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Toward Crystalline Covalent Solids: Crystal-to-
Crystal Dihydrogen to Covalent Bonding
Transformation in NaBH,- THEC**

Radu Custelcean,* Mircea Vlassa, and
James E. Jackson*

The hydridic-to-protonic interaction, or dihydrogen bond-
ing, between negatively charged hydrogen atoms of M—H
(M =Al, B, Ga, Ir, Mo, Mn, Os, Re, Ru, W) bonds and
conventional proton donors has been extensively studied
since 1994.11 With characteristics similar to those found in
classical hydrogen bonding, this unconventional interaction
can influence reactivity and stereoselectivity in solution.! In
the solid state, dihydrogen bonds have the ability to direct
crystal packing, thus finding utility in supramolecular syn-
thesis.”! Along this line, we have employed O—H---H-B
hydrogen bonds in the construction of novel one-, two-, and
three-dimensional extended structures with various topolo-
gies.! More interestingly, some of these systems can react
topochemically in the solid state, releasing H, and exchanging
the weak O—H --- H-B interactions for strong B—O covalent
bonds, to form ordered, extended covalent materials.! How-
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ever, due to the cumulative shrinkage of the B—O distances
during decomposition, these topochemically assembled solids
have shown poor crystallinity. In 1998 we suggested two
strategies to circumvent this problem: a) design of cations to
form closed loops in coordination with hydride-bearing
anions, in which case the lattice distortion accompanying
decomposition would not be cumulative, and b) selection of
globular cations large enough that their close packing
determines the lattice parameters, with the hydridic anions
fitting into the interstitial holes, in which bond formation via
flexible arms would induce minimal change in the unit cell.[*!
We now describe a dihydrogen-bonded system that satisfies
both of these geometrical criteria, leading as a result to a
crystalline covalent product, in a crystal-to-crystal thermal
decomposition.

N,N',N",N"'-tetrakis-(2-hydroxyethyl)cyclen (THEC) and
NaBH, form a 1:1 complex (1), which precipitates as a white
crystalline solid from 2-propanol.P!

H-BHg™
/ \__H
/N ’O

Single crystals suitable for X-ray crystallography were
obtained by slow diffusion of diethyl ether into a solution of 1
in acetonitrile. The crystal structure is depicted in Figure 1.1
The THEC adopts a conformation with all hydroxyethyl arms
oriented toward the same face of the azacrown ring, as
observed in previously reported metal complexes containing
this ligand.”! The nitrogen and oxygen atoms are thus
organized in a pseudo-cubic geometry, encapsulating the
octacoordinated Na cation. The Na*THEC units have thus
the appropriate geometry for the formation of the desired
closed-looped dihydrogen-bonded assembly. Indeed, these
cations self-assemble into D,-symmetrical dimers, held to-
gether by four conventional O(2)—H --- O(1) hydrogen bonds,
complemented by four orthogonal O(1)—H---H—B proton-
hydride interactions involving the borohydride anions (Fig-
ure 1a). There is no hydrogen bonding interconnecting the
dimers, which are packed into two-dimensional layers (Fig-
ure 1b). The layers are stacked in a parallel fashion, thus
creating one-dimensional channels along the a axis, in which
the BH,™ ions reside.

The association in closed loops, as well as the packing mode
of the large globular [Na,(THEC),]*" ions, appear to fulfill the
two geometrical requirements that we predicted should favor
the transfer of crystallinity from dihydrogen- to covalent-
bonded networks.[*! Solid-state decomposition of 1, induced
by heating under an inert atmosphere at 160°C for 20 h,
results in complete elimination of H,, as indicated by the FT-
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a

Figure 1. X-ray crystal structure of the dihydrogen-bonded complex 1:
a) self-assembled dimers; selected bond lengths [A] and angles [*]: O(1)-H
0.72(3), B-H 1.17(2), O(1)H---HB 2.00(5), O(1)---B 3.352(3), O(2)-H
0.88(4), O(2)H---O(1) 1.94(5), O(2)---O(1) 2.801(6), N(1)-Na 2.706(2),
N(2)-Na 2.634(2), O(1)-Na 2.690(2), O(2)-Na 2.474(2); O(1)-H-H 151(2),
B-H-H 115(3), O(2)-H-O(1) 164(3); b) packing of dimers in layers.

IR and !B solid-state MAS NMR spectra of the resulting
material.’! Thermogravimetric analysis shows a remarkably
sharp 1.88% weight loss between 168.0 and 168.8 °C, which
corresponds to 3.63 mol H,. The solid-state decomposition
product (2) exhibits high crystallinity, as indicated by micro-
scopic examination, which showed good transparency to
polarized light for the decomposed crystals (Figure 2). The
reaction appears to be crystallographically homogeneous, in
direct contrast to our previously reported dihydrogen-bonded
systems, where the covalent product nucleated as a separate
phase.l*! That the solid-state decomposition of 1 is a single-
phase transformation is also supported by powder X-ray
diffraction analysis, which shows a gradual shift of the
diffraction pattern as the reaction progresses.’) The final
covalent product exhibits high crystallinity, in agreement with

3300 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

104} Wit
Figure 2. Polarizing microscopic view of NaBH, - THEC crystal-to-crystal
decomposition: left) initial crystal; right) after 20 h at 160°C. Scale bar=
100 pm.

the microscopic observations (Figure 3). For comparison, an
amorphous solid results when 1 is decomposed in the melt at
200°C for 10 min (Figure 3¢).['”) The unit cell parameters for
2, calculated using powder X-ray diffraction data, are: a=
8.600(34), b=13.864(74), c=16.895(27)A, and V=
2014(11) A3, They correspond to 3.3, 2.5, 3.5, and 9.0%
shrinkage, respectively, relative to 1.'] We also monitored the

a)

b)

M
~ T T T T —
0 10 20 30 40 50

20/° ——»

Figure 3. Powder X-ray diffraction patterns for: a) dihydrogen-bonded
complex 1; b) solid-state decomposition product 2; c) product of decom-
position in the melt.

evolution of unit cell parameters during the solid-state
decomposition of 1 at 120°C. The initial crystal lattice
smoothly transforms into the corresponding lattice of 2,
indicating a crystal-to-crystal process (Figure 4).

