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Ultrashort Beryllium—Beryllium Distances Rivalling Those of
Metal-Metal Quintuple Bonds Between Transition Metals
Caixia Yuan, Xue-Feng Zhao, Yan-Bo Wu,* and Xiaotai Wang*

Abstract: Chemical bonding is at the heart of chemistry.
Recent work on high bond orders between homonuclear
transition metal atoms has led to ultrashort metal-metal
(TM—TM) distances defined as dy; ;< 1.900 A. The present
work is a computational design and characterization of novel
main group species containing ultrashort metal—metal distan-
ces (1.728-1.866 A) between two beryllium atoms in different
molecular environments, including a rhombic Be,X, (X=C,
N) core, a vertical Be—Be axis in a 3D molecular star, and
a horizontal Be—Be axis supported by N-heterocyclic carbene
(NHC) ligands. The ultrashort Be—Be distances are achieved
by affixing bridging atoms to attract the beryllium atoms
electrostatically or covalently. Among these species are five
global minima and one chemically viable diberyllium complex,
which provide potential targets for experimental realization.

Being the fourth element and the second metal in the
periodic table, beryllium is well-known for its applications in
high-strength alloys, radiation windows, and other modern
materials, because of a combination of useful physical
properties.'! The chemistry of beryllium, however, remains
underdeveloped in comparison with that of the other second
row elements, especially carbon and boron. This is partly due
to the high toxicity of beryllium and its compounds. In terms
of atomic structure, beryllium has the smallest atomic radius
of any metal and holds more valence orbitals (four) than
valence electrons (two). The combination of small size and
electron deficiency results in a large diversity in the structures
of beryllium compounds. Indeed, contemporary research on
beryllium has focused on its fundamental structural chemistry,
with extensive use of advanced computational methods.

An active area of beryllium chemistry is the study of
Be-Be interactions in various molecular environments, which
dovetails with the field of metal-metal bonding chemistry.
For example, the ground state diatomic Be, has long been
thought to have a formal bond order of zero, with four valence
electrons distributed evenly in the bonding 1o,” and anti-
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bonding 10," molecular orbitals (MOs). A recent combined
experimental and computational study has given new insight
into the bonding in Be,, including a Be—Be distance of
2.454 A and an unusual potential energy curve.” In a metallic
crystal of beryllium, two Be—Be distances (2.225 and 2.286 A)
have been observed,” and the latter can be viewed as the
threshold of putative Be—Be bonding interactions. Among the
computationally established Be—Be bond distances are
2.077 A in the cyclopentadienyl-capped diberyllium(I) com-
plexes,! and 1.945A in the o-donor ligand-stabilized
diberyllium(0) complexes of the NHC —Be=Be«—NHC type
(NHC =N-heterocyclic carbenes).”! The formal Be—Be
double bond at 1.945 A is the shortest homoatomic, unsup-
ported Be—Be bond known theoretically.

Recent computational studies have shown that, aided by
bridging atoms, Be—Be distances can be decreased to less than
1.945 A. Specifically, Cui et al. reported Be—Be distances of
1.910 and 1.901 A in the so-called molecular discuses D,
Be,B;,” and Dy, Be,B;, which were found to be global
minima.”®! We located a global minimum with the formula
C,Be,H, (1 in Figure 1) that has an even shorter Be—Be
distance of 1.895 A.”) Remarkably, this Be—Be distance falls
in the range of the so-called ultrashort metal-metal distances
defined as dy.y <1.900 A and generally observed for tran-
sition metal TM—TM multiple bonds.®”! To our knowledge,
C,Be,H, (1) represents a rare example of a global minimum
with an ultrashort metal-metal distance between two main
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Figure 1. CCSD(T)-optimized structures of 1-6. Be—Be distances (A),
other interatomic distances (A), and NBO charges (|e|) are shown in
red, black, and italic blue, respectively. CCSD(T)/aug-cc-pVQZ-opti-
mized interatomic distances for 6 are given in parentheses.
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group atoms. This result inspired us to carry out the present
study, which led to the computation of species containing
ultrashort Be—Be distances comparable to the shortest
transition metal TM—TM quintuple bonds (1.706—
1.835 A).[8>-¢]

