substituted Aminopyridine Ligands

The starting dinuclear complex 99 is EPR-silent. Just after the addition of 50 equiva-
lents of CH3COOH to the 0.05 M solution of 99 in CH2Cl2/CH3CN = 1.2:1 (by vol-
ume) at room temperature and freezing the sample at −196°C, the EPR signal of a new 
ferric complex with the proposed structure [(TPA*)FeIII(η2-OC(O)CH3)]2+ (101) is 
observed (Figure 3.42). This complex displays resonances at g1 = 2.58, g2 = 2.38, and 
g3 = 1.72 [175]. We note that related complexes [(TPA)FeIII(acac)]2+ and [(5-Me3TPA)
FeIII(acac)]2+ (Hacac = acetylacetone) show very similar EPR spectra (g1 = 2.57, 
g2 = 2.35, and g3 = 1.71) [176]. The EPR spectrum of 101 disappears with the half-
life time τ1/2 = 2 min at room temperature. Besides the resonances of 101, the EPR 
spectrum of Figure 3.42a exhibits the intense resonances at g = 5.6 and g = 4.3 from 
unidentified stable high-spin (S = 5/2) ferric species. The EPR spectrum (−196°C) of 
the sample 99/H2O2/CH3COOH = 1:6:20 recorded 1.5 min after mixing the reagents 
at −80°C exhibits resonances of residual 101 and a rhombic spectrum g1 = 2.070, 
g2 = 2.005, and g3 = 1.956 from a new species 99c (Figure 3.42b, Table 3.5) [176]. 
The latter is much less temperature stable (τ1/2 = 5 min at −85°C) as compared to 
intermediate X (τ1/2 = 5 min at −40°C [174]). The evaluated maximum steady-state 
concentration of 99c approaches ca. 2–3% of the total iron concentration.

To directly assess the reactivity of 99c toward olefin epoxidation, the rates of 
decay of 99c in the absence and in the presence of various olefins were compared. 
It was found that the addition of relatively small amounts of cyclohexene or cis-
β-methylstyrene ([alkene]/[Fe] = 0.5) to the sample 99/H2O2/CH3COOH = 1:6:20 
([99] = 0.02 M) results in the drop of the half-life time of 99c from τ1/2 = 5 min to 
τ1/2 < 0.5 min at −85°C, whereas electron-deficient alkenes (1-acetyl-1-cyclohexene 
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and cyclohexene-1-carbonitrile with an [alkene]/[Fe] ratio up to 10) do not appre-
ciably affect the rate of decay of 99c. In the presence of 1-octene as a substrate, the 
pseudo-first-order rate constant versus the amount of added 1-octene was measured. 
A linear correlation was observed, revealing the second-order rate constant 
k2 = 3.2 × 10−3 M−1 s−1. Hence, 99c is highly reactive toward electron-rich alkenes 
even at −85°C.

The g-values of 99c drastically differ from those of intermediates 92c–96c 
(Table 3.5). Apparently, this difference is associated with the presence of electron-
donating substituents at the pyridine rings of 99. To verify this assumption, we 
undertook the search for the intermediate similar to 99c in a structurally related 
catalyst system 100/H2O2/CH3COOH. It was found that EPR spectrum (−196°C) 
recorded just after the addition of 20 equivalents of CH3COOH to the solution of 100 
in CH2Cl2/CH3CN = 1.8:1 at room temperature exhibits a rhombic EPR spectrum of 
a new complex 102 (Figure 3.43a, Table 3.7). Complex 102 is relatively stable and 
can be observed even after 30 min of storing the sample at room temperature. This 
species can be assigned to the ferric complex [((S,S)-PDP*)FeIII(η2-OC(O)CH3)]2+ 
by analogy with complex 101. After the addition of 6 equivalents of H2O2 to the 
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FIGURE 3.42  EPR spectra (−196°C) of the sample (a) 99/CH3COOH ([CH3COOH]/
[99] = 50, [99] = 0.05 M) frozen 1 min after mixing the reagents at room temperature in a 
1.2:1 CH2Cl2/CH3CN mixture, and (b) 99/H2O2/CH3COOH ([99]:[H2O2]:[CH3COOH] = 1:6
:20, [99] = 0.02 M) frozen 1.5 min after mixing the reagents at −80°C in a 1.8:1 CH2Cl2/
CH3CN mixture. (Reproduced with permission from Lyakin, O. Y. et al. 2015. ACS Catal. 
5: 2702–2707.)
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FIGURE 3.43  EPR spectra (1.8:1 CH2Cl2/CH3CN, −196°C) (A) of the sample 100/
CH3COOH ([CH3COOH]/[100] = 20, [100] = 0.02 M) frozen 1 min after mixing the reagents 
at room temperature and (B) frozen after addition of 6 equivalents of H2O2 to the sample 
in “A” at −75°C and mixing the reagents during 1 min. (Reproduced with permission from 
Lyakin, O. Y. et al. 2015. ACS Catal. 5: 2702–2707.)

TABLE 3.7
EPR Spectroscopic Data for S = 1/2 Iron Species Formed in the Catalyst 
Systems Based on Iron Complexes with Tetradentate N4-Donor Ligands

Number Compound g1 g2 g3 Reference

 1 [(TMC)FeV═O(NC(O)CH3)]+ 2.053 2.010 1.971 [172]

 2 [(TAML)FeV═O]− 1.99 1.97 1.74 [160]

 3 [(TPA)FeV═O(OC(O)CH3)]2+ (93c) 2.71 2.42 1.53 [161]

 4 [(BPMEN)FeV═O(OC(O)CH3)]2+ (92c) 2.69 2.42 1.70 [161]

 5 [((S,S)-PDP)FeV═O(OC(O)CH3)]2+ (95c) 2.66 2.42 1.71 [163]

 6 [(Me2PyTACN)FeV═O(OH)]2+ (96c) 2.66 2.43 1.74 [164]

 7 [(TPA*)FeV═O(OC(O)CH3)]2+ (99c) 2.070 2.005 1.956 [175]

 8 [((S,S)-PDP*)FeV═O(OC(O)CH3)]2+ (100c) 2.071 2.008 1.960 [175]

 9 [(TPA*)FeIII(κ2-OC(O)CH3)]2+ (101) 2.58 2.38 1.72 [175]

 10 [((S,S)-PDP*)FeIII(κ2-OC(O)CH3)]2+ (102) 2.54 2.41 1.79 [175]

	 TMC = tetramethylcyclam, TAML = macrocyclic tetraamide ligand.
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sample of Figure 3.43a at −75°C and mixing the reagents during 1 min, the EPR 
resonances of a new intermediate 100c appear (Figure 3.43b, Table 3.7). The g values 
of 100c (g1 = 2.071, g2 = 2.008, g3 = 1.960) are very close to those of 99c (g1 = 2.070, 
g2 = 2.005, g3 = 1.956). The half-life time of 100c (2 min at −80°C) is rather close to 
that for 99c (τ1/2 = 5 min at −80°C). The evaluated maximum concentration of 100c 
did not exceed 1% of the total iron concentration.

To evaluate the reactivity of 100c toward olefins, the sample (100/H2O2/
CH3COOH = 1:6:20, [100] = 0.02 M) containing the preliminarily generated 100c 
was prepared. An olefin was added to this sample at −90°C within 1 min, and decay 
of 100c was monitored at −85°C. In the absence of olefins or in the presence of 
1-acetyl-1-cyclohexene and cyclohexene-1-carbonitrile, 92 decayed with τ1/2 = 4 min 
at −85°C. At the same time, the EPR resonances of 100c disappeared within 
<0.5 min in the presence of cyclohexene, cis-β-methylstyrene, and 1-octene at the 
same temperature ([alkene]/[Fe] = 0.5), demonstrating the direct reactivity of 100c 
toward electron-rich alkenes.

Both 99c and 100c are electrophilic oxidants. To quantify the products of the 
interaction of 99c and 100c with cyclohexene, catalytic oxidation experiments at 
−85°C were performed. Fifteen minutes after the reaction onset with catalysts 99 and 
100, 4.5 and 5.3 TN cyclohexene oxide were obtained (TN = moles of product per 
mole of Fe) [176]. The total amount of other cyclohexene oxidation products was <1% 
with respect to the epoxide. Thus, the true active species 99c and 100c oxidize cyclo-
hexene even at −85°C, demonstrating >99% epoxide selectivity. The reactivity of 99c 
and 100c resembles that of 92c, which epoxidizes cyclohexene at −70°C [161]. One 
can assume that 99c, 100c, and 92c are chemically similar intermediates. However, 
the EPR spectra of 99c and 100c demonstrate a relatively small g-factor anisotropy 
(gmax−gmin = 0.1) and sharp resonances (ΔH1/2 = 15−40 G), whereas 92c−96c display 
highly anisotropic EPR spectra (gmax−gmin = 1.0–1.2) with much broader resonances 
(ΔH1/2 = 100–350 G) (Table 3.7).

The g-values and line widths of 99c and 100c are very similar to those of the 
spectroscopically well-characterized oxoiron complex [(TMC)FeV=O(NC(O)
CH3)]+ (Table 3.7). The great difference in the EPR spectra of 99c, 100c, and of the 
species 92c–96c (Table 3.7) implies that the electronic structures of those inter-
mediates differ significantly. It is well known that paramagnetic metal complexes 
demonstrate larger g-factor anisotropy and broader EPR resonances than organic 
radicals, owing to the occurrence of relatively low-lying excited states and stronger 
spin–orbit coupling [177]. One can expect that iron complexes with the unpaired 
spin mainly resting at the metal should display broader resonances and larger g-fac-
tor anisotropy than complexes with the unpaired spin mostly delocalized over the 
ligand. As an example, the EPR parameters of complex with the proposed structure 
[(TBP8Cz+•)FeIV═O] (g1 = 2.09, g2 = 2.05, g3 = 2.02, and gmax−gmin = 0.07; antifer-
romagnetic coupling between FeIV=O (S = 1) and TBP8Cz+• (S = 1/2) is suggested) 
drastically differ from those of the S = 1/2 complex [(TBP8Cz)FeIII(Py)]: g1 = 2.39, 
g2 = 2.20, g3 = 1.90, and gmax−gmin = 0.49 (TBP8Cz = octakis(4-tert-butylphenyl)
corrolazinato) [178]. It is also worth mentioning that antiferromagnetic coupling 
between FeIV=O (S = 1) and a ligand cation radical (S = 1/2) is typical for com-
pounds I of heme enzymes, for example, CYP119, the thermophilic cytochrome 
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P450 from Sulfolobus acidocaldarius. The reaction of ferric CYP119 with an 
excess of m-chloroperoxybenzoic acid produces S = 1/2 CYP119 compound I with 
EPR parameters g1 = 2.00, g2 = 1.96, and g3 = 1.86 [179]. Very recently, complex 
[(Me3tacn)FeIII(Cl-acac)Cl]+ (Me3tacn = 1,4,7-trimethyl-1,4,7-triazacyclononane, 
Cl-acac = 3-chloro-acetylacetonate) has been used for the oxidation of hydro-
carbons with oxone, including cyclohexane, propane, and ethane. ESI-MS, EPR, 
and UV–Vis spectroscopy, 18O labeling experiments, and DFT studies pointed to 
[(Me3tacn)FeIV=O({Cl-acac}+•)]2+ as the catalytically active species [180]. The EPR 
parameters of this complex (g1 = 1.97, g2 = 1.93, g3 = 1.91) are rather close to those 
of CYP119 compound I.

On the basis of these data, it seems reasonable to assign the intermediates 99c 
and 100c to species of the type [(L+•)FeIV=O(OC(O)CH3)]2+. We believe that the 
presence of strong electron donors in the structures of 99 and 100 may favor the 
intramolecular redistribution of electron density, leading to the reduction of iron to 
the formal +4 oxidation state, the positive charge being spread over the substituted 
aromatic rings in structures of the type [(L+•)FeIV=O(OC(O)CH3)]2+. In these struc-
tures, the unpaired spin is mostly delocalized over the organic ligand framework, 
thus accounting for the observed low g-tensor anisotropy. On the contrary, this sce-
nario is unlikely for intermediates 92c–96c due to the lack of electron density at their 
unsubstituted pyridine rings. We conclude that 99c, 100c, and [(TMC)FeV=O(NC(O)
CH3)]+ may be better represented as (L+•)FeIV=O rather than (L)FeV=O; in contrast, 
92c–96c are most likely (L)FeV=O species. Apparently, further studies on a broader 
set of complexes and carboxylic acids are needed to verify this assumption.

The obtained data clearly show that active iron–oxygen intermediates with EPR 
parameters close to those of known FeV=O species can be detected in bioinspired 
catalyst systems for chemo- and stereoselective oxidation of organic substrates with 
hydrogen peroxide. On the basis of our data and milestone results of other research 
groups [181,182], the following mechanism of alkene epoxidation by the catalyst sys-
tems studied was proposed (Scheme 3.8). At the initial stage, dimeric iron complexes 
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reversibly transform into monomeric ferric-acetate complexes (101, 102) observed 
by EPR even at room temperature. Subsequent interaction of 101, 102 with H2O2, 
followed by heterolytic O─O bond cleavage with removal of a water molecule, gen-
erates the active species 99c and 100c that directly epoxidize alkenes even at −85°C.

Another important parameter, capable of affecting the structure and properties 
of the catalytically active species, is the nature of the carboxylic acid since the use 
of different carboxylic acids has been shown to significantly affect the epoxidation 
enantioselectivity (Table 3.6). To get direct insight into the effect of the structure of 
the carboxylic acid on the catalytic reactivity of Fe catalysts, undertook the search 
for the active species in the catalyst systems [((S,S)-PDP)Fe(CF3SO3)2] (95)/H2O2/
RCOOH with eight different carboxylic acids RCOOH (Figure 3.44). Spectacularly, 
it was found that the use of carboxylic acids with primary (AA) and secondary 
α-carbons (BA, CA) leads to the intermediates with large g-factor anisotropy of the 
type 95cAA (Table 3.8), while in the presence of some acids with tertiary α-carbon, 
intermediates with small g-factor anisotropy were formed (Table 3.8). In particular, 
the intermediates with small g-factor anisotropy (of the type 95cEHA) were observed 
for EHA, EBA, and VPA (Figure 3.45), while IBA and CHA led to the intermediates 
with large g-factor anisotropy (Table 3.8).

Taking into account the above explanation of the reason of the small g-factor 
anisotropy, it is logical to expect that in the intermediates of the type 95cEHA, the 
unpaired spin mostly resides on the coordinated carboxylic moiety (Scheme 3.9) 
[183]. Apparently, the active oxidizing species formed in the presence of EHA, VPA, 
and EBA may be better represented as [((S,S)-PDP)FeIV=O(•OC(O)R)]2+. The much 
higher stereoselectivity (Table 3.6) of the corresponding catalyst systems 95/H2O2/
RCOOH (RCOOH = EHA, VPA, EBA) is readily explained by the additional sta-
bilization of the corresponding active species [((S,S)-PDP)FeIV=O(•OC(O)R)]2+ due 
to the unpaired electron delocalization over the carboxylic moiety, which leads to 
more product-like transition states and thus ensures tighter interactions between the 
substrate and the oxoferryl species within the transition state, eventually ensuring 
higher enantioselectivity [183].

For iron complexes with aminopyridine ligands bearing electron-donating 
substituents (99, 100), the oxoferryl intermediates with small g-factor anisotropy 
are  formed even with acetic acid [175]. In effect, the use of all carboxylic acids 
(Figure 3.44) in the catalyst system 100/H2O2/RCOOH afforded active species with 
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virtually the same g-factor values (Table 3.8). However, the use of carboxylic acid 
with tertiary α-carbon still causes smaller but positive effect on the chalcone epoxi-
dation enantioselectivity (Table 3.9). Remarkably, the enantioselectivities correlated 
well with the observed maximum steady-state concentrations of the active species as 
evaluated by EPR (Table 3.9). This provides a spectacular illustration for the widely 
used Hammond–Leffler principle, which for the present catalyst system may be 
expressed as follows: the less reactive (i.e., those approaching higher steady-state 
concentration) oxygen-transferring species leads to more product-like transition 
states, resulting in higher epoxidation stereoselectivity [183].

These studies provide the most plausible explanation of the influence of 
(1) electron-donating substituents and (2) branched carboxylic acids on the enanti-
oselectivity of biomimetic catalysts systems Fe(PDP)/H2O2/RCOOH and, probably, 
of the structurally related manganese-based catalyst systems [163], and delineates 
the directions for rational tuning their reactivity and stereoselectivity. We note that 
the data obtained fit well within the heme paradigm, which assumes that the oxygen-
transferring species in biological, CYP-mediated oxidations are (P+•)FeIV=O species 
(where P = porphyrin) [120,179–181].

TABLE 3.8
EPR Data for the Oxoferryl Intermediates Originated from 95 and 100 in the 
Presence of Various Carboxylic Acids

Intermediate g1 g2 g3

[((S,S)-PDP)FeV═O(OC(O)R]2+, type 95cAA:

95cAAa 2.66 2.42 1.71

95cBA 2.70 2.42 1.67

95cCA 2.70 2.42 1.66

95cIBA 2.72 2.42 1.66

95cCHA 2.69 2.42 1.67

[((S,S)-PDP)FeIV═O(•OC(O)R)]2+, type 95aEHA:

95cEHA 2.069 2.007 1.963

95cEBA 2.069 2.007 1.961

95cVPA 2.069 2.007 1.962

[((S,S)-PDP*)•+FeIV═O(OC(O)R)]2+, type 100c:

100cAAb 2.071 2.008 1.960

100cBA 2.070 2.008 1.958

100cCA 2.069 2.008 1.957

100cIBA 2.069 2.007 1.957

100cCHA 2.070 2.008 1.957

100cEHA 2.070 2.008 1.958

100cEBA 2.069 2.008 1.957

100cVPA 2.069 2.007 1.958

a	 From Reference [163].
b	 From Reference [175].
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The transition metal complexes considered above mainly operate in model biomi-
metic catalyst systems. In industrial catalyst systems, information on the nature of 
the active oxidizing species in most cases is lacking. Some well-known exceptions 
are the alkylperoxo complexes of molybdenum and titanium, conducting the Halcon 
epoxidation of propene, and asymmetric Sharpless epoxidation of allylic alcohols, 
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FIGURE 3.45  EPR spectrum (1.8:1 CH2Cl2/CH3CN mixture, −196°C) of the sample 
95/H2O2/CH3COOH ([95]:[H2O2]:[CH3COOH] = 1:3:10, [95] = 0.04 M) frozen 1 min 
after mixing the reagents at −75°C and storing the sample at −85°C for 1 min (a). Signals 
denoted by asterisks belong to ferric hydroxo complex [((S,S)-PDP)FeIII–OH(CH3CN)]2+ 
(g1 = 2.44, g2 = 2.21, g3 = 1.89 [163]). (b) EPR spectra of the samples 95/H2O2/RCOOH 
([95]:[H2O2]:[RCOOH] = 1:3:10, [95] = 0.04 M) frozen 2.5 min after mixing the reagents at 
−65°C, (b) RCOOH = VPA, (c) RCOOH = EBA, and (d) RCOOH = EHA. Signals marked as 
95dVPA, 95dEBA, and 95dEHA belong to stable low-spin (S = 1/2) ferric species.
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TABLE 3.9
Asymmetric Epoxidation of Chalcone with H2O2 Catalyzed by Complex 100: 
Enantioselectivity versus Concentration of the Active Speciesa

Number Carboxylic Acidb

Conversion/Epoxide 
Yield (%) ee (%)c

Concentration of 
Active Speciesd

1 AA 74/73 69 1.0

2 CA 48/46 70 1.0

3 BA 61/59 70 1.4

4 IBA 92/92 78 2.2

5 CHA 72/71 78 2.2

6 EBA 54/54 81 2.0

7 VPA 69/69 82 2.6

8 EHA 73/73 83 3.0

a	 At 0°C, [substrate]:[H2O2]:[carboxylic acid] = 100:200:55 μmol, catalyst load 0.5 mol.% (1 mol.% 
Fe), oxidant was added by a syringe pump over 30 min, and the mixture was stirred for additional 2.5 h, 
followed by HPLC analysis.

b	 For structures and abbreviations of carboxylic acids, see Figure 3.44.
c	 Chalcone epoxide absolute configuration (2R,3S).
d	 Maximum concentration of the active species calculated from EPR spectra, expressed in % of total iron 

concentration in the sample.
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respectively. Another example is the conversion of p-xylene to terephthalic acid; 
below, we consider the NMR spectroscopic characterization of metal complexes 
operating in this industrial process.

3.5  STRUCTURE OF Co(III) ACETATE IN SOLUTION

Most part of the large-scale homogeneous oxidation processes proceed via the clas-
sical autoxidation mechanism (e.g., conversion of p-xylene to terephthalic acid, or 
cyclohexane to adipic acid). Simple alkanes or alkylbenzenes can be oxidized by 
molecular oxygen in AcOH in the presence of CoII(OAc)2⋅4H2O as the precatalyst. 
It is generally agreed that in situ–formed CoIII complexes, the so-called Co(III) 
acetate, abstracts an electron from the substrate and thus initiates the autoxidation 
(Equations 3.6 and 3.7) [184,185].

	 ArCH Co ArCH CoIII II
3 3+ +↔ •+[ ] 	 (3.6)

	 [ ]ArCH ArCH3 2
•+ • +→ + H 	 (3.7)

In spite of numerous studies, the structure of Co(III) acetate in the solid state or 
in solution was not entirely clear. Crystal structures of compounds containing oxo-
centered trinuclear cations [Co3

IIIO(OAc)5(μ-OH)(py)3]+ (103), [Co3
IIIO(OAc)5(μ-

OMe)(py)3]+ (104), and the binuclear hydroxo-bridged cation [Co2
III(OAc)2(μ-OAc)

(μ-OH)2(Py)4]+ (105) were reported (Figure 3.46) [186–188]. On the basis of those 
data, three main complexes observed in the solution of Co(III) acetate in water/acetic 
acid mixtures, were tentatively assigned to [Co3

IIIO(OAc)6(AcOH)3]+, [Co2
IIICoIIO(OA

c)6(AcOH)3], and [Co2
III(OAc)4(μ-OH)2] [189,190]. Apparently, more structural and/or 

spectroscopic data on these complexes are needed.
For a long time, it was thought that NMR spectroscopy is not applicable for the 

characterization of Co(III) acetate because of the presence of paramagnetic Co(II) 
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species in the reaction solution. However, in 1998, we showed that 59Co and 1H NMR 
spectroscopy could be very suitable for this goal. The solid sample of Co(III) acetate 
was prepared upon the interaction of Co(OAc)2⋅4H2O with 40% peracetic acid in 
AcOH, followed by solvent removal in a vacuum. The green solid obtained was used 
for further investigations [191].

By means of 59Co and 1H NMR spectroscopy, three main types of diamagnetic 
Co(III) complexes (A, B, C) were observed in solutions of Co(III) acetate in metha-
nol. Five minutes after dissolving Co(III) acetate in MeOH, predominantly com-
plexes A and B were observed in 59Co and 1H NMR spectra. B slowly converted with 
time into complex A (τ1/2 = 15 min at 20°C) (Figure 3.47). The concentration of C 
was low in the freshly prepared solution of Co(III) acetate (Figure 3.47). Heating 
this sample for 5 min at 50°C resulted in the disappearance of 59Co resonances of 
A and B, and the increase of that of C. In effect, C became the predominant dia-
magnetic Co(III) species in the solution. Complex C displayed 59Co resonance at δ 
1250 (Δν1/2 = 3 kHz). A number of paramagnetically shifted 1H NMR resonances 
(assigned to unidentified mixed-valence Co(III)–Co(II) species) were also observed.
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FIGURE 3.47  59Co and 1H NMR spectra (methanol-d4, 20°C) of Co(III) acetate at vari-
ous moments of time after dissolving 30 mg of Co(III) acetate in 1 mL of CD3OD at room 
temperature. Asterisks denote resonances of unidentified cobalt species. (Reproduced with 
permission from Babushkin, D. E., Talsi, E. P. 1998. J. Mol. Catal. A 130: 131–137.)
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The analysis of NMR spectra allows the unambiguous identification of A and B 
(Figure 3.47). Complex A displays two 59Co resonances at 850 ppm (Δν1/2 = 5 kHz) 
and 680 ppm (Δν1/2 = 5 kHz) with relative integral intensities 2:1. These resonances 
belong to two equivalent and one unique cobalt atoms. The 1H NMR pattern of A 
(CD3OD, 20°C, δ: 2.38 (s, 3H), 2.33 (s, 6H), 2.05 (s, 6H)) is similar to that of the ace-
tate ligands of the trinuclear cation [Co3O(OAc)5(OMe)(Py)3]+ [189]. Three additional 
resonances appear in the 1H NMR spectrum of A, when CH3OH is used instead 
of CD3OD as a solvent. They belong to the μ-OMe group (1.33 (s, 3H)) and axial 
MeOH molecules (3.52 (s, 6H), 3.76 (s, 3H) of complex A ([Co3O(OAc)5(μ-OMe)
(MeOH)3]+). The 1H NMR patterns of the acetate ligands of complexes A and B are 
similar. In both cases, three resonances with relative intensities 1:2:2 are observed 
(Figure 3.47). Apparently, B is a cation [Co3O(OAc)5(μ-OH)(MeOH)3]+. The sub-
stitution of μ-OH by μ-OR in ROH was reported for [Co3O(OAc)5(μ-OMe)(Py)3]+ 
[190]. We could not observe two separate 59Co resonances for B. Probably, at given 
line widths, the 2:1 59Co resonances of B overlap. The structure of C is less clear than 
that of A and B. By analogy with isolated complex 105 [186], we proposed that C is 
a dinuclear complex of the type [Co2

III(OAc)3(μ-OH)2(MeOH)4]+.
59Co, 13C, and 1H NMR spectra of the freshly prepared sample of Co(III) ace-

tate in CD2Cl2 and CDCl3 display resonances of diamagnetic complexes I and II 
(Figure 3.48). The analysis of the NMR spectra suggested the assignment of I and 
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FIGURE 3.48  59Co and 1H NMR spectra of Co(III) acetate (in CH2Cl2 and CDCl3, respec-
tively). (Reproduced with permission from Babushkin, D. E., Talsi, E. P. 1998. J. Mol. 
Catal. A 130: 131–137.)
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II to the cations [Co3O(OAc)6(AcOH)3]+ and [Co3O(OAc)5(μ-OH)(AcOH)3]+, respec-
tively [191]. The 59Co NMR spectra of one and the same sample of Co(III) acetate in 
CH2Cl2 and MeOH shows that I converts to A and II to B immediately upon dissolv-
ing of Co(III) acetate in MeOH.

The sample of Co(III) acetate, dissolved in AcOH, exhibits broad 59Co resonances 
of complexes I and II (30–50 kHz in AcOH vs. 5–10 kHz in CH2Cl2 or MeOH) [190]. 
Because of the high line widths, II displays only one 59Co resonance at ca. 900 ppm. 
The increase in water concentration of AcOH leads to the conversion of I to II. Besides, 
the intensity of 59Co resonance of complex III at 1200 ppm (Δν1/2 = 15 kHz) increases. 
III converts into C upon the addition of great excess of MeOH to the sample. Overall, 
59Co, 13C, and 1H NMR spectroscopic data clearly show that the freshly prepared sam-
ple of Co(III) acetate consists mainly of the trinuclear complexes [Co3O(OAc)6(AcO
H)3]+(I) and [Co3O(OAc)5(μ-OH)(AcOH)3]+(II). The increase in temperature or water 
concentration of AcOH promotes the conversion of I and II into complex III, which is 
probably dinuclear complex of the type [Co2(μ-OH)2(OAc)3(AcOH)4]+ (Figure 3.46).

In 2011, a similar NMR spectroscopic approach was successfully used to establish 
the structure of complexes formed by dissolution of palladium diacetate in MeOH 
and CDCl3 [192]. By means of 1H and 13C NMR spectroscopy (including 2D-HSQC 
and 2-DOSY techniques), it was shown that dissolution of diacetate cyclic trimer 
[Pd(OAc)2]3 in MeOH at −18°C leads to a methoxo complex Pd3(μ-OMe)(OAc)5, which 
is partially converted to the dimethoxo complex Pd3(μ-OMe)2(OAc)4. In chloroform, 
[Pd(OAc)2]3 is reversibly converted to the hydroxo complex Pd3(μ-OH)(OAc)5.
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NMR and EPR 
Spectroscopy in the 
Study of the Mechanisms 
of Metallocene and 
Post-Metallocene 
Polymerization and 
Oligomerization of 
α-Olefins

4.1  METALLOCENE CATALYSTS

4.1.1  Introduction

The discovery of Ziegler–Natta polymerization catalysts has been one of the most 
important achievements of modern chemistry [1,2]. More than 110 million tons of 
polyolefins are produced annually with the use of these catalysts [3]. Traditional 
Ziegler–Natta catalysts are heterogeneous systems generated from titanium tetra-
chloride, aluminum alkyl activators, for example, AlEt3, and a solid support such as 
MgCl2. To control the morphology of polymer particles, the catalyst is often placed 
into the pores of spherical granules of silica gel [4]. Conclusive characterization of 
the active centers of heterogeneous Ziegler–Natta catalysts remains a still unsolved 
problem because the applicability of spectroscopic techniques for the detailed stud-
ies of these complex, nonuniform (multisite) systems is rather limited.

