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The synthesis of molecular heterometallic alumosilicates in
good vyields has been achieved by reaction between
LAI(OH:-thf)(n-O)Si(OH)(OtBu), (1, L = [HC{C(Me)N(AT1)},],
Ar = 2,6-iPr,CgHj3) and group 4 amides. These reactions lead
to inorganic cycles (type I) and spirocycles (type II) contain-
ing six-membered rings with unprecedented inorganic cores
(O-Al-O-Si-O),M (n =1, 2; M = Ti, Zr and Hf). Noteworthy,

for the heavier metals, Zr and Hf, higher steric bulk in the
alkyl substituent of the amide moiety is required to obtain
type I compounds. The solid-state structures for all com-
pounds were determined and reveal a tetrahedral environ-
ment for all metal atoms, dihedral angles close to 90° for spi-
rocyclic compounds, and isomorphous structures for the Zr
and Hf derivatives.

Introduction

An important component of the earth’s crust are multi-
metallic silicates and alumosilicates, which is reflected in its
elemental composition (46.6% O, 27.8% Si, 8.1% Al).
Many of these minerals are important catalysts in various
chemical processes. In particular, zeolites such as N-erion-
ite, ZSM-5 and Ni-ZSM-5 have been widely used as drying
agents, in cracking processes, dehydration reactions, and for
hydrogenation or dehydrogenation of alkenes.['l However,
little is known about the catalytic mechanisms of these sys-
tems. Thus, it is not surprising that many research groups
have focused on the preparation of model compounds to
gain a deeper insight into the catalytic process. However,
because of the low kinetic barriers for the formation and
breaking of the AI-O and Si-O bonds, which are similar
for numerous reactions,”l and because of the high Lewis
acidity of aluminum, it is highly difficult to control the de-
gree of association in these compounds. Inseparable mix-
tures of products are the result of these reactions in most
of the cases. The situation is further complicated when two
metals are used.
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Results and Discussion

Recently, we have reported on the preparation of the
unique alumosilicate precursor LAI(OH-thf)(u-O)Si(OH)-
(OrBu), (1, L = [HC{C(Me)N(Ar)},]", Ar = 2,6-iPr,C¢H3)
containing two terminal OH groups attached to the alumi-
num and silicon atoms.®! We became interested in whether
this precursor can be used for the preparation of molecular
heterobimetallic alumosilicates containing the M—O-Si—O-
Al-O (M = metal) six-membered ring. To the best of our
knowledge, only one similar simple heterobimetallic six-
membered ring (Sn—O-Si-O-Ge-O) has been structurally
characterized in the siloxane Ph,SiOGe(1Bu),OSn{(CH,);-
NMe,},0. We have focused on metals of group 4 because
of its relevance in heterometallic catalytic transforma-
tions.’l Nevertheless, this choice brings also a synthetic
challenge, as, to date, only a few compounds containing the
three elements Al, Si, and M ( M is titanium or zirconium)
have been fully described. In none of these compounds is
there an oxygen bridge between any two of these elements. !
Furthermore, no compound containing Al, Si, and Hf has
been structurally authenticated so far. This is obviously be-
cause of the high Lewis acidity of the metal atoms and the
competition for the formation of the M-O bonds, as re-
ported recently.l”! However, acid—base reactions of 1 with
M(NMe,); (M = Ti, Zr) or M(NEt,)4 (M = Zr, Hf) in dif-
ferent ratios and under different conditions led to the isola-
tion of unprecedented molecular heterobimetallic alumosil-
icates with the inorganic cores O-Al-O-Si-O-M (type I, M
= Ti, Zr, Hf) or (O-Al-O-Si-O),M (type II, M = Ti, Zr,
Hf) (Scheme 1).

Thus, the reaction between 1 and Ti(NMe,), in a 1:1 ra-
tio gave the monomeric compound [LAI(u-O),Si(OzBu),(p-
O)Ti(NMe,),] (2) in a nearly quantitative yield. However,
when Zr(NMe,), was used under the same conditions, the
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Scheme 1. Type I and II inorganic cores based on 1 (M = Ti, Zr,
Hf).

