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Abstract: Spectator oxo ligands are ubiquitous in catalysis, in particular in olefin epoxidation and olefin metathe-
sis. Here we use computationally derived 7O NMR parameters to probe the electronic structure of spectator oxo
ligands in these two reactions. We show that ’O NMR parameters allow to distinguish between doubly-bonded
and triply-bonded oxo ligands, giving detailed insights into the frontier molecular orbitals involved in the metal-
oxo bonds along the reaction pathway. On the one hand, our study shows that in olefin epoxidation catalysed
by methyltrioxorhenium (MTO), the oxo ligand significantly changes its bonding mode upon formation of the
oxygen-transferring Re-oxo-bisperoxo-species, changing its nature from a doubly bonded to a triply bonded
oxo ligand. On the other hand, only minor changes in the binding mode are found along the olefin metathesis
reaction pathway with Mo- and W-based oxo-alkylidene species, in which the oxo ligand behaves as a triply
bonded ligand throughout the reaction. This finding contrasts earlier studies that proposed that the change of
binding mode of the oxo ligand was key to metallacyclobutane formation.
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1. Introduction

Metal oxo complexes are ubiquitous in catalysis and play a
particularly important role in both olefin epoxidation and olefin
metathesis.l!] Catalysts engaging in these reactions often feature
an oxo ligand that is not directly involved in the reaction and
merely acts as a spectator. In 1980, Rappé and Goddard pointed
out that this spectator oxo ligand is, however, crucial in modulat-
ing the electronic structure of catalysts along the reaction path-
way. In their seminal paper?! and two more detailed follow-up
studies,34 Rappé and Goddard discussed that the coordination
mode between the metal and the spectator oxo ligand varies be-
tween two extreme structures, described as a metal-oxo double
bond and a metal-oxo triple bond, respectively. In metal bis-
oxo (or tris-oxo) and oxo-alkylidene complexes, two (or more)
m-bonding ligands compete for the same metal d-orbitals. Hence,
the spectator oxo ligand in these complexes is best described as a
doubly bonded ligand. However, in the corresponding metallacy-
clobutane, formed upon reaction with an olefin, the spectator oxo
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ligand could in principle engage in two 7-bonding interactions
and is hence best described as a triply bonded metal-oxo (Fig. 1a).
Rappé and Goddard suggested that the changing bonding mode of
the spectator oxo ligand drives the metallacycle formation, as the
metal-oxo interaction gets stronger upon reaction with the olefin.

It should be noted that in 1980, when Rappé and Goddard de-
veloped the model of the spectator oxo ligand, the reaction mech-
anisms of neither olefin metathesis nor olefin epoxidation were
known in detail. While the Chauvin-mechanism of olefin metath-
esis was already proposed in 1971,51 the exact geometry of the
metallacyclobutane intermediate and its importance for the olefin
metathesis reaction were not completely elucidated. Only later
has it been shown that olefin metathesis occurs via the formation
of a metallacyclobutane of trigonal-bipyramidal (TBP) structure,
while square-planar (SP) metallacyclobutanes are off-cycle inter-
mediates (Fig. 1b).I-91 Similarly, the mechanism of metal-cata-
lysed olefin epoxidations with d° metals was subject to debate;
both insertion-type and outer sphere mechanisms were proposed
for the olefin epoxidation and olefin dihydroxylation reaction.[!0]
Today, outer-sphere mechanisms are generally accepted to pre-
dominate (Fig. 1b).l'!]

The currently accepted mechanistic models for olefin me-
tathesis and olefin epoxidation are hence significantly different
to those studied by Rappé and Goddard in their seminal work.
This entails the question whether the spectator oxo ligand actually
plays the role that was put forward in the 1980s. In this work, we
will hence study the electronic structure of the spectator ligands in
the olefin epoxidation reaction catalysed by methyltrioxorhenium
(MTO)2-141 ag well as in the olefin metathesis reaction catalysed
by Mo and W oxo-alkylidene species, that are proposed key inter-
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Fig. 1. a) Spectator oxo effect as proposed by Rappé and Goddard. b) Currently accepted mechanisms of i) olefin metathesis and ii) olefin epoxida-

tion with d°® metals.

