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Abstract: Chemical shift tensors give valuable insights into the nature and the relative energy of frontier orbitals
and their analysis allows for rationalizing the reactivities of molecules. In this article, we point out the principles
that allow for the analysis of chemical shift. Through selected, illustrative examples we show how one can relate
chemical shift to molecular electronic structure and thus to reactivity.
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1. Introduction

NMR spectroscopy is one of the most potent and widely used
tools to investigate the structure and dynamics of molecules and
materials.lll One of the most compelling properties of NMR is its
sensitivity to the local electronic environment of nuclei: the reso-
nance frequency of a nucleus is not only determined by the type
of nucleus (e.g. 'H, !'B, *C, BN, 70, etc.) but also by its direct
chemical environment.[?I This feature of NMR gives rise to the so-
called chemical shift and allows to distinguish nuclei of the same
type in different chemical environments (e.g. *C in alkyl groups,
in olefinic positions, or in carbonyl positions), making NMR one
of the most powerful tools to characterize molecules and materials
in the laboratory.3]

The origin of chemical shift is a local strengthening or weaken-
ing of the external magnetic field due to the molecular electronic
structure. We generally accept that sp? carbon-atoms in olefins are
more deshielded than a CH, group! or that many transition-metal
alkyl species show highly deshielded carbon chemical shifts in
sharp contrast to alkyl-lithium or Grignard reagents.!3l Besides
being a powerful signature helping to determine molecular struc-
tures, chemical shift contains more information. In this article we
describe how the chemical shift of an atom relates to frontier mo-
lecular orbitals, and how we can use chemical shift as a powerful
descriptor to delineate the local electronic environment of nuclei
and understand the reactivity of molecules.
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2. Chemical Shift and Chemical Shift Tensors

When we measure NMR spectra in solution, we typically
obtain one chemical shift value for each magnetically inequiva-
lent nucleus. This value is the so-called isotropic chemical shift
value (8, ). However, chemical shift is an anisotropic property —
the resonance frequency (and hence the chemical shift) depends
on the orientation of the molecule with respect to the external
magnetic field. In solution NMR, this orientation dependence
is averaged out by the fast tumbling of the molecules. However,
when measured in the solid state, molecular tumbling is su-
pressed and instead of isotropic chemical shift values one can
see the so-called powder pattern that arises from the orientation
dependence of the chemical shift with respect to the external
magnetic field; it also provides access to the principal compo-
nents of the chemical shift tensor as illustrated for ethylene in
Fig. 1.

The chemical shift tensor can be described by its three prin-
cipal components, which are defined as 6,, > 3,, > 6, and whose
average corresponds to 8, observed in solution. These three
components are orthogonal to each other and their magnitude and
orientation can provide significant insight into the local electronic
structure of molecules and help identifying the nature of frontier
molecular orbitals (vide infra).[*]

The chemical shift values (&) are reported with respect to a
reference compound, whose chemical shift is arbitrarily set to O
ppm. For *C NMR spectra, tetramethylsilane — TMS — is typically
used as a reference and set to O ppm. The related chemical shield-
ing (0), an intrinsic property of the nuclei in molecules, describes
the shielding or deshielding of a nucleus with respect to the bare
nucleus whose shielding is set to 0 ppm. While experimentally
only the chemical shift (8) can be measured, in computational ap-
proaches (e.g. DFT calculations) the chemical shielding (G) is not
only calculated, but can also be analysed and related to detailed
electronic structure.

2.1 Relating Shielding and Deshielding to Electronic
Structure

Each principal component of the chemical shielding tensor
(0,) can be decomposed into diamagnetic (G, ) and paramagnetic
(Gpm) terms (Eqn. (1)). The diamagnetic shielding arises mostly
from core orbitals and causes a rather isotropic shielding of the
nucleus. Since core orbitals are similar among nuclei in various
chemical environments in most cases, the diamagnetic shielding is
usually rather independent of the local molecular structure. On the
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Fig. 1. Simulated NMR spectra of ethylene in solution and in the solid
state. Due to molecular tumbling, in solution only the isotropic value of
the chemical shift tensor is observed, whereas in the solid state a pow-
der pattern is obtained, from which all three principal components of the
chemical shift tensor can be extracted.

