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In order to characterize the 2-electron 3-center hydride bridges in
arachno-tetraborane, an experimental charge-density study was
performed complemented with various theoretical calculations. The
charge-density distribution and its topological properties were
analyzed according to the “atoms in molecules” theory of Bader.
The asymmetric bonding situation of the highly polarized hydride
bridges is discussed in detail.

Boranes1 form a fascinating class of chemical compounds.
The structures of �-diborane(6),2 tetraborane(10),3 pentabo-
rane(9),4 and pentaborane(11)5 were elucidated by X-ray
diffraction analysis in the pioneering work of Lipscomb et
al. in the 1950s. Because of their very interesting bonding
situations caused by the occurrence of 2-electron multicenter
bonds, boranes are still a field of research. Since the early
theoretical work of Longuet-Higgins and Bell, numerous
theoretical contributions6 on the structure and bonding of
boranes and carboranes have been published including a
topological analysis of the charge density from theoretical
data by Bader et al.7

Experimental charge-density determinations on boron hy-
drogen compounds were carried out for �-diborane(6),8 de-

caborane(14),9 four carboranes,10–12 and recently the closo-
B6H7

-, in which one boron triangle is capped by a H atom.13

Herein, we report the charge-density analysis of tetraborane-
(10) based on high-resolution X-ray data (sin θ/λmax ) 1.11
Å-1)14 and additional theoretical calculations.22

According to the Wade rules,15 tetraborane(10) (Figure
1) forms an arachno structure with 14 skeletal electrons by
removing two neighboring vertexes from an octahedral cage.

The topological analysis18 of the charge density was
carried out using the formalism of the theory of “atoms in
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Figure 1. Structure and labeling scheme of B4H10.16
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molecules” (AIM) developed by Bader,21 which was comple-
mented with some theoretical calculations.22 Although there
exists some controversy about the limits of the AIM
model,24,25 the analysis of the values of the electron density
(Table 1) FBCP and the Laplacians ∇ 2FBCP at the bond critical
points (BCPs) has the advantage of enabling a quantitative
description of bonds from charge-density distributions ob-
tained experimentally and/or theoretically.

The charge-density values on the BCPs of all B-Hterm

bonds are very similar, and the Laplacian values are negative
as they are for the B2-B4 bond, indicating covalent bonds.
Furthermore, BCPs are detected on the µ-bridging B-Hbridge

bond paths, while there are no BCPs on the bridged B-B
connection lines B1-B2, B2-B3, B3-B4, and B4-B1,
respectively. This phenomenon could be found earlier in the
charge-density analysis of diborane(6)8 and B6H7

-.13

Consequently, one ring critical point is found for each of the
five-membered rings formed by B2,B4,H5,B3,H8 and B2,B4,H3,
B1,H10, respectively. In general, the interactions among three
atoms are associated with a variety of molecular graphs.21

However, this is not necessarily associated with three separated
and localized bonds forming a three-membered ring. Inward
curvature of the bond paths is often an indication for a
delocalized bond, whereas outward curvature of the paths is
typical of three localized bonds.26 Figure 2 (left) exhibits the
bond paths of tetraborane. As can be seen, all bond paths
included in 2-electron 3-center (2e-3c) bonds are curved inward.
The B-Hterm bonds are 2e-2c bonds and therefore straight.
Consequently, the bond paths of the long B-Hbridge are
significantly longer (by 0.06 Å from experiment and even more
than 0.1 Å from theory; Table 1) than the direct interatomic
distances, whereas no difference between the direct distance
and path length exists for B-Hterm bonds. The B2-B4 bond
shows concave curvature, which can be explained by the
repulsive effect of the terminal H atoms.

2e-3c systems occur in dihydrogen complexes or agostic
interactions and, as described herein, hydride bridges.
Depending on the kind of interaction, the common picture
of ring structures should be abandoned.26 As in tetraborane,
hydride bridges are often asymmetric. This asymmetry is
shown not only in the structure but also in the topological
properties. The values of the electron density at the BCPs
(Table 1) show that the shorter B-Hbridge bonds are higher
populated than the longer bonds, with a fair agreement
between experiment and theory. Generally, covalent and ionic
interactions can be distinguished by the sign of the Laplacian
at the BCP, in that a negative/positive Laplacian should
indicate a covalent/closed-shell interaction. The experimental
and theoretical Laplacians of the B-Hterm bonds are all
negative, with considerably negative experimental values
compared to theory. The findings for the hydride bridges
are significantly different. From the experiment, highly
negative values are derived for the short B-Hbridge, whereas
the long ones have small negative values. The theoretical
Laplacians are in part positive and negative and differ
strongly between the different types of calculations. More-
over, nothing can be concluded between the shorter and
longer B-Hbridge bonds. This is in line with theoretical
calculations by Bader et al., who reported Laplacians for
hydride bridges in boranes on “both sides of zero”.7 Thus,
no definite conclusion can be drawn only from the values of
the Laplacians at the BCPs if ∇ 2FBCP is close to zero.