To gain insight into what causes the ultrashort Be—Be
distance in the rhombic Be,C, core of 1, we have performed
a detailed bonding analysis using the adaptive natural density
partitioning (AdANDP) method.”) The AANDP analysis gives
two sets of two-center two-electron C—Be o-bonds within the
Be,C, rhombus, with occupation numbers (ONs) of 1.96 and
1.98 | e|, but it does not find direct orbital overlap between
the two beryllium atoms (Figure 2). Consistently, the Wiberg
bond indices (WBI) for the C—Be and Be—Be interactions,
based on a natural bond orbital (NBO)!'! calculation, are
0.73/0.64 and 0.13, respectively (Table 1), which indicate
significant C—Be but negligible Be—Be covalency. Addition-
ally, for the Be,C, rhombus the NBO analysis assigns + 1.09
|e| to beryllium, —1.50 | e| to the CH, carbon, and —2.34 | ¢ |
to the C(BeH), carbon (Figure 1). These NBO charges
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Two 2c¢-2e C-Be 0 bonds Two 2c¢-2e C-Be o bonds
ON = 1.98 || ON = 1.96 ||
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Four 2c-2e N-Be o bonds One 4c¢-2e T bond

ON =1.98 |e| ON =1.98 |e|
@
44
C D
Three 14¢-2e o bonds, ON = 2.00 |e| One 8c-2e  bond
ON =200 |e]
Two 2c-: 2e C-Be o bonds  Two 3c- 2e o bonds One 4c-2e T bond
ON = 1.96 |e| ON =1.96 |e| ON =2.00 |e|

Figure 2. Selected AANDP orbitals concerning beryllium bonding in
representative species 1, 6, 8, and 9. The full sets of AANDP MOs of
1-9 are given in Figures ST (Supporting Information).

Table 1: The lowest vibrational frequencies (v, in cm™'); HOMO—
LUMO gaps (eV); and the Wiberg bond indices (WBI) for
Be—Be, Be—X, and Be—H (WBlg. 50 WBlge x, WBIg, 1) of 1-9.

Vimin Gap [eV] WBI
Be—Be Be—X Be—H

1 83 3.90 0.13 0.64/0.73
2 190 3.85 0.15 0.70
3 53 4.50 0.12 0.65
4 313 3.39 0.11 0.70
5 88 3.68 0.09 0.64
6 88 2.09 0.14 0.77
7 143 2.84 0.76 0.39
8 152 3.23 0.69 0.32
9 31 1.76 0.80 0.85 0.47
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indicate significant electrostatic interaction between
beryllium and carbon within the Be,C, rhombus. In view of
all these results, we rationalize that the ultrashort Be—Be
distance in 1 results from the bridging carbon atoms attracting
both beryllium atoms electrostatically.

To test our rationale, we have designed 2 and 3 (two
derivatives of 1), the former from eliminating the beryllium
atom from each C-Be-H arm and the latter from inserting
a beryllium atom into each C—H bond. Compounds 2 and 3
were optimized as energy minima, and their NBO charges
were analyzed (Figure 1). As beryllium is more electropos-
itive than hydrogen, the impacted carbon atom in 2 becomes
less negatively charged (—1.56 |e|), and that in 3 becomes
more negatively charged (—2.33 |e|). Thus, in comparison
with 1, the Be—C electrostatic interactions within the Be,C,
rhombus become weaker in 2 and stronger in 3. As expected,
the Be—Be distance changes in opposite directions, becoming
longer (1.925 A) in 2 and shorter (1.866 A) in 3. These results
give further support for the idea that the distance between
two beryllium atoms can be decreased by enhancing their
electrostatic attraction for a bridging atom. Below, we apply
this idea further.

