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Surface organometallic chemistry represents an approach to the preparation of well-defined single
sites for catalysis, the possibility of observing some elementary reaction steps, and the development of
a fundamental basis for the synthesis of tailor-made catalysts. Silica-supported metal hydrides are an
important class of new catalysts for alkane metathesis, methanolysis of alkanes, -Ziagter
depolymerization, alkane hydrogenolysis, etc. Understanding their mechanism of formation and aging is
crucial. In the work presented here, the reaction of the well-defined silica surface organometallic complex
[(=SIO)Hf(CHtBu)g], 1, (=SiO) = silica surface ligand) with dihydrogen has been performed at different
temperatures). At 6 < 100 °C, there is formation of a stable hafnium neopentyl dihydrideSiO)-
Hf(CHtBu)(H),], 2. For 100< 6 < 200°C, 2 affords, via a succession gfmethyl transfer and subsequent
hydrogenolysis of the resulting Hialkyl bonds, the formation of £SiO)Hf(H),], 3, and [ESIO)%SiH]
with evolution of methane ( and ethane (g. For 150< 6 < 300 °C, 3 is totally converted into
[(=SiO)%Hf(H)], 4, and [ESIiO)Si(H),]. For 0 = 300 °C, [(=SiO)Hf(H)], 4, is transformed into
SiOYHf], 5, and [ESIiO),Si(H),] into [(=SiO)SiH]. At this temperature, f£SiO)SiH] is the only hydride
remaining on the surface. All these species have been characterized with a multitude of techniques such
as elemental analysis and infraretH solid-state NMR,*H DQ solid-state NMR, and EXAFS
spectroscopies. The results elucidate a complete mechanism of surface organometallic chemistry by which
one observes the stepwise transformation of a hafnium tris-neopentyl to hafnium neopentyl hydrides,

hafnium mono- and bis-hydrides, silicon bis-hydride with the ultimate formation of tetrasiloxy surface
species EESIO)Hf)], and silicon mono-hydride, the only hydride stable at very high temperature. It is
suggested that the formation of these surface silicon hydrides is responsible for the aging of such catalysts

in any reaction involving dihydrogen.

Introduction

objective of this approach. The first step for the synthesis of
tailor-made catalysts generally used in our laboratdrgonsists

Surface organometallic chemistry represents an approach toqf the reaction of alkyl complexes MRvith semihydroxylated

the preparation of well-defined active sites for catalysis, the
possibility of observing some elementary reaction steps, and
the development of a fundamental basis for the synthesis of
tailor-made catalysts.Access to “single-site” systems for

catalysis, and especially for alkane transformation, is the main
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oxide surfaces. This affords well-defined “monosiloxy” surface
complexes, which are the starting entity to generate new surface
complexes linked to silica through two or three siloxy bonds.
Unfortunately, once the complex is grafted via one siloxy ligand
(arising from the first reactive silanols), the formation of several
bonds between the transition metal and the surface is so far not
fully elucidated.

In the case of zirconium supported on silica the starting com-
plex [(ESiO)Zr(CH;tBu);] leads under hydrogen treatment to
a mixture of zirconium mono- and bis-hydridessiO)Zr(H)]
(70—80%) and [ESiO)Zr(H),] (20—30%), along with silicon
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Figure 1. Hydrogenolysis oflL monitored by in situ IR spectroscopy: (a) 26; (b) 75°C, 4 h; (c) 75°C, 16 h; (d) 100°C, 4 h; (e)
150°C, 4 h; (f) 150°C, 20 h; (g) 200°C, 4 h; (h) 250°C, 4 h; (i) 300°C, 4 h; (j) 350°C, 4 h; (k) 400°C, 4 h; (I) 450°C, 4 h.

mono- and bis-hydrides: #SiO)SiH] and [ESiO),SiH,].2~7

These surface hydrides have been fully characterized by infrared
spectroscopy, EXAFS, GC analysis, and solid-state NMR
spectroscopy' and double-quanta (DQ) protoh)Unfortu-
nately in the case of zirconium, the chemistry is not simple and
no systematic study has been performed to understand how these
hydrides are really formed on a partially dehydroxylated surface.
These zirconium hydrides are active under mild conditions

in Ziegler—Natta polymerizatio’;®1%hydrogenolysis of poly-
ethylene and polypropyleriél2 alkane isomerization, hydro-
genolysis of alkane3®15 hydrogenation of olefins and ben-
zene>910.16and isotopic exchanges in alkariés.

In contrast, surface hydrides of hafnium have been much less
studied in terms of catalytic performance. They have only been ®
reported as intermediates in catalytic reactions, and there is no

full characterization or information about their mechanism of
formation or their mechanism of aging in catalytic reactions
involving dihydrogen as a reagent.1018

(5) Zakharov, V. A.; Dudchenko, V. K.; Paukstis, E.; Karakchiev, L.
G.; Ermakov, Y. I.J. Mol. Catal.1977, 2, 421-435.

(6) Pyle, A. M.; Jens, K. JJ. Mol. Catal.1986 38, 337.