Fortunately, in 1980, homogeneous, metallocene-based single-site analogs of 
Ziegler–Natta catalysts were discovered [5]. For these catalysts, the detailed data 
on the structure of the active centers can be obtained [6–13]. The interest in single-
site polymerization largely increased after the discovery that ansa-metallocenes can 
produce stereoregular polypropylene, providing a precise control of tacticity [14,15]. 
Polyolefins produced with single-site catalysts exhibited well-defined microstruc-
tures, controlled molecular weight distributions, and superior mechanical and opti-
cal properties. Nowadays, metallocene-based polymers constitute about 10% of the 
total polyolefin production on Ziegler–Natta catalysts. This proportion is constantly 
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increasing since the demand for special varieties of polymers, produced on single-
site catalysts, increases faster than the demand for traditional polyolefins [3].

Modern homogeneous single-site catalysts are usually generated in situ, by react-
ing a metallocene or post-metallocene complex with an activator. In industry, the 
most widely used activators are the so-called methylalumoxane (MAO, a product 
of a controlled partial hydrolysis of trimethylaluminum [TMA]) or modified meth-
ylalumoxane (MMAO, which contains other alkyl groups, C2 and higher). The 
latter has an advantage of being well soluble in nonpolar solvents, typically satu-
rated hydrocarbons. The well-known activators for single-site catalysts also include 
tris(pentafluorophenyl)borate, B(C6F5)3, and trityl tetrakis(pentafluorophenyl)borate, 
[CPh3][B(C6F5)4].

The discovery of unique cocatalytic activity of MAO opened the avenue for 
single-site catalysis [16]. Now, MAO is produced commercially; however, rather 
little is known about its structure. Limited information on the structure of MAO can 
be obtained by means of NMR and EPR spectroscopy. Much more fortunate is the 
situation with the characterization of cationic parts of ion pair intermediates formed 
upon the activation of metallocenes and post-metallocenes with MAO. In this case, 
conclusive NMR data on the structure of the active centers of polymerization can 
be obtained. Below, we will present some results of NMR and EPR spectroscopic 
studies of MAO and ion pairs formed upon the activation of metallocenes and post-
metallocenes with MAO. Recent data on the structure of MAO, obtained by other 
techniques, will also be briefly summarized.

4.1.2  Size of MAO Oligomers

MAO is a product of partial hydrolysis of TMA. The composition of MAO was 
found to be approximately Me1.5AlO0.75 [17]. Commercially available solutions of 
MAO consist of a polymeric MAO fraction and residual TMA. The 27Al and 17O 
NMR spectroscopic data can provide valuable information on the coordination 
geometries of aluminum and oxygen atoms in structurally unknown compounds 
because the corresponding chemical shifts are rather sensitive to these geome-
tries. 27Al NMR chemical shifts for three- (210−280 ppm), four- (125−180 ppm), 
and five- (100−125 ppm) coordinated Al atoms in organoaluminum compounds 
are different [18]. The 27Al NMR chemical shifts reported for MAO in some pub-
lications (δ 149−152, Δν1/2 = 1750 Hz) [19,20] were nearly the same as that for 
TMA (δ 153, Δν1/2 = 850 Hz) [21]. One can assume that the 27Al resonance of 
residual TMA was erroneously ascribed to MAO, while the very broad resonance 
of MAO is unobservable at room temperature. Babushkin, Talsi, and cowork-
ers have undertaken a multinuclear NMR spectroscopic study of TMA-depleted 
samples of MAO (DMAO). It was shown that toluene solution of DMAO displays 
extremely broad 27Al resonance at room temperature (Δν1/2 ∼ 50 kHz), which can-
not be observed without special probehead, and particular spectrometer settings. 
At elevated temperatures, the 27Al resonance at δ 110 ± 10 (Δν1/2 = 10 kHz) attrib-
utable to DMAO can be clearly seen (Figure 4.1) [22]. After cooling the sample 
back to room temperature, the 27Al resonance at δ 110 disappeared. This behav-
ior was reproducible in several repeated heating/cooling cycles. Apparently, with 
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decreasing temperature, oligomeric molecules of MAO tend to associate to form 
larger aggregates, invisible by 27Al NMR spectroscopy due to dramatic line broad-
ening. The chemical shift of the observed resonance of MAO was within the range 
reported for aluminoxane clusters [(tBu)Al(μ3-O)]6 (δ 110) and [(tBu)Al(μ3-O)]9 (δ 
120), with cage structure and RAlO3 environment (Figure 4.2) [23]. On the basis 
of this similarity, it was proposed that MAO oligomers observed at elevated tem-
peratures also have cage structure (Figure 4.2). The 17O NMR resonance of MAO 
at 50°C (δ 65, Δν1/2 = 1.7 kHz) fitted within the range typical for three-coordinated 
oxo ligands [22].

The size of MAO cages at 120°C was evaluated by comparison of the width of the 
observed 27Al resonance of MAO (Δν1/2 = 10 kHz, Figure 4.1g) and those for alumi-
noxane clusters [(tBu)Al(μ3-O)]6 (Δν1/2 = 7 kHz) and [(tBu)Al(μ3-O)]9 (Δν1/2 = 6.5 kHz) 
[23]. The evaluated radius of MAO oligomers was found to be about 5 Å at 120°C 
and about 7 Å at room temperature. This corresponds to (MeAlO)n oligomers with 
n = 9–14 and n = 20–30, respectively [22].

Hansen and coworkers have evaluated the size of MAO oligomers from the 1H 
NMR spin–lattice relaxation time data (T1) [24]. Their model provided an esti-
mate of the molecular diameter of MAO oligomers in toluene at 20°C: d = 19 Å 
at 20°C. This value is larger than that obtained by Babushkin et al. (d = 14 Å) [22]. 
Recently, Macchioni and coworkers have evaluated the size of MAO and DMAO 
oligomers by diffusion NMR spectroscopy [25]. The average hydrodynamic volume 
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FIGURE 4.1  27Al NMR spectra of DMAO solution in toluene (2 M) at various tempera-
tures: 20°C (a), 40°C (b), 55°C (c), 65°C (d), 75°C (e), 105°C (f), and 120°C (g). Asterisk (*) 
marks the signal of the NMR probehead. (Reproduced with permission from Babushkin, D. 
E. et al. 1997. Macromol. Chem. Phys. 198: 3845–3854.)
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(VH) depended on the concentration, and varied from 2720 Å3 at [Al] = 17.4 mM 
to  3490 Å3 at [Al] = 299.3 mM for MAO and from 3610 Å3 at [Al] = 10 mM to 
4700 Å3 at [Al] = 127 mM for DMAO. This estimation was in nice agreement with 
that obtained by Hansen and coworkers.

Bochmann, Linnolahti, Stellbrink, and coworkers reported combined chemi-
cal, spectroscopic, neutron scattering, and computational studies of MAO and its 
interaction with TMA [26]. According to the PFG-NMR experiments, 75% of TMA 
molecules diffuse quickly, whereas 25% of TMA molecules are bound to MAO. The 
hydrodynamic radius RH of MAO oligomers in toluene solutions at 25°C was found 
to be 12 ± 0.3 Å, which corresponds to the average size of MAO oligomers of about 
50–60 Al atoms. Small-angle neutron scattering (SANS) gave similar size of MAO 
oligomers.

Overall, we can conclude that different methods provide various values for the 
radius of MAO oligomers, falling in the range of 7−12 Å at room temperature, that 
corresponds to 30–60 Al atoms per MAO oligomer.

4.1.3 O n the Active Centers of MAO

One of the main roles of MAO was suggested to be cationization of metallocene or 
post-metallocene precatalysts, to form ion pairs of the type [LMCH3]+[Me–MAO]− 
(M = metal, L = metallocene or post-metallocene ligand). This implies that MAO 
should contain strong Lewis acidic sites. In heterogeneous catalysis, one of the 
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widespread methods for the characterization of acidic sites is the application of spin 
probes (usually stable nitroxyl radicals). The EPR parameters of stable nitroxyl radi-
cal coordinated to the acidic site of a heterogeneous catalyst noticeably differ from 
those of the free radical and depend on the strength of the acidic sites [27]. We 
applied the EPR spin-probe technique for the characterization of Lewis acidic sites 
of MAO, using stable radical 2,2′,6,6′-tetramethylpiperidine-N-oxyl (TEMPO) as the 
spin probe [28].

First, the spin-probe technique was “calibrated” using a series of Lewis acidic 
aluminum compounds, AlCl3, AlEtCl2, and AlEt2Cl, in toluene solutions. It was 
found that the value of hfs aAl from 27Al (I = 5/2) in the EPR spectrum of the adducts 
AlClxEty⋅TEMPO decreased in the following sequence: AlCl3 (aAl = 8.8 G) > AlCl2Et 
(aAl = 6.9 G) > AlClEt2 (aAl = 3.7 G), which correlates with decreasing electron defi-
ciency of the Al center and hence with its decreasing Lewis acidity.

For the EPR spin-probe study of MAO, solutions of TEMPO and DMAO 
in toluene were mixed at −20°C in an EPR tube ([TEMPO]/[Al]DMAO = 1:20, 
[Al]DMAO = 0.2 M), and immediately frozen by immersion into liquid nitrogen. 
Then, the tube was placed into the resonator of the EPR spectrometer, and the 
sample was allowed to melt and to warm to room temperature over a period of 
ca. 30 min, with the EPR spectra being periodically recorded. The interaction of 
TEMPO with DMAO in toluene results in the formation of two types of adducts. 
The EPR spectrum measured 5 min after melting in the resonator of the EPR 
spectrometer displays a triplet (aN = 18.6 G) with characteristic inflection points, 
which unambiguously documents the existence of unresolved hfs from aluminum 
(aAl = 1.0 ± 0.2 G) (Figure 4.3a). This signal disappears at room temperature, and 
after 15 min, a new signal (triplet of sextets) with aN = 19.6 G and aAl = 1.9 G 
is observed (Figure 4.3b). The intensity of the triplet of sextets decreases with 
time (τ1/2 = 3 h at 20°C). So, DMAO contains at least two types of Lewis acidic 
sites, IL and IIL. The hyperfine structure from the aluminum nucleus for sites IIL 
(aAl = 1.9 G) is larger than that for sites IL (aAl = 1.0 ± 0.1 G). On the basis of the 
presented data for AlClxEty⋅TEMPO adducts, we assumed that sites IL and IIL are 
coordinatively unsaturated aluminum atoms in the AlOMe2 and AlO2Me environ-
ment [28].

Collins, McIndoe, and coworkers contributed systematic, negative, and positive 
ion studies of MAO by ESI-MS in fluorobenzene [29]. They suggested that MAO 
partially ionizes in sufficiently polar media to form ion pairs of the general formula 
[Me2Al][(MeAlO)x(AlMe3)yMe]. In the presence of octamethyltrisiloxane (OMTS), 
the most abundant ion pair had x = 23 and y = 7. The cation [Me2Al(OMTS)]+ (with 
m/z 293) and the anion (with m/z 1853) were detected [29]. On the basis of these 
data, it was assumed that MAO can be the source of AlMe2

+ cations, and they can be 
responsible for the ionization of metallocenes.

In agreement with this assumption, the 1H NMR studies of the interaction of 
MAO with donor molecules such as THF, pyridine, and diphenylphosphinopro-
pane show that, besides TMA–donor ligand complexes, the cations [Me2AlL2]+ are 
formed (L = donor molecule) [26]. The presented results suggest that MAO not only 
contains Lewis acidic sites but may also act as a source of strongly Lewis acidic 
[AlMe2]+ cations.
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4.1.4 � Structure of Ion Pairs Formed upon the Interaction of 
Cp2ZrMe2 with MAO

Cationic group 4 metalalkyl complexes of the general formula [Cp2′M-R]+ (R = alkyl, 
M = Ti, Zr, Hf) are highly active catalysts of the polymerization of olefins [30–35]. 
The first detailed 1H, 13C NMR spectroscopic study of cationic species formed 
in the catalyst systems [(Cp2′)M(CH3)2]/AlMe3/[CPh3][B(C6F5)4] (Cp′ = C6H5, 
Cp2′ = Me2Si(Ind)2, C2H4(Ind)2, Me2C(Cp)(Flu); M = Zr, Hf) was contributed by 
Bochmann and Lancaster [36]. Ion pairs [Cp2′M-Me]+[B(C6F5)4]− (IB), {[Cp2′M-
Me]2(μ-Me)}+[B(C6F5)4]− (IIB), and [Cp2′M(μ-Me)2AlMe2]+[B(C6F5)4]− (IIIB) were 
detected and NMR characterized (Figure 4.4).

Inspired by those findings, Tritto and coworkers undertook the 13C NMR study of 
cationic intermediates formed in the catalyst system Cp2Zr(13CH3)2/MAO at Al/Zr 
ratios 1–40 (isotopically 13C-enriched precatalyst was used) [37]. Outer-sphere ion 
pairs {[Cp2Zr-Me]2(μ-Me)}+[Me-MAO]− (II) and [Cp2Zr(μ-Me)2AlMe2]+[Me-MAO]− 
(III) were characterized by analogy with the ion pairs IIB and IIIB (Figure 4.4). 
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FIGURE 4.3  EPR spectra (toluene) of MAO + TEMPO mixtures ([TEMPO]/[Al]MAO = 1:20, 
[Al]MAO = 0.2 M), recorded 5 min after melting in the resonator (a, solid line) and after 
20 min at 20°C (b). Simulation of the experimental spectrum with aN = 18.6 G, aAl = 1.0 G, 
line width = 1.0 G (a, dashed line). (Reproduced with permission from Bryliakov, K. P. et al. 
2006. Macromol. Chem. Phys. 207: 327–335.)
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Besides sharp 13C resonances of ion pairs II and III, very broad Cp and Zr-Me 
resonances of a new complex IV were observed [37]. The latter complex was identi-
fied by Babushkin and coworkers [38]. Using isotopically 13C-enriched MAO, very 
broad Zr-Me and Zr-Me-Al resonances of complex IV were observed at δ 42 and 9 
(Figure 4.5, Table 4.1). The resonance at δ 42 exhibited J1

CH coupling of 120 ± 5 Hz 
that corresponds to terminal Zr-Me group. It was assumed that IV is contact ion 
pair [Cp2ZrMe+…Me-MAO−]. The 13C NMR chemical shifts of a structurally similar 
methyl-bridged complex Cp2ZrMe(μ-Me)Al(C6F5)3 (δ 40.5 for the terminal methyl 
group and δ 7.9 ppm for the bridging one) [39] are close to those of IV.

In contrast to II and III, species IV can be considered as inner-sphere ion pair. 
The observed broadening of its resonances is caused by nonuniformity and big size 
of the [Me-MAO]− counteranions, tightly bound to the zirconocene. Contrariwise, 
outer-sphere ion pairs II and III display sharp resonances (Figure 4.5). The struc-
tures of zirconium species found in the system Cp2Zr(CH3)2/13C-MAO are shown 
in Figure 4.6. Besides the aforementioned complexes II–IV, the adduct Cp2MeZr-
Me→Al≡MAO (I) is depicted in this figure. The existence of such adduct is evident 
from the broadening of the corresponding Zr-Me resonance (Figure 4.5). This reso-
nance is a weighted average of sharp resonances of the free Cp2ZrMe2 and a broader 
resonance of I. Owing to rapid exchange between Cp2ZrMe2 and I, the chemical shift 
of the resulting resonance depends on the Al/Zr ratio (Figure 4.7).

The application of isotopically (13C) enriched MAO allowed the monitoring of ion 
pairs formed in the system Cp2ZrMe2/13C-MAO at an Al/Zr ratio up to 4000. It was 
found that at high Al/Zr ratios, only ion pairs III and IV are present in the reaction 
solution (Figures 4.7 and 4.8) [38].

Babushkin and Brintzinger have estimated the size of the ion pair [(C5H5)2Zr(μ-
Me)2]+[Me-MAO]− (III) by pulsed field-gradient (PFG) NMR spectroscopy. An effec-
tive hydrodynamic radius of 12.2–12.5 Å was obtained for III in benzene solution at 
different zirconocene and MAO concentrations [40]. The volume of the Me-MAO− 
anion suggested that it should contain 150–200 Al atoms. Macchioni and coworkers 
have confirmed this conclusion by the same technique showing that [Me-MAO]− 
counterions have large hydrodynamic radius >8.5 Å (>40 Al units per cluster) [25].

The detailed data on the structure of “zwitterion-like” intermediates formed upon 
the activation of Cp2ZrMe2 with MAO in toluene have stimulated the characteriza-
tion of related intermediates in various zirconocene/MAO systems. In some cases, 
clear correlations between the spectroscopic and ethylene polymerization data were 
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FIGURE 4.4  The ion pairs formed upon the activation of Cp2MMe2 with [Ph3C][B(C6F5)4] 
and AlMe3/[Ph3C][B(C6F5)4]. M = Zr, Hf.
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observed, confirming the key role of the zwitterion-like intermediates as the active 
sites of polymerization or their direct precursors.

4.1.5 �D etection of Ion Pairs Formed upon Activation of (Cp-R)2ZrCl2 
(R = nBu, tBu) with MAO

The ratio between ion pairs III and IV in the catalyst systems (Cp-R)2ZrCl2 (R = nBu, 
tBu) at various Al/Zr ratios was monitored by 1H NMR spectroscopy, observing 
the resonances of the Cp ring. The 1H NMR spectrum in the range of Cp hydro-
gen atoms of the system (Cp-nBu)2ZrCl2/MAO (Al/Zr = 50) in toluene-d8 displays 
sharp multiplets from III and several broad resonances denoted as IV1, IV2, and IV3, 
which can be attributed to various types of inner-sphere ion pairs IV (Figure 4.9a) 
[41]. Similar resonances were observed in the catalyst system (Cp-nBu)2ZrMe2/MAO 
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Zr-Me

III
Zr(μ-Me)Al

II
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Zr(μ-Me)Al
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Zr-Me
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δ (ppm)

20 10 0

FIGURE 4.5  13C NMR spectrum (toluene, –25°C) of Cp2ZrMe2 + 13C-MAO, [Al] = 1.8 M, 
Al/Zr = 100, in the range of Me-carbon signals. (Reproduced with permission from 
Babushkin, D. E. et al. 2000. Macromol. Chem. Phys. 201: 558–567.)
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TABLE 4.1
13C and 1H NMR Chemical Shifts (δ), Line Widths Δν1/2 (Hz), and J1CH 
Coupling Constants (Hz) for Complexes I–IV

Complex 13C (Cp)

1H 
(Cp)

13C 
(Zr-Me)

1H 
(Zr-Me)

13C 
(μ-Me)

1H 
(μ-Me)

13C 
(Al-Me)

1H 
(Al-Me)

Cp2ZrMe2
a 109.11 5.64 29.26 −0.15 – – – –

Ib 112
Δν1/2 = 40

5.7c 29.5d – 29.5d – – –

IIe,f 113.26
J1

CH = 176
5.73 39.98

J1
CH = 121

0.03 22.22
J1

CH = 133
−1.30 – –

IIIb,f,g 115.73
J1

CH = 178
5.5h – – 38.07

J1
CH = 114

−0.27 −6.00
J1

CH = 114
−0.58

IVb 113.9
Δν1/2 = 70

5.7c 42i

J1
CH = 120

– 9
Δν1/2 = 500

– – –

a	 At −30°C.
b	 At −25°C.
c	 Broad unresolved.
d	 Only one resonance (Δν1/2 ≥ 240 Hz) with double intensity is observed.
e	 At −5°C.
f	 Sharp resonances.
g	 Chemical shifts at high total Zr concentrations.
h	 Chemical shifts depend on total Zr concentration, down to δ 5.44 at low [Zr].
i	 Δν1/2 = approximately 200 Hz.
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(Al/Zr = 60). With the increase in the Al/Zr ratio, ion pair III becomes the predomi-
nant species in the solution (Figure 4.9b and c). No significant difference assign-
able to the presence of different Me-MAO− anions at different Al/Zr ratios could be 
detected in the 1H NMR spectra of the outer-sphere ion pair III. The polymerization 
data show that the catalyst system (Cp-nBu)2ZrCl2/MAO is virtually inactive at Al/
Zr ratios below 200. The activity at an Al/Zr ratio of 1000 is higher by a factor 
of 13 than that at Al/Zr = 200 (Table 4.2). Although the concentration of zircono-
cene under the conditions of polymerization experiment is 1–2 orders of magnitude 
lower than under the NMR conditions, it is natural to expect that the proportion of 
III in the polymerization experiments should also increase with the increase in the 
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IV II IAl/Zr = 100

III
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I + Cp2ZrMe2
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δ (ppm)
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FIGURE 4.7  13C NMR spectra (toluene, –25°C) of Cp2ZrMe2 + MAO, [Al] = 1.8 M, in the 
range of Cp carbon signals. Al/Zr ratios are 20 (a), 50 (b), and 100 (c). (Reproduced with 
permission from Babushkin, D. E. et al. 2000. Macromol. Chem. Phys. 201: 558–567.)
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Al/Zr ratio. Therefore, the increase in the catalytic activity of the (Cp-nBu)2ZrMe2/
MAO system at high Al/Zr ratios can be associated with the increase in the portion 
of the outer-sphere ion pairs III.

The 1H NMR spectra of the catalyst system (Cp-tBu)2ZrCl2/MAO (Al/Zr = 50) 
show that in this case, complexes (Cp-tBu)2ZrCl2 and (Cp-tBu)2ZrMeCl are the major 
species in the solution (Figure 4.10a). At an Al/Zr ratio of up to 600–1000, as in the 
previous case, only species of the type III are observed (Figure 4.10b–d) [41]. This 
result differs from that for the Cp2ZrMe2/MAO system where complexes III and IV 
were present in comparable concentrations even at an Al/Zr ratio of 1000 (Figure 4.8) 
[38]. Probably, the bulky tBu-substituents hamper the anion–cation contacts in IV, 
which favors the formation of outer-sphere ion pairs III. As for R = nBu, the polymer-
ization activity of the (Cp-tBu)2ZrCl2/MAO system at an Al/Zr ratio of 1000 is much 
higher than that at Al/Zr = 200 (Table 4.2). Summarizing these considerations, one can 
conclude that ion pairs III (or their polymeryl homologs) are the immediate precursors 
of the crucial alkyl zirconocene olefin cations required for the polymer chain growth.

4.1.6 �D etection of Ion Pairs Formed in the Catalyst Systems (Cp-R)2ZrCl2/
MAO (R = Me, 1,2-Me2, 1,2,3-Me3, 1,2,4-Me3, Me4)

The 1H NMR spectrum of the system (Cp-1,2,3-Me3)2ZrCl2/MAO at Al/Zr = 50 (in 
the range of Cp hydrogen atoms) displays the signal of III and several weaker signals 
(Figure 4.11a). In contrast to the systems (Cp-R)2ZrCl2/MAO (R = H, Me, nBu, tBu), 
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FIGURE 4.8  13C NMR spectra (toluene, –25°C) of Cp2ZrMe2 + MAO, [Al] = 1.8 M, in 
the range of Cp signals. Al/Zr ratios are 1000 (a) and 4000 (b). Total Zr concentrations are 
1.8 × 10–3 M (a) and 4.5 × 10–4 M (b). Numbers of transients are 104 in both spectra. Intensity 
scales of the spectra (a) and coincide (b). (Reproduced with permission from Babushkin, D. E. 
et al. 2000. Macromol. Chem. Phys. 201: 558–567.)
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complex III dominated in the system (Cp-1,2,3-Me3)2ZrCl2/MAO even at an Al/Zr 
ratio of 50 [41]. Moreover, this is the case at higher Al/Zr ratios (Figure 4.11b–d). As 
distinct from the systems (Cp-R)2ZrCl2/MAO (R = H, Me, nBu, tBu), the polymeriza-
tion activity of the system (Cp-1,2,3-Me3)2ZrCl2/MAO was virtually constant in the 
range Al/Zr = 200−1000 (Table 4.2). Ion pair III (R = 1,2,3-Me3) appears to be sta-
bilized relative to the contact ion pair IV by the more highly substituted Cp ligands.

According to the 1H NMR spectroscopic data, only species III is present in the 
catalyst systems (Cp-R)2ZrCl2/MAO (R = 1,2,3-Me3, 1,2,4-Me3, Me4) at Al/Zr = 200. 
One could expect then that their catalytic activities should be close at Al/Zr ratios 
of 200 and 1000. Indeed, the polymerization data showed that the initial polymer-
ization activity of the systems (Cp-R)2ZrCl2/MAO (R = 1,2,3-Me3, 1,2,4-Me3, Me4) 
in the range Al/Zr = 200–1000 increases less significantly with the increase of the 
Al/Zr ratio than the corresponding activities for the systems (Cp-R)2ZrCl2/MAO 
(R = Me, nBu, tBu) (Table 4.2).

For the most part of the (Cp-R)2ZrCl2/MAO systems studied, intermediate 
III seems to be the main precursor of the active centers of polymerization. These 
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FIGURE 4.9  1H NMR spectra (toluene-d8, 20°C, the range of Cp hydrogen atoms) of the system 
(Cp-nBu)2ZrCl2/MAO at Al/Zr ratios of 50 (a), 200 (b), and 600 (c). [(Cp-nBu)2ZrCl2] = 10−3 M; 
[AlMAO] = 0.05 M (a), 0.2 M (b), and 0.6 M (c). (Reproduced with permission from Bryliakov, 
K. P. et al. 2003. J. Organomet. Chem. 683: 92–102.)
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assumptions are in agreement with the spectroscopic and polymerization data for 
the highly active catalyst systems (Cp-R)2ZrCl2/AlMe3/[Ph3C][B(C6F5)4] (R = H, 
Me, 1,2-Me2, 1,2,3-Me3, 1,2,4-Me3, Me4, nBu, tBu, Zr:Al:B = 1:100:1). 1H NMR 
spectroscopy indicates the presence of only ion pairs [(Cp-R)2Zr(μ-Me)2AlMe2]+[B
(C6F5)4]−, thus  confirming  their key role as the precursors of the active species of 
polymerization [41].

4.1.7 � Ion Pairs Formed upon Activation of 
Ansa-Zirconocenes with MAO

The analysis of the 1H NMR spectra of the L2ZrCl2/MAO systems witnesses that for 
all catalysts studied (rac-C2H4(Ind)2ZrCl2, rac-Me2Si(Ind)2ZrCl2, rac-Me2Si(1-Ind-
2-Me)2ZrCl2, rac-C2H4(1-Ind-4,5,6,7-H4)ZrCl2, rac-Me2Si(2-Me-Benzind)2ZrCl2, 
rac-Me2Si(1-Ind-2-Me-4-Ph)2, (1-Ind-2-Me)2ZrCl2, Me2C(Cp)(Flu)ZrCl2, Me2C(Cp-
3-Me)(Flu)ZrCl2, Me2Si(Flu)2ZrCl2), broad resonances of IV were not detected at 
all or were observed only at low Al/Zr ratios (50−100), and sharp resonances of 
heterobinuclear ion pairs III strongly dominated in the solution [41]. As an example, 

TABLE 4.2
Ethylene Polymerization over (Cp-R)2ZrCl2/MAO Catalysts

R
AlMAO/Zr 

(mol/mol)

C2H4 
Pressure 

(atm)

 PE Yielda
Initial Activityb 

(kg of PE/mol Zr 
min atm C2H4)g

kg of PE/mol 
of Zr

H 200 2 7.7 3850 255

Me 200 5 5.2 2600 60

nBu 200 2 0.7 350 35

tBu 200 5 0.1 50 –

1,2-Me2 200 2 13 6500 470

1,2,3-Me3 200 5 10 5000 102

1,2,4-Me3 200 5 13.9 6950 134

Me4 200 5 17.1 8550 190

Me2Si(Ind)2 200 2 15.6 7800 420

H 1000 2 17.1 8550 610

Me 1000 2 14.3 7150 320

nBu 1000 2 23.4 11,700 460

tBu 1000 5 7.5 3750 92

1,2-Me2 1000 2 19 9500 520

1,2,3-Me3 1000 5 8.6 4300 115

1,2,4-Me3 1000 2 8.7 4350 232

Me4 1000 2 11.6 5800 300

Me2Si(Ind)2 1000 2 16.0 8000 450

a	 PE yield within 15 min.
b	 Initial activity calculated from the PE yield within 5 min.
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Figure 4.12 shows the 1H NMR spectrum of [rac-C2H4(Ind)2Zr(μ-Me)2AlMe2]+[Me-
MAO]− in toluene at 20°C. Probably, the substituents and bulkiness of the ligands 
disfavor the anion–cation contacts in the intermediates IV, complex III predominat-
ing in the solution.

The first example of a structurally characterized group IV metallocene AlMe3 
adduct [{Me2Si-(2-Me-4-Ph-Ind)2}Zr(μ-Me)2AlMe2]+[B(C6F5)4]− was reported by 
Carpentier, Kirillov, and coworkers. In the presence of excess of AlMe3, this adduct 
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FIGURE 4.10  1H NMR spectra (toluene-d8, 20°C, the range of Cp hydrogen atoms) of 
the system (Cp-tBu)2ZrCl2/MAO at Al/Zr ratios of 50 (a), 200 (b), 600 (c), and 1000 (d). 
[AlMAO] = 0.5 M; [(Cp-tBu)2ZrCl2] = 10−2 M (a), 2.5 × 10−3 M (b), 8 × 10−4 M (c), and 
5 × 10−4 M (d). (Reproduced with permission from Bryliakov, K. P. et al. 2003. J. Organomet. 
Chem. 683: 92–102.)
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decomposed via C-H activation of the bridging methyl unit to yield a new species 
with trimetallic {Zr(μ-CH2)(μ-Me)AlMe(μ-Me)AlMe2}core (Figure 4.13) [42].

