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Lyndon Emsley, Anne Lesage and Christophe Copéret have been
working together on the development of NMR methods for the
understanding of well-defined heterogeneous catalysts since
1999, Frédéric Blanc joined the team as a joint PhD student in
2004 and recently graduated ( October 2007 ). More specifically,
Lyndon and Anne have been developing new NMR methods for
the study of the structure and dynamics of a wide range of solid-
state compounds at the Chemistry Department of the Ecole
Normale Supérieure de Lyon (ENS Lyon), and Christophe’s
research interest has been focusing on the molecular under-
standing of the surface chemistry of oxides and metals, more
particularly in the area of heterogeneous catalysis in the
Laboratoire de Chimie Organométallique de Surface of the
Ecole de Chimie de Lyon (CPE Lyon).

1. Introduction

In the search for more efficient chemical processes, one key
approach consists in the development of more selective and
more active heterogeneous catalysts. Improving these complex
systems in a rational way can be undertaken through the
powerful structure-reactivity approach, but this requires a
precise molecular understanding of the active sites.! This
approach has been called surface organometallic chemistry
(SOMC), and one of its goals is to develop and use new tools
to characterize active sites at a molecular level (Scheme 1).
Spectroscopic methods® are particularly interesting because
they can provide information on the electronic states and the
structures of the active sites, which in turn provide molecular
information and allow a possible rational improvement of the
catalysts. Within this goal, infrared (IR), Raman, solid state
NMR, UV-Vis and X-ray absorption (XAS) spectroscopies
along with other surface science techniques and molecular
modelling have been extensively used. We will review the
recent advances in solid state NMR spectroscopy applied to
the understanding of the active sites of heterogeneous
catalysts, using selected examples. We will first briefly discuss
the basics of solid state NMR spectroscopy,® and then the
more recent developments of the methods and their applica-
tion to the characterization of well-defined heterogeneous
catalysts.

2. Basic principles of solid state NMR

We first briefly discuss the fundamentals of NMR in general,
and the specificity of solid state NMR in particular. Chemists
mainly rely on chemical shifts 6 and scalar J couplings to

Surface

Scheme 1 General strategy to understand structures of surface
complexes.
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resolve the structure of complex molecules, and these data are
readily available in solution state NMR. For powdered solids,
these parameters are largely hidden because of the presence of
large anisotropic interactions like dipolar couplings and
chemical shift anisotropies, which lead to a significant
broadening of the signals (0-50 kHz, value to be compared
with 0-5 kHz and 0-200 Hz for & and J values, respectively).®

Indeed, for spins / = %> the Hamiltonian can be expressed as
follows (eqn 1):

H:H:+Hrs+f1j+Hd (1)
where H. = —ijof/ represents the Zeeman interaction of the

nuclear spin with the applied magnetic field, H ., = y_,-a]-BOI;- the
chemical shift interaction arising from the induced magnetic
field by electrons, H; = I_A,--J_,-k-fk the scalar J coupling
interaction between bonded nuclei and H, the dipolar coupling
interaction of each nuclear spin. In the case of homo-
nuclear coupling (between like spins), the dipolar interaction is

AA - -
Hy=dj (SIj: Ii. — I; - J; | whereas the expression is simplified

to Hy = dy2I.1,. for heteronuclear coupling. Both the chemical
shift Hamiltonian and the dipolar coupling Hamiltonian depend
on the orientation of the molecule with respect to the direction of
the external field. Typically, in powdered solids, the sample
contains many crystallites with random orientations, and the
anisotropic interactions thus lead to powder patterns, since all the
different molecular orientations present in the sample give rise to
different spectral frequencies.’**” The resulting lack of resolution
obscures the information contained in the spectrum. It is thus
necessary to apply special techniques to obtain high resolution
spectra. This is in major contrast with liquid state NMR, for which
fast tumbling of molecules causes the anisotropic interactions to
average themselves to isotropic values resulting in sharp lines. This
situation is summarized in Fig. 1.