contrary, the paramagnetic shielding arises from the interaction of
the molecular electronic ground state with excited states by a cou-
pling through the angular momentum operator L (Eqn. (2)), typi-
cally leading to deshielding. This deshielding is particularly pro-
nounced for the coupling of energetically low-lying excited states
and a high-lying ground state, corresponding to frontier molecular
orbitals of appropriate symmetry to allow magnetically induced
coupling. In an orbital view, a large paramagnetic deshielding of a
nucleus is expected along a direction i, whenever a high-lying oc-
cupied orbital on this nucleus can be superimposed on a low-lying
vacant orbital on the same nucleus by a rotation by 90° (in the case
of p-orbitals, which are usually dominant for main group nuclei)
along the i-axis (as illustrated for ethylene below — Fig. 2).15]
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Fig. 2. Coupling of high-lying occupied and vacant orbitals by the angu-
lar momentum operator L, leading to deshielding along the x-axis.

The chemical shielding tensor (G) can be calculated by theo-
retical methods, for instance by DFT calculations. These calcu-
lations allow for determining the value and the orientation of the
principal components of the shielding tensor and for identifying
the contributions of specific occupied orbitals. A particularly use-
ful approach is the so called Natural Chemical Shielding (NCS)
analysis, in which the occupied orbitals with relevance for the
shielding/deshielding of a given nucleus are expressed in terms of
Natural Localized Molecular Orbitals (NLMOs).[¢! Since NLMOs
correspond to bonds and lone pairs this analysis of the chemical
shielding allows for a very intuitive view of the origin of a specific
chemical shielding.

2.2 Methodology

The chemical shielding tensors shown in this contribution
were obtained by first optimizing the molecular structures with the
gaussian09 program!”! (using a PBEO functional8! in combination
with pcseg-2 basis sets of triple-C quality!®! and, if applicable, qua-
si-relativistic effective core potentials of the Stuttgart-group and
the associated basis sets on metal atoms!10). NMR calculations
were performed using ADF 2014 within the GIAO framework, 1!
with a PBEO functionall® and Slater-type basis sets of triple-
quality. For the NMR calculations, relativistic effects are treated by
the 2 component zeroth order regular approximation (ZORA).['2] The
obtained NMR shielding tensors are analysed using scalar relativ-
istic natural localized molecular orbitals (NLMOs), obtained with
the NBO 6.0 program.!31 Moreover, chemical shift tensors can be
obtained experimentally through solid-state NMR measurements
that can be performed on powdered and microcrystalline solids as
well as frozen solutions, which are packed into an NMR rotor and
measured by magic angle spinning solid state NMR. The spinning
rate is chosen so as to give enough spinning side-bands to allow
for extraction of the principal components of the chemical shift
tensor by fitting of the obtained spectrum. These experimentally
determined chemical shift tensors are important to benchmark
DFT calculations.