In structures 1-3, the rhombus consists of two Be-C-Be
bridges. We have considered using smaller and more electro-
negative nitrogen atoms to replace the bridging carbon atoms
to obtain even shorter Be—Be distances. Thus, we have
derived 4 from 2, and § from 3 by substituting nitrogen for
carbon and by satisfying the three-coordinate requirement of
nitrogen (Figure 1). This leads to shorter Be—Be distances
within the Be,N, rhombuses of 4 and 5, which have been
found to be 1.835 and 1.788 A, respectively, at the CCSD(T)/
aug-cc-pVTZ level. Furthermore, by replacing the hydrogen
atoms in Be,(NH), (4) with more electropositive lithium
atoms, we located Be,(NLi), (6) with an ultrashort Be—Be
distance of 1.738 A at the CCSD(T)/aug-cc-pVTZ level,
which was then refined by re-optimization at the CCSD(T)/
aug-cc-pVQZ level, thereby yielding a Be—Be distance of
1.728 A. This is close to the shortest TM—TM distance found
for the Cr—Cr quintuple bond (1.706 A) in a 2,6-dimethyl-
piperidine complex.[®!

We have performed AANDP analyses of structures 4-6,
and the results for 6 are presented in Figure 2. Apart from
four two-center two-electron N—Be o-bonds, there is a four-
center two-electron m-bond delocalized over the Be,N,
rhombus (orbital E), which involves N—Be m-donation and
is nonbonding for the Be—Be interaction. This is corroborated
by the small WBI values (0.09-0.14 in Table 1) for the Be—Be
interactions in structures 4-6, which indicate insignificant
Be—Be bonding. Nevertheless, the N—Be bonding interactions
within the rhombuses of structures 4-6 are strong and result
from a combination of covalent and electrostatic contribu-
tions, judged by the corresponding WBIy g, values (0.70, 0.64,
and 0.77) and N/Be charge separations (—1.54/+1.15, —1.83/
+1.22, and —1.94/ + 1.05). In comparison with 4, the rhombus
of 5 contains a somewhat weaker N—Be covalent interaction
(0.64 vs. 0.70) but a much stronger N—Be electrostatic
interaction, and the rhombus of 6 comprises stronger N—Be
interactions of both covalent and electrostatic nature. The
shortening of the Be—Be distance, upon moving from 4 to 6,
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appears to be an outcome of the joint influence of covalent
and electrostatic N—Be bonding within the N,Be, rhombus.

The ultrashort Be—Be distances in 1-6 are achieved by
electrostatic interaction and without much orbital contribu-
tion to direct Be—Be bonding. We wondered whether ultra-
short Be—Be distances could be attained by forming a max-
imum number of bonding orbitals involving the beryllium
atoms. The answer is positive. With the aid of Be-Be-Be and
Be-H-Be bridges, we have achieved another group of species
with ultrashort Be—Be distances, including the three-dimen-
sional molecular stars 7 and 8 with a vertical Be—Be axis, as
well as the linear molecular strut 9 with a Be—Be core
supported by bridging hydrogen atoms and terminal o-donors
(Figure 3). The bridging atoms (Be and H) in 7-9, which have
identical or similar electronegativity to beryllium, are chosen
so as to maximize covalent bonding with beryllium.

o H
© Be
e C
e N

9 (D,, IH—BeH,Be—IH)

Figure 3. CCSD(T)-optimized structures of 7-9. Be—Be distances (A),
other interatomic distances (A), and NBO charges (|e|) are shown in
red, black, and italic blue, respectively.

Design of the three-dimensional molecular stars 7 and 8
was inspired by our recently reported global minimum with
the formula COBesHs", a two-dimensional planar star-like
ring with a planar pentacoordinate carbon center.]
Considering that two beryllium atoms give a total of four
valence electrons, as one carbon atom does, we wondered
whether the carbon center in COBesH;* could be replaced by
a perpendicular Be—Be axis to generate a three-dimensional
molecular star. The idea was borne out by the calculation with
B3LYP/aug-cc-pVTZ that gives the Ds, Be;Hs™ (7) as an
energy minimum with a vertical Be—Be axis. Refinement at
the CCSD(T)/aug-cc-pVTZ level shows the length of the
Be—Be axis to be 1.776 A. We note that the peripheral
Be—Be distance in 7 is lengthened to 2.175 A from 1.945 A in
COBe;sH;". The elongation suggests steric strain occurring in
7 that apparently stems from the small size of the five-
membered peripheral BesH;s ring. Thus, we substituted the
six-membered BesHy ring for the BesHs ring in 7, and
increased the net charge to + 2 to maintain the same number
of skeletal electrons as in 7. This rational design has resulted
in a new three-dimensional molecular star, namely the Dy,
BegHg (8). At the B3LYP/aug-cc-pVTZ level, 8 is an energy
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minimum with a vy, value of 152 cm ™, and re-optimization

with CCSD(T)/aug-cc-pVTZ gives the axial Be—Be distance
at 1.802 A, which is slightly longer than that in 7. The
peripheral Be—Be distance in 8 is decreased to 2.057 A from
2.175 A in 7, indicating that geometrical strain is lessened.