In the solid state, the frequency of a particular crystallite is
spatially dependent, but all the interactions have the same
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Fig. 1 Schematic representation of the (a) the angular dependence of
an anisotropic interaction and (b) a rotor at the magic angle. (¢, d, e &
f) one dimensional (1D) '*C spectra of [2-'*C] alanine. (c) Static
spectrum. (d) Spectrum recorded spinning the sample at 30 kHz at the
magic angle. (¢) Spectrum under magic angle spinning (MAS) at
12.5 kHz and heteronuclear decoupling during acquisition (100 kHz).
() Spectrum under magic angle spinning (MAS) at 12.5 kHz, cross
polarization 'H-'*C and heteronuclear decoupling during acquisition
(100 kHz).

“second rank” spatial dependence, and we find notably that
(eqn 2):

woc%(3 cos’ 0—1) )

with 0 = the angle between the principal axis of the interaction
tensor and the static magnetic field B,. This spatial dependence
can be exploited to our advantage. It was shown in the
pioneering works in the late fifties of Andrew and Eades* and of
Lowe’ that the anisotropic broadening can be averaged to zero
when the sample physically rotates around 0 = 54.74°. This
angle is referred to as the “magic angle” (6,,) since the resulting
spectrum has the similar narrow lines characteristics (in
principle) to a liquid-state spectrum. The associated technique,
known as magic angle spinning (MAS) (Fig. 1a and b), has been
extensively used in solid state NMR experiments, with spinning
rates routinely set to 10-30 kHz and with up to 70 KHz
available commercially today. When the sample is spun around
the magic angle at a rate faster than the anisotropy of the
interaction, all the crystallites appear to have the same
orientation, and at 6,, the chemical shift anisotropy and the
dipolar interactions are averaged to zero, and thus a reduction
of the line broadening is observed. (Unfortunately, the
technique is not perfect, and for example carbon-13 linewidths
are rarely less than about 50 Hz in the solid state.)

Additionally, it is possible to improve the sensitivity of
spectra of low abundance X nuclei such as '*C, N or *’Si by
increasing the signal through the transfer of the magnetisation
from abundant protons to the X nucleus (similar to the INEPT
family of techniques for solution state NMR). In solids, this
technique is known as cross polarisation (CP),° which is
optimal under certain radiofrequency field conditions, known
as the Hartmann-Hahn matching conditions (eqn 3):

yuBi(‘H) = yxBi(X) £ no, 3)

where y;, Bi(I), n and w, are respectively the gyromagnetic
ratio, the spin lock field of spin 7, an integer number and the
MAS rate. The results of cross-polarization are shown in
Fig. 1. Combining CP and MAS techniques is therefore ideal
to obtain high-resolution high sensitivity purely isotropic
spectra for low abundance X nuclei, and this has been
extensively used to characterize solids including heterogeneous
catalysts.” Note, however, that this technique is not quantita-
tive, unless CP kinetics are performed,8 and thus should be
used with precaution if one wants to determine the respective
amount of several types of a given nuclei, e.g. '>C. This can be
achieved by quantitative single pulse spectra. In a similar way,
3IP can also be used as a polarization source in organometallic
and organic phosphorus containing products.’

Finally, in solids, the presence of dense networks of
naturally abundant nuclei, usually protons, is often the case.
Their interactions generate strong couplings (homonuclear
couplings, between pairs of identical spins typically protons, or
heteronuclear couplings, between 'H and '*C, '*N, #Si or *'P).
This is a source of spectral broadening (Fig. 1), which cannot
be fully averaged out by MAS. Therefore, additional methods
involving homo-'° or heteronuclear-'" decoupling with radio-
frequency pulse sequences are required to improve the NMR
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spectra by averaging out the residual dipolar interactions even
under MAS. In summary, the elements magic angle spinning,
cross-polarisation and heteronuclear decoupling combine to
form the workhorse solid-state NMR experiment, dubbed
simply CP-MAS.

Because the active sites of many catalytic reactions (olefin
polymerization, olefin metathesis, alkyne metathesis, hydro-
genation...) involve metal-hydrogen (M-H) or metal-carbon
bonds (M-C, M=C and M=C), efforts have been made to
observe these catalytically active hydrogen and carbon sites in
various surface organometallic complexes using for instance
simple '"H MAS and '*C CP MAS. However due to the low
concentration of active site and low sensitivity of NMR
spectroscopy, carbon-13 enriched complexes are typically used
to enhance the signal to noise ratio.”'?

