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B4 Tetrahedra for Aluminum AtomsÐA
Surprising Substitution in t-Borides Ni20Al3B6
and Ni20AlB14**
Harald Hillebrecht* and Martin Ade

The solid-state chemistry of boron is remarakably diverse,
which is attributed to the tendency of boron to form
homonuclear interactions and numerous clusters.[1] Isolated
boron atoms are usually observed for metal-rich borides with
a ratio M:B >2. Among this class of compounds, ªt-boridesº
of the cubic Cr23C6-type (Fm3m, cF112[2]) represent the
largest group with about 80 examples.[3] Usually ternary
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compounds of compositions M20M'3B6 or M21M'2B6 are
observed, in which the major component M is frequently Ni
or Co, and in some cases Cr, Mn, Fe, Ru, Re, or Ir. The minor
component M' can be either a main group metal (Li, Mg, Al,
Ga, In, Ge, Sn, Sb), a rare earth metal (Er, Lu, Tm), or a
transition metal. Several carbides, silicides,[4] germanides,[4]

phosphides,[5] and binary borides (Fe23B6,[6] Co23B6
[7]) can also

be assigned this structure type. The t-borides are character-
ized predominantly by X-ray crystallography with powder
methods. Only in the cases of Ni20Li3B6 and Co21Ta2B6 are
structures based on single-crystal data.

Among these t-phases the Ni/Al/B system is a special case.
Firstly, the lattice constants vary between 10.484 � and
10.552 � (8008C) and between 10.48 � and 10.62 �
(10008C) depending on the temperature of the synthesis.
Secondly these variations of the lattice constants are con-
nected to a remarkably large field of nonstoichiometry with
respect to the boron content (10.48 �: Ni20Al3B6; 10.62 �:
Ni20Al3B12). Stadelmaier et al. proposed that the enlargement
of the unit cell with higher boron content might be attributed
to the substitution of isolated boron atoms with a square-
antiprismatical coordination by B2 pairs. This would be very
unusual for the structural chemistry of transition metal
borides. In order to clarify the structure ± chemical reasons
for the variation of the boron content structure analyses based
on single-crystal data were carried out across the whole range
of existence of the t phase.[12] Table 1 shows some of the

results. Compositions were deduced from the refinement of
site occupation factors and are in accordance with the
corresponding conditions of formation (see Experimental
Section).

With respect to the Cr23C6-type, Ni20Al3B6 represents a
ternary ordering variant (Figure 1). The two Ni sites form a
NaCl-like pattern of Ni8 cubes (site 32 f) and Ni12 cuboctahe-
dra (48 h). The Al positions are inside the cuboctahedra (4a)
and inside the fourfold capped truncated tetrahedra
(ªFriaufº-polyhedra, Figure 2 a), which are formed by four
triangular faces of the cuboctahedra and four corners of the
cubes (site 8c). The boron atoms reside in a square antiprism
built up by the square planes of one cuboctahedron and one
cube. Starting from Ni20Al3B6 the variation of the compositon
can be explained by two different ways of substituting the Al
atoms.

With increasing Ni content, some of the Al atoms on site 4a
are replaced by Ni atoms: Ni20�xAl3ÿxB6. This kind of

Figure 1. Crystal structure of the t-boride Ni20Al3B6 with Ni12 cuboctahe-
dra (Ni2, 48h), Ni8 cubes (Ni1, 32f), Al1 in the center of the cuboctahedra
(4a), Al2: light spheres (8c), B: dark spheres (24e).

Figure 2. Coordination about a) Al2 in Ni20Al3B6 [Al ± Ni: 4� 2.411(1) �,
12� 2.887(1) �], and about b) B4 tetrahedron in Ni20AlB14 [B ± B: 3�
1.681(15) �, B ± Ni: 3� 2.093(8) �, 3� 2.269(6) �].

substitution is well known for t-borides and t-carbides.[3]

Since Ni (1.246 �) has a smaller atomic radius than Al
(1.32 �), this leads to a smaller lattice constant. For the single
crystal with the highest Ni content (51(2) %) we found a
lattice constant of 10.4859(2) �. The complete replacement
would result in the composition Ni21Al2B6, but the minimum
value of the lattice constant discounts the possibility of full
substitution.

