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Even though boron clusters are quite significant, bare boron clusters as ligands in chemical compounds are
still unknown. Triangular B is a key constituent of all-boron clusters and widely applied in the boron
compounds. As a basic step toward understanding the assembly and stabilization of bare all-boron clusters
and the possibility of their fusion during the cluster-assembly process, we made the first attempt to assemble
the smallest bare all-boron unitB Both the “homo-decked sandwich” and “hetero-decked sandwich” schemes
were applied to the assembly of Bat the B3LYP/6-311++G(d, p) level. For all the considered alkali- and
alkaline earth metals, 8 can only be assembled in “hetero-decked sandwich” scheme (e.g., Sp\B as

to avoid cluster fusion, whereas it cannot be assembled in the traditional “homo-decked sandwich” scheme
(BsMB3%") because of thermodynamic and kinetic instability. Various assembled species in extended
frameworks are designed. In particular, the dimerization of the hetero-decked sandwich-like®CigiEd

lead to a new type of antiaromatic triple-decker sandwich-like complexes G@I@B*~ that contain the
all-boron antiaromatic unit 8. Our work supports the experimental identification of th& Banion (with

M* counterions) in a photoelectron spectroscopy study. Additionally, the electronic and structural properties
of B;~ are well conserved during cluster-assembly, characteristic of a “superatom” feature. Our results are
expected to be helpful for understanding the assembly and stabilization of bare all-boron cluster chemistry.
Also, our work should give insight toward designing and understanding bare boron clusters as potential new
ligands for coordination chemistry and as new building blocks for materials science. Interestingly, our results
should provide hints to embellish, functionalize, isolate, and protect bare all-boron clusters.

1. Introduction all-boron clusters and the simplest aromatic all-boron unit, has

Nowadays, the molecular assembly and growth from a small not received as much attention as other larger all-boron clusters.
building unit to the bulk compound have become a focus in 10 the best of our knowledge, nosBbased assembled
various fieldst Boron compounds have attracted intense interest Melecular compounds have been reported.
because of their wide applicatidnand their essential roles in Triangular structure dominates a very important position in
advancing chemical bonding modél$he recently discovered ~ boron chemistry. The triangular bare all-boron clustes%*8
small bare all-boron clusters that feature planar or quasi-planarhave even been experimentally isolaté@.9 As a basic step
shape$surprised the scientific community, as the chemistry of toward understanding the fusion effects of the assembly and
boron has been diversely featured by three-dimensional struc-stabilization of the bare all-boron units, we made the first attempt
tures. In addition to the fundamental interest in developing to assemble the smallest bare all-boron aromatic ugit’Bd
chemical bonding theory, bare all-boron species might have Attempts were made to apply both “homo-decked sandwich”
potential applications as potential new ligands for coordination and “hetero-decked sandwich” schemes to the assemblyof B
chemistry and as new building blocks for materials science. at the B3LYP/6-31++G(d, pf level. We show that the
Hopefully, the already existent high-temperature superconduct-electronic and structural properties of Bare well conserved
ing MgB; solidPa ¢ containing a planar Bfragment and the  during cluster-assembly, characteristic of a “superafdesiture.
recent successful synthesis of the triple-decker (Cp*gH We believe that study of thesB—based assembled molecular
Cls and (Cp*}BeH4Cl, compound¥™ containing BCls and species should represent another important task and challenge
BeH4Cl, structural fragments provide hope that many more o the following reasons. (1) Ring strain. The strain energies
compounds with bare all-boron building blocks may be syn- ¢ ihe three-membered ring (TMR) decks are usually much
thesized in the future. Up to now, some theoretical efforts have larger than that of the four-, five-, and higher-membered rings
been reported toward designing potgntial sandwich-like com- decks. When used for sandwiching, the TMR deck may be
plexes bas?ed on the bare all-boron unig& 2B, % Bg?" e structurally destroyed to take other forms so as to release the
gnd Bs-14. Howeve_r , such desugnt_ad ha!f-sandwmh or sandW|_ch- strain energy. This might be one reason that the reported
like compounds all ignored a key issue: the .p055|b|_llty of fusion sandwich-like complexes with the TMR decks are usually very
Zgzgemebq t\xcl)soortomoourfsss)rﬁge Cl;iira ukneltscgrl:gtri]t%eﬁltuz;er_ rare compared with those with the four- and five-membered ring

