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A CBsz moiety extracted from the building units of milestone "hyparenes” (families of species with a
planar pentacoordinate carbon (ppC)) was found to be a more basic building block, which can be
employed to design a family of “hyparene” analogues CBsE,? (g = #1) also with a ppC. The majority
of main group elements can feasibly serve as the E atom. Despite the number of valence electrons,
the ppC atoms in the CBsEy? (@ = £1) species were involved in three delocalized o orbitals and a
delocalized © orbital, so the carbon atom obeys the octet rule. The NICS studies indicated that these
ppC structures are o and © double aromatic. Given that most of them are less favourable in energy than

Received 22nd February 2018, their boron-centered isomers, it is remarkable that the global minimum of CBsMg,™ adopts the ppC

Accepted 6th April 2018 arrangement. Such a ppC structure is also kinetically stable. Compared to previously reported anionic
ppC global minima, CBsMg,™~ does not contain hyper toxic beryllium and thus is much more attractive to

our experimental colleagues for realizing the ppC species using negative ion photoelectron detachment
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Introduction

As an extension to non-classical planar tetracoordinate carbon
(ptC),* planar pentacoordinate and hexacoordinate carbon (ppC
and phC) have intrigued chemists for nearly two decades since the
Schleyer group proposed the milestone CBg>~ and “hyparenes” in
2000-2001.% In comparison with classical bonding for carbon, ptC
violates the arrangement of four bonded atoms (planar tetragon
versus tetrahedron), while ppC and phC further violate the maxi-
mum number of bonded atoms (five and six versus four).” The
successful design of ppC and phC species rapidly initiated the
extension of the number of planar coordination to higher values
and the central planar hypercoordinate atom from carbon to
other main group elements or even transition metals.

Notably, photoelectron spectroscopy (PES) played a crucial
role in the realization of species with planar hypercoordination.
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To be detected by PES, it is better that a desired structure is
an anionic global energy minimum with no more than three
different elements. The examples include the ptC species
CAl,~,* NaCAl,~,® CAL;Si~, and CAl;Ge,° as well as the transi-
tion metal-centered boron wheels” CoBs~, MB,~ (M = Ru, Rh
and Ir),”>”° NbB,,~, and TaB,, .”? However, as the pivotal inter-
mediate between ptC and a planar hypercoordinate heteroatom
or transition metal (phX/TM), the ppC and phC species are still
unknown experimentally.

Since no phC global minimum has been reported, it is not
curious that phC cannot be realized experimentally. In contrast,
the number of theoretically verified ppC global minima is as
many as thirty-nine, in which that of a perfect ppC structure is
thirty,>® including CAls",** CAl,Ga',®” CAl,Be, CAl;Be, ,*
CAl,Be;2”, LiCAlBe, %Y CBesAl”, CBe,Ga ,* CBe,Li,"*
(n=1-5),¥ CBesH," * (n = 2, 3),% CBesAu,” * (n = 2-5),*" CBesE5"
(E = F, Na and K),* CB;AIMg,¥ CAI,TiF,, and CAl,TMX, (TM = Zr,
and Hf, X=F, Cl, Br, I and Cp).Sk Such a number is much larger than
that of the reported ptC, phX, or phTM global minima. Nevertheless,
the majority of them are neutral or cationic, which is not suitable for
PES, while the limited anionic ppC global minima® all have hyper-
toxic beryllium, which greatly decreases the enthusiasm of our
experimental colleagues and thus deters the corresponding ppC
species from being realized experimentally. Therefore, on top of the
common requirements mentioned above, “beryllium-free” is also
strongly desired for the PES detection of ppC species.

In this work, our attention was paid to the milestone
“hyparenes” (families of molecules containing ppC) proposed

This journal is © the Owner Societies 2018
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Scheme 1 Relationship between hyparenes and the species designed
by us.