The variation of the boron content is achieved by a
mechanism of substitution that is unique in solid-state
chemistry. In the course of the structure analyses based on
single-crystal data it became clear that the Al atoms on site 8c
that are coordinated in a 4� 12-way are replaced by B4

tetrahedra (Figure 2 b). This substitution takes place in a
continuous way; that is, the electron density on site 8c
decreases as the lattice constant and boron content increase.
At the same time an additional maximum of electron density
arises on a site 32f with x� 0.194. If boron is located on this
32f position, the resulting occupation factor and the deficit of
aluminum at the 8c site are in a ratio of nearly 4:1. At the
highest value of the lattice constant (10.6167(3) �) the
electron density on the 8c position is completely vanished.
By placing boron on the 32f site the refinement leads to full
occupation. Therefore the composition Ni20AlB14 results as
the end member of the series Ni20Al3ÿ2yB6�8y with y� 1. The
two ways of replacement are shown in Table 2. The changes of
lattice constants caused by the substitution of Al by Ni and B4

Table 1. Results of structure analyses of t-borides in the system Ni/Al/B:
Ni20�xAl3ÿxÿ2yB6�8y (compositions from refinement of occupation factors).

Composition Lattice constant x y

Ni20.51(2)Al2.49(2)B6 10.4859(2) 0.51(2) 0[a]

Ni20Al3B6 10.5110(4) 0[a] 0[a]

Ni20Al2.73(2)B7.08(8) 10.5193(6) 0[a] 0.13(2)
Ni20Al2.40(4)B8.4(2) 10.5689(2) 0[a] 0.30(2))
Ni20Al1.12(3)B13.5(1) 10.5895(3) 0[a] 0.94(2)
Ni20Al1.19(3)B13.2(1) 10.5922(6) 0[a] 0.91(2)
Ni20AlB14 10.6167(3) 0[a] 1[a]

[a] Value fixed.
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tetrahedra can be derived from the volume increments for the
elements proposed by W. Biltz. [14] These patterns of
substitutions are also supported by the experimental results,
because by-products containing boron are observed if the
ratio Ni:B is lower than 20:14.

At first sight, the existence of B4 tetrahedra in the t-boride
Ni20AlB14 seems to be very unusual; however, it is in accord
with the geometrical situation, because B4 tetrahedron and
capped Friauf-polyhedron fit perfectly to each other. The B ±
B distances of 1.681(15) � in the B4 tetrahedron are com-
parable to those in B4Cl4 (1.65) �[15] and (tBu)4B4 (1.71 �),[16]

the only compounds in which B4 tetrahedra have been proven
by a structure analysis. Ni ± B distances of 2.09 � and 2.27 �
are similar to the values found for binary borides of nickel
(Ni4B3,[17] NiB[18]). In addition, in this way the quite short
distances between the Al atom in the center of the Friauf-
polyhedron and the capping Ni atoms (2.411(1) �) are
avoided (Figure 2).

Solid-state compounds with tetrahedra of Group 14 ele-
ments and the heavier ones of Group 13 are well known and
characterized (i.e. Zintl phases[19] with Al, Ga, In, Tl, Si, Ge,
Sn, Pb). In contrast, B4 tetrahedra have only been confirmed
by structural analysis for the molecular compounds B4Cl4 and
(tBu)4B4. The formation of B4 tetrahedra confirms the
pronounced tendency of boron to form homonuclear bonds
in solid-state compounds. Furthermore the example of B4

tetrahedra in Ni20AlB14 shows that unusual structural units
may be stabilized not only by special ligands as in molecular
chemistry but also in a crystal structure if the structure ±
chemical conditions are fulfilled.

