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ABSTRACT: The grafting of an oxo chloro trisalkyl tungsten derivative on silica m“\,_ﬁ Bu
dehydroxylated at 700 °C was studied by several techniques that showed reaction via ’ﬁux;\'}"—/
W—CI cleavage, to afford a well-defined precatalyst for alkene metathesis. This was o tBu “ o fu
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further confirmed by DFT calculations on the grafting process. 'O labeling of the oxo C'}W{i LI Slo;;”r Y™
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moiety of a series of related molecular and supported tungsten oxo derivatives was
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achieved, and the corresponding 7O MAS NMR spectra were recorded. Combined 073 Q C.e‘ﬁvgg., C.;;}Z'ge ool
experimental and theoretical NMR studies yielded information on the local structure of _ e iz
the surface species. Assessment of the 70 NMR parameters also confirmed the nature E @

of the grafting pathway by ruling out other possible grafting schemes, thanks to highly ey

characteristic anisotropic features arising from the quadrupolar and chemical shift

interactions.

B INTRODUCTION

Olefin metathesis holds a strategic position in modern chemical
industry. Several commercial processes rely on this highly
versatile reaction, such as the Olefin Conversion Technology
(OCT) from ABB Lummus, or the Shell Higher Olefin Process
(SHOP), which operate over a multimillion tons a year.'
Classical catalytic systems involve transition metal (molybde-
num, tungsten or rhenium) oxides supported on inorganic
materials (silica, alumina, silica—alumina, etc.). For instance,
tungsten oxide supported on silica is an efficient catalyst that
has been used in industrial olefin metathesis processes since the
1960s.> From comparison with molecular systems, it is accepted
that catalysis proceeds via surface metallacarbene species.” The
nature of the active site is still a matter of debate but it seems
clear that WO; crystallites are not involved in the catalytic
cycle* The catalytic activity is thus attributed to isolated
tungsten surface species bearing a carbenic ligand. However,
the concentratlon of such active sites in heterogeneous catalysts
remains low.” Therefore, access to highly active heterogeneous
catalysts that feature high concentration of metathesis-active
centers is of major interest. Recently, we have disclosed the
preparation of Lewis base-free oxo tetraalkyl tungsten complex
1 [WONp,] (Np=CH,tBu) using a specific alkylation
procedure.® This species is closely related to the [WONp;X]
(X=Cl, Br, ONp) family described in the early 80s by Kress
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and Osborn.” Furthermore, in an attempt to bridge the gap
between well-understood molecular catalysts and industrial
formulations, we have proceeded to the grafting of 1 onto silica
dehydroxylated at 700 °C to afford well-defined, supported oxo
organometallic tungsten derivatives. As this material only
features noninteracting silanols, it generates well-defined
surface species [(=SiO)WONp,] 2 by protonolysis of the
W=—C bond by surface silanols (Scheme 1). This was shown by
a combination of mass balance analysis and spectroscopic
techniques (NMR, IR, Raman, EXAFS) supported by DFT
calculations.

Very rewardingly, this catalytic material exhibited high
activity in propene metathesis. Under dynamic conditions,

Scheme 1. Reaction of 1 with SiO,
tBu
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the system reached 22000 TON after 95 h, and only little
decomposition was observed, in striking difference to the imido
analogue.® These excellent performances motivated us to
enhance the system. Indeed, one of the strengths of surface
organometallic chemistry is the possibility to tune the active site
structure by a careful choice of the organometallic precursor.”
An attractive option to access highly active catalysts for olefin
metathesis is the development of new organometallic oxo
(surface) species that can be obtained from grafting of
molecular precursors featuring varying coordination spheres
around the tungsten center.

On the other hand, as we intend to prepare a series of
organometallic (supported) oxo species, we needed to rely on a
spectroscopic probe that will be directly connected to the active
center, and thus reveal key-elements of its structure and
electronic properties. This would help to achieve a better
understanding of the synthesized species. We have recently
shown that 7O solid-state NMR is able to provide such an
understanding."® 'O being a quadrupolar nucleus (spin
number I = 5/2), it provides information through isotropic
chemical shift (CS), which spans over a wide range, and
through anisotropic values such as chemical shift anisotropy
(CSA) and quadrupolar coupling constant (CQ), along with
their respective asymmetry parameters (n). Such parameters are
very sensitive to local and long distance interactions, and can
provide unprecedented insight into the structure of supported
catalysts.'® This motivated us to address this issue by selectively
labeling the oxo functionality of the complexes, which can bring
further information on the structure of the active species and its
initiation and deactivation steps. In this study dedicated to
surface organometallic chemistry of tungsten oxo organo-
metallic species, we will show that the structure of both the
molecular and the supported oxo species can be better
understood by relying on 'O NMR coupled to DFT
calculations.

B RESULTS AND DISCUSSION

Study of the Reactivity of 3 with the Silica-Surface
Model HOSi(OtBu);. To expand the chemistry of supported
tungsten oxo derivatives, we selected the readily available
[WONp,Cl] derivative 3. This compound was first described
by Kress and Osborn in the late 80s, and is obtained by
trisalkylation of [WOCI,].” It may have been expected that
upon reaction with the surface, protonolysis of the W—C would
occur similarly to what we observed for 1, affording the bisalkyl
oxo chloro derivative 4 (Scheme 2). However, a distinct
reaction pathway could also consist of reaction through the W—

Scheme 2. Possible Reaction Pathways of 3 with SiO, 5,
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Cl bond, releasing hydrochloric acid, and forming surface
species 2. In this case, the released HCI could also react with
the organometallic species in the reaction mixture in a further
step. Therefore, the selectivity of the grafting has to be
determined, as several species could originate from the reaction
of 3 with SiO, .

The reactivity of 3 with one equivalent of the HOSi(OtBu),
silica-surface model'' has been followed by solution NMR to
determine the selectivity of the protonolysis of the W—C or
W—ClI fragments by the silanol group (Figure 1).