by Wang and Schleyer,?” hoping that the proper elaboration
on hyparenes can match the requirements. Hyparenes were
designed by substituting —-(CH);- subunits in aromatic or even
anti-aromatic hydrocarbons with the ppC units -C;B3-, -C,B,4-,
and -CBs- (first row of Scheme 1), which can contribute two,
one, and zero 7 electrons, respectively, to the parent system.
The simplest molecules constructed by these three units
were C,, C3B3H,", Cs C,B4H,, and C,, CB;H,  (second row of
Scheme 1), respectively. In our alternative view, hyparenes can
be obtained by substituting two H atoms in one of these three
species with a hydrocarbon fragment. Indeed, such a perspec-
tive can be intensified as follows: a CB; moiety can be extracted
from hyparene building blocks and the above simplest struc-
tures can be seen as CB;(CH),", CB;(CH)(BH), and CB;(BH), ,
respectively (third row of Scheme 1). Here, if two XH (X = C or B)
moieties can be substituted by other atoms (E), CB; may be a
more basic building unit for the design of borocarbon species
with a ppC (fourth row of Scheme 1).

Previously, we have proposed and demonstrated that the
thermodynamic stability of species with non-classical carbon
bonding can be improved when the covalent character of
carbon-ligand bonding is properly weakened.*®*¢*° If such an
empirical rule is valid in the current system, through adjusting
the “E” atoms, it is possible to achieve the desired beryllium-
free anionic ppC global minimum with no more than three
different elements. In the following, we will show that CB;?
(g = £1) themselves are global minima and the majority of the
main group elements can feasibly bind the CB; unit at the
bridging position of the C-B edges, leading to CB3E,? (g = £1),
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a family of hyparene analogues with a ppC, in which CB;Mg, ™~
meets all of the above requirements.

Results and discussion
Geometries and electronic structures of CB;7 (q = +1)

Our design starts from the basic unit CB;. Since it has an odd
number (21) of electrons, it is desirable to remove or add an
electron to achieve species with an even number of electrons,
leading to the CB;" and CB; " ions, respectively. Using the stochas-
tic search algorithm,'® we explored the potential energy surfaces of
CB;" and CB;~, whose global minima were both found to adopt
the rhombic C,, structure (see 1a and 2a in Fig. 1). At the final
(Eccspr) + Graiyp)/BS1 level (see the Computational Method section
for details), they are 31.3 and 16.1 kcal mol " lower in energy than
their second lowest isomers, respectively. The ground states of CB;"
and CB;  are closed-shell singlet and open-shell triplet, respec-
tively. Nevertheless, the results of thermodynamic stability revealed
that CB; is a very rigid unit both as anion and as cation.

To understand the bonding in 1a and 2a, we performed orbital
analysis. The adaptive natural density partitioning (AdNDP)""
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Fig.1 Optimized structures of 1a and 2a at the B3LYP/BS1 level (with
necessary bond lengths (in A) and point groups) and their orbital analysis
results. The carbon and boron atoms are shown as grey and blue balls,
respectively, and two phases of ADNDP orbitals and CMOs are given in
blue/white and green/white, respectively.
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procedure is available only for the occupied orbitals of the
closed-shell system, so it is just applied to 1a. As shown in
Fig. 1, in six pairs of valence electrons of 1a, four of them form
the localized B-B or C-B two-center two-electron (2c-2e) bonds
with occupation numbers (ONs) of 1.97-1.98 |e| (C-F). The
remaining two pairs of electrons form a four-center two-
electron (4c-2e) o bond and a 4c-2e © bond, both with ONs
of 2.00 |e| (A and B). Fig. 1 also shows the canonical molecular
orbitals (CMOs) LUMO and LUMO+1, which mainly come from
the vacuum p orbitals of boron atoms. Their orbital energies are
very close, being —10.54 and —10.35 eV, respectively. If two
electrons are introduced to 1a, it can be expected that both
orbitals will be singly occupied, i.e. 2a should be an open-shell
triplet rather closed-shell singlet species, which is consistent
with the above results. As shown in Fig. 1, the counterparts of
the doubly occupied valence orbitals of 2a are found in the
occupied orbitals of 1a, while those of the singly occupied
orbitals in 2a are just the LUMO and LUMO+1 in 1a.

Designing the ppC species CB;E,? (q = +1)

The above results suggest that rhombic CB; should be a very
rigid unit because the geometries of the global minima CB;? are
not obviously varied when the values of g vary. Therefore, it is
reasonable to consider C;B;H,', C3B3H,, and CBsH, ™ as CB;(CH),",
CB;(CH)(BH), and CB;(BH), ", respectively. In this work, we tried to
substitute two XH (X = B or C) moieties in these species with two
E atoms, hoping to achieve new ppC species, especially those of
global energy minima.

