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The First Templated Borogermanate
(C:N;H ),[ (BO,5),(GeO,);]: Linkage of
Tetrahedra of Significantly Different Sizes**
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Xiaodong Zou*

The classes of microporous materials—tetrahedral- and
mixed-framework compounds—with open structures contin-
ue to expand in terms of framework-forming elements.l'! The
most accomplished and also largest classes of tetrahedral-
framework compounds are aluminosilicates (Al-Si-O),? alu-
minophosphates (AI-P-O)B! as well as their isomorphic
substituted forms. Attempts to synthesize frameworks with
elements other than Al, Si, and P, especially with transition
metals, have resulted in many new classes, such as gallophos-
phates,*! titanosilicates,”! beryllium, zinc,! cobalt,®! iron,
vanadium," nickel,["l and molybdenum!'?! phosphates. Since
most transition metal atoms are too large to fit comfortably
into the hole formed by a van der Waals oxygen tetrahedron,
they are often coordinated by additional terminal OH and F
groups, forming trigonal bipyramids, square bipyramids, or
octahedra in open framework structures. As a consequence,
the Me—O bonds become weaker and thus most of these
compounds are thermally unstable. Besides the framework
compounds containing oxygen, other compounds such as
sulfides!™™ and a phosphonitride['*l have been reported.

During recent years, attempts have been made to include
boron atoms into the ZSM-n frameworks. However, very little
aluminum/silicon could be replaced by boron.[' Furthermore,
a few templated metal borophosphates were reported.['"]

Open framework germanates are an interesting and ex-
panding class of microporous materials. Germanium forms
oxygen polyhedra with 4-, 5-, and 6-coordination, and
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germanates consisting of both purely tetrahedrally coordi-
nated frameworks!'’) and mixed polyhedral frameworks!'s!
have been reported.

Herein we report the synthesis and structure determination
of the first templated borogermanate (C,N,H;(),[(BO,s),-
(GeO,);]. The hydrothermal reaction of ethylenediamine,
boric acid, germanium dioxide, hydrofluoric acid, and pyr-
idine gave transparent platelike crystals of (C,N,H),-
[(BO,5),(GeO,);] in high yield. X-ray analysis of these
crystals!'” revealed a layered structure with large openings
in the layers and organic templates between the layers.

There are three unique Ge and two unique B atoms in the
structure, all of them tetrahedrally coordinated by oxygen
atoms (Figure 1). The structure can be described as undulat-
ing borogermanate layers, each one constructed of isolated

Figure 1. Atom-labeling scheme for all the non-hydrogen atoms of the
asymmetric unit of (C,N,H;(),[(BO,;5),(GeO,);] (ORTEP plot; 50%
probability ellipsoids). The NH; terminal groups (N2 and N3) bonded to
C2 are the two different conformations of the diprotonated ethylenedi-
amine.

3-rings of germanium tetrahedra, [GeQ,];, connected by pairs
of boron tetrahedra, [BO,s], (Figure 2). The borogermanate
layers can also be described in terms of large 9-rings formed
by alternating two-corner-linked germanium tetrahedra (six
in total) and one pair of boron tetrahedra (three pairs in total)
(Figure 2). The layers are connected by hydrogen bonding
through the two unique charge-compensating diprotonated
ethylenediamine cations. One of those cations was found to
have two different conformations (Figure 1). Such behavior is
not uncommon in this type of structure, since the cations
reside in large cavities and possess a considerable freedom of
motion.

The bond lengths and angles for both the framework atoms
and the guests are unexceptional. All Ge—O distances are
between 1.719 and 1.768 A and the O-Ge-O angles are
between 104.27 and 115.18°. All oxygen atoms of the
germanium coordination polyhedra are shared either between
Ge and Ge or between Ge and B atoms. Three of the four
oxygen atoms of each BO, tetrahedron are shared between
boron and germanium, and one acts as a terminal oxygen
atom pointing towards the interlayer. As a consequence, the
B—O distances fall into two categories. The three bridging
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Figure 2. Polyhedral and ball-and-stick representations of the structure
viewed along the b axis. Three GeO, 3-rings are connected by three pairs of
BO, tetrahedra, leading to 9-ring channels in the [010] direction. Ethyl-
enediamine molecules are located at the center of each channel.

B—O (—Ge) distances are practically the same (1.475(5) A).
The B—O distances to the terminal oxygen atoms are some-
what shorter (1.435(4) A).

The radius of boron is much smaller than that of germa-
nium. Though boron could fit into tetrahedral polyhedra, it is
most commonly found to be in trigonal-planar coordination,
and germanium is octahedrally coordinated by oxygen atoms.
The cation-to-anion radius ratio for both B and Ge is
somewhat outside the commonly observed range for tetrahe-
dral oxygen environment. It is remarkable that they are found
together in the same structure. This is probably the templated
inorganic framework with the largest size difference between
different tetrahedral units.

