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The subject of metal-metal bonding interactions in molecular systems continues to attract research inter-
est. Chromium heretofore has been the only element known to afford metal-metal distances shorter
than 1.700 A in the form of Cr—Cr multiple bonds. In this computational study, the effect of a triple bond
on reducing interatomic distances is simulated through forming three non-classical bonding orbitals
between two beryllium atoms, thereby realizing the remarkably short Be—Be distances (1.692-1.735 A) in
kinetically stable global minimum species [L — Be,Hz « LI* (L = NHs, PH3, and noble gases Ne—Xe). Such
diberyllium complexes make promising candidates for experimental realization. In particular, the Be—Be
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distance of 1.692 A in [Ne — Be,Hs « Nel* represents the first example of global minimum having a main
group metal-metal distance under 1.700 A. [TEA — Be,Hz « TEA]*, which contains the bulky triethyl-
amine (TEA) ligands, is designed as a more promising target for synthesis and isolation in condensed

rsc.li/dalton states.

Introduction

Studies on the interaction between metal atoms in discrete
molecular systems continue to expand our understanding of
the nature of chemical bonding." An intriguing question is
how short a metal-metal distance could become. Such an
interatomic distance generally decreases with increasing
numbers of bonding orbitals between the atoms. It is well
known that transition metals with an appropriate number of
valence electrons in d orbitals can achieve short metal-metal
distances by forming high-order multiple bonds via the strong
interaction between the d orbitals.” Research on this subject
dates back to the seminal discovery in 1964 of the quadruple
metal-metal bond (2.24 A) in [Re,Clg]*~ by Cotton and co-
workers.® The most significant recent developments have been
the realization of ultrashort metal-metal bond distances
defined as dyp < 1.900 A, and examples include the crystallo-
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graphically determined quintuple Cr-Cr bonds ranging from
1.835 to 1.706 A,* as well as a spectroscopically characterized
sextuple Cr-Cr bond in dichromium (Cr,) at 1.679 A.° In
addition, a computational study has predicted that the quintu-
ple Cr-Cr bond in FCrCrF would have a distance of 1.650 A.°
This has been so far the shortest of any experimentally or
theoretically known metal-metal distances.

In comparison, it is more challenging to achieve ultrashort
metal-metal distances between main group elements because
of the nature of their valence shell electronic structures. The
s-block metals do not have enough valence electrons, whereas
the p-block metals suffer from the so-call inert pair effect that
prevents the outmost s lone pairs from participating in
bonding.” Nonetheless, the alkaline earth metal beryllium, on
account of its unique properties, stands out as a viable source
of ultrashort metal-metal distances. Beryllium has the
smallest atomic radius of any metals. Furthermore, the
high electron deficiency of beryllium allows the furnishing of
auxiliary electron-donating atoms between two beryllium
centers to maximize the number of bonding orbitals. Thus, it
is possible to realize ultrashort Be-Be distances rivaling those
of quintuple bonds between transition metal (chromium)
atoms.

Recent computational studies have provided support for the
above proposition. For example, the Ding and Frenking group
reported the Be-Be distances of 1.910 and 1.901 A in the mole-
cular discuses D, Be,B; and Dg,, Be,Bg, which approach the
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upper limit of ultrashort metal-metal distances.® We com-
puted novel species containing ultrashort metal-metal dis-
tances (1.728-1.866 A) between two Be atoms in different mole-
cular environments, including a rhombic Be,X, (X = C, N) core
and a Be-Be axis supported by a peripheral (BeH), (n =5 or 6)
star-like frame or two N-heterocyclic carbene (NHC) ligands.’
More recently, the Zhou and Frenking group designed beryl-
lium noble gas (Ng) complexes of the type Ng — Be,O, « Ng
with ultrashort Be-Be distances (1.736-1.763 A)."°

Thus far the shortest Be-Be distance (1.728 A) has been
that in Be,(NLi),, a computationally designed global minimum
reported by our group in 2016.° Would it be possible to design
diberyllium complexes with Be-Be distances under 1.700 A,
which would rival those of the shortest multiple bonds
between two transition metal (Cr) atoms? The answer is posi-
tive and presented in the current computational study, which
leverages (a) the maximum number of bonding orbitals
between two Be atoms and (b) the minimum steric effect of
terminal ligands.