No reaction is observed at room temperature after 1 h.
However, upon heating at 60 °C for 10 min the 'H NMR
spectrum is consistent with a mixture of the starting materials
and a new product featuring NMR signals typical for a complex
with trigonal bipyramidal structure such as [{(BuO);SiO}-
WONp;] (), in which the oxo and alkoxide ligands are in
mutually trans positions, similarly to previously reported
complexes 3 and [(NpO)WONp;].” Most particularly the
methylenic fragment gives rise to a singlet at 2.19 ppm in 'H
NMR (with W-coupling satellites corresponding to *Jyy_yy = 12
Hz) and at 92.26 ppm in “C{'H} NMR (‘Jyy_c = 93 Hz). No
evolution of neopentane is observed by '"H NMR, suggesting
that the new product arises from the protonolysis of the W—CI
bond by the silanol group, and that cleavage of the W—C bond
by either HOSi(OtBu); or HCl is not effective. After 1 h at 60
°C, the starting materials have been converted to 65% into S.
However, upon cooling to room temperature, only 13% of this
is observed because of the reverse reaction leading to 3 and
HOSi(OtBu); in the presence of HCl (Scheme 3). Such
reactivity is reminiscent of that of [O(WONp;),] (6), which is
in equilibrium with 3 upon reaction with HCI/Et,0."> To reach
full conversion, we have performed the reaction of 3 with
(tBuO);SiOH in a Schlenk flask with a constant argon bubbling
to remove the evolved HCIl. This proceeds to the formation of
5 in 85% isolated yield. Several attempts at growing single
crystals afforded colorless blocks of S, but disorder prevented
full determination of the molecular structure by X-ray
diffraction studies.

Grafting of 3 onto SiO,_;4, and Characterization of
the Resulting Material. Our preliminary investigations
indicate that 3 reacts with a model of silica surface’s silanols
by W—CI silanolysis with concomitant HCI production. This
reaction is reversible, and is complete when the released
hydrochloric acid is removed from the reaction mixture. The
grafting of 3 was thus performed under dynamic vacuum, to
shift the equilibrium toward formation of the surface species. In
order to prepare a well-defined supported tungsten derivative,
we resorted to the use of highly dehydroxylated silica that only
bears noninteracting silanols.” Indeed, compound 3 reacts
readily with silica dehydroxylated at 700 °C, to afford a
colorless hybrid material. Infrared studies show quasi-
quantitative consumption of the silanols (Figure 2).

Elemental analysis indicates a W and C% content of 4.02 and
4.02 wt %, respectively. This corresponds to a C/W molar ratio
of 15.0. Furthermore, gas phase analysis reveals that the
strongly major byproduct is HCl (223 pmol.g(SiO; )",
quantified by IR spectroscopy), while neopentane is only
marginally produced (1.8 umol.g(SiO,_500)~", quantified by
GC). Thus, the characterization elements are in line with the
formation of [(=SiO)WONp;] (2), just as in the case of the
grafting of 1. Furthermore, both the Raman spectrum (W=0
band at 956 cm™', see Figure S1 in the Supporting
Information) and the 'H MAS and *C CP MAS NMR data
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Figure 2. DRIFT spectra of (a) SiO,_ and (b) 2.

are in full agreement with such a conclusion. More specifically,
the methylenic fragments give rise to 'H and "*C signals at 2.1
and 91 ppm, that strongly correlate in the HETCOR 2D
spectrum (Figure 3).

These elements were supported by XAS studies. This
consisted in recording and analyzing the W Ly-edge extended
X-ray absorption fine structure (EXAFS) spectrum of both the
molecular tungsten complex 3 and the supported species
resulting from the grafting of 3 onto SiO,_q, in order to refine
their structures and compare them.

For 3 (Figure 4 and Table 1), the results are consistent with
the following coordination sphere around W: one oxygen atom
at 1.696(S) A, assigned to an oxo ligand, three carbon at

10121

2.11(1) A, corresponding to o-bonded carbon atoms of
neopentyl ligands and one chloride at 2.43(1) A. This is
consistent with the bond distances found in the compound
[O(WONp;,),] (6) where the W=0 (1.676—1.736 A), and
W~—C (2.113-2.150 A) bond lengths are in the same range.'*”
Similar W—CIl bond distances have been observed in
[WYIOCIX;] type complexes: 2.397 and 2427 A for (u*
0X0) bls(benzoyltrlﬂuoroacetonato) dichloro-oxo-tungsten(VI)
(V\nth a 1.696 A W=0 bond length),13 2. 434(2) and 2.432(2)
A for [ WO{N(:Pr)Ar}ZClz (with a 1.691(8) A W=0 bond
length),'* and 2.4212(2) A for [ wo(céHuoz)(céHBoz)Cl]
(with a 1.716(3) A W=0 bond length)."® Similar parameters
were obtained when fitting the k’y(k) spectrum. Furthermore,
the fit was improved when considering a further layer of three
C atoms backscatterers at 3.27(3) A, assigned to the quaternary
carbons of the neopentyl ligands. (this corresponds to a 126 +
8° W—C—C angle, in agreement with the (123.7—127.4°)

dx.doi.org/10.1021/ic401521m | Inorg. Chem. 2013, 52, 10119—-10130



Inorganic Chemistry

EXAFS

FOURIER TRANSFORM

-2

—— Experimental
Simulated

IF(R)|

o

R(A)

Figure 4. Tungsten Ly;-edge k*-weighted EXAFS (left) and corresponding Fourier transform (right, modulus, and imaginary part) with comparison
to simulated curves for the molecular complex [WONp;Cl], 3. Solid lines, experimental; dashed lines, spherical wave theory.

Table 1. EXAFS Parameters for Molecular Complex 3P

type of neighbor no. of neighbors distance (A) o* (A?)

w=0 1 1.696(5) 0.0016(4)
W-CH,CMe, 3 2.11(1) 0.0031(4)
w-cl 1 243(1) 0.0039(8)
W-CH,CMe, 3 3.28(3) 0.006(4)

MS; O=W—CI 2 411(3) 0.003(2)

MS,; O=W-CI° 2 4114 0.03(2)

“The errors generated by the EXAFS fitting program “RoundMid-
night” are indicated in parentheses. bAk: [2.0-17.9 A™'] — AR: [0.7—
4.1 A] ([0.7—2.4 A], when considering only the first coordination
sphere); S;2 = 0.94; AE, = 8.7 + 2.1 eV (the same for all shells); Fit
residue: p = 4.9%; Quality factor: (Ay)*/v = 3.63 (v = 24/36).
([(Ay)*/v], 8.1 with v 10/19, considering only the first
coordination sphere with variation of the coordination numbers).
“These two multiple scattering pathways (three and four legs) have
been considered in the fit, assuming a geometry close to linearity
between these three atoms.”'* “Shell constrained to the parameter
above.

range found for 6'?") and two multiple scattering O=W-Cl
pathways corresponding to a quasi linear arrangement of these
three atoms in the complex (trans configuration), as it was
proposed by Osborn et al. on the basis of their NMR results.”