More recently, detailed comparative studies on different metallocenium ion pairs 
derived from the parent metallocenes 1a–c and 2a–c (Figure 4.14) and different 
cationizing agents, including B(C6F5)3, Al(C6F5)3, [PhNMe2H][B(C6F5)4], [Ph3C]
[B(C6F5)4], and commercial-grade MAO have been reported [43]. The following 
ion pairs were characterized by X-ray diffraction (when appropriate), 1H and 19F 
NMR and NOESY nmr: [(L)ZrMe(μ-Me)E(C6F5)3] (3a–c-MeE(C6F5)3) (E = B, Al), 
[(L)ZrMe(NMe2Ph)]+[B(C6F5)4]− (4a–c), [(L)ZrMe]+[B(C6F5)4]− (5a–c), [(L)Zr(μ-Me)

2AlMe2]+[B(C6F5)4]− (6a–c), [(L)Zr(μ-Me)2AlMe2]+[Me-MAO]− (7a–c) (L = La, Lb, 
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FIGURE 4.11  1H NMR spectra (toluene-d8, 20°C, the range of Cp hydrogen atoms) of 
the system (Cp-1,2,3-Me3)2ZrCl2/MAO at various Al/Zr ratios: 50 (a), 200 (b), 600 (c), and 
1000 (d). [AlMAO] = /0.5 M; [(Cp-1,2,3-Me3)2ZrCl2] = /10−2 M (a), 2.5 × 10−3 M (b), 8 × 10−4 M 
(c), and 5 × 10−4 M (d). (Reproduced with permission from Bryliakov, K. P. et  al. 2003. 
J. Organomet. Chem. 683: 92–102.)
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Lc), La = Me2C-(Flu)(Cp-Me), Lb = EtPhC-(Flu)(Cp), and Lc = rac-{Me2Si-(2-Me-
4-Ph-Ind)2. The ion pair reorganization processes for ion pairs 3a,b-MeB(C6F5)3, 
3c-MeB(C6F5)3, 3c-MeAl(C6F5)3, and 6b,c were studied by dynamic NMR. It was 
found that activation barriers are lower for the {SBI}-based systems as compared 
to those for the {Cp/Flu}-based congeners. Moreover, heterobimetallic complexes 
with the Zr(μ-Me)AlMe2 core and various anions [MeB(C6F5)3]−, [B(C6F5)4]−, and 
[Me-MAO]− are more stable for {Cp/Flu}-based systems than for {SBI}-based coun-
terparts. The less mobile ionic adducts of {Cp/Flu}-based systems can be responsible 
for the lower productivity of the corresponding polymerization catalysts.
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FIGURE 4.12  1H NMR spectrum (toluene, 20°C) of [ethanediyl(Ind)2Zr(μ-Me)2AlMe2]+[Me-
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143NMR and EPR Spectroscopy of the Mechanisms of Metallocene

4.1.8 � Ion Pairs Formed upon Interaction of Cp2TiCl2 
and Rac-C2H4(Ind)2TiCl2 with MAO

Detailed analysis of the 1H-13C NMR spectra of the catalyst systems Cp2TiCl2/MAO 
and Cp2TiMe2/MAO in toluene has shown that the following complexes can be 
identified: Cp2TiMeCl, [Cp2MeTi(μ-Cl)TiClCp2]+[Me-MAO]− (II1), [Cp2MeTi(μ-Cl)
TiMeCp2]+[Me-MAO]− (II2), [Cp2MeTi(μ-Me)TiMeCp2]+[Me-MAO]− (II3), 
[Cp2Ti(μ-Me)2AlMe2]+[Me-MAO]− (III), and a “contact ion pair” [Cp2TiMe+⋯Me-
MAO] (IV) (Figures 4.15 and 4.16, Table 4.3).
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[PhNMe2H]+[B(C6F5)4]−, [Ph3C]+[B(C6F5)4]−, and MAO. (From Theurkauff, G. et al. 2016. 
Organometallics 35: 258–276)
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FIGURE 4.15  Structures proposed for intermediates II–IV. (Reproduced with permission 
from Bryliakov, K. P., Talsi, E. P., Bochmann, M. 2004. Organometallics 23: 149–152.)
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At Al/Ti ratios modeling real polymerization conditions (100–300), complexes 
III and IV are the major species in the solution (Figure 4.15) [44]. As in the case 
of zirconium, heterobinuclear ion pairs III predominate in the catalyst systems 
ansa-titanocene/MAO at Al/Ti > 100. Titanium complexes [rac-C2H4(Ind)2Ti(μ-
Me)2AlMe2]+[Me-MAO]− and [rac-C2H4(Ind)2Ti(μ-Me)2AlMe2]+[B(C6F5)4]− display 
very similar 1H NMR spectra [45].

The Ti species III and IV are far less stable than their Zr congeners: the latter 
persist for weeks at room temperature, while the former disappear at this temperature 
within several hours. In order to establish the origin of instability of these catalyst 

Cp2TiMe2

Cp2TiMe2

Cp2TiMe2

Cp2TiCl2
II1 + II2

Al/Ti = 10

II2

II2II3

IV

IV
III

Al/Ti = 20

Al/Ti = 40

II3

IV IIIAl/Ti = 90

IV III

ppm5.25.45.65.8

Al/Ti = 300

Cp2TiClMe(a)

(b)

(c)

(d)

(e)

FIGURE 4.16  1H NMR spectra of Cp2TiCl2 + MAO in toluene at −15°C ([Al] = 0.75 M), in 
the range of Cp carbon signals, with Al:Ti ratios of (a) 10, (b) 20, (c) 40, (d) 90, and (e) 300. 
(Reproduced with permission from Bryliakov, K. P., Talsi, E. P., Bochmann, M.  2004.  
Organometallics 23: 149–152.)
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systems, we have monitored by EPR the interaction of rac-C2H4(Ind)2TiCl2 with 
AlMe3 in toluene ([Ti] = 0.001 M, Al/Ti = 20) [45]. The EPR spectrum recorded 
one day after the onset of the reaction at room temperature displays a signal at 
g0 = 1.978 with hyperfine structure from Ti (aTi = 12 G) and partially resolved hfs 
from Al (aAl = 2.3 G) (Figure 4.17a). The intensity of the EPR signal corresponded 
to complete reduction of Ti(IV) into Ti(III). The hyperfine structure from Al 
clearly shows that the EPR spectrum at g0 = 1.978 belongs to heterobinuclear com-
plex incorporating both titanium(III) and aluminum atoms. The related complex 
[Cp2TiIII(μ-Me)2AlMe2] exhibits EPR spectrum at g0 = 1.977 in toluene at −40°C 
with unresolved hfs from Al [46]. On the basis of these data, the TiIII complex with 

12 G
1.9778

3320 3340 3360 3380 3400 3420

1.9856

1.9777

3340 3350 3360 3370
H (G)

3380 3390

H (G)

(a)

(b)

FIGURE 4.17  EPR spectra (toluene-d8, 20°C) of (a) rac-C2H4(1-Ind)2TiCl2/AlMe3, [Al]:[/
Ti] = 20, 1 day after the onset of the reaction and (b) rac-C2H4(1-Ind)2TiCl2/Al(iBu)3, 
[Al]:[Ti] = 10, 10 min after the onset of the reaction; dashed lines represent simulations of 
the experimental spectra. (Reproduced with permission from Bryliakov, K. P. et al. 2005. 
Organometallics 24: 894–904.)
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EPR signal at g0 = 1.978 was identified as the heterobinuclear titanium(III) species 
[rac-C2H4(Ind)2TiIII(μ-Me)2AlMe2].

The reducing agent in the rac-C2H4(Ind)2TiCl2/AlMe3 system was proposed to 
originate from the admixture of Me2AlEt, which is capable of generating metal 
hydride species (which in turn cause reduction of TiIV). To check this hypothesis, 
triisobutylaluminum (TIBA) was used as the reducing agent instead of AlMe3. 
Commercial TIBA always contains some residual HAl(iBu)2 that could reduce TiIV. 
Indeed, the addition of 10 equivalents of TIBA to the solution of rac-C2H4(Ind)2TiCl2 
in toluene caused immediate and complete reduction of TiIV to TiIII. The EPR spec-
trum observed exhibited the signal at g0 = 1.978 with hfs from Al, aAl = 1.8 G, and 
a doublet at g0 = 1.986 from Ti(III) hydride with aH = 5 G (Figure 4.17b). The reduc-
tion of cationic TiIV heterobinuclear intermediates into neutral TiIII complexes seems 
to be an important channel of deactivation of ansa-titanocene/MAO catalysts.

4.1.9 � Ion Pairs Formed upon Activation of (C5Me5)TiCl3 and 
[(Me4C5)SiMe2NtBu]TiCl2 with MAO

The results presented above demonstrate that the activation of metallocenes with 
large excess of MAO usually leads to the formation of heterobinuclear ion pairs III. 
However, this is not the case for half-titanocenes and constrained-geometry cata-
lysts, (C5Me5)TiCl3 and [(Me4C5)SiMe2NtBu]TiCl2, respectively [44,47].

The starting complex (C5Me5)TiMe3 displays three 13C resonances due to C5Me5 
and Ti-Me moieties (toluene-d8, −20°C), δ 123.2 (Cp, 5C), 12.8 (Me-Cp, 5C, q, 
J1

CH = 127.5 Hz), 62.1 (Ti-Me, 3C, q, J1
CH = 118.5 Hz). The sample prepared by the 

addition of 13C-labeled MAO to the solution of (C5Me5)TiMe3 in toluene-d8 displays 
Ti-Me resonances of complexes Ia and IVa (Figure 4.18) [47].

Species Ia is a complex between (C5Me5)TiMe3 and Lewis acidic MAO (C5Me5)
Me2Ti-Me→Al≡MAO. A similar complex was observed previously for Cp2ZrMe2 

80

IVa

Cp*TiMe3
+ Ia

Cp*TiMe3

IVa

*
*

*
*

Admixtures
in MAO

Toluene MAO

70 60 50 40
δ (ppm)

30 20 10 0 –10

FIGURE 4.18  13C NMR spectrum (toluene at −10°C) of Cp*TiMe3 recorded 1 h after the 
addition of 13C-labeled sample of MAO, Al/Ti = 35, [Cp*TiMe3] = 0.02 M. Asterisks denote 
admixtures in toluene. (Reproduced with permission from Bryliakov, K. P. et  al. 2003. 
J. Organomet. Chem. 683: 23–28.)
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and MAO (complex I, Figure 4.6). “Contact ion pair” IVa displays a broad Ti-Me 
resonance centered at 83 ppm (Δν1/2 = 400 Hz), and that at 13.2 ppm from Cp-Me 
groups (Figure 4.18). The chemical shift of the Ti-Me resonance of IVa (δ 81–84) is 
close to that of the terminal Ti-Me resonance of the zwitterionic complex [(C5Me5)
TiMe2

+⋯MeB(C6F5)3
−] (δ 80–81) [47]. Most probably, IVa is “contact ion pair” [(C5Me5)

Me2Ti+⋯Me-MAO−] (Figure 4.19). With the increase in the Al/Ti ratio up to 300, only 
one peak of Cp-Me carbons of IVa at 13.2 ppm is observed. The corresponding Ti-Me 
signal was not detected due to the low concentration of titanium. So, in conditions 
approaching to those of practical polymerization, the major part of titanium exists in 
the system (C5Me5)TiMe3/MAO as the “contact ion pair” IVa. This ion pair is far less 
stable than the related ion pair [Cp2ZrMe+⋯Me-MAO−] (IV). The NMR resonances 
of IVa disappear within several hours at room temperature, whereas [Cp2ZrMe+⋯Me-
MAO−] is stable during weeks at this temperature. In the previously discussed catalyst 
systems, the heterobinuclear intermediates III were necessarily present in the reaction 
solution at high Al/metal ratios. On the contrary, the system (C5Me5)TiMe3/MAO pre-
dominantly displays broad resonances of the zwitterion-like species IVa.

The same behavior has been observed for the catalyst systems based on constrained-
geometry titanium complexes [44]. Mixtures of 13C-enriched MAO with [(Me4C5)
SiMe2NtBu]TiCl2 and [(Me4C5)SiMe2NtBu]TiMe2 in toluene at 20°C (Al/Ti = 100) dis-
play inhomogeneously broadened 13C NMR resonance at δ 68 (Δν1/2 = 170 Hz). On the 
basis of the data obtained for Cp2TiCl2/MAO system, this resonance could be reason-
ably assigned to the contact ion pair [(Me4C5)SiMe2NtBuTiMe(+)⋯Me-MAO−]. Marks 
et al. observed NMR resonances in a similar region for two diastereomers of related 
species [(Me4C5)SiMe2NtBu]TiMe(+)←PBA(−) (PBA = tris(2,2′,2″-nonafluorobiphenyl)-
fluoroaluminate), at δ 61.99 and 60.50 [48]. So, in contrast to the Cp2TiCl2/MAO 
and rac-C2H4(Ind)2TiCl2/MAO systems, heterobinuclear pairs of the type [LTi(μ-
Me)2AlMe2]+[Me-MAO]− are not observed for constrained-geometry catalysts. 
Apparently, in the more opened half-sandwich and constrained-geometry complexes, 
a closer approach of [Me-MAO]− counterions is favored, to afford ion pairs of the type 
IV upon the activation by MAO, while for the more restricted coordination-gap aper-
ture of metallocenes, heterobinuclear ion pairs of type III are preferable.

4.1.10 �O bservation of Ion Pairs Formed in the Catalyst Systems 
Zirconocene/MMAO

The activation of zirconocene precatalysts for applications in olefin polymeriza-
tion catalysis is most often achieved via reaction with a large excess of MAO. This 

⊕

Me Me Me Me

Me
MAO–

Me
Ti Ti

Al Al
MAO

Ia IVa

FIGURE 4.19  Structures proposed for the intermediates Ia and IVa.
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activator can be partially replaced, without loss of activity, by less expensive alu-
minum alkyls, such as TIBA (AliBu3) [49–53]. MMAO, a widely used polymeriza-
tion cocatalyst, contains isobutyl groups originating from AliBu3. Apparently, the 
understanding of the mechanism by which the addition of AliBu3 may affect the 
cocatalytic activity of MAO is an important problem. We have applied EPR spin-
probe technique and 1H NMR spectroscopy for the comparison of Lewis acidic sites 
present in MAO and MMAO, and for the comparison of ion pairs formed upon the 
activation of metallocene with these cocatalysts.

As mentioned in Section 4.1.3, MAO contains two types of Lewis acidic sites, IL and 
IIL, both being capable of forming adducts with TEMPO, with different EPR signals 
(aN = 18.6 G, aAl = 1 G for site IL, and aN = 19.6 G, aAl = 1.9 G for site IIL), attributed to 
coordinatively unsaturated Al atoms in AlOMe2 and AlO2Me environment [28].

In MAO/AliBu3 mixtures, the EPR spin-probe study likewise shows the presence 
of two types of Lewis acidic sites, denoted as IiBu and IIiBu. The TEMPO adduct 
with site IiBu displays a triplet (aN = 19.5 G) without observed splitting from Al 
(Figure 4.20a). The adduct of TEMPO with site IIiBu exhibits a triplet of sextets, 
with aN = 19.5 G and aAl = 4 G (Figure 4.20b) [28].

So, the acidic sites IIiBuin the MAO/AliBu3 mixtures appear to be more strongly 
Lewis acidic than sites IIL in MAO, which is reflected by the increased value of aAl 
(4 G for MAO-AliBu3 vs. 1.9 G for MAO). Crucially, the same acidic sites IiBu and IIiBu 

3320 3340 3360 3380
Field (G)

3400 3420 3440

×8

IITIBA

ITIBA

aN = 19.5

2.005

2.005(a)

(b)

FIGURE 4.20  EPR spectra (toluene) of the MAO/AliBu3/TEMPO system, with [Al]TIBA/
[Al]MAO = 1:10 and [TEMPO]/[Al] = 1:100, [MAO] = 0.2 M, recorded 2 min after melting in 
the resonator (a) and after 15 min at 20°C (b). (Reproduced with permission from Bryliakov, 
K. P. et al. 2006. Macromol. Chem. Phys. 207: 327–335.)
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were observed for MMAO. By analogy with the assignment of the MAO sites IIL, sites 
IIiBu can be assigned to coordinatively unsaturated AlO2(iBu) centers. The increased 
Lewis acidity of sites IIiBu, as compared to that of sites IIL in MAO, is likely to contrib-
ute to the positive effect of the presence of AliBu3 on the cocatalytic activity of MAO.

Babushkin and Brintzinger contributed a detailed investigation of the nature of 
the heterobinuclear ion pairs III formed in the catalyst systems zirconocene/MAO/
AliBu3 [54]. Complexes A–C (Figure 4.21) were used as precatalysts. The reac-
tion system A/MAO in toluene ([Al]MAO/[Zr]≈600) contains the cationic AlMe3 
adduct rac-[Me2Si(Ind)2Zr(μ-Me)2AlMe2]+ (denoted here as IIIMe2). The addition 
of AliBu3 to such a solution ([AliBu3]/[Zr] = 14–108) results in the decrease on 
the intensity of the resonances of IIIMe2 and buildup of peaks of two new com-
plexes rac-[Me2Si(Ind)2Zr(μ-Me)2AlMeiBu]+ (IIIiBuMe) and rac-[Me2Si(Ind)2Zr(μ-
Me)2AliBu2]+ (IIIiBu2). With the increase in the [AliBu3]/[Zr] ratio, the proportion of 
IIIiBu2 increases. Complex IIIiBuMe displays a set of two μ-Me, one terminal Al-Me, 
and four ligand–CH signals that have an integral ratio of 3:3:3:1:1:1:1 (Table 4.4). 
Complex IIIiBu2 exhibits a set of one μ-Me and two sharp ligand CH signals (3:1:1) 

BA C

Si Zr
Cl

Cl
Zr

Cl
Si

Cl
Si Zr

Cl

Cl

FIGURE 4.21  Zirconium precatalysts used for the study of activation with AliBu3/MAO. 
(From Babushkin, D. E., Brintzinger, H. H. 2007. Chem. Eur. J. 13: 5294–5299.)

TABLE 4.4
1H NMR Signals (δ) of rac-Me2Si(Ind)2Zr Derivativesa

Complex H(3) H(2) Zr-Me Al-Meterm

(SBI)ZrCl2
b 6.80 5.74 – –

(SBI)ZrMe2 6.69 5.68 −0.97 –

[(SBI)Zr(μ-Me)2AlMe2]+ (IIIMe2) 6.20 5.03 −1.34 −0.62

[(SBI)Zr(μ-Me)2AliBuMe+] (IIIiBuMe) 6.18
6.35

5.05,
5.15

−1.37,
−1.23

−0.55

[(SBI)Zr(μ-Me)2Al(iBu)2]+ (IIIiBu2) 6.33 5.17 −1.28 –

(SBI)ZrMe+⋯MeMAO− (IV) 5.7 to 6.0 5.1 to 5.2 −1.6 to −1.8 –

a	 C6D6, 23°C, [Zr]total = 0.6 mM.
b	 SBI = rac-Me2Si(Ind)2.
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(Table 4.4). No signals assignable to the isobutyl groups of either IIIiBuMe or IIIiBu2 
were observed; these signals are probably masked by the other AliBu species present.

The studies of reaction systems B/MAO and C/MAO have shown that in this case, 
the monoisobutyl species IIIiBuMe predominates even at the highest isobutyl load-
ings studied, and the formation of dibutylated species IIIiBu2 was not observed [54]. 
Apparently, this is due to the bulkiness of the corresponding substituted indenyls.

The so-called “oscillating” catalysts (bis(2-Ar-indenyl)zirconocenes), producing 
elastomeric polypropylenes, are an intriguing class of olefin polymerization cata-
lysts. Apparently, the formation of stereoblock elastomeric plastics is a result of the 
dynamic character of the active species, with the general formula of the cationic part 
[(2-Ar-indenyl)2ZrP]+ (Ar = aryl; P = polymeryl) [7,55–57].

Busico and coworkers proposed that the generation of isotactic and atactic poly-
propylene stereosequences is a result of the interconversion of chiral rac-isomers 
at a rate competitive with the propylene insertion [57]. For one of the rac-isomers, 
the rate of indenyl ring rotation is faster than propylene insertion (atactic block is 
formed); for another rac-isomer, this rotation is slower than propylene insertion 
(isotactic block is formed). The key point of this hypothesis is the assumption that 
isomers differ in the nature of the counteranions. For some counteranions, their 
association with [(2-Ar-indenyl)2ZrP]+ leads to a locked conformation (the ligand 
rotation is restricted), leading to long isotactic sequences.

It was shown previously that (2-PhInd)2ZrCl2 (1-Cl), when activated with MMAO 
(containing isobutylaluminum groups), yielded polypropylenes with higher isotactic-
ity than with MAO (containing only methylaluminum groups) [58]. We undertook a 
1H and 13C NMR study of the ion pairs formed in the catalyst systems 1-Cl/MAO, 
1-Cl/MMAO, and 1-Cl/AlMe3/[CPh3][B(C6F5)4], in order to evaluate the possibility 
of the formation of ion pairs with a locked conformation of the 2-PhInd ligands [59].

The following ion pairs were characterized by 1H and 13C NMR: [(2-PhInd)2​Zr(μ-
Me)2AlMe2]+[Me-MAO]− (III), [(2-PhInd)2Zr(μ-Me)2AlMe2]+[B(C6F5)4]− (III′), 
[(2-PhInd)2Zr(μ-Me)2AlMeiBu]+[Me-MAO]− (IIIMeiBu), [(2-PhInd)2Zr(μ-Me)2​Ali​
Bu2]+[Me-MAO]− (IIIiBuiBu), and [(2-PhInd)2ZrMe+⋯MAO−] (IV). In the tempera-
ture range of −50°C to 20°C, the rotation of indenyl ligands of complexes III, III′, 
and IIIMeiBu is faster than the evaluated rate of propylene insertion. The situation 
with the ion pair IIIiBuiBu is different. The latter ion pair exhibits two peaks from 
Cp protons at −20°C (the distance between the peaks is about 10 Hz). These peaks 
coalesce at room temperature. The characteristic time of the indenyl ligands rotation, 
evaluated from these data, should be about 10−2 s at 20°C. This time is comparable 
with the characteristic time of propylene insertion (10−2−10−3 s) [56]. IIIiBuiBu is a rare 
example of an ion pair with restricted rotation of indenyl ligands at room tempera-
ture, found for the “oscillating” catalyst, demonstrating the fundamental possibility 
of the existence of intermediates with “locked” conformation of 2-PhInd ligands.

4.1.11 � Ion Pairs Formed in the Catalyst Systems Metallocene/AliBu3/
[Ph3C][B(C6F5)4]

Mixtures of AliBu3 and cation-generating agents are widely used as cocatalysts in 
ternary systems for olefin polymerizations based on group IV metallocene complexes 
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[60–64]. Götz and coworkers reported an NMR investigation of the products of reac-
tion of Ph2C(Cp)(Flu)ZrCl2 with AliBu3 and [PhNMe2H][B(C6F5)4] at 60°C [65]. 
Surprisingly, they found the formation of hydrido-bridged Zr-Al binuclear cationic 
species [Ph2C(Cp)(Flu)Zr(μ-H)(μ-C4H7)AliBu2]+, although the structures of some 
intermediates could only be tentatively proposed.

Using 13C, 1H, and 19F NMR spectroscopy, we studied the formation of cationic 
species in ternary system (SBI)ZrX2/AliBu3/[Ph3C][B(C6F5)4], where X = Cl, Me 
[66]. The reaction of (SBI)ZrCl2 with AliBu3 at room temperature (Al/Zr = 5:1) in 
toluene leads to the formation of the monoalkylated complex (SBI)ZrCliBu. This 
complex is unstable in toluene solutions and decays within hours at room tempera-
ture (Figure 4.22a). The addition of [Ph3C][B(C6F5)4] to the in situ–formed (SBI)
ZrCliBu at room temperature results in the formation of two zirconium species.

At low Al/Zr ratios (5–10), a new zirconium complex V was detected as the 
major product. In the 1H NMR spectrum, V displays two characteristic doublets 
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FIGURE 4.22  1H NMR spectra (20°C) of the systems (SBI)ZrCl2/AliBu3 = 1:5, toluene 
(a);  (SBI)ZrCl2/AliBu3/[CPh3][(C6F5)4] = 1:5:1, toluene/1,2-dichlorobenzene (b); and sample 
(b) after 30 min stirring with extra 25-fold excess of AliBu3 (c). Asterisks mark impurities in 
TIBA. (Reproduced with permission from Bryliakov, K. P. et al. 2007.  J. Organomet. Chem. 
692: 859–868.)
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from the cyclopentadienyl protons of the SBI ligand, at δ 5.39 and 6.42 (with the 
corresponding 13C peaks at δ 121.6 and 122.6 [Figure 4.22b]), and a single res-
onance from the Si-Me groups at δ 0.84. Complex V is an ionic product with 
[B(C6F5)4]− as a counterion, its cationic part exhibiting C2-symmetry (19F NMR 
chemical shifts of V correspond to [B(C6F5)4]−). V was successfully generated by 
the synthetic procedure described by Jordan et al. for similar zirconocene com-
plexes [67]. X-ray diffraction witnessed that V is a binuclear ion pair [(SBI)Zr(μ-
Cl)2Zr(SBI)]​[B(C6F5)4]2.

At high Al/Zr ratios (≥30), a new species VI is observed in the reaction mixture 
along with residual V and aluminum alkyls (Figure 4.22c). The NMR spectra of VI 
give evidence for the allyl-bridged heterobinuclear complex [(SBI)Zr(μ-H)(μ-C4H7)
AliBu2][B(C6F5)4], similar to the structure proposed by Götz for a Me2C(Cp)(Flu) 
complex [65]. In the presence of an excess AliBu3, species V has been shown to 
polymerize propylene and is therefore the last detectable precursor of the active sites 
of propylene polymerization. Species VI is formed at high Al/Zr ratios in the absence 
of a monomer and is probably the thermodynamic sink of the catalyst (Scheme 4.1).

For titanium and zirconium complexes, there have been no examples of indus-
trial applications of ternary systems of the type precatalyst/AliBu3/[Ph3C][B(C6F5)4]. 
For hafnium catalysts, the situation is different. It has been shown that ultrahigh-
molecular-weight polypropylene elastomers could be prepared using highly active 
C1-symmetric hafnocene catalysts [68–70]. Pyridyl-amide hafnium complexes have 
recently been optimized for commercial high-temperature propylene polymeriza-
tion [71,72]. In addition, the latter catalysts have been applied in the large-scale 
preparation of olefin block copolymers through chain shuttling polymerization [73]. 
Significantly, the aforementioned catalysts are effectively activated by mixtures of 
triisobutyl aluminum and cation-generating borates (e.g., AliBu3/[CPh3][B(C6F5)4]), 
whereas MAO appeared to be an unexpectedly poor activator [68–73]. Apparently, 
it is very important to elucidate the origin of the difference between zirconium- and 
hafnium-based catalysts.

We have compared the structures of cationic species formed upon the activation 
of C2-, CS-, and C1-symmetric hafnocenes D–G (Figure 4.23) with MAO and AliBu3/
[CPh3][B(C6F5)4] by means of 1H, 13C, and 19F NMR spectroscopy [74].

Thermally stable heterobinuclear intermediates of the type [LHf(μ-Me)2AlMe2]+​
[MeMAO]− (IIIHf) and [LHf(μ-Me)2AlMe2]+[B(C6F5)4]− (III′Hf) have been 
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identified when using MAO and AlMe3/[Ph3C][B(C6F5)4] as activators, respec-
tively. These intermediates are thermally stable at room temperature and display 
low polymerization productivities. In the NMR tube experiments, IIIHf and III′Hf 
polymerize propene only on warming to room temperature. The low reactivity of 
IIIHf and III′Hf as compared to IIIZr and III′Zr is thought to be responsible for 
the poor activity of hafnocenes as compared to zirconocenes when AlMe3 is pres-
ent (e.g., with AlMe3-rich MAO). In full agreement with this assumption, Busico 
and coworkers showed that the activation of complex E (Figure 4.23) with AlMe3-
depleted MAO and AliBu3/[CPh3][B(C6F5)4 affords catalysts with comparable pro-
pene polymerization activities, whereas unmodified MAO is a poor precatalyst for 
the activation of complex E [75].

The activation of hafnocene complexes with AliBu3/[Ph3C][B(C6F5)4], on the 
other hand, generates heterobinuclear hydrido-bridged species with the proposed 
structures [LHf(μ-H)2AliBu2]+ or [LHf(μ-H)2Al(H)iBu]+, which are much more 
reactive in olefin polymerizations. The hafnium hydride species were completely 
consumed in reactions with a few equivalents of 2,4,4-trimethyl-1-pentene and 
allylbenzene, thus confirming their role as the active-site precursors [75].

