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Table 2. Nonrelativistic Hartree—Fock and relativistic Dirac—Hartree —
Fock orbital eigenvalues (¢) and radial expectation values ((r)) for the ns
and np orbitals of Rn and (118).

Element Rn Element 118

Orbital & (r) Orbital & (r)
[eV] [A] [eV] [A]

nonrelativistic nonrelativistic
6s —23.78 1.14 7s —21.06 1.28
6p —11.65 1.35 7p -10.73 1.49

relativistic relativistic

[P —29.19 1.02 781 —36.25 0.96
6p1 —14.71 1.19 Tpin —20.29 1.09
6p3n —10.45 1.37 Tpsn —825 1.58

7p1, spinors are stabilized by 12 eV and radially contracted by
0.5 A relative to the 7psy, spinors. As is evident in Table 2,
these effects are much greater in (118) than for the
corresponding orbitals in Rn. The large relative stabilization
and radial contraction of the 7s,, and 7p;, spinors of (118)
essentially make them unavailable for bonding interactions
with the F atoms. Thus, the four electrons that can be
described by these spinors are rendered as stereochemically
inactive “inert pairs”.*! From the point of view of the VSEPR
model, the number of electron-pair domains has been reduced
from six to four, consistent with a tetrahedral geometry within
that model. The generation of inert pairs in conjunction with
the expected large radius of (118) are consistent with our
prediction that the tetrahedral and square-planar forms of
(118)F, are practically isoenergetic, a remarkable conse-
quence of large spin-orbit coupling.
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A New Type of Metal-Organic Large-Pore
Zeotype**

David M. L. Goodgame,* David A. Grachvogel, and
David J. Williams*

The great industrial importance of zeolites, particularly in
the petrochemicals industry, has fuelled the continuing
interest in the synthesis and applications of new types of
zeolites and related microporous materials (zeotypes). Par-
ticularly attractive avenues of further exploration include the
incorporation of redox-active metals into such frameworks to
provide novel heterogeneous catalytic systems!'! and the
formation of zeotypes comprising microporous metal-organic
ligand coordination arrays.”’l The latter approach offers, in
principle, an extensive capability of custom-designing frame-
works to gain better control of the pore sizes and shapes,
whilst also permitting the incorporation of a wide range of
metal ions, either as part of the framework or in the form of an
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included catalytic unit (the “ship in a bottle” approach). The
inclusion of features leading to chiral selectivity in catalytic
processes also presents an extremely desirable, albeit chal-
lenging, goal.

There are, however, some serious problems that can vitiate
the development of genuinely useful metal-organic zeotypes.
These include, inter alia: a) the potential problem of organic
matrix instability under the operating conditions that may be
required for effective catalysis or separation process activity;
b) the tendency of more flexible crystal lattices to “self-fill”
any large potential “boxlike” cavities; c¢) the avoidance of the
formation of such cavities by multiple three-dimensional (3D)
lattice interpenetration.’l Additionally, the cavities may be
largely or completely occupied by counterions and/or solvent
molecules, though the problem of solvent inclusion may not
prevent zeotype usefulness if the solvent molecules can be
removed without significant structural change leading to
major loss of zeotype porosity. We report here an example of a
novel, large-pore metal-organic zeotype which manages to
circumvent, at least to a significant extent, most of these
problems.

When equimolar amounts of zinc bromide and 2.4,6-tri(1-
imidazolyl)-1,3,5-triazine (timt) were mixed in N, N-dimethyl-
formamide (DMF) at room temperature a colorless crystal-
line solid was formed. X-ray structural examination! of the
crystals obtained revealed that the reaction results in the
conversion of timt to 4,6-di(1-imidazolyl)-1,3,5-triazine-2-one
(Hdimto) (Scheme 1) which, in its deprotonated form, gives
the complex [Zn(dimto),], - x (DMF) (1). The same product
was also formed when zinc bromide was replaced by zinc
chloride or zinc iodide.

N
<
N
~ ~
N=—
)\ zal N/\NH :<
Xy tHO T + 0 NH
A = =
Z N/\ N \
(N
N
Scheme 1. Metal-catalyzed conversion of timt to dimto.

The anion of the 4,6-di(1-imidazolyl)-1,3,5-triazine-2-one
molecule acts as a trinucleating ligand, binding to the metal
ions through the two available imidazole nitrogen atoms and
the carbonyl oxygen atom (Figure 1). These units self-
assemble to form nearly planar tapes mutually inclined by
79° and joining at the zinc centers. Each dimto ligand is
coplanar to within 0.19 A, with the zinc atom bound to the
oxygen atom lying within the plane, whilst those bonded to the
nitrogen atoms lie 0.42 A above and below the plane. The
symmetry at each zinc center is D,, the Zn-O and Zn-N
distances being 2.116(5) and 2.138(5) A, respectively; the
angular departures from octahedral symmetry are less than 1°.
An unusual feature of the ligand coordination is the Zn-O-C
angle of 180°.P!
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Figure 1. The coordination environment at one of the Zn centers in the
solid-state structure of 1 showing the intersection of two approximately
orthogonally oriented segments of the continuous tapes.

