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As described before the temperature was calibrated in the range of
24-39°C. The reaction was initiated by the addition of water
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Detection of the reactions was performed for 10s, resulting in 500
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Microporous materials such as zeolites, alumino- and
gallophosphates, and their transition metal substituted ana-
logues are currently targets of a very active research effort.
Their traditional uses as size- and shape-selective catalysts,[!]
molecular sieves, adsorbents, and ion exchangers are com-
plemented by new applications as reaction vessels of molec-
ular dimensions,? highly ordered matrices for fabrication of
optoelectronic nanodevicesP®! and sensors, and molds for the
preparation of carbon molecular sieves.”! Their syntheses rely
mainly on hydrothermal methods in aqueous and recently also
in nonaqueous media.[>7 Important developments in the
synthetic methodology were achieved by introduction of HF
in the reaction mixture. Fluoride acts as a mineralizer and a
structure-directing agent,®! and its presence promotes growth
of large crystals of molecular sieves.’] Fluoride itself is in
many cases not retained in the resulting structure. However,
in some frameworks fluoride ions coordinate to the metal
center, as has been reported for aluminophosphates (AFL®I
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LTA, AST,MU GIS,2l and CHAM), for gallophosphates
(LTA,B! CLO,"™ CHA,!™! and ULM-n compounds!*®!), and
recently also for indium phosphates.'”? Other such exam-
ples include transition metal doped aluminophosphates
(CrAPO-5,81 CoAPO-34["1) as well as microporous oxy-
fluorinated metallophosphates of vanadium®’ and iron.!
Interestingly, fluoride can also coordinate to the phosphorus
center and form fluorophosphate (Znl?).

There has been increasing interest in developing rational
syntheses of alumino- and gallophosphates. To reach this goal,
we and others followed the building-block strategy in which
preformed clusters of alumino- or gallophosphate that possess
reactive groups and are soluble in organic solvents are
expected to condense and form extended three-dimensional
structures. Pore size, shape, and dimensionality would be
governed by the characteristics of the building blocks. We
extended the “library” of known molecular models of
alumino- and gallophosphate secondary building units
(SBUs) found in extended three-dimensional structures of
these materials.”®! To the previously known model com-
pounds, mimicking a single four-ring®*?¥ (4R or 4) and a
double four-ring?*31 (D4R or 4-4), we added a double six-
ringB?l (D6R or 6-6) and a single six-ring®! (6R or 6). Herein
we report on the synthesis and the structural and spectro-
scopic characterization of aluminophosphonate cluster 1,
which contains two tricyclic capped six-ring moieties (C6R
or 6=1) and a central cube-like unit (D4R) incorporating
terminal and bridging fluoride ions (FAl(u-F),AlF).

[Cs(thf);F(iBuAl)y((BUPO,), L[ (iBUAD),AL(u-F),((BuPO),] 1

Reaction of equimolar amounts of Cs(iBu;AlF)P* and tert-
butylphosphonic acid in THF provides 1 as colorless block
crystals in 25 % yield. The reaction solution contains several
other by-products, one of which was identified by 3P NMR
spectra as cubic [iBuAlO;PBu], (2).?! The molecular struc-
ture of 1 in the solid state was established by single-crystal
X-ray crystallography (Figure 1).5% The cluster consists of a
central cube-like Al,P,O,(u-F),F, core and two peripheral
tricyclic Al;P,Oy, units. These two capped six-rings are related
by a crystallographically imposed C, axis passing through the

Figure 1. Molecular structure of 1. The carbon atoms of all iBuAl and tBuP groups and
THF molecules are omitted for clarity; Al: blue, P: yellow, O: red, F: green, Cs: gray.
Selected bond distances [A] and angles [°]: All -F1 1.863(3), All —F2 1.909(3), All -