We searched for the proper E atoms in the periodic table
(except for heavy alkali/alkali earth metals, rare earth metals,
and noble gases). As shown in Fig. 2, for CB;E, ", the feasible E
atom can be found in groups 1, 2, and 13-15 (see the elements
in yellow and orange regions), while for CB;E,", it can be found
in groups 2 and 13-16 (see the elements in orange and pink
regions). Indeed, we were somewhat surprised by the results
because the majority of main group elements could be employed
for designing ppC species.

The optimized structures of CB;Li,~ (3a) and CB;E,"~ (E =
Mg-S, 4a-12a) are shown representatively in Fig. 3. Those of
other species are shown in Fig. S1 and S2 in the ESL{ As the
figures show, for CB;E, ™ (E = Be, Mg, and Ca) and CB;Al,’, their
B;E, peripherals form a closed ring, which leads to a size-matching

1|H He
2|Li [Be B|C [N |O|F |Ne
3| Na|Mg| Al|Si|P [S [CI|Ar

4|K [Ca|Sc [Ti |V [Cr [Mn|Fe [Co [Ni [Cu [Zn |Ga|Ge |As |Se [Br [Kr

5|Rb|Sr |Y |Zr [Nb Mo |Te |Ru |Rh |Pd |Ag|Cd |In [Sn| Sb|Te|I |Xe

6|Cs|Ba|La|Hf| Ta|W |Re|Os |Ir | Pt |Au|Hg|Tl [Pb | Bi [Po|At |Rn

Fig. 2 Distribution of feasible E atoms in the periodic table. Elements in
yellow, pink, and orange regions are feasible for CBzE,~, CBsE,™, as well as
both CB3E,~ and CBsE,™, respectively.
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Fig. 3 The representatives of optimized ppC structures of CBzE,* and
CBsE,™ (E = Li and the third row elements) with necessary bond lengths
(in A) and point groups. The NBO charges are given in italic blue.

issue between carbon and the B;E, ring. As a result, only CB;Mg,
and CB;Ca, (see 4a and 14a in Fig. 3 and Fig. S1 (ESIY),
respectively) adopt the planar structure, suggesting a good fit
between carbon and the B3;Mg,/B;Ca, ring. The carbon-
centered structures of CBzE,” (E = Ga, In, and TI) are not
minima, so they are not considered. In contrast, there was an
indentation between two E atoms in other species, which
makes it possible for B;E, peripherals to have a flexible space
to well-accommodate the carbon atom in the same plane, so
these species all adopt the planar C,, structure. Note that the
C-B and C-E distances in all planar species are in the range of or
only a little longer than the C-B or C-E single bond lengths,"* so
the carbon atoms in these planar structures can be considered
as ppCs.

Electronic structures of CB3E,? (q = +1)

To better understand these structures, we performed AANDP
analysis on 3a-12a and the results are given in Fig. 4. 3a can be
formed from a CB;" cation and two Li~ anions. As displayed in
Fig. 1 and 4, of six AANDP-generated orbitals of CB;", three of
them can be found in 3a, including two B-B 2c-2e ¢ bonds and
a 4c-2e m bond. Nevertheless, the electrons in the remaining
three orbitals, including two C-B 2c-2e ¢ bonds and a 4c-2e &
bond, participate in new bonding orbitals in 3a, involving two
B-Li 2¢-2e o bonds and three CB; 4c-2e ¢ bonds. Therefore, 3a
is a 16 valence electron (ve) species. Though 3a does not meet

This journal is © the Owner Societies 2018


http://dx.doi.org/10.1039/c8cp01193a

Published on 06 April 2018. Downloaded by Shanxi University on 10/9/2018 12:54:52 PM.