For the species resulting from the grafting of 3 onto SiO, 5,
(Figure S), the disappearance of the direct W—Cl and multiple

(O=W-—CI) scattering pathways can be clearly observed from
the comparison of the moduli of the Fourier transforms of both
molecular and supported species (contribution of the Cl
backscatterer at ca. 2.1 A and of the multiple scattering
pathways at ca. 3.7 A on the right part of Figure S). The
parameters extracted from the fit of the EXAFS spectrum
(Table 2) are in fact quite similar to those published for [(=
SiO)WONp;],° and are consistent with one oxo ligand at
1.703(S) A, ca. one oxygen at 1.98(2) A and three carbon
atoms at 2.11(1) A, respectively assigned to a siloxide and three
neopentyl ligands, consistently with the bond distances found
in 6 (see above). The rather long W—0 distance found for this
=SiO—W bond may indicate that the oxo and siloxy ligands
are trans to each other in the surface complex. Similar
parameters were obtained when fitting k'y(k) and k’y(k)
spectra. The fit was also improved by adding two layers of
backscatterers, one composed of three carbon atoms at 3.28(3)
A, attributed to the quaternary carbons of the neopentyl ligand
and another one with ca. one silicon atom at 3.54(5) A,
assigned to a silicon of a surface siloxide ligand. Most
noteworthy, these data are fully in line with those of the
material obtained by [WONp,] grafting.®

From these combined spectroscopic and analytical elements,
and as observed for the molecular model reaction, the reaction
of 3 with the silica surface does not proceed by W—C cleavage,
but by W—Cl silanolysis and concomitant HCl release (Scheme
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Figure 5. Tungsten Ly-edge k*-weighted EXAFS (left), for the sample resulting from the grafting reaction of 3 onto SiO,_,q and corresponding
Fourier transform (right; modulus and imaginary part; in black: Fourier transform corresponding to complex 3 for comparison), superimposed with
simulated curves. Solid lines, experimental; dashed lines, spherical wave theory.
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Table 2. EXAFS Parameters for the Supported Complex
Resulting from Grafting of 3 onto Si0, 00"

type of neighbor distance (A) o (A?)

no. of neighbors

wW=0 1 1.703(5) 0.0015(5)
W-0Si= 1.1(5) 1.98(2) 0.0029(10)
W-CH,CMe, 2.9° 2.11(1) 0.0027(7)
W-CH,CMe, 2.9° 3.28(3) 0.0042(15)
Ww-08i=*“ L1¢ 3.54(4) 0.009(5)

a

“The errors generated by the EXAFS fitting program “RoundMid-
night” are indicated in parentheses. bAk: [20 — 174 A™'] — AR:
[0.7-3.6 A] ([0.7-2.3 A], when considering only the first
coordination sphere); Sy* = 0.94; AE, = 8.1 + 2.0 eV (the same for
all shells); fit residue: p = 3.3%; quality factor: (Ay)*/v = 1.67 (v =
17/30) ([(Ax)*/v], = 3.22 with v = 9/17, considering only the first
coordination sphere). “Shell constrained to a parameter above. “Two
(W—0-Si) types multiple scattering pathways (3 and 4 legs) have
also been considered in the fit but not mentioned in this table.

2). Such reactivity is reminiscent of tungsten aqueous
organometallic chemistry described by Schrock and Lippard."
This is also in line with previous examples demonstrating a
higher selectivity toward metal—oxygen cleavage compared to
that of metal—carbon,"® though counterexamples have also
been reported."”

Catalytic performances of the material obtained from
reaction of 3 with SiO,_-, in propene metathesis were probed
in a flow reactor (20 mL of C;Hg min™'; 30 mol of C;Hj
moly, ™" min~!). A cumulated turnover numbers (TON) of 21
950 was reached after 90 h. As expected, the activity and
selectivity are analogous to the values observed with the surface
species 2 prepared from 1 and SiO,_,y. This is a further
confirmation that the same precatalytic species is produced in
both cases. The activity remained constant with time on stream,
as previously observed.® From the practical point of view, this
shows that the metathesis precatalyst 2 can now be accessed
using 3 as the molecular precursor that is much simpler to
prepare and handle than highly sensitive tetraalkyl oxo species
1.

DFT Calculations on Models of Surface Species. Taking
into account the above experimental data, we performed DFT
calculations to confirm and further refine the understanding of
the grafting reaction of complex 3 onto silica dehydroxylated at
700 °C (SiO,_s0). In the continuation of our previous
theoretical studies of surface chernistry,18 we considered as
surface model the polyoligosilsesquioxane derivative ¢ (Figure
6). The two upper silicon atoms, connected by a siloxane
bridge, reproduce the emerged part of the silica surface, ie., an
isolated silanol group according to the infrared studies (Figure
2) for a silica dehydroxylated at 700 °C. This layer is
surrounded by a layer built around four silicon atoms,

%"
QG fﬁ#f_/-r’ ¢
(™
(a) ¢ model (b)3

Figure 6. Representation of the optimized structures of (a) the c
model of SiO,_ silica surface and (b) compound 3.

themselves surrounded by another layer formed by two silicon
atoms added in order to increase the rigidity of the model. For
the two first layers, the silicon atoms are connected to O-SiHj;
groups, which represent the continuity of the silica surface,
whereas for the last layer, both silicons are connected to
hydroxyl groups in order to saturate the model.