F3 1.724(3); Al1-F1-All’ 101.9(2), Al1-F2-All’ 98.5(2).
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bridging F1 and F2 atoms; 1 possesses pseudo-C,, symmetry.
The capped six-rings are isoelectronic with the [Al;P,O44]*~
structural motif found in a host of layered aluminophospha-
tes,™ and the C6R building unit was also found in three-
dimensional frameworks of BPHP and AFS[?! types. The
central cube is connected to the two capped six-rings through
“sandwiched” triangles of cesium atoms. These cesium atoms
interact with the three terminal phosphonate oxygen atoms of
the C6R units along with the terminal fluorine atoms F3 and
four bridging oxygen atoms of the central core. Recently, we
reported similar interactions of gallophosphonates with Li,
Na, and K ions.’”l The coordination sphere of each cesium
center is completed by one oxygen atom of a THF molecule.
There are two additional THF half-molecules of crystalliza-
tion in the asymmetric unit. Compound 1 contains Al atoms in
two different coordination environments: two octahedral
mer-Al10O;F; and eight tetrahedral A1O;C units. A prominent
feature of 1 is the FAl(u-F),AlF unit formed from two edge-
sharing octahedra. This unit can serve as a molecular model
for analogous units observed in GIS- and CHA-type AIPO,
phases. The All —F1 and All —F2 bridging distances (1.863(3)
and 1.909(3) A, respectively) closely match the corresponding
distances in AIPO,-CHA (1.854(2) and 1.894(2) A).[*"! The
short All-F3 distance (1.724(3) A) is the same as in
bioctahedral [ALFy(H,0),]*~ (1.729(2) A).*¥ The F3 atoms
are four-coordinated and reside 0.95 A above the triangle of
the three cesium atoms (Cs—F3 2.835(3)-2.970(4) A).

The C DEPT NMR spectra display two singlets (ratio ca.
3:1) for iBuAl methyl groups and four doublets (3:2:2:2) for
{BuP methyl groups, which is in agreement with the solid-state
structure. Furthermore, four signals in the 3'P NMR spectrum
of 1 suggest that the structure is retained in solution. A single
resonance at d=14.7 for the three crystallographically
inequivalent phosphorus atoms P3, P4, and P5 hints at a
rotation of the capped six-ring units about the Al1-F1-P6 axes
that is fast on the NMR time scale. In fact, on lowering the
temperature below —20°C, this signal decoalesces to two
peaks (0=14.3, 13.8 at —60°C). This attests to the slow
rotation of the C6R units. Owing to its lower intensity, the
high-field signal is assigned to P4, and the stronger signal at
low field to P3 and P5. These two phosphorus centers are
rendered equivalent in a racemization process by
which 1 is interconverted between left- and right-
handed C,-symmetric propellerlike enantiomeric
forms via a C,,-symmetric transition state. A signal
at 0=16.5 is very close to the 3'P NMR chemical
shift of 2 (0 =16.9), and it was assigned to P6 of the
capping phosphonate groups. The remaining two
signals of equal intensity show coupling to fluorine
and must therefore belong to the central D4R unit.
A triplet (6 =18.8) and a broad quartet (6 =30.3)
were assigned to P2 and P1, respectively; there is a
correlation between the P NMR shift and the
mean P-O-Al bond angle in AIPO, polymorphs.?’
The phosphorus center is more strongly shielded as
the average P-O-Al angle widens. We found that
this correlation is also valid for the phosphonate
groups in 1 and 2 (r=0.9902) as well as [MeAl-
O;PBu] (3)B2 (Table 1). The F NMR spectrum

1433-7851/98/3719-2651 $ 17.50+.50/0 2651



COMMUNICATIONS

Table 1. Correlation between the 3'P NMR chemical shift and the mean
P-O-Al bond angle in 1, 2, and 3.

Compd, atom oGPl P-O-Al["]
1, P1 30.2 128.7
1, P2 19.0 143.6
1, P6 17.2 147.5
2 16.9 150.5
3 134 154.6

[a] In CDy,

features two broad singlets of equal intensity (6 = —96.8 and
—131.5). We assigned them to the bridging and terminal
fluorine atoms, respectively, in analogy to AIPO,-CJ21* and
in accord with an empirical rule that higher coordination
causes higher shielding.?"!

Compound 1 features several interesting structural motifs
that are closely related to those of zeolitic frameworks.
Moreover, the strong Al-F bonds in the starting material are
retained in the product, which provides a lead for the
investigation of the mineralizing action and structure-direct-
ing role of fluoride in the microporous materials by YF NMR
spectroscopy. Most importantly, this molecule contains sev-
eral reactive centers, which may be employed in the trans-
formation of this precursor to porous materials.

