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Abstract: *'O-labelled tungsten siloxide complexes [WOCI,(OSitBus),] (1-Cl) and [WOMe,(OSiPhs),]
(1-Me) were prepared and characterized by O MAS NMR, with input from theoretical calculations
of NMR parameters. Guidelines linking *’O NMR parameters and coordination sphere of molecular
and silica-grafted tungsten oxo species are proposed. The grafting of 1-Me on SiO,.;q afforded
material 2, with surface species [(=SiO)WOMe,(OSiPh;)] as shown by elemental analysis, IR and *H
and ®C MAS NMR. DFT calculations of the grafting mechanism are in line with the observed
reactivity. They indicate the occurrence of several isomeric species of close energy for the grafted W
centers, precluding efficient ’O MAS NMR studies. Lack of catalytic reactivity studies in olefin

metathesis and ring-opening olefin metathesis polymerization indicate that initiation by a-H



elimination is not operative in 2, contrary to related tungsten surface species, which illustrates the

crucial influence of the nature of the metal coordination sphere.

Introduction

Tungsten oxide dispersed on silica, also known as the Phillips catalyst (not to be confused with the
Cr/SiO, olefin polymerization Phillips catalyst), is used in several major industrial processes, due to its
efficiency in olefin metathesis.**® Beyond trial and error approach for its improvement, there is a
major interest in investigating the nature of the active sites within this system, especially down to a
molecular level. In particular, bis-siloxide oxo carbenic species [(=SiO),WO(CHR)] have been
proposed as catalytically active sites.* Since our early works about 10 years ago on well-defined silica-
grafted [WOR(OSi=)] species (R= CH,C(CHa)s),” the quest for models and alternatives to this ill-
defined catalyst has motivated several studies, where variation of the ligands present in the
coordination sphere of the metal was performed. Examples of metathesis active silica-supported oxo
carbenic species have been reported.® In addition, thanks to proper design of the organometallic
precursor, we have developed bisgrafted species [(=SiO),WO(CH,SiMe;),] from grafting of
[WO(CH,SiMe;);Cl] onto silica dehydroxylated at 200 °C.” This 2species displayed very interesting
catalytic properties, which motivated further investigation on related siloxide species. Indeed, in order
to retain a similar tungsten coordination sphere, we chose in the present study to perform the grafting
of the oxo bisalkyl bisiloxide complexes described by Wolczanscki for oxo atom transfer reaction,
namely of the type [WOR,(OSitBus),].2 They feature a coordination sphere close to that postulated for
the active centers in WO,/SiO,, and closely related to that of [(=SiO),WO(CH,SiMe;),]. More
precisely, we considered using the silox® derivative [WOMe,(OSitBus),] (1-Me) as a precursor for the
design of silica-supported precatalysts for olefin metathesis. We therefore proceeded to study the
reactivity of 1-Me towards partially dehydroxylated silica. Furthermore, bearing in mind the high

potential of solid state NMR to investigate the molecular structure of (supported) organometallic



species,”® we also resorted to O MAS NMR as a tool for the structural understanding of the

molecular complexes and of the corresponding silica grafted derivatives.™

Results and discussion

0 MAS NMR is a very informative approach to the characterization of materials and molecules,
though with some hurdles and challenges.* As this nucleus features a rather low gyromagnetic ratio (-
3.628 10’ rad.s™.T™), use of high magnetic field is of importance. Furthermore, due to the low natural
abundance (0.037 %) of this quadrupolar nucleus, S=5/2, isotopic enrichment is most often a
prerequisite.’****> As described by Wolczanski, 1-Me can be prepared by alkylation of 1-Cl, which
itself derives from WOCI, (Scheme 1).2 This synthetic scheme is well-suited for the oxo moiety
labeling, as we have previously reported the efficient ’O-labelling of WOCI, using WCls and
isotopically-labelled O(SiMe),, itself prepared from 90%-'O enriched H,O and SiMe;Cl (Scheme