spiro-cyclic compound [{LAIl(u-0),Si(OrBu),(p-0)}-Zr] (6)
was obtained as the only product. An identical result was
expected for the reaction of Hf(NEt,), with 1 under the
same conditions, as the covalent radii of Zr and Hf are very
similar (1.56 and 1.57 A, respectively)® and the Hf-O
(802 kJ/mol) bond energy is in fact higher than that for Zr—
O (776 kJ/mol).*l To our surprise, the monomeric species
[LAI(pn-0),Si(OrBu),(n-O)Hf(NEL,),] (4) was isolated in a
high yield. All our attempts to synthesize the monomeric
derivative  [LAI(n-0),Si(O7Bu),(n-O)Zr(NMe,),]  either
using an excess of the zirconium precursor, by very slow
addition of the solution of 1 into the solution of the zirco-
nium reagent, or using highly diluted solutions of the start-
ing materials led always to the formation of 6 and trace
quantities of the desired product [LAl(1-O),Si(O7Bu),(1-O)
Zr(NMe,),]. On the other hand, the reaction of Ti(NMe,)4
and Hf(NEt,), with 1 in a 1:2 molar ratio led to the exclus-
ive formation of the spiro-cyclic compounds [{LAl(p-O),Si-
(OrBu)»(u-0)}-.M] (5, M = Ti, 7, M = Hf). Therefore, the
subtle changes in the alkyl chain from Me to Et in
Zr(NMe,), and Hf(NEt,), could be responsible for this be-
havior. To confirm our theory, 1 was treated with 1 equiv.
of Zr(NEt,)4, and [LAI(n-0),Si(O7Bu),(u-O)Zr(NEt»),] (3)
was isolated in high yield, thus completing the series.
Scheme 2 summarizes the preparation of compounds 2-7.
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Scheme 2. Preparation of compounds 2-7.

M =Ti(5), R=Me

All compounds are highly soluble in toluene, THF, and
CH,Cl,, but only sparingly soluble in hexane or pentane,
and crystallize easily from a toluene/hexane mixture. Com-
pounds 3-7 have been isolated as colorless crystalline solids,
whereas compound 2 is pale yellow. The 'H and '3C NMR
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spectra for all compounds are consistent with their struc-
ture. In the case of compounds 2-4, signals for the alkyl
groups of the corresponding NR, moieties can be observed,
which confirms the formation of the monomeric species,
but these are essentially absent in the case of compounds
5-7, which corroborates the total elimination of the alk-
ylamino ligands and formation of the spiro-cycles. More-
over, IR and '"H NMR spectra are devoid of the signals
for the OH groups, which thus confirms the formation of
inorganic oxide rings. Compounds 2-7 are thermally stable
up to 200 °C, but decomposition of all samples occurred
below 250 °C. The ESI-MS spectra reveal [M + H]* peaks
for the spiro-cycles 5-7 at m/z = 1381.7586 (5), 1424.7183
(6) and 1513.7518 (7) and [M + 3 CH;CN + H]" peaks at
milz = 1114.5919 for 4, whereas for compounds 2 (m/z =
844.4780 [M — NMe, + 2 CH3CNJ*) and 3 (m/z =
1033.5116 [M — NEt, + 5 CH3CN]"), only fragmentation
peaks are observed.

The molecular structures of compounds 2-7 were deter-
mined by X-ray diffraction studies. Titanium alumosilicates
2 and 5 crystallize in the monoclinic space groups P2,/c
and P2,/n, respectively, whereas the isomorphous Zr and
Hf monomeric derivatives (3-4) and the isomorphous spiro-
compounds 6 and 7 crystallize in the triclinic space group
PI (Figures 1 and 2 and Figures S1-S4).1!
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Figure 1. Molecular structure of 2, hydrogen atoms are omitted for
clarity. Thermal ellipsoids are set at 50% probability only for non-
carbon atoms. AIl-N1 1.893(2), All-N2 1.909(2), All-O5
1.736(2), Al1-O1 1.720(2), Sil-O1 1.609(2), Sil-02 1.630(2), Sil—
03 1.631(2), Sil-04 1.627(2), Til-05 1.801(2), Til-02 1.843(2),
Til-N3 1.879(2), Til-N4 1.904(2), N1-All-N2 96.6(1), O1-All-
05 107.9(1), Al1-O1-Sil 135.8(1), O1-Sil-02 109.5(1), Sil-O2—
Til 130.5(1), O2-Til-0O5 105.5(1), Til-O5-All 128.3(1).

Compounds 2-7 feature unprecedented six-membered in-
organic rings that only slightly deviate from planarity [mean
deviation: 0.05 (2), 0.12 (3 and 4), 0.06 A (average for both
rings) (5-7)]. In addition, the rings in 5-7 are nearly perpen-
dicular to each other: 91.9° (with Si2) and 96.9° (with Si2a)
for 5,'% and 81.1° for 6, and 81.6° for 7. In all six heterobi-
metallic alumosilicates 2-7, the metallic atoms (Al, Ti, Zr,
Hf) and the Si atoms possess a distorted tetrahedral geome-
try, and the greatest distortion is located on the aluminum
atoms (the N-AI-N angles are between 96.6 and 98.4°). In-
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Figure 2. Molecular structure of 5, hydrogen atoms are omitted for
clarity. Thermal ellipsoids are set at 50% probability only for non-
carbon atoms. AIl-N1 1.892(2), AlI-N2 1.889(3), AI2-N3
1.878(3), Al2-N4 1.886(3), All-O1 1.717(2), All-O5 1.736(2),
Al2-06 1.716(2), AI2-010 1.736(2), Sil-Ol 1.616(2), Sil-O2
1.626(2), Sil-03 1.616(2), Sil-04 1.625(2), Si2-06 1.619(5), Si2—
07 1.648(5), Si2-08 1.619(5), Si2-09 1.624(5), Til-02 1.830(2),
Til-05 1.779(2), Til-O7 1.834(2), Til-010 1.783(2), N1-All-N2
98.4(1), N3-AI2-N4 98.3(1), O1-All-0O5 109.4(1), Al1-O1-Sil
131.9(1), O1-Si1-02 109.8(1), Sil-O2-Til 134.7(1), O2-Til-O5
102.8(1), Til-O5-All 130.1(1), O6-A12-0O10 110.4(1), A12-O6-Si2
131.1(2), 0O6-Si2-07 109.0(3), Si2-O7-Til 133.4(2), O7-Til-0O10
102.6(1), Til-O10-AI2 129.8(1).
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side the inorganic ring, the obtuse angles on all three oxy-
gen atoms compensate for the tetrahedral geometry on the
metal and silicon atoms (the tetrahedral angle 109.5° is
smaller than the inner angle in a regular hexagon: 120°) (see
Tables S1 and S2).