Brintzinger, Bercaw, and coworkers showed that the reaction of ansa-zirconocene 
complex A (Figure 4.21) with diisobutylaluminum hydride (HAliBu2) and [Ph3C]
[B(C6F5)4] in hydrocarbon solution affords the cation [(SBI)Zr(μ-H)3(AliBu2)2]+ 
(VII), the identity of which was derived from the NMR data and supported by 
crystallographic structure determination (Figure 4.24) [76].
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FIGURE 4.23  Hafnium precatalysts used for the study of activation with MAO, AlMe3/
[CPh3][B(C6F6)4], and AliBu3/[CPh3][B(C6F6)4].
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FIGURE 4.24  Structure of the alkylaluminum-complexed zirconocene trihydride cation 
[(SBI)Zr(μ-H)3(AliBu)2]+ (VII) formed via the reaction of (SBI)ZrCl2 with [Ph3C][B(C6F5)4] 
and excess HAliBu2 in toluene solution. (Reproduced with permission from Baldwin, S. M.  
et al. 2011. J. Am. Chem. Soc. 133: 1805–1813.)
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In the 1H NMR spectrum, VII displays two hydride resonances (benzene-d6, 
25°C, δ: −2.25 (2H, d, 2JHH = 8 Hz), 0.34 (1H, t, 2JHH = 8 Hz)). A rather similar pat-
tern of hydride resonances was observed for the hafnium cation formed in the system 
D/AliBu3/[Ph3C][B(C6F5)4] (toluene-d8/1,2-difluorobenzene, 25°C, δ: −1.13 (2H, 
d, 2JHH = 5 Hz), 1.4 (1H, t, 2JHH = 5 Hz)) [74], and was tentatively assigned to the 
[LHf(μ-H)2Al(H)iBu]+ species. Very likely, this cation in fact has the same structure 
as intermediate VII, [(SBI)Hf(μ-H)3(AliBu2)2]+.

4.1.12 � Ion Pairs Operating in the Catalyst Systems Zirconocene/
Activator/α-Olefin

Up to this moment, we discussed the ion pairs of the type [LM(Me)]+ (or their adducts), 
thought to initiate the polymer chain growth. For mechanistic studies, it is important to 
detect and study the true chain-propagating species [LM(P)]+, where P = polymeryl. 
However, in situ characterization of the propagating species is often complicated 
by rapid chain transfer and β-hydride elimination. The first spectroscopic detec-
tion of Zr-polymeryl species in the catalyst systems Cp2Zr(13CH3)2/B(C6F5)3/13C2H4 
and Cp2Zr(13CH3)2/MAO/13C2H4 was reported by Tritto and coworkers [77]. The 13C 
NMR spectra of these systems (toluene-d8, −20°C) displayed a doublet at about δ 65 
(J = 29.65 Hz), which could be reasonably assigned to the methylene carbons of the 
polymer chain bonded to the zirconium complexes [Cp2Zr-13CH2P]+[13CH3B(C6F5)3]− 
and [Cp2Zr-13CH2P]+[MeMAO]−.

Landis and coworkers generated in situ the ion pair species rac-[C2H4(1-
Ind)2Zr(polymeryl)]+[MeB(C6F5)4]− (VIII) (polymeryl = polyhexyl chain) and stud-
ied by 1H NMR the insertion of ethene and propene into the Zr-polymeryl moiety at 
−40°C, to form intermediates VIIIethene and VIIIpropene (Figure 4.25) [78]. Warming a 
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solution of VIII up to −20°C led to a chain release, to afford a vinylidene-terminated 
polymer. In situ kinetic measurements showed that at −40°C, the first insertion of 
1-hexene into the Zr-Me bond is ca. 400 times slower than subsequent insertions. The 
chain propagation begins with reversible coordination of alkene and displacement of 
the [MeB(C6F5)4]− anion from the inner coordination sphere. Irreversible insertion 
of the coordinated alkene is rate-determining. The data obtained by direct NMR 
observation of the [C2H4(1-Ind)2Zr(propenyl)]+[MeB(C6F5)4]− intermediate were used 
to clarify the origin of stereoerrors in propene polymerization [79].

The same group studied 1-hexene polymerization catalyzed by [(SBI)Zr(CH2Si
Me3)]+[B(C6F5)4]− and documented the formation of two types of cationic Zr-allyls 
that  could not be observed with the relatively tightly coordinating [MeB(C6F5)3]−. 
Those species were characterized by chemical and NMR spectroscopic methods, 
and were considered as the “dormant” forms of the catalyst, due to their lower 
reactivity toward the α-olefin, as compared with cationic Zr-alkyls [80].

More recently, Vatanamu with coworkers detected [Cp2Zr+-allyl] species in the 
reaction of either [Cp2ZrMe]+[MeB(C6F5)3]− or [Cp2ZrMe]+[B(C6F5)4]− with propyl-
ene by a combination of 1H NMR spectroscopy and electrospray ionization mass 
spectrometry techniques. The proposed reaction pathways for the formation of 
Cp2Zr+-allyl species are depicted in Scheme 4.2 [81].

Brintzinger, Babushkin, and coworkers, by using a combination of NMR 
and UV–Vis spectroscopic techniques, showed the formation of polymer-car-
rying Zr-allyl cationic species in the course of 1-hexene polymerization by rac-
[Me2Si(1-indenyl)2ZrMe2] activated with [Ph3C][B(C6F5)4] and MAO. When using 
[Ph3C][B(C6F5)4] as the activator, the resulting cationic Zr-allyl complexes account 
for about 90% of the total catalyst concentration. To clarify the nature of Zr-allyl 
species observed, the authors prepared model Zr-allyl complexes, replacing 1-hexene 
as substrate with 2-butyl-1-hexene. Three types of isomeric Zr-allyl complexes were 
found and thoroughly identified by means of 2D NMR spectroscopy. The UV–Vis 
spectra of the model complexes were similar to those for the Zr-allyl complexes 
formed in the course of 1-hexene polymerization. The samples containing Zr-alkyl 
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and Zr-allyl cationic species displayed similar polymerization activities. On the basis 
of these experimental data, it was assumed that Zr-alkyl and Zr-polymeryl species, 
participating in polymerization, can be readily generated from the allyl pool [82,83].

The investigation of species actually arising as resting states in polymerization 
catalysts under conditions approaching the real polymerization is a very difficult 
task because a large excess of substrate and activator (most often MAO) compli-
cates the application of NMR spectroscopic techniques. Nevertheless, Babushkin 
and Brintzinger were able to identify by 1H and 13NMR spectroscopy the bridg-
ing Zr-polymeryl species [(SBI)Zr(μ-Me)(μ-Pol)AlMe2]+ (IX) formed during the 
1-hexene polymerization by the system (SBI)ZrMe2/MAO [84].

The 1H NMR spectra of (SBI)ZrMe2/MAO mixtures in C6D6 exhibit the signals of 
the cationic AlMe3 adduct [(SBI)Zr(μ-Me)2AlMe2]+. The addition of 1-hexene to this 
solution ([hexene]/[Zr] = 1000) results in a decline of the [(SBI)Zr(μ-Me)2AlMe2]+ 
signals, accompanied by the appearance of a new set of signals assigned to IX 
(Table 4.5). As judged by the integrals of its C5-H ligand and Zr(μ-Me) signals, IX 
contains only a single μ-Me moiety. The 1H NMR spectrum of the model species 
[(SBI)Zr(μ-CH2SiMe3)(μ-Me)AlMe2]+ was similar to that of IX (Table 4.5).

Convincing evidence for the presence of the Zr–CH2 bond in IX was obtained 
using 1-13C-1-hexene as a substrate. Two small 13C NMR signals were observed in the 
course of 1-13C-1-hexene polymerization with the catalyst system (SBI)ZrMe2/MAO. 
The signal at δ 84.6 (JCH = 149 Hz) was assigned to the Zr-allyl species on the basis of 
characteristic JCH coupling constant. The signal at δ 80.6 (JCH = 107 Hz) associated 
with intermediate IX was assigned to the Zr–CH2 group of its μ-polymeryl moiety.

Integration of the corresponding 1H NMR resonances shows that the overall 
concentration of the NMR-detectable species in the catalyst system (SBI)ZrMe2/

TABLE 4.5
1H NMR Signals of Cationic (SBI)Zr Complexesa

Complex C6-H C5-H(3) C5-H(2) Meterm μ-Me

[(SBI)Zr(μ-Me)2AlMe2]+b 6.71c 6.13d 4.98d −0.65 −1.39e

[(SBI)Zr(μ-R)(μ-Me)AlMe2]+ 
(IX)b

6.55c 6.39d

6.38d

4.91d,f

5.26d

N/O −1.53g

[(SBI)Zr(μ-CH2SiMe3)(μ-Me)
AlMe2]+b,h

6.52c

6.73c

6.08d

6.58d

5.16d

5.17d

−0.63
−0.80

−1.37g

Note:	 N/O: not observed
a	 C6D6, 27°C, 400 MHz, δ in ppm, [Zrtotal] = 0.6 mM, [hexene]init/[Zr] = 1000, [Al]MAO/[Zr] = 960.
b	 MeMAO− as counterion.
c	 Pseudotriplets with JHH 7.6–8 Hz.
d	 Doublets with JHH 3.2–3.5 Hz.
e	 Two μ-Me groups per zirconocene unit.
f	 Observed during polymerization of 1-13C-1-hexene.
g	 One μ-Me groups per zirconocene unit.
h	 At 20°C, further signals: Zr–CH2 −0.91 (d, 5.7 Hz), −3.54 (d, 5.7 Hz), Me2Si 0.81 (3H), 0.72 (3H), 

Me3Si −0.11 (9H).
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MAO/1-hexene corresponds to less than one-half of the initial zirconocene concen-
tration [84]. One can assume that these “NMR-silent” species are Zr-allyl complexes 
with very broad resonances (due to the presence of a range of different allyl-bonded 
Zr-polymeryl species).

As it was mentioned (Section 4.1.8), one of the main channels of ansa-titanocene 
catalysts deactivation is reduction of TiIV to TiIII. On the contrary, reduction of ZrIV 
to ZrIII has been rather rarely considered as a feasible route of deactivation of ansa-
zirconocene catalysts. Nevertheless, sufficiently strong reducing agents (such as 
HAliBu2, inevitably present in MMAO) are capable of reducing zirconocenes.

Bercaw, Brintzinger, and coworkers investigated the formation of trivalent 
zirconocene complexes from ansa-zirconocene-based olefin polymerization precata-
lysts [85]. EPR “fingerprints” of various ZrIII metallocene complexes that could form 
in working catalyst systems were obtained. The chloride-bridged heterobinuclear 
cation [(SBI)ZrIV(μ-Cl)2AlMe2]+ was reduced with sodium amalgam (NaHg) to the 
complex (SBI)ZrIII(μ-Cl)2AlMe2, the identity of which was derived from EPR data 
(g0 = 1.958, aAl = 3.4 G), supported by X-ray structure determination. The reduction 
of [(SBI)ZrIV(μ-Me)2AlMe2]+ and [(SBI)ZrIV(μ-H)3(AliBu2)2]+ results in the forma-
tion of (SBI)ZrIII-Me (g0 = 1.971) and (SBI)ZrIII(μ-H)2AliBu2 (g0 = 1.970, aAl ∼ 8 G), 
respectively. These products can also be accessed when (SBI)ZrIVMe2 is allowed to 
react with HAliBu2. Furthermore, complexes (SBI)ZriBu (g0 = 1.97, aH = 4 G) and 
[(SBI)ZrIII]+AlR4

− (g0 = 1.983) are formed. The role ZrIII species play in zirconocene-
catalyzed polymerizations is thus far unclear and requires further studies.

4.2  POST-METALLOCENE CATALYSTS

4.2.1 B is(imino)pyridine Iron Ethylene Polymerization Catalysts

The emergence of metallocene catalysts has been one of the two major milestones 
in the progress of coordination polymerization of olefins after the Ziegler–Natta 
catalysts. The other milestone is the discovery of post-metallocenes, the name that 
encloses a plethora of transition metal complexes, capable of performing as single-
site olefin polymerization catalysts.

One of the first (and one of the most important) classes of post-metallocene 
polymerization catalysts is based on bis(imino)pyridine complexes of first-row 
transition metals. More than 15 years after their discovery [86–90], bis(imino)
pyridine complexes of iron and cobalt continue attracting great attention from 
academic and industrial laboratories [91–93]. This interest is due to the high activ-
ity of bis(imino)pyridine catalysts (especially iron complexes) in the polymerization 
and oligomerization of ethylene, and the possibility of using AliBu3 as the activator 
instead of the much more expensive MAO. For the iron compounds, precatalysts 
bearing two large 2,6-substituents at the aryl rings (L2iPrFeCl2, Figure 4.26) are 
known to produce linear polyethylene (PE), whereas those with only one ortho-aryl 
substituent (LMeFeCl2, Figure 4.26) are selective for the production of a mixture of 
α-olefins with the Schultz–Flory distributions [94].

In contrast to group 4 metallocene catalysts, much less mechanistic details have 
been reported for bis(imino)pyridine iron-catalyzed polymerizations. The catalytic 
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behavior of bis(imino)pyridine iron-based systems is rather complicated. From the 
kinetic studies of Barabanov [95] and Kissin [96], it follows that at least two types of 
active sites may be present in the systems L2iPrFeCl2/MAO and L2iPrFeCl2/Al(iBu)3. 
The more active (and unstable) sites, operating during the early stages of polymeriza-
tion and affording low-molecular weight polyethylene (low-MW PE), in the course 
of polymerization are transformed into the less active sites, responsible for the for-
mation of the higher-MW fraction of PE.

4.2.1.1  Activation of L2iPrFeCl2 with MAO
Talsi, Bryliakov, and coworkers conducted a series of 1H and 2H NMR spectroscopic 
studies, aimed at identifying the catalytic intermediates following the addition of 
MAO, AlMe3, AlMe3/B(C6F5)3, AlMe3/[Ph3C][B(C6F5)4], or other trialkylaluminum 
compounds to L2iPrFeCl2 [97–99]. In spite of the paramagnetism (S = 2), the L2iPrFeCl2 
complex displays a characteristic 1H NMR spectrum, which allows unambiguous 
assignment of all resonances that can be used to identify bis(imino)pyridine iron com-
pounds (Figure 4.27a). L2iPrFeCl2, when reacted with DMAO in toluene-d8, is con-
verted into new iron(II) complexes X and XI, both having the 1H NMR spectra with the 
same range of chemical shifts as L2iPrFeCl2 (−150 to +150 ppm, Table 4.6). Complex X 
could be detected at an Al/Fe ratio of 20 (Figure 4.27b), complex XI predominates at 
higher ratios (Figure 4.27c). The characteristic resonance from the AlMe2 moiety at δ 
45 (Figure 4.27b, c) witnesses that X and XI are most likely heterobinuclear species of 
the type [L2iPrFe(μ-Me)(μ-Cl)AlMe2]+[Me-MAO]− and [L2iPrFe(μ-Me)2AlMe2]+[Me-
MAO]−, respectively. To confirm the ionic nature of the intermediates X and XI, 
L2iPrFeCl2 was activated with the AlMe3/B(C6F5)3 combination.

The 1H NMR spectrum of the resulting complex [L2iPrFe(μ-Me)2AlMe2]+​
[MeB(C6F5)3]− (XII) was found to be nearly identical to that of XI (Figure 4.27c, d 
and Table 4.6). The proposed routes for the formation of species X–XII are presented 
in Scheme 4.3. Species X–XII persist in the solution for hours at room temperature. 
However, their concentration decreased with time (this decay was accompanied by 
a color change from initial light brown to dark brown). In line with the decay of the 
concentration of X–XII, the appearance of a new EPR-active iron species (g0 = 2.08, 
Δν1/2 = 330 G) was detected (Figure 4.28). AlMe3/MAO combination is a reducing 
agent. Therefore, it is reasonable to assign the EPR signal at g = 2.08 to an iron(I) 
species (XIII). The EPR resonance of XIII is within the range characteristic of 
iron(I) species [100]. Tentatively, XIII can be represented as low-spin iron(I) com-
plex L′FeI(μ-Me)2AlMe2, where L′ is intact or modified bis(imino)pyridine ligand.

N
NN Fe

Cl Cl

iPr

iPriPr

iPr N
NN Fe

Cl Cl

N
NN Fe

Cl Cl

L2iPrFeCl2 LMeFeCl2 L2MeFeCl2

FIGURE 4.26  Bis(imino)pyridine iron(II) precatalysts.
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4.2.1.2  Activation of L2iPrFeCl2 with AlMe3
1H NMR monitoring of the interaction of L2MeFeCl2 (Figure 4.6) with AlMe3 
revealed the formation of intermediate XIV with the proposed structure L2Me(R)
FeII(μ-Me)2AlMe2 (R = Cl or Me). This intermediate displayed unexpectedly large 
paramagnetic shifts of some bis(imino)pyridine ligand resonances (up to δ  358 
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FIGURE 4.27  1H NMR spectra (toluene-d8, 296 K) of complex L2iPrFeCl2 (a) and L2iPrFeCl2 
after the interaction with different activators: DMAO, Al/Fe = 20 (b); DMAO, Al/Fe = 50 (c); 
and AlMe3/B(C6F5)3, Fe:Al:B = 1:15:1.1 (d).
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TABLE 4.6
1H NMR Data for the Complexes Considered (Toluene-d8, δ)a

Complex T (K)
 A

Py-Hm

 B
Py-Hp

 C
Ar-Hm

 D
ArCHMe2

 E
Ar-Hp

 F
N=C(Me)

 G
ArCH 
Me2 X

L2iPrFeCl2 296 75.6 111.8 14.6 −5.7, −5.9 −11.8 −61.0 −20.8 –

Xb 296 128.8 NA NA −19.7, −53.8 NA NA −124 NA

XIc 263 171.0 NA NA −13.8, −20.5 −23.7 12.8 −119.0 60.0d

XIc 296 140.6 NF NF −9.9, −15.6 −18.2 13.4 −88.6 45.6d

XIIe 263 170.9 NF NF −15.3, −20.3 −22.6 11.0 −119.5 59.0d

XIIe 296 142.2 NF NF −11.2, −15.8 −17.7 12.4 −90.5 45.7d

XIIIf 263 116.2 422 NF −15.9, −20.5 −17.1 −287.7 −105.0 44.6d

XIIIf 296 99.3 370.6 NF −13.1, −17.3 −13.9 −249.1 −86.8 37.4d

XIVg 253 70.3 432.9 9.5 −1.6, −7.8 −10.9 −267.4 NA 25.6d

XIV 263 66.0 409.8 9.2 −1.5, −7.2 −9.9 −252.1 NA 23.9d

LiPrFeCl 263 77.4 442.0 −8.9 −25.8, −40.2 −16.6 −243.0 −133.0 –

LiPrFeCl 296 67.3 381.7 −6.0 −22.8, −33.2 −13.1 −211.0 −108.2 –

LiPrFeMe 296 59.6 211.2 −2.3 −11.5, −20.9 NA −164.8 −71.6 –

a	 NF, not found; NA, not reliably assigned.
b	 In the system 1/DMAO = 20.
c	 In the system 1/DMAO = 50.
d	 X stands for Al(CH3)2.
e	 In the system 1/AlMe3/B(C6F5)3 = 1:15:1.1, additional broad peak assigned to [CH3B(C6F5)3]− found at 

δ 16.5 (296 K) and 20.7 (263 K).
f	 In the system 1/AlMe3 = 10.
g	 In the system LiPrFeMe/AlMe3 = 10.
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and −276) [98]. The origin of such unexpectedly large paramagnetic shifts became 
clear after the seminal studies of Chirik and coworkers [101–105]. They have 
shown that a one-electron reduction of L2iPrFeCl2 resulted in the formation of com-
plex L2iPrFeCl. In the latter, iron retains the 2+ oxidation state, one electron being 
distributed over the tridentate ligand to yield a complex of the type (L2iPr)(•−)Fe(+)Cl. 
It has μeff = 3.5 μB, indicative of the high-spin Fe(II) ion (SFe = 2) antiferromag-
netically coupled to the ligand anion radical (S = ½). The unpaired electron spin 
density on the pyridine part of the ligand leads to the increased paramagnetic 
shifts in the 1H NMR spectra [102,103]. Very similar large paramagnetic shifts 
for protons B and F, indicative of similar structure, were established for complex 
L2iPrFeMe [103].

This background allowed us to define more exactly the structure of interme-
diate XIV formed in the reaction of L2iPrFeCl2 with large excess of AlMe3 (Al/
Fe = 30, Scheme 4.4). The 1H NMR spectrum of XIV displayed resonances at δ 

0 1000 2000 3000 4000 5000
H (G)

2.08

*

*

Room
temperature

–196°C

FIGURE 4.28  EPR spectra (toluene) measured after the interaction (10 min) of L2iPrFeCl2 
with DMAO (Al/Fe = 20). Asterisks mark Fe3+ impurities in the NMR tube glass.
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SCHEME 4.4  Interaction of bis(imino)pyridine iron complexes with AlMe3.
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422 (B, Py-Hp) and −288 (F, N═C(Me)) at 263 K resembling those for the L2iPrFeCl; 
besides, the new peak at δ 45.5 with an integral intensity of 6H was observed, which 
is typical for the Al(CH3)2 moiety (Figure 4.29, Table 4.6). So, XIV can be assigned 
to a heterobinuclear complex (L2iPr)(•−)Fe(+)(μ-Me)2AlMe2 [99]. For a related complex 
(L2Me)(•−)Fe(+)(μ-CD3)2Al(CD3)2, we succeeded in the detection of both deuterium 
resonances by 2H NMR spectroscopy. The 2H NMR resonance of the μ-CD3 bridges 
(with integral intensity of 6D) was found at δ 622 and that of Al(CD3)2 at δ 45.5 
[97,98].

Intermediate XIV is far less stable than intermediates X and XI. To disclose the 
ways of the intermediate XIV degradation, the reaction of L2iPrFeCl2, L2iPrFeCl, and 
L2iPrFeMe with AlMe3 was studied by EPR spectroscopy. In all cases, a similar picture 
was observed. At the first stage of the reaction at −40°C, a narrow signal at g = 2.003 
was observed (Figure 4.30a). Then, after warming the sample to room temperature, 
a new broad resonance at g = 2.08 appears and grew up (Figure 4.30b, c). The signal 
at g 2.003 belongs to the complex (L2iPr)(•−)Al(+)Me2, reported by Gambarrotta and 
coworkers [106]. The same spectrum at g 2.003 can be observed upon reacting L2iPr 
ligand with AlMe3 (Figure 4.30a, insert). Complex with the EPR resonance at g 
2.08 was observed in the system L2iPrFeCl2/MAO and was tentatively assigned to 
L′FeI(μ-Me)2AlMe2, where L′ is intact or modified L2iPr ligand. Ethylene polymeriza-
tion studies have shown that the systems L2iPrFeCl2/MAO and L2iPrFeCl2/AlMe3 dis-
play very similar catalytic activities and afforded linear PEs with similar properties.

As it was shown, at high Al/Fe ratios, neutral complex (L2iPr)(•−)Fe(II)(+)(μ-
Me)2AlMe2 is present in the catalyst system L2iPrFeCl2/AlMe3, and ion pair 
[L2iPrFe(II)(μ-Me)2AlMe2]+[Me-MAO]− prevails in the system L2iPrFeCl2/MAO. 
Both intermediates convert with time to the same iron(I) species with the proposed 
structure L′FeI(μ-Me)2AlMe2 (Scheme 4.5). One can assume that in the case of 
(L2iPr)(•−)Fe(II)(+)(μ-Me)2AlMe2 intermediate, reduced bis(imino)pyridine ligand 
plays the role of the counteranion instead of [Me-MAO]−. It is generally accepted 
for group 4 complexes that they should be converted to cationic species to form the 
active polymerization catalyst. However, it is not necessarily the case for late transi-
tion metal complexes. For example, neutral nickel(II) alkyl complexes can conduct 
polymerization of ethylene without any activator (see Section 4.2.5).
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FIGURE 4.29  1H NMR spectrum (toluene-d8, 253 K) of L2iPrFeCl2/AlMe3 (Al/Fe = 30). 
Asterisks mark peaks that were not reliably assigned.
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FIGURE 4.30  EPR spectra measured after the interaction of L2iPrFeCl with AlMe3 (Al/
Fe = 3): after mixing the reagents at low temperature (−40°C) (a), after warming the previous 
sample to room temperature (b), and the same sample stored at room temperature for 1 h (c). 
Inset for Figure 4.1a: EPR spectrum (21°C) of the mixture of AlMe3/L2iPr (asterisk marks an 
impurity in the sample tube).
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As it was mentioned, two types of active sites are present in the systems L2iPrFeCl2/
MAO and L2iPrFeCl2/AlMe3; the more active (and unstable) sites operating during 
the early stage of polymerization and giving low-MW PE are transformed into the 
less active but more stable sites responsible for the higher-MW fraction of PE [95]. 
Available experimental data give evidence that the more active sites are intermedi-
ates stemming from the heterobinuclear species (L2iPr)(•−)Fe(II)(+)(μ-Me)2AlMe2 and 
[L2iPrFe(II)(μ-Me)2AlMe2]+[Me-MAO]−. The less active sites can be EPR-active iron 
species displaying the g = 2.08 resonance, formed upon degradation of the initially 
formed intermediates. The coexistence of (at least) two types of intermediates accounts 
for the observed multisite nature of the bis(imino)pyridine iron-based catalyst systems.

4.2.2 B is(imino)pyridine Cobalt Ethylene Polymerization Catalysts

According to the results of Gibson [107,108] and Gal [109], in the L2iPrCoIICl2/MAO 
system, the reduction of the initial cobalt(II) precatalyst to cobalt(I) halide is fol-
lowed by the conversion to a cobalt(I) methyl and ultimately to a cobalt(I) cationic 
species that contains no cobalt-alkyl bond. Addition of ethylene affords ethylene 
adduct [L2iPrCoI(η-C2H4)]+[Me-MAO]−, which is considered to be the immediate 
precursor to the active species. Contrariwise, our 1H and 2H NMR studies of the 
L2MeCoIICl2/MAO system showed that Co(II) species strongly predominates in the 
toluene-d8 solution at 20°C for at least several hours after mixing the reagents [110]. 
To resolve this contradiction, we have undertaken a 1H, 2H, and 19F NMR study of 
the catalyst systems LCoIICl2/MAO, LCoIICl2/AlMe3, and LCoIICl2/AlMe3/[Ph3C]
[B(C6F5)4] (L = L2iPr, L3Me, LtBu, Figure 4.31) [111].

4.2.2.1  Activation of L2iPrCoIICl2 with MAO
The 1H NMR spectra of the catalyst systems L2iPrCoIICl2/MAO and L2iPrCoIICl2/
AlMe3/[CPh3][B(C6F5)4], recorded at various times after mixing the reagents, show 
that the starting cobalt complex L2iPrCoIICl2 quantitatively converted to cobalt(II) 
complexes [L2iPrCoIIMe(S)]+[Me-MAO]− (XV) and [L2iPrCoIIMe(S)]+[B(C6F5)4]− 
(XV′), respectively (S = solvent or vacancy). The 1H NMR spectra of XV and XV′ 
are very similar (Figures 4.32a, b and Table 4.7). The broad peak at ca. δ 150 in 
the 1H NMR spectra of XV and XV′ belongs to a Co–CH3 group. A similar res-
onance was earlier observed for the related complex [L2MeCoIIMe(S)]+[MeMAO]− 
(S = solvent or vacancy); its assignment to the Co-CD3 group was confirmed by 2H 
NMR spectroscopy, using deuterated MAO [110]. The 19F spectrum of XV′ was typi-
cal for an outer-sphere perfluoroaryl borate anion [B(C6F5)4]−, thus confirming the 
ionic structure of XV and XV′ [111].

Complexes XV and XV′ are rather stable and remain the major cobalt species in 
the reaction solution even one day after mixing the reagents at 20°C. Prolonged storing 
of the samples at room temperature (ca. 1 week) gives rise to a gradual decrease in 
the concentration of XV and XV′, accompanied by the increase of the concentration 
of diamagnetic cobalt(I) complexes XVI and XVI′. The 1H NMR spectra of XVI and 
XVI′ display sharp resonances, typical for diamagnetic species (Table 4.7). The 1H 
NMR spectra of this type were reported for cobalt(I) species with coordinated ethylene 
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molecule [L2iPrCoI(η2-C2H4)]+[MeB(C6F5)4]− [108]. Based on these data, XVI and XVI′ 
were assigned to the ion pairs [L2iPrCoI(S)]+[MeMAO]− and [L2iPrCoI(S)]+[B(C6F5)4]− 
(S = solvent or vacancy), respectively. Interestingly, the addition of ethylene sharply 
accelerated the conversion of Co(II) species XV and XV′ to Co(I) species XVI and 
XVI′, leading to the presence of only Co(I) species of the type [L2iPrCoI(η2-C2H4)]+[A]− 
([A]− = [MeMAO]− or [B(C6F5)]−) in the catalyst systems L2iPrCoIICl2/MAO/C2H4 and 
L2iPrCoIICl2/AlMe3/[CPh3][B(C6F5)4]/C2H4. So, in agreement with the assumption 
of Gibson [108] and Gal [109], it is cobalt(I) species that are the most likely closest 
precursors of the active polymerizing species in the catalyst systems considered.