1a).1** This offers an efficient entry into the synthesis of *’O-enriched oxo siloxide alkyl complexes.
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Scheme 1. Synthesis of a) *’O-labelled WOCI, and b) 1-Me and 2

To ease the assessment of the NMR parameters, we recorded the O NMR spectra of the enriched
compounds at two different magnetic fields, namely 9.4 and 18.8 T. The O MAS NMR spectra of
O-labelled 1-Cl and 1-Me are displayed in Figures 1 and 2, respectively. Also featured on the figures
are the corresponding best-fit simulations. The same set of parameters was used for the simulation of a

given material at the two different magnetic fields.
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Figure 1. 'O MAS NMR spectra of 1-Cl at a) 9.4 and c) 18.8 T, along with the corresponding best-fit
simulations, b) and d), respectively. Spectra recorded at 9.4 and 18.8 T were acquired with 10000 and

4000 transients, and MAS rates were set at 12 and 20 kHz, respectively.
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Figure 2. 'O MAS NMR spectra of 1-Me at a) 9.4 and c) 18.8 T, along with the corresponding best-
fit simulations, b) and d), respectively. Spectra recorded at 9.4 and 18.8 T were acquired with 1024

and 512 transients, and MAS rates were set at 12 and 20 kHz, respectively.



Isotropic and anisotropic parameters were deduced from best-fit simulations for both 1-Cl and 1-Me,
(Table 1). Regarding the isotropic chemical shift (CS), both values are in line with those previously
obtained for similar high-valent tungsten species bearing terminal oxo moieties.”***® The line shapes
are characteristic of 'O sites featuring low quadrupolar coupling constants and moderate chemical
shift anisotropies. The chloride derivative features a higher CS value than its alkyl counterpart, in line
with the electron-withdrawing effect from the halide ligands, compared to the c-donating alkyl
substituents. Regarding the anisotropic parameters, such as the quadrupolar coupling constant, a
higher value was determined for 1-Cl compared to that of 1-Me (2.7 and 0.15 MHz, respectively).
Comparison with DFT calculated values showed that chemical shift and quadrupolar coupling constant
are well in line with experimental data (Table 1). This is not so much the case for the chemical shift

anisotropy, or for the asymmetry parameters, which may differ significantly.

Table 1. Experimental and calculated *’O NMR parameters for 1-Cl and 1-Me

Speci

es CS (ppm) Cq (MHz) 179 Acsa TIcsA

1-Cl exp. 782 (x2) 2.7 (*02) 05(0.2) 555 (x10) 02 (x0.1)
calc. 769 2.9 0.4 789 0.9

1-Me exp. 675 (x2) 0.2 (x0.2) 02*0.1) 270 (x30) 02 (x0.2)
calc. 655 0.36 0.7 456 0.3

These sets of YO NMR parameters for the terminal oxo species can be compared to that of the
WOR:X derivative. Whereas compounds 1-Cl and 1-Me adopt a trigonal bipyramidal configuration
with the oxo in the trigonal plane, the trisalkyl species feature a square pyramidal configuration with
an apical position for the oxo functionality. We can then propose a classification for terminal oxo

species, depending on the geometry.



Table 2. Structure - NMR parameters relationships for oxo species (error margins are omitted for the

sake of clarity)

CS Co Acsa

Species Ref.
P (ppm) (MHz)  (ppm)
[WOCI,] 671 1.0 -330 16
O [(=Si0),WOCls] 828 <1.3 -350 16
X//,' || ‘\\\X
P
X X [(=Si0)WOClI,] 810 <20  -640 16
[(=SiO)WO(CH,CMes)3] 757 5.3 -1136 18
[(=SiO)WO(CH,SiMe;)s] 774 5.2 -1110 19
(0] . -
R, || [(=Si0),WO(CH,SiMe;),] 766 5.5 -1062 7
R V|V_R
M [WOCI(CH,CMes)s] 735 5.1 -1110 18
[O(WO(CH,CMes)5)] 775 4.6 -1112 18
(0] [WOCI,(OSitBus),] (1-Cl) 782 2.7 555 This work
I
X—W—X i _
S\ [WOMe,(OSitBus),] (1-Me) 675 0.2 270 This work
X