To shed light on the grafting reaction of complex 3 onto
SiO,_70 the W—CI silanolysis with the concomitant HCI
production as well as the W—Np silanolysis leading to the
production of free CMe, have been considered. Other
alternative pathways, such as oxo protonation by a silanol, as
proposed by Herrmann and Basset for the grafting of a nitride
species,” are found to be 18.5 kcal mol™ higher in energy than
our lowest energy pathway. Thus, the following discussion is
reduced to the W—Cl and the W—Np silanolysis. The Gibbs-
free energy profiles of both grafting reactions are depicted in
Figure 7. The key geometrical parameters of the different

aG°
(kcal.mal™) 1'5:"“
39.2

2-calc + HCI
3+ 5i0;2.00

4a+ CMe,

Figure 7. Energy profile for the grafting reaction of 3 onto ¢ model.

stationary points are gathered in Table 3. The grafting reaction
begins, in both cases, by the formation of an endergonic
adducts Ay (W—Cl silanolysis, Figure 8a) and Acyes (W—Np
silanolysis, Figure 8d), located respectively at +34.1 and +8.4
kcal mol™ with respect to the entrance channel. Both adducts
were obtained by an IRC calculation. This stability difference is
mainly due to the interaction between 3 and ¢ in both adducts.
Indeed, for Acpess as we can see in Table 3, the structure of the
[WONp;Cl] moiety is almost identical to that of the free 3
complex. The endergonic formation of Acyes corresponds to
the loss of entropy due to the formation of adduct. For Ay,
the second-order perturbation of the NBO’s analysis reveals a
higher donation from the long pair of the silanol oxygen atom
to an empty p orbital of the metal center. This interaction can
take place through an energetically costly Berry pseudorotation
of 3, from a trigonal-bipyramidal to a square-pyramidal
geometry, which explains the endergonic formation of Ay
Hoffmann et al.>° have shown that the presence of three strong
o-donor ligands in the equatorial plane highly stabilizes a
trigonal-bipyramidal geometry due to interaction of the orbitals
of the ligands and the d,, and d,, orbitals (of e” symmetry) of
the metal center. The interaction of the orbitals of the three
strong o-donor ligands and the d,, orbitals (of b, symmetry) of
the metal center in the square-pyramidal geometry is not
favorable, which explains the high cost of the Berry
pseudorotation. Subsequently from Ay, the grafting reaction
takes place via transition state TSyc (Figure 8b). The
activation energy for this reaction is calculated to be 36.4
kcalmol™' with respect to the entrance channel (+2.3 kcal

dx.doi.org/10.1021/ic401521m | Inorg. Chem. 2013, 52, 10119—-10130
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Table 3. Selected DFT-Calculated Bond Lengths (A) within Molecular and Grafted Complexes

molecular complexes

supported complexes

3 3b Ay TSyc
energies 0.0 +19.0
type of neighbor

W=0 1.703 1.687 1.674 1.679
W-0Si= 2.669 2332
W-CH,CMe,” 2.124 2.189 2152 2.134
W-CH,CMe," 3.706 3.586 3715 3.735
W-0Si= 4.284 3.936
W-Cl 2.460 2.321 2.675 3.253
H-0-Si= 0.998 1.088
Cl-H-0Si= 1.976 1.716

=Si—0-H-CH,CMe,

2-calc 2b-calc Acnesd TScpes 4a 4b
0.0 +13.4 0.0 7.6
distance (A)
1.713 1.692 1.703 1.698 1.703 1.686
1.993 1.910 4.921 2.310 1.863 1.883
2.134 2.196 2.120 2.214 2.130 2.184
3.668 3.571 3.723 3.755 3.701 3.756
3.535 3417 5.876 3.725 3.381 3.477
2.470 2428 2.461 2.356
0.962 1.288
1.327

“Average value of the three W-CH,CMe; distances; bAverage value of the different W-CH,CMe; distances (only the bond distances less than 4.0 A

were taken into account).

(b) TSna

(d) Acmes

(e) TScmed

() 4a + CMey

Figure 8. Optimized structures of complexes involved in the grafting reaction of 3 onto ¢ model.

mol ™" with respect to Ayc). Taking into account dispersion
corrections by means of using M06 functional®' slightly reduces
the barrier to 28.6 kcal mol™'. From a geometrical point of
view, for TSy, the W—O-Si= distance is shortened
compared to Ayq (by 0.337 A) and the W—CI and H-OSi=
distances are elongated (by 0.578 and 0.090 A, respectively).
However, the two structures of TSy and Ay remain quite
similar, in good agreement with their small Gibbs free energy
difference. From Acpq the grafting reaction takes places via
transition state TScpres (Figure 8e). The activation energy for
this reaction is calculated to be 39.2 kcal.mol™ with respect to
the entrance channel (+30.8 kcal.mol™" with respect to Acyes)-
The MO6 value of the barrier is 35.1 kcal mol™. Thus, this TS is
2.8 kcal mol™ (6.6 kcal mol™ using M06) higher than the
formation of 2-calc. Thus, TSy is kinetically favored and 2-
calc is the kinetic product, 4a being the thermodynamic one.
For TScpes as for TSyc, an energetically costly Berry
pseudorotation of 3 is necessary in order to allow the formation

10124

of an interaction between the metal center and the silanol
group. As we can see in Figure 9, the alternation of the natural
charges between the atoms in TSy are slightly more favorable
than on TScy4 leading to a slightly smaller activation barrier.

This is in line with the difference of trans effect (O vs Cl) in

0.99 -0.72
1.35 -0.56
. _ CH,tBu
: Ta
-1.14 0.46
1.12 0.44

Figure 9. Natural charges of the atoms involved in the sylanolysis
reaction in TSy and TScyges-

dx.doi.org/10.1021/ic401521m | Inorg. Chem. 2013, 52, 10119—-10130
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Scheme 4. Synthesis of '"O-Labeled Species
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each TS but the greater steric hindrance in TScy, than in
TSyc also accounts for the difference of stability.

The formation, through TScyes of 4a with concomitant
CMe, production (Figure 8f) is exoergonic by —31.1 kcal.mol ™"
with respect to the starting material. In 4a, the tungsten atom
adopts a distorted trigonal bipyramidal geometry with two
neopentyl ligands and the oxygen atom of the silica surface in
equatorial sites; the oxo and chloride ligands occupying the two
axial sites. The square pyramidal isomer 4b (see Figure S7 in
the Supporting Information) is less stable by 7.6 kcal.mol™".
The formation of 2-calc with concomitant HCI production
(Figure 8c), from TSy, is calculated to be slightly endergonic
by 6.6 kcal.mol™ with respect to the separated reactants. The
released HCI could then further react with the reaction medium
leading to a global athermic process, which is consistent with a
reversible reaction, as experimentally observed. In 2-calc, the
tungsten atom adopts a slightly distorted trigonal bipyramidal
geometry with the three neopentyl ligands in equatorial sites;
the oxo and the oxygen atom of the silica surface occupying the
two axial sites. The square pyramidal isomer 2b-calc (see
Figure S7 in the Supporting Information) is less stable by 13.4
kcal.mol™!. In both cases, according to the energy difference
between the trigonal bipyramidal isomer and the square planar
one, we can safely conclude that only one conformation can
exist.