mediates for the industrial metathesis catalysts based on support-
ed group 6 metal oxides.[15.16]

The study of the electronic structure of these metal complexes
will be based on O NMR parameters (chemical shift and quad-
rupolar coupling) because their analysis has recently emerged as
a powerful tool to understand the electronic structure of NMR
active nuclei.['’-20] Tn fact, we have recently shown that the '"O
NMR parameters of peroxo species can be of predictive value for
the propensity of these species to engage in olefin epoxidation.[2]
In particular, peroxo species active in epoxidation feature highly
deshielded '"O chemical shifts as well as larger quadrupolar cou-
pling constants (C,) as compared to peroxo species that do not
engage in epoxidation. This correlation between NMR parameters
and reactivity is due to a specific electronic structure that enables
olefin epoxidation, namely two co-planar lone-pairs on the two
peroxo oxygen atoms, that weaken the O—O bond while raising
the energy of the lone-pairs, thus generating an ideal electronic
structure for epoxidation reactivity.

In this work, we will interrogate the change of electronic struc-
ture of the spectator oxo ligand during the formation of peroxo
compounds and metallacyclobutane intermediates in olefin epox-
idation and olefin metathesis, respectively, by analysing the cor-
responding '"O NMR parameters in detail. We will focus on two
model reactions, i.e. the olefin epoxidation with MTO in the pres-
ence of H,0,, and the [2+2] cycloaddition of an olefin to a group
6 oxo-alkylidene species. We will show that NMR spectroscopy
is a suitable tool to distinguish metal-oxygen double bonds from
metal-oxygen triple bonds, thus directly capturing the essence of
the spectator oxo effect. Our analysis suggests that the oxo ligand
significantly changes its coordination mode upon formation of
peroxo intermediates in olefin epoxidation, generating a triply
bonded oxo ligand. The changes are much less pronounced up-
on metallacyclobutane formation in olefin metathesis, in which
the oxo ligand behaves like a triply bonded ligand throughout the
reaction.

2. Methodology

The chemical shielding tensors and electric field gradient
(EFG) tensors shown in this contribution were obtained by first
optimizing the molecular structures with the gaussian09 pro-
gram!22l (using a PBEO functional!?3! in combination with pcseg-2
basis sets of triple-{ quality!24! and quasi-relativistic effective core

potentials of the Stuttgart-group and the associated basis sets on
metal atoms(25:26). NMR calculations were performed using ADF
2014 within the GIAO framework,2”] with a PBEO functionall3!
and Slater-type basis sets of triple-{ quality. For the NMR calcu-
lations, relativistic effects were treated by the 2-component zeroth
order regular approximation (ZORA).[28291 The obtained NMR
shielding tensors are analysed using scalar relativistic natural lo-
calized molecular orbitals (NLMOs), obtained with the NBO 6.0
program.30!

2.1 Chemical Shift Tensors and Quadrupolar Coupling
Constants

The chemical shift tensor is a second-rank tensor with three
principal components defined as 6,, >, > 8., (Fig. 2a). The aver-
age of these three components corresponds to the isotropic chem-
ical shift 8, . Chemical shift for a measured nucleus thus depends
on the orientation of the molecule with respect to the magnetic
field. In solution, only the isotropic chemical shift 8,  is measured,
because molecular tumbling removes the orientation dependence.
In solid-state NMR of amorphous or microcrystalline samples,
so-called powder patterns are observed, in which the three princi-
pal components of the chemical shift tensor can be measured and
their superpositions are represented according to the statistical
orientation of molecules. The three components of the chemical
shift tensor are orthogonal to each other and their magnitude and
orientation can provide significant insight into the local electronic
structure of molecules.[17:31]

The chemical shift values (&) are reported with respect to a
reference compound, whose chemical shift is arbitrarily set to 0
ppm. For 7O NMR spectra, water (H,0) is typically used as a ref-
erence and set to 0 ppm. Chemical shielding () on the other hand
is an intrinsic property of the nuclei in molecules which describes
the shielding or deshielding of a nucleus with respect to the bare
nucleus (e.g. the O nucleus) whose shielding is set to 0 ppm.
Chemical shielding (o) and chemical shift (8) are hence linearly
related and only differ in their origin (5, = 6, . — ©,). While
experimentally, only the chemical shift (0) can be measured, in
computational approaches (e.g. DFT calculations) the chemical
shielding (o) is calculated (Fig. 2a).