Computational methods

Two mixed basis sets were used in this work: BS1 denotes aug-
cc-pVQZ-PP for Xe and aug-cc-pVQZ for other elements, and
BS2 denotes SDD for Xe and 6-31G(d) for other elements. The
small structures of 1-10 were computed at both B3LYP/BS1
and MP2/BS1 levels, which gave similar geometries and
vibrational frequencies; the large structure 11 was computed
only at the B3LYP/BS1 level. The geometries of 1-10 were
further refined at the CCSD(T)/BS1 level. Adaptive natural
density partitioning (AANDP)'"' and natural bond orbital
(NBO)'? analyses were performed at the B3LYP/BS2 and B3LYP/
BS1 levels, respectively. Vertical detachment energies (VDEs)
and vertical electron affinities (VEAs) were calculated using
outer-valence Green’s functions (OVGF)" for 3-10 at the
OVGEF/BS1 level. The benchmark calculation for 3 at the OVGF/
aug-cc-pVDZ level gave essentially identical VDE and VEA to
those obtained at the OVGF/BS1 level, so the VDE and VEA of
the large molecule 11 were calculated at the OVGF/aug-cc-
pVDZ level. The potential energy surface of each of 3-10 was
explored using a stochastic search algorithm,'* with the initial
random structures optimized at the B3LYP/BS2 level and the
10 lowest-energy isomers re-optimized and their frequencies
calculated at the B3LYP/BS1 level. The five lowest-energy
isomers at the B3LYP/BS1 level were identified and their ener-
gies were further improved at the CCSD(T)/BS1 level. The rela-
tive free energies of these five isomers were compared using
CCSD(T)/BS1 electronic energies plus B3LYP/BS1 Gibbs free
energy corrections. The 100-picosecond Born-Oppenheimer
molecular dynamic (BOMD)" simulations were carried out for
3, 4, and 6-9 at the B3LYP/BS2 level and 298 K. The stochastic
search was realized using the GXYZ program,'® the AANDP
analyses were performed using the AANDP program,'’ the
CCSD(T) calculations were carried out using the MolPro 2012.1
package,'® and all other calculations were performed using the
Gaussian 09 package."’
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Results and discussion
[L = Be,H; « L]" (L = NH;, PH;) with three Be-H-Be bonds

We have recently reported [NH; — Be,H,CH, < NH;] (1) and
[PH; — Be,H,CH, <« PH;] (2), two computationally designed
and characterized diberyllium complexes with respective ultra-
short Be-Be distances of 1.791 and 1.766 A (Fig. 1).>° In 1 and
2, each Be atom is supported by a terminal ammonia/
phosphine ligand, and the two Be centers are bridged by two
H atoms and a -CH,~- group. The ultrashort Be-Be distances in
1 and 2 are achieved by the combined effects of forming two
Be-H-Be 3c-2e bonds and having favorable coulombic attrac-
tions between the negatively charged carbon atom of the
—-CH,- group and the positively charged beryllium atoms. In
the present study, we envisioned that using a H atom to
replace the -CH,- group in 1 and 2 could result in cationic
complexes [L — Be,H; < L]" with three Be-H-Be 3c-2e bonds
to further decrease the Be-Be distance. This idea has been rea-
lized with the computation of Dy;, [NH; — Be,H; < NH;]" and
[PH; — Be,H; < PH;]" (3 and 4 in Fig. 1) as energy minima at
both B3LYP/BS1 and MP2/BS1 levels of theory. The geometries
of 3 and 4 have been refined at the higher CCSD(T)/BS1 level

2 (C,, [PH,~Be,H,CH,«PH,])