Experimental and Theoretical Approaches to 70O
NMR. The 7O NMR chemical shift has been tentatively used
as a probe for molecular vanadium-oxo organometallic systems
in liquid state NMR.>> However, authors noticed that the rather
narrow chemical shift range did not allow drawing a correlation
between CS and the metal coordination sphere. This
emphasizes that one cannot efficiently rely on this descriptor
alone to draw conclusions about the structure of organometallic
oxo species. On the other hand, solid-state NMR data should
afford a further layer of information, from quadrupolar and
chemical shift interactions. Under MAS conditions, a close
analysis of (i) the shape of individual spinning sideband and (i)
the total spectral pattern provides a large set of anisotropic
parameters (Cq, 7q, Acsay and 7cgy), in addition to the
isotropic chemical shift to well characterize the oxygen
environment. When coupled to DFT calculation, this may
prove to be very successful as a method for the determination
of the nature of the related species. As highly characteristic
spectroscopic features are expected, calculation of the expected
values for a postulated structure should be confronted to

experimental data and thus confirm or invalidate a proposed
structure.

To generate a set of data amenable to trends assessment, we
compared several '"O-enriched molecular oxo species (3%, 5%
and 6%, that latter featuring both terminal and bridging oxo
ligands), along with hybrid material 2*. The labeling scheme to
access to surface species [(=Si0)WO*Np,] (2*) is described
in Scheme 4. The first step consists in the hydrolysis of [W(=
CtBu)Np;] using 70%-'"O-enriched water to afford the trisoxo
alkyl dinuclear complex [O(WONps;),] 6%, where both the
bridging and terminal positions are labeled."” From this
complex, the chloride derivative 3% is obtained through
treatment with SiMe;Cl/HCI, and its reaction with SiO, -y,
and HOSi(OfBu); provides 2* and its '"O-tagged molecular
model, 5%, respectively.

Isotopic labeling is evidenced in the case of $* by a shift in
the position of the W=0 band, from 1006 to 998 cm™". The
higher position compared to that of the expected theoretical
one (977 cm™") is most probably due to the fact that it consists
of a combination of vibrations and not of pure vy—c). Indeed,
the IR spectrum computed at the DFT level displays a band at
1012 cm™'that corresponds to a coupled vibration involving
elongation of the terminal oxo v(—c) and elongation of the
(SO-W v(w—o(si)-

With this series of species at hand, we recorded the 7O MAS
NMR spectrum of molecular species 3%, 5%, and 6* (Figure
10). At first, one should mention that the presence of large
CSA and quadrupolar couplings afford spectra featuring
numerous spinning sidebands, each one characterized by
specific line shape and amplitude. The mononuclear complexes
3* and 5% give rise to similar spectra, regarding both the
discontinuities of resonance at the isotropic chemical shift, and
the spinning sidebands pattern. Their chemical shift are very
close (735 and 731 ppm for 3* and 5%, respectively, Table 4).
These values are in line with reported values for other tungsten
oxo species featuring W=O and W—-O-W moieties.”
However, as previously mentioned, the similarity between the
observed values means that the chemical shift alone is not an
appropriate parameter to assess structural changes when
comparing the influence of the presence a chloride and an
alkoxide ligand in the position trans to the oxo moiety. The
quadrupolar coupling constant deduced at first sight from the
width of the signal at dcg is larger for §*, which shows that
other parameters may prove more appropriate than chemical
shift as descriptors. These are related to anisotropy of chemical
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Figure 10. 7O MAS NMR spectra of (a) 3* (18.8 T, number of scans
ns =2048, recycling delay rd =S s, MAS rate =17.6 kHz); (b) 5* (18.8
T, ns =32768, rd =1 s, MAS rate =17.6 kHz); and (c) 6* (18.8 T, ns
=15000, rd =5 s, MAS rate =20 kHz); For the sake of clarity, the
signals at isotropic chemical shift are marked with O0; O, impurity.

shift and quadrupolar coupling. As mentioned above, they are
available through the description of the whole spectral pattern.
To determine such parameters, we relied on simulations with
the SIMPSON program.”* Indeed, as the spectra present highly
characteristic discontinuities, along with specific features for
each sideband, it is possible to determine them with good
accuracy (see below). Earlier 7O cases have been reported on
samples under static conditions retaining both quadrugolar and
CSA specific features at the expense of the sensitivity.”> On the
other hand, under spinning sample conditions, these spectro-
scopic features can be analyzed from the experimental data on
systems with moderate quadrupolar coupling.26 Here the large
magnitude of both quadrupolar and CSA interactions at high
magnetic field allows for a complete analysis of the MAS
spectrum. From optimization of simulations, it is possible to
assess the influence of each anisotropic parameter on the
spectrum: A systematic approach has been followed, as
described in the Supporting Information (Figure S2).
Consecutive optimization of the various parameters allows for
converging toward a single set of parameters. In summary, the
quadrupolar parameters (Cq, 7o) mostly affect the shape of
each spinning sideband, whereas the CSA parameters (Acgy
and 7]¢g,) are responsible for the total envelop of the spectrum,
i.e., the relative intensity of the spinning sidebands. Results are
presented in Table 4, and the best fit for 5% is presented in
Figure 11 (see the Supporting Information for similar data

1

L

> A L
a)
1 UIOO 860 G‘I)O 4I00 260
&("0) / ppm
Figure 11. 7O MAS NMR spectra of 5%*: (a) experimental, (b)
SIMPSON best fit simulation, and (c) calculated from DFT
parameters.

related to 3%). The precision of the parameters determination
in the case of archetypical $* has been assessed to below +3
and 75 ppm for CS and Acg,, respectively, 0.2 MHz for Cg,
and 0.1 for both 5q and 7cgs (see Figures S4—S8 in the
Supporting Information).