(7) Vasnestov, S. A.; Nosov, V. A.; Mastikhin, V. M.; Zakharov, V. A.
J. Mol. Catal.1989 53, 37.

(8) Rataboul, F.; Baudouin, A.; Thieuleux, C.; Veyre, L.; Coperet, C.;
Thivolle-Cazat, J.; Basset, J.-M.; Lesage, A.; Emsleyl.lAm. Chem. Soc.
2004 126, 12541-12550. Avenier, P.; Lesage, A.; Taoufik, M.; Baudouin,
A.; De Mallmann, A.; Fiddy, S.; Vautier, M.; Veyre, L.; Basset, J.-M.;
Emsley, L.; Quadrelli, E.J. Am. Chem. So007, 129,176-186.

(9) Zakharov, V. A.; Yermakov, Y. ICatal. Re. 1979 19, 67—103.

(10) Zakharov, V. A.; Ryndin, Y. AJ. Mol. Catal.1989 56, 183-193.

(11) Dufaud, V.; Basset, J.-MAngew. Chem., Int. EA.998 37, 806—
810.

(12) Thieuleux, C.; Quadrelli, E. A.; Basset, J.-M.; Doebler, J.; Sauer,
J. Chem. Commur004 1729-1731.

(13) Quignard, F.; Lecuyer, C.; Bougault, C.; Lefebvre, F.; Choplin, A,;
Olivier, D.; Basset, J.-MInorg. Chem.1992 31, 928-930.

(14) Quignard, F.; Lecuyer, C.; Choplin, A.; Olivier, D.; Basset, J.-M.
J. Mol. Catal.1992 74, 353-363.

(15) Vidal, V.; Theolier, A.; Thivolle-Cazat, J.; Basset, J.-M.; Corker,
J.J. Am. Chem. S0d.996 118 4595-4602.

(16) Schwartz, J.; Ward, M. Dl. Mol. Catal.198Q 8, 465-469.

(17) Casty, G. L.; Matturro, M. G.; Myers, G. R.; Reynolds, R. P.; Hall,
R. B. Organometallics2001, 20, 2246-2249.

(18) d'Ornelas, L.; Reyes, S.; Quignard, F.; Choplin, A.; Basset, J.-M.
Chem. Lett1993 1931-1934.

a)

b)

2200 2000

Wavenumbers (cm™)

Figure 2. Deuterium exchange monitored by in situ IR spectros-
copy. Enlargement of the 248@600 cnt?! spectral regions: (&)
after treatment under H100 °C); (b) after treatment under,[at
25°C for 2 h.
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Recently, we have reported that the reaction of tetraneopen-
tylhafnium [Hf(CH,tBu)4] with silica surface treated at 80C,
SiO,—(s00) affords a single-site surface complex=RiO)Hf-
(CHxtBu)z], 1,1%20which is more stablé?2°less reducible under
hydrogen atmosphefé; 23 and more active in alkane hydro-
genolysis than surface zirconium analogtfes.

The objective of this study is to characterize the surface
hydrides resulting from the hydrogenolysis band to obtain
information on the mechanism of their formation.

Results

The reaction of EESIO)Hf(CHxtBu)3], 1, with dihydrogen
has been monitored by infrared spectroscopy at different
temperatures, in a batch system with analysis of any evolved
gas. This reaction was also monitored through temperature
programmed reactor (TPR) experiments, which were performed
in a continuous-flow reactor at 75 and 18Q with in situ
analysis of any evolved gas. The silica support is Flame Aerosil
silica from Degussa. It is always pretreated at 8@under
vacuum and further referred to as Si@oo)
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Figure 3. (a) Evolution of the intensity of thes) bands (left axis) and thecny bands (right axis) versus temperatu@for 1, a for
2, @ for 3, W for 4). Ordinates are intensities in arbitrary units. (b) Integration of intensityvthg) peaks. Peak deconvolution of the
various vy Vibrations when these hydrides are prepared at different temperafuesgd, 3 in blue, and4 in brown). Ordinates are

intensities in arbitrary units.

In Situ IR Spectroscopy. A silica pellet of [ESiO)Hf-
(CHutBu)g], 1, is heated under hydrogen (500 Torr) from 25 to
450°C, with stepwise temperature increments of25 resting
for at leas 4 h ateach temperature. The reaction is monitored
by in situ FT infrared spectroscopy. The evolution of the
different spectra in the cpy, v, andvsiyy regions versus
temperature is depicted in Figures 1, 3, and 4.

Up to 75°C, there are few changes in the spectra, indicating
a higher thermal stability ofl compared to EESIO)Zr-
(CHutBu)3]. From 75 to 150°C, the intensity of the peaks due
to thevcny andd(cw) vibrations of the neopentyl ligands &f
at respectively 30002500 cnt! and 1806-1300 cnt?, de-
creases sharply to roughly 1B 5% of its initial value, then
decreases slightly to remain steady at a value of ea586 up
to 450°C (Figures 1 and 3). There is concomitant evolution of

methane and ethane in the gas phase, a result that is observed

in any hydrogenolysis reaction of group IV supported neopentyl
complexeg.818
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From 75°C, there is a progressive appearance of a complex
pattern of several bands centered at 1700°crAll the bands
of this pattern are affected in shape and intensity by the thermal
changes. The total intensity of these bands is the highest at
150°C and then decreases to zero at 40Q(Figures 1 and 3).
The intensity of this pattern of bands also decreases (by 70%)
when the pellet is treated under dry, [600 Torr) at room
temperature (Figure 2), showing that these bands correspond
to easily exchangeable hydrides.