8 (D,, [Kr—Be,H,Kr]")

0255

N7

9 (D,, [Xe—Be,H,Xel") 10 (D,, Be,H,")

Fig. 1 CCSD(T)/BS1-optimized structures of 1-10, with Be-Be dis-

tances, other interatomic distances, and NBO charges given in red,
black, and italic blue fonts, respectively.
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to give the Be-Be distances of 1.735 and 1.734 A, respectively,
which are close to the shortest Be-Be distance of 1.728 A in
Be,(NLi),.°

To gain insight into the ultrashort Be-Be distances in 3 and
4, we have performed a detailed bonding analysis using the
AdNDP method. Developed as an extension of NBO analysis,
AdNDP describes the electronic structure of a molecular
system in terms of n-center two-electron (nc-2e) bonds or orbi-
tals (n ranges from one to the total number of atoms), and as
such, it reveals not only classical Lewis bonding elements,
including lone pairs and 2c-2e bonds, but also nonclassical
delocalized nc-2e bonds. We employed two equivalent parti-
tioning schemes for the AANDP analysis to gain alternative
representations of the bonding between the atoms in 3 and 4
(Fig. 2 in the main text and Fig. S1 in the ESIf). With one
scheme, we generated AANDP orbitals with the smallest poss-
ible n values, as shown in Fig. 2, which translate into three
Be-H-Be 3c-2e ¢ bonds (A-C) and two N — Be dative 2c-2e
o bonds (D and E) for 3, all of them having an occupation

D GG W W
Three 3c-2e o bonds ON = 1.99 |e| Two 2c-2e o bonds, ON = 1.99 |e|
AdNDP Scheme 1 for [NH,—Be,H,«NH,]*

N AR ke

Two 5c-2e 1 bonds One 5c-2e o bond Two 2c-2e o bonds, ON = 1.99 |e|
ON=1.99 || ON=1.9

AdNDP Scheme 2 for [NH,—Be,H,«NH,]*

| J K L M
g B G P
Two 2c-2e 1 bonds One 2c-2e o bond Two 2c-2e o bonds, ON = 1.98 |e|

ON =1.97 |e| ON=2.00 |e
AdNDP for 2-butyne

Fig. 2 AdNDP-generated orbitals for bonding to beryllium in 3 (top and
middle) and for bonding to sp-carbon in 2-butyne (bottom). Analogous
AdNDP orbitals for 4 are shown in Fig. S1.}
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number (ON) of 1.99]e|. The Be-H-Be 3c-2e bonds are similar
to the B-H-B 3c-2e bonds known in diborane.”" Use of the
other partitioning scheme led to retention of the two N — Be
dative 2c-2e ¢ bonds (D' and E'), and transformation of the
three Be-H-Be 3c-2e ¢ bonds into three 5c-2e bonds (F, G,
and H). H is a o-shaped orbital without any nodes between the
beryllium atoms, whereas F and G are degenerate orthogonal
n-shaped orbitals, each having a nodal surface passing the
Be-Be axis. The orbital set of F, G, and H may be viewed as a
nonclassical counterpart of a classical triple bond (e.g., C=C).
This provides another explanation for the further shortening
of the Be-Be distance in 3.

The above bonding analysis also reveals an isolobal
relationship between 3 and 2-butyne, as shown in Fig. 2. Both
3 and 2-butyne have 22 valence electrons, 12 of them forming
six N-H/C-H orbitals, another four forming two N-Be/C-C
orbitals (orbitals D’ and E’ vs. L and M), and the remaining six
forming the three bonding orbitals between two beryllium/
carbon atoms (orbitals F, G, and H vs. orbitals I, J, and K).
Clearly, the corresponding orbitals in 3 and 2-butyne have
similar shapes and symmetry properties.