DFT calculated values are in very good agreement for most
of the anisotropic parameters. The line shape of the resonance
at dcg = 731 ppm is very well reproduced, along with the
relative intensities and line shapes of spinning side-bands (see
the Supporting Information for corresponding data for 3* and
6*%). The Euler angles (a, f, 7) describing the relative
orientation of the quadrupolar and CSA tensors also affect
the line shape. Here, the  angle has been assessed to 0°, which
indicates that CSA and quadrupolar tensors are collinear (see
Supporting Information).

Dimer 6* presents two sets of signals accounting for the
bridging and terminal oxo moieties (Figure 10c and Table 4).
The terminal W=O site gives rise to a resonance at the
isotropic chemical shift with a line shape that is comparable to
that of 3* and 5%, at higher chemical shift (775 ppm compared
to 735 and 731 ppm for 3* and 5%, respectively). The bridging
oxygen features are strongly different in terms of isotropic
chemical shift (490 ppm, in good agreement with literature data
on W—O-W systems™>) and quadrupolar coupling constant
(1.0 MHz). Compared to the mononuclear species 3* and 5%
larger errors on calculated chemical shift values for 6% are
obtained (17% and 7% for bridging and terminal oxo moieties,
respectively), which is acceptable considering the large 'O
chemical shift range. Regarding the DFT optimized structure of
6, if we consider the two terminal oxo moieties, for which the
relative error compared to the experiment is the worst, one can

Table 4. Experimental and DFT-Calculated '’O NMR Parameters for Species 2—6

CS (ppm) Cq (MHz) g Acga Ncsa
species expt caled expt caled expt caled expt caled expt caled
2P 757 758 5.3 5.7 0.20 0.17 —1200 —1136 0.15 0.07
3 73S 701 S.1 5.2 0.01 0.11 —1110 —1109 0.07 0.07
4a 730 4.6 0.55 —945 0.77
4b 757 2.2 1.0 —948 0.42
S 731 721 5.44 5.8 0.09 0.02 —1125 —1128 0.05 0.0S
6: Oy 775 7187 4.6 6.0¢ 0.9 0.00¢ —900 —1112° 0.85 0.00¢
Obﬂ'dge 490 40S 1.0 0.9 0.01 0.03 —405 -350 0.8 0.02

“Averaged value between the two terminal oxo moieties. bCalculated values have been obtained with the 2-calc structure.

10126
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observe different C—H"O interactions (see Figure 12). These
interactions are probably responsible for the difference between

Figure 12. C—H--O interactions in DFT-optimized 6.

experimental and theoretical values. As a matter of fact, if
dynamics effects were considered, these interactions would
virtually disappear, leading to a signal closer to the experimental
value.

Thus, the satisfying adequacy between experimental and
theoretical 7O NMR validates our combined approach, a most
critical prerequisite for structural determination for compounds
or sites of unknown nature.

Hybrid material 2* features a 7O NMR spectrum that is
characteristic of high quadrupolar and chemical shift anisotropy
(Figure 13). The isotropic chemical shift is in the expected
region (757 ppm). One notices that global signal envelope
(relative intensities of spinning sidebands) is similar to that of
above-described molecular oxo compounds, most particularly
regarding the terminal W=O moiety. Within the limits of
detection, this set of bands is consistent with the presence of a
single type of W—O in material 2%, in agreement with the other

U U L U L A L DA
1200 1000 800 600 400 200
8("0)/ ppm

Figure 13. 7O MAS NMR spectrum of 2* (21.15 T, ns = 59756, rd =
Is, MAS rate = 19 kHz), and DFT-calculated 7O MAS NMR
spectrum of (b) 2%, (c) 4a, and (d) 4b. Asterisks designate the rotor’s
ZrO, signal. The signal at isotropic chemical shift is marked with [J.

experimental techniques used above. The signal at isotropic
chemical shift presents a noticeable discontinuity which
indicates significant quadrupolar coupling constant. The
spinning sidebands show a much lesser degree of discontinuity,
stemming from the distribution in the local structure of the
surface organometallic sites. Indeed, even if the first
coordination sphere remains the same (namely, [(=SiO)-
WONp;]), as the surface is amorphous, medium range
interactions affect the 7O signal. We have already observed
in related systems that '’O NMR signal is very sensitive to local
structure.'® To assess the structure of the tungsten oxo species
and settle between W—C and W—CI cleavage pathways upon
grafting of 3, we compared the theoretical spectra resulting
from DFT-calculated structures 2-calc, 4a, and 4b using the
SIMPSON program (Figure 13b—d, respectively) to that of 2*
(Figure 13a). A line broadening of 1000 Hz was applied to
account for the local structural distribution mentioned above.
As mentioned above, chemical shift alone cannot give a clear-
cut answer, as DFT accuracy level is too low compared to the
actual experimental range. However, anisotropy is expected to
provide unambiguous information, as it governs the whole
spectral line shape, both in individual bands and in the overall
envelope. When comparing calculated spectra for 2-calc (DFT
optimized model for the grafting of 3 via W—Cl cleavage), 4a
and 4b (DFT optimized isomeric models for the grafting of 3
via W—C cleavage), only that of 2-calc reproduces key features
of the experimental data: the discontinuity of the dcg signal, and
the low intensity of the first spinning sideband at higher field.
Indeed, both 4a and 4b feature significantly lower calculated
Acsa and Cq values compared to data of 2-calc (Table 4). This
not only confirms that the DFT approach is efficient in this
case, but is also fully in line with the above-described
characterization of 2 that demonstrated the reaction via W—
Cl and not by W—C cleavage.