DFT calculations also enable further analyses of the chemical
shielding, which allow to understand the relation between chem-
ical shielding (or chemical shift) and the molecular electronic
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structure. For instance, each principal component of the chem-
ical shielding tensor (G,) can be decomposed into diamagnetic
(0,,,) and paramagnetic () terms (Eqn. (1)). The diamagnetic
shielding arises from so-called diamagnetic currents which are in-
duced by the magnetic field in the core orbitals and causes a rather
isotropic shielding of the nucleus. In most cases, core orbitals
are similar among nuclei in various chemical environments and
hence the diamagnetic shielding is usually rather independent of
the local molecular structure (e.g. the oxygen 1s orbital in H,O is
not significantly different from that in H,0,). On the other hand,
the paramagnetic shielding arises from paramagnetic currents that
are induced in the frontier orbitals of a molecule (energetically
high-lying occupied and low-lying unoccupied orbitals). The para-
magnetic shielding can hence be described as the shielding aris-
ing from the interaction of the molecular electronic ground state
with excited states by a coupling through the angular momen-
tum operator L (Eqn. (2) and Fig. 2b).321 Typically, such orbital
interactions lead to deshielding; this deshielding is particularly
pronounced for the coupling of energetically low-lying excited
states and a high-lying ground state, corresponding to frontier mo-
lecular orbitals of appropriate symmetry to allow magnetically
induced coupling. In a more intuitive view, a large paramagnetic
deshielding of a nucleus is expected along a direction i, whenever
a high-lying occupied orbital on this nucleus can be superimposed
on a low-lying vacant orbital on the same nucleus by a rotation by
90° along the i-axis (Fig. 2b).[17]
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In addition to determining the diamagnetic and paramagnetic
contributions to the chemical shielding tensor, DFT calculations
also allow for the identification of the effect of specific frontier
orbitals on the paramagnetic shielding. For instance, the so-called
Natural Chemical Shielding (NCS) analysis allows to understand
the shielding tensor based on contributions of individual Natural
Localized Molecular Orbitals (NLMOs).[33:341 Since NLMOs
correspond to bonds and lone pairs this analysis of the chemical
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Fig. 2. a) The chemical shift tensor & and its relation to the chemical
shielding tensor c. b) Orbital origin of the paramagnetic contributions to
the shielding tensor, which usually leads to deshielding.

shielding allows for a very intuitive view of the origin of a specific
chemical shielding.

As 0O is a quadrupolar nucleus (I = 5/2), in addition to the
information contained in the chemical shift, the quadrupolar cou-
pling holds information about the distribution of charges around
the nucleus. The quadrupolar coupling is proportional to the elec-
tric field gradient (EFG) tensor.13>! While we will not analyse EFG
tensors in detail in this work, this property contains information
about the charge distribution around a nucleus and has been a
valuable tool to assess local symmetry around quadrupolar nuclei
(e.g. "0, P7Al, #Sc).136-39]

3. The Spectator Oxo Ligand During Olefin
Epoxidation

MTO is a prototypical epoxidation catalyst, able to efficiently
epoxidise olefins in the presence of hydrogen peroxide (H,0,).110:121
Upon reaction with H,O,, MTO can form mono- and bisper-
oxo species. The oxygen-transferring key intermediate has been
proposed to be the rhenium-oxo-bisperoxo species (Fig. 1b).[40]
Commonly, the reaction is carried out in the presence of pyridine
or pyridine derivatives; the pyridine stabilizes the peroxo species
and protects the epoxide from ring opening by subsequent Lewis
acid-catalysed reaction, while additionally acting as a phase-trans-
fer catalyst.[13:1441]1 In the following, we will discuss the spectator
oxo ligand and the development of the Re=0 bond throughout the
formation of the oxygen-transferring species (Fig. 1b).