We have also performed standard NBO analyses to further
characterize 3 and 4. The resulting Wiberg bond indices (WBI)
and natural charges, which are descriptors of covalent and
ionic bonding, are given in Table 1 and Fig. 1, respectively.
The total WBI values per beryllium atom are 2.51 and 2.85 in 3
and 4, respectively, which are greater than two, the number of
beryllium valence electrons. The exceeding values of 0.51 and
0.85 are close to the WBIg._ and WBIg._p values of 0.50 and
0.78, respectively, which support the dative nature of the N —
Be and P — Be bonds. In addition, the WBIg._y of 0.50 for 3
suggests relatively weak Be-N covalent interaction due to the
large difference in the electronegativities of Be and N. This
weakness in covalency, however, is compensated for by rela-
tively strong Be-N electrostatic attraction, as reflected by the
natural charges Qy = -1.01|e| and Qg. = + 0.43|e| (Fig. 1). In
comparison, the WBIg.p value is 0.78 in 4, suggesting a
largely covalent Be-P interaction. In both 3 and 4, the WBI. i
is 0.48, and given that there are a total of three bridging H

Table 1 The lowest vibrational frequencies (vmin in cm™), the HOMO—-LUMO gaps (gap in eV), the VDEs and VEAs (in eV), and the Wiberg bond

indices (WBIs) for selected atoms and atom—atom interactions

WBI
VUmin Gap VDE VEA Be H E Be-Be Be-H Be-E
3 74 7.65 15.20 —2.86 2.51 0.98 2.92 0.55 0.48 0.50
15.14 —2.86"
4 51 7.50 15.15 —2.56 2.85 0.99 3.75 0.59 0.48 0.78
5 170 8.51 18.10 —-3.68 2.31 0.98 0.32 0.54 0.48 0.31
6 102 7.79 17.81 —4.30 2.19 0.97 0.26 0.50 0.48 0.25
7 92 8.14 16.90 -3.32 2.52 0.98 0.56 0.54 0.48 0.53
8 81 7.93 16.52 -2.81 2.62 0.98 0.65 0.54 0.48 0.62
9 74 7.75 15.98 —-2.67 2.72 0.98 0.76 0.54 0.48 0.72
10 1044 6.23 18.57 —6.68 1.83 0.94 0.44 0.47
11 16 8.38 13.91¢ -1.81¢

“These values are calculated at the OVGF/aug-cc-pVDZ level.

This journal is © The Royal Society of Chemistry 2018
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atoms and six Be-H connectivities, the WBIg._y; values add up
to 2.88 (6 x 0.48). This corroborates the formulation of three
Be-H-Be 3c-2e bonds discussed above. It is also important to
note that the WBIg._g. values for 3 and 4 are 0.55 and 0.59,
respectively, which indicate significant direct orbital overlap
between the two beryllium atoms.

[Ng — Be,H; <« Ng|" (Ng = noble gas) with the shortest main
group metal-metal distance

The ultrashort Be-Be distances in 3 and 4 mainly result from
the formation of three Be-H-Be 3c-2e bonds. However, the
exact Be-Be distances of 1.735 and 1.734 A in 3 and 4 are still
longer than the currently shortest Be-Be distance of 1.728 A
found in Be,(NLi),.> To design diberyllium complexes analo-
gous to 3 and 4 with even shorter Be-Be distances, we con-
sidered replacing the terminal NH3; and PH; with ligands
having a minimal steric effect. Thus, we chose charge-neutral
and monatomic noble gas ligands in view of previously
reported theoretical and experimental studies showing viable
Be-Ng bonding interactions, such as in [Ng — BeO],** [Ng —
BeS],** and [Ng — Be,0, « Ng].'** This has led to the compu-
tation of Dy, [Ng — Be,H; < Ng|" (Ng = He, Ne, Ar, Kr, Xe;
5-9) as energy minima at both B3LYP/BS1 and MP2/BS1 levels
(Fig. 1). Geometry refinements at the higher CCSD(T)/BS1 level
find the Be-Be distances in 5-9 to be 1.689, 1.692, 1.703,
1.707, and 1.713 A, respectively, all of them being shorter than
the Be-Be distance of 1.728 A in Be,(NLi),. Most remarkably of
all, complexes 5 and 6 represent the first examples having a
main group metal-metal distance under 1.700 A, which place
them in the group of discrete molecular systems that have the
shortest metal-metal distances. These results prompted us to
further study the unsupported Be,H;" core (10, Fig. 1), which
was located as an energy minimum at both B3LYP/BS1 and
MP2/BS1 levels, with a refined Be-Be distance of 1.683 A at the
CCSD(T)/BS1 level.