H CONCLUSION

The grafting chemistry of the oxo organometallic tungsten
derivative [WOCINp;] onto silica dehydroxylated at 700 °C
was explored. Reactivity proceeds via cleavage of a W—Cl bond,
and not by W—C silanolysis, affording well-defined surface
species [(=SiO)WONp;] under optimized reaction condi-
tions. This was demonstrated by a set of complementary
analytical and spectroscopic techniques. DFT calculations also
allowed rationalizing both the grafting pathway and the
experimentally observed reversibility of this reaction under
static conditions. This hybrid material is an efficient precatalyst
for propene metathesis, featuring high activity and stability.
Efficient 'O-labeling scheme of the oxo moiety was performed
for a series of molecular and supported oxo organometallic
tungsten derivatives. Indeed, 7O NMR provided a large set of
parameters, including quadrupolar coupling and chemical shift
which are best suited to describe local structure of an oxygen
atom. Combined to DFT calculations on molecular and more
challenging surface species, this approach efficiently confirmed
the observed W—CI cleavage process, and ruled out other
grafting pathways, thanks to highly characteristic spectral
features. This study will pave the way toward future
development of supported organometallics that model the
postulated active sites of industrially relevant catalysts, such
[(0,),WO(=CHR)].*” One of the most attractive entries into
this chemistry will be use of mildly dehydroxylated silica
support, which is known to have a less straightforward surface
chemistry.” In such a context, use of 7O MAS NMR combined
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to DFT calculations will definitively be a strong point to
successfully meet this challenge.

B EXPERIMENTAL SECTION

All experiments were carried out by using standard Schlenk and
glovebox techniques. Solvents were purified and dried according to
standard procedures. C¢Ds (SDS) was distilled over Na/benzophe-
none and stored over 3 A molecular sieves. Complexes 3”* and [W(=
CtBu)Np;]*® were synthesized following the literature procedure. 17O-
enriched 3* and 6* were prepared using the reported procedure using
170 labeled water.'® Propene was dried and deoxygenated before use
by passing it through a mixture of freshly regenerated molecular sieves
(3 A) and R3-15 catalysts (BASF). SiO,_4 was prepared from
Aerosil silica from Degussa (specific area of 200 m? g~'), which was
partly dehydroxylated at 700 °C under high vacuum (107> Torr) for
15 h to give a white solid having a specific surface area of 190 m* g™*
and containing 0.7 OH nm™2 Gas-phase analyses were performed on a
Hewlett-Packard 5890 series II gas chromatograph equipped with a
flame ionization detector and an Al,0;/KCl on fused silica column
(50 m X 0.32 mm). 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™"). Confocal Raman spectra were
acquired using the 488 nm line of a Ar-ion laser (Melles Griot). The
excitation beam was focused on the sample by a 50X long working
distance microscope and the scattered light was analyzed by an air-
cooled CCD (Labram HR, Horiba Jobin Yvon). The fluorescence was
subtracted from the spectra for clarity.

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¢Dg, 6 7.15 ppm for 'H, 128 ppm for *C. 'H and "*C solid-state
NMR spectra were recorded on Bruker Avance-500 spectrometers
with a conventional double-resonance 4 mm CP-MAS probe at the
Laboratoire de Chimie Organométallique de Surface. In all experi-
ments, the rotation frequency was set to 10 kHz unless otherwise
specified. Chemical shifts were given with respect to TMS as external
reference for 'H and *C NMR. The 7O solid-state NMR spectra were
acquired on Bruker Avance III 800 (‘H, 800.13 MHz, 7O, 108.47
MHz) and 900 (7O, 122.11 MHz) spectrometers. For "H experi-
ments, the spinning frequency was 20 kHz, the recycle delay was S s,
and 16 scans were collected using a 90° pulse excitation of 2.25 us.
The 'O MAS NMR spectra at 18.8 and 21.15 T were acquired at
spinning frequencies ranging from 17.6 to 20 kHz (3.2 mm rotor
diameter) to avoid overlapping of spinning sidebands with CS
resonances.

Preparation and Characterization of [{(tBuO);SiO}WONp;]
(5). 3. (100 mg, 0.22 mmol) and HOSi(OtBu); (59 mg, 0.22 mmol)
were stirred in 30 cm® of pentane for $ h at room temperature with a
constant bubbling of argon to remove the HCI released. The solvent
was then removed under vacuum to leave a white solid. The crude
material was crystallized from pentane at —30 °C to yield 0.125 g of
complex $§ (85% isolated yield). 6("H, CiDy¢): 2.19 (6 H, s,
CH,C(CH,)s, Joww= 12.0 Hz), 143 (24 H, s, OC(CH,);), 1.35
(24 H, 5, CHLC(CHy)s). 6(°C{'H)) (CeDo): 92.3 [CH,C(CHS),
Ywey= 934 Hz), 72.5 (s, OC(CH;)s), 35.4 (s, CH,C(CHs);), 33.0 (s,
OC(CH,),), 31.9 (s, CH,C(CH,);). IR: 1006 cm™ (14y—o) Anal.
Caled for Cp;HgOsSiW: C, 47.92; H, 8.94%. Found: C, 48.04; H,
9.02%.

Preparation and Characterization of 3/SiO,_;o,. A mixture of
finely ground 3 (150 mg, 0.33 mmol) and SiO,_,y, (1 g) were stirred
at 25 °C under dynamic vacuum for 4 h, whereas all volatile
compounds were condensed into a cold trap. Pentane was then added
and the solid was washed 5 times. The resulting white powder was
dried under vacuum (1 X 1075 Torr). Analysis by infrared
spectroscopy of the condensed volatiles indicated the formation of
223 pmol of HCI during the grafting (0.9 HCl/W). Elemental anal.: W

4.02 wt %; C 4.02 wt %; H 0.69 wt %. 'H MAS NMR (800 MHz) &
2.1, 1.1 ppm. *C CP MAS NMR (200 MHz) § 92, 35, and 31 ppm.

Procedure for the Quantification of HCl Released during
Grafting. The gas phase released during grafting was condensed into
an IR-cell equipped with CaF, windows. Transmission infrared spectra
were recorded on a Nicolet Magna 5700 FT spectrometer, at room
temperature. The resolution was 1 cm™ with 16 scans. HCl was
quantified by comparison of the surface of the absorbance IR bands in
the 2600—3100 cm™" region of the sample to a calibration curve. For
the calibration, known amounts of pure HCI were introduced into the
same gas cell and identical parameters (resolution, number of scans,
integration width, and baseline) were used.