1D NMR methods are in fact widely used to characterize
heterogeneous catalysts.'> We remark that determining struc-
tures by using only chemical shifts can be misleading. Indeed, in
liquid-state NMR a plethora of multi-dimensional NMR
techniques are routinely used to avoid ambiguities in character-
isation. In this review we will discuss the implementation of two-
dimensional techniques as well as ways to improve resolution in
spectra, in order to confirm the interpretation of spectra.

3. High resolution "H NMR spectra of surface
species

While '"H NMR spectroscopy is a crucial tool for structure
determination of molecules in solution, the 'H spectra in solids
are usually broad (typically 40 kHz in a static sample). This is
mainly due to the very strong dipolar coupling interactions as
a result of a dense network of "H spins. Access to 'H chemical
shifts is therefore challenging in complex molecular systems,
where fast spinning of the sample at the magic angle alone may
not always be efficient enough to fully average the anisotropic
interactions and to obtain chemical shift information. For
instance, proton linewidths of 3 ppm can be achieved at fast
MAS frequencies (40 kHz) for organic molecules.'* This may
be sufficient in some cases (notably hydrogen-bonded protons
shifted to low field),"® but is often not enough. An additional
increase in resolution can be obtained by combining MAS with
the application of homonuclear decoupling sequences. In
many cases, the '"H NMR spectra of grafted molecules on a
surface are sufficiently resolved under MAS alone because
many of these surface species covalently linked to the surface
have several degrees of motional freedom, which partially
average out the dipolar interactions and narrow the lines.
Moreover, these systems, and especially the single-site catalysts
prepared by SOMC, are usually isolated and dispersed on a
support (silica, alumina ...) free of protons, which reduces the
proton density at a given site.

For example, the single pulse 'H NMR spectrum of
[(ESiO)Mo(=NAr)(=CH¢Bu)(CH,¢Bu)] shown in Fig. 2a is
already well-resolved with rather narrow proton linewidths of
around 0.5 ppm at a MAS frequency of 10 kHz.'® The
observed residual broadening is here assigned to both chemical
shift distributions (corresponding to a continuum of very
slightly different molecular surface structures) and to residual
anisotropic interactions. Similar observations are routinely

T
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Fig. 2 Molecular structure and one dimensional 'H MAS spectra of
[syn-(=Si0)Mo(=NAr)(=CH7Bu)(CH,/Bu)]:'*!” (a) Single-pulse spec-
trum. (b) Delayed acquisition spectrum using an echo period. (c)
Constant-time spectrum reconstructed from the 2D spectrum. Asterix
(*) indicates small artefacts present in the 2D spectrum. Adapted with
permission from the authors.'®!”

observed for the hydroxyl groups of silica or alumina for the
reason described above (low proton density). While in this
sample, faster MAS (up to 30 kHz) does not help to improve
the resolution of the single pulse 'H spectra,'” a slight, but
significant, improvement in resolution was observed by
applying DUMBO homonuclear dipolar decoupling'®!® dur-
ing the acquisition of the 'H spectrum: for example the
linewidth of the methylene CH, proton of the neopentyl ligand
being thus reduced in that case by 30%.'¢ The application of
relatively simple delayed acquisition methods,?®*! namely echo
and constant time acquisition approaches as illustrated in
Fig. 2b and 2c, has an even better effect on the improvement of
spectral resolution of surface organometallic catalysts (ca. by
up to a factor of 3)."7

The spin echo experiment consists of a 90° proton pulse
followed by a t delay, a 180° proton pulse and another t delay
before direct acquisition of the signal (Scheme 2a). The 180°
pulse refocuses the chemical shift distribution and the
refocusable terms of the residual dipolar coupling, but some
of the cristallite orientations corresponding to the most
strongly coupled residual dipolar terms remain and lead to
the decay of these strongly coupled (broad) signals, leaving
only signals arising from “weakly coupled™ cristallites, which
have narrow lines. This yields spectra with less dipolar
broadening and thus resolution enhancement. This has
allowed, for example, the methylene resonance [MCH,] in
[(ESi0)Mo(=NAr)(=CH7Bu)(CH,7Bu)] and [(=SiO)Re(=CtBu)-
(=CHBu)(CH»,7Bu)] to be directly observed, whereas this signal
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Scheme 2 Pulse sequence for various NMR experiments presented
here to solve chemical problems in the solid state. (a) 'H delayed
acquisition experiment. (b) 'H-'H Constant Time experiment to
obtain highly resolved 'H spectra. (c) General scheme of 'H-'H
Double Quantum experiment to detect proton connectivity. (d)
General scheme of 'H-'H Triple Quantum experiment to detect
proton connectivity. (¢) '*C CP MAS experiment. (f) 'H-'*C
HETCOR experiment to probe through space nuclei connectivity. (g)
"H-13C solid state J-resolved experiment. Dark grey denotes hetero-
nuclear decoupling while light grey denotes MAS alone or MAS
combined with homonuclear decoupling.
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was buried under the large /Bu peaks when using standard 'H
single pulse techniques. The resolution can be further improved
by using the constant time experiment,”' a 2D NMR sequence
in which acquisition of the signal in 7, starts at a constant time 7’
after the initial 90° proton pulse; a 180° proton pulse is shifted
from the middle to the end of the constant time interval
(Scheme 2b) and allows spectra in @; to be completely free of