Because of the lack of any similar compounds, only the
fragments of the inorganic rings can be compared with the
literature data. From this point of view, M—(nu-O)-Al (M =
group 4 metal) is the most interesting part of the ring. To
date, only a few compounds with the Al—(p-O)-M unit (M
= Tj,[11a111 Vf = Zg[Halle-Tle 11\ = HfI1)) have been
structurally characterized. The Al-O and M-O bonds (M
=Ti2and 5, M = Zr 3 and 6, M = Hf 4 and 7) are in
agreement with those observed in the literature; however,
compounds 2-7 contain the most acute AI-O-M angles ob-
served up to date. The Al-O-Ti angles observed are be-
tween 142.2° [LAIMe(u-O)TiCpMe, 'l and 175.6°
{LAIMe(u-O),Ti(NMe,),}!'19 and the values for Al-O-Zr
and AI-O-Hf are 144.4-175.6° {[LAIEt(u-O)ZrCp,Me]!' 11
and [[LAIMe(u-O)],ZrBz,],l''?l Bz = benzyl} and 158.4°
[LAIMe(p-O)HfCp,Me],[''®] respectively.

Conclusions

We have prepared unprecedented molecular alumo-
titanosilicates and their heavier congeners. These com-
pounds are the first examples that include aluminum, sili-
con, and a group 4 metal connected by oxygen bridges. In
addition, these compounds may be very useful for the prep-
aration of alumotitanosilicate materials. Such experiments
are already underway.
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Experimental Section

Materials: All preparations were performed in a dry and oxygen-
free atmosphere (N,) by using Schlenk and glove-box techniques.
Solvents were purified in an Mbraun SPS by using Grubs columns.
LAI(OH-thf)(u-0O)Si(OH)(O7Bu), and Zr(NEt,), were prepared ac-
cording to literature procedures,!*!?! whereas M(NR,)4 (Ti, Zr, R =
Me, Hf, R = Et) were purchased from Aldrich and used as received.

Physical Methods: 'H and '*C NMR spectra were recorded on a
JEOL ECLIPSE 300 NMR spectrometer, and the >Si NMR spec-
tra on a VNMR 500 MHz Varian Unity. Mass spectra (ESI-
HRMYS) were recorded by using a Bruker micrOTOF II spectrome-
ter coupled with a MBraun UniLab glove-box.

X-Ray Crystallography: Selected crystallographic data are pre-
sented in Table S2. Single crystals were mounted on a Bruker
APEX DUO diffractometer equipped with an Apex 11 CCD detec-
tor at 100 K. Frames were collected by using omega scans and inte-
grated with SAINT.['3 Absorption correction (SADABS)!34
was applied. The structures were solved by direct methods
(SHELXS)[13*] and refined by the full-matrix least-squares on F?
with SHELXL-97.113%] Weighted R factors, R,, and all goodness-
of-fit indicators, S, were based on F2. All non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were placed in idealized
positions, with C—H distances of 0.93 and 0.98 A for sp*- and sp*-
hybridized carbon atoms, respectively, with Ui, tied do the parent
atom.

LAl(p-0),Si(0O7Bu),(n-O)M(NR); 2: M =Ti, R = Me; 3: M =
Zr, R = Et; 4: M = Hf, R = Et): A solution of LAI(OH-thf)(n-O)-
Si(OH)(O7Bu), (0.30 g, 0.41 mmol) in toluene (15 mL) was added
dropwise to a stirred solution of Ti(NMe,), (0.10 g, 0.45 mmol)
for 2, Zr(NEt,), (0.17 g, 0.45 mmol) for 3, or Hf(NEt,), (0.20 g,
0.43 mmol) for 4, in toluene (40 mL) at —78 °C. The reaction mix-
ture was allowed to reach room temperature and stirred for an
additional 12 h, which resulted in a clear yellow solution. After all
volatiles were removed, the crude product was rinsed with cold hex-
ane (5mL) and dried under vacuum. The product was recrys-
tallized from toluene.