SIMPSON Simulation of 7O MAS NMR Spectra. All 7O MAS
NMR numerical spectra were calculated using gcompute method
implemented in SIMPSON software package™ to reproduce chemical
shift anisotropy and quadrupolar interaction effects observed on
experimental data. This package described each line shape with nine
NMR interaction parameters, which included the isotropic chemical
shift (8¢s) defined in eq 1, the quadrupole coupling constant (Cg) and
quadrupole asymmetry parameter (1) defined in eqs 2 and 3, the
CSA (Acgs) and chemical shift asymmetry parameter (17¢g4) (in the
Haeberlen convention) defined in eqs 4 and S, and the Euler angles
(a, B, 7). Each numerical simulation was performed with the zcw4180
crystallite file and 20 gamma angles, with the calculated FID inclusive
of all quadrupolar satellites. To better fit experimental and calculated
spectra, we applied a Gaussian line broadening of 120 and 1000 Hz for
70 MAS spectra of molecular and grafted compounds, respectively.

Scs = (6y) + 6y + 33)/3 (1)
Cq = ¢qQ/h = eVyyQ/h, V33l 2 V| > 1V (2)
I’]Q = (Vll - V?.Z)/VSS' (1 2 7’]Q 2 0) (3)

Acgp =6, = (B +
2 16, — dcgl )

with the reduced anisotropy, 6 = d33-0¢s
Nesa = (8 = 8)/ (8. = Bcg), (1 2 negy 2 0) ()

DFT Methodological Details. All DFT calculations were
performed with Gaussian 03.>° Calculations were carried out at the
DFT level of theory using the hybrid functional B3PW91.*° Geometry
optimizations were achieved without any symmetry restriction.
Calculations of vibrational frequencies were systematically done in
order to characterize the nature of stationary points. 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). Hydrogen, carbon,
chlorine, and oxygen atoms were treated with 6-31G(d,p) double-{
basis sets.’” The optimized structures were used for 7O NMR
calculations. These calculations were also performed using a higher
Dumnn§s correlation consistent basis set cc-PVIZ for the oxygen
atoms.” In all cases, among the various theories available to compute
chemical 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 chemical shielding has been converted to
chemical shift using the usual equation: Si, = Gisq ref — Giso sampler Where
Giso ref is the isotropic 7O chemical shielding of the liquid water.
However, because of the arbitrariness in the choice of the isotropic
chemical shift of the reference - the value of 0y, o depends on the
level of theory and the used basis sets®>- an internal reference is used
for the calibration of the oy, . value. As a consequence, we have
calibrated the o;, .. value with respect to the }’O CS of isolated silanol
groups without interaction with organometallic fragments, ie., the
calculated o, sample of 287.6 ppm is attributed to an experimental CS
of 4.6 ppm: Gy, = 2922 ppm. The O quadrupolar coupling
constant Cq and the asymmetry parameter 77, which describes the

8,)/2 = 38/2,16,, — dcd > 16, — 3l
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interaction between nuclear quadrupolar moment of the oxygen nuclei
with the electric field gradient (EFG) arisen at these sites, are
calculated from the EFG tensor eigenvalues V}, V,,, and V;; following
eqs 2 and 3.

EXAFS. X-ray absorption spectra were acquired at the SRS of the
CCLRC in Daresbury (UK), using beamline 9.3 (project 50049), at
room temperature at the tungsten Ly; edge, with a double crystal
Si(111) monochromator detuned 70% to reduce the higher harmonics
of the beam. The spectra were recorded in the transmission mode
between 10.05 and 11.45 keV. The supported W sample was packaged
within a nitrogen filled drybox in a double airtight sample holder
equipped with kapton windows. This type of cell has already been used
and proved to be very eflicient for air-sensitive compounds such as =
SiO-HfNp; species supported onto Aerosil silicaggg) where the Hf—C
contribution could be clearly distinguished from Hf—O by EXAFS.*
The spectra analyzed were the results of four such acquisitions and no
evolution could be observed between the first and last acquisition. The
data analyses were performed by standard procedures using in
particular the program “Athena”®” and the EXAFS fitting program
“RoundMidnight”,*® from the “MAX” package, using spherical waves.
The program FEFF8 was used to calculate theoretical files for phases
and amplitudes based on model clusters of atoms.* The value of the
scale factor, Sy> = 0.94, was determined from the k', K, and k’y(k)
spectra of a reference compound, a sample of [W(=CtBu)Nps]
molecular complex diluted in BN and carefully mixed and pressed as a
pellet (one carbon at 1.76(1) A and three carbon atoms at 2.10(1) A
in the first coordination sphere, with one carbon atom at 3.25(3) A
and three carbon atoms at 3.34(3) A). The refinements were
performed by fitting the structural parameters N, R;, ¢; and the energy
shift, AE, (the same for all shells). The fit residue, p(%), was
calculated by the following formula

_ TRy (0 - R, ®F
AR

p

As recommended by the Standards and Criteria Committee of the
International XAFS Society,*® the quality factor, (Ay)?/v, where v is
the number of degrees of freedom in the signal, was calculated and its
minimization considered in order to control the number of variable
parameters in the fits. The fits were conducted by first considering the
coordinated ligands of the complexes and then by adding further
backscatterers in order to improve the fits. For the molecular complex
3, considering only the first sphere, the coordination numbers of the
ligands were let free to vary and a satisfactory fit was obtained with
values in agreement with the foreseen coordination numbers, within
the error margins: 1.0 + 0.1 for N, (th. 1), 0.9 & 0.2 for N, (th. 1)
and 3.2 + 0.4 for N (th. 3). This was in particular a good validation of
the theoretical phase and amplitude files used for the fit. Further
improvements of the fit were carried out with integer values for
neighbor numbers, known for complex 3. In the first coordination
sphere of the supported complex resulting from the reaction of 3 onto
silica, once the presence of chlorine ruled out, one oxo ligand was
considered and the coordination numbers of the siloxy (Ng) and
neopentyl ligands (N¢) were free to vary with one constraint (N +
N¢ = 4.0 for W(VI)), in order to reduce the number of variable
parameters in the fit but also to consider for instance the possibility of
bis-siloxy tungsten complexes grafted onto silica.

B ASSOCIATED CONTENT

© Supporting Information

Additional experimental and simulated 70 MAS NMR data,
CSA and EFG tensors orientation on grafted species, and DFT
optimized structures. This material is available free of charge via
the Internet at http://pubs.acs.org.
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