- b

@D 421w &

Paper
i- two 2c-2e B-B o-bonds two 2c-2e B-Li o-bonds
g CB3LI2 ON = 1.95 |e| ON = 1.94 |¢|
©
-
two 2c-2e B-B o-bonds  two 2c-2e B-Mg o-bonds
CB Mg, ON = 1.95 |¢| ON = 1.93 |¢|
() CB Mg - 2c-2e Mg-Mg o-bonds two 2c-2e B-B o-bonds  two 2c-2e B-Mg o-bonds
> 3792 ON=1.98 |¢| ON = 1.99 |¢| ON =1.98 |e]|
o
-
CB.AL* 2c-2e Al-Al o-bonds Two 2c-2e B-B o-bonds  Two 2c-2e B-Al o-bonds
32 ON=1.98 |¢| ON = 1.97 |¢] ON =197 |¢]
z 9
o CB.Al- Two 1c-2e Al lone pairs  Two 2c-2e B-B o-bonds Two 2c-2e B-Al o-bonds
; 32 ON=1.98 |e| N = 1.96 |e| ON =197 |¢|
N B éﬁﬁ% s 9
o %g 4
CB.Si.* Two 1c-2e Si lone pairs  Two 2c-2e B-B o-bonds Two 2c-2e B-Si o-bonds
3% ON=1.98 |¢| ON =1.96 |e] ON =198 |¢|
° IE 13‘ § é %& o @
> CB.Si- Two 1c-2e Silone pairs  Two 2c-2e B-B o0-bonds  Two 2c-2e B-Si o-bonds
~ 3772 ON = 1.98 |e| ON =1.98 |e| ON =1.98 |e|
) éﬁﬁ% %@ s 9
CB.P.* Two 1c-2e P lone pairs Two 2¢c-2e B-B o-bonds  Two 2c-2e B-P o-bonds
s’ 2 =2.00|¢ ON = 1.96 |e| ON =1.97 |e|
® CB.P.- Two 1c-2e P lone pairs Two 2c-2e B-B o-bonds  Two 2c-2e B-P o-bonds
> 32 ON=1.98 |¢| ON = 1.96 |¢| ON =1.98 |¢]
<
o @ & GuR
) 6 J
CBSSZ' Two 1c-2e S lone pairs Two 2c-2e B-B o0-bonds  Two 2c-2e B-S o-bonds

ON =197 |¢|

ON = 1.91 [¢|

ON = 1.97 |e|

View Article Online

PCCP

w o &

three 4c-2e o-bonds
ON =1.95 |e]

4c-2e m-bond
ON =2.00 [e]

three 4c-2e o-bonds 4c-2e w-bond
ON = 2.00 |¢] =1,

w o

three 4c-2e o-bonds 4c-2e w-bond
ON = 1.98-1.99 |e| =1.

'R B

Three 4c-2e o-bonds
ON = 1.98-1.99 |e|

o
z
a
8
o)

@

[]
z
a
8
=

g _

N
-&0

g

a

[]
z
N.
3
8
=

Three 4c-2e o-bonds
ON = 1.98-1.99 |e|

o &

g
8&
S
a

o
z
_.I
o
8
s

g
&
S
a

Two 3c-2e o-bonds 4c-2e o-bond e -
ON = 1.96 |e| ON =197 |¢] ON =2.00 |e]
Two 3c-2e o-bonds 4c-2e o-bond 4c-2e m-bond 6¢-2e m-bond
ON = 1.96 |e| ON = 1.97 || ON =2.00 | ON =2.00 |e|
f a
Two 3c-2e o-bonds 4c-2e o-bond 4c-2e m-bond B¢-2e m-bond
ON =1.98 |¢| ON = 1.96 |e| ON =2.00 || ON =2.00 |e|
Two 3c-2e o-bonds 4c-2e g-bond 3c-2e m-bond 4c-2e m-bond 4c-2e m-bond
ON = 1.96 |¢| ON=196l¢] ON=199]e] ON=2.00]e ON=1.93 |¢|
Two 3c-2e o-bonds 4c-2e o-bond  3c-2e m-bond 4c-2e m-bond 4c-2e m-bond
ON =1.98 |¢| ON=196]e] ON=2.00]|e| ON =2.00 |e] ON = 1.96 |e]

Fig. 4 AdNDP view of chemical bonding in representative species designed in this work. The planar structure of CBzAl* is employed for easy analysis.

the 18 electron rule, the number of valence orbitals around the
central carbon atom is four, so the bonding of carbon obeys the
octet rule, which could be a reason why Li is a feasible E atom.
CB;Mg," (8a) is isoelectronic to 3a, so it has similar bonding
orbitals to those of 3a.