We have performed NBO and AANDP analyses on 5-10
(Fig. 1 and Table 1 in the main text and Fig. S1 in the ESI{). As
expected, the bonding situation in 5-9 is similar to that in 3
and 4. There are three Be-H-Be 3c-2e bonds or a nonclassical
triple bond connecting the two Be atoms. This bonding mode,
along with the reduced steric effect of the noble gas ligands,
causes the unprecedented ultrashort Be-Be distances in 5-9.
The total WBIy, values generally increase from 0.31 to 0.76 as
Ng varies from He to Xe, which is consistent with the increas-
ing ability of Ng to participate in bonding. The natural charges
of the Ng atoms in 5-9 range from +0.14 to +0.46|e|, which
suggests the dative nature of Ng-Be bonding. The bonding
situation in 10 is similar to that of the Be,H; core of 5-9.

Stability considerations

Structures 3-10 are computationally designed novel species,
and evaluation of their stabilities would give clues as to
whether they could be experimentally realized.>®> The HOMO-
LUMO gaps of 3-10 range from 6.23 to 8.51 eV, much greater
than those of 1 and 2 (2.74 and 3.61 eV). Thus, 3-10 would be
chemically more stable than 1 and 2.
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The thermodynamic stability of 3-10 has been studied by
extensive exploration of their potential energy surfaces, and
the resulting low-lying isomers, along with their relative
energies, are given in the ESI (Fig. S2t). At the final CCSD(T)/
BS1 level, 5 and 10 have been confirmed to be local energy
minima because of the finding of their lower-energy isomers
(Fig. S2 in the ESIf). Thus, it would be unlikely to experi-
mentally realize 5 and 10. By contrast, 3, 4, and 6-9 all have
been proved to be global energy minima, which are 12.8, 9.7,
2.1, 4.3, 4.2, and 4.9 kcal mol™" lower than their respective
second lowest isomers. Thus, they would be thermo-
dynamically stable species.

For global minima 3, 4, and 6-9, their kinetic stability is
also important for experimental realization, which has been
evaluated by using 100-picosecond BOMD simulations at
298 K. Structural evolution of a species during a simulation is
described by the root-mean-square derivations (RMSDs) rela-
tive to its optimized geometry. As shown in Fig. 3, the RMSD
plot of 6 shows an upward jump at approximately 83 ps, which
correlates with a structural change to the closest isomer 6a. A
BOMD simulation for 6a reveals interconversion between 6

21 <3
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e
i, sl

o-pe o

6

16a /@—Q—q;\
W WWW\HQ@"'G a T

RMSD (angstrom)
N o -~ N O —h N w

0 20 40 60 80 100
Time (ps)

Fig. 3 Plots of RMSD (in A) versus time (in ps) obtained with BOMD
simulations for 3, 4, 6-9, and 6a.

This journal is © The Royal Society of Chemistry 2018


http://dx.doi.org/10.1039/c8dt02683a

Published on 21 August 2018. Downloaded by Shanxi University on 10/9/2018 12:46:15 PM.

Dalton Transactions

and 6a on the RMSD plot, suggesting that 6 and 6a both would
be observable experimentally. The RMSD plots for 3, 4, and
7-9 display no irreversible jumps and only minor fluctuations,
indicating that they are kinetically stable.