The most intriguing feature of the (C,N,H;(),[(BO,s),-
(GeO,);] structure is its resemblance to that of (X),[(GeO,);-
(GeO,5F;),] - yH,0 (X=NH, or K, y=0.67-1.0).2021 The
structure topology within the layers is the same in both
structures, except that the [GeO, sF5] octahedra are replaced
by [BO,s] tetrahedra (Figures 3 and 4). This replacement is
nontrivial in terms of crystal chemistry, since B and Ge differ
widely in valence and size. Although the [BO,;] tetrahedra
and the [GeO,;sF;] octahedra are very different polyhedra
with different sizes, they play the same structural role in the
framework. The match of these very different polyhedra to
the same framework can be seen by the similarity of the unit
cell parameters (a and c¢) of these two compounds in the layer
plane: a=70065 and ¢=11.7976 A for (NH,),[(GeO,);-
(GeO,5F3),] - (H,0)y; and a=6.9765 and ¢ =11.6943 A for
(C,N,Hy),[ (BO,5),(GeO,);]. The relative position of the two
adjacent layers is very similar in both structures (Figure 4),
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Figure 3. Comparison of the connections of the polyhedra within the layer
between a) (CN,Hyp),[(BO,5):(GeO,)s] and b) (NH,)[(GeO,)s-
(GeOy5F;),] - (H,0)o 67 GeO, tetrahedra are shown in light gray and BO,
tetrahedra and GeOg octahedra in dark gray. The GeO, tetrahedra are
arranged in a similar way in both structures. The only difference is that the
BO, tetrahedral pairs in a) are replaced by GeOg octahedral pairs in b).
Both structures contain 3- and 9-rings.
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Figure 4. Comparison of the geometrical relationship between the layers.
a) (CN,H p)y[(BO,5)x(GeO,);] and b) (NH,),[(GeO,);(GeOysF),] -
(H,0)6- GeO, tetrahedra are shown in light gray and BO, tetrahedra
and GeOy octahedra in dark gray. The relative layer positions in the two
structures are very similar, except that the distance between the layers in
(CN;H 0),[ (BO,5),(GeO,)s] (=by/2) is shorter than in (NH,),[(GeO,)s-
(GeOysFs),] - (H,O)o7 (=b,/2). This is due to the size difference between
the BO, tetrahedra and GeOg octahedra and the locations of the guest
molecules in the interlayers.

even though different molecular and ionic species are present
in the interlayers. The interlayer distances are different in the
two structures, however, due to the size differences of the
[BO,;] tetrahedra and [GeO, sF;] octahedra, and the different
locations of the intercalated species of ethylenediamine and
ammonium cations and water. The [BO,s]*>~ and [GeO, sF;]*~
units, which are the only negatively charged parts of the
framework layers, are compensated by the diprotonated
ethylenediamines and ammonium cations in (C,N,H,),-
[(BO,5)x(GeO,)s] and (NH,)4[(GeO,)5(GeOy 5F3),] -
(H,0), ¢, respectively.

We have shown for the first time that boron can be
incorporated into templated germanate frameworks. This
opens possibilities for synthesizing other templated boroger-
manates with novel structure topologies.

Experimental Section
Crystals of (C,N,H,),[ (BO,5),(GeO,);] were synthesized from an organic-

rich solution consisting of ethylenediamine, H;BO;, GeO,, HF, pyridine,
and H,O in a molar ratio of 12:2:1:2:40:5. GeO, (0.15 mg) was added to a
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mixture of pyridine (4.55 g) and water (0.147 g). Then ethylenediamine
(1.038 g) was added and stirred until the mixture became a clear solution.
Finally boric acid (0.18 g) and 40% HF (0.062 g) were added to the
obtained solution (pH 11.12), which was then heated at 170°C for 10 days in
a 23 mL Teflon-lined Parr autoclave. The product (yield 0.206 g), consisting
of a white powder and thin platelike single crystals, was collected, washed
with deionized water and ethanol, and dried at room temperature. The Ge
content was confirmed by energy-dispersive spectroscopy (EDS).
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Dodecacarbonyltetracobalt Catalysis in the
Thermal Pauson - Khand Reaction**

Marie E. Krafft* and Llorente V. R. Bofiaga

Dicobaltoctacarbonyl, [Co,(CO)g], has always been the
metal complex of choice in the widely used Pauson—Khand
reaction for the formation of bicyclo[3.3.0]octenones by the
cyclocarbonylation of an alkene and an alkyne (Scheme 1).[1
Alternative sources of zero valent cobalt, namely [(inden-
yl)Co(cod)] and [Co(acac),]/NaBH,, and cobalt carbonyl
clusters, such as [Co,(CO);,], [Coz(CO)o(us-CH) ], and [Co,-
(CO),,P(OPh);], have also been developed but are less
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Scheme 1. Cobalt catalysis in the Pauson—Khand reaction. Co catalyst:
[Co,(CO)g] with or without additive (phosphite, phosphane, cyclohexyl-
amine (CyNH,), phosphane sulfide, 1,2-dimethoxyethane (DME), water),
[Co,(CO)l, [Co(CO),P(OPh)], [Coy(CO)(us-CH)], [(indenyl)Co-
(cod)], [Co(acac),]/NaBH,. cod = cycloocta-1,4-diene; acac = acetylaceto-
nate.

Co catalyst
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