y: : prises y decks. So, how to maintain the highly strainegi Binit in the

* Author to whom correspondence should be addressed. E-mail: @ssembled molecular compounds is a great challenge. (2) Fusion.
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B3~ units with presence of Mor from other mechanisms is  been proven to be accurate for ordinary cyclic carbon com-
still uncertain. It is of great interest to explore the fusion stability pounds'® Recently this method has also been successfully used
of BsMB39~ comprising the bare all-boron aromatic ung B for inorganic cyclic aromatic compound$,including the

(3) Aromaticity and antiaromaticity. In particular, such a study characterization of the so-called d-orbital aromatiéitirhus,
might provide a picture for the interconversion between aromatic the NICS values were also calculated at the B3LYP/64316G-

Bs~ and antiaromatic §~,1° both of which have been experi- (d, p) level. A positive value of the NICS indicates that the
mentally characterized. (4) Isomerism. To our knowledge, molecule is antiaromatic, and a negative value indicates the
previous theoretical studies have been restricted to the deter-aromaticity of the molecule. The NICS calculated at the center
mination of the structural and energetic properties of various of the ring plane (NICS(0)) describes tleearomaticity, and
[BaM]% isomers. But we feel that the detailed isomerism the NICS aboe 1 A out of the ring plane (NICS(1)) describes
knowledge between various structural forms is more related to the -t aromaticity of the molecule. All the calculations were
the laser vaporization processes of these species. It is knownperformed with the Gaussian-03 prograin.

that in traditional metallocenes (@), the interaction between

metal atom and the sandwiching unit is mainly ionic. It is thus 3. Results and Discussions

reasonable to expect that the monoanionjc &eck should also
preferentially interact with the metal atom via ionic interaction.
In addition, the lower electronegativity of alkali elements Li,
Na, and K and alkali earth Be, Mg, and Ca make them apt to
form ionic interactions, which makes alkali and earth alkali
metals good candidates to test the ionic interactionofdeck

in sandwich-like complexes.

Here, we report the first attempt on design of the assembled
molecular species based on thg Rinit. By investigating the
structures and stability of a series ofcompounds [DM|®B
(D =B3, Cp; M = Li, Na, K, Be, Mg, Ca) at the B3LYP/
6-311++G(d, pf level, we showed that thesB unit cannot be
stabilized in the “homo-decked sandwich” form like that of
B3sMB39~ because of its thermodynamical instability and ki-
netical lability. Instead, we applied the “hetero-decked sand-
wich” scheme to assemble;Bin the form of CpMBY~ as well

3.1. BsMB 3%~ We considered various isomers ofg[@] 9~
(M = Li, Na, K, Be, Mg, Ca) at the B3LYP/6-31-+G(d, p)
level. A selected set of the low-energy structures identified in
the search are presented in Figure 1, from which we can see
that the high-lying sandwich-like isomersRB3%~ (Ho-M19")
is only a minimum point, and can easily be converted to the
lower-energy isomer MB~ Ho-M29~ with the barriers being
9.40.6), 13.4, 14.0, 7.8, 17.2, and 11.1 kcal/mol fora¥Li,
Na, K, Mg, and Ca, respectively, at the B3LYP/6-3:tG(d,
p) and B3LYP/6-31%+G(2d, 2p) (in italics within parentheses)
levels. During the long thermodynamic equilibrium, the sandwich-
like isomer Ho-MZX~ finally invert into the ground state
antiaromatic isomer Ho-M6. Thus, the sandwich form Ho-
M19 is thermodynamically quite unstable and kinetically labile.
For some relevant species, the energies obtained at the two levels

as the extended speciesCoMBsM-+-Cp—. The isomerism 2/ close and the nature of the stationary points is the same,

resented here aave a ood support to the hotoelectroni'e" the minimum is still minimum, the first-saddle point is still
zpectroscopy stuoglly by Alegan drovapgﬂ%fMoreoveF; we for first-saddle point at the two theoretical levels. From Figure 1
the first time showed that when assisted by a rigid partner like we can see that the re§ults obta_uned atthe .BSLYP/ 6+31G-
Cp-, the B~ unit possesses the “superatom’” feature. Realization (2d, 2p) level agree quite well with that obtained at the B3LYP/

. - : s 6-311++G(d, p) level. Note that the notation Ho-®t1stands
of the Bs~-incorporated sandwich compound is very promising. for the h0r$10 ‘()I)-Io)-decked sandwich isomer (the deck 4s B

unit). “M” means the metal atom and superscript"gmeans
the charge of the total system.