This pattern of bands is thus attributed to thgim)
vibrationg%2430 of three main surface hafnium hydrides
exchangeable with £that we assign after deconvolution to three
different hydrides:2 [1651, 1685 cm?], 3[1675, 1720 cm?],
and4 [1701 cn1?] (see Supporting Information).

These bands behave differently upon heating: between 100
and 150°C, the intensity of the peaks @ decreases sharply.
The highest total intensity for thegy) bands, ascribed t8
and4, is obtained at 150C. Note that there is no change at alll

in the spectra when the pellet is kept at 1%D during 20 h,
suggesting that surface hydrid8sand 4 are stable at this
temperature. Above 150C, the intensity of all these bands
decreases, but only those of spe@d&emain present. Moreover,

no new band appears, suggesting that no newHHbond is
formed. The fact that no HfH bond is present at 400C
suggests that hafnium does not possess in its coordination sphere
any other ligand but siloxy groups of silica and therefore
suggests the formation ofsfSiO)Hf], 5. The global intensity
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analyzed by gas chromatography. In each case, belofC65
e only neopentane is detected. Above this temperature, methane
. P and isobutane are formed concomitantly, followed by propane,
— AN and finally ethane appears. This sequence is the same for each
- [(8i0);8iH] experiment (see Supporting Information).
T The hydrogenolysis ol at 75°C, for 2800 min, leads to
s _ 1-75. During this reaction, the equivalent of 11 C/Hf (i.e., ca. 2
" .. Tem CHatBu ligands) are evolved as alkanes (methane ethane,
& . oy Cy; propane, G isobutane, iG and neopentane, negCand
o the elemental analysis Gf;s indicates residual surface carbon
' ' ' ' with a C/Hf ratio of 5. During the hydrolysis df-;s, alkanes
(mainly neopentane) evolve. The C/Hf ratio of the residual solid
(measured by elemental analysis) is equal to 1 (Figure 5). Itis
Figure 4. Evolution of theysiy) bands versus temperatuil# for probable that some residual HEH,tBu is still present irL-s.
i[rgj?t;(ijtésr)l/HS]nigd‘ for [(=SiO)SiH]). Ordinates are intensities During the hydrogenolysis of at 150°C, for 2800 min,
' which affords the solidl-15q, the equivalent of 15 C/Hf are

of all the bands due to surface hydride hafnium is maximum at evolved as alkanes {CC;, Cs, iC4, and neoG). The elemental
150°C, Figure 3b. analysis ofl-159 indicates a C/Hf ratio smaller than 1. The

Whatever the temperature, the resolution of the pattern of hydrolysis ofl-isoleads to the formation of traces of neopentane
peaks fits with the presence of the same three surface speciesand methane, and no more carbon is detected by elemental
2—4: 2[1651, 1685 cmY], 3[1675, 1720 cm?], and4 [1701 analysis of the solid (Figure 5). Most likely, no HCHxtBu
cm1. Furthermore, when hydrogenolysis is performed at a ligand is present iri-iso

0 100 200 300 400 500
Temperature (°C)

fixed temperature = 75, 125, 150, and 25€C), the same Solid-State NMR Spectroscopy of the Solids Obtained by
pattern of peaks is obtained. Hydrogenolysis in a Batch Reactor.Samplesl-y (6 = 75,
Above 100°C, two broad bands also appear at 2264 and 2202 100, 125, 150, and 25TC) were analyzed by solid-state NMR
cm~* not exchangeable under Rttributed tov(siny andv(sinz), spectroscopyH, 13C, and double-quanta (DQ) proton).
respectively (Figure 1§3%:32The intensity of the bandgsin) The'H NMR spectrum of each sample shows resonances in

andv(sinz) increases smoothly until 25C. At this temperature,  three different spectral domains: one band at 0.8 ppm; one

v(sinz) reaches a maximum then decreases to zero at-550 asymmetric broad band at 4.5 ppm; and three resonances at 19,

600 °C, while vsiny is still increasing up to 450C (Figure 4). 25, and 32 ppm. The peaks at 0.8 and 4.5 pm are assigned
To conclude, this infrared study suggests that the hydro- respectively to the residual methyl groups of tBe fragments

genolysis reaction of affords three surface hafnium hydrides: and to the Si-H groups (Figure 65* The higher the temperature

2, which is the first surface complex to be formed with a of hydrogenolysis, the smaller the intensity of the residual

maximum just below 100C, then3 and4, and above 250C methyl group resonance and the higher the intensity of théiSi
[(=SiOuHf], 5. Up to 400°C, only5 and [ESiH)] are present. resonance. The evolution of the intensity of the-Bipeak (4.4
Hydrogenolysis of 1 in a Continuous-Flow Reactor.To ppm) with increasing temperature is parallel with those observed

attempt a further characterization of these surface hydrides andby infrared spectroscopy (Figure 4) (they increase in intensity
of their interconversion, hydrogenolysis bfvas carried out in up to 250°C).