LAI(p-0),Si(0O1Bu),(p-O)Ti(NMe,), (2): Yellow crystals. Yield:
0.29 g (89%). M.p. 215 °C (dec.). ESI-HRMS: calcd. for C43H7s-
AINsOsSiTi [M - NMe, + 2 CH;CN]" 844.48317; found
844.47798; error 6.1 ppm. 'H NMR (300.53 MHz, C¢Ds, 20 °C): 6
= 1.11[d, 3Jyu = 6.8 Hz, 6 H, CH(CHs),], 1.12 [d, 3Jyy 1y = 6.8 Hz,
6 H, CH(CHs),], 1.22 [s, 18 H, CH(CH}),], 1.46 [d, 3Jy1 11 = 6.7 Hz,
6 H, CH(CH3),), 1.52 (s, 6 H, CH;), 1.71 [d, 3Jyyq = 6.7 Hz, 6 H,
CH(CHs),), 2.95 [s, 12 H, N(CH3)], 3.34 [sept., 3Jyy = 6.8 Hz, 2
H, CH(CHa),], 3.48 [sept., *Jyu = 6.7 Hz, 2 H, CH(CH3),], 4.93
(s, 1 H, y-H), 7.09-7.22 (m, 6 H, H of Ar) ppm. '3C{'H}
(75.57 MHz, C¢Dg, 20 °C): 6 = 23.8, 24.1, 24.9, 25.2 [CH(CHj;),],
28.1, 29.0 [N(CHjy)], 31.6 [C(CHj);], 44.5 (NCCHjy), 714
[C(CH3)3], 97.3 (y-C), 124.6, 124.7, 140.8, 144.7, 144.9 (C of Ar),
171.4 (C=N) ppm. ?*Si{'H} (99.33 MHz, C¢Ds, 20 °C): § = -96
[0,Si(O1Bu),] ppm.

[LAI(p-0),Si(O7Bu),(n-0)Zr(NEt,),] (3): White crystals. Yield:
0.30 g (82%). M.p. 236-238 °C (dec.). ESI-HRMS: calcd. for
Cs5Hg4AINgOsSiZr [M — NEt, + 5 CH3CN]* 1033.51909; found
1033.51164; error 7.2 ppm. '"H NMR (300.52 MHz, C¢Dg, 20 °C):
6=1.091[d, 6 H, 3Jyy iz = 6.8 Hz, CH(CH,),], 1.14 [d, 6 H, 3Jy 1y =
6.8 Hz, CH(CHs),], 1.22 [s, 18 H, C(CHs5)5], 1.22 [t, 12 H, 3Jy =
6.9 Hz, N(CH,CH,),], 1.47 [d, 6 H, 3Jyu = 6.8 Hz, CH(CH,),],
1.49 (s, 6 H, CH;), 1.69 [d, 6 H, *Jy i = 6.8 Hz, CH(CH3),), 3.01
[dq, 4 H, 2Jyy = 13.2, 3Jyg = 6.9 Hz, N(CH,CH;),), 3.14 [dq, 4
H, 2Jyn = 13.2, 3Jyn = 6.9 Hz, N(CH,CHs),), 3.37 [sept, 2 H,

4797

WWW.eurjic.org



SHORT COMMUNICATION

V. Jancik et al.

3Jun = 6.8 Hz, CH(CH,),l, 3.48 [sept, 2 H, 3Jyy = 6.8 Hz,
CH(CH,),], 4.88 (s, 1 H, y-H), 7.11-7.19 (m, 6 H, H of Ar) ppm.
13C{H} (75.57 MHz, C¢Ds, 20 °C): § = 15.9 [N(CH,CHs),], 23.8,
24.1, 24.7 [CH(CHs),], 24.9 (CHs), 25.0 [CH(CHs),], 27.8, 28.8
[CH(CHa),], 31.3 [C(CH3)3], 45.0 [N(CH,CH3),], 71.0 [C(CHa3)3],
97.2 (y-C), 124.4, 140.9, 144.4, 144.6 (C of Ar), 171.0 (C=N) ppm;
298i{'H} (99.33 MHz, C¢Ds, 20 °C): 6 = 97 [0,Si(OrBu),] ppm.