residual homogeneous dipolar broadening. Application of this
technique to the two examples cited above yields a dramatic
resolution enhancement illustrated for [(=SiO)Mo(=NAr)-
(=CH7Bu)(CH»/Bu)] in Fig. 2¢."”

In summary, these simple delayed acquisition techniques can
dramatically improve resolution, and can be used to extract
significantly more information from the 'H MAS spectrum
and provide a more precise molecular understanding of the
well-defined heterogeneous catalysts.

4. Homonuclear connectivities and proximities on
surfaces

As in solution state NMR, the use of two-dimensional (2D)
NMR is often an essential step in order to make unequivocal
assignments. Taking the advantage of dipolar couplings
(through space), we illustrate in the following how it is
possible to obtain correlations between neighboring protons.

Two dimensional (2D) multiple quantum (MQ) 'H-'H
spectroscopy is a powerful technique to investigate structural
information inherent to "H-"H dipolar coupling.'>* This type
of spectrum can be obtained by using the following NMR
pulse sequence illustrated in Scheme 2: excitation of double
quantum coherences using a recoupling sequence, ¢, evolution,
reconversion before detection (Scheme 2¢). Evolution of the
DQ coherences is obtained in the indirect dimension (F}) at a
frequency which corresponds to the sum of the two individual
single-quantum frequencies of the two coupled (or spatially
close) protons (F») (Fig. 3).

(a)

H
H, B

\
He
HD Hu/ 1
», Hp

Proton spectrum
®) 3.8, & 8 &,

Double Quantum
Dimension (F))

ooeeeeeet 28,

Single Quantum
Dimension ()

Fig. 3 (a) Schematic representation of protons interacting or not. (b)
Corresponding proton and two-dimensional Double Quantum (DQ)
spectra: the DQ frequency in the F; dimension corresponds to the sum
of the two single quantum frequencies of the two coupled protons and
correlates in the F, dimension with the two corresponding proton
resonances.
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This has notably been used to characterize the active sites of
supported metal hydrides, which show unusual properties in
alkane activation and conversion processes.>* For instance, the
silica supported zirconium hydrides [(=Si0),Zr(H)4—,] (x = 2
or 3) have been shown to be composed in this way of a mono-
and bis(hydride) surface species, noted [(=SiO);ZrH] and
[(Si0),ZrH,], respectively, which display two distinctive
peaks at 10.1 and 12.1 ppm in the 'H single pulse spectrum
(Fig. 4a).** While the longitudinal relaxation time 7}, which
is very different for the peaks at 10.1 ppm (7, ~ 10 s) and
12.1 ppm (77 ~ 0.5 s), is consistent with two protons in totally
different environments (the latter proton relaxes quickly by an
efficient dipolar relaxation pathway, suggesting the proximity
of other dipoles, while the former proton is more isolated), the
2D '"H-'"H DQ NMR spectrum of Fig. 4 was necessary to
assign unambiguously these two protons.>> A strong auto-
correlation for the 'H resonance at 12.1 ppm (ws) in the double
quantum dimension (at a frequency w; of 24.2 ppm) indicates
a close proximity between the two protons in the same
environment, hence a dihydride [(=SiO),ZrH,]. The proton at

H A H
N 21,
am _—
~N
d H o\ Ha™
Si = Si S
O P~ ov P~
(|) o \ \/O w4 { \/O

ZrH, (20-30%) ZrH (70-90%)