The motif illustrated in Figure 1 extends in three dimen-
sions to form a set of contiguous boxlike units (Figure 2). The
Zn---Zn separations around the equatorial belt of each box
are 13.08 A, the inter-Zn — Zn vector angles being 79/101° (see
above). Each unit contains voids which interconnect to form

Figure 2. One of the boxlike units that extend to form the continuous
three-dimensional network of 1.

sinuous channels that extend in three dimensions. The
windows into each of these channels are bounded by the
ligands containing the triazine rings indicated A-D in
Figure 2. Allowing for the van der Waals radii, the approx-
imate window size is 9.6 x 5.5 A. Figure 3 depicts a view of
this porous structure viewed down the crystallographic 101
direction. A particularly important feature of this material is
that, because of the uncharged nature of this array, there are
no counterions to obstruct the pores.

Because of the very open nature of the [Zn(dimto),],
framework, at least some of the DMF molecules of solvation
occluded in the lattice are lost on removal of the solid from
solution and it is therefore difficult to obtain either a
reproducible or a precise value for the DMF:Zn ratio from
the X-ray study or from elemental analysis results. Thermo-
gravimetric analysis measurements indicate a typical
DMF:Zn ratio of about 6, and show that there is complete
desolvation by about 170°C. The desolvated lattice is then
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Figure 3. Space-filling representation of the solid-state structure of 1,
showing the large pores that extend through the structure.

thermally stable to about 300°C after which gradual decom-
position occurs. Desolvation can also be easily achieved at
room temperature by immersing the solid in a more volatile
small molecule solvent such as acetonitrile (which causes
exchange of the included solvent molecules—see below),
filtering off the solid, and then simply applying a vacuum to
remove the occluded acetonitrile. X-ray powder patterns of
the solvent-free matrix obtained by desolvation at room
temperature show that there is no significant change in the
structure. Even after direct thermal removal of the less
volatile guests such as DMF (at about 140°C) the gross lattice
integrity appears to be retained.l®

The sizes of the cavities and access channels in 1 offer
appreciable potential for guest molecule uptake and this is
under examination. The diamagnetism of the host [Zn(dim-
to),], lattice permits the application of a particularly favorable
way of studying the inclusion of guest molecules by means of
solid-state magic angle spinning (MAS) NMR spectroscopy.
This is illustrated in Figure 4 which shows the 3C MAS
spectrum of the desolvated lattice and the analogous spectra
of samples containing DMF or ethanol molecules, respective-
ly.

The formation of this type of large-pore metal-organic
zeotype is not restricted to zinc as the linking metal ion, as we
have obtained, and structurally characterized, an analogous
compound with manganese(11), thus demonstrating the feasi-
bility of incorporating potentially redox-active metal centers
into the lattice framework. This fact, when taken in con-
junction with the size of the lattice cavities, the fundamental
difference in the nature of the cavity “walls” as compared with
the aluminosilicate zeolites, the absence of counterions, and
a reasonable thermal stability, make these, and related,
materials exciting new candidates for examination of their
potential utility in, for example, catalysis or separation
processes.

Experimental Section

Large colorless crystals of 1 formed over a two-day period from a solution
containing zinc bromide (45 mg, 0.2 mmol) and 2,4,6-tri(1-imidazolyl)-
1,3,5-triazine (56 mg, 0.2 mmol) in DMF (4 mL). Yield 70% (based on
timt). Once separated from the mother liquor the crystals were sensitive to
partial loss of the included DMF of solvation. The solid-state CP/MAS

Angew. Chem. Int. Ed. 1999, 38, No. 1/2

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999

E
c) E
b)
Paprr Nt W\/\‘W,,WM
a)
260 1 (I)O 6
]

Figure 4. C MAS NMR spectra of a) compound 1, peaks at d =30.57,
35.49, and 163.25 are due to the “C NMR resonances of DMF;
b) compound 1 after almost complete removal of the included DMF (the
peaks marked * are due to small residual amounts of DMF); c) a sample of
1 in which the DMF has been replaced by ethanol (the “C NMR
resonances of ethanol are marked E).