[LAl(p-0),Si(O7Bu),(n-O)Hf(NEt,),] (4): White powder. Yield:
0.31 g (77%). M.p. 213 °C (dec.). ESI-HRMS: calcd. for Cs;HgoAl-
N,OsSiHf [M + H + 3 CH5CN]* 1114.5976; found 1114.5919; er-
ror 5.1 ppm. "H NMR (500 MHz, C¢Dg, 20 °C): 6 = 1.10 [d, 3Jy.n
= 69Hz, 6 H, CH(CH,),], 1.15 [d, 3Jyu = 69Hz, 6 H,
CH(CHs),], 1.23 [s, 18 H, C(CH3)3], 1.23 [t, 3Jy .y = 7.0 Hz, 12 H,
N(CH,CHj),], 1.50 [d, 3Jyi = 6.9 Hz, 6 H, CH(CH,)], 1.51 (s, 6
H, 2 CH;), 1.69 [d, 3Jyn = 6.9 Hz, 6 H, CH(CH,),], 3.01 [dq,
2Jun = 13.2, 3Jun = 7.0 Hz, 4 H, N(CH,CHys),), 3.14 (dq, >Jun
=13.2,3Jyu = 7.0 Hz, 2 H, NCH,CHs), 3.38 [sept, 3Ji;. 1 = 6.9 Hz,
2 H, CH(CHs),], 3.48 [sept, 3Juy = 6.9 Hz, 2 H, CH(CH,),], 4.91
(s, 1 H, y-H), 7.11-7.22 (m, 6 H, H of Ar) ppm. BC{'H}
(75.57 MHz, C¢Dg, 20 °C): 0 = 16.3 [N(CH,CH3)-], 24.0, 24.3, 25.0
[CH(CHs3),], 25.2 (CH3), 25.2 [CH(CH3),], 28.1, 29.0 [CH(CHj;),],
31.5 [C(CH3)3], 44.9 [N(CH,CH3),], 71.3 [C(CHj3)3], 97.5 (y-C),
124.6, 124.7, 141.2, 144.6, 144.8 (C of Ar), 171.3 (C=N) ppm.
298i{'H} (99.33 MHz, C4Dg, 20 °C): § = -95 [0,Si(OrBu),] ppm.

[LAl(p-0),Si(0OBu),(n-0)|,M (5: M = Ti, 6: M = Zr, 7: M = Hf):
A solution of Ti(NMe,), (0.06 g, 0.27 mmol) for 5, Zr(NMe,),
(0.07 g, 0.26 mmol) for 6, or Hf(NEt,), (0.13 g, 0.28 mmol) for 7,
respectively, in toluene (10 mL) was added dropwise to a stirred
solution of LAI(OH-thf)(u-O)Si(OH)(OrBu), (0.40 g, 0.54 mmol)
in toluene (40 mL) at —78 °C. The reaction mixture was allowed to
slowly warm to room temperature and stirred for additional 16 h,
which resulted in a yellow solution. After all volatiles were re-
moved, the crude product was rinsed with cold hexane (5 mL), fil-
tered, and then dried under vacuum to give a white powder. The
product was recrystallized from toluene.

[LAI(p-0),Si(OrBu),(p-O)|,Ti (5): Yield: 0.26g (70%). M.p.
250 °C (dec.). ESI-HRMS: caled. for C74H;90ALN,O,(Si,Ti [M +
H]* 1381.75796; found 1381.75860; error: —0.5 ppm. 'H NMR
(300.53 MHz, C¢Dg, 20 °C): 6 = 1.08 [s, 18 H, C(CHs)3], 1.11 [d,
3Jun = 6.8 Hz, 6 H, CH(CHs),], 1.16 [s, 18 H, C(CH3)3], 1.17 [d,
3Jun = 6.8 Hz, 6 H, CH(CHs),), 1.34 [d, 3Jyn = 6.6 Hz, 6 H,
CH(CH3),), 1.41 [d, 3Juu = 6.8 Hz, 6 H, CH(CH3),), 1.48 [d, 3Jun
= 6.6 Hz, 6 H, CH(CH3),], 1.52 (s, 6 H, CH3), 1.54 [d, 3Jypy =
6.8 Hz, 6 H, CH(CHs),], 1.68 (s, 6 H, CH3), 1.71 [d, 3Jy i = 6.8 Hz,
6 H, CH(CH;),], 1.93 [d, *Jyy = 6.8 Hz, 6 H, CH(CHs),], 3.14
[sept, *Jin = 6.8 Hz, 2 H, CH(CH3),], 3.38 [sept, 3Jy i = 6.8 Hz,
2 H, CH(CHa),], 3.64 [sept, 3Jiyu = 6.6 Hz, 2 H, CH(CH3),), 4.19
[sept, 3Juu = 6.8 Hz, 2 H, CH(CHj3),], 5.05 (s, 2 H, y-H), 6.99—
7.42 (m, 12 H, H of Ar) ppm. 3C{'H} (75.57 MHz, C¢Dj, 20 °C):
0 =234,239,242,247, 2438, 24.9, 25.9, 26.2 [CH(CH;),], 26.7,
27.5 (CH;), 28.4, 28.7, 28.8, 289 [CH(CH,),], 31.5, 31.6
[C(CH3)3], 71.0, 71.1 [C(CH3)5], 98.7 (y-CH), 124.0, 124.3, 125.1,
125.23, 127.1, 127.5, 128.3, 143.4, 144.5, 146.0 (C of Ar), 170.8,
172.4 (C=N) ppm. ¥Si{'H} (99.33 MHz, C¢D;, 20 °C): 6 = -96
[0,Si(O1Bu),] ppm.