We have further characterized 3-10 by calculating their ver-
tical detachment energies (VDEs) and vertical electron
affinities (VEAs). As shown in Table 1, the VDEs of 3-10 range
from 15.15 to 18.57 eV. Such large VDE values suggest that it
would be very difficult for these species to lose an electron.
The VEAs of 3-5 and 7-9 are each less negative than that of
Cs" (-3.89 eV), and therefore these monocations qualify as a
new class of superalkali cations,?® which could be used as
building blocks of supersalts.”” While the VEA of 6 (—4.30 €V)
is more negative than that of Cs', it is slightly less negative
than that of K" (experimentally know at —4.34 eV), suggesting
that 6 would be as stable as K' towards electron gain. In com-
parison, the VEA of 10 (—6.68 eV) indicates that this species
would be less stable than 3-9 towards electron gain.

We have used 3 as an example to study the neutral free
radical D3, [NH; — Be,H; < NHj;] that arises from 3 gaining
an electron. The radical has an optimized geometry closely
similar to 3, but exhibits a longer Be-Be distance (1.750 vs.
1.729 A) at the B3LYP/BS1 level (Fig. S3 in the ESIf). In
addition, the radical would be much less stable than 3, as
revealed by comparing their HOMO-LUMO gaps (0.48 vs. 7.65
eV) and VDEs (2.84 vs. 15.20 eV).

In summary, the global minimum diberyllium complexes 3,
4, and 6-9, which are also kinetically stable, would have a high
probability of being experimentally realized as a new class of
superalkali cations that could have applications in supporting
supersalts.

Bulky analogues

Using bulky terminal ligands for the analogues of 3, 4, and
6-9 could have further stabilizing effect and facilitate their syn-
thesis and isolation in condensed states (solution included).
As a demonstration, we have modified the structure of 3 by
replacing ammonia with the much larger triethylamine (TEA),
and computed [TEA — Be,H; < TEA]' (11) as an energy
minimum (Fig. 4). The Be-Be distance in 11 (1.754 A) is
slightly longer than that (1.735 A) in 3, as expected for increas-

11 (D, [TEA—Be,H,—TEAJ'f®

Fig. 4 B3LYP/BS1-optimized structure of 11.

This journal is © The Royal Society of Chemistry 2018
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ing steric repulsion introduced by the bulky ligand, but it is
still well below the threshold for ultrashort metal-metal dis-
tances (1.900 A).

The stability of 11 is manifested by its large HOMO-LUMO
gap of 8.38 eV, its VDE of 13.91 eV, and its VEA of —1.81 eV.
Noticeably, the VEA of 11 is less negative than that of the com-
monly used big cation tetraethyl ammonium N(C,Hs)," (calc.
—2.29 eV). Such characteristics of stability, combined with the
fact that the parent complex 3 is a kinetically stable global
minimum, suggest that complex 11 would be a viable target
for chemical synthesis.

Conclusions

We have shown through computation that, with the aid of
three bridging hydrogen atoms, a virtual triple bond can be
formed between two beryllium atoms, thereby causing ultra-
short Be-Be distances in [L — Be,H; < L]" (L = NH;, PH;, He,
Ne, Ar, Kr, Xe). These species are characterized for having
large HOMO-LUMO gaps, high vertical detachment energies,
and low vertical electron affinities. With the exception of [He
— Be,H; « He]', these diberyllium complexes are kinetically
stable global energy minima, therefore providing potential
targets for experimental realization. Noticeably, the Be-Be dis-
tance in [Ne — Be,H; < Ne]" is 1.692 A, making it the first
experimentally promising species with a main group metal-
metal distance under 1.700 A. Substituting bulky triethylamine
(TEA) for ammonia in [NH; — Be,H; < NH;]" leads to [TEA —
Be,H; « TEA]', a potentially isolable species in condensed
states. In summary, this theoretical study contributes to the
development of the fields of metal-metal bonding, beryllium,
and noble gas chemistry. We encourage experimentalists to
pursue and realize the chemically interesting and viable struc-
tures presented in this work.
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