a continuous-flow reactor at 75 and 180. The resulting solids The intensity and presence of the signals at 19, 25, and 32
are referred to a%-75 and 1-150, respectively. ppm varies with the temperature of reaction (Figure 6). They
Two different experiments were carried out following the are attributed to the HfH resonance by analogy with the known

same general protocoll (ca 300 mg) is introduced in a  resonance of molecular analogues, e.g., 8, oy = 15.6
continuous-flow fixed-bed tubular reactor, and the flow rate of ppm and CpsHf(OMe)H Sy = 9.9 ppm?6 The signal at 32
hydrogen is set to 3.1 mmin~1. After 200 min, the reactoris  ppm is (i) the only one observed s, (i) the most intense
heated at a given temperaturé & 75, 150 °C) with a Hf—H resonance if-1oq (iii) still present inl-150, and (iv) not
temperature slope of 1T-h~1. Gases evolved are continuously observed irl-;so. The variations with respect to temperature of

1 | 35%HE32%C 1 3.5%HE 3.2% C
14 C/Hf 14C/ Hf
H 2.2 CHy¢-Bu* /Hf; 11 C* /Hf H
i o » % 2 ~Bu* 3 %
2800min, 75°C N__, C1:62 C2:20, C3:0.041C4:0.1 2800 min, 1500\, 3.2 CHy-Bu* /HE, 16 C* /Hf
] C1:9.3; C2:2.9, C3:0.04; iC4:0.02
and CH,#-Bu: 0.09
and CH;#-Bu: 0.1
M \
1- 3.5%HE 1.3% C 1- 3.5%HE 0.2% C
75 5.5 C /Hf 150 0.8 C/ Hf
B0 v 0.2 CHy-Bu /Hf o Traces of CHy-Bu /Hf andC1
1000 min, r.t. + traces of C1, C2, iC4 2
1000 min, r.t.
A4 A4
35%HE 0.1% C 3.5%HE 0% C
1C/Hf 0cC/Hf

Figure 5. Elemental analysis and amount of gas equivalents per mole of grafted hafnium produced during the hydrogeddysi<oé
hydrolysis ofl- (6 = 75, 150°C).



4122 Organometallics, Vol. 26, No. 17, 2007

0.8

44

a)

:
e
T

Tosin et al.

19

1
C R

b) ¢’\/\J\/~/‘
* W
A LA
_M_ ) M\Wm
* W./"'J\’V‘wv
e d)
T e e e T I e T T e e s e 35 20 e e

(ppm)

(ppm)
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bands.

the intensity of the resonance at 32 ppm and ofithe 1y bands
at 1651 and 1685 cm are identical, so consequently, thé,
at 32 ppm is attributed t@.

The broad resonance at 250.5 ppm (i) appears id-100,
(ii) is the most intense peak ib155 and (iii) is still present in

frequencies of the two coupled protons and correlates imthe
dimension with the two corresponding proton resonances. The
observation of a DQ peak implies a close proximity between
the two protons involved in this correlation.

Figure 7 shows théH DQ MAS spectrum recorded fdrsg

1250 For the same reason as above, this peak is attributeds; 5 MAS frequency of 10 kHz using the post-C7 recoupling

to 3.
The resonance at 19 0.5 ppm that (i) appears ifr100 and
(ii) is the most intense peak if-s50 is ascribed tod.

To further assign these various signals, double-quanta (DQ)
proton spectroscopy under magic angle spinning (MAS) has

been performed of-150.8

Multiquantum proton spectroscopies under fast MAS have
been recently shown to be powerful techniques in probing
structural information and dynamics inherent to preton

method (see the Experimental Section for more details).

The!H DQ MAS spectrum ofl-150 (Figure 7) shows a strong
autocorrelation peak observed for the proton resonance at 32
+ 0.5 ppm (64 ppm in the; dimension). This indicates that

is a “bis-hydride” complex.

The correlation observed between the broad resonance at 25.5

£ 0.5 ppm (51 ppm in they; dimension) suggests thatis
also a hafnium bis-hydride complex in which the two protons

proton dipolar couplings. These techniques have been successbave a slightly different chemical shift at 25 0.5 and 26+

fully applied to the characterization of hydrogen-bonding
structures,m—x packing arrangements, and defect sites in
zeolites®

0.5 ppm due to a different local environment. This is confirmed
by the presence of a weaker correlation band between only one
of these two proton peaks (the one at2%.5 ppm) and the

Among numerous recoupling sequences, we have chosen théeésonance of SiH at 4:& 0.5 ppm (29.5 0.5 ppm in thew,

homonuclear symmetry-based post-C7 experiment intro-

duced by Levitt et aB*which is robust with respect to chemical
shift offset and rf inhomogeneit§ and has been extensively
used with good efficiency on numerous nuclei including
protons36

dimension), the weak intensity indicating a longer distance
between the two species.