(@) ‘ SIR

12 10 8 8 4 2 0
Proton Chemical Shift (ppm)

T 07 4
Q

2

g 5

c b 7 @
g -

= .

o

L 10

£ S @
2

c

[

& 15- o & =
o

o)

=}

[=]

a 20

c

i)

<

0 o5

f T T T T T =
12 10 8 6 4 2 0

Proton Single-Quantum Frequency (ppm)

Fig. 4 Molecular structure of zirconium hydrides complexes
[(=Si0),Zr(H)s_J*> (x = 2,3) and their 'H MAS spectra. (a) One
dimensional single pulse 'H spectrum. (b) 'H Double Quantum (DQ)
correlation spectrum. Reproduced with permission from the authors.?

10.1 ppm has no autocorrelation peak (which would appear at
20.2 ppm) and presents a weak correlation at 14.5 ppm in the
w; dimension, consistent with a monohydride species
[(Si0);ZrH] in close proximity with a Si-H (4.4 ppm) (Fig. 4).

In another example, a triple-quantum spectrum (TQ) was
used to discriminate the different protons of the N-containing
ligand for [(=SiO),Ta(=NH)(NH,)(NH)] (Fig. 5).2° While the
imido moiety [Ta(=NH)] does not give auto correlation in
either the DQ or TQ dimension, the [Ta(NH>)] amido protons
at 4.3 ppm give autocorrelation at 8.6 ppm in the DQ

Proton Double-Quantum Frequency (ppm)

E (e}

g =2

:

E .

2

3

T

=3

': /
g 14 ;
o /

o
T T T T T T T T

4 12 10 8 6 4 2 0 2 -4
Proton Single-Quantum Frequency (ppm)

Fig. 5 Molecular structure of tantalum imido amido amino complexes
[(=Si0),Ta(=NH)(NH,)(NH3)I*** and their '"H MAS spectra. (a) One
dimensional single pulse 'H spectrum. (b) 'H Double Quantum (DQ)
correlation spectrum. (c) '"H Triple Quantum (TQ) correlation spectrum.
The dotted gray lines correspond to the resonances of the tantalum NH,
NH, and NH; protons. The dotted circles underline the absence of
autocorrelation peaks for the imido NH proton in the DQ spectrum (b),
for the amido NH, proton in the triple quantum spectrum (c). Adapted
with permission from the authors.?*
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dimension but not in the TQ dimension and the [Ta(NH3)]
ammonia adduct protons at 2.2 ppm correlate with themselves
at 6.6 ppm in the TQ dimension. The TQ spectrum was
obtained by adding a 90° proton pulse before the DQ
excitation blocks as described above followed by ¢, evolution
under homonuclear decoupling, reconversion, Z-filter and
proton detection (Scheme 2d).?”*8

In summary, these examples illustrate very nicely how
proton multiple-quantum spectra can be used in heterogeneous
catalysis or disordered materials®®*° in order to give very
simple and clear cut answers to otherwise very difficult
characterisation challenges.

5. Heteronuclear connectivities and proximities on
surfaces

2D heteronuclear correlation spectroscopy (HETCOR) can be
used to ascertain spectral assignments by correlating the
chemical shifts of protons with another nucleus X. The
heteronucleus is often carbon-13, but can equally well be
N, #Si or *'P.*° The pulse sequence for solid state MAS
'"H-'3C HETCOR is shown in Scheme 2e. The NMR pulse
sequence consists first of a 90° proton pulse, which rotates the
proton magnetization into the xy plane. Then it evolves during
t1 and is subsequently transferred to the '*C spin via a CP step.
Detection of carbon magnetization is then achieved under
proton decoupling. A 2D Fourier transform yields through
space correlations between neighbouring proton (in ®;) and
carbon (in ;) spins.