In MTO, the Re=O bond length is calculated to be 1.692 A.
In the corresponding mono-peroxo and bis-peroxo species (both
stabilized by pyridine), the Re=0 bond length decreases to 1.680
A and 1.666 A, respectively. The shortening of this bond indicates
a stronger Re=0 interaction upon formation of peroxo interme-
diates. To probe the electronic structure of the Re=O bond, we
calculated the 7O NMR parameters of the spectator oxo ligand
throughout the reaction. Upon going from MTO to the corre-
sponding mono- and bisperoxo species, the calculated isotropic
7O chemical shift of the oxo ligand changes from 894 ppm to
857 ppm and 797 ppm, respectively. The increased shielding of
the oxo ligand upon peroxo-formation is in agreement with the ex-
perimentally measured 'O chemical shift, which decreases from
829 ppm in MTO to 762 ppm in the bisperoxo compound.*?] The
simulated calculated spectral signatures as well as the calculated
chemical shift tensors and quadrupolar coupling parameters are
shown in Fig. 3. The simulated spectra show a remarkable change
in electronic structure of the Re=O bond upon going from MTO
and the monoperoxo- to the bisperoxo-species. While the former
show one very deshielded component of the chemical shift tensor
(3,,), the bisperoxo-species shows an almost axially symmetric
chemical shift tensor with two highly deshielded components (5,
and §,,), while 8, is highly shielded. Hence, while the oxo ligand
in MTO and the corresponding monoperoxo-species is highly
deshielded in only one direction, it is highly deshielded in two
directions in the case of the bisperoxo-species.

As discussed in the introduction, the nuclear shielding is a
property that depends on the relative energy and symmetry of
frontier molecular orbitals. The "O NMR parameters shown in
Fig. 3 hence contain valuable information on the electronic struc-
ture of the spectator oxo ligand. We thus performed an orbital
analysis of the chemical shielding tensors of the oxo ligands; this
analysis allows to pin-point which frontier orbitals are responsible
for the observed deshielding.

Fig. 3 (right side) shows the orbital contributions of the most
relevant NLMOs of the oxo ligand to the shielding of the 7O
nucleus in the form of histograms. Note that the components of
the shielding tensor G, (blue bar) correspond to the sum of the
diamagnetic contributions (black bar) and paramagnetic contribu-
tions (red bar). While the diamagnetic contributions are basically
constant for all ¢, in all studied compounds, the paramagnetic
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Fig. 3. Simulated NMR signatures and orbital contributions of the oxo ligand in MTO, MTO monoperoxide and MTO bisperoxide.

contributions are responsible for the variations among the ¢,,. For
MTO and the corresponding monoperoxide the G,, component is
highly deshielded, while 6,, and G,, are more shielded. The main
orbital contribution to deshielding of G, in these compounds arises
from the bonding 6(Re—-O) orbital, which is a high-lying occupied
orbital. This orbital gives rise to deshielding by a magnetic cou-
pling to the low-lying t*(Re—O) orbital, which corresponds to the
antibonding combination of a metal d-orbital with the lone-pair on
oxygen, arising from the n-bonding interaction between the metal
and the oxo ligand. In other words, the t-bond between the metal
and the oxo ligand generates an energetically low-lying vacant
orbital with contribution on oxygen (the ©*(M-O) orbital), which
is responsible for the large observed deshielding. This deshielding
is hence indicative of the presence of a m-bonding interaction. In
the bisperoxo species derived from MTO, not only the G, but
also the o,, component is highly deshielded. In fact, the shielding
tensor (Fig. 3, bottom) is almost axially symmetric with respect
to the Re—O axis, indicating that the two directions perpendicular
to this bond show a very similar electronic structure. The orbital
analysis of both ¢, and G,, show that the large deshielding of
these components originates mainly from the 6(Re—O) orbital.
The deshielding of both directions perpendicular to the Re—O axis
originating from the 6(Re-O) orbital indicates the presence of
two low-lying n*(Re—O) orbitals and is hence indicative of two
n-bonding interactions between the metal and the oxo ligand, and
hence of a triply-bonded oxo ligand.