The proton resonance at 1 0.5 ppm does not give any
autocorrelation DQ peak at 38 ppm in the dimension; this
suggests tha#t is a hafnium monohydride. However, the

In this experiment, correlations are observed between pairsresonance of this proton at 19 0.5 ppm shows a correlation

of dipolar-coupled protons. The DQ frequency in the

dimension corresponds to the sum of the two single quantum
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Figure 8. k3-Weighted EXAFS at the Hf },-edge (left) and corresponding Fourier transforms (right) with comparison to simulated curves

for (=SiO)HfH._» species synthesized on SiQqg and prepared fror=SiO—Hf(CH,tBu); at 150 or 40C°C. Solid lines: experimental;
dashed lines: spherical wave theory.

with the SiH resonance at 5:6 0.5 ppm (24.5+ 0.5 ppm in As expected, strong autocorrelation peaks are observed for
the w1 dimension). the alkyl (1.6 ppm in thew; dimension) and for the

In the literature,o(SiH) is situated upfield compared to  SiO)SiH;] proton resonances (9 ppm in thg dimension).
O(SiHy) [(EtO)sSiH, 0(H) = 4.09 ppm, (EtO)SiH,, 6(H) = 4.42 EXAFS Results. The structures of4 and 5 were also

ppm] 3! By comparison, we can attribute the resonance at 4.5 investigated by EXAFS spectroscopy at the hafniumedge.

+ 0.5 ppm to the resonance oHEiO)%SiH] and the one at  Figure 8 shows the experimental and fitted EXAFS signals. For

5.5+ 0.5 ppm to the resonance oEGiO)SiH;]. Therefore, 4, the fit corresponds to a first coordination sphere of ca. three

the resonance efat 19+ 0.5 ppm correlates with the resonance oxygen atoms at 1.943(4) A coordinated to hafnium, which can

of the silicon bis-hydride FESiO),SiH;], and the resonance of  be attributed to three-bonded siloxy ligands{OSi=). Indeed,

3 at 25+ 0.5 ppm with the resonance of the silicon mono- this bond length is similar to the values obtained from X-ray

hydride [ESiO)SiH]. crystallographic studies for HfO distances in hafnium com-
These data demonstrate that the hafnium bis-hydidein plexes containing silsesquioxane, siloxy, or hydroxy groups, i.e.,

the vicinity of [(=SiO)SiH] and that the hafnium mono-hydride ~ Cp;Hf(c-CsHg)7Si011(0OSIMeR) (1.97 A)38 H[OSi(OtBu)3]4,

4 is close to [ESiIO)SiHy). Hf[OSi(OtBu)s]4(H20) (1.912-1.929 A), and Hf(OH) (1.939



4124 Organometallics, Vol. 26, No. 17, 2007 Tosin et al.

Scheme 1. Possible Mechanism of Formation of the Surface Comple=$iO—Hf(CH »tBu)H,], 2, from [=SiO—Hf(CH ,'Bu)3], 1
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Scheme 2. Evolution with the Temperature of £SiO—Hf(CH ,tBu)H], 2, into [(=SiO)HfH ], 3, with Concomitant Formation
of Silicon Monohydride, =SiH
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Table 1. Correlation between IR and Solid-State'H NMR Table 2. Hf Ly, -Edge EXAFS-Derived Structural
Data Parameters k3 weighting) for (=SiO),HfH 4—, Species
- Synthesized on SiQ_gogy and Prepared from
IR frequencies fﬁlé?]::ﬁt:a:\mﬁt =SiO—Hf(CH »tBu)s under Hydrogen at 150 and 400°C
vt S(HfH ttributi (single scattering theory; values in parentheses represent the
Ve (CM5) (HiH) (ppm) afribufion errors generated in RoundMidnight)
1651, 1685 cmt 32 2 -
1675, 1720 cmt 25 3 distance from  D.W. factor
1701 et 19 4 scatterer no. of neighbors Hf (A) (02, A?)
(=SiO)HfH4-, Species Prepared at 1502
Hf—O 3.0(2) 1.943(4) 0.0032(4)
R).3940 The surface species has already been studied by — HfSi 2.6(12) 3.37(4) 0.014(10)
EXAFS spectroscop$® The spectrum ofl corresponds to a Hi:--O'Sl, 2.3(10) 3.38(4) 0.004(2)
> > e . Hf---O" Sk, 0.8(5) 3.72(4) 0.00%
coordination sphere of two resolved contributions of light atoms L ) .
atca. 1.95 and 2.19 A. While the first contribution was assigned . (=S'O)’gff';'(43*)” Species Prelpgfoct;t 400 0.0030(3)
to ca. one O atom at 1.947(7) A, the second was attributed to  py...; 3.6(14) 3.39(3) 0.015(9)
three C atoms at 2.191(7) A, a distance that is similar to the Hf---O'Si, 2.2(9) 3.40(2) 0.003(2)
one we found by EXAFS for HfNpin benzene (2.19(1) A), Hf---O" Sk, 1.1(5) 3.73(3) 0.008

our reference sample. This HE distance is also consistent, aFit residue: p = 2.8% (Ak = 2.2-14.8 A1, AR = 0.6-3.6 A); energy
though slightly shorter, with the corresponding bond distances shift: AE; = 7.1(6) eV, the same for all shells; overall scale fact&? =
reported for analogous molecular comple%eSo, due to this 0.98; number of parameters fitte® = 12; number of degrees of freedom
. age . . ! i it — . R Tt 2 — b
significant difference in length betweenHE and Hf~O bonds, in the fit. » = 14; quality factor of the fit. fy)%v = 1.29.%Shell