Note that polarisation transfer is achieved by through space
dipolar interactions. For short contact time (e.g. 0.5-1 ms),
this process can be quite selective, and thus pairs of attached
"H-'3C spins can be selectively detected.'?” For instance, the
2D HETCOR spectra of [(=SiO)Re(=*CtBu)(=*CHrBu)-
(*CH,¢Bu)]'® in a syn : anti 1 : 1 mixture (depending of the
orientation of the alkylidene towards the alkylidyne) recorded
with a short contact time of 0.5 ms showed correlations
between directly bonded proton and carbon (Fig. 6). In this
case, the '*C labelled methylene carbon [Re(CH,rBu)] at
44 ppm is correlated with the two diastereotopic methylene
protons of the neopentyl group [Re(CH,tBu)] at 2.6 and
3.0 ppm, allowing a detailed understanding of the surface
species. Moreover, 2D HETCOR NMR can be used to
distinguish between a mixture of surface species, for example
the "H-'3C correlations at 11.0 ppm ("H)-247 ppm ('*C) and
12.5 ppm (‘H)-257 ppm (**C) allow the identification of two
isomers, the syn and anti rotamers, respectively. Additionally,
the use of a longer CP time (e.g. 10 ms) allowed extra
correlations to be observed, which are due to more remote
carbon-proton pairs. These long range interactions help to
obtain a complete assignment of the carbon and 'H spectra.
For instance, a cross peak between carbon at 44 ppm and the
alkylidene proton [Re(=CH¢Bu)] at 11.1 ppm corresponds to
the interaction between this proton and the quaternary carbon
of the neopentylidene group, [Re(=CHCMe3)].

'"H-X 2D HETCOR NMR spectroscopy has now become a
routine method for unequivocal assignments of surface
complexes, from well-defined alkylidene to more complex
systems such as Zr carboxylate species obtained by treatment
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Fig. 6 Molecular structure and "H-'3C HETCOR spectra of '*C
labelled [(=SiO)Re(=*CrBu)(=*CHrBu)(*CH,rBu)]'*? as a syn : anti
1 : 1 mixture recorded at MAS frequency of 10 kHz and CP step of
0.5 ms. Top: '*C CP MAS spectra. Left: zoom in the 'H single pulse
spectra. Asterix (*) denotes the correlation peaks with spinning side
bands. Adapted with permission from the authors.'?

of surface hydrides with CO,%> or methyltrioxorhenium on
inorganic support.’! Similarly, 'H-?’Si HETCOR helps the
assignment of silane groups on [(=SiO),Si(H)s_.J* (x = 2.3),
of allylic functionalities in the pores of mesoporous materials>>
and also the understanding of the surface and silicon network
of mesoporous silicas.*®

Improving resolution of 2D HETCOR spectra. When
necessary, the resolution of the HETCOR spectra can be
improved by applying homonuclear decoupling for example
for [(=Si0),Ta(=NH)(NH,)(NH3)]** or with a constant-time
(CT) period in the 'H dimension, for example for
[(=SiO)Mo(=NAr)(=CHBu)(CH,/Bu)].!” In the latter case,
the CT HETCOR experiment allowed distinction between
direct and indirect correlations. This distinction was not
possible on the basis of the HETCOR experiment itself and
thus the CT HETCOR experiment provides a significant gain
in information.

6. Determination of the local geometry of surface
species by measuring scalar J coupling constants

Distinction of different types of perhydrocarbyl ligands, such
as alkyl [M(CH,R)], alkylidene [M(=CRH)] and alkylidyne
[M(=CR)] ligands is possible if one could access the scalar
'Je u coupling constants, which are directly related to the
carbon hybridization, 'Je iy = 500/(n + 1) for sp”. While
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x4 applied in the middle of ¢, refocuses the chemical shift, but not
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Fig. 7 Traces extracted along the @, dimension of the 2D J-resolved
spectrum of [(=SiO)Re(=CrBu)(=CH7Bu)(CH,tBu)]*® (synlanti ratio
1 : 1) at different carbon chemical shift frequencies. Reproduced with
permission from the authors.®

heteronuclear J resolved spectroscopy is one of the most basic
techniques available in solution NMR,** it remains very
challenging in solid state NMR. Indeed, the size of the C-H
scalar interactions — in the range of 100 Hz — is much smaller
than that of the anisotropic interactions such as the dipolar
couplings or the chemical shift anisotropies (a few kHz) and is
comparable to typical linewidths. Neverthless, using homo-
nuclear decoupling schemes,'®** it has been recently possible
to remove the anisotropic interactions so as to observe the
heteronuclear J¢ 1y coupling constants in solids.*