Initially, we fully optimized the geometries of [DM@E]4~ The isomerization information of [§4]9~ might have further
(D=Bs", Cp; M =Li, Na, K, Be, Mg, and Ca) by employing  implications. In the gas-phase photoelectron spectroscopy study
the 6-311-+G(d, p) basis set and the hybrid density functional by Alexandrova et al" the laser vaporization of appropriate
theory method B3LYB,i.e., Becke’s hybrid three-parameter ~boron-mixed targets leads to the generation of th/B anion.
exchange functional with the LYP correlation functional. After In principle, during the laser vaporization process, magyi B
geometrical optimization, normal mode vibrational analysis was isomers (not merely the high-energy sandwich isohieM1 ™)
performed to check whether the obtained structure is a true may be formed. As shown in Figure 1, various isomers may
minimum point with all real frequencies, a first-order transition €ventually convert to the ground state isomer Ho¥Mih the
state with only one imaginary frequency, or high-order saddle long duration under thermal conditions.
points with many imaginary frequencies. To confirm whether ~ Although boron has a rich and diverse chemistry, it differs
the obtained transition states connect with the right isomers, substantially from that of aluminum. The bare freg?Band
intrinsic reaction coordinate (IR&)calculations were performed  the B>~ unit in ground state structure of MB are planar, in
at the B3LYP/6-31%+G(d, p) level. The higher theoretical ~ contrast to the 3D octahedral structure found for the isoelectronic
method B3LYP/6-311+G(2d, 2p) was also used to test the Aleg?~ and MAIA~. The former is aromatic, while the latter is
reliability of the results obtained at B3LYP/6-333%G(d, p) antiaromatic. The structure and chemical bonding of a series
for some selected species. In order to get insight into the natureof MAls~ have been elucidated. It was shown thag?Alcan
of our designed homo- and hetero-decked sandwich-type be considered as the fusion of twozAlunits. The three-
complexes, we performed detailed natural bond orbital (NBO)  dimensionalr- ando-aromaticity of Ak>~ have been evaluated
(NPA charge distributions) and orbit&{characterized orbitals) by Kuznetsov et al The chemical bonding in antiaromatic
analyses on the designed sandwich-like species at the B3LYP/MB¢~ can be interpreted in terms of combinations of two
6-311++G(d, p) level. Despite its widespread use, aromaticity aromatic B~ fragments. The antiaromatic nature of*B is
is more a concept rather than a directly measurable quantity.established by orbital analysis of ring current effects atlhe
Consequently, measurements of aromaticity rely on many equilibrium geometry of the dianion by Alexandrova et®l.
diverse criterid? Among them, the nucleus-independent chemi-  The above results seem to contrast the common belief that
cal shift (NICS), based on the “absolute magnetic shielding” “aromaticity” is usually associated with the high stability, and
taken at the center of a ring compound, is widely used and hasthat antiaromaticity is usually associated with the low stability.

2. Computational Methods
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Figure 1. Schematic energy profile for ]9~ (M = Li, Na, K, g = 1; M = Be, Mg, Ca,q = 0) calculated at the B3LYP/6-3%G(d, p) and
B3LYP/6-31H+G(2d, 2p) (in italics within parentheses) levels. Energy values are in kcal/mol. For simplicity, the notationM"tmd “q~"

for isomers are omitted. The “Nin” means the number of imaginary frequencies of the stationary point. The pink colored balls represent boron
atoms.