In comparison with the 16 ve species 3a and 8a, CB;Mg, ™
(4a) and CB;Al," (9a) have 18 ve, which is generally considered
to be optimal. As shown in Fig. 4, two more electrons in 4a and
9a form a Mg-Mg or Al-Al 2c-2e ¢ bond, which leads to the
formation of a closed B;Mg, or B;Al, ring in 4a and 9a. Though
such a ring structure slightly influences the shape of orbitals
concerning carbon atoms, the number of orbitals around
carbon is still four, thus the octet rule is not violated. Instead
of an E-E 2c-2e bond in 4a and 9a, two 1c-2e lone pairs are
found in the 20 ve species CB;Al,~ (5a) and CB;Si," (10a). Such
lone pairs are also found in the 22 ve species CB3Si,” (6a) and

This journal is © the Owner Societies 2018

CB;P," (11a), as well as the 24 ve species CB;P,~ (7a) and CB;S,"
(12a). Since there is no orbital describing the E-E bonding in
the 20, 22, and 24 ve molecules, the B;E, rings in these species
are not closed. Compared to the 20 ve species, two more
electrons in the 22 ve species 6a and 11a fill into a 4c-2e &
bond, which involves two E atoms and two shoulder B atoms
but does not involve C and peak B atoms. Similarly, in the 24 ve
species 7a and 12a, two additional electrons fill into a 3c-2e &
bond, which involves two E atoms and a peak B atom but does
not involve C and shoulder B atoms. As shown in Fig. 4, the
orbital shape suggests that the newly emerged 4c-2e and 3c-2e
n bonds mainly originate from the p, lone pairs of E atoms,
which play the role of compensating the n electrons to electron
deficient boron atoms. Therefore, such r orbitals do not involve
C atoms and the number of orbitals concerning ppC is four,
meeting the octet rule as well.

Phys. Chem. Chem. Phys., 2018, 20, 12642-12649 | 12645
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We also performed the natural bond orbital (NBO)'? analysis
to get further insight into the bonding. As shown in Table 1, the
total Wiberg bond indices (WBIs) of carbon atoms in 3a-12a
range from 3.36 to 3.98, suggesting that the octet rule is not
violated, which is consistent with the orbital analysis. Though
the total WBI values for E atoms generally increase with the
electronegativity of E atoms, the values for the 20 ve species 5a
and 10a are smaller than those for the 18 ve species 4a and 9a
and the 24 ve species 12a are smaller than those for the 22 ve
species 11a. Such a result is in accordance with the orbital
analysis: the valence electrons of 5a and 10a form lone pairs,
while the S atoms in 12a show divalency. The WBI. g values
range from 0.68 to 1.07, indicating the significant C-B covalent
bonding. Interestingly, for E = Li, Mg, and Al, the WBI_g values
range from 0.13 to 0.24, suggesting rather weak C-E covalent
bonding. Such results meet our strategy that the thermodynamic
stability can be improved when the covalent characteristic of
carbon-ligand interactions is properly weakened. Specifically, we
speculate that the 18 ve species 4a and 9a may possess good
thermodynamic stability.

Aromaticity

The orbital analyses also suggest that there are three delocalized
o orbitals and a delocalized m orbital in the species shown in
Fig. 3, so these species may be aromatic. To access the aroma-
ticity, the nucleus-independent chemical shifts (NICSs)'* were
calculated at the B3LYP/BS1 level. The oc-aromaticity was
accessed by the in-plane NICS(0) values at the centers of CBB
and CBE triangles, while the n-aromaticity was evaluated by the
NICS(1) values at 1 A above the centers of the CBB and CBE
triangles as well as above carbon atoms. As shown in Table 1,
most of the NICS(0) values are negative, showing that these ppC
species are c-aromatic. The obvious positive NICS(0) values can
be found at the center of the CBE triangles of the 20 ve species 5a
and 10a, which may be due to the influence of their dispersive
valence lone pairs. In contrast, all of the NICS(1) values are
negative despite the number of n orbitals, revealing that all these
species are m-aromatic. Such a result proves again that the 4c-2e
and 3c-2e m orbitals mainly originate from the p lone pairs of E
atoms, so that they contribute little to the m electron delocaliza-
tion of these molecules. Taken together, 3a-12a should be ¢ and

Table 1 Wiberg bond indices (WBIs) of C, E, C-E, E-E, C-By, and C-Bg
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n double aromatic species.'” It is interesting that the largest
negative NICS(1) values can be found in the 18 ve species 4a.