Despite our sustained efforts, the detailed structure of 2 has
remained elusive to date. The relatively big change in the unit
cell accompanying the solid-state decomposition ultimately
results in deterioration of the single crystals’ quality, preclud-
ing their X-ray structural investigation. Also, the unexpected
insolubility of 2 in common organic solvents does not allow its
recrystallization. Considering the crystal packing of 1, with no
interdimer hydrogen bonding present, formation of discrete
molecular cages is expected from the solid-state decomposi-
tion. Crosslinking between dimers would require substantial
intermolecular rearrangements, which is highly unlikely in a
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Figure 4. Evolution of unit cell axes (a;a = o, b =m, c=A) and volume (b)
during the solid-state decomposition of 1 at 120°C, monitored by powder
X-ray diffraction.

crystallographically homogeneous, lattice-controlled transfor-
mation. Figure 5 presents a possible structure for the molec-
ular cages in 2, optimized!'? with the density functional theory
(DFT) method at the B3LYP/6-31G* level.'¥] No unusual
values for the bond lengths and angles were observed in the
resulting C,-symmetrical structure, suggesting minimal strain
in these covalent dimers.

Figure 5. Molecular model of the solid-state decomposition product 2
calculated by using the DFT method at the B3LYP/6-31G* level; selected
bond lengths [A] and angles [°]: B-O(1) 1.458, B-O(2) 1.482, B-O(3) 1.497,
B-O(4) 1.474, N(1)-Na(A) 3.003, N(2)-Na 2.714, N(3)-Na 2.435, N(4)-
Na(A) 2.565, O(2)-Na 2.670, O(3)-Na 2.276, O(4)-Na(A) 2.228; O(1)-B-
0O(2) 1125, O(1)-B-O(3) 109.1, O(1)-B-O(4) 114.6, B-O(1)-C 123.7,
B-O(2)-C 122.3, B-O(3)-C 125.9, B-O(4)-C 125.6.
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When 1 was decomposed in DMSO by heating at 120°C for
48 h, a crystalline product™ (3) precipitated in high yield.
X-ray structural analysis of the resulting crystals revealed a
centrosymmetric molecular cage very similar to that expected
from the solid-state reaction (Figure 6).[ However, one of the

Figure 6. X-ray crystal structure of the major conformation found in the
covalent dimer 3, obtained by decomposing 1 in DMSO; selected bond
lengths [A] and angles [°]: B-O(1) 1.502(2), B-O(2) 1.511(2), B-O(3)
1.450(2), B-O(5) 1.457(2), N(1)-Na 2.519(1), N(2)-Na 2.540(1), N(3)-Na
2.565(1), N(4)-Na 2.682(1), O(1)-Na 2.371(1), O(2)-Na 2.796(1), O(3)-Na
2.391(1); O(1)-B-O(5) 111.6(1), O(2)-B-O(5) 109.8(1), O(3)-B-O(5)
111.6(1), B-O(1)-C 121.7(1), B-O(2)-C 113.2(1), B-O(5)-C 122.8(1).

hydroxyethyl arms in each of the two THEC ligands in the
dimer does not bind the boron atom, nor does it complex the
Na cation, being replaced by an OH group, presumably from
the water present in the solvent. Except for the Na, the four N
atoms, and C(4) and C(6), all the atoms in the structure are
disordered over two sites, with 90.1 and 9.9% occupancies,
respectively. Like 2, 3 is surprisingly insoluble in common
organic solvents, despite its relatively small size, overall
neutral charge, and lack of intermolecular hydrogen bonding.

In summary, we report here the first deliberate crystal-to-
crystal dihydrogen to covalent bonding transformation.!'”]
Judicious engineering of dihydrogen-bonded crystals permits
transfer of crystallinity to the covalent products resulting from
their solid-state decompositions. Further elaboration of the
dihydrogen-bonded building blocks described herein may
ultimately lead to low-temperature, rational construction of
extended crystalline covalent solids, a class of compounds to
which few purposeful synthetic paths exist.
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NMR and Theoretical Study of Acid Sites
Formed by Adsorption of SO; onto Oxide
Surfaces**

Jinhua Zhang, John B. Nicholas,* and James F. Haw*

The structure and function of acid sites formed by the
treatment of oxide surfaces with sulfur compounds is a current
problem in heterogeneous catalysis.!] While many studies
have considered hydrogen sulfate surface complexes as the
locus of solid acidity in such materials, other acidic surface
sites have also been proposed, including those formed from
adsorbed SO;. Haase and Sauer recently reported a periodic
ab initio theoretical study of sulfuric acid adsorbed on low-
index surfaces of ZrO,.?! One of the stable structures they
found on ZrO,(001) was a tridentate-adsorbed SOj; species.
This conclusion was consistent with an experimental study of
Babou and co-workers, who on the basis of infrared studies
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