[{LAl(n-0),Si(O1Bu),(p-0)},Zr] (6): Yield: 0.29 g (75%). M.p.
232-234 °C (dec.). ESI-HRMS: caled. for C74H;19ALN4O1(S1,Zr
[M + H]* 1424.71689; found 1424.71828; error —1.0 ppm. '"H NMR
(300.53 MHz, C¢Dg, 20 °C): 6 = 1.09 [s, 18 H, C(CH3)3], 1.10 [d, 6
H, 3Junu = 7.0 Hz, CH(CH,),], 1.16 [s, 18 H, C(CH>);], 1.17 [d, 6
H, 3Jun = 6.6 Hz, CH(CHs),], 1.33 [d, 6 H, 3Jyy = 6.6 Hz,
CH(CH,),], 1.45[d, 6 H, 3Ji;.5 = 7.0 Hz, CH(CH,),], 1.49 [d, 6 H,
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3Jiin = 6.6 Hz, CH(CH,),), 1.50 (s, 6 H, CHs), 1.54 [d, 6 H, *Jyy.
= 6.6 Hz, CH(CH.),), 1.64 (s, 6 H, CHy), 1.64 [d, 6 H, 3y =
6.7 Hz, CH(CHs)s, 1.95 [d, 6 H, *Jyy1 = 6.7 Hz, CH(CHy),], 3.18
[sept, 2 H, Jun = 7.0 Hz, CH(CHa),], 3.41 [sept, 2 H, Jyp =
6.7 Hz, CH(CH,),], 3.58 [sept, 2 H, 3y = 6.6 Hz, CH(CH,),],
4.10 [sept, 2 H, 3Jypn = 6.6 Hz, CH(CHa),], 5.00 (s, 2 H, y-CH),
7.10-7.32 (m, 12 H, H of Ar) ppm. BC{'H} (75.57 MHz, C¢Ds,
20°C): 0 = 23.2, 239, 24.0, 243, 24.7, 249, 255, 257
[CH(CHs),], 26.7, 28.1 (CHs), 28.6, 28.7, 28.8, 28.9 [CH(CH),)],
31.6, 31.6 [C(CHa)s], 70.7, 70.9 [C(CHs)s], 98.4 (y-C), 124.1, 124.4,
124.7, 124.9, 140.1, 141.6, 144.5, 145.5, 145.6 (C of Ar), 170.8,
171.8 (C=N) ppm; »’Si{'H} (99.33 MHz, C¢Dg, 20 °C): 6 = -95
[0,Si(OBu),] ppm.

[{LAl(n-0),Si(0O7Bu),(n-0)},Hf] (7): Yield: 0.33 g (81%). M.p.
225 °C (dec.). ESI-HRMS: calcd. for C74H;9ALN4O(Si,Hf [M +
H]* 1513.75651; found 1513.75178; error: 3.1 ppm. 'H NMR
(300.53 MHz, C¢Dg, 20 °C): 6 = 1.08 [s, 18 H, C(CH3)s], 1.10 [d,
3Jun = 6.9 Hz, 6 H, CH(CHs3),], 1.16 [s, 18 H, C(CH3)3], 1.18 [d,
3Jan = 6.9 Hz, 6 H, CH(CH3),), 1.34 [d, 3Jgn = 6.9 Hz, 6 H,
CH(CHs;),), 1.44 [d, 3Jy 1 = 6.8 Hz, 6 H, CH(CH,)], 1.48 [d, 3Jyy i
= 6.8 Hz, 6 H, CH(CH,),], 1.52 (s, 6 H, CH;) 1.54 [d, 3Jpyy =
6.9 Hz, 6 H, CH(CH)], 1.63 [d, *Jyu = 6.9 Hz, 6 H, CH(CH,),],
1.65 (s, 6 H, CH;), 1.93 [d, 3Jy . = 6.8 Hz, 6 H, CH(CH3),), 3.18
[sept, 3Juu = 6.9 Hz, 2 H, CH(CH,),], 3.40 [sept, *Jiyu = 6.8 Hz,
2 H, CH(CHs)], 3.62 [sept, *Jy 11 = 6.8 Hz, 2 H, CH(CH3),), 4.10
[sept, 3Jyu = 6.8 Hz, 2 H, CH(CHj3),], 5.02 (s, 2 H, y-CH), 6.99—
7.41 (m, 12 H, H of Ar) ppm. BC{'H} (75.57 MHz, C4¢Ds, 20 °C):
0 =1233,2309, 24.1, 244, 24.7, 24.9, 25.5, 25.7 [CH(CH3),], 26.6,
28.2 (CHj;), 28.4, 28.7, 28.8, 28.9 [CH(CH3),], 31.5, 31.6,
[C(CH3)3], 70.8, 70.9 [C(CH;);], 98.4 (y-CH), 124.1, 124.4, 124.8,
124.9, 127.0, 127.4, 140.2, 141.7, 143.6, 144.6, 145.6, 145.6 (C of
Ar), 170.8, 171.9 (C=N) ppm. ?’Si{'H} (99.33 MHz, C¢Ds, 20 °C):
) = 94 [0,Si(OrBu),] ppm.