The homo-decked sandwich forms Ho-Wlare just local of the high stability of Cp, a new class of sandwich compounds
minima on hyper-energy surface. They are thermodynamically CpMB3%~ can be designed. Such compounds are intuitively of
unstable and kinetically labile toward fusion tg-Blusters. The special interest because they contain both the classic organic
sandwiched alkali- and alkaline earth main-group metals M aromatic unit Cp and the novel bare all-boron aromatic unit
cannot effectively hinder the fusion of twosB decks. The Bs~. Different from the homo-decked sandwich scheme, the
present results clearly demonstrate that the importance ofground state structure is the sandwich isomer Het-M1 that has
performing kinetic and fusion studies for a novel compound three types of sandwich forms, i.e., fadace (f-f), face-side
with exotic structures. Thus, thesBunit cannot be stabilized  (f-s), and face-corner (f-c). The first “face” means the plane of
in the homo-decked sandwich formB39-. Cp~, while for the second “face”, “side” and “corner” mean
3.2. CpMB3%~, The above “discouraging” results drive us to the plane, side (BB bond) and one B-atom of$, respectively.
ask the question again: “How to incorporate the bare all-boron “Het” stands for the “hetero Cpand B~ decks”. At the
aromatic unit B~ into the assembled molecular materials?” We B3LYP/6-31H+G(d, p) level, the (f-f) form is more stable
are aware that the organic aromatic speciestdsC(Cp~) has except for M= Be for which the (f-c) form is more stable than
been well-known to be a versatile unit in sandwiching metal- the (f-f) form because of the large covalent interaction between
atoms and has gestated a rich chemistry of mononuclearBe and B atoms. The Het-M1(f-8> Het-M1(f-s) < Het-M1-
metallocenes (CpMCgP2 Very recently, the Cp-pairs were (f-c) process can vividly be viewed as the openigclosure
even found to sandwich the direct Zd@n bond to form the of the B;~ deck above the “ground” deck Cand the rotation
first stable Zr-Zn bonded species CpZDp (also as the first  of the B;~ deck along the threefold axis 0B The rearrange-

dinuclear metallocenéy®<This indicates that Cpis a powerful ment of the sandwich form Het-M1 to other high-energy isomers
sandwich deck. We were thus led to wonder whether thie B is generally difficult with considerable barriers. Thus, the ground
unit can cooperate with the organic aromatic deck Gp state sandwich isomer Het-M1 can be viewed as both thermo-
sandwich metal atoms. LuckKily, it is indeed the case! dynamically and kinetically stable. Some selected low-lying

We applied the “hetero-decked sandwitti"h scheme for configurations for CpMB*~ are listed in Figure 2. In order to
assembly of the bare all-boron units into molecular materials, evaluate the stabilities of our designed hetero-decked sandwich-
i.e., metal (M) atoms are sandwiched by different decks in the type complexes, we calculated the binding energies of the
form of DMD* (D, D* = sandwich decks). By taking advantage designed sandwich species. From Figure 2, we can see that the
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Figure 2. Low-lying structures for CoMB"~ (M = Li, Na, K, g = 1; M = Be, Mg, Ca,q = 0) obtained at the B3LYP/6-3#1+G(d, p) and
B3LYP/6-31H-+G(2d, 2p) (in italics within parentheses) levels. Energy values are in kcal/mol. “B” denotes the binding energies betveeen B

CpMd*t (M = Li, Na, K, g = 0; M = Be, Mg, Cag = 1). “N(0) and N(1)” denotes the nucleus-independent chemical shift (NICS) at the ring center
and 1 A above the ring of B, respectively. “C” denotes the natural charge distributions on the fragmeamig. “NI=n" means the number of
imaginary frequencies of the stationary point. For the saddle points, we only list the relative energies and do not perform property analysis. Note
that for M = Ca, the (f-s) form is not in existence during optimization. The pink colored balls represent boron atoms.

binding energies between the fragments Bnd CpM of our
designed species are ranging from 30 to 168 kcal/mol. Such

NBO2 analysis. The NPA charges on alkali-atoms (Li, Na, and
K) range from 0.836 to 0.85p|, from 0.872 to 0.882¢|, and

large binding energies are responsible for the existence of our0.906e| in [CpM(B3)]~ for M = Li, Na, and K, respectively.

designed hetero-decked sandwich-type compounds GpMB
(M =Li, Na, K, q=1; M = Be, Mg, Ca,q = 0).