Planar pentacoordinate boron (ppB) counterparts

Considering the previous common view that boron is more
competitive for the planar hypercoordinate positions than carbon,
we also studied the structures where two E atoms are attached to
the opposite side of a CB; rhombus, leading to boron-centered
isomers. The counterparts of 3a-12a are given in Fig. 5, while those
of other ppC structures are given in Fig. S1 and S2 in the ESL{ As
the figures show, a CB,E, ring can also be found for the boron-
centered structures CB;E,~ (E = Be, Mg and Ca) and CB;AlL,". Due
to the size-mismatch, the corresponding boron-centered structures
are not planar. The B-centered structures for CB;E," (E = Ga,
In and TI) are not minima as well, so they are not considered.
In contrast, other boron-centered structures have planar struc-
tures with C,, point groups and a ppB.

Stability consideration

The thermodynamic stability is very important for the experi-
mental viability of species with non-classical bonding. In this
work, we examined the thermodynamic stability of ppC struc-
tures in two steps. In the first step, we calculated the relative
energies of boron-centered isomers (using the carbon-centered
isomers as the references). In most cases, the boron-centered
isomers are lower in energy compared to the carbon-centered
structures, ie. the corresponding ppC structures are not the
global minima, so they are hard to realize experimentally. In
addition, though the boron-centered structure of CB;Al," are
higher in energy than the carbon-centered structure (9a), the
latter is not planar, and it is also not considered in the following.
In contrast, the energy of the boron-centered isomer for
CB;Mg,” (4b) is 7.5 kcal mol ! higher than that of the ppC
isomer (4a). Thus, in the second step, the CB;Mg, potential
energy surface was extensively explored. At the (Eccsper) + Gpavyp)/
BS1 level, 4a and 4b are global minima and the fourth lowest
isomers, respectively. The second and third lowest isomers (see 4¢
and 4d in Fig. S3, ESI¥) locate 2.7 and 4.3 kcal mol ", respectively,
higher than 4a.

The kinetic stability is equally important for the experimental
viability of small clusters. In the present work, the kinetic

(By and Bs denote the boron atoms located at top and shoulder positions,

respectively); NICS(0) and NICS(1) values are calculated for the points at the centers of CBB/CBE triangles and 1 A above these two points as well as above

the C atom

WBI NICS(0) NICS(1)

C E C-E E-E C-B;¢ C-Bg CBB CBE C CBB CBE
3a 3.47 0.89 0.18 1.05 1.03 —6.2 —0.6 —6.8 —12.0 —2.8
4a 3.37 1.56 0.14 0.64 1.04 1.03 —16.7 —2.1 —25.5 —20.9 —11.5
5a 3.42 1.02 0.21 1.05 0.98 —11.8 +10.0 —19.2 —13.6 —3.8
6a 3.68 2.35 0.62 0.93 0.89 —7.6 —19.8 —7.7 —4.5 —8.5
7a 3.88 2.53 0.66 0.96 0.80 —36.5 —33.5 —16.5 —11.2 —10.2
8a 3.36 1.02 0.13 0.94 1.07 —11.4 +4.3 —9.6 —14.1 —-3.0
9a 3.37 1.64 0.24 0.48 0.85 1.02 —20.7 —11.7 —14.5 —10.0 —4.2
10a 3.45 1.44 0.41 0.90 0.87 —-7.0 +10.1 —194 —12.2 —7.2
11a 3.80 2.81 0.83 0.78 0.71 —4.3 —26.4 —12.3 —6.5 —12.0
12a 3.98 2.44 0.79 1.03 0.68 —37.8 —32.7 —13.6 —11.0 —6.7

12646 | Phys. Chem. Chem. Phys., 2018, 20, 12642-12649

This journal is © the Owner Societies 2018


http://dx.doi.org/10.1039/c8cp01193a

Published on 06 April 2018. Downloaded by Shanxi University on 10/9/2018 12:54:52 PM.