3C NMR spectra were recorded at 75.5 MHz (7.05 T) on a Bruker MSL300
spectrometer and a standard Bruker magic angle sample spinning (MAS)
probe with double-bearing rotation mechanism. The samples were studied
at ambient probe temperature as polycrystalline powders in zirconia rotors
(7 mm external diameter) and MAS frequencies between 4 and 5 kHz (with
stability better than about + 10 Hz) were used. The '*C chemical shifts are
given relative to tetramethylsilane.
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Crystal data for 1: C;gH;,N,,0,Zn.6C;H;NO, M,=960.36, clear octa-
hedron, 0.30 x 0.23 x 0.20 mm, orthorhombic, space group Fddd, a=
16.638(5), b=20.198(3), c¢=26.273(3) A3, V=8829(3) A3, Z=8,
Pearea = 1.445 gem =3, u(Cuy,) =1.400 mm~!, F(000) =4032. Siemens P4
diffractometer, graphite-monochromated Cug, radiation, w scans, T=
293 K. Of 1650 independent reflections measured (26 < 120°), 1156 had
I,>20(I,) and were considered observed. The structure was solved by
direct methods and the non-hydrogen atoms were refined anisotropi-
cally. The hydrogen atoms were placed in calculated positions, assigned
isotropic thermal parameters U(H) =1.2U,(C) and allowed to ride on
their parent carbon atoms. Refinement was by full-matrix least-squares
based on F? to give R, =0.0767, and wR, =0.2143. Computations were
carried out with the SHELXTL 5.03 program package. The included
DMF solvent was distributed randomly throughout the channels in the
structure and no realistic atom positions could be fitted to the weak
diffuse areas of residual electron density. The value of about six DMF
molecules per zinc atom given in the empirical formula was deduced
from the TGA measurements and the corresponding values of
calculated density, x, and F(000) reflect this figure. Crystallographic
data (excluding structure factors) for the structures reported in this
paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-102315. Copies of the
data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-033; e-mail:
deposit@ccdc.cam.ac.uk).

A search of the April 1998 release of the Cambridge Crystallographic
Database revealed only three other examples of a linear M-O-C
arrangement out of a total of 1787 hits.

A substantial portion of the powder pattern of the heated sample
comprises an amorphous “hump” but with the principal lines of the
host structure clearly visible.
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The First Example of Linkage-Isomeric Ketene
Metal Complexes**

Elke Bleuel, Matthias Laubender,
Birgit Weberndorfer, and Helmut Werner*

Dedicated to Professor Otto J. Scherer
on the occasion of his 65th birthday

In the course of investigations on the reactivity of
carbenerhodium complexes trans-[RhCI(=CR)(L),] (R'=
aryl; L=PR;, AsR;, SbR;) we recently observed[!! that these
compounds react smoothly with olefins, CO, and isocyanides
by C-C coupling. While the reaction of 1 with ethene affords
besides 2 exclusively 1.1-diphenylpropene (and not 1.1-
diphenylcyclopropane), treatment of 1 with CO forms the
carbonyl complex 3 and diphenylketene (Scheme 1).["2

Since it is known from the work by the groups of Herrmann,
Cutler, Roper, and others that reactions of both metal
carbonyls with diazoalkanes and of metal carbenes with CO
under pressure lead to ketene complexes,’l we were inter-
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Scheme 1. L =PiPr;.

ested to find out whether the metal-assisted formation of
Ph,C=C=O0 from 1 and CO occurs via the intermediate trans-
[RhCI(Ph,C=C=0)(PiPr;),]. Attempts to detect such a com-
pound by controlled addition of CO to a solution of 1 in C¢Dy
or CDCl; failed. Therefore we chose a different synthetic
route for our target, the square-planar ketenerhodium com-
plex, and treated the chloro-bridged binuclear compound 4
with diphenylketene. In benzene at room temperature com-
plex 5 (Scheme 2) is readily formed and, after removal of the

L
Ph,C=C=0 / co
(RhCIL,l, ————r Cl—/Rh<C]) 3 0+
. L N Ph,C=C=0
5 \e-ph
|
Ph

Scheme 2. L =PiPr;.

solvent, is isolated as a red-brown solid in almost quantitative
yield. The coordination of diphenylketene through the C=0O
and not the C=C bond, which was already indicated by the
spectroscopic data,’l was confirmed by an X-ray crystal
structure analysis (Figure 1).’) The coordination geometry
around the rhodium atom is distorted square-planar, the bond
angle P1-Rh-P2 of 168.41(4)° thereby deviates considerably
from the ideal value of 180°. We assume that this is due to the
repulsion between the isopropyl and phenyl groups. More-
over, a remarkable feature is that in contrast to Cl-Rh-C1
(146.32(1)°) the axis CI-Rh-O (177.25(9)°) is nearly linear and
thus unsymmetrical bonding of the C=O unit to the metal
center results. Compared to other #7*(C,0)-diphenylketene
complexes,!® the distance O—Cl1 in 5 is significantly shorter
which points to a reduced degree of m-back bonding from the
rhodium center to the mt* orbital of the C=O moiety. In view of
the presence of the electron-rich [RhCI(PiPr;),] fragment this
observation is really surprising.

The ketene complex 5, which is thermally remarkably
stable, reacts with CO under normal pressure to yield
quantitatively the rhodium carbonyl compound trans-
[RhCI(CO)(PiPr;),]"! and diphenylketene. Upon treatment
of 5 with C;H;K in THF a substitution of chloride for indenyl
does not occur. However, the desired ligand exchange can be
carried out if compound 5 is transformed in the initial step
with one equivalent of AgPF( to an intermediate with the
supposed  composition  trans-[Rh(Ph,C=C=O)(PiPr;),-
(O=CMe,) |PF,, which subsequently reacts in situ with

Angew. Chem. Int. Ed. 1999, 38, No. 1/2