3. Shielding Tensors of Representative Molecules and
their Connection to Electronic Structure

3.1 Ethylene

The calculated shielding tensor of ethylene is shown in Fig. 3.
As expected for olefins, the isotropic chemical shift (5, | =132 ppm)
is rather deshielded by comparison with sp-carbon atoms (e.g.7
ppm in ethane). A closer analysis of the individual components
of the chemical shift tensor reveals that this large deshielding of
ethylene is mainly due to a highly deshielded ,, component (258
ppm), while the §,, component (14 ppm) is similar to what is found
for sp* carbon atoms. This most deshielded component (3, /G ,)
is oriented perpendicular to the 6(C=C) and the n(C=C) bonds.
The intermediate component (3,,/0,,) is oriented along the 6(C=C)
bond, while the most shielded component (8, ,/G,,) is perpendicular
to both §, /o, and §,/G,,. An orbital decomposition (NCS analy-
sis) of the 1nd1V1dua1 components of the shielding tensor (G, , G,,,
and ¢,,) allows for a more fundamental understanding of why the
shielding tensor shows this specific orientation. Fig. 3b shows the
results for this analysis for the 6,, component, which is the main
contributor to the large deshielding of ethylene and is hence ex-
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pected to contain the most valuable information. According to the
NCS analysis, the deshielding of this strongly deshielded 6, com-
ponent mainly arises from a large contribution of the 6(C=C) orbit-
al and smaller contributions of the 6(C—H) orbitals. According to
Eqn. (2), alarge deshielding along G, originating from the 6(C=C)
orbital evidences the presence of a low-lying vacant orbital, orient-
ed perpendicular to both, 6, and the 6(C=C) orbital. This orbital
can easily be identified as the ©w#*(C=C) orbital — an energetically
low-lying vacant orbital. Hence, the main difference in chemical
shielding between sp? and sp® carbons can be traced back to an
orbital origin — the presence or absence of a w-system which caus-
es a low-lying vacant orbital on the carbon atom and leads to the
characteristic orientation and deshielding of the shielding tensor.
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Fig. 3. a) Orientation of the chemical shielding tensor in ethylene, b) re-
sults of Natural Chemical Shielding (NCS) analysis for the principal com-
ponents of the chemical shielding tensor of ethylene, and c) main orbital
couplings involved in the deshielding of the ,, component of ethylene.
d) Tensor orientation, NCS analysis and main orbital contributions caus-
ing deshielding in the metal alkylidene Cp,Ti=CH,. €) Relative energy of
frontier orbitals in olefins and metal alkylidenes.

3.2 Metal Alkylidenes

Metal alkylidenes show particularly high deshielded chem-
ical shifts, typically around 250-350 ppm. This is somewhat
perplexing, as alkylidenes typically show nucleophilic reactiv-
ity, while their chemical shift is close to that of a carbocation
and far from that of a carbanion (405 ppm for CH,* vs. =75 ppm
for CH,"), showing that chemical shift and charge are per se un-
related properties.['#l The orientation of the chemical shielding
tensor of a prototypical carbene (Cp,Ti=CH,) is shown in Fig.
3d. Notably, the orientation of the shielding tensor in the metal
alkylidene is the same as in ethylene, where one carbon fragment
is replaced by a metal, albeit much more deshielded. This large
deshielding is mostly due to the §,,/,, component of the shield-
ing tensor. A NCS analysis (Fig. 3d) of the 6,, component shows
that this large deshielding is mainly due to the 6(M-C) orbital,
which indicates the presence of a low-lying vacant n*(M=C)
orbital to which it is magnetically coupled. Hence, both in eth-
ylene and in the metal alkylidene the deshielding of the §,,/G
component arises from the coupling of an orbital of 6-symmetry
with an orbital of m-symmetry. However, the alkylidene shows
a much larger deshielding, originating from a smaller energy
gap between the 6- and m*-orbitals. This small energy gap is
related to the high reactivity of metal alkylidenes, since they
feature both a high-lying 6(M—C) and a low-lying nt*(M=C) or-
bital related to the presence of metal d-orbitals.l!5] In fact, the
magnitude of the deshielding is characteristic of the specific
type of carbenes: A comparison of nucleophilic Schrock-type
alkylidenes with electrophilic Fischer-type carbenes reveals a
larger deshielding of the latter, typically with §_ >300 ppm.
This is mainly associated with a larger deshielding of the § /G,
component of the shielding tensor, which relates to a particularly
low-lying ©*(M=C) orbital, caused by the electron-withdrawing
CO ligands on Fischer carbenes, hence their electrophilic nature
(and not, as often implied in textbooks, related to the presence of
the methoxy-substituent in the carbene ligand that in fact raises
the w#*(M=C) orbital, making the carbene more stable but less
electrophilic).[16]