Supporting Information (see footnote on the first page of this arti-
cle): Complete '"H NMR spectra, ESI-HRMS mass spectra for all
compounds, molecular structures of compounds 2-7 and further
X-ray details are presented.

Acknowledgments

Financial support from DGAPA-UNAM (PAPIIT grant nos.
IN205108 and IN211910) and CONACyT (grant no. 79531) is
greatly acknowledged. R. H.-L. and D. S.-1. gratefully acknowledge
the doctoral fellowships provided by CONACyT, (grant nos.
195791 and 268796, respectively).

[1] a) S. Bhatia in Zeolite Catalysis: Principles and Applications,
CRC Press, Boca Raton, Florida, 1989, pp. 1-6; b) M. Guisnet,
J.-P. Gilson in Zeolites for Cleaner Technologies (Ed.: G. J. Hut-
chings), Imperial College Press, 2002, pp. 1-28.

[2] a)J. J. Eisch in Comprehensive Organometallic Chemistry (Eds.:
G. Wilkinson, F. G. A. Stone, E. W. Abel), Pergamon, Oxford,
1983; b) J. P. Oliver, R. Kumar, Polyhedron 1990, 9, 409-427,
¢)J. A. Kerr in CRC Handbook of Chemistry and Physics 1999—
2000 (Ed.: D. R. Lide), CRC Press, Boca Raton, Florida, 2000.

[3] a) V. Jancik, F. Rascoén-Cruz, R. Cea-Olivares, R. A. Toscano,
Chem. Commun. 2007, 4528-4530; b) F. Rascon-Cruz, R.
Huerta-Lavorie, V. Jancik, R. A. Toscano, R. Cea-Olivares,
Dalton Trans. 2009, 1195-1200.

[4] J. Beckmann, K. Jurkschat, N. Pieper, M. Schiirmann, Chem.
Commun. 1999, 1095-1096.

[5] a) G. Wilke, Angew. Chem. 2003, 115, 5150; Angew. Chem. Int.
Ed. 2003, 42, 5000-5008; b) P. Corradini, G. Guerra, L. Cav-

Eur. J. Inorg. Chem. 2011, 4795-4799



Soluble Alumotitanosilicates and Their Zr and Hf Analogues

Eur/IC

Eur. J. Inorg. Chem. 2011, 4795-4799

allo, Acc. Chem. Res. 2004, 37, 231-241; c) A. Mukherjee, S.
Nembenna, T. K. Sen, S. P. Sarish, P. Kr. Ghorai, H. Ott, D.
Stalke, S. K. Mandal, H. W. Roesky, Angew. Chem. 2011, 123,
4054-4058; Angew. Chem. Int. Ed. 2011, 50, 3968-3972.