For some relevant species, e.g., CpiiiBve used the higher
method B3LYP/6-311+G(2d, 2p) to testify to the reliability
of the results obtained at the B3LYP/6-32+G(d, p) level.
From Figure 2, we can see that the (f-f) form of CpkiBs the
ground state with the relative energies 0.0) kcal/mol at two
levels. The (f-s) form of CpLiB™ is slightly energetically higher
than the (f-f) form, about 1.4(3) kcal/mol at the two theoretical
levels. The binding energies between the fragments ahd
CpMd* of CpLiB3™ are 29.829.8 and 28.428.5 kcal/mol for
the (f-f) and (f-s) sandwich-type forms, respectively. That
indicates the results agree well with each other at the two levels.

Among all the considered [CpMfB~ systems, the planar Cp
structure is well maintained, indicative of the unique “rigidity”
of this organic unit. Fusion of the Cpand B~ decks to form
new C-B or C—M bonds is energetically unfavorable, in sharp
contrast to the situation for the §BI]9~ systems. This results
in the high stability of the hetero-decked sandwich complexes
[CpMBg]9~. Thus, the rigid organic deck Cpcan effectively
assist the all-boron aromatic deck Bo sandwich metal atoms.

The “hetero-decked sandwich” scheme can both thermodynami-

cally and kinetically stabilize the $8 unit by avoiding fusion.
In contrast to the traditional homo-decked sandwich scheme,

For the alkaline earth atoms, the NPA charges are range from
1.514 to 1.537¢€|, from 1.640 to 1.661€|, and 1.712¢] in the
[CpM(B3)] for M = Be, Mg, and Ca, respectively. We can see
that the NPA charges on alkali-atoms (Li, Na, and K) are in
slight departure to ionic limit-1. For alkaline earth atoms (Be,
Mg, and Ca), the NPA charges are slight departure to ionic limit
+2, whereas for Be, the departure is slight larger because of its
large covalent property. For thesBnits, the NPA charges are
range from—0.917 t0—0.944|¢|, from —0.924 t0—0.937|€|,

and —0.948 |e| in [CpM(Bg)]~ for M = Li, Na, and K,
respectively. Thus, the NPA charges distributed gruBits in

the alkali-metal hetero-decked sandwich complexes are nearly
equal to the charge on the bare freg Bror the alkaline earth
metal, the NPA charges on the Bnits are range from-0.743

to —0.850|¢|, from —0.774 t0—0.802|e|, and—0.855|€] in
[CpM(B3)] for M = Be, Mg, and Ca, respectively. In summary,
the NBO analysis demonstrated that the positive and negative
charges are primarily localized at the M-atoms anduBits,
respectively, indicative of the major molecular formula
(Cp)M9"(B3™) (q =1 for M = Li, Na, Kandq = 2 for M =

Be, Mg, Ca). It should be noted that the departure from the
formula (Cp )M9t(B3) is slight larger for M= Be, because

of its large covalent property compared with other metals.

Aromaticity is another interesting property in the sandwich-

the present “hetero-decked sandwich” scheme can effectivelytype complexes. We thus investigate the aromaticity of our

incorporate the B unit into the assembled molecular
compounds-a new type of metallocene.
In order to get the insight into the interactions of our designed

designed hetero-decked sandwich-like complexes through NICS-
(0) and NICS(1) probes. The results are listed in Figure 2, from
which we can see that the aromaticity (“N(0) and N(1)” values

hetero-decked sandwich-type complexes, we perform detailedin Figure 2) of the B~ units within the assembled compounds
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Figure 3. lllustrative structures of [GiBsM;]9, BsMCpMB3Y, and MCpMBY (M = Li, Na, K, g = —1; M = Be, Mg, Ca,q = +1) calculated at
the B3LYP/6-313+G(d, p) level.

nearly amounts te-73.60 (N(0)) and—28.19 (N(1)) ppm as In process 1, each sandwich deckDand ;") undergoes
that in the free B, suggestive of the good aromaticity- the electrostatic interaction with W to form a sandwich-like
conservation in the cluster-assembly. structure (@™ )M9H(D,""). Process 2 is associated with the

Thus, from the above detailed analyses of the electronic, “clustering fusion”. In principle, there is a trend for any two
structural, and aromatic properties of our designed hetero-deckecddecks to form a more coagulated cluster containing more bonds
sandwich-type complexes, we have confidence to conclude thatso as to lower the system energy.