Figure 2 shows four AANDP-generated orbitals (ON =
2.00 |e|) concerning the Be—Be axis in 8, three of them
being fully delocalized 14-center two-electron o-bonding
orbitals (A-C) and one being an eight-center two-electron
m-antibonding orbital (D). The net result is two bonding
orbitals, suggesting a virtual double bond between the axial
beryllium atoms. The WBI values for the Be—Be axial bonds
in 7 and 8 are 0.76 and 0.69, respectively, indicating significant
covalent character. As shown in Figure 3, the electrostatic
interactions between an axial beryllium atom and a peripheral
(bridging) beryllium atom in 7 and 8 are somewhat repulsive
(+0.36|e|/+0.17|e]| for 7 and +0.46|¢|/+0.25|¢| for 8).
Thus, it is covalent bonding that causes the ultrashort axial
Be—Be distances in 7 and 8. Such covalency is negligible
between the rhombus-diagonal beryllium atoms in structures
1-6; the ultrashort distances between those beryllium atoms
are achieved by electrostatic attractions with the bridging
atoms (see above). Pertinently, such axial Be—Be covalency,
as that observed in 7 and 8, is not found in the Be—Be axis of
either of the Be,Bg and Be,B;  structures reported by Cui
et al., where three o-bonding orbitals are counterbalanced by
three m-antibonding orbitals, resulting in approximately zero
bonding interactions as reflected by the small WBI values for
the Be—Be axis (0.14 in Be,Bg and 0.12 in Be,B;").

Design of the molecular strut 9 was inspired by our recent
computational studies on nanomolecules containing the
-BeH,Be- hydrogen-bridged bonds (HBBs).”'” The Be—Be
distances in such HBBs range from 1.950 to 1.994 A, which
are comparable to that of the Be—Be double bonds in the
calculated complexes of the type NHC—Be=Be—NHC
(1.945 to 1.978 A).’) We envisioned that a combination of
hydrogen bridging and o-donor stabilization could lead to an
unprecedented bonding situation between two beryllium
atoms in the NHC —BeH,Be «NHC setting. As a validation,
we calculated IH—BeH,Be<IH in D,, symmetry using
imidazol-2-ylidene (IH), the simplest NHC, as a model that
allowed optimization at the high CCSD(T) level of theory.
Geometry optimization and frequency calculations at the
B3LYP level demonstrate 9 to be an energy minimum, and re-
optimization at the CCSD(T) level reveals a Be—Be distance
of 1.829 A, which is significantly shorter than the shortest
Be—Be double bond (1.945 A) in the NHC —Be=Be —NHC
complexes.

As shown in Figure 2, AANDP analyses reveal a total of
five orbitals in IH—BeH,Be «—IH (9) that are pertinent to the
beryllium atoms, including two two-center two-electron C—Be
o-orbitals (A and B), two three-center two-electron Be-H-Be
o-orbitals (C and D), and one four-center two-electron
C-Be-Be-C m-orbital (E). With respect to the Be—Be core,
three of these orbitals (C, D, and E) are bonding (the other
two nonbonding), thereby forming a virtual triple bond that
leads to the shortening of the Be—Be distance. Although the
electrostatic interaction between a beryllium atom and
a bridging hydrogen atom in 9 is attractive (Figure 3), it is
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extremely small in magnitude (+0.05|¢|/—0.17|e|) and
therefore is insignificant. Thus, the ultrashort Be—Be distance
in 9 results from enhanced Be-H-Be covalent interactions.