3.3 Metal Alkyls

Chemical shift tensor analysis is also a useful tool to assess the
electronic structure of metal alkyl compounds. A prototypical ex-
ample of such a compound is the Petasis reagent, Cp,Ti(CH,),.l17]
While unreactive towards water, this compound is a well-known
olefination agent, providing an alternative to Wittig-type chem-
istry. Under reaction conditions, Cp,Ti(CH,), undergoes o-H
abstraction and generates the alkylidene Cp,Ti=CH, through
release of methane (Fig. 4a).l'81 This alkylidene is the active
species in the olefination of carbonyl compounds. One may
wonder why Cp,Ti(CH,), undergoes o-H abstraction and is one
of the rare di-alkyl metal complexes that engages in olefination.
Noteworthy the isotropic chemical shift of the o-carbon atom
in Cp,Ti(CH,), is 52 ppm, which is somewhat deshielded by
comparison with typical sp* carbon atoms. A closer inspection
of the shielding tensor (Fig. 4b) reveals that the deshielding of
Cp,Ti(CH,), mainly originates from a highly deshielded /G
component (8, = 118 ppm) of the shielding tensor, while the
other two components are rather shielded. This most deshield-
ed §, /6, component is oriented perpendicular to the plane that
contains the titanium atom and the two methyl-carbon atoms. An
orbital analysis of this component (Fig. 4c) reveals, that the large
deshielding mostly originates from a contribution of the 6(M-C)
bonding orbital. According to Eqn. (2), a large contribution of
the 6(M-C) bond indicates the presence of a (low-lying) vacant
orbital, perpendicular to both the 6(M—C) bond and the direction
of §, /o, (Fig. 4d). This orbital is of w*(M-C) symmetry and
originates from a filled p-orbital on carbon (which is also in-
volved in the C—H bonds), interacting with a vacant d-orbital on
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the metal. The large deshielding of the 6, /G,, component along
with its specific orientation hence points towards a m-interaction
of the alpha-carbon atom with the metal — an interaction which
is not obvious by looking at the Lewis structure of Cp,Ti(CH,),.
In fact, the chemical shielding tensor in Cp,Ti(CH,), has the
same orientation as in Cp,Ti=CH, (Fig. 3d), providing further
evidence for the presence of a double-bond character in the
Petasis reagent. This analysis of the NMR chemical shift tensor
of Cp,Ti(CH,), hence shows that this compound already carries
a double bond (alkylidene) character (Fig. 4d) and is thus pro-
grammed to react via o-H abstraction to generate Cp,Ti=CH,
— a compound with a fully developed m-bond.['] Notably, the
related d*> Mo-based compound Cp,Mo(CH,), does not show
the NMR features characteristic of a double bond character in
the M—C bond. This is consistent with the absence of a vacant
orbital on the metal of T(M—-C) symmetry and concurrently the
absence of reactivity towards o-H abstraction.[?0] A similar anal-
ysis has recently been used to explain the propensity of metal
alkyl compounds to undergo olefin insertion?!l and sigma-bond
metathesis.[2?]
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Fig. 4. a) o-H abstraction, generating the active species in olefination by
the Petasis reagent Cp, Ti(CH,),. b) Orientation of the chemical shielding
tensor in Cp, Ti(CH,),, c) decomposition of the ,, component into in-
dividual orbital contributions (NCS analysis). d) Main orbital interaction
causing the deshielding of the 6,, component. Note that the large de-
shielding in the related alkylidene Cp,Ti=CH, has a similar orbital origin,
showing the connection between the two compounds.

4. Beyond *C NMR - Information Obtained from 7’Se
and O NMR Parameters

The analysis of NMR parameters to obtain information on the
frontier orbitals and reactivity of molecules is not limited to *C but
can be expanded to other nuclei. For instance, the 7Se NMR chem-
ical shift of [Se(NHC)] adducts (NHC = N-heterocyclic carbene)
can be used to probe the electronic properties of the NHC ligand.
In particular, one component of the 7Se NMR chemical shift ten-
sor (oriented along the Se=C bond) has been shown to be highly
sensitive to the substituents bound to the nitrogen atoms that influ-
ence the electronic properties. Overall, more deshielded ’Se NMR
chemical shifts are characteristic of more m-accepting NHC lig-
ands. This property has been used to rationalize and parametrize the
selectivity of NHC-Ru-based olefin metathesis catalysts towards
ethenolysis of cyclic olefins and to explain why catalysts bearing an
N-CF, group outperform benchmark catalysts (Fig. 5).[23]
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/H /H
N N
e e
\ b Ru=—
R R of L Pn
occupied lone pair (Se) vacant n¥*(Se=C) PCy,

large deshielding for m-accepting NHC highly selective in
[low-lying n*(Se=C)] ethenolysis of cyclic olefins

L
A Fac*NYhél‘*n-Bu

)

Fig. 5. Magnetically induced orbital interaction giving information on
n-accepting properties of the NHC ligand and NHC-Ru based metathe-
sis catalyst showing the highest selectivity towards ethenolysis of cyclic
olefins.