4.2.2.2  Activation of L2iPrCoIICl2 with AlMe3

In contrast to the catalyst systems L2iPrCoIICl2/MAO and L2iPrCoIICl2/AlMe3/[CPh3]
[B(C6F5)4], where Co(II) species predominate in the reaction solution for at least 
several hours after the reaction onset, the activation of L2iPrCoIICl2 with AlMe3 ([Al/
[Co] = 50:1, toluene-d8) leads to a very rapid and quantitative reduction of the start-
ing complex to diamagnetic Co(I) species of the type L2iPrCoI(μ-Me)2AlMe2 (XVII). 
In the presence of C2H4 (according to the 1H NMR data), this species converts to the 
[L2iPrCoI(η2-C2H4)]+[AlMe3Cl]− (XVIII) species.

The catalyst systems based on LCoIICl2 (L = L2iPr, L3Me, LtBu) produce highly 
linear PE containing one –CH3 and one –CH═CH2 group per one PE molecule. The 
polymerization activities of L2iPrCoIICl2/MAO and L2iPrCoIICl2/AlMe3 systems are 
similar, and the obtained PEs have almost identical characteristics (Table 4.8, runs 

TABLE 4.8
Ethylene Polymerization over the LCoIICl2 and LFeIICl2 Complexesa

Run Complex Cocatalyst PE Yieldb

Mw 
(g/mol) Mw/Mn

Content per PE 
Moleculec

CH3 CH2 = CH2

1 L2iPrCoIICl2 MAO 1250 18,000 2.0 0.8 1.0
2 AlMe3 750 18,000 2.0 0.8 1.0
3d AlMe3/“B” 980 18,000 2.0 0.9 1.0
4 L3MeCoIICl2 MAO 5880 1700 1.8 1.0 1.0
5 DMAO 2400 1700 1.9 1.0 1.0
6 AlMe3 1920 1400 2.6 1.0 1.0
7 LtBuCoIICl2 MAO 4500 330,000 2.5 1.0 1.0
8 AlMe3 2100 420,000 3.9 1.0 1.0
9e L2MeFeIICl2 MAO 3100 1500 1.8 1.0 1.0
10e AlMe3 3600 1600 1.8 1.0 1.0

a	 Polymerization in toluene at 40°C, ethylene pressure 5 bar (runs 5,9,10, ethylene pressure 2 bar), for 30 
min, [M] = 1.4×10−5 M, [Al]/[M] = 500.

b	 kg PE/(mol(M)⋅bar).
c	 IRS data.
d	 “B” = [CPh3][B(C6F5)4], molar ratio [Co]:[Al]:[B] = 1:100:1.1.
e	 Data of Reference [95].
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1 and 2). These data correspond well to the observed close similarity of the active 
sites present in L2iPrCoIICl2/MAO/C2H4 and L2iPrCoIICl2/AlMe3/C2H4. These sites 
[L2iPrCoI(η2-C2H4)]+[MeMAO]− and [L2iPrCoI(η2-C2H4)]+[AlMe3Cl]− differ in only 
the nature of the outer-sphere counteranions. The existence of only one type 
of active sites in the considered catalyst systems is in good agreement with the 
observed Mw/Mn value of 2, which is characteristic of single-site polymerization 
catalysts (Table 4.8).

Like most homogeneous catalysts, the systems studied demonstrate high initial 
activity, which rapidly decreases in the course of polymerization (Figure 4.33). 
The EPR data show that the concentration of cobalt complexes in the L2iPrCoIICl2/
AlMe3 system rapidly decays via transfer of the L2iPr ligand to AlMe3, to afford 
the paramagnetic complex (L2iPr)(•−)Al(+)Me2, exhibiting characteristic EPR signal at 
g = 2.003 (cf. Figure 4.30). Another possible route of deactivation is the reduction of 
CoI into Co0, which is accompanied by the appearance of a very broad and intense 
ferromagnetic resonance signal at g ∼ 2.2 (ΔH1/2 = 1700 G) in the EPR spectrum, 
typical for Co0. The black cobalt(0) residue was observed in the NMR tube upon 
storing the sample L2iPrCoIICl2/AlMe3 for 1 h at 20°C.

It is noteworthy that the structure of the ion pair [L2iPrCoIIMe(S)]+[Me-
MAO]−, formed in the L2iPrCoIICl2/MAO system, differs from the structure of 
the ion pair [L2iPrFeII(μ-Me)2AlMe2]+[Me-MAO]− formed in the L2iPrFeIICl2/
MAO system. Interestingly, for L3MeCoIICl2, the formation of both ion pairs 
[L3MeCoIIMe(S)]+[Me-MAO]− and [L3MeCoII(μ-Me)2AlMe2)]+[Me-MAO]− has been 
documented. The latter species can be observed just after mixing L3MeCoIICl2 with 
MAO at low temperature (−20°C), and further rapidly converts to the former at 
room temperature.
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FIGURE 4.33  Ethylene polymerization rate versus time for the catalysts L2iPrCoIICl2 
(a), L3MeCoIICl2 (b), and LtBuCoIICl2 (c), activated with MAO (runs 1, 4, and 8 in Table 
4.8). (Reproduced with permission from Soshnikov, I. E. et al. 2009. Organometallics 28: 
6003–6013.)
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In all other respects, the behavior of the catalyst systems L2iPrCoIICl2/MAO/
C2H4 and L3MeCoIICl2/MAO/C2H4 is very similar. The closest precursors of the 
active polymerizing species in both cases are ion pairs of the type [LCoI(η2-
C2H4)]+[MeMAO]−. At the same time, the detailed mechanism of ethylene polym-
erization in the presence of species of this type (containing no metal-alkyl bonds) 
remains unclear.

4.2.3  α-Diimine Vanadium(III) Ethylene Polymerization Catalysts

In spite of the stable interest in vanadium-based polymerization catalysts of ethylene 
homo- and copolymerization, little is known about the polymerization mechanism 
[10,92,112–117]. The major technical drawback is the paramagnetism and instability 
of vanadium alkyl compounds, formed upon the interaction of vanadium precatalyst 
with alkylaluminum activators.

For catalyst systems based on VIII precatalysts, complexes of trivalent vanadium 
are usually implicated as active sites of polymerization [112,113,118]. For the cata-
lyst systems based on vanadium(V) precatalysts, trivalent, tetravalent, and pentava-
lent alkyl vanadium complexes have been considered as potential active species of 
polymerization [113,119].

Previously, the treatment of bis(imino)pyridine vanadium(III) complex L2iPrVCl3 
(Figure 4.34) with MAO or AlEt2Cl was shown to afford the active catalyst for eth-
ylene polymerization [120–122]. Gambarotta and coworkers found that the reaction 
of L2iPrVCl3 with 1 equivalent of MeLi or 2 equivalents of MAO in toluene resulted 
in the formation of V(III) complex (mL2iPr)VCl2 (which was X-ray-characterized), 
where mL2iPr is modified L2iPr ligand (Figure 4.34). The activity of the system (mL2iPr)
VCl2/MAO was the same as that of the system L2iPrVCl3/MAO, and identical poly-
mers were produced with both systems. Therefore, it was concluded that L2iPrVCl3 is 
the precursor of (mL2iPr)VCl2, which is in turn a precursor of the catalytically active 
species [120]. However, the true active species of the catalyst system L2iPrVCl3/
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MAO were not identified. We undertook a 1H and 2H NMR spectroscopic study of 
vanadium(III) species formed upon the activation of LVCl3 precatalysts (L = L2iPr, 
L2Me, L3Me, L2F) (Figure 4.34) with AlMe3/[Ph3C][B(C6F5)]4 and with MAO [123].

The activation of complexes LVCl3 (L = L2iPr, L2Me, L3Me, L2F) with MAO led to eth-
ylene polymerization catalysts (Table 4.9). Complexes L2MeVCl3 and L3MeVCl3 (runs 
2 and 3, Table 4.9) afforded much more active catalysts than complexes L2iPrVCl3 
and L2FVCl3 (runs 1 and 4). Low-molecular-weight polymers were obtained with 
vanadium complexes, except L2FVCl3 (which gave liquid oligomeric products). The 
activity of L2MeVCl3 was substantially higher with MAO as activator as compared 
with AlMe3/[Ph3C][B(C6F5)4] as activator (runs 2 and 5, Table 4.9). For both activa-
tors, polymers with similar Mw, Mn, and MWD were obtained [123]. Previously, it 
was shown that ion pairs formed upon the activation of metallocene and post-metal-
locene catalysts with MAO and AlMe3/[Ph3C][B(C6F5)4] feature the same cationic 
parts [6,11,13]. For the present NMR study, we mostly focused on the vanadium 
precatalysts, activated with AlMe3/[Ph3C][B(C6F5)4], because of the more informa-
tive NMR spectra.

The starting precatalysts LVCl3 (L = L2iPr, L2Me, L3Me, L2F) are paramagnetic 
(d3 configuration, S = 3/2), displaying 1H NMR resonances in the range of +110 to 
−32 ppm. As an example, Figure 4.35a shows the 1H NMR spectrum of the most 
active complex L2MeVCl3 in CDCl3 at −20°C (Table 4.10). The 1H resonances of 
complexes LVCl3 (L = L2iPr, L2Me, L3Me) were previously assigned on the basis of 
integration and comparison of the spectra of different complexes, containing vari-
ous substituents in the benzene rings [121–122]. Complex (mL2iPr)VCl2, prepared as 
described in Reference [120], displayed no observable 1H NMR resonances.

4.2.3.1  System L2MeVCl3/AlMe3/[Ph3C][B(C6F5)4]
Mixing the components of the sample L2MeVCl3/AlMe3/[Ph3C][B(C6F5)4] 
([V]:[Al]:[B] = 1:10:1.2) in toluene-d8 for several minutes at −20°C resulted in 
the conversion of L2MeVCl3 into a new complex XIX (Figure 4.35b), assigned to 

TABLE 4.9
Ethylene Polymerization in the Presence of LVCl3 (L = L2iPr, L2Me, L3Me, L2F)a

Run Precatalyst Time (min) P(C2H4) (bar) m(PE) (g)
Activity (gPE/

(mmolV⋅bar⋅h))

1 L2iPrVCl3 60 2 2.2 550

2 L2MeVCl3 30 1 15.5 15,500

3 L3MeVCl3 30 2 13.5 6750

4 L2FVCl3 30 2 1.0b 500

5 L2MeVCl3
c 30 2 3.3 1650

a	 Conditions: toluene (50 mL), 60°C, 2 μmol of V, activator: MAO ([Al]:[Ti] = 500:1) for runs 1–4 and 
AlMe3/[Ph3C][B(C6F5)4] ([Al]:[B]:[Ti] = 100:1.2:1) for run 5.

b	 Liquid oligomeric products were obtained (ca. 70 mol.% of 1-butene and 30 mol.% of 1-hexene).
c	 Activator: AlMe3/[Ph3C][B(C6F5)4].
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FIGURE 4.35  1H NMR spectrum (chloroform-d, −20°C) of a saturated solution of 
L2MeVCl3 (a). 1H NMR spectrum (toluene-d8, −20°C) of L2MeVCl3/AlMe3/[Ph3C]+[B(C6F5)4]− 
([V]:[Al]:[B] = 1:10:1.2, [V] = 0.01 M) (b). 2H NMR spectrum (toluene, −20°C) of L2MeVCl3/
Al(CD3)3/[Ph3C]+[B(C6F5)4]− ([V]:[Al]:[B] = 1:10:1.2, [V] = 0.01 M), asterisks mark peak of 
CH3C6H4D (c). 1H NMR spectrum (toluene-d8, −20°C) of 2/MAO ([V]:[Al] = 1:20, [V] = 0.01 M) 
(d). Spectra (b)–(d) were measured 10 min after mixing the reagents. (Reproduced with per-
mission from Soshnikov, I. E. et al. 2014. Organometallics 33: 2583–2587.)



174 Applications of EPR and NMR Spectroscopy in Homogeneous Catalysis

a heterobinuclear ion pair [L2Me(R)VIII(μ-R)2AlMe2]+[B(C6F5)4]− (R = Me or Cl) 
(Scheme 4.6 and Table 4.10). The integral intensities of the observed resonances 
corroborated this assignment. Apparently, XIX is an ion pair rather than a neutral 
complex of V(III): it was formed only in the presence of the cationizing reagent 
[Ph3C][B(C6F5)4] and was not found in the reaction of L2MeVCl3 with AlMe3.

For the reliable assignment of the 1H NMR peaks of paramagnetic com-
plexes, selective introduction of deuterium labels can provide valuable informa-
tion. The 1H NMR spectrum of the sample L2MeVCl3/Al(CD3)3/[Ph3C][B(C6F5)4] 
([V]:[Al]:[B] = 1:10:1.2) displayed the same peaks as XIX, besides that at δ −2.9. At 
the same time, the resonance at δ −2.9 (Δν1/2 = 25 Hz) from the Al(CD3)2 moiety was 
found in the 2H NMR spectrum of the same sample (Figure 4.35c), thus confirming 
its assignment to the AlMe2 moiety of the heterobinuclear ion pair XIX. We have 
also partially replaced the =N−CH3 protons of L2MeVCl3 with the =N−CD3 conge-
ners. Activation of the thus obtained complex L2MeVCl3 with AlMe3/[Ph3C][B(C6F5)4] 
affords complex XIX, exhibiting the 2H NMR resonance at δ 78 (Δν1/2 = 180 Hz) 
(toluene, −20°C). This result confirms the assignment of the 1H resonance of XIX at 
δ 80.2 (Figure 4.35b) to the =N−CH3 group. The evaluated concentration of XIX was 
ca. 2 times lower than that expected on the basis of known initial amount of prec-
atalyst L2MeVCl3. Apparently, this discrepancy is due to the low solubility of XIX, 
which precipitates at the bottom of the NMR tube.

The same approach was applied to the systems LVCl3 (L = LiPr, L3Me, L2F), acti-
vated with AlMe3/[Ph3C][B(C6F5)4], where ion pairs analogous to XIX were found. 
Comparison of the 1H NMR spectra of ion pairs of type XIX for L = LiPr, L2Me, 
L3Me, L2F allowed the assignment of most part of their 1H NMR resonances [123]. 
A comparison of the 1H NMR spectra of the samples formed upon the activation of 

TABLE 4.10
1H NMR Data, δ (Δν1/2, Hz) for the Complexes L2MeVCl3 and XIX at −20°C

=N–CH3 Py-Hm Py-Hp Ar-Hm Ar-Hp Ar-CH3 AlMe2

L2MeVCl3
a 72.6 (100) −8.3 (90) −19.8 (100) 6.5 (60) 7.1 (70) 5.7 (80) –

XIXb 80.2 (1100) 47.0 (580) 7.7 (140) 10.1 (100) 6.0 (65) ∼6 (∼1000) −2.9 (290)

a	 In CDCl3.
b	 Sample L2MeVCl3/AlMe3/[Ph3C][B(C6F5)4] ([V]:[Al]:[B] = 1:10:1.2) in toluene-d8 at −20°C.
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L2iPrVCl3 and (mL2iPr)VCl2 with AlMe3/[Ph3C][B(C6F5)4] ([V]:[Al]:[B] = 1:10:1.2) in 
toluene-d8 at −20°C witnesses that the same complex XIX is formed in both samples.

4.2.3.2  System L2MeVCl3/MAO
Some of the 1H resonances of the ion pair XIX′ formed upon the activation of 
L2MeVCl3 with MAO are obscured by the intense resonances of MAO and toluene. 
Nevertheless, the key resonances of this ion pair can be detected. Those resonances 
coincide with the corresponding resonances of XIX (Figure 4.35d). Hence, XIX′ can 
be reasonably assigned to the ion pair [L2Me(R)VIII(μ-R)2AlMe2]+[MeMAO]− (R = Me 
or Cl). Similar ion pairs were observed upon the activation of LVCl3 (L = L2iPr, L3Me, 
L2F) with MAO. The ion pairs of the type XIX and XIX′ provides the first reported 
example of spectroscopic characterization of intermediates formed in the catalyst 
systems LVIIICl3/activator.

When ethylene was injected into the NMR tubes containing freshly gener-
ated ion pairs of the type XIX and XIX′ at −10°C, monomer consumption was 
observed, accompanied by precipitation of PE onto the inner surface of the tubes. 
It is logical to conclude that it is ion pairs [L(R)VIII(μ-R)2AlMe2]+[A]− (R = Me, Cl; 
[A]− = [B(C6F5)4]− or [MeMAO]−) that are the direct precursors of the true active spe-
cies of polymerization.

This picture is analogous to that for bis(imino)pyridine complexes of FeII, 
where heterobinuclear ion pairs [LFeII(μ-Me)2AlMe2]+[A]− ([A]− = [B(C6F5)4]− or 
[MeMAO]−) were proposed to be the precursors of the active species of polymeriza-
tion of the catalyst systems LFeCl2/AlMe3/[Ph3C][B(C6F5)4] and LFeCl2/MAO.

Ion pairs XIX and XIX′ are unstable and convert with time into other species. 
Three possible routes of this transformation can be proposed: (1) modification of 
the starting bis(imino)pyridine ligand of the ion pairs XIX and XIX′ upon the reac-
tion with AlMe3, (2) reduction of vanadium(III) to a lower valence state, and (3) 
bis(imino)pyridine ligand transfer (from V to Al).

The analysis of the 1H NMR spectra of the sample L2MeVCl3/AlMe3/[Ph3C]
[B(C6F5)4]/C2H4 ([V]:[Al]:[B] = 1:10:1.2; [C2H4]:[V] = 50:1) showed that in the pres-
ence of ethylene, the rate of decay of XIX markedly increased (τ1/2 = 15 min at −10°C 
in the presence of ethylene, and τ1/2 > 80 min at −10°C in the absence of ethylene). In 
the course of the decay of complex L2MeVCl3, resonances of complex [L2MeAlMe2]+

[B(C6F5)4]− grew up. The identity of the latter complex was established by indepen-
dent synthesis. The 1H NMR spectrum of [L2MeAlMe2]+[B(C6F5)4]− witnesses that 
the structure of L2Me does not undergo modifications in the course of the formation 
of this ion pair. The evaluated concentration of [LAlMe2]+[B(C6F5)4]− accounts for 
at least 30% of the concentration of the starting complex L2MeVCl3; so, the ligand 
scrambling (to form [L2MeAlMe2]+[B(C6F5)4]−) may be regarded as one of the major 
deactivation pathways of XIX.

For catalyst systems based on VIII precatalysts, complexes of trivalent vanadium 
with the alkylaluminum activator were often considered as the active sites of polym-
erization [112,113,118]. These results represent the first experimental proof of this 
hypothesis. However, this does not mean that the formation of heterobinuclear ion 
pairs of the type XIX is a necessary step for all vanadium(III) precatalyst activa-
tion. Very recently, we have found that the activation of α-diimine complex XX 
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(Figure 4.36) with AlMe3/[Ph3C][B(C6F5)4] or MAO leads to the formation of ion 
pairs of type [LVIIIMe2(THF)]+[A]− (XXI), rather than of heterobinuclear ion pairs 
of type XIX. A similar situation was previously observed for bis(imino)pyridine 
complexes L2iPrCoCl2 (Section 4.2.2).

To conclude this section, the presented data show that the activation of VIII prec-
atalysts LVCl3 with AlMe3/[Ph3C][B(C6F5)4] or MAO results in the formation of ion 
pairs of type XIX or XXI, depending on the structure of L. The situation is more 
complicated for VV precatalysts. In this case, VV, VIV, and VIII species have been 
previously considered as possible active sites of polymerization [113,119].

4.2.4 �E thylene Polymerization Precatalyst Based on Calix[4]arene 
Vanadium(V) Complex

We undertook several attempts to clarify the nature of VIV species formed upon 
the activation of V(V) precatalysts with AlEt2Cl and AlMe2Cl [125–127]. The 
most clear results were obtained for calix[4]arene complex 1V (Figure 4.37). The 
stable calix[4]arene ligand of 1V was not released or transformed in the course of 
activation with AlEt2Cl or AlMe2Cl. The EPR spectra of V(IV) species formed 
were intense and well resolved, thus providing reliable information on their struc-
ture [127]. The polymerization data showed that only in the presence of the reac-
tivator (ethyl trichloroacetate, ETA), the catalyst systems 1V/AlEt2Cl/ETA and 
1V/AlMe2Cl/ETA display high initial activity in ethylene polymerization (about 
500 kgPE⋅[mol V bar min]−1, calculated according to the kinetic curve for PE 
yield within 2 min). The catalyst system 1V/AlEt3/ETA was inactive in ethylene 
polymerization.

4.2.4.1 � Reaction of Calix[4]arene Vanadium(V) Complex with AlEt2Cl
The EPR spectrum recorded 10 min after mixing the oxo-calix[4]arene complex 
1V with AlEt2Cl at −70°C ([AlEt2Cl]:[1] = 10:1, [1] = 10−2 M, toluene) displays 
intense resonances of complex 1Va, as well as relatively weak resonances of com-
plex 1Vb (Figure 4.38a). Storing the sample in Figure 4.38a for 20 min at −40°C 
led to the EPR spectrum, which showed resonances of complex 1Vb and complex 
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VIII(THF)Cl3 (XX) and of the ion pair [{ArN = C(Me)-C(Me) = NAr}VIIIMeCl]+[B(C6F5]4]− 
(XXI) generated therefrom.
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1Vc (Figure 4.38b). Further warming this sample to room temperature gave rise 
to the EPR spectrum, exhibiting only resonances of 1Vc (Figure 4.38c) [127]. The 
concentration of 1Vc decayed with a half-life time of 30 min at 20°C via the reduc-
tion of vanadium(IV). The EPR parameters of 1Va–c are collected in Table 4.11. 
The EPR parameters were derived by theoretical simulation of the experimental 
spectra (Table 4.11) [127]. One example of such simulation is presented in Figure 
4.38d (dotted line). Quantitative EPR measurements show that up to (50 ± 15)% of 
the starting vanadium(V) complex was converted into vanadium(IV) species upon 
the interaction with AlEt2Cl.

At a high [AlEt2Cl]:[1V] ratio (100:1), that is, under conditions closer to those of 
practical polymerizations, the EPR spectrum of the sample 1V/AlEt2Cl, recorded 
10 min after storing at −50°C, displayed resonances of 1Vb (Figure 4.39a). Further 
storing this sample at −10°C led to the EPR spectrum exhibiting resonances of 
1Vb and 1Vc (Figure 4.39b), and only 1Vc was observed at higher temperatures 
(Figure  4.39c). The maximum concentration of vanadium(IV) was 70 ± 20% of 
the initial vanadium concentration. However, the concentration of vanadium(IV) 
species sharply decreased upon warming the sample from −50°C to 20°C 
(Figure  4.39a–d). Storing this sample for 1 day at 20°C led to complete disap-
pearance of the EPR spectra due to the reduction of vanadium(IV) into EPR-silent 
vanadium species.

The addition of reactivator (ETA) retards the reduction of vanadium(IV). The EPR 
spectrum of the sample ([AlEt2Cl]:[ETA]:[1V] = 100:100:1, [1V] = 10−2 M, toluene, 
−50°C) displays resonances of complexes 1Vb and 1Vc (Figure 4.40a). Warming this 
sample to 5°C gave rise to the disappearance of 1Vb, such that only 1Vc was observed 
(Figure 4.40b). In contrast to the sample containing no reactivator, the decay of 1Vc 
in the sample with ETA at 20°C occurred much slower (cf. Figures  4.39a–d and 
4.40a–c). Moreover, storing the sample containing ETA for 1 day at 20°C resulted 
in the conversion of 1Vc back to 1Vb (Figure 4.40d), rather than in the reduction 
of vanadium(IV). This result shows that the calix[4]arene ligand is not released or 
modified during the transformation 1V → 1Va → 1Vb → 1Vc. Otherwise, it is difficult 
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FIGURE 4.37  Structure of complex 1V. (Reproduced with permission from Soshnikov, 
I. E. et al. 2009. Organometallics 28: 6714–6720.)
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to explain the mechanism of transformation of 1Vb to 1Vc, and then, after prolonged 
storing, of conversion of 1Vc back to 1Vb (Figure 4.40a–d). The proposed transfor-
mation of 1V to 1Vc is presented in Scheme 4.7. To get additional data in favor of 
the structures presented in Scheme 4.7, we have compared the EPR spectra of the 
intermediates formed in the systems 1V/AlEt2Cl, 1V/AlMe2Cl, and 1V/AlEt3.

4.2.4.2 � Reaction of Calix[4]arene Vanadium(V) Complex with AlMe2Cl
The EPR spectrum recorded 5 min after mixing 1V with AlMe2Cl at −70°C 
([AlMe2Cl]:[1] = 10:1, [1] = 10−2 M) displays resonances from 2 species, namely, 
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FIGURE 4.38  EPR spectra (toluene, −196°C) of the sample 1V/AlEt2Cl ([AlEt2Cl]:[1V] = 10:1, 
[1V] = 10−2 M) after various treatments: 10 min after mixing of reagents at −70°C (a), 20 min 
after storing sample in “a” at −40°C (b), and 10 min after storing sample in “b” at 20°C (c). Dotted 
line shows simulated spectrum of 1Vc with parameters presented in Table 4.11 (d). (Reproduced 
with permission from Soshnikov, I. E. et al. 2009. Organometallics 28: 6714–6720.)
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FIGURE 4.39  EPR spectra (toluene, −196°C) of the sample 1V/AlEt2Cl ([AlEt2Cl]:[1V] = 100:1, 
[1V] = 10−2 M) after various treatments: 10 min after mixing of reagents at −50°C (a), 10 min 
after storing sample in “a” at −10°C (b), 10 min after storing sample in “b” at 5°C (c), and 
5 min after storing sample in “c” at 20°C (d). (Reproduced with permission from Soshnikov, 
I. E. et al. 2009. Organometallics 28: 6714–6720.)

TABLE 4.11
Selected EPR Data (−196°C) for Vanadium(IV) Species Formed in the Systems 
1V/AlR3 and 1V/AlR2Cl in Toluene (R = Me, Et)

Complex g1 ± 0.002 A1 ± 1, G g2 ± 0.002 A2 ± 1, G g3 ± 0.002 A3 ± 1, G

L1VIV(OAlEtCl) 1Va 1.980 36 1.955 50 1.936 153

L1VIVCl(AlEt2Cl) 1Vb 1.984 41 1.960 49 1.947 160

L1VIVEt(AlEt2Cl) 1Vc 1.978 34 1.949 47 1.969 148

L1VIVCl(AlMe2Cl) 1VbMe 1.947 160

L1VIVMe(AlMe2Cl) 1VcMe 1.982 33 1.955 45 1.967 149

L1VIV(OAlEt2) 1Va′ 1.979 34 1.964 46 1.932 151

L1VIVEt(AlEt3) 1Vc′ 1.974 25 1.949 45 1.969 145
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1VbMe and 1VcMe, analogous to complexes 1Vb and 1Vc observed in the 1V/AlEt2Cl 
system (Table 4.11). The observed resonances of 1VbMe and 1Vb coincide. At the 
same time, the EPR parameters of 1VcMe and 1Vc are very similar but not identi-
cal (Table 4.11). This difference supports the incorporation of various alkyls into 
1VcMe and 1Vc {LVIVMe(S) and LVIVEt(S1)}, respectively (L is calix[4]arene ligand, 
and S and S1 are donor molecules occupying the sixth coordination site of vana-
dium). Possible nature of S and S1 will be discussed below. The identical param-
eters of the observed resonances of 1VbMe and 1Vb well reflect their close structures 
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FIGURE 4.40  EPR spectra (toluene, −196°C) of the sample 1V/AlEt2Cl/ETA ([AlEt2Cl]:[E
TA]:[1] = 100:100:1, [1V] = 10−2 M) after various treatments: 10 min after mixing the reagents 
at −50°C (a), 10 min after storing sample in “a” at 5°C (b), 10 min after storing sample in “b” 
at 20°C (c), and 24 h after storing sample in “c” at 20°C (d). (Reproduced with permission 
from Soshnikov, I. E. et al. 2009. Organometallics 28: 6714–6720.)



181NMR and EPR Spectroscopy of the Mechanisms of Metallocene

(presumably LVIVCl(S) and LVIVCl(S1)). The proposed structures of 1VbMe and 1Vb 
contain chloride ion as a ligand. If this is correct, complexes of the type 1Vb should 
be absent in the catalyst system 1V/AlEt3. The EPR spectra of the system 1V/AlEt3 
have confirmed this prediction (see below).

4.2.4.3  Reaction of Calix[4]arene Vanadium(V) Complex with AlEt3

The EPR spectrum recorded 10 min after mixing 1V with AlEt3 at −70°C ([AlEt3]:​
[1V] = 10:1, [1] = 10−2 M) is a superposition of the EPR spectra of two vanadium(IV) 
complexes, 1Va′ and 1Vc′ (Table 4.11). Warming up the sample to −50°C results in 
the disappearance of complex 1Va′, while species 1Vc′ remains in the solution. The 
EPR parameters of 1Va′ are very close yet not identical to those of 1Va, whereas the 
EPR parameters of 1Vc′ are close yet not identical to those of 1Vc (Table 4.11). As 
predicted, the system 1V/AlEt3 contains no complexes resembling 1Vb, confirming 
the assignment of 1Vb to species of the type LVIVCl(S). The structures of 1Va and 
1Va′ can be tentatively represented as LVIV(OAlEtCl) and LVIV(OAlEt2), respec-
tively. These species exist in the reaction solution only during the early stage of 
activation and do not participate in polymerization. It is interesting to compare 
the structures of complexes 1Vc′ and 1Vc. At 20°C, 1Vc′ is present in the inert sys-
tem 1V/AlEt3/ETA, while 1Vc is found in the active system 1V/AlEt2Cl/ETA. The 
small difference between the EPR parameters of 1Vc′ and 1Vc can be explained 
by the different nature of the ligand S at the sixth coordination site of vanadium 
complexes LVIVEt(AlEt2Cl) (1Vc) and LVIVEt(AlEt3) (1Vc′). The drastic difference 
between the reactivities of 1Vc′ and 1Vc may be caused by various degrees of polar-
ization of the V-Et bond upon the interaction with AlEt2Cl and AlEt3 (the former 
has higher Lewis acidity [28]). However, further studies are needed to verify this 
assumption.