Compounds 1-8 are theoretically designed small clusters,
and evaluation of their thermodynamic and kinetic stabilities
would give clues as to whether they could be experimentally
realized. We have previously shown that 1 is a global
minimum.”’ Herein, we have explored the potential energy
surfaces (PESs) of 2-8 using a stochastic search algorithm.
According to the final CCSD(T)/aug-cc-pVTZ calculations, 2
and 7 are local minima, being 2.9 and 50.8 kcalmol™" above
the lowest energy isomers, respectively; as such, they would
not be attainable experimentally. In contrast, the other
structures, namely 3-6 and 8, are all global minima, which
are respectively 2.8, 36.8, 12.5, 20.9, and 7.5 kcalmol ' more
stable than the next lowest isomers (Supporting Information,
Figure S2). The Be—Be distances in these global minima are
all shorter than 1.900 A, thereby qualifying as ultrashort
metal-metal distances. The smallest Be—Be distance
(1.728 A) is found in 6 at the CCSD(T)/aug-cc-pVQZ level,
which is the shortest distance between two main group metals
in any global minimum.

We have studied the kinetic stability of the global minima
(1, 3-6, and 8) with 50-picosecond Born-Oppenheimer
molecular dynamic (BOMD)!"® simulations at 298 K at the
B3LYP/6-31G(d) level of theory. Structure evolution during
a simulation is described by the root-mean-square derivation
(RMSD) relative to the B3LYP/6-31G(d)-optimized struc-
ture. As shown in Figure S3 (Supporting Information),
although the RMSD plot for 1 shows some jumps towards
the end of the simulation, the corresponding metastable
structures change back to 1 upon re-optimization at the
B3LYP/aug-cc-pVTZ level, suggesting the overall kinetic
stability of 1. For species 3-6, the RMSD plots display no
significant jumps and only minor fluctuations with the RMSD
values ranging from 0.12 to 0.81 for 3 (average = 0.43), 0.04 to
0.47 for 4 (average =0.19), 0.09 to 0.79 for 5 (average =0.44),
and 0.04 to 0.38 for 6 (average =0.21). These results indicate
that 3-6 are kinetically stable. The RMSD plot of 8 bears
similarities to that of 1, showing some reversible jumps but no
irreversible deviation.

With regard to the model structure 9, it can be modified
for synthetic purposes by replacing IH with bulky NHC
ligands such as IDip (1,3-bis(2,6-diisopropyl phenyl)imidazol-
2-ylidene). Note that the utilization of IDip has led to the
extraordinary synthesis of complexes containing B—B double
and triple bonds with the formulae IDip—BH=BH —IDip
and IDip—B=B«IDip.'! Computational studies and pre-
dictions of relevant boron systems contributed to these
experimental achievements."! Along these lines of thought,
we have computed IDip—BeH,Be «IDip (10, Figure 4) as an
energy minimum at the B3LYP level. The Be—Be distance in
10 (1.840 A) is comparable to the B3LYP-calculated Be—Be
distance (1.829 A) in 9. These computational results suggest
that 10 should be chemically viable and therefore provide
a synthetic target for experimentalists.

In summary, we have computationally designed and
characterized a series of novel beryllium compounds. The
salient feature of these species is that they contain ultrashort
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oY 1 0 &
D, IDip—BeH,Be« IDip

Figure 4. B3LYP-optimized structure of IDip—BeH,Be«IDip.

Be—Be distances (1.728-1.866 A) that rival the short bond
lengths of homonuclear transition metal quintuple bonds
(1.706-1.835 A). Such ultrashort Be—Be distances are ach-
ieved by introducing appropriate bridging atoms for electro-
static or covalent interactions with the beryllium centers. The
ultrashort Be—Be distances in 3-6 result from enhanced
electrostatic interactions with the bridging atoms, whereas
those in 7-9 arise from maximum orbital overlap via the
bridging atoms. The small clusters 3-6 and 8 are found to be
global minima with good kinetic stability, which makes them
suitable for gas-phase detection and characterization. Com-
pound 10 is an extension of 9, in which the Be,H, core is
supported and protected by the bulky NHC ligands to make
the molecule more viable for synthesis. On the whole, this
theoretical study contributes to the growing field of structural
chemistry of beryllium, and hopefully will encourage exper-
imentalists to pursue and realize the interesting structures.
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