Another application consists in the investigation of classical
oxidants and their corresponding 'O NMR parameters. Fig.
6a shows a selection of peroxide compounds: H,0,, tBuOOH,
dimethyldioxirane (DMDO), and meta-chloroperoxybenzoic
acid (mCPBA). While DMDO and mCPBA are active in the
electrophilic epoxidation of olefins, H,O, and fBuOOH remain
unreactive unless activated by metal catalysts. The 'O chem-
ical shift value of these compounds shows a somewhat more
deshielded isotropic chemical shift (3, ) in the active peroxides
(DMDO and mCPBA) by comparison with the unreactive spe-
cies (H,0, and fBuOOH). This difference is mainly due to the
most deshielded 6, component of the chemical shift tensor,
which is much more deshielded in ‘active’ peroxides (Fig. 6a).
Notably, in all peroxo species this 8, component is oriented
roughly perpendicular to the O-O axis (Fig. 6b shows the ori-
entation in H,0, and DMDO as representative examples). An
orbital (NCS) analysis of the 6, /G|, component reveals that this
large deshielding is almost exclusively due to a large contri-
bution of a lone-pair on oxygen with p-orbital symmetry (Fig.
6¢). The large deshielding of peroxides is caused by a coupling
of this lone pair with the low-lying vacant 6*(O-0) orbital. A
particularly large deshielding, as observed for peroxides active
in electrophilic epoxidation, thus points towards a high-lying
lone pair on oxygen in combination with a low-lying 6*(0-0)
orbital. In fact, the strained cyclic structure in DMDO and the
H-bonding in mCPBA force the two peroxo lone-pairs to be co-
planar, thus raising their energy. Both the low-lying 6*(0-0)
orbital and the high-lying lone pairs favour the observed activi-
ty in electrophilic epoxidation, as these two orbitals can interact
with the occupied n(C=C) and vacant t*(C=C) orbitals of the
olefin, respectively (Fig. 6d). The synergy of both interactions
shows that in ‘electrophilic’ epoxidation the oxidant has both
electrophilic and nucleophilic character. Similar synergistic
processes can be anticipated for other ‘electrophilic’ additions
such as halogenation of olefins by X, or NBX (X = Cl, Br, I).
Similar considerations apply to the epoxidation of olefins by
H,0,, catalysed by methyltrioxorhenium (MTO). In the active
metal-peroxo species the peroxo lone-pairs are coplanar and
their energy is further raised by the ‘spectator’ oxo-ligand, in-
creasing their reactivity towards olefins. It may thus not be
surprising that metal-oxo species are ubiquitous in efficient
epoxidation catalysts.[>4]

5. Conclusion

In summary, chemical shift tensors give detailed insight in-
to the symmetry and relative energy of frontier orbitals. A close
analysis of these tensors allows for understanding the electronic
structure of molecules. Chemical shift is thus more than a simple
number or a ‘fingerprint’ but it can be used as a powerful descrip-
tor for molecular reactivity in both stoichiometric and catalytic
processes such as olefin metathesis and polymerization as well as
C-H activation processes.[21:22:25]
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Fig. 6. a) Selected peroxo compounds and their associated chemical
shift tensors (in the case of tBuOOH and mCPBA the values refer to
the OH-oxygen). b) Orientation of the shielding tensor in H,0, (left) and
DMDO (right). ) NCS analysis of the ¢,, component of the shielding
tensor, and d) orbital interactions involved in ‘electrophilic’ epoxidation
reactions.
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