Ethylene polymerization activity of the catalyst system 1V/AlEt2Cl/ETA is 20 
times higher than that of the system 1V/AlEt2Cl. This correlates with the slower 
decay and higher concentration of 1Vc in the former system (cf. Figures 4.39 and 
4.40). On the basis of these data, one can assume that 1Vc {LVIVEt(AlEt2Cl)} is the 
active species of the catalyst systems 1V/AlEt2Cl/ETA and 1V/AlEt2Cl. However, at 
this stage, we cannot exclude that VIII intermediates formed upon reduction of 1Vc 
may act as the active species of polymerization.
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SCHEME 4.7  Proposed transformations of 1V after the interaction with AlR3−xClx (x = 0, 1; 
R = Me, Et). (Reproduced with permission from Soshnikov, I. E. et al. 2009. Organometallics 
28: 6714–6720.)
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4.2.5 �N eutral NiIIκ2-(N,O)-salicylaldiminato Olefin Polymerization 
Catalysts

The majority of transition metal–based olefin polymerization catalysts are deactivated 
by polar compounds due to their high oxophilicity. This problem can be solved by 
using late transition metal catalysts that are less oxophilic [128,129]. By varying the 
catalyst structures and polymerization conditions, the microstructures of the result-
ing PE or oligoethylene can be varied from strictly linear to highly branched (as a 
result of a chain walking mechanism) [128,130]. Neutral κ2-(N,O)-salicylaldiminato 
NiII complexes are an example of catalysts of this type: they tolerate the presence of 
polar, oxygen-containing compounds and can conduct polymerizations even in aque-
ous media [131–133].

Mechanistic studies of neutral NiII polymerization catalysts have so far been 
rather rare in the literature. Jenkins and Brookhart reported a 1H NMR spectro-
scopic investigation of a NiII anilinotropone system [134]. In their study, the kinetic 
parameters of the first insertion of ethylene into the Ni-aryl bond of [(N,O)Ni(Ph)
(PPh3)] and of the second insertion of ethylene into the Ni-alkyl bond of [(N,O)
Ni(CH2CH2Ph)(PPh3)] were evaluated on the basis of the NMR data. Grubbs with 
coworkers studied the interaction of a [(N,O)Ni(Ph)(PPh3)]-type catalyst with methyl 
acrylate [135]. Mecking’s group reported the dimerization of ethylene to butenes 
over NiII salycilaldiminato complex of the type [(N,O)Ni(CH3)(DMSO)] in dimeth-
ylsulfoxide and documented the formation of [(N,O)Ni(CH2CH3)(DMSO)] interme-
diate upon the interaction of the starting catalyst with ethylene, accompanied by 
the formation of propene [136]. Subsequently, the insertion of polar vinyl mono-
mers into the [(N,O)Ni(CH2CH3)(DMSO)] and [(N,O)Ni(H)(PMe3)] precatalysts was 
investigated [137]. Delferro and Marks with coworkers reported a bimetallic NiII 
catalyst and discussed its deactivation pathways [138]. More recently, Mecking and 
coworkers documented the involvement of Ni(I) intermediates in salicylaldiminato 
Ni(II) catalyst deactivation [139]. In none of those mechanistic studies, however, 
the true catalytically active sites (Ni-polymeryl chain-propagating species) were 
detected spectroscopically, and their evolution in the course of polymerization was 
not traced.

We have attempted to get an insight into the processes occurring in the course 
of chain propagation and termination (and also catalyst deactivation). To do this, 
we undertook a direct NMR spectroscopic study of the nickel species formed upon 
the interaction of three NiII precatalysts of the type [(N,O)Ni(CH3)(Py)] (complexes 
1Ni–3Ni, Figure 4.41) with ethylene [140].

4.2.5.1 � Chain-Propagating Species Formed upon Ethylene Polymerization 
with Neutral Salicylaldiminato Nickel(II) Catalysts

The nickel(II) precatalysts 1Ni–3Ni exhibit the 1H and 13C NMR spectra typi-
cal for diamagnetic NiII complexes. The 1H NMR spectrum of 1Ni is presented in 
Figure 4.42a, b. Without added monomer, all considered catalysts are stable at room 
temperature in toluene-d8.

The following experimental technique was used to monitor the NiII–poly-
meryl species in the reaction solution. Ethylene was injected into the NMR tube 
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containing the catalyst solution at low temperature (in an acetone/liquid N2 mix-
ture), and the sample was placed in a thermostatted (+60°C) bath for (controlled) 
short periods of time (2 or 3 min) to trigger the formation of [(N,O)Ni(polymeryl)] 
species. The sample was then quickly cooled with liquid N2 and placed into the 
NMR probe (maintained at −20°C). Further measurements were conducted at this 
temperature.

After storing for 2 min at +60°C, the emergence of new resonances in the range of 
+0.8 to −1.0 ppm (Figure 4.42b, c) indicated the formation of new nickel-alkyl spe-
cies 1Nia. The most upfield resonance of 1Nia (δ −0.19) is close to the Ni−CH3 peak in 
1Ni and can be assigned to the protons of the Ni–CH2–CH2– methylene group of the 
Ni–polymeryl species formed through ethylene insertion into the nickel-methyl bond 
of catalyst 1Ni. 1H COSY spectrum reveals direct spin–spin coupling between the 
Ni–CH2–CH2– protons at δ −0.19 and those at δ 0.73 ppm, which could be assigned 
to the adjacent Ni–CH2–CH2– methylene group of intermediate 1Nia. At the same 
time, 1H TOCSY spectrum shows that protons of the nickel-bound methylene group 
Ni–CH2–CH2– correlate with protons of at least three remote methylene groups of 
the same molecule, thus confirming that 1Nia is indeed a Ni–polymeryl species rather 
than Ni–propyl or Ni–ethyl products resulting from either a single ethylene insertion 
or from a single insertion followed by propene elimination and ethylene reinsertion 
into the resulting nickel hydride species [140]. In the 13C NMR spectrum, resonances 
of the corresponding Ni–CH2–CH2– and Ni–CH2–CH2– carbon atoms were found 
at δ 15.34 and 31.94, respectively (Figure 4.43, Table 4.12; to facilitate the 13C NMR 
measurements, ethylene-13C2 was used as the monomer).

During the early stages of interaction (2–5 min at +60°C), only very small 
NMR signals assignable to unsaturated products of ethylene oligomerization were 
observed in the 1H and 13C NMR spectra, the spectrum in Figure 4.43b mostly 
representing the alkyl part of the Ni–(13CH2

13CH2)n–12CH3 chain-carrying species 
1Nia. The assignment of 13C and 1H NMR peaks was confirmed by the 2D hetero-
nuclear 13C,1H-correlation spectra [140]. We note that even during this early stage of 
polymerization, the existence of chain walking is corroborated by the presence of 
Me branches (marked as B1 in Figure 4.43; the corresponding tertiary CH carbons 
are marked as CHB). Further storing the chain-propagating species 1Nia in the pres-
ence of ethylene at +60°C resulted in the appearance of intense PE signals at δ 1.3 
(–CH2–) and 0.9 (–CH3) (Figure 4.42d, e). At the same time, peaks of 1Nia declined, 
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the injection of 30 equivalents of C2H4: full spectrum (a) and regions of δ 8.4 to 7.6 and 1.5 to 
−1.2 ppm (b); the same sample after storing at +60°C for 2 min (c), 22 min (d), and 51 min (e). 
The impurities (grease, pentane) in toluene-d8 are marked with an asterisk. PE—polyethylene. 
(Reproduced with permission from Soshnikov, I. E. et al. 2013. Chem. Eur. J. 19: 11409–11417.)
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whereas those of a new complex 1Nib grew up (Figure 4.42d, e). 1H and 13C NMR 
parameters of 1Nib (Table 4.12) suggest that 1Nib is a Ni–Et complex.

Compound 1Nib is relatively stable and partially survives in the solution even 
after storing the sample for several days at room temperature or for hours at +60°C. 
One possible reason for this high stability is the presence of equatorially coordinated 
pyridine in the coordination sphere of Ni, which hampers β-hydride elimination, so 
that 1Nib could be reasonably formulated as [(N,O)Ni(Et)(Py)]. The latter gradually 
declines upon prolonged storing for hours at +60°C or for days at room temperature, 
yielding new paramagnetic nickel species (see below). Complex 2Ni reacted with eth-
ylene in a similar way, yielding species [(N,O)Ni(polymeryl)] (2Nia) and [(N,O)Ni(Et)
(Py)] (2Nib) (Table 4.12). On the contrary, the [(N,O)Ni(polymeryl)] intermediate was 
not detected for the catalyst 3Ni. Apparently, 3Ni is more prone to β-hydride elimina-
tion so that after storing the sample 3Ni/C2H4 for 3 min at 60°C, the majority of 3Ni 
undergoes ethylene insertion, with subsequent fast formation of the free polymer 
and [(N,O)Ni(Et)(Py)] (3Nib); some residual 3Ni can also be detected. For the free 
polymer, intense NMR signals of olefinic groups (cis- and trans-vinylene groups) 
were observed. This result is in a qualitative agreement with the report that catalyst 
3Ni yields a much shorter (and more densely branched) PE than with 1Ni and 2Ni due 
to its higher tendency to β-H elimination [132]. NMR spectroscopic analysis of PEs 
formed indicated the presence of one olefinic group (predominately cis- and trans-
vinylene groups rather than terminal vinyl groups) per one PE molecule [140].
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(b)
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–40481216202428323640
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FIGURE 4.43  13C{1H} NMR spectra (toluene-d8, −20°C) of a 0.012 M solution of cata-
lyst 1Ni after various treatments: after the injection of 30 equivalents of 13C2H4 (a) and the 
same sample after storing for 3 min at +60°C (b). Minor impurities originally present in 
13C2H4, that is, 13C-enriched ethane, 1-butene, cis-2-butene, and trans-2-butene, are marked as 
13C2H6, 1-B, Z-2-B, and E-2-B, respectively. PE—polyethylene. (Reproduced with permission 
from Soshnikov, I. E. et al. 2013. Chem. Eur. J. 19: 11409–11417.)



186 Applications of EPR and NMR Spectroscopy in Homogeneous Catalysis

TA
B

LE
 4

.1
2

N
M

R
 D

at
a 

(−
20

°C
, T

ol
ue

ne
-d

8)
 o

f N
i(I

I)
-A

lk
yl

 S
pe

ci
es

 C
on

si
de

re
d 

in
 R

ef
er

en
ce

 [1
40

]

Sp
ec

ie
s

N
i–
C
H

2–
N

i–
C

H
2–
C
H

2–
N

i–
C

H
2–
C
H

3
A

r-
H

4
O

th
er

δ 
1 H

 (
1 J

C
H
, H

z)
δ 

13
C

 (
1 J

C
C
, H

z)
δ 

1 H
δ 

13
C

 (
1 J

C
C
, H

z)
δ 

1 H
 (

1 J
C

H
, H

z)
δ 

13
C

 (
1 J

C
C
, H

z)
δ 

1 H
δ 

1 H
δ 

13
C

1N
i

–
–

–
–

–
–

8.
13

−0
.8

6 
(N

i–
C

H
3)

−6
.9

9 
(N

i–
C

H
3)

1N
i a

−0
.1

9 
(1

26
 H

z)
15

.3
4 

(d
, 3

2.
3 

H
z)

0.
73

31
.9

4 
(t

, 3
2 

H
z)

–
–

8.
07

1.
21

, 1
.4

7 
(–

C
H

2–
)

30
.6

 (
–C

H
2–

)

1N
i b

−0
.2

5 
(1

26
 H

z)
7.

53
 (

d,
 3

3.
5 

H
z)

–
–

0.
13

 (
12

4.
5 

H
z)

15
.8

5 
(d

, 3
3.

5 
H

z)
8.

02

2N
i

–
–

–
–

–
–

8.
28

−1
.0

8 
(N

i–
C

H
3)

−7
.4

7 
(N

i–
C

H
3)

2N
i a

−0
.4

4
14

.4
0 

(d
, 3

2.
8 

H
z)

0.
48

31
.8

3 
(t

, 3
3 

H
z)

–
–

8.
23

1.
00

, 1
.2

2 
(–

C
H

2–
)

30
.5

 (
–C

H
2–

)

2N
i b

−0
.4

8
6.

69
 (

d,
 3

3.
3 

H
z)

–
–

0.
01

15
.8

5 
(d

, 3
3.

3 
H

z)
8.

22

3N
i

–
–

–
–

–
–

7.
37

−0
.5

9 
(N

i–
C

H
3)

2.
26

 (
A

r–
(C

H
3)

4)
−7

.1
8 

(N
i–

C
H

3)

3N
i b

0.
06

7.
08

 (
d,

 3
3.

2 
H

z)
–

–
0.

33
16

.6
7 

(d
, 3

3.
2 

H
z)

7.
31

2.
26

 (
A

r–
(C

H
3)

4)



187NMR and EPR Spectroscopy of the Mechanisms of Metallocene

4.2.5.2 � Evaluation of the Size of Ni–Polymeryl Species by PFG 
NMR Spectroscopy

In recent years, 1H pulsed field-gradient spin echo (PFGSE) NMR spectroscopy [141–
142] has been successfully applied to the evaluation of coefficients of translational 
diffusion and hydrodynamic radii of ion pair precursors of catalytically active sites 
in metallocene-based olefin polymerization catalysts [40,143–145]. We have used 1H 
PFGSE NMR for the determination of the size of chain-propagating species 1Nia and 
2Nia formed upon the reaction of catalysts 1Ni and 2Ni with ethylene in toluene-d8. 
Using the dstegp3s1d pulse sequence (which takes advantage of convection compen-
sation), the diffusion-average radii of 1Ni, 2Ni, 1Nib, and 2Nib and of 1Nia and 2Nia at 
various ethylene consumptions were estimated (Table 4.13). It appears that even at 
this rather approximate level (the technique does not take into account the presence 
of branches in the polymeryl chain, or conformation of the latter), PFGSE NMR 
provides a reasonably plausible direct size estimate of the chain-propagating inter-
mediates. The estimated average hydrodynamic radii of the chain-propagating inter-
mediates demonstrated a nonmonotonic behavior; they increased in intensity during 
the early stages of the interaction (2–5 min for catalyst 1Ni and 2–20 min for catalyst 
2Ni), and decreased at high ethylene consumption, thus reflecting the nonstationary 

TABLE 4.13
Estimated Radii, Volumes, and Chain Lengths of Various Nickel Species 
(Toluene-d8, −20°C)a

Entry Species t (minb) rH (Åc) Polymeryl, n-(C2H4)–d

1 1Ni [(N,O)Ni(CH3)(Py)]e – 5.96 –

2 1Nia [(N,O)Ni(Polymeryl)]f 2 6.80 11

3 1Nia [(N,O)Ni(Polymeryl)]f 5 7.07 14–15

4 1Nia [(N,O)Ni(Polymeryl)]f 10 7.00 14

5 1Nia [(N,O)Ni(Polymeryl)]f 20 6.73 10–11

6 1Nia [(N,O)Ni(Polymeryl)]f 32 6.37 6–7

7 1Nib [(N,O)Ni(Et)(Py)]e 60 5.96 –

8 2Ni [(N,O)Ni(CH3)(Py)]e – 6.34 –

9 2Nia [(N,O)Ni(Polymeryl)]g 2 7.40 16

10 2Nia [(N,O)Ni(Polymeryl)]g 5 7.48 17

11 2Nia [(N,O)Ni(Polymeryl)]g 20 7.56 18

12 2Nia [(N,O)Ni(Polymeryl)]g 40 7.33 15

13 2Nib [(N,O)Ni(Et)(Py)]e 60 6.68 –

a	 For measurements details, see Reference [140].
b	 Time of interaction at +60°C.
c	 Hydrodynamic radius.
d	 For the evaluation of the polymeryl chain lengths, see Reference [140].
e	 At 303 K.
f	 C2H4/1Ni = 30.
g	 C2H4/2 Ni = 30.
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character of the polymerization process in the NMR tube in which no continuous eth-
ylene flow was present. The highest observed radii corresponded to polymeryl chain 
lengths of 15–18 -C2H4- units. Upon prolonged storage at +60°C (40–60 min), the 
concentration of the [(N,O)Ni(polymeryl)] intermediate decreased, whereas that of 
the relatively stable (N,O)Ni–Et intermediates increased and became sufficient for the 
PFGSE measurements. Significantly, the estimated radii of the Ni–Et intermediates 
1Nib and 2Nib were very close to those of the parent catalysts 1Ni and 2Ni, respectively 
(Table 4.13, entries 1, 7 and 8, 13), in line with our suggestion that a pyridine molecule 
is likely to persist in the structures of 1Nib and 2Nib [(N,O)Ni(C2H5)(Py)].

4.2.5.3  Catalyst Deactivation
In the absence of ethylene, complexes 1Ni–3Ni are stable in the toluene solution at 
+60°C for hours. In the course of ethylene polymerization at +60°C, however, these 
catalysts gradually decomposed. In the system 1Ni/C2H4, the 1H NMR peaks of the 
diamagnetic Ni-Me, Ni-polymeryl, and Ni-Et complexes decreased, and those of 
a new paramagnetic Ni(II) complex 1Nic grew up. The 1H NMR spectrum of 1Nic 
(Figure 4.44a) exhibits a set of relatively sharp paramagnetically shifted peaks, most 
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FIGURE 4.44  1H NMR spectra (toluene-d8, 0°C) of a 0.012 M solution of catalyst 1Ni after 
the injection of 30 equivalents of 13C2H4 and storing for 82 min at +60°C (a). 1H NMR spec-
trum of crystals of 1Nic + pyridine-d5 (Py/Ni ca. 1.5:1) (b). 1H NMR spectrum of indepen-
dently prepared bis-ligated complex 1Nic′ ([(N,O)2Ni]) + pyridine-d5 (Py/Ni of 5:1) (c). Peaks 
of coordinated pyridine are marked as Py. Small peaks of another paramagnetic complex 
(1Nic⋅2Py) are marked with asterisks. (Reproduced with permission from Soshnikov, I. E. 
et al. 2013. Chem. Eur. J. 19: 11409–11417.)
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of them having integral intensities of 2H, except the resonance at δ 16.4, which has an 
integral intensity of 1H. The shifts and line widths are characteristic of a paramag-
netic (high-spin) nickel(II) complex having nonplanar geometry [146]. The spectrum 
shown in Figure 4.44a did not change when C2D4 was used instead of C2H4, thus 
indicating that ethylene was not incorporated into the structure of 1Nic. Layering the 
toluene solution of 1Nic with pentane allowed its isolation in single-crystalline form. 
X-ray analysis indicated that the crystals had a mononuclear bis-ligated structure 
[(N,O)2Ni]. The quality of crystals of 1Nic obtained from the reaction mixture was 
insufficient. A related complex 1Nic′ was prepared independently by the reaction of 
deprotonated ligand with anhydrous NiCl2 and was characterized by X-ray crystal-
lography (Figure 4.45). NMR spectroscopic analysis indicated that 1Nic and 1Nic′ had 
identical 1H NMR spectra under similar conditions; furthermore, all their resonances 
were located within the diamagnetic region. The origin of this behavior became clear 
when pyridine-d5 was added to samples of 1Nic (Figure 4.44b) or 1Nic′ (Figure 4.44c). 
Intriguingly, the 1H spectra (Figure 4.44b and c) are paramagnetic and identical to 
that of Figure 4.44a, besides the lack of three pyridine peaks. This indicates that 
one pyridine molecule is incorporated into the structure of the major (paramagnetic) 
product of decay of 1Ni, and it can be presented as 1Nic⋅Py. Additional pyridine-d5 
caused the formation of another paramagnetic species (presumably 1Nic⋅2Py); see 
peaks marked with asterisks in Figure 4.44c. At high pyridine/Ni ratios (ca. 100:1, 
spectrum not shown), 1Nic⋅2Py became the major species in the solution. On the 
basis of these data, the likely deactivation pathway of the catalytically active sites 
can be schematically represented by Scheme 4.8. Apparently, under our experi-
mental conditions, the deactivation is kinetically limited by the formation of the 
elusive [(N,O)Ni(H)] hydride species from the relatively stable [(N,O)Ni(Et)(Py)], fol-
lowed by reductive elimination of the chelating ligand (N,O)H. The resulting (N,O)

I4

N2

I1 O1
Ni1

N1

O2 I3

I2

FIGURE 4.45  Molecular structure of complex 1Nic′, with thermal ellipsoids drawn 
at 25% probability level. (Reproduced with permission from Soshnikov, I. E. et  al. 2013. 
Chem. Eur. J. 19: 11409–11417.)
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H ligand can further react with the abundant [(N,O)Ni(Et)(Py)], releasing ethane 
and bis-ligated [(N,O)2Ni(Py)] (1Nic⋅Py). Similar deactivation pathways involving the 
reductive elimination of the chelating ligand were considered previously [134,135]. 
More recently, Mecking and coworkers studied catalyst systems 4Ni/ethylene and 
4Ni/methyl methacrylate (Figure 4.41) by means of NMR and EPR spectroscopy and 
showed that Ni complexes [Ni(II)-R] and [Ni(II)-R′] formed in the course of ethyl-
ene polymerization can react to form Ni(I) species and release the coupled product 
R-R′ [139]. Ni(I) complex {[(N,O)Ni(I)(PPh3)2]} was directly observed by EPR in a 
reaction mixture 4Ni/C2H4 and characterized by various techniques (including X-ray 
structure determination). Complex [(N,O)Ni(I)(PPh3)2] underwent further dispropor-
tionation, ultimately leading to the observed formation of (N,O)2Ni(II) and [Ni(0)
(PPh3)4] [139]. This deactivation pathway can be significant at relatively high [Ni] 
concentrations (as present in NMR experiments).

4.2.6 �F ormation of Cationic Intermediates upon the Activation of 
Bis(imino)pyridine Nickel Catalysts

The nature of the precursors of catalytically active sites in bis(imino)pyridine iron 
[99] and cobalt [111] systems has been reliably established (see Sections 4.2.1 and 
4.2.2). On the contrary, bis(imino)pyridine nickel catalysts have remained relatively 
underexplored. Norbornene polymerization over bis(imino)pyridine nickel com-
plexes in the presence of MAO was studied in a series of papers and was reported 
to proceed with low to moderate activities [147,148]. We have demonstrated that 
the introduction of one or more electron acceptors into the aryl rings drastically 
enhanced the polymerization activity {up to 1.16 × 107 g of PNB/[(mol cat.) h] in 
chlorobenzene}, affording high-molecular-weight polynorbornene (Table 4.14) [149]. 
The 1H, 13C, and 19F NMR spectroscopic study of the activation of various bis(imino)
pyridine nickel catalysts (Figure 4.46) with Lewis acidic cocatalysts (MAO and 
AlMe3/[CPh3][B(C6F5)4]) was undertaken to establish the nature of active species 
conducting norbornene polymerization [150].

The activation of bis(imino)pyridine nickel catalysts 5Ni−9Ni (Figure 4.46) with 
MAO and AlMe3/[CPh3][B(C6F5)4] has been monitored by NMR spectroscopy. The 
starting complexes are paramagnetic (high-spin d8 configuration), exhibiting the 1H 
NMR spectra in the range of δ −10 to +100 [149]. On the contrary, the interaction 
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SCHEME 4.8  Equilibria between 1Nic, 1Nic·Py, and 1Nic·2Py, and the proposed catalyst 
deactivation pathway in the system 1Ni/C2H4. S = pyridine, solvent molecule, or vacancy.
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of complexes 5Ni−9Ni with MAO in toluene-d8/1,2-difluorobenzene mixture or in 
chlorobenzene at relatively high Al/Ni ratios (Al/Ni ≥ 30) quantitatively converted 
the paramagnetic catalysts 5Ni−9Ni into the new diamagnetic nickel(II) species 
5Nia−9Nia. The 1H and 13C NMR spectra of complexes 5Nia and 6Nia are presented 
in Figure 4.47. The 1H spectra of 5Nia and 6Nia both exhibit sharp peaks, suggest-
ing that bulky oligomeric MAO does not enter into the first coordination sphere 
of nickel. Interestingly, while the spectrum of the 6Ni/MAO system witnesses the 
formation of a major and minor 6Nia species in a ca. 87/13 ratio, the activation 
of 5Ni with MAO results in the formation of a 54/46 mixture of isomeric nickel 
complexes.

Both isomers exhibit 1H and 13C NMR peaks of the Ni−CH3 groups (Table 
4.15). Their positions and coupling constants (1JCH = 129−131 Hz) are close to 
those reported for cationic α-diimine nickel(II)-methyl intermediates [151]. The 
cationic nature of species 5Nia−9Nia was confirmed by independent experiments: 
AlMe3/[CPh3][B(C6F5)4] was used as the activator instead of MAO. The resulting 
intermediates exhibited NMR patterns of the cationic parts, very close to those 
in the systems with MAO, along with the NMR signals of outer-sphere tetrakis-
(perfluorophenylborate) anion.

N

N N

R R

Ni

Cl Cl

N

N N

R3 R3R1 R1

R2 R2

Ni

Cl Cl

9Ni: R1= R2= R3 = F

5Ni : R = F
6Ni: R = iPr
7Ni: R = CF3

8Ni: R1= Cl, R2= H, R3 = F

FIGURE 4.46  Structures of nickel(II) complexes 5Ni–9Ni.

TABLE 4.14
Norbornene Polymerization on Bis(Imino)Pyridine Ni Complexesa

Ni Complex NB/Ni T (°C)
Reaction 

Time (min) PNB Yield (g)
Activity (×106 g/

[mol Ni h])

5Ni 50,000 60 15 2.91 11.6

6Ni 50,000 60 15 0.17 0.68

7Ni 50,000 60 15 0.95 3.81

8Ni 50,000 60 15 1.82 7.30

9Ni 50,000 60 15 2.35 9.43

Source:	 Data from Antonov, A. A. et al. 2012. Organometallics 31: 1143–1149.
a	 Reaction conditions: chlorobenzene, 50 mL; Ni complex, 1 μmol; MAO (Al/Ni = 500/1).
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One can conclude that bis(imino)pyridine nickel dichloride species react with 
MAO or with AlMe3/[CPh3][B(C6F5)4] according to Scheme 4.9. In contrast to the 
conversion of analogous iron catalysts by those activators into species of the type 
[LFe(μ-Me)2AlMe2]+[X]− (where X = MeMAO−, [B(C6F5)4]−) [97–99], no evidence 
for the formation of heterobinuclear species was gained in the case of Ni catalysts, 
apparently due to the smaller ionic radius of Ni(II) [152] and hence to greater steric 
hindrance at the Ni center. The origin of major and minor isomers was studied 
using complexes 5Ni−9Ni bearing various substituents on the aryl rings. It was found 
(Table 4.15) that for complex 6Nia with bulky o-CF3 substituents, the ratio of major/
minor isomers was 94/6, while for complex 7Nia with a smaller o-Cl substituent, this 
ratio was 59/41. This led us to a suggestion that isomers of these types could differ 
in the relative orientations of the ortho-substituents (syn and anti, Scheme 4.9). For 
the cationic intermediate 9Nia (featuring 2,4,6-F3-substituted aryl rings), no syn 
and anti conformers could be expected; indeed, the formation of a single species 
was observed by NMR (Table 4.15). In the absence of monomer, ion pair species 
5Nia−9Nia are stable for at least several hours at room temperature. The reactivity 
of these intermediates toward norbornene was probed as follows: 4 equivalents of 
norbornene (dissolved in 0.1 mL of chlorobenzene) was injected at room tempera-
ture into an NMR sample containing species 5Nia or 6Nia in chlorobenzene, and the 
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FIGURE 4.47  1H and 13C NMR spectra (toluene-d8/1,2-diflourobenzene, 10°C [6Nia] or 
2°C [5Nia]) of complexes 5Nia—(a, b) and 6Nia—(c, d) obtained by reaction of 5Ni or 6Ni 
with MAO ([Ni] = 1.9×10−3 M, Al/Ni = 40). Asterisks mark minor impurities in MAO: oxy-
genates and vacuum grease. (Reproduced with permission from Antonov, A. A. et al. 2012. 
Organometallics 31: 1143–1149.)
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TABLE 4.15
Selected 13C and 1H NMR Chemical Shifts (δ, ppm), Multiplicities, and 
Coupling Constants (1JCH, Hz) for Complexes 5Nia–9Niaa

Ni

1H 13C

19F Major/MinorPy-Hp Ar-H ∙C(Me) Ni∙CH3 N∙C(Me) Ni∙CH3

5Nia 7.77 7.09, 6.47 1.89
1.83

−0.39
−0.44

17.56
17.40

5.53 (J = 131)
5.76 (J = 131)

−123.17
−122.79

54/46

 5Nia′b 7.57
7.52

6.41 1.67
1.69

−0.50
−0.47

17.03
17.04

5.21 (J = 131)
5.18 (J = 131)

53/47

6Nia 7.80 –c 1.84
1.79

−0.50
–c

17.67
17.78

7.68 (J = 129)
7.21

87/13

 6Nia′b 7.66
7.69

6.48 1.74
1.71

−0.56
−0.48

17.32
17.46

7.17 (J = 129)
–b

90/10

7Niad 7.66 7.41 1.82
1.74

−0.54
–b

18.08
–b

5.11 (J = 130.5)
5.07

94/6

8Nia 7.80
7.84

6.4 1.82
1.75

−0.46
−0.52

17.57
17.50

5.04 (J = 128.2)
4.95 (J = 129.2)

−110.01
−109.99

59/41

9Nia 7.63 6.33 1.80 −0.43 17.68 2.43 (J = 128.6) −104.69
−115.75

–e

a	 Unless otherwise stated: in toluene-d8/1,2-difluorobenzene, using solid MAO as the activator, Al/
Ni = 40; at 2°C (5Nia), 21.5°C (5Nia′), 5°C (8Nia), or at 10°C (all other cases). Chemical shifts of minor 
isomers are given below those for major isomers.

b	 Not found.
c	 With AlMe3/[CPh3][B(C6F5)4] as activator (Al:B:Ni = 30:1.2:1.0).
d	 In chlorobenzene.
e	 Not applicable.
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sample was placed in an NMR probe thermostatted at 20°C. The temperature was 
increased (in 10°C increments), and the 1H NMR spectra were measured at each 
temperature. Intermediate 6Nia exhibited rather low reactivity; the formation of a 
significant amount of polynorbornene could be detected only after storing the sam-
ple for several hours at +60°C. On the contrary, intermediate 5Nia polymerized nor-
bornene within several minutes already at 50°C, in accordance with a much higher 
reactivity of catalyst system 5Ni/MAO as compared to 6Ni/MAO (Table 4.14). It is 
reasonable to conclude that intermediates 5Nia−9Nia are the closest precursors of 
the chain-propagating species in the catalyst systems based on bis(imino)pyridine 
nickel complexes. Further storing the samples 5Nia/NB and 6Nia/NB led to a dras-
tic broadening of all 1H NMR peaks, apparently due to accumulation of some new 
paramagnetic species. The EPR spectra of those samples documented the presence 
of very broad resonances of nickel(0) black; deposition of the latter in the tube was 
observed, accompanied by the formation of CH4 (δ 0.16) and C2H6 (δ 0.78).