Finally investigations on the patterns of substitution of t-
phases are of great importance for technical applications,
because t-borides play an important role in the course of
hardening processes of metallic materials by boriding[20] and
in composites of ductile alloys and the extremely hard
transition metal borides.[21]

Experimental Section

t-phases of the system Ni/Al/B were synthesized by heating the elements to
1200 ± 13008C (Ar inert gas, corundum crucibles), slow cooling to 10008C
and quenching to room temperature. The phases were analyzed by X-ray
diffraction on powdered samples. NiAl, Ni4B3, Ni2B, and NiB were
estabilished as border phases. The highest boron content obtained depends
significantly on the temperature. Annealing at 9008C transforms a boron-
rich sample (a� 10.62 �) to a t-boride with lower boron content (a�
10.56 �), NiB, and a still unknown phase (probably ternary). (This might
explain the different findings of Kuz�ma et al. and Stadelmaier et al.).
Single crystals suitable for structure analyses were only obtained when a

small excess of aluminum was used; the latter evidently serves as a flux.
Irregularly shaped and air-stable single crystals with metallic luster were
isolated from the solidified melt.
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Flavin- and Deazaflavin-Containing Model
Compounds Mimic the Energy Transfer Step in
Type-II DNA-Photolyases
Robert Epple and Thomas Carell*

DNA-photolyases are DNA-repair enzymes, which remove
pyrimidine dimer lesions (which are cyclobutane derivatives)
from the genome. These lesions are formed upon irradiation
of cells with UV light.[1, 2] The basis of the repair reaction is a
light-driven electron transfer from the enzyme to the dimer to
form the radical anion, which subsequently monomerizes.[3]

For the repair reaction DNA-photolyases need a reduced and
deprotonated riboflavin cofactor as the electron donor, and
they require a methenyltetrahydrofolate (MTHF) or an 8-
hydroxy-5-deazaflavin as the second cofactor.[4] Model inves-
tigations show that deazaflavins are able to initiate the
electron-transfer-driven repair as well, but with a very low
quantum yield.[4, 5] Detailed enzymatic studies indicate, how-
ever, that the deazaflavin functions within the enzyme entirely
as a photoantenna.[6] It transfers excitation energy to the
reduced flavin. This energy transfer was shown to accelerate
the repair rate and to shift the wavelength of maximal activity
from 370 nm to 430 nm.[7]

Although such studies indicate that an efficient interaction
of the reduced, deprotonated flavin and the oxidized deaza-
flavin, and therefore their close juxtaposition, would be
desirable, time-resolved fluorescence data[8] and the X-ray
crystal structures[9] of the E. coli photolyase and the A. nidu-
lans photolyase revealed a surprisingly large cofactor separa-
tion of 16.8 � and 17.5 � (center-to-center distance), respec-
tively. This unexpected finding raised speculation that the
energy transfer is not rate-limiting and has never been
optimized during evolution.[9, 10] In the photosynthetic appa-
ratus, however, the large distance between the final antenna
pigment and the electron donor is explained by the need to
suppress a competing electron transfer from the electron

donor to the antenna.[11] In order to study energy transfer
processes between deazaflavins and flavins, to clarify the
influence of the protonation state of the deazaflavin on the
energy transfer, and to investigate electron transfer possibil-
ities between both cofactors, we prepared a series of flavin-
and deazaflavin-containing model compounds like 1 and 2
(Scheme 1).[12] The analysis of these model compounds
provides insight into the interactions of both cofactors
depending on their redox and protonation states.
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Scheme 1. The flavin- and deazaflavin-containing model compounds 1-Hÿ

and 2-H2ÿ and its investigated photoinduced cleavage reaction to 3 ± 5.

The synthesis of the deazaflavin- and flavin/deazaflavin-
containing model compounds 1, 2, and 6 ± 8 is depicted in
Scheme 2. For the preparation of the aminoethyl-substituted
deazaflavin 9, 6-chlorouracil 10 was treated with the Boc-
protected ethylene diamine 11.[13] Subsequent treatment of
the product 12 with the bis-benzyl-protected 2,4-dihydroxy-
benzaldehyde 13[14] afforded the deazaflavin 14, which was
alkylated to 15 with pentyl bromide to increase the solubility
of the model compounds. Cleavage of the Boc group to yield 9
and reaction with the bis-carboxymethyl-substituted cyclo-
butane derivative, uracil dimer 16,[12] afforded the bis-deaza-
flavin model compound 7. Reaction of 16 with one equivalent
of 9 and of the aminoethyl flavin 17[12b,c] furnished the mixed
flavin/deazaflavin-containing model compound 1. In the
model compounds 1 and 7 the 8-OH group of the deazaflavin
moiety is benzylated, which prevents its deprotonation and
therefore maintains the deazaflavin chromophore in the
protonated ªOH-formº. Hydrogenolytic cleavage of the
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