Bs™ could indeed act as a new type of building block or  The competition between the processes 1 and 2 determines
inorganic ligand in the cluster-assembled molecular compounds.,yhether formation of a sandwich-like complex can lead to

Generally, our designedsB-based hetero-decked sandwich  gnergetic stabilization or not. In the traditional “homo-decked
species are similar to the heavier homologues CpfAh both sandwich” form, the fusion interaction overwhelms the ionic

sandvx_/lch-type Interaction forms and the order of relative jo.eraction because of the favorable cluster coagulation. The
energies. The (i) forms constitute the ground state f(?':M bonding within the inorganic aromatigBis not strong enough
Li, Na, K, Mg, and Ca. For .M: Be, the (f-c) form is slight to prevent from fusion. So, as shown in section 3.1, the homo-
more stable than (f'f) f(_)rm n .bOth systems. However, Some 0.y aq sandwich structures are energetically much less stable
gg\eg\?v?é:ﬁ Sfo?:rfs Sztalrlia e:(ljiteer)](tisltr;ntth?n t\tAtlft)a %/psmlt\j;gséylpeem(f-S) than the fused isomers. Ye'g situation is quitg different in the
whereas the (f-s) sandwich forms are minima forbi, Na ' novel “hetero-decked sandwich” form. Thg fusion t.endency can
and Be. For M= K and Mg, the (f-s) sandwich forms aré sacidle- be gre_atly suppressed because of the_mtroduct_lo_n of a rigid
' ! sandwiching partner Cp The large organic aromaticity allows

points. For M= Ca, we do not search the stationary point of Cp- to perfectly keep its (near) g structure. Any fusion with
the (f-s) sandwich form in the potential energy surface, becauseBS, will destroy the aromaticity of Cpto greatly raise the

the (f-s) form converts to (f-f) during the geometrical optimiza- )
() () g 9 P system energy. As a result, only in form of the novel “hetero-

tion. . . . .
decked sandwich” scheme can the inorganic aromatic bare all-

3.3. Nature and Origin of Fusion. Why can the assembly b | b bled i dwich-lik |
of B3~ only be realized in form of the “hetero-decked sandwich” oron cluster B~ be assembled into sandwich-like complexes.

scheme instead of the traditional “homo-decked sandwich” 3.4.—CpMB3M...Cp—. We also investigated the possibility
scheme? Why would the “homo-decked sandwich” assembly of extended molecular compounds that contain three decks, i.e.,
lead to fusion between two 3B decks? To answer these two Cp and one B~ or one Cp and two B~ at the B3LYP/
questions, we analyze the origin of such fusion. Intuitively, the 6-311++G(d, p) level. For each M, we considered the assembly
monoanionic inorganic aromatic bare all-boron cluster Bears ~ possibilities in that B~ could use its face, side, or corner to
both the fusion and ionic characters. From a combinational interact with Cp in the extended structures. Some selected low-

viewpoint, when the decks 9~ and "~ and one M ion lying structures are showed in Figure 3. For compounds (Figure
are brought together, two types of reaction processes might take3e and 3f) with one Cp and two B, the fused structures
place, i.e., MCpMBg? (M = Li, Na, K, g = —1; Be, Mg, Cag = +1) are

(1) ionic interaction: @™ + M9t + D"~ — (D;™ )M (D) energetically more stable thanMCpMB3% by 56.9, 54.2, 59.9,
(2) fusion interaction: (a) "™ + D™ + Mat — 44.4, 49.7, and 59.6 for M= Li, Na, K, Be, Mg, and Ca,
Ma+[D1D5] (MmN~ respectively.
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(b) CpLiB3LiCp™

HOMO HOMO-1

@ (d) CpLiBgLiCp*~

" HOMO HOMO-1 HOMO-3 HOMO-8

Figure 4. Characteristic orbitals of (a)#, (b) CpLiBsLiCp~, (c) Bs*~, (d) CpLiBsLiCp?~ are obtained at B3LYP/6-333+G(d, p) level.
Second, in view of the strong fusion tendency of twg B H@Ge-g "

units to form B2, we explore the direct dimerization of two dley

hetero-decked sandwich complexes CpMWB The association @

of each B~ unit results in a triple-decker sandwich-like complex

CpMBgMCp?~ with M = Li, Na, K; g = 1 and M= Be, Mg, & & &

—149.3,—130.2, and-124.3 kcal/mol for M= Li, Na, K, Be, .