Experimental Section

1: A solution of fert-butylphosphonic acid (0.23 g, 1.7 mmol) in THF
(20 mL) was added dropwise to an equimolar solution of Cs(iBu;AlF) in
THF (5mL) at 0°C. The resulting solution was stirred overnight at room
temperature and then concentrated to 15 mL. A white precipitate was
removed by filtration, and the clear solution was allowed to stand at room
temperature for 10 d. Colorless block crystals of 1 (0.13 g) formed in 25 %
yield; m.p.>350°C. '"H NMR (250 MHz, [Dg]THF): 6=-0.18 (d, /=
6.9 Hz, 4H; Al(D4R)CH,), —0.09 (d, /=70Hz, 12H; Al(C6R)CH,),
0.91-1.29 (m, 156 H; CH,), 1.77 (m; THF), 1.89 (sept, J = 6.6 Hz, 8H; CH),
3.64 (m; THF); *C DEPT NMR (100 MHz, [Dg]THF): 6 =68.2 (s; CH,0,
THF), 28.8 (s; AI(C6R)CH,CH(CHs;),), 28.5 (s; Al(D4R)CH,CH(CHs;),),
27.0 (s; Al(D4R)CH,CH(CHs;),), 26.9 (s; AI(C6R)CH,CH(CHs;),), 26.4 (s;
CH,, THF), 26.1 (d, /J=1.5Hz; P(3, 4, 5)C(CHs;);), 26.0 (d, /=18 Hz;
PC(CH;);), 259 (d, J=21Hz; PC(CH,);), 249 (d, J=17Hz;
P(1)C(CH;);); “F NMR (188 MHz, [Dg]THF): 0=-96.8 (s, Avy,=
100 Hz; F1, F2), —131.5 (s, A#,,=100 Hz; 2F3); 3P NMR (162 MHz,
[Dg]THF): 6 =30.3 (brq, J(PF)=9 Hz, 2P; P1), 18.8 (t, J(PF) =115 Hz,
2P; P2),16.5 (s, 2P; P6), 14.7 (s, 6 P; P3, P4, P5); IR (KBr): 7 =2952, 2926,
2871, 1481, 1464, 1425, 1363, 1263, 1187, 1148, 1047, 946, 878, 836, 813, 698,
671, 541, 504, 466 cm~'; MS (EI): m/z (%): 832 (87) [BuP,Al,O,F;], 785
(100) [BugP,AL,O,F]; elemental analyses (THF removed by drying under
vacuum) calcd for CgyH5,AliCssF,O56P 1, (3233.48): C 29.72, H 5.61; found:
C298,H6.1.
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Zirconocene-Catalyzed Silylation of
Alkenes with Chlorosilanes**

Jun Terao, Kazushi Torii, Koyu Saito,
Nobuaki Kambe,* Akio Baba, and Noboru Sonoda

Organosilanes play an important role in organic synthesis as
useful intermediates in a number of synthetic transformations.!!
To date, a variety of procedures have been developed for the
introduction of silyl functionalities into organic molecules.
The most straightforward and practical methodology for C—
Si bond formation involves electrophilic trapping of the
corresponding organometallic reagents of main group metals
with chlorosilanes. An attractive alternative is the transition
metal catalyzed silylation of unsaturated compounds,"? as
exemplified by the hydrosilylation of alkenes and alkynes.?* 3l
The reactions in this category proceed not only with silanes
containing one or more hydrogen atoms, but also with various
silylating reagents such as disilanes,?> 4 silacyclobutanes or
silacyclopropanes, silyl cyanides,” silylgermanes, silylstan-
nanes,” silylselenides,”! and iodosilanes.!

Although chlorosilanes are the most readily available
silylating reagents, their use in catalytic silylation has not yet
been achieved. This is probably due to the difficulty of the
oxidative addition of the Si—Cl bonds to transition metal
centers.”l We report herein the first example of the transition
metal catalyzed silylation of alkenes with chlorosilanes as well
as silylsulfides, silylselenides, and silyltellurides. This reaction
proceeds under mild conditions with a catalytic amount of a
zirconocene complex[' in the presence of a Grignard reagent
to give alkenylsilanes and/or allylsilanes.

For example, styrene reacted with chlorotriethylsilane in
refluxing THF in the presence of nBuMgCl and a catalytic
amount of zirconocene dichloride (conditions A) to give the E
isomer of alkenylsilane 1ain 93 % yield and with greater than
99 % regio- and stereoselectivities [Eq. (1)]. In this reaction,

cat. [Cp,ZrCly]
nBuMgCl

+ Et3SiC| Ph\/\SiEt;g (1)

1a, 93%

Ph._~»

only a trace amount of Et;SinBu (<5 %) was formed as a by-
product, probably through the direct reaction of Et;SiCl with
nBuMgClL.

Table 1 summarizes the results of the silylation of styrene
using different reagents and catalysts. When [Cp,TiCl,] was
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