Over the scope of structures studied by *’O NMR, chemical shift values are observed within the 828-
675 ppm range. Noteworthy, though [WOCI,] has a CS value in the lower range, care should be taken
as in the solid-state structure this compound consists of chains of tungsten species interacting via
coordination of the oxo moiety."® The oxo function is therefore not to be considered as purely terminal
in this compound. When comparing structurally related species, for instance and [WOCI(CH,CMes)s]
and [WO{OSi(OtBu);}(CH,CMey)3], the substitution of a chloride by a siloxide has only a minor

influence on the CS value (735 and 731 ppm, respectively).



In order to shed light on the significant difference in the chemical shift values of 1-Cl and 1-Me, a
natural chemical shielding (NCS) analysis®® has been performed on the corresponding DFT models

(Figure 3).

j-C=1241°
SIO-W-0Si =162.2°

Si0-W-05/=155.3"

S -0

Figure 3. DFT Optimized structures of 1-Cl and 1-Me and selected angles.

As we can see on Figure 4, for 1-Cl, the most deshielded component (311/011) is on the plane
containing the three oxygen atoms and perpendicular to the W-O bond. The intermediate component
(822/02,) is also perpendicular to the W-O bond, but lies in the plane containing the two chlorides and
the terminal oxo, while the most shielded component (d33/033) is oriented along the W-O bond
perpendicular to the two other components. For 1-Me, the positions of components 6;; and 65, are
interchanged while that of 833 remains along the W-O bond. Further analysis of the individual
components of the chemical shift tensor reveals that this large deshielding of 1-Cl compared to 1-Me
is associated to a highly deshielded 8,5 component (1295 ppm vs. 959 ppm). The 8, and ds3

components are quite similar for both complexes.

Thanks to the NCS analysis, this most deshielded component 8;1/c1; can be decomposed into
diamagnetic (ogis, leading to shielding) and paramagnetic (cpar, l€ading in general to deshielding)
terms. As we can see on Figure 4, the o4, term is similar in both complexes (around 400 ppm). The
diamagnetic term mainly comes from the 1s core orbitals of the oxygen atoms which causes shielding
of the nucleus. Since the core orbitals are insensitive to the local molecular structure, it is not
surprising to find the same values for 1-Cl and 1-Me. In contrast, the oy term differs strongly

between the two complexes. The individual orbital contributions to the d;1/51; component for 1-Cl and



1-Me reveals that in both cases this large deshielding is caused by a coupling of the o(W-O) orbital
with the low-lying vacant 7*(W-O) orbital, as also observed for *C NMR calculations.* Thus, the
higher deshielding of 1-Cl compared to 1-Me originates from the lower energy gap between the c- and
n* orbitals for 1-Cl, principally due to the stabilization of LUMO orbitals (see Figure S3 in Supporting

Information).
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Figure 4. a) Orientation of the chemical shielding tensor in 1-Cl and 1-Me and b) results of the NCS

analysis for the principal components of the chemical shielding tensor of 1-Cl (left) and 1-Me (right).

When considering the quadrupolar coupling constant for complexes featuring an oxo moiety in apical
poisition, the geometry of the considered species has a major, clear-cut impact: square pyramidal
configuration gives rise to values significantly lower than those of trigonal bipyramidal ones
(respectively [1.0 — < 2] MHz and [4.6 — 5.5] MHz range). This tendency is also observed for the
chemical shift anisotropy, which is most particularly high in the case of the trigonal bipyramidal
species (-1062 — -1136 ppm), resulting in the very characteristic signal manifold for such species.*®*°
In the case of 1-Cl and 1-Me, in the absence of single crystal X-ray diffraction study, one may rely on