Mg, and Ca, respectively. The species (Figure 3g) should Y . at
represent the first sandwich-like complexes based on the all-

boron antiaromatic unit &-. The “hetero-decked sandwich” (a) (CpLi);B;~ (b) (CpLi)sB;~

scheme can effectively incorporate the bare all-boron aromatic Figure 5. The highly extended sandwich-type structures of () rice-
unit B;~ and antiaromatic unit &~ into various sandwich-like ball-(CpLi)(Bs~) and (b) cage-(CpLiJBs~) are obtained at B3LYP/
complexes. These interesting sandwich-like complexes are very6-31+G(d) level.

promising and await future experimental synthesis.

Generally, the structural and orbital features of the bare all- moved to HOMO-8 and greatly stabilized upon forming the
boron cluster B~ are well conserved during the hetero-decked hetero-decked sandwich complex.
sandwich forms CpMB~ (f-f) and CpMBMCpa~ (f-f-f). 3.5. Embellish and Functionalize Bare All-Boron Clusters.
Figures 4a and 4b illustrate the characteristic orbitatsf The above results call attention to the fundamental problem that
CpLiBsLiCp~ as well as the comparativesB We can see that  isolation and protection are quite crucial in bare all-boron cluster
the two characteristic orbitals in the freesB i.e., one assembly and stabilization so as to avoid the cluster fusion. From
delocalizeds (HOMO) and one delocalized (HOMO-1) that the prospective view, we discuss the isolation (i.e., to separate
contribute to the so-called “double-fold aromaticity”, can be the boron clusters from each other, to preclude fusion),
found in multi-hetero-decked sandwich compound CpLiBp~. protection, embellishment, and functionalization of the bare all-
A significant difference is that the HOMO and HOMO-1 orbitals boron clusters in the cluster-assembly molecular compounds.
in the free B~ are moved to HOMO-4 and HOMO-5 in  Their illustrative structures are listed in Figure 5. The capture
CpLiB3LIiCp~, respectively. Thus, the delocalized and & and stabilization of bare all-boron clusters has become a great
orbitals are greatly stabilized upon hetero-decked sandwiching.challenge toward molecular materials and solids. The “hetero-
For the free B>, its HOMO-1 and HOMO-3 are two globally  decked sandwich” scheme can effectively suppress the reactivity
delocalized-MOs, which makes it-antiaromatic, and HOMO  of bare all-boron cluster 8 by introducing neutral LiCp pairs
and HOMO-4 are two globally delocalizedMOs, which makes (Figures 2, 3ad, and 5a,b). It is even possible that the reactivity
it T-antiaromatic. Thus, &~ is double ¢ andsx) antiaromatic. of B3~ can be completely suppressed by being fully “dressed”
From Figures 4c and 4d, we can see that the double antiaromatiowith five LiCp pairs (Figure 5b) in five directions. In this way,
properties of B~ are well conserved in the extended sandwich- the bare all-boron B cluster is well captured into a “rice-ball”
like species CpLiBLICp?~ during the cluster-assembly process. structure (Figure 5a) and a “cage” structure (Figure 5b). We
Interestingly, the globally delocalized HOMO-4-MO) is call such a bare-all-boron-cluster-stabilization method “sandwich-

Ca;g= 0. The released heat is as large-d565.8,—62.1,—64.7, %@ @j
M
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stabilization”. The advantages of the new method are that (1)

the steric effect can easily be introduced by choosing suitable

“dressers” (e.g., change LiCp to LiCp* with all H-atoms
substituted by methyl groups), (2) the neutral LiCp pairs can
be facilely “undressed” when we want to have Bor further
usage, and (3) thus, the manipulation gf Bassembly should
be easy by simply capturing more all-borog Bunits dressed
by LiCp pairs.

We are aware that gas-phase anions B°2 By~ 200 and

their neutral species have been experimentally observed and,
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