Paper

Anions

3b (c,, CB,Li,)
AG=-117

7b -(CZV CB,P,)
-57.0

5b (c,, CB,Al)

AG=-116 -20.4

Cations

8b (c,, cB,Mg,") 9b (c, cBALY)
AG=-159 6.0
+0.14.1:429

#0.62
11b (c, cB,P,)
—28.4
Fig. 5 Optimized structures of the ppB isomers of CBzE," and CBzE,~
(E = Li, and the third row elements) with necessary bond lengths (in A) and
point groups. The NBO charges are given in italic blue and the free

energies relative to ppC isomers (AG) are given in kcal mol™.

10b (c,, cB,si,")
AG=-16.2

12b (c,, cB,s,)
-73.5

0.4

o 4K
0.2 .
<L 0.0
E i 298 K
g 0.2
[0 0:0 500 K
0.2 ‘ ‘
0.0+ - T - T - T T T T |
0 20 40 60 80 100

Time (ps)

Fig. 6 RMSD versus simulation time in the BOMD simulations of 4a at 4,
298, and 500 K, respectively.

stability of global minimum 4a was studied using Born-
Oppenheimer molecular dynamic (BOMD)'® simulations at 4,
298, and 500 K and at the B3LYP/6-31G(d) level. The structural
evolution during the simulation was described by root-mean-
square deviation (RMSD, in A) of the structures relative to
the B3LYP/6-31G(d)-optimized structure. As shown in Fig. 6,
at three different temperatures, the RMSD plots of 4a do not
show an upward jump and the fluctuations of RMSD values are
relatively small, which suggest 4a is kinetically stable at least
up to 500 K.

This journal is © the Owner Societies 2018
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Being an anion containing only three elements, the kineti-
cally stable global energy minimum 4a is suitable for generation
in the gas phase followed by detection using PES. Compared to
previous ‘‘suitable” candidates, 4a does not contain the toxic
beryllium atom, so it would be much more attractive to our
experimental colleagues for the realization of species with a ppC.

Conclusions

We found a CB; subunit in hyparene building blocks and proved
that it was rather rigid upon attaching other atoms. Using CB; as
the basic structure, we computationally designed a family of
species CB3E,? (¢ = +1) with a ppC, where most of the main
group elements were attested to be feasible E atoms. In spite of
the number of total valence electrons, the ppC atoms in these
species were involved in four valence orbitals, so the octet rule
is not violated, which can be identified by the total Wiber bond
index values under 4.00. All these ppC species are ¢ and =«
double aromatic in nature. Though most of the ppC structures
are less favourable in energy than their boron-centered isomers,
the CB;Mg,  ppC structure was verified to be the global energy
minimum with good kinetic stability. Different from previously
reported anionic global minima with a ppC, CB;Mg,  does
not contain the hyper-toxic beryllium atom, which makes it a
good target for the experimental realization of a perfect ppC
structure.

Computational methods

The structures designed in this work were optimized and char-
acterized to be true minima by frequency analysis calculations at
the B3LYP/BSI level, where BSI denotes a mixed basis set, aug-cc-
pVTZ for Li-Se and aug-cc-pVIZ-PP for heavier elements. The
B3LYP/BS1 results were calibrated using the double hybrid func-
tional at the B2PLYP-D/BSI level. Natural bond orbital (NBO)"?
analysis and nucleus-independent chemical shift (NICS)"* calcu-
lations were performed at the B3LYP/BSI level. In order to further
understand the chemical bonding pattern of these structures,
adaptive natural density partitioning (AANDP)'" analyses were
carried out for the species shown in Fig. 1 and 3 at the B3LYP/
6-31G level. The relative energies between the ppC structures and
their boron-centered isomers were compared by single point
energy calculations at the CCSD(T)/BS1 level and corrected using
B3LYP/BSI Gibbs free energies, which was abbreviated as
(Eccsp(r) + Gearye)/BS1. The searches for the global minima of
CB;", CB; ™, and CB;Mg,~ were carried out by exploring potential
energy surfaces using the stochastic search algorithms.'® The
initially generated structures were optimized at the B3LYP/
6-31G(d) level. Then, twenty lowest energy minima were re-
optimized at the B3LYP/BS1 level. Finally, the energies of the
lowest ten isomers selected from re-optimizations were com-
pared at the (Eccspir) + Gearyp)/BS1 level. Born-Oppenheimer
molecular dynamic (BOMD)'® simulations were conducted at
the B3LYP/6-31G(d) level for 100 picoseconds to access the
kinetic stability. The stochastic search was realized using the
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GXYZ 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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