DFT-optimized structure for geometry assessment (Figure 3). Both compounds feature a configuration

analogous to that of the bis n-butyl derivative [WO(n-Bu),(OSitBus),], namely of distorted trigonal



bipyramidal type, with the oxo and alkyl groups in the meridional positions. Significant differences
between the two computed structures are observed, most particularly regarding the SiO-W-0Si and X-
W-X angles (X= Cl, CHs, Figure 3). These values can be used to calculate the T parameter, which is a
descriptor for assessment of pentacoordinated complex geometry distinguishing between square
pyramidal (t = 0) and trigonal bipyramidal geometry (1 = 1).# Complex 1-Cl features a t value of =
0.13, thus being close to square pyramidal, while 1-Me yields a t value of = 0.64, thus leaning toward
a trigonal bipyramidal configuration. For comparison, the t value is of 0.57 in [WO(n-
Bu),(OSitBus),]. Thus, the impact of these distinct geometries for 1-Cl and 1-Me is a significant
difference in quadruplar coupling constant (respectively of 2.7 and 0.16 MHz). Interestingly, DFT-
calculated Cq value for isolated molecules of [WOCI,] (of square pyramidal geometry) is 1.8 MHz,
comparable to the experimental value of 1-Cl. This illustrates how this anisotropic parameter can be a
better descriptor than isotropic chemical shift, when characterizing terminal oxo species. Moreover, it
also demonstrates the advantage of relying on solid-state MAS rather than on liquid state NMR
spectroscopy, as it provides anisotropic parameters, as illustrated by the study on a series of vanadium
oxo derivatives featuring alkyl and siloxide groups, where ’O chemical shift tendency falls short of

providing structural information.?®

As discussed above, the grafting of such species is interesting when aiming at preparing high-valent
oxo tungsten (pre-)catalysts for olefin metathesis, that can be probed as models for the industrial
Phillips catalyst’s active sites. Immobilization of 1-Me may proceed via distinct pathways, such as the
W-C or W-O silanolysis. If surface silanols react with W-Me or W-OSitBu; moieties, this affords
respectively [(=SiO)WOMe(OSitBus),] (with methane release) or [(=SiO)WOMe,(OSitBus)] (with
tBusSiOH release). The silica used as a support in this case is Aerosil 200 from Evonik, which was
partially dehydroxylated under vacuum at 700 °C (SiO,.7¢0). This material features a specific area of
190 m?.g™, and a SiOH surface density of 0.7 OH.nm™. The residual silanol groups are non-
interacting, as evidenced by the characteristic sharp signal at 3747 cm™ on the infrared spectrum

(Figure 5a).



1-Me was reacted with SiO,.,o at room temperature in pentane, affording material 2 as a pale-yellow
powder. Gas phase analysis showed no trace of methane released in the grafting process. Elemental
analysis indicates W and C loadings of 3.31 and 3.71 w%, which correspond to 17 C/W within the
material. This is in line with the formation of [(=SiO)WOMe,(OSitBus)] (15 C/W), resulting from
HOSItBu; release. This silanol compound was indeed observed by ‘H NMR analysis of the
supernatant liquid from the grafting reaction. The tungsten loading is lower than that of related
materials, such as 4.02 w% for [(=SiO)WO(CH,tBu)s], for instance. This latter compound results from
the grafting of WOCI(CH,tBu); on SiO,.,q, Which proceeds with full silanol consumption. Thus, the
silanol reaction is unlikely to be complete in the case of 1-Me grafting, most probably due to the
severe steric hindrance from the OSitBus groups. The uncomplete SiOH consumption is confirmed by
IR studies indicating partial consumption of the silanols (Figure 5b). The non-interacting silanol signal
at 3747 cm™ is mostly absent from the IR spectrum of 2, and weak, broad bands resulting from
interacting silanols are observed at 3692 and 3490 cm™ (the latter being very broad). It results most
probably from SiO-H perturbed by grafted organometallic centers. Accordingly, v(C-H) bands are also

observed in the 2990-2880 cm™ range.
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Figure 5. DRIFTS spectra of a) SiO,.7g0 and b) 2

The '"H MAS NMR spectrum of 2 (Figure 6) features a signal at 1.3 ppm, which accounts for both
SitBu and WMe protons. This is in line with the 1.19 ppm chemical shift for the t-butyl groups in 1-