Analysis of the 7O NMR chemical shift tensors of the spec-
tator oxo ligand in MTO and its associated peroxo-species hence
shows that upon formation of a bisperoxo species the spectator

oxo ligand changes its electronic structure and develops from a
doubly bonded ligand to a triply bonded ligand. Notably, this in-
formation is derived from all three components of the chemical
shift tensor, and would be difficult to obtain purely based on the
isotropic chemical shift. The analysis of the NMR chemical shift
tensor of the spectator oxo ligand indeed reveals the electronic
structure that has been proposed by Rappé and Goddard, i.e. that
this ligand forms a Re-O triple bond, thus driving the formation
of peroxo intermediates.

4. The Spectator Oxo Ligand During Olefin Metathesis

The importance of the spectator oxo ligand has not only been
discussed in the framework of olefin epoxidation, but also in ole-
fin metathesis. Rappé and Goddard suggested that the formation
of metallacyclobutanes from metal alkylidenes in olefin metath-
esis is assisted by the spectator oxo ligand. The spectator oxo li-
gand was suggested to develop from a doubly bonded ligand to
a triply bonded ligand upon [2+2] cycloaddition. We hence per-
formed a similar analysis as shown above for MTO for prototypi-
cal olefin metathesis catalysts, bearing Mo=0 and W=0 units (i.e.
(HO),Mo(O)(CH,) and (HO),W(O)(CH,) as simple models of the
proposed active sites of the corresponding industrial catalysts. We
obtain very similar results for both systems and will hence only
discuss the Mo-based system, and provide comparative results for
the W-based system in Table 1. During the [2+2] cycloaddition re-
action, the metal alkylidene transforms into a metallacyclobutane
of trigonal bipyramidal (TBP) geometry. We also calculated the
corresponding square pyramidal (SP) metallacyclobutane, which
is an off-cycle intermediate in the olefin metathesis process and
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corresponds to the metallacyclobutane considered by Rappé and
Goddard. Upon [2+2] cycloaddition of ethylene to the alkylidene,
the Mo=0 distance increases from 1.661 A in the alkylidene to
1.680 A in the TBP metallacyclobutane. The Mo=0 distance in the
SP metallacyclobutane is calculated at 1.660 A and is hence similar
to that in the alkylidene. We subsequently calculated the O NMR
parameters of the oxo ligand in all three structures. The results
of these calculations are shown in Fig. 4. As can be seen, the oxo
ligand in the metal alkylidene shows two highly deshielded com-
ponents. Hence, this oxo ligand already features an almost axially
symmetric electronic structure which is indicative of a metal-oxo
triple bond. Upon formation of the TBP metallacyclobutane the
axial symmetry is slightly decreased; the overall broadening of the
spectrum is mainly due to a larger quadrupolar coupling, which
will not be discussed in detail. However, it should be noted that the
C 0 is particularly large for the TPB structure, which is associated
with an increase of the Mo-O bond length, induced by the presence
of an X-ligand trans to the oxo ligand. Notably, the axial symme-
try is significantly more decreased in the SP metallacyclobutane,
suggesting less metal-oxo triple bond character in this intermediate
despite the shorter metal-oxygen bond distance.

The 7O NMR parameters of the oxo ligand in the olefin me-
tathesis reaction with a prototypical catalyst bearing a Mo=0
unit hence suggest that the spectator oxo ligand does not as-
sist the metallacyclobutane formation by changing its bonding.
Instead, it is best described as a triply bonded ligand through-
out the whole catalytic cycle (comprising the alkylidene and
the TBP metallacyclobutane), while some of the triple-bonding
character is lost upon formation of the off-cycle SP metallacy-
clobutane intermediate.

Table 1 shows the results for the analogous analysis for the
corresponding W-oxo-alkylidene (i.e. (HO),W(O)(CH,)). Overall,
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the oxo ligand behaves in a similar way as in the Mo-homologue,
indicating a large triple-bond character in the alkylidene and the
TBP-intermediate, while some of this triple-bond character is lost
in the off-cycle SP-intermediate.