The reported compounds contain, in general, silylated Cp rings
or a SiMe; group; a) J. J. Eisch, A. M. Piotrowski, S.K.
Brownstein, E. J. Gabe, F. L. Lee, J Am. Chem. Soc. 1985, 107,
7219-7221; b) E. Y.-X. Chen, W. J. Kruper, G. Roof, D. R. Wil-
son, J Am. Chem. Soc. 2001, 123, 745-746; c) M. Horacek, V.
Kupfer, B. Muller, U. Thewalt, K. Mach, J Organomet. Chem.
1998, 552, 75-82; d) M. Garcia-Castro, A. Martin, M. Mena,
C. Yelamos, Organometallics 2007, 26, 408-416; e¢) A.H.
Cowley, G. S. Hair, B. G. McBurnett, R. A. Jones, Chem. Com-
mun. 1999, 437-438; f) S. C. Yoon, B.-J. Bae, I.-H. Suh, J. T.
Park, Organometallics 1999, 18, 2049-2051; g) P. Arndt, A.
Spannenberg, W. Baumann, S. Becke, U. Rosenthal, Eur. J. In-
org. Chem. 2001, 2885-2890; h) H. Wessel, M. L. Montero, C.
Rennekamp, H. W. Roesky, P. Yu, I. Uson, Angew. Chem. Int.
Ed. 1998, 37, 843-845: 1) D. Stalke, F.-Q. Liu, H. W. Roesky,
Polyhedron 1996, 15, 2841-2843; j) G.S. Hair, R. A. Jones,
A. H. Cowley, V. Lynch, Inorg. Chem. 2001, 40, 1014-1019; k)
K. A. Abboud, P. N. Nickias, E. Y.-X. Chen, Acta Crystallogr.,
Sect. C: Cryst. Struct. Commun. 2002, 58, m41; 1) M. Garcia-
Castro, A. Martin, M. Mena, C. Yelamos, Chem. Eur. J. 2009,
15, 7180-7191; m) V. V. Burlakov, P. Arndt, W. Baumann, A.
Spannenberg, U. Rosenthal, Organometallics 2006, 25, 519—
522; n) Y.-X. Chen, M. V. Metz, L. Li, C. L. Stern, T. J. Marks,
J. Am. Chem. Soc. 1998, 120, 6287-6305; o) Y. Wang, H. Wang,
H. Wang, H.-S. Chan, Z. Xie, J. Organomet. Chem. 2003, 683,
39-43; p) A. D. Horton, A. G. Orpen, Organometallics 1992,
11, 1193-1201; q) G. Erker, M. Albrecht, C. Kruger, M. Nolte,
S. Werner, Organometallics 1993, 12, 4979-4986; r) M. S. Hill,
P. B. Hitchcock, Organometallics 2002, 21, 3258-3262; s) H.
Wessel, C. Rennekamp, H.W. Roesky, M. L. Montero, P.
Muller, I. Uson, Organometallics 1998, 17, 1919-1921; t) V. V.
Burlakov, P. Arndt, W. Baumann, A. Spannenberg, U. Rosen-
thal, Organometallics 2004, 23, 4160-4165; u) H. Hatop, H. W.
Roesky, T. Labahn, A. Fischer, H.-G. Schmidt, M. Noltemeyer,
Organometallics 2000, 19, 937-940; v) Y.-X. Chen, C. L. Stern,
T.J. Marks, J Am. Chem. Soc. 1997, 119, 2582-2583; w) N.

(7]

(8]
]

European Journal
of Inorganic Chemistry

Etkin, D. W. Stephan, Organometallics 1998, 17, 763-765; x)
G. Erker, R. Zwettler, C. Kruger, R. Noe, S. Werner, J Am.
Chem. Soc. 1990, 112, 9620-9621.

G. B. Nikiforov, H. W. Roesky, P. G. Jones, R. B. Oswald, M.
Noltemeyer, Dalton Trans. 2007, 4149-4159.
http://www.ccdc.cam.ac.uk/products/csd/radii/.

Selected crystallographic details and selected bond lengths for
compounds 2-7 are in the Supporting Information. For full
details see CCDC-794271 (2), -794272 (3), -794273 (4), -794274
(5), -794275 (6), -794276 (7). These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

[10] The silicate unit containing Si2 in 5 is disordered over two posi-

tions with a ratio of 50:50.

[11]a) V. Jancik, H. W. Roesky, Angew. Chem. 2005, 117, 6170—

6172; Angew. Chem. Int. Ed. 2005, 44, 6016-6018; b) P. M. Gu-
rubasavaraj, S. K. Mandal, H. W. Roesky, R. B. Oswald, A.
Pal, M. Noltemeyer, Inorg. Chem. 2007, 46, 1056-1061; ¢) G. B.
Nikiforov, H. W. Roesky, T. Schulz, D. Stalke, M. Witt, Inorg
Chem. 2008, 47, 6435-6443; d) S. K. Mandal, P. M. Gurubasa-
varaj, H. W. Roesky, R. B. Oswald, J. Magull, A. Ringe, Inorg
Chem. 2007, 46, 7594-7600; e) P. M. Gurubasavaraj, H. W.
Roesky, B. Nekoueishahraki, A. Pal, R. Herbst-Irmer, Inorg
Chem. 2008, 47, 5324-5331; f) F. Calderazzo, U. Englert, G.
Pampaloni, R. Santi, A. Sommazzi, M. Zinna, Dalton Trans.
2005, 914-922; g) G. Bai, S. Singh, H. W. Roesky, M. Nolteme-
yer, H.-G. Schmidt, J Am. Chem. Soc. 2005, 127, 3449-3455;
h) Y. Yang, P. M. Gurubasavaraj, H. Ye, Z. Zhang, H. W. Roe-
sky, P. G. Jones, J. Organomet. Chem. 2008, 693, 1455-1461; 1)
Y. Yang, T. Schulz, M. John, Z. Yang, V. M. Jimenez-Perez,
H. W. Roesky, P. M. Gurubasavaraj, D. Stalke, H. Ye, Organo-
metallics 2008, 27, 769-777.

[12] D. C. Bradley, I. M. Thomas, Proc. Chem. Soc. London 1959,

225-226.

[13]a) Bruker, SAINT and SADABS, Bruker AXS Inc., Madison,

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Wisconsin, USA, 2007; b) a short history of SHELX: G. M.
Sheldrick, Acta Crystallogr., Sect. A 2008, 64, 112-122.

Received: August 1, 2011

Published Online: September 21, 2011

4799

WWW.eurjic.org