Applying the solid state J-resolved experiment to
[(=SiO)Re(=CrBu)(=CHBu)(CH,rBu)]*> as illustrated in
Fig. 6 has therefore allowed carbons to be distinguished
according to their proton multiplicities, and not solely from
chemical shift differences.*® The pulse sequence (Scheme 2f)
starts by a cross polarization step to transfer the proton
magnetization to the carbon nuclei. During the evolution
period 1, the '"H proton dipolar couplings are removed by
homonuclear decoupling, whereas the remaining inhomo-
geneous interactions, the chemical shift and the heteronuclear
dipolar couplings, are averaged out by magic angle spinning to

couplings. A 2D Fourier transform yields correlation between
heteronuclear J multiplet structures (in ;) and carbon
chemical shifts (in w,). For instance, using this approach on
[(=Si0)Re(=*CrBu)(=*CHBu)(*CH,7Bu)]** selectively labeled
on the carbon directly bonded to Re, it was possible to
distinguish the neopentyl, [Re(CH,zBu)], the neopentylidene
[Re(=CH¢Bu)] and neopentylidyne [Re(=CtBu)] carbon reso-
nances as triplet, doublet and singlet, respectively in the w;
scalar 'Jc i coupling dimension (Fig. 7).

Moreover, it was also possible to characterize the two
rotamers of [(=SiO)Re(=C¢Bu)(=CH¢Bu)(CH,7Bu)]: the alky-
lidenes at 247 and 255 ppm have coupling constants of 109 and
159 Hz, in agreement with their assignments to syn and anti
rotamers, respectively. In fact, the small 'Jo y coupling
constant of 109 Hz for the syn rotamer indiquates the presence
of an agostic interaction,” which elongates the C—H bond and
decreases the 'Jc i coupling constant.

This technique has now been applied to characterize a wide
variety of surface complexes: [(=SiO)M(*CH,tBu);] (M = Zr,
Hf),*® [(=Si0O)M(ER)(=*CH7Bu)(R")] (M = Ta,” ER = R’ =
CH,/Bu; M = Mo,* ER = NAr (Ar = 2,6-iPr,C¢H;),
R’ = CH»Bu; M = Mo,* ER = NAr, R’ = NPhy; M = Mo,*
ER = NAr, R’ = pyrrolyl), and [(=SiO)W(=*CrBu)(*CHBu),].*!

In the case of Mo imido alkylidene species, the low 'Je
values allow their unequivocal assignments to syn complexes
(Table 1). Furthermore, it has been shown in molecular
organometallic chemistry that the 'Jc yy coupling constants
can be directly used to evaluated the M—C-C bond angles in a
range of model alkylidene complexes.*> In this way, M—C—C
bond angles can be evaluated, which is not possible with
X-Ray based techniques. This is illustrated in Scheme 3 with
one example, [(=SiO)Re(=*C¢Bu)(=*CHrBu)(*CH,Bu)].

Table 1 Isotropic chemical shift (d;s,), scalar J coupling constants (IJC,H) of a-carbon bonded to the metal centre of various well defined silica
complexes. An estimated M—C—C bond angle*? in degrees is given for alkylidene carbons [M]=CH

CH, CH
Complexes Jiso/ppm 'Je w/Hz Oiso/ PpPm "Je w/Hz M-C-C/°
[(=SiO)Ta(=CH7Bu)(CH»7Bu)-]** 95 125 247 80 170
[(=Si0)W(=CrBu)(CH,Bu),]*! 95 110 — — —
[(zSiO)Mo(zNAr)(:CHzBu)(CszBug]‘“‘ 56 124 279 110 150
[(=Si0O)Mo(=NAr)(=CH/Bu)(NPh,)* — — 288 107 150
[(=Si0)Mo(=NAr)(=CHBu)(NC,H,)*’ — — 285 109 150
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Conclusions

High resolution two-dimensional '"H-'"H and '"H-X (X = 3C,
I>N...) NMR provide a range of exquisitely precise tools to
characterize well-defined active sites in heterogeneous cataly-
sis. Implementation of high resolution and 2D solid state
NMR techniques has already helped to identify surface
structures at a molecular level, which is key to implementing
structure—reactivity relationships and rational developments in
heterogeneous catalysis. It is clear that these methods also
have the potential for extensive further developments and
applications, for example towards understanding more com-
plex systems (complex oxide materials, active sites with
paramagnetic or quadrupolar centres), probing the dynamics
of surface species (access to mobility of active sites), and to
monitor the active sites as a function of time (in operando or in
conditions close to those used in catalytic tests).
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