However, the two-dimensional plot of the experimental
Laplacian distribution (Figure 2, middle) allows further insight
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Table 1. Bond Topological Properties of B4H10
a

bond method distance path
FBCP

(e/Å3)
∇ 2FBCP

(e/Å5)

B2-B4 exp 1.7251(4) 1.730 0.87(1) -2.9(1)
B3/exp 1.7251 1.728 0.90 -5.3
B3/opt 1.7206 1.724 0.91 -5.4
HF/opt 1.7445 1.750 0.92 -6.4
MP2/opt 1.7295 1.777 0.94 -6.5
B3+/opt 1.7165 1.720 0.92 -5.7

B-Hterm exp 1.18 1.18 1.40(4) -12.2(16)
B3/exp 1.18 1.18 1.25 -7.4
B3/opt 1.19 1.19 1.24 -7.5
HF/opt 1.18 1.18 1.23 -4.1
MP2/opt 1.19 1.19 1.22 -4.0
B3+/opt 1.18 1.18 1.27 -9.5

long B-Hbridge exp 1.42 1.47 0.70(5) -1(1)
B3/exp 1.42 1.51 0.70 0.3
B3/opt 1.41 1.52 0.70 0.17
HF/opt 1.43 1.53 0.63 3.6
MP2/opt 1.42 1.55 0.67 3.0
B3+/opt 1.41 1.51 0.72 -0.39

short B-Hbridge exp 1.26 1.27 1.06(2) -7.2(2)
B3/exp 1.26 1.26 0.94 1.9
B3/opt 1.26 1.27 0.93 1.8
HF/opt 1.25 1.26 0.96 5.5
MP2/opt 1.26 1.27 0.91 5.3
B3+/opt 1.25 1.26 0.96 0.06

ring critical points exp 0.61(2) 0.6(1)
B3/exp 0.64 -0.9
B3/opt 0.63 -0.88
HF/opt 0.59 -1.20
MP2/opt 0.63 -1.60
B3+/opt 0.65 -1.20

a “distance” gives the length of the direct interatomic vector, while “path”
gives the length of the bond path. B-H bonds are fixed on theoretical
distances.17 Theoretical values of FBCP and ∇ 2FBCP were obtained from
various theoretical calculations22 (Gaussian23).
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into such ambiguous situations. If second-row atoms are
covalently bonded, the Valence shell charge concentrations
(VSCC, minima of ∇ 2F) along the bond path overlap partially.
In the bond center, ∇ 2F is smaller than zero and a saddle-shaped
region is formed that is typical for an open-shell interaction.26

This can be seen clearly at the covalent B2-B4 bond. When a
covalent bond is significantly polarized, the BCP is shifted
toward the VSCC of the less electronegative atom; eventually,
both VSCCs merge in the region of the more electronegative
atom. This can be seen in the case of the shorter and higher
populated B-Hbridge bond (B4-H3; Figure 2). The VSCC of
B4 is no longer separated but shifted in the direction of the
electronegative H3. In contrast to this, the longer B1-H3 bond
shows neither a VSCC nor a charge accumulation along the
bond path. The topological situation for the B-H bonds in
question is further illustrated by the plots of the Laplacians along
the bond paths as shown in Figure 2 (right), where also for
comparison the terminal 2e-2c B-Hterm bond is shown. On the
latter one, the saddle-shaped region is clearly seen. A pro-
nounced decrease of this feature is visible when going via the
short 2e-3c B-Hbridge bond to the longer one. Thus, a decrease
of covalency of the B-H bonds can be observed on going from
the terminal to the bridging bonds.

The electrostatic potential (ESP; Figure 3) of the title
compound was calculated from the experimental charge
density using the method of Su and Coppens.27 In tetra-
borane(10), the B atoms are positively polarized. Toroidal
regions of negative potential are seen around the H atoms,
which could be expected because of the higher electrone-
gativity of the H atoms compared to that of the B atoms.

This is supported by the atomic charges obtained experi-
mentally from the Bader formalism (see Table S1 of the
Supporting Information). The experimental hydrogen charges

average to –0.3(1) e, while the corresponding average of the
boron charges is 0.79(5) e,18 resulting in an average charge
separation of 1.09 e between B and H. Formally, the B4H10

molecule can be separated into one B2H6
2- fragment, which

bonds to two BH2
+ fragments. Addition of the Bader charges

for these fragments results in +0.22 e and –0.41 e from the
experiment and stronger differences from theory depending on
the type of calculation (+0.52 e to +0.68 e and -1.02 e to
–1.36 e, respectively; Table S2 of the Supporting Information).
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Figure 2. Left: Curvature of the bond paths in tetraborane(10). Black dots: BCP and RCPs, respectively. Middle: Two-dimensional plot of the Laplacian
distribution from the experimental density of a 2e-3c bond in tetraborane (B1-H3-B4). Increments: 2.5 e/Å5. Right: Experimental Laplacian along the bond
path (B, left; H, right) of three B-H bonds in tetraborane. BCPs are drawn as a short red line in each curve.

Figure 3. Plot of the ESP, which is mapped on the electron density surface
at 0.5 e/Å3 by a color gradient: red, negative values in ESP; blue, positive
ESP values. MolIso drawing.28
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