So, the closest precursors of the active species of norbornene polymerization 
with bis(imino)pyridine nickel complexes in the presence of MAO or AlMe3/[CPh3]
[B(C6F5)4], are ion pairs of the types [LNiMe]+[MeMAO]− and [LNiMe]+[B(C6F5)4]−. 
These ion pairs demonstrate the capability of polymerizing norbornene under the 
conditions of NMR-tube experiment; upon prolonged storage in the presence of 
norbornene, they decompose via reduction of Ni(II) to metallic nickel.

4.2.7 �C ationic Intermediates Formed upon the Activation of Ni(II) 
Catalysts with AlMe2Cl and AlEt2Cl

Highly branched ethylene oligomers have attracted significant interest as compo-
nents of lubricants and surface modifiers [130,153,154]. Sun and coworkers have 
shown that 8-arylimino-5,6,7-trihydroquinolinylnickel chlorides (complexes 10Ni–
17Ni, Figure 4.48) activated with MAO or AlEt2Cl are potentially useful catalysts for 
the production of branched PE waxes [155]. Recently, cationic intermediates formed 
upon the activation of 10Ni with AlEt2Cl and AlMe2Cl were characterized spectro-
scopically [156]. Before that study, there were no reported examples of spectroscopic 
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10Ni   R1 = R2 = R3 = Me, X = Cl 

11Ni   R1 = R2 = Et, R3 = H, X = Cl 

12Ni   R1 = R2 = iPr, R3 = H, X = Cl 

13Ni   R1 = R2 = Me, R3 = H, X = Cl 

14Ni   R1 = R2 = Et, R3 = Me, X = Cl 

15Ni   R1 = R2 = C6; R3 = H, X = Br 

16Ni   R1 = R2 = C5; R3 = H, X = Br 

17Ni   R1 = C6; R2 = R3 = Me, X = Br 

(C5 = cyclopentyl, C6 = cyclohexyl) 

FIGURE 4.48  Structures of complexes 10Ni–17Ni.



195NMR and EPR Spectroscopy of the Mechanisms of Metallocene

characterization of intermediates formed upon the activation of post-metallocene 
precatalysts with AlR2Cl (R = Me, Et).

It was found that the activation of 10Ni with AlMe2Cl and AlEt2Cl leads to active 
ethylene polymerization catalysts (Table 4.16). The rate of polymerization for both 
catalyst systems decreased 3 times within a 30-min period. The polymers obtained 
had low Mw values (∼600 g/mol, Mw/Mn ∼ 2) and high content of branches (∼45 
branches/1000 C).

Precatalyst 10Ni displayed broad paramagnetically shifted resonances in the range 
of δ +250 to −45 (Figure 4.49a). Most of them can be readily assigned on the basis of 
integral values and analysis of line width. The reaction of 10Ni with AlMe2Cl ([Al]/
[Ni] = 120) in toluene-d8 for 1 min at 0°C results in a conversion of 10Ni to the new 
paramagnetic complex 10Nia (Figure 4.49b, Scheme 4.10). 10Nia exhibits 1H reso-
nances from the protons of the starting bidentate ligand and a new broad resonance 
from the AlMeCl moiety (3H, Δν1/2 = 540 Hz), which supports its assignment to the 
heterobinuclear ion pair of the type [LNiII(μ-R)2AlMeCl]+[AlMe3Cl]− (R = Cl or Me).

Further warming the sample of Figure 4.49b to +25°C leads to the disappearance 
of 10Nia and the formation of the EPR active complex 10Nib. The EPR spectrum of 
10Nib is characteristic of Ni(I) species (Figure 4.50a, Scheme 4.10). The g-tensor 
of 10Nib is close to an axially symmetric one (g1 = 2.046, g2 = 2.077, g3 = 2.223). 
Therefore, 10Nib should display nearly axial symmetry of the ligand environment 
of the Ni(I) center. The g1 and g2 components of the EPR spectrum display par-
tially resolved hfs from nitrogen atoms. The simulation of the EPR spectrum of 
complex 10Nib (Figure 4.50b) shows that the observed hfs is well described by the 
interaction of unpaired electron with two equivalent nitrogen atoms (a1

N = 9.28 G, 
a2

N = 10.85 G, a3
N = 8.85 G). Such picture can be the case for the [L2NiI]+[AlMe3Cl]− 

ion pair, assuming that only one of the nitrogen atoms of each ligand L causes hfs 
splitting.

The reaction of 10Ni with AlEt2Cl at 0°C ([Al]/[Ni] > 50) afforded a diamagnetic 
ion pair [LNiIIEt]+[AlEt3Cl]− (10Nic). The diamagnetic nature of 10Nic is evidence of 
its square-planar structure. Well-resolved 1H NMR spectrum of 10Nic is in full agree-
ment with the proposed structure (Figure 4.51, Scheme 4.10). Prolonged storing of 

TABLE 4.16
Ethylene Polymerization Catalyzed by 10Ni/AlR2Cla

Number
n(Ni) 

(μmol) Cocatalyst
m(PE) 

(g)

Activity 
(gPE/[mmolNi⋅​

bar⋅h])
Mn 

(g/mol)
Mw 

(g/mol) Mw/Mn

Branches/
1000 Cb

1 1.8 AlMe2Cl 6.8 756 310 620 2.0 44 (B2+)
17 (B1)

2 2.0 AlEt2Cl 5.7 570 310 580 1.9 45 (B2+)
17 (B1)

a	 Conditions: heptane (50 mL), 50°C, PC2H4 = 5 bar, [Al]/[Ni] = 200.
b	 13C NMR data.
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10Nic at −20°C results in the decrease in its concentration, accompanied by the for-
mation of EPR active complex 10Nib′ with the proposed structure [L2NiI]+[AlEt3Cl]−. 
10Nib and 10Nib′ have identical EPR parameters.

So, different intermediates have been observed during the early stages of reaction 
of 10Ni with AlMe2Cl and AlEt2Cl at high Al/Ni ratios ([Al]/[Ni] > 50): paramagnetic 
heterobinuclear ion pair [LNiII(μ-R)2AlMeCl]+[AlMe3Cl]− (10Nia) and diamagnetic 
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FIGURE 4.49  1H NMR spectrum (0°C, acetone-d6) of 10Ni (a) and 1H NMR spectrum (0°C, 
toluene-d8) of the catalyst system 10Ni/AlMe2Cl ([Al]/[Ni] = 120) (b). “s” marks residual sol-
vent peak. (Reproduced with permission from Soshnikov, I. E. et al. 2015. Organometallics 
34: 3222–3227.)
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(Reproduced with permission from Soshnikov, I. E. et al. 2015. Organometallics 34: 3222–3227.)
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ion pair [LNiIIEt]+[AlEt3Cl]− (10Nic), respectively. The catalytic properties of the sys-
tems 10Ni/AlMe2Cl and 10Ni/AlEt2Cl are very close (Table 4.16). Probably, the reac-
tion of 10Nia and 10Nic with ethylene results in the formation of similar active species 
[LNiII(polymeryl)]+[A]−, where [A]− = [AlMe3Cl]− or [AlEt3Cl]−.

4.3 � ON THE ORIGIN OF LIVING POLYMERIZATION OVER 
o-FLUORINATED POST-TITANOCENE CATALYSTS

One of the challenging goals of synthetic polymer chemistry is the development 
of chain-growth polymerization methods that enable consecutive enchainment of 
monomer units without chain termination (“living polymerization”). Such methods 
provide precise molecular weight control and allow the synthesis of special polymer 
architectures (e.g., ultra-high-molecular-weight polyolefins, polyolefins with very 
narrow MWD, linear block copolymers, stereoregular polypropylene). The condi-
tions for living chain growth are never completely fulfilled in practice. However, for 
some catalyst systems, the termination processes can be efficiently hampered so that 
polyolefins with high molecular weights and very narrow molecular weight distribu-
tions (Mw/Mn = 1.01–1.10) can be obtained in the course of a quasi-living polymeriza-
tion [157–159].

Coates [160] and Fujita [161] independently reported that fluorinated titanium 
catalysts 1Ti and 2Ti (Figure 4.52) are capable of conducting living syndiospe-
cific polymerization of propylene. Fujita and coworkers showed that complex 1Ti 
catalyzes living polymerization of ethylene at 25°C [162]. The presence of at least 
one ortho-fluorine substituent was compulsory for the living character of ethylene 
polymerization, while complexes with m- and p-F substituents at the aniline moi-
ety demonstrated similarly high activities, but did not exhibit living nature [163]. 
Coates and coworkers reported that N-fluoroaryl bis(phenoxyketimine) Ti complex 
3Ti (Figure 4.52) conducts moderately isoselective living polymerization of propene 
(73% “mmmm” pentad content) [164]. Again, o-F substituents were necessary for 
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FIGURE 4.51  1H NMR spectrum (−20°C, toluene-d8) of the sample 10Ni/AlEt2Cl recorded 
after 10 min mixing of the reagents ([Al]/[Ni] = 50, [10Ni] = 10−2 M). Asterisks mark signals 
of AlEt2Cl. “s” marks residual solvent peaks. (Reproduced with permission from Soshnikov, 
I. E. et al. 2015. Organometallics 34: 3222–3227.)
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living polymerization [165]. Recently, o-F-substituted bis(enolatoimine) titanium 
complex 4Tia (R = F) was reported to induce living ethylene polymerization in the 
presence of MAO at hitherto unattainably high temperatures and afforded PEs with 
unprecedented narrow molecular weight distributions and high molecular weights 
at the same time (Mw/Mn = 1.01, Mn = 3 × 105 g mol−1) [166], while its unsubstituted 
counterpart 4Tib (R = H) displayed nonliving behavior (Figure 4.52) [167].

The mechanisms responsible for living polymerization in the presence of o-F 
substituents have been debated controversially. Based on DFT calculations, Fujita 
and coworkers hypothesized that the formation of a weak hydrogen bond between 
an o-F atom and a β-hydrogen atom of the growing polymeryl chain could suppress 
β-hydrogen elimination and polymeryl transfer to the cocatalyst [163]. Since then, 
other types of weak ligand–polymer interactions have been invoked to explain the 
origin of living polymerizations. Talarico and coworkers suggested that weak repul-
sive interactions between the o-F atoms and the growing polymer chain might be 
responsible for living propene polymerization with o-fluorinated bis-(phenoxyimine) 
titanium catalysts [168]. More recently, in a theoretical study of Villani and 
Giammarino, it was proposed that living polymerization could originate from a 
three-center Ti…F…β-H interaction, which inhibited β-H transfer to the metal or 
to the monomer [169]. Chan and coworkers used CF3-substituted group 4 model 
complexes 5M (M = Ti, Zr) (Figure 4.53) supported by phenolate-pyridine-(σ-aryl) 
[O,N,C] ligands to get evidence for the existence of intramolecular C–H…F–C inter-
actions. Multinuclear NMR, X-ray, and neutron diffraction studies were interpreted 
in favor of feasibility of such “contacts” [170,171]. More recently, on the basis of mul-
tinuclear NMR and X-ray studies of complexes 6M (M = Zr, Ti, Hf) (Figure 4.53), 
Chan and coworkers suggested that, depending on the nature of the metal, the CF3 
group of 6M is involved in various types of interactions: C–H…F–C for M = Ti, and 
o-F…M for M = Zr and Hf (I and II, Figure 4.53) [172]. One could expect that the 
less rigid ligand environment of complexes 1Ti–4Ti may facilitate the o-F…Ti con-
tacts, making these contacts more likely than in the case of complexes 5M and 6M.

We undertook direct NMR spectroscopic studies of the active sites of ethylene 
polymerization formed in the catalyst systems 4Tia,b/MAO/C2H4 and 4Tia,b/AlMe3/
[Ph3C][B(C6F5)4]/C2H4 in order to elucidate the interactions that can lead to the sup-
pression of the chain termination processes [173,174]. At high Al/Ti ratios (i.e., at 
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Al/Ti > 25), complexes of the type 4Tia,b reacted with 13C-MAO to yield ion pairs 
of the type [LTi(13CH3)]+[MeMAO]− (7Tia,b, where L stands for the fluorinated and 
nonfluorinated ligands, Scheme 4.11). NMR study showed that the Ti-13CH3 group 
of 7Tia appears at δ 126.6 as a triplet due to coupling with two 19F nuclei, with a 
coupling constant of 7 Hz [173]. It was assumed that this coupling is due to the weak 
noncovalent Ti…F interactions: the hydrogen-bonding-type coupling mechanism I 
(Figure 4.53) is unable to explain why the 2JCF = 7 Hz splitting is so much higher 
than the 1JHF, which has not been observed at all. So, for the o-fluorinated ion pair 
7Tia, direct interaction of two of its o-F substituents with the Ti center is suggested 
(Figure 4.54).
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It is very important to establish whether the interaction of this type also exists in 
the chain-propagating species containing the growing polymeryl chain P, keeping 
the polymerization catalysis living by suppressing the chain transfer to AlMe3 and 
β-hydride transfer processes. It has been found that fluorinated and nonfluorinated 
intermediates [LaTiP]+[MeMAO]− (8Tia) and [LbTiP]+[MeMAO]− (8Tib) (Figure 
4.55) display remarkably different NMR spectroscopic properties, that shed light 
on the distinct coordination geometries of these species [174]. As expected, both 
the α and β protons (Ti–13CHH– and Ti–13CH2–13CHH–) of 8Tia,b are diastereo-
topic and exhibit individual chemical shifts (documented by a pairs of cross-peaks 
in the 1H−13C HSQC spectra). The differences between the chemical shifts within 
the pairs of α and β protons (the diastereotopic splitting) are denoted as Δδα and Δδβ, 
respectively. Interestingly, for 8Tia, Δδα > Δδβ (0.32 vs. 0.12 ppm), while for 8Tib, 
Δδα < Δδβ (0.09 vs. 0.23 ppm). It is well known that the diastereotopic splitting in 
prochiral groups decreases with increasing distance of the prochiral sensor group 
from the perturbing group [175]. The higher diastereotopic splitting observed for 
the β-methylene protons of the nonfluorinated complex 8Tib, compared with that of 
fluorinated complex 8Tia (0.23 vs. 0.12 ppm), suggests that in 8Tib, the β-methylene 
protons are closer to and more rigidly situated with respect to the perturbing tita-
nium center and aryl rings of the ligand. While in 8Tia (as well as in 7Tia), the o-F 
substituents can be assumed to make the titanium center formally seven-coordinate 
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and would thus shield it from close contacts with the β-methylene group. We would 
expect that, in the absence of o-F in 8Tib, the polymeryl chain will bend and approach 
the electron-deficient titanium center to establish a weak β-agostic interaction. The 
structures proposed for the propagating species 8Tia and 8Tib (symbolically denoted 
as “free chain” and “interacting chain”) are presented in Figure 4.55. We conclude 
that noncovalent aryl o-F⋯Ti interactions are likely to operate in the propagating 
species 8Tia and suppress the chain termination through β-hydrogen transfer—by 
preventing close contacts of the titanium center with the β-methylene group of the 
polymeryl chain. Likewise, polymeryl chain transfer to AlMe3 is probably sup-
pressed by the o-F-induced coordinative saturation of the titanium center in the 
propagating intermediate 8Tia. Similar mechanism may be the case for structurally 
related o-fluorinated bis(phenoxy-imine) and bis(phenoxy-ketimine)titanium living 
catalysts 1Ti–3Ti [174,176].

4.4 � SELECTIVE ETHYLENE TRIMERIZATION BY TITANIUM 
COMPLEX BEARING PHENOXY IMINE LIGAND

1-Hexene is industrially used as comonomer in the production of linear low-density 
polyethylene (LLDPE). In industry, 1-hexene is usually obtained by nonselective (statis-
tical) oligomerization of ethylene [177]. The only commercial process capable of selec-
tively producing 1-hexene utilizes chromium-based catalyst [178]. Catalyst systems 
capable of selective 1-hexene production would be of great industrial and academic 
interest (see the review by McGuinness [179]). Apart from chromium-based trimer-
ization catalysts, systems relying on titanium complexes have attracted significant 
interest. Hessen and coworkers discovered a highly active and selective titanium-based 
catalyst system for this transformation [180]. One of the major recent developments 
has been the emergence of complex (FI)TiCl3 (9Ti) (FI = phenoxy imine ligand with 
additional O-donor, Figure 4.56). When activated with MAO, 9Ti produced 1-hexene 
with exceptionally high activity (up to 132 kg of 1-hexene [g of Ti]−1 h−1 bar−1) [181].

A serious drawback of titanium-based trimerization catalysts is the formation of 
a small amount (2%–5%) of high-molecular-weight polyethylene (HMWPE), which 
leads to reactor fouling. The nature of the activator has a dramatic effect on the 
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1-hexene/PE ratio [182]. For the improvement of the existing trimerization titanium 
catalysts, a clear understanding of the mechanisms of ethylene trimerization and 
polymerization is required. The hypothetical mechanism of ethylene trimeriza-
tion by the catalyst system 9Ti/MAO [181] is similar to the mechanisms previously 
proposed for chromium [177] and titanium [178] systems (Scheme 4.12).

Bercaw and coworkers showed that the activation of complex 9Ti-Me (Figure 4.56) 
with 1 equivalent of B(C6F5)3 affords ion pair [(FI)TiMe2]+[MeB(C6F5)3]− (10Ti), 
which is an effective precatalyst for selective ethylene trimerization. Treatment of 
10Ti with a 1:1 C2H4:C2D4 mixture at 25°C produced only C6H12, C6H8D4, C6H4D8, 
and C6D12 isotopologs of 1-hexene, which is in accord with the metallacyclic mecha-
nism. Mechanistic studies indicate that the catalyst activation involves the genera-
tion of an active TiII species via olefin insertion into the TiIV-Me bond, followed 
by β-H elimination (releasing α-olefin) and reductive elimination of methane [183]. 
However, TiII species were not observed spectroscopically in the catalyst system 
9Ti-Me/B(C6F5)3.

Our NMR and EPR spectroscopic investigation of the catalyst systems 9Ti/
AlMe3/[Ph3C][B(C6F5)4], 9Ti/MAO, and 9Ti/MMAO demonstrated that the ion pairs 
[(FI)TiMe2]+[A]− ([A]− = [B(C6F5)4]−, [MeMAO]−, and [MeMMAO]−) prevail in the 
reaction solution only in the initial stage of reaction. Then, depending on the nature 
of the activator, Ti(III) or Ti(II) species can be observed in the reaction solution 
[184]. If the activator contains AliBu3 (MMAO, AliBu3/MAO, and AliBu3/[Ph3C]
[B(C6F5)4]), the concentration of Ti(III) is higher than the concentration of Ti(II). If 
the activator contains AlMe3 (MAO, AlMe3/[Ph3C][B(C6F5)4]), the concentration of 
Ti(II) is higher than the concentration of Ti(III).

The EPR spectrum (25°C, toluene) of the sample 9Ti/AliBu3/[Ph3C][B(C6F5)4] 
displays three resonances (Figure 4.57). The multiplet at g = 2.004 is from the 
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SCHEME 4.12  Proposed mechanism of selective ethylene trimerization on Ti- and Cr-based 
catalysts. M = Ti or Cr, L = ligand environment, n = 2 for Ti and 1 or 2 for Cr.
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⋅CPh3 radical, while the resonance at g = 1.954 belongs to the [(FI)TiIII(iBu)2] com-
plex. The intense signal at g = 1.975 with resolved hfs (aH = 5 G) from one proton 
(Figure 4.57, insert) was assigned to a cationic hydride complex 11Ti. In accordance 
with its cationic structure, complex 11Ti was observed only in the presence of ion-
forming agents [Ph3C][B(C6F5)4], MAO, and MMAO [184]. For 11Ti, we proposed 
the alkylaluminum-complexed structure [(FI)TiIII(μ-H)(μ-Cl)AliBu2]+[B(C6F5)4]−. 
Similar structures were previously reported for neutral and cationic ZrIV and ZrIII 
hydride species [76,85,185].

In the systems 9Ti/AliBu3/[Ph3C][B(C6F5)4], 9Ti/AliBu3/MAO, and 9Ti/MMAO, 
the total concentration of TiIII exceeded 50% of the titanium content, whereas in 
the systems 9Ti/AlMe3/MAO and 9Ti/AlMe3/[Ph3C][B(C6F5)4], only minor part of 
titanium (less than 10%) was present in the reaction solution in the form of TiIII spe-
cies (neutral complex LTiIIIMe2), the rest mainly retaining the TiIV oxidation state.

To test the possibility of the 1H NMR spectroscopic detection of TiII species in the 
catalyst systems studied, we started from the reaction of 9Ti with various trialkylalu-
minum compounds AlR3 (R = Me, Et, iBu). The 1H NMR spectrum of the sample 
9Ti/AlMe3 ([Al]:[Ti] = 5:1) displayed broad paramagnetically shifted resonances in 
the range of δ −20 to +20, which was ascribed to high-spin (S = 1) TiII complex 
LTiIICl (12Ti) (Figure 4.58a). When the [Al]/[Ti] ratio is increased to 15:1, resonances 
of new complex with the proposed structure LTiIIMe (13Ti) grew up at the expense 
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FIGURE 4.57  EPR spectrum (25°C, toluene) of the sample 9Ti/AliBu3/[Ph3C]+[B(C6F5)]4
− 

([Ti]:[Al]:[B] = 1:10:1.2, [Ti] = 5 × 10−3 M). Inset shows the expanded resonance of [(FI)
TiIII(μ-H)(μ-Cl)AliBu2]+[B(C6F5)4]− (11Ti).
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of those of 12Ti (Figure 4.58b). A similar picture was documented for the system 
9Ti/AlEt3, where complexes with the proposed structures LTiIICl and LTiIIEt were 
observed. In contrast to the samples 9Ti/AlMe3 and 9Ti/AlEt3, the formation of TiII 
species was not detected in the reaction of 9Ti with AliBu3. The stronger ability of 
AlEt3 to “overreduce” TiIV into TiII in comparison to that of AliBu3 was previously 
reported for the MgCl2/ethylbenzoate/TiCl4-AlR3 catalyst systems [186].

It was proposed previously that ion pairs [LTiII]+[MeMAO]− could be responsible 
for the trimerization of ethylene [179,183]. We have undertaken the search for species 
of this type in the catalyst systems 9Ti/AlMe3/[Ph3C][B(C6F5)4] and 9Ti/MAO [184]. 
It was found that after mixing 9Ti and AlMe3/[Ph3C][B(C6F5)4] for 5 min at 25°C, 
the 1H NMR spectrum of the sample mixture exhibited resonances of LTiIICl and 
of a new complex 14Ti (Figure 4.59a). The concentration of 14Ti decreased with time 
(Figure 4.59b). It is tempting to assign 14Ti to an ion pair of type [LTiII]+[B(C6F5)4]−. 
Catalytic studies witnessed that catalyst system 9Ti/MMAO produced a much higher 
amount of PE and a lower amount of 1-hexene than the system 9Ti/MAO [184]. As 
was noted above, the major part of titanium exists in the catalyst system 9Ti/MMAO 
in the form of TiIII species. It is likely to propose that TiIII species are responsible for 
the generation of PE by the catalyst system 9Ti/MMAO. Further studies are needed 
to verify the key role of [LTiII]+[B(C6F5)4]− species in the selective trimerization of 
ethylene and the role of TiIII species in the formation of HMWPE.
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Electrospray ionization mass spectrometry 
(ESI-MS), 72–73

Elusive FeV═O intermediates, EPR spectroscopic 
detection of, 104

asymmetric epoxidation of chalcone, 112
carboxylic acids, 109
CH3COOH, 105–106
EPR data for oxoferryl intermediates, 110
EPR spectra, CH2Cl2/CH3CN, 106
EPR spectroscopic data, 106
iron complexes, 107–108, 109–110
iron–oxygen intermediates, 108–109

NMR spectroscopic characterization of metal 
complexes, 113

transition metal complexes, 111–112
Epoxidation, 88

olefin, 104–105, 108
EPR spectroscopy, see Electron paramagnetic 

resonance spectroscopy
Equilibrium magnetization, 2
ESI-MS, see Electrospray ionization mass 

spectrometry
ETA, see Ethyl trichloroacetate
η2-(tert-butylperoxo)titanatrane dimer, 68, 

70, 72
Ethylene (C2H4), 60
Ethylene polymerization, 37, 169, 172; see also 

Living polymerization
activity, 181
calix[4]arene vanadium(V) complex reaction 

with AlEt2Cl, 176–178
calix[4]arene vanadium(V) complex reaction 

with AlEt3, 181
calix[4]arene vanadium(V) complex reaction 

with AlMe2Cl, 178–181
catalyzed by 10Ni/AlR2Cl, 195
chain-propagating species forming upon, 

182–186
over (Cp-R)2ZrCl2/MAO Catalysts, 139
precatalyst based on calix[4]arene 

vanadium(V) complex, 176
Ethylene trimerization, 

EPR spectrum, 204
1H NMR spectra, 205
ion pairs [LTiII]+[MeMAO]−, 206
selective ethylene trimerization on Ti-and 

Cr-based catalysts, 203
structures of complexes 9Ti and 9Ti-Me, 202
by titanium complex bearing phenoxy imine 

ligand, 202
Ethyl trichloroacetate (ETA), 176
Evans method, 47–51
Extended X-ray absorption fine structure 

(EXAFS), 61
External magnetic field, 1, 2
Extra absorption peaks, 10

F

[FeII(BPMEN)(CH3CN)2] (ClO4)2 complex, 48, 
49

FeIIIFeIII–O2
•−, Diiron(μ-hydroxo) structures, 66

FeIII–O2
•− structure, 66

Fermi contact, 40
contribution, 43
interaction, 6
paramagnetic shift, 51
shift, 46

Ferric-superoxo complex, 65–66
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Ferric complexes, 104
asymmetric epoxidation of chalcone, 112
carboxylic acids, 109
CH3COOH, 105–106
elusive FeV═O intermediates, EPR 

spectroscopic detection of, 104
EPR data for oxoferryl intermediates, 110
EPR spectra, CH2Cl2/CH3CN, 106
EPR spectroscopic data for S = 1/2 iron 

species, 106
iron complexes, 107–108
iron complexes with aminopyridine ligands, 

109–110
iron–oxygen intermediates, 108–109
NMR spectroscopic characterization of metal 

complexes, 113
olefin epoxidation, 104–105
olefin epoxidation by H2O2, 108
transition metal complexes, 111–112

FID, see Free induction decay
Fluorinated intermediates [LaTiP]+[MeMAO]− 

(8Tia), 201
19F NMR spectroscopy, 153
Fourier transform (FT), 4, 24

NMR spectroscopy, 4
“Free chain” structure, 202
Free induction decay (FID), 4, 12, 22–23
Frequency-domain spectrum, 12
FT, see Fourier transform