Me. As the W-Me groups in 1-Me give rise to a 'H NMR signal at 1.65 ppm (Ce¢Dg), the

10



corresponding signal in 2 is most probably located as a shoulder on the tBu peak. The *C CP MAS
NMR spectrum (Figure 6) comprises 3 signals, at 49.0, 28.5 and 23.5 ppm. These respectively account
for W-Me (47.0 ppm in 1-Me) and primary and quaternary carbons from SitBu groups (30.1 and 24.1

ppm in 1-Me).
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Figure 6. 'H (left) and **C CP (right) MAS NMR spectra of 2 (11.75 T, spinning speed 10 kHz)

The W-oxo moiety within ’O-labelled 2-Me proved challenging to observe by 'O MAS NMR,
requiring an extended acquisition time. The oxo moiety gives rise to a series of broad, featureless
peaks, with a maximum intensity in the isotropic signal at about 720 ppm (Figure 7a). A tentative best
fit simulation can be proposed, thanks to the relative intensities within the W=0 peaks manifold
(Figure 7b). The corresponding NMR parameters are a chemical shift of 730 (x3) ppm, a quadrupole
coupling constant of 4.0 MHz (£0.5), and Acsa Of 500 (£50) ppm. Both the chemical shift and
guadrupole coupling constant are significantly higher than that of the molecular precursor 1-Me,
(respectively 675 ppm and 0.2 MHz), which hints at a distinct configuration around the metal center

between 2 and 1-Me.
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Figure 7. a) 'O MAS NMR spectrum of 2 at 18.8 T, with arrow designating the isotropic chemical
shift of the WO moiety signals and # for the spinning side bands (*: ZrO, rotor signal, 240000
transients), b) best fit simulation of O MAS NMR signal of W=0 in 2, and c), d) and €) simulated
"0 MAS NMR spectrum of W=0 within DFT models for surface species (arrow: isotropic chemical

shift).

In order to gain a better understanding on the grafting reaction of 1-Me onto SiO,.y, the enthalpy
profile for this reaction was computed at the DFT level (B3PW91). The isolated silanols groups onto
the SiO,.7q0 surface were modeled using a molecular polyoligosilsesquioxane complex, as successfully
used in previous studies.”**** Two different reaction pathways have been computed (Figure 8): either
(i) the W-CHj; silanolysis with the concomitant methane release or (ii) the W—OSitBus silanolysis
leading to the release of HOSItBus. The W-CHs silanolysis, as can be seen in the blue and green
profiles are kinetically accessible (21.4 and 18.3 kcal mol™) and thermodynamically very favorable (-

36.5 and -37.7 kcal mol™). This barrier is lower (by 7 kcal mol™) for the W—OSitBus silanolysis, as

12



can be seen in the black and red profiles, due to a better charge distribution at the transition state.
However, It is also noteworthy that, from a thermodynamic point of view, the formation of
[(=SiIO)WOMe(OSitBuz),] is more favorable than that of [(=SiO)WOMe,(OSitBus)] (~37 vs ~9.5
kcal.mol™). Thus, calculations suggest that [(=SiO)WOMe,(OSitBus)] is the kinetic product of the

grafting reaction, while [(=SiO)WOMe(OSitBus),] is the thermodynamic one.
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Figure 8. Calculated enthalpy profiles of the different pathways of the grafting of 1-Me onto SiO;.7q9

DFT calculations have shown that [(=SiO)WOMe,(OSitBus)] can feature two isomeric structures
which are very close in energy, depending on the ligand in trans position from the surface siloxide
(either the oxo or the silox ligand). The interconversion barrier of 8.4 kcal.mol™ between these two

isomeric structures show that they can coexist within material 2 (see Figure S4). Calculation of the 'O