. . A constrained to the parameter abo€t residue: p = 2.2% (Ak = 3.2—
we can assign the light atoms at ca. 1.95 A to oxygen atoms. 14 g A-L AR = 0.6-3.6 A); energy shift: AE, = 7.1(5) eV, the same for

Additional shells could be tentatively added to improve the all shells; overall scale factorS? = 0.98; number of parameters fitte
fit, since they decreased the quality factor from 1.40 to 1.29 = 12_;_numb29f of degrees of freedom in the fit:= 14; quality factor of
for 4. One shell includes ca. three nonbonding silicons at 3.37- the fit: (Ax)%v = 1.72.

(4) A, which may correspond to the silicon atoms sfJj0—

Hf) moieties, and two other shells are composed of oxygen

with the following structures proposed for the surface com-

atoms at 3.38(4) and 3.72(4) A, which may correspond to siloxy Plexes: &ESiO)kHf—H for 4 and ESiO)Hf for S.

groups,=SiOSi=, of the silica surface. The EXAFS-derived
parameters are collected in Table 2. Witlklaweighting the
results of the fit were very similar. F&, the results are very
similar concerning the distances of each shell but differ mainly
in the number of neighbors in the two first shells (Table 2). A
first coordination sphere of ca. four oxygen atoms at 1.940(3)
A coordinated to hafnium can be attributed to fesbonded
siloxy groups OSi=), and the inclusion of three additional

shells reduces the quality factor from 1.95 to 1.72. In conclusion,
the results of the analyses of the EXAFS data agree very well

(37) Mortensen, J. J.; Parrinello, M.Bhys. Chem. R00Q 104, 2901~
2907.

(38) Wada, K.; Itayama, N.; Watanabe, N.; Bundo, M.; Kondo, T.;
Mitsudo, T.-a.Organometallics2004 23, 5824-5832.

(39) Terry, K. W.; Lugmair, C. G.; Tilley, T. DJ. Am. Chem. So&997,
119 9745-9756.

Discussion

All analyses realized on samples %, 6 = 75 100, 125,
150, and 250C, are consistent with the formation of three sup-
ported hafnium hydride complexeg; 3, and4. With increasing
temperature, the evolution @finto 3 and4 can occur through
two routes, both involving the opening of a siloxane bridge |
Si—O—Si=]. The first route produce8 with concomitant

(40) Lugmair, C. G.; Tilley, T. D.norg. Chem.1998 37, 764—769.
Wang, X.; Andrews, LInorg. Chem.2005 44, 7189-7193.

(41) (a) Liang, L.-C.; Schrock, R. R.; Davis, W. Mrganometallics
200Q 19, 2526-2531. (b) Guo, Z.; Swenson, D. C.; Jordan, R. F.
Organometallicsl994 13, 1424-1432. (c) Schrock, R. R.; Adamchuk, J.;
Ruhland, K.; Lopez, L. P. HOrganometallics2005 24, 857-866. (d)
Fryzuk, M. D.; Corkin, J. R.; Patrick, B. @an. J. Chem2003 81, 1376~
1387.
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Scheme 3. Evolution with the Temperature of this resonance in thiH DQ MAS spectrum (51 ppm in the,
[(=SiO);HfH 3], 3, into[(=SiO)sHfH], 4, with Concomitant dimension) 3 is a bis-hydride species. The fact that two peaks
Formation of Silicon Dihydride (>SiHy) are observed in the, dimension and that only the resonance
Ha  Jib o H at 25 ppm is correlated with the resonari{e=SiH) indicate
dHf\ sli‘°>... /,'Hk____ HH that in 3 the two hydrides bonded to the Hf are in a different
? 00 " 425<0<300°C N9 Si local environment. At this point, all the experimental data
si L e e o Si, Sivg o Yo f —Q; ’ ;
..,.{,ng ? S0 M,"Oéli? 3 Oi 5 suggest that3 is [(=SiO)HfH;], and that is close to f
ML,,..,&?J.. e ﬁmﬂl SiO)SiH]. As thelH DQ MAS spectrum proves that the two
- s protons are nonequivalent (26 and 25 ppm) and that only the
3 4 resonance at 25 ppm is correlated with the resona(esiH),
the local structure o8 is that shown in Scheme 2.
formation of a=Si—CHtBu bond. However, after hydrolysis 4 is characterized by at 1701 cm?® and oy at 19

of 2, no more carbon remains present on the surface. Since theppm, which does not give an autocorrelation DQ peak at 38
=Si—CHytBu bond is not expected to be water-sensitive and ppm in thew; dimension in théH DQ MAS spectrum. It shows
since this step does not generateaBd G, this route is less 3 weak correlation with the $#Si0),SiH, ] resonance (24 ppm
likely. The other route results in the concomitant formation of iy the o, dimensionf The structure of4 is therefore [&
hafnium hydrides3 and4, [(=SiO)SiH], [(=SiO)SiH;], and SiO)HfH] and is close to EESIO),SiHy].