G

[γ-PV2W10O38(OH)2]3−, 85
Geraniol, 80
g-factor, 1–2

anisotropy, 7–8
d-Glucuronate (DG), 65
“Green” catalyst systems, 55
Group 4 metallocene catalysts, 159–160
g-tensor, 7, 8, 195

anisotropy, 44
rhombic, 62, 65

Gyromagnetic ratio, 1–2

H

Hafnium precatalysts, 155
Hafnocene complexes, 155
Halcon epoxidation, 67
Hammond–Leffler principle, 110
Harmonic oscillations, 23
1H COSY spectra, 37–39
1H,1H COSY, see 2D homo-nuclear COrrelation 

SpectroscopY
1H,13C-COSY spectra, 37
1H,13C heteronuclear correlated spectrum, 35
Heme enzymes, 95–96

HETCOR, see Heteronuclear H,X-correlation 
spectroscopy (HXCO)

Heteronuclear H,X-correlation spectroscopy 
(HXCO), 35, 37

Heteronuclear multiple bond correlation 
spectroscopy (HMBC 
spectroscopy), 37

Heteronuclear multiple quantum coherence 
spectroscopy (HMQC 
spectroscopy), 37

Heteronuclear single quantum coherence 
spectroscopy (HSQC 
spectroscopy), 37

Hexamethylphosphoric triamide (HMPA), 
80–81, 82

Hexane, 30
1-Hexene, 202

polymerization, 157
HF, see Hyperfine
High-molecular-weight polyethylene 

(HMWPE), 202
HMBC spectroscopy, see Heteronuclear multiple 

bond correlation spectroscopy
HMPA, see Hexamethylphosphoric triamide
HMQC spectroscopy, see Heteronuclear multiple 

quantum coherence spectroscopy
HMWPE, see High-molecular-weight 

polyethylene
1H NMR–characterized oxomanganese(V) 

complexes, 93
1H NMR monitoring, 161–162
1H NMR spectra, 73, 137, 151, 160

of cationic (SBI)Zr complexes, 158
of Cp2TiCl2 + MAO, 144
of L2ZrCl2/MAO systems, 139–140

Homogeneous catalysis, 27
1H and 13C NMR chemical shifts 

diagram, 28
1H spectra of paramagnetic molecules, 

39–51
measuring 1H and 13C NMR spectra of sample 

compound, 29–39
Homogeneous catalytic processes, 67
Homogeneous single-site catalysts, 128
Homonuclear, 13C, 13C-correlation 

spectroscopy, 37
Homoprotocatechuate 2, 3-dioxygenase (2, 

3-HPCD), 65, 66
2,3-HPCD, see Homoprotocatechuate 

2,3-dioxygenase (2,3-HPCD)
1H pulsed field-gradient spin echo NMR 

spectroscopy (PFGSE NMR 
spectroscopy), 187

1H spectra of paramagnetic molecules, 39
probing structure of unknown Ni(II) 

complex by multinuclear NMR, 
40–42, 43
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temperature dependence of paramagnetic 
shift, 42–51

1H spectra of sample compound, 29
1H COSY vs. 1H TOCSY spectra, 37–39
one-dimensional 13C NMR spectra and, 

29–37
two-dimensional 13C NMR spectra and, 

29–37
1H spectroscopy, 153
HSQC spectroscopy, see Heteronuclear single 

quantum coherence spectroscopy
1H TOCSY spectra, 37–39
180° pulse, 22
H,X-COSY, see Heteronuclear H,X-correlation 

spectroscopy (HXCO)
HXCO, see Heteronuclear H,X-correlation 

spectroscopy
Hybrid density functional approach, 80–81
Hydrogen peroxide, 61, 80
Hydroxamic acids, 78, 79
Hyperfine (HF), 5–6

splitting constant, 6

I

ICT, see Intervalence charge transfer
INADEQUATE, 37
Instrumentation

for CW EPR spectroscopy, 4, 5
for pulsed FT NMR spectroscopy, 11, 12

Integral intensity, 30
“Interacting chain” structure, 202
Intervalence charge transfer (ICT), 91
Ion pairs formation

in catalyst systems (Cp-R)2ZrCl2/MAO, 
detection of, 137–139

in catalyst systems metallocene/AliBu3/
[Ph3C][B(C6F5)4], 152–156

in catalyst systems zirconocene/activator/α-
olefin, 156–159

in catalyst systems zirconocene/MMAO, 
observation of, 149–152

upon activation of (C5Me5)TiCl3 and [(Me4C5) 
SiMe2NtBu]TiCl2 with MAO, 148–149

upon activation of (Cp-R)2ZrCl2 (R = nBu, 
tBu) with MAO, detection of, 134–137

upon activation of Ansa-Zirconocenes with 
MAO, 139–143

upon interaction of Cp2TiCl2 and Rac-
C2H4(Ind)2TiCl2 with MAO, 143–148

upon interaction of Cp2ZrMe2 with MAO, 
structure of, 132–134

IPr, 61
Iron(III), superoxo complexes of, 65–67
Iron complexes, 96

with aminopyridine ligands, 103, 109–110
Isomeric Zr-allyl complexes, 157

J

Jacobsen’s catalyst, 93
J-modulated carbon spectra (JMOD), 32–33

K

Kagan–Modena asymmetric sulfoxidation 
system, 72

Katsuki–Sharpless, 
asymmetric epoxidation system, 72
epoxidation, 67

Klystron, 4
Kronecker symbol, 7

L

Lactol, 80
Larmor frequency, 17
Larmor precession, 17
Lewis acidic sites, 130–131, 150
[(L)FeV═O]3+ oxocomplexes, 95

asymmetric epoxidation of chalcone, 101
chiral complex, 99–100
cyclohexene, 97
EPR spectroscopic data for S = 1/2 

iron–oxygen species, 100
EPR spectroscopy, 96–97
ferric-peracetate complexes, 104
heme enzymes, 95–96
iron complexes, 96
iron complexes with aminopyridine ligands, 103
nonheme iron complexes, 96
putative oxoiron(V) intermediates, 102

[LHf(μ-H)2Al(H) iBu)+, 155
[LHf(μ-H)2AliBu2)+, 155
[LHf(μ-Me)2AlMe2]+ [MeMAO]− (IIIHf), 154
[LHf(μ-Me)2AlMe2]+[B(C6F5)4]− (III′Hf), 154
Linear low-density polyethylene (LLDPE), 202
L2iPrCoIICl2 

with AlMe3, activation of, 169–171
with MAO, activation of, 166–169

L2iPrFeCl2 
with AlMe3, activation of, 161–166
with MAO, activation of, 160–161

Living polymerization; see also Ethylene 
polymerization

β-hydrogen transfer, 202
bis(enolatoimine) titanium catalysts 

with 13C-MAO, 200
over o-fluorinated post-titanocene catalysts, 

198
structure of complexes 1Ti–4Ti, 199
structure of complexes 5M and 6M, 200
structures of propagating species 8Tia and 

8Tib, 201
weak noncovalent Ti⋅⋅⋅F interactions in 

intermediate 7Tia, 201
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LLDPE, see Linear low-density polyethylene
L2MeVCl3/AlMe3/[Ph3C][B(C6F5)4] System, 

172–175
L2MeVCl3/MAO System, 175–176
Longitudinal relaxation time, 16, 18
Lorentzian line shape, 20
LS–HS equilibrium, 51
[LTiII]+[B(C6F5)4]− species, 206
[(L)Zr(μ-Me)2AlMe2)+[Me-MAO]−, 141–142
[(L)Zr(μ-Me)2AlMe2]+[B(C6F5)4)−, 141–142
[(L)ZrMe(NMe2Ph)]+[B(C6F5)4]−, 141–142
[(L)ZrMe]+[B(C6F5)4]−, 141–142

M

m-CPBA, see meta-chloroperoxybenzoic acid
Macrocyclic tetraamide ligand (TAML), 100
Macroscopic magnetization, 3, 16–17
Magnetic field, 4–5, 12–16, 18, 20–22
Magnetic moment of atom, 6
Magnetic nuclei, 3
Magnetic resonance, 2
Magnetic susceptibility measurement for 

studying spin equilibrium, 47
[FeII(BPMEN)(CH3CN)2] (ClO4)2 complex, 49
LS–HS equilibrium, 51
NMR timescale process, 50
preparation of NMR sample, 48

Magnetization transfer, 32
MAO, see Methylalumoxane
Mass magnetic susceptibility equation, 47
Me2AlEt, 148
[(Me2PyTACN)FeII(OTf)2], 96
[(Me2PyTACN)FeV=O(OH)]2+, 102
MeAl(C6F5)3, 142
MeB(C6F5)3, 142
MeE(C6F5)3, 141–142
meta-chloroperoxybenzoic acid (m-CPBA), 95, 

96–97
Metallocene-based polymers, 127–128
Metallocene catalysts, 127; see also Post-

metallocene catalysts
on active centers of MAO, 130–132
ion pairs detection forming in catalyst 

systems (Cp-R)2ZrCl2/MAO, 
137–139

ion pairs detection forming upon activation 
of (Cp-R)2ZrCl2 (R = nBu, tBu) with 
MAO, 134–137

ion pairs forming in catalyst systems 
metallocene/AliBu3/[Ph3C][B(C6F5)4], 
152–156

ion pairs forming upon activation of (C5Me5)
TiCl3 and [(Me4C5) SiMe2NtBu]TiCl2 
with MAO, 148–149

ion pairs forming upon activation of Ansa-
Zirconocenes with MAO, 139–143

ion pairs forming upon interaction of 
Cp2TiCl2 and Rac-C2H4(Ind)2TiCl2 
with MAO, 143–148

ion pairs operating in catalyst systems 
zirconocene/activator/α-olefin, 
156–159

metallocene-based polymers, 127–128
observation of ion pairs forming in catalyst 

systems zirconocene/MMAO, 
149–152

size of MAO oligomers, 128–130
structure of ion pairs forming upon 

interaction of Cp2ZrMe2 with MAO, 
132–134

Metal–oxygen intermediates, 55
Methylalumoxane (MAO), 128

activation of L2iPrCoIICl2 with, 166–169
activation of L2iPrFeCl2 with, 160–161
on active centers of, 130–132
on active centers of MAO, 130–132
ion pairs detection forming in catalyst 

systems (Cp-R)2ZrCl2/MAO, 137–139
ion pairs detection forming upon activation 

of (Cp-R)2ZrCl2 (R = nBu, tBu) with, 
134–137

ion pairs forming upon activation of (C5Me5)
TiCl3 and [(Me4C5) SiMe2NtBu]TiCl2 
with, 148–149

ion pairs forming upon activation of Ansa-
Zirconocenes with, 139–143

ion pairs forming upon interaction of 
Cp2TiCl2 and Rac-C2H4(Ind)2TiCl2 
with MAO, 143–148

oligomer size, 128–130
size of MAO oligomers, 128–130
structure of ion pairs forming upon 

interaction of Cp2ZrMe2 with, 
132–134

MI, see myo-inositol
Microwave frequency (MW frequency), 3
MIOX, see myo-inositol oxygenase
MMAO, see Modified methylalumoxane
[MnV = O(salen)]+, 91–95
Mo(VI)-1,2-diol complexes, 68
Modified methylalumoxane (MMAO), 128

observation of ion pairs forming in catalyst 
systems, 149–152

Molar susceptibility, 48
Molybdenum 

complexes, 81
diperoxo complex of molybdenum(VI), 81
peroxo complexes of, 80–83

Molybdenum(VI), 68
alkylperoxo complexes of, 68
dinuclear complex, 68–69
17O NMR spectra, 69–71
95Mo NMR spectrum, 69
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structure, 72
Mono-intermediates, 80–81
Monomeric compounds 

1H NMR spectra, 44
linear temperature dependence, 45
temperature dependence of paramagnetic 

shift of, 43
Monomer Pd(OAc)2S(η2-O2

•−), 61
Mononuclear alkylperoxo complex, 73
Mononuclear species, 64
Mössbauer spectroscopy, 67
Multinuclear NMR 

1H NMR spectrum, 41
1H spectral data of complex, 3, 41
molecular structure of compound, 43
31P and 19F NMR spectra, 42
probing structure of unknown Ni(II) complex 

by, 40
synthesis of Ni(TPA) complex, 40

Multiplets, 12
MW frequency, see Microwave frequency
myo-inositol (MI), 2, 3, 4, 5, 65
myo-inositol oxygenase (MIOX), 65

N

N4Py, see N,N-bis(2-pyridylmethyl)-N-(bis-2-
pyridylmethyl)amine

4NC, see 4-Nitrocatechol
Net magnetization, 2
Neutral NiIIκ2-(N, O)-salicylaldiminato olefin 

polymerization catalysts, 182
catalyst deactivation, 188–190
chain-propagating species, 182–186
evaluation of size of Ni–Polymeryl species by 

PFG NMR spectroscopy, 187–188
N-Fluoroaryl bis(phenoxyketimine) Ti complex 

3Ti, 198–199
Ni-butyl species, 39
Ni-polymeryl species, 37, 39

evaluation of size of Ni-polymeryl species, 
187–188

Ni-propyl species, 39
Ni(II) 

catalysts, 194–198
complex by multinuclear NMR, 40–42, 43
metal center, 40
superoxo complexes of, 61–63

Ni(TPA) complex synthesis, 40
Nickel(II) complexes 5Ni–9Ni, 191
[NiII(13-TMC)(η1-O2

•−)]+, 62, 63
[NiII(14-TMC)(η1-O2

•−)]+, 61, 62
[NiII(dkim)(η2-O2

•−)], 62
[NiII(PhTtAd) (η2-O2

•−)], 61, 62
[NiIII(13-TMC)(η2-O2

2−)]+, 62, 63
90° pulse, 22
4-Nitrocatechol (4NC), 66

N-methylmorpholine-N-oxide (NMO), 94–95
NMO, see N-methylmorpholine-N-oxide
NMR spectroscopy, see Nuclear magnetic 

resonance spectroscopy
N,N-bis(2-pyridylmethyl)-N-(bis-2-

pyridylmethyl)amine (N4Py), 100
N,N′-Ethylenebis(benzoylacetoniminide), 58
N,N,N′,N′-Tetrakis(2-pyridylmethyl)-

ethylenediamine (TPEN), 100
NOE, see Nuclear Overhauser effect
Non-heme iron enzymes, 66
Nonfluorinated intermediates [LbTiP]+[MeMAO]− 

(8Tib), 201
Nonzero electric quadrupole moments, 15
Norbornene polymerization, 190

on bis(imino)pyridine Ni complexes, 191
Nuclear magnetic moments in magnetic 

field, 1–4
Nuclear magnetic resonance spectroscopy (NMR 

spectroscopy), 1
Bloch equations, 16–21
characteristics, 12
chemical shift, 12–14
line width, 14–16
measurements, 16
“NMR-silent” species, 159
pulsed FT NMR spectroscopy, 11, 12, 

21–24
spectroscopic analyses, 27
spectroscopists, 2
spin–spin coupling, 14

Nuclear magneton, 1
Nuclear Overhauser effect (NOE), 32

NOE-enhanced multiplets, 33
signal, 32

Nuclear spin relaxation, 15

O

Octamethyltrisiloxane (OMTS), 131
o-fluorinated bis-(phenoxyimine) titanium 

catalysts, 199
o-fluorinated post-titanocene catalysts, 

β-hydrogen transfer, 202
bis(enolatoimine) titanium catalysts with 

13C-MAO, 200
living polymerization over, 198
structure of complexes 1Ti–4Ti, 199
structure of complexes 5M and 6M, 200
structures of propagating species 8Tia and 

8Tib, 201
weak noncovalent Ti…F interactions in the 

intermediate 7Tia, 201
o-F-substituted bis(enolatoimine) titanium 

complex 4Tia (R = F), 199
18O labeling studies, 80
Olefin epoxidation by H2O2, 108
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Olefins; 76; see also Selective catalytic 
epoxidation of olefins

active species of selective epoxidation, 95
asymmetric epoxidation of chalcone, 101
chiral complex, 99–100
cyclohexene, 97
EPR spectroscopy, 96–97, 100
ferric-peracetate complexes, 104
heme enzymes, 95–96
iron complexes, 96
iron complexes with aminopyridine ligands, 

103
nonheme iron complexes, 96
putative oxoiron(V) intermediates, 102

OMTS, see Octamethyltrisiloxane
One-dimensional 1H and 13C NMR spectra, 29

13C{1H} NMR spectrum, 33
13C J-modulated NMR spectrum, 34
13C NMR experiment with 1H decoupling, 33
1H,1H COSY spectrum, 32
diastereotopic protons, 37
pulse sequence for H, X-COSY experiment 

(X = 13C), 36
pulse sequence for J-modulated, 34
sample compound—dimeric titanium(IV), 30
structure of hydrocarbon framework, 35
two-dimensional 1H, 13C HXCO spectrum, 36

1V complex, 177
Orbital angular momentum, 6

operator, 7
Organic compounds, 27
Oscillating field, 3, 4, 18
Oxochromium(V) complex, 89
Oxochromium(V)-salen species, 91
Oxo complexes, 88; see also Peroxo complexes

chromium-salen-catalyzed epoxidation, 93
[CrV = O(salen)]+, 88–91
EPR spectroscopic detection of elusive 

FeV═O intermediates, 104–113
[(L)FeV═O]3+, 95–104
[MnV = O(salen)]+, 91–95
(salen)manganese(III) complexes, 93

Oxygen transfer, 89

P

Palladium(II) (Pd(II)), 59
superoxo complexes, 59–61

para-substituted 2,6-di-tert-butylphenols (p-X-
DTBPs), 64

Paramagnetic molecules, 1H spectra of, 39–51
Paramagnetic shifts, 39

temperature dependence of, 42–51
Paramagnetic species, 3
Parts per million (ppm), 13
Pascal’s triangle, 14
PCA, see Pyrazine-2-carboxylic acid

Pd3(OAc)6(η1-O2
•−), 59, 60

[((S,S)-PDP)FeII(CH3CN)2](SbF6)2, 96
[((S,S)-PDP)FeV=O(OAc)]2+, 102
PE, see Polyethylene
Peptidylglycine-α-hydroxylating monooxygenase 

(PHM), 63
Peroxo complexes, 80; see also Oxo complexes

of molybdenum, 80–83
of titanium, 87–88
of vanadium, 83–87

Peroxy-p-quinolato cobalt(III) complex, 56
Perturbation theory, 7
PFG NMR spectroscopy, see Pulsed field-

gradient NMR spectroscopy
PFGSE NMR spectroscopy, see 1H pulsed field-

gradient spin echo NMR spectroscopy
Ph3PO, see Triphenylphosphine oxide
(2-PhInd)2ZrCl2 (1-Cl), 152
PHM, see Peptidylglycine-α-hydroxylating 

monooxygenase
Phosphotungstate, 86
Planar-chiral [2.2] paracyclophane-derived 

hydroxamate, 79–80
Planck constant, 1
Polyethylene (PE), 159
Polyolefins, 198
Polyoxoanion [PTiW11O39]3−, 87
Polypyridyl, 71
Post-metallocene catalysts; see also Metallocene 

catalysts
α-diimine vanadium(III) ethylene 

polymerization catalysts, 171–176
bis(imino)pyridine cobalt ethylene 

polymerization catalysts, 166–171
bis(imino)pyridine iron ethylene 

polymerization catalysts, 159–166
cationic intermediates formation upon 

activation of Ni(II) catalysts with 
AlMe2Cl and AlEt2Cl, 194–198

ethylene polymerization precatalyst based on 
calix[4]arene vanadium(V) complex, 
176–181

formation of cationic intermediates upon 
activation of bis(imino)pyridine nickel 
catalysts, 190–194

neutral NiIIκ2-(N,O)-salicylaldiminato olefin 
polymerization catalysts, 182–190

Post-metallocenes, 159
ppm, see Parts per million
Principal-axis system, 7
“Projections”, 31, 35
Proton magnetic moment, 1
Pulsed field-gradient NMR spectroscopy (PFG 

NMR spectroscopy), 133
evaluation of size of Ni–Polymeryl species 

by, 187–188
Pulsed Fourier transform (Pulsed FT) 
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instruments, 21
NMR spectroscopy, 4, 21–24, 29

Pulsed magnetic resonance spectroscopy, 3
Pulsed spectrometers, 3–4
“Pure spin” ground state, 7
p-X-DTBPs, see para-substituted 

2,6-di-tert-butylphenols
PyO, see Pyridine N-oxide
Pyrazine-2-carboxylic acid (PCA), 84
2,6-Pyridinedicarboxylate, 72
Pyridine N-oxide (PyO), 88–89
Pyridyl-amide hafnium complexes, 154

Q

Quadrature detection, 19
Quadrupolar interactions, 15–16
Quadrupole moment, 16

R

Rac-C2H4(Ind)2TiCl2, 143–148
Radio frequency (RF), 3

pulse, 4, 12, 21, 22–23
Reference frequency, 19
Reflection spectrometers, 4
Relaxation, 17–18
Relaxation delay, 29
Resonance absorption, 3
Resonance Raman spectroscopy, 67
Resonating nucleus, 12
Resonator cavity, 4
RF, see Radio frequency
Rhombically anisotropic spectrum, 9
Rotating frame, 21
Rotation matrix formalism, 19

S

S=1/2 diiron(III/III)-superoxo species, 65
Salan ligand, 30
Salen-type ligand, 71
[(salen)MnV = O]+ species, 93–94
Salicylaldiminato nickel(II) complexes, 2, 37, 39
SANS, see Small-angle neutron scattering
Scalar coupling (J-coupling), see Spin–spin 

coupling
Schiff base, 86
Second-rank tensor, 7
Selective catalytic epoxidation of olefins, 104; 

see also Olefins
asymmetric epoxidation of chalcone, 112
carboxylic acids, 109
CH3COOH, 105–106
elusive FeV═O intermediates, EPR 

spectroscopic detection of, 104
EPR data for oxoferryl intermediates, 110

EPR spectra, CH2Cl2/CH3CN, 106
EPR spectroscopic data for S = 1/2 iron 

species, 106
iron complexes, 107–108
iron complexes with aminopyridine ligands, 

109–110
iron–oxygen intermediates, 108–109
NMR spectroscopic characterization of metal 

complexes, 113
olefin epoxidation, 104–105
olefin epoxidation by H2O2, 108
transition metal complexes, 111–112

Selective 1H decoupling, 35
shf, see Superhyperfine
Shielding constant, 12
Side–on bond dioxygen species, 66
Small-angle neutron scattering (SANS), 130
Sodium amalgam (NaHg), 159
Spectroscopic techniques, 62
“Spin-echo” experiments, 32
Spin-forbidden process, 55
“Spin-only” electron, 7
Spin-probe technique, 131
Spin equilibrium, measuring magnetic 

susceptibility for studying, 47–51
Spin Hamiltonian, 8, 9
Spin–lattice relaxation time, see Longitudinal 

relaxation time
Spin–orbit coupling, 7, 8
Spin–spin coupling, 6, 14
Spin–spin relaxation time, see Transverse 

relaxation time
Superhyperfine (shf), 58
Superoxide anion (O2

•−), 56
Superoxo complexes, 56; see also Alkylperoxo 

complexes
Co(III), 56–59
Co(II), 63–64
iron(III), 65–67
Ni(II), 61–63
Pd(II), 59–61

Synthesized alkylperoxo complexes, 76–77
Synthetic polymer chemistry, 198

T

TAML, see Macrocyclic tetraamide ligand
[(TAML)FeV=O]–, 102
(tBuAlO)n cage structures, 130
Temperature dependence of paramagnetic shift, 

42
of antiferromagnetic dimmers, 45–47
measuring magnetic susceptibility for 

studying spin equilibrium, 47–51
of monomeric compounds, 43–45

(2,2,6,6-Tetramethylpiperidin-1-yl)oxyl 
(TEMPO), 4-5, 131



228 Index

3,3,5,5-Tetramethyl-pyrroline-N-oxide 
(TMPO), 84

Thermodynamic equilibration, 20–21
8Tia, see Fluorinated intermediates 

[LaTiP]+[MeMAO]−

8Tib, see Nonfluorinated intermediates 
[LbTiP]+[MeMAO]−

4Tia,b/AlMe3/[Ph3C][B(C6F5)4]/C2H4, catalyst 
systems, 199–200

4Tia,b/MAO/C2H4, catalyst systems, 199–200
9Ti/AlEt3 System, 206
9Ti/AlMe3/[Ph3C][B(C6F5)4] Systems, 204
9Ti/AlMe3/MAO Systems, 204
TIBA, see Triisobutylaluminum
Ti(OOtBu)(OiPr)3, 73, 74
Ti(OOtBu)2(OiPr)2, 73, 74
Ti(OOtBu)3(OiPr), 73, 74
Ti(OOtBu)4, 73, 74
Titanium, 154

13C and 1H NMR chemical shifts, 75–76
13C NMR spectrum, 75
alkylperoxo complexes, 72
EPR spectrum, 204
ESI-MS, 72–73
ethylene trimerization by titanium 

complex bearing phenoxy imine 
ligand, 202

1H NMR spectra, 205
ion pairs [LTiII]+[MeMAO]−, 206
olefins, 76
peroxo complexes, 87–88
selective ethylene trimerization on Ti-and 

Cr-based catalysts, 203
structures, 73, 202

Titanium silicalites (TS-1), 67
[(TM-4-PyP)MnV=O]5+, 93
TMA, see Trimethylaluminum
TMBQ, see 2,3,5-Trimethyl-p-benzoquinone 

(TMBQ)
[(TMC)FeV=O(NC(O)CH3)]+, 102
[(TMG3tren)CuII(η1-O2

•−)]+, 63, 64
TMP, see 2,3,6-Trimethylphenol (TMP)
TMPO, see 3,3,5,5-Tetramethyl-pyrroline-N-

oxide (TMPO)
TOCSY, see TOtal Correlation SpectroscopY
Torque, 17
TOtal Correlation SpectroscopY (TOCSY), 37
[(TPA)FeII(CH3CN)2](ClO4)2, 96
[(TPA)FeV=O(OAc)]2+, 102
TPA ligand, 40
TPEN, see N,N,N′,N′-Tetrakis(2-pyridylmethyl)-

ethylenediamine
Transition metal–catalyzed oxidations, 

intermediates of; see also Oxo 
complexes

alkylperoxo complexes, 67–80
Co(III) acetate in solution, 113–116

peroxo complexes, 80–88
superoxo complexes, 56–67

Transition metal complexes, 29, 47
Transition metal ions, 61
Transverse relaxation time, 18
2,4,6-Tri-tert-butyl phenol, 56
Triisobutylaluminum (TIBA), 148
1,4,7-Trimethyl-1,4,7-triazacyclononane 

(Me3tacn), 108
2,3,5-Trimethyl-p-benzoquinone (TMBQ), 86
Trimethylaluminum (TMA), 128
2,3,6-Trimethylphenol (TMP), 86
Triphenylmethane, 62
Triphenylphosphine oxide (Ph3PO), 88–89
Triplet oxygen (3O2), 55
Triplet structure, 5–6
2,4,6-Trisubstituted phenol, 56
TS-1, see Titanium silicalites
2D heteronuclear correlation spectroscopy, 35
2D homo-nuclear COrrelation SpectroscopY 

(1H,1H COSY), 30, 31, 37
Two-dimensional 1H and 13C NMR spectra, 29

13C{1H} NMR spectrum, 33
13C J-modulated NMR spectrum, 34
13C NMR experiment with 1H decoupling, 33
1H, 1H COSY spectrum, 32
2D 1H, 1H COSY experiment, 31
diastereotopic protons, 37
pulse sequence for H, X-COSY 

experiment, 36
pulse sequence for J-modulated, 34
sample compound—dimeric titanium(IV), 30
structure of hydrocarbon framework, 35
two-dimensional 1H, 13C HXCO 

spectrum, 36
Two-dimensional NMR techniques (2D NMR 

techniques), 27

V

Vanadium 
chemo-and stereoselective oxidizing catalyst 

systems, 84
[γ-PV2W10O38(OH)2]3−, 85
mono-and bis(peroxo) complexes, 83–84
monoperoxo complexes of, 84
oxidation of hydrocarbons, 85
peroxo complexes of, 83
phosphotungstate, 86
Schiff base, 86
51V and 13C{1H} NMR spectroscopy, 87

Vanadium(V), 72
alkylperoxo complexes of, 76
diastereomeric vanadium(V) tert-butyl 

peroxo complexes, 79–80
η2-alkylperoxo complex, 76
structure and reactivity of, 78–79
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synthesized alkylperoxo complexes, 76–77
Visualize scalar (J), 27
51V NMR spectroscopy, 80, 87
VO(acac)2(OOtBu), 77
VO(O2)(Pic)(H2O)(CH3CN), 84
VO(O2)(Pic)(H2O)2, 84
VO(OOtBu)(OnBu)2, 77
VO(OOtBu)(OtBu)2, 78
VO(OOtBu)2(OnBu), 77
VO(OOtBu)2(OtBu), 78
VO(OOtBu)3 complex, 77
VO(OtBu)3, 78

W

Waveguides, 4

X

X-band CW EPR spectroscopy, 4
X-band EPR spectrometers, 3, 4
X-ray adsorption spectroscopy (XAS), 61

Z

Ziegler–Natta catalysts, 127
Ziegler–Natta polymerization catalysts, 127
Zirconium complexes, 154
Zirconium precatalysts, 151
Zirconocene/MMAO catalyst systems, 149–152
Zr-polymeryl species VIII, VIIIethene, and 

VIIIpropene, 156
“Zwitterion-like” intermediates, 133–134
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