13



NMR features of the oxo moiety in the trans-oxo (2A) and the trans-siloxide (2B) species indicates
that these present chemical shift within the same range (717 and 621 ppm, respectively) while the
quadrupolar coupling constant is significantly affected by the change in geometry (4.2 and 0.3 MHz,
respectively) (See Table S1). Simulated ’O MAS NMR spectra of the two DFT models are displayed
on Figure 7 (c for 2A and d for 2B). Thus, if interconversion occurs rapidly under the measurement
conditions, it is expected that the *’O NMR signal manifold will be significantly affected. It has been
reported by Schurko et al. that if an exchange occurs between two states of non-equal ground state
energies, the resulting NMR lineshape will most likely be heavily weighted to the lowest energy
conformer and would be minimally affected by motions.”® In the present case, based on the isotropic
chemical shift of the WO moiety in 2 estimated at about 730 ppm, it is more likely that the major
configuration of the surface species is that of DFT model 2A, namely with the oxo function in trans

position to the surface siloxide.

Bis-alkyl complex 1-Me is thermally stable, that is, despite the cis arrangement of the two alkyl
groups, they do not undergo o-H elimination to generate a alkylidene function.? This is most probably
due to the insufficient steric pressure within the dimethyl species, hindering the process.?® However,
we also observed previously that [(=SIO)WO(CH,ECHs)s] (E= C, Si) do not afford alkylidene
complexes upon heating, but generate carbene species in the presence of the olefinic substrate, as
metathesis is initiated under such conditions. Thus, it seemed relevant to probe the reactivity of 2
toward olefins. We first attempted to perform propene metathesis in batch reactor, based on our
previous results with group 6 oxo pre-catalysts. However, no conversion of propene was observed
even upon heating at 80°C for 10 hours. We thus probed the reactivity of 2 towards a less demanding
substrate such as norbornene. Indeed, oxo alkyl species were previously shown to be able to initiate
the ring opening metathesis polymerization of this monomer.?” There again, no activity was detected,
both for the molecular 1-Me and the supported 2. Nevertheless, this lack of activity in metathesis
nicely illustrates the importance of the coordination sphere geometry: Indeed, species featuring a oxo-

bisalkyl-bissiloxide set of ligands but with a different geometry (square pyramidal) than that of 2

14



(presumably trigonal bipyramidal from DFT calculations) display high activity in propene metathesis,

due to a more efficient initiation into catalytically-active carbene species.

Conclusion

Tungsten oxo siloxide species were probed as precatalysts for olefin metathesis, in the view of
mimicking postulated active sites in industrial catalysts. Use of 'O solid state NMR helped in linking
spectroscopic and structural features for coordination and organometallic WO derivatives, with the
support of theoretical calculations. Grafting of such a derivative was studied via a joint experimental
and spectroscopic study. We demonstrated that selective grafting occurs by siloxide ligand
protonolysis, affording a bisalkyl species. While the supported material proved inactive towards linear
and cyclic olefinic substrates, this contribution illustrates how the design of catalysts is of prime
importance in the development of efficient catalytic systems, as can be mediated via ligand sphere

modifications.?
Experimental section

All experiments were carried out by using standard Schlenk and glovebox techniques. Solvents were
purified and dried according to standard procedures. CsDs (SDS) was distilled from NaK and stored in
glovebox. 1-Cl and 1-Me were synthesized following the literature procedure.? *’O-enriched WOCI,
was prepared using the reported method using 90 % "O-labelled water from Cortecnet.”® SiO,.7q Was
prepared from Aerosil silica (Degussa, specific area of 200 m? g*), which was dehydroxylated at 700
°C under high vacuum (10 Torr) for 15 h to give a white solid having a specific surface area of 190
m? g* and containing 0.7 OH nm® Elemental analyses were performed at the Pascher
Mikroanalytisches Labor at Remagen-Bandorf (Germany). IR spectra were recorded on a Nicolet 6700
FT-IR spectrometer by using a DRIFT cell equipped with CaF, windows. The samples were prepared
under argon within a glovebox. Typically, 64 scans were accumulated for each spectrum (resolution 4