alkanes G—C; through siloxane bridgexSi—O—Si=) opening At the beginning, in our experimental conditichand4 seem

i i %,21,37 . . X
and the_ hydrogenolysis of a neopentyl lig " to form at more or less the same time ahi$ possibly faster.
The infrared spectroscopy and the analytical data of the However thelH DQ MAS data are consistent with the

continuous-flow reactor experiment show that therens : : : :
X . concomitant formation o3 and [ESiO);SiH] and of4 and [&
hydrogenolysisof 1 until 75 °C. Therefore, the neopentane SiO)zSiI-I|2] I [ESOxSHI [E

evolved is formed vig-H abstraction and reductive elimina-
tion.1® When the temperature reaches % under hydrogen,
1-,, there are successive cleavages of the Ebond, affording
the major surface hydrid®. 2 is characterized by sy of 32
m andvmy at 1651 and 1685 cm. Analytical data from . : . . o X
the continéou)s-flow reactor experiment shov)\// that4m, 5 C/Hf 3 with ar_10ther S|on('_ine brldgs[8|—_O—S|=], yielding 4 with
remain on the surface and that they are released by hydrolysisconcomltant_format_|on Of K SIO)SiHy].
of the solid mainly as neopentane. This means that & Hf The evolution o3 into 4 is total when the temperature reaches
CH.tBu ligand is present 0. The strong autocorrelation peak 300 °C, Scheme 3.
observed at 64 ppm in the; dimension of theéH DQ MAS Then, at 400C, the intensity of vibrationss) is equal to
spectrum ofl-;s means that the resonance at 32 ppm can be zero: 4 is transformed into a tetrasiloxy surface species [(
assigned to a bis-hydride specfeSonsequently, iri-s there SiOuHf)], 5, with simultaneous formation ofSiO)SiH]. All
is a major surface species, in which the Hf center is linked to the analytical and spectral data correspond and sugges?,that
one CHtBu and two hydride ligands=SiO—Hf(CH.tBu)H,], 3, and4 are formed consecutively and the formation3o&nd
2. The data of the experiments carried out at 160leadingto  [(=SiO)%SiH] and 4 and [ESiO)SiH;] are respectively cor-
1-150, prove that there are little to no H{C bonds and thattwo ~ related.
main hydride surfaces§ and4, coexist on the surface. From 300°C, the intensity of the band due #g;+2) decreases
3 is characterized by at 25 and 26 ppm aneymy at sharply to zero, whereas the band duewen increases.
1675 and 1720 crii. Since there is an autocorrelation peak for Consequently, between 300 and 4@ there is total conversion

Moreover, up to 150C the amount o8B and4 decrease, but
the amount of4 decreases less rapidly th&nin contrast, the
amount of [ESiO)SiH] and [ESiO)Si(H),] increase. Con-
sequently, the formation af could result from the reaction of

Scheme 4. Evolution with the Temperature of [ESiIO);HfH], 4, into [( =SiO)4Hf], 5, and of (> SiH,) into =SiH
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Scheme 5. Reaction offESiO—Hf(CH 2Bu)s], 1, with H, as a Function of the Temperature Reaction
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of [(=SiO)SiH] into [(=SiO)%SiH] (Figure 4). The latter is

the only hydride surface species at temperatures aboveé@00
Even if these hafnium hydrides are thermally very stable,

above a certain temperature (30000 °C) they decompose by 32 mm).

reacting with the adjacent siloxy bridges. It is certainly a mode  Elemental analyses were performed at the CNRS Central

of aging of the catalyst used for hydrogenolysis. Silica can Analysis Department of Solaize or at the LSEO of Dijon.

accept the hydrides by@bond metathesis process, for which Infrared spectra were recorded on a Nicolet 550-FT spectrometer

the HF~O—Si bond becomes thermodynamically more stable Dy using a custom infrared cell equipped with Gakindows,
than the S-O—Si bond. allowing in situ studies. Typically, 16 scans were accumulated for

each spectrum (resolution 2 ci).
NMR spectra were recorded on an Avance 500 or DSX 300
Bruker NMR spectrometer, using a commercial 4 mm CPMAS

The evolution ofl under dihydrogen with increasing tem- probe from Bruker. The samples were prepared under argon in a 4
fom zirconia rotor. The sample spinning speed was= 10 kHz

perature has been evidenced by several physical and analytica | therwi fied
techniques. All surface hydrides have been identified and un'ess ofherwise spectiied. .
relatively well characterized. The nature and amount of Double-Quantu_m SpeCtrOSCOpy'_The proton DQ _experi-
hafnium hydride2—5, [(=SiO)Siky], and [ESIO)kSH] are  oMS_ Were d‘?s'gnﬁd as follows: g field strength was e
tunable following the temperature of hydrogenolysis bf Hz (7wk) during the excitation an reconversion - periocs,
; . . .. which were chosen equal to 2Q3s (corresponding to 7 post