Even if the role of the spectator oxo ligand in olefin me-
tathesis might not be that inferred by Rappé and Goddard, the
triple-bonding metal-oxo interaction along the catalytic cycle
of olefin metathesis has important implications. Since the oxo
ligand in the alkylidene intermediate is involved in two m-inter-
actions with the metal, the angle between the oxo ligand and
the alkylidene (which compete for the same d-orbital) is typi-
cally less than 109° (what would be expected for four equiva-
lent ligands), and sometimes even approaches 90°.71 The [2+2]
cycloaddition step is associated with the formation of the TBP
metallacyclobutane, in which the angle between the metallacy-
clobutane-carbons and the axial oxo ligand is 90°. If the oxo-
Mo-alkylidene angle is closer to 90°, the molecule undergoes
a smaller structural rearrangement upon [2+2]-cycloaddition,
hence lowering the barrier of this central step in olefin me-
tathesis. Due to the inherent symmetry of olefin metathesis, a
similar argument applies to the cycloreversion reaction, which
is the microscopic reverse of the cycloaddition (Fig. 5). Upon
conversion of the TBP metallacyclobutane to the off-cycle SP
metallacyclobutane, the oxo ligand loses some of its triple-bond-
ing character. This destabilizes the SP metallacyclobutane with
respect to the TBP structure, hence modulating the relative sta-
bility of these two crucial intermediates of olefin metathesis.
Hence, even though the oxo ligand in olefin metathesis might
not play the role that was proposed by Rappé and Goddard, its
presence crucially influences the electronic structure along the
metathesis pathway, disfavouring the formation of unreactive
intermediates.
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Table 1. Chemical shift tensors, quadrupolar coupling parameters and metal-oxo distance in the prototypical Mo and W-oxo metathesis catalyst

(HO),M(O)(CH,) and the corresponding metallacyclobutane structures.

8., [ppml 8, [ppml  §,[ppm]  §,[ppm] C,[MHz] n d(W-0) [A]

Mo-oxo-alkylidene 931 1270 1239 286 -1.8 0.92 1.661

Mo-oxo-TBP 920 1410 1289 61 6.46 0.10 1.680

Mo-oxo-SP 875 1339 1089 199 -2.1 0.23 1.660

W-oxo-alkylidene 809 1142 1101 183 2.02 0.76 1.689

W-oxo0-TBP 806 1221 1165 33 6.72 0.12 1.706

W-ox0-SP 776 1199 1002 127 -2.02 0.58 1.687
Fig. 5. The role of the oxo ligand in

olefin metathesis. o 8 o0 o

q=cr, & 95 § S
))E/ metal orbitals destabilized metal orbitals available X

by spectator ligand

for metathesis

O-M-CH, angle < 109°

structures with more double-bond character

TBP favoured over SP

5. Conclusion

The analysis of 7O NMR parameters obtained from DFT cal-
culations allows for a detailed analysis of the electronic struc-
ture of oxo ligands. In particular, the 7O NMR chemical shift
tensor allows to easily distinguish metal-oxo double bonds from
metal-oxo triple bonds, and is hence a convenient tool to probe
the development of spectator oxo ligands throughout a chemical
reaction. Our analysis on the olefin epoxidation with H O,, cat-
alysed by methyltrioxorhenium (MTO), shows that the spectator
oxo ligand of MTO indeed changes its bonding from a Re-oxo
double bond to a Re-oxo triple bond upon formation of the bis-
peroxo complex. In olefin metathesis on the other hand, the spec-
tator oxo ligand does not seem to provide a driving force for the
metallacyclobutane formation. Throughout the whole reaction the
oxo ligand acts as a triply-bonded ligand. The oxo ligand does not
stabilize the metallacyclobutane with respect to the alkylidene.
Instead, it brings the alkylidene into a geometry that is closer to
that of the transition state to [2+2] cycloaddition and that of the
metallacyclobutane. In addition, the triply-bonded spectator-oxo
ligand modulates the relative energy of the trigonal-bipyramidal
(TBP) metallacyclobutane, which is on the pathway of the cat-
alytic cycle versus the square-pyramidal (SP) isomer, which is
an off-cycle intermediate. Balancing the relative energy of these
intermediates is central to catalysis, and the spectator ligand is
one of the key design elements in the development of efficient
catalysts. Overall, oxo ligands which are ubiquitous in transition
metal catalysts can adopt various binding modes, thus modulating
the electronic structure of the metal atom throughout the catalytic
cycle.
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