cm™).
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NMR Characterization. Solution NMR spectra were recorded on an Avance-300 Bruker
spectrometer. All chemical shifts were measured relative to residual *H or **C resonances in the
deuterated solvent: C¢Ds, & 7.15 ppm for *H, 128 ppm for *C. *H and **C solid-state MAS NMR
spectra were recorded on Bruker Avance-500 and Bruker Avance-300 spectrometers with a
conventional double-resonance 4 mm CP MAS probe at the Laboratoire de Chimie Organométallique
de Surface. The samples were introduced under argon in a zirconia rotor (4 mm), which was then
tightly closed. In all experiments, the rotation frequency was set to 10 kHz unless otherwise specified.
Chemical shifts were given with respect to TMS as external reference for *H, *C and ?*Si NMR. The
0 solid-state NMR spectra were acquired on a Bruker Avance Il 400 (*H, 400.13 MHz; Y0, 54.27
MHz) and Avance 111 800 (*H, 800.13 MHz, 'O, 108.47 MHz) spectrometers, using a single pulse
sequence (Avance 1l 400 : pulse excitation of 5 ps at an RF field strength of 60 kHz, Avance 111 800:
pulse excitation of 4 us at an RF field strength of 60 kHz) and 3.2 mm rotor diameter. No proton

decoupling was applied. The recycle delay was 0.5 sec.

Preparation and characterization of 2. A mixture of finely ground 1-Me [WOMe,(OSitBus),] (134
mg, 0.203 mmol) and SiO,., (545 mg) was stirred at 40 °C (5 h) under dynamic vacuum whilst all
volatile compounds were condensed into a cold trap. Pentane was then added and the solid was
washed 5 times. The resulting yellow powder was dried under vacuum (10 Torr) and transferred to a
500 mL Schlenk tube in order to quantify methane evolved during grafting. The powder was then
dried at 25 °C under static vacuum for 1 h. Analysis of the gas phase by gas chromatography indicated

the formation of only traces of CH, during the grafting. Elemental analysis: W 3.31 %wt; C 3.71 %wt.

Simulation of YO MAS NMR spectra. All 'O MAS NMR numerical spectra were calculated using
SOLA module included in TopSpin software package, using Haeberlen chemical shift tensor

convention.

DFT Methodological Details. All DFT calculations were carried out with the Gaussian 09 suite of
programs.”® Geometries were fully optimized in gas phase without symmetry constraints, employing
the B3PW91 functional.*®®" The nature of the extrema was verified by analytical frequency

calculations. The calculation of electronic energies and enthalpies of the extrema of the potential
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energy surface (minima and transition states) were performed at the same level of theory as the
geometry optimizations. IRC calculations were performed to confirm the connections of the optimized
transition states. Stuttgart effective core potentials and their associated basis set were used for silicon
and tungsten.* The basis sets were augmented by a set of polarization functions ({d = 0.284 for Si and
¢(f=0.823 for W).* For the other elements (H, C, Cl and O), Pople's double-( basis set 6-31G(d,p) was
used.** The optimized structures were used for YO NMR calculations. These calculations were also
performed using a higher Dunning’s correlation consistent basis set cc-PVTZ for the oxygen atoms.®
In all cases, among the various theories available to compute shielding tensors, the Gauge Including
Atomic Orbital (GIAO) method has been adopted for the numerous advantages it presents.®® Typically,
in order to compare our calculations with experimental values, 'O shielding has been converted to
chemical shift using the usual equation: Sis, = Giso ref — Giso samples WNEIe Giso rer 1S the isotropic 0
shielding of the liquid water. In the continuation of our previous studies,”® an internal reference is
used for the calibration of the i rer value: oy rer = 292.2 ppm. The YO quadrupolar coupling constant
Co and the asymmetry parameter mo, which describes the interaction between nuclear quadrupole
moment of the oxygen nuclei with the electric field gradient (EFG) arisen at these sites, are calculated
from the EFG tensor eigenvalues Vi1, Va, and Va;. The NCS-NBO analysis ¥ allows a quantitative
partitioning of the isotropic shielding constants of each nucleus for which GIAO calculations were
performed, showing the Lewis “L” and non-Lewis “NL” contributions arising from each occupied
NBO as well as the analysis of the shielding tensor in terms of canonical MOs, following Ditchfield's

original treatment.
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