(Scheme 5). Obviously, hafnium hydrides are thermally quite C7 basic elements); 512 increments of 32 scans each were col-
stable at high temperature, a phenomenon characteristic Ofiocted wih a 4 sreéycle delay, which gave a total experiment
surface organometallic chemistry. The reason for such stability e of 18 h. Processing was done with a 50 Hz line broaden-
is the impossibility of bimolecular recombination and the jhg in poth dimensions and one zero filing in the;
absence of ligand with which the hydrides could react. Such gimension.
thermal stability opens a new area for catalysis, as molecular  gyiended X-ray Absorption Fine Structure Spectroscopy
catalysis is not able to work with hydrides at such high (ExAFS). X-ray absorption spectra were acquired at the SRS of
temperature. the CCLRC in Daresbury (UK) with beam-line 7.1, at room
temperature at the hafnium,Ledge, 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

General ProceduresAll experiments were carried out by using  between 9.4 and 10.4 keV. The two supported Hf samglesd
standard air-free methodology in an argon-filled Vacuum Atmo- 5, prepared as stated in the text and studied by solid-state NMR,
spheres glovebox, on a Schlenk line, or in a Schlenk-type apparatuswvere stored in break-seal flasks. They were packaged within a

Gas-phase analyses were performed on a Hewlett-Packard 5890
series Il gas chromatograph equipped with a flame ionization
detector and KCI/AlO; on a fused silica column (50< O.

Conclusion

Experimental Part

interfaced to a high-vacuum line (1®Torr). Hydrogen was dried
over a deoxo catalyst (BASF R3-#14 A molecular sieves) prior
to use.

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 efficient for air-sensitive compounds such as
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=SiO—HfNps species supported on aerosil siligg, where the duced into a glass reactor equipped with @afhdows. Silica was
Hf—C contribution could be clearly distinguished from-HD by calcined under air at 200 or 50€ and partially dehydroxylated
EXAFS! The spectra analyzed were the results of four such atthe desired temperature. The molecular complex [HiBt),]
acquisitions, and no evolution could be observed between the firstwas sublimed under dynamic vacuum at°@onto the oxide disk,
and last acquisition. The data analyses were performed by standardand the solid was heated at 7C for 1 h. The excess of
procedures using the programs developed by Alain Michalowicz, [Hf(CH.tBu),] was removed by reverse sublimation at XD and

in particular the EXAFS fitting program “RoundMidnight condensed into a tube cooled by liquid nitrogen, which was then

2005”422 sealed off using a torch. Hydrogen (500 Torr) was introduced in
The program FEFF8 was used to calculate theoretical files for the cell, and the system was heated to the desired temperature with
phases and amplitudes based on model clusters of #f8mbke a temperature slope of C-min~! and maintained constant for at

value of the scale factois? = 0.98, was determined from the least 4 h. An infrared spectrum was recorded at each step.
spectrum of the reference compound, a benzene solution of HfNp ~ Hydrogenolysis of Hf(CH,tBu)4/SiO,-gog) in @ Continuous-
(four carbon atoms at 2.19(1) A in the first coordination sphere). Flow Fixed-Bed Tubular Reactor. Hf(CHtBu)4/SiO,—(sa0) (ca 300
The refinements were performed by fitting the structural para- mg) was loaded under argon in a continuous-flow fixed-bed tubular
metersN;, R, oi, and the energy shiftAE, (the same for all reactor. The sample was flushed with hydrogen (flow rate of 3.1
shells). The fit residuep (%), was calculated by the following ~ mL) for 200 min at room temperature, then heated at a rate of 10
formula: °C-h™* from room temperature to the desired temperature (75 or
150°C). The temperature was carefully recorded as a function of
_ 2 time, and the composition of evolved gas was determined online
Z [kaxex"(k) Koea¥] by gas chromatography.
= x 100 Hydrogenolysis of Hf(CH,tBu)4/SiO,— ) in a Batch Reactor.
Z s exp(k)]z The molecular complex grafted onto oxide was introduced in a

P

reactor of known volume under strict exclusion of air. After
evacuation of argon, 500 Torr of hydrogen was introduced. The
system was heated for 17 or 21 h at the chosen temperature, then
the gas phase was analyzed by chromatography.

Hydrolysis. The solid (ca. 50 mg) was introduced in a reactor

As recommended by the Standards and Criteria Committee of
the International EXAFS Societ},an improvement of the fit took

into account the number of fitted parameters (decrease of the quality - : . .
factor, (Ay)2/v, wherev is the number of degrees of freedom in of known volume under strict exclusion of air. After evacuation of

the signal). argon, the vapor pressure of water was introduced. The reaction
Monitoring the Hydrogenolysis of Hf(CH BU)J/SiOz_) by was monitored by chromatographic analysis of the gas phase.

Infrared Spectro_scopy. Silica_ (15—35 mg) was pressed into a_18 Acknowledgment. We are grateful to Region Rhe-Alpes
mm self-supporting disk, adjusted in a sample holder, and intro- {5 financial support (G.T.) and to Society CEZUS for the
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