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We predict the assembly and stabilization of the silicon-doped all-metal aromatic unjt aded on
the density functional calculations on a series of model compounds [RJBIFI as well as the saturated
compounds [D(SiA)M,] ((D = SiAl;~, Cp (CsHs™); M = Li, Na, K, Be, Mg, Ca) and the more extended
sandwich-like species. For all six metals, SiAkan be assembled only irhéterodecked sandwith
scheme (e.g., [CpM(SiA)]9") so as to avoid cluster fusion. Interestingly, among all the designed sandwich
species, SiAI- generally prefers to interact with the partner deck at the side f#\br Al —Si bonds) or
corner (Si or Al atoms) site, in contrast to the known decks such as B&p, N2, and Al?~, which
take the traditional faceface interaction type. Such interaction types present an interesting growth pattern
that might be applicable to the assembly of Si-doped all-metal aromatig SiAits into highly extended
sandwich complexes. Our results for the first time showed that the electronic, structural, and aromatic
properties of the silicon-doped all-metal aromatic $iAdould be well-retained during cluster assembly.

1. Introduction

“Aromaticity” in organic compounds has been one of the most
important concepts in chemistry for more than a century. The
unexpected observation of the square-planaAlunit in
bimetallic compounds MAI (M = Li, Na, Cu) by Li et al. in
2001 has led to the concept of “aromaticity” in the all-metal
species. Many of these aromatic species, such as XAX =
Si, Ge, Sn, Pb}M42~ (M = Ga, In, Tl, Sb, Bi> > M42" (M =
Se, Teff M3~ (M = Al, Ga),” AlgZ~ 8 Hgs6~,° Mf~ (M = Ge,

Sn, Pb)° Ms™ (M = Sh, Bi)*12 AusZn™, 18 Cug®t 14 Cuy? 15
and [Fe(%)] * (X = Sb, Bi),'® have now joined the growing
all-metal aromatic family” These species are usually electron-
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deficient and possess large resonance stabilization enéfgies,
which is ascribed to the “multiple aromaticity” featufe.
Because of their interesting chemical structures, bonding proper-
ties, and potential application in material science, it is no surprise
that the all-metal aromatic species have received very extensive
attention in various aspects, i.e., fundamental stdynd
application researcH.Interestingly, the experimental identifica-
tion of some species (e.g., Al and Hg®") was earlier than

the milestone AP~. In particular, Hgé~ already existed in
ancient amalgamdlit is thus reasonable to state that the all-
metal aromatic molecules have played and will continue to play
an important role in novel materials science. The further and
ultimate goal is surely to design novel one-dimensional (1D),
two-dimensional (2D), and three-dimensional (3D) cluster-
assembled materials based on the concept of “all-metal aroma-
ticity”. Yet, as Kuznetsov et al. statéd,..the question remains

if the X42~ aromatic rings can be incorporated into sandwich-
type complexes...” (%= Al, Ga, In). We feel that such issues
should also exist for the assembly of other all-metal aromatic
species.
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Doping is a very important technique in cluster and materials performed to check whether the obtained structure is a true
science. We are aware that some heterodoped all-metal aromatieninimum point with all real frequencies or a first-order transition
species have been experimentally obse/éd. a basic step  state with only one imaginary frequency. Despite its widespread
toward understanding the doping effects of the assembly of the use, aromaticity is more a concept rather than a directly measurable
all-aromatic units that might be utilized in the future, we made guantity. Consequently, measurements of aromaticity rely on many
an attempt to assemble a heterodoped all-metal aromatic unit diverse criterig* Among them, the nucleus-independent chemical

The Si-doped all-metal aromatic unit SiAF is taken for our
model design. Here we consider an important and widely applie
strategy, $andwiching, which is probably the most powerful
one for the assembly of a stable unit (e.gsHE (Cp™)) into
molecular materials and has gestated a rich chemistry of
metallocenes (GiM).2° It is known that in traditional metal-
locenes (CgM) the interaction between the metal atom and the
sandwiching unit is mainly ionic. It is thus reasonable to expect
that the monoanionic SiAt deck should also preferentially
interact with the metal atom via ionic interaction. In addition,
the lower electronic negativity of alkali elements Li, Na, and
K and alkaline-earth Be, Mg, and Ca make them likely to form

ionic interactions, which makes alkali and alkaline-earth metals

good candidates to test the ionic interaction of the SiAleck

in the sandwich-like complexes. We found that for all six metals,
M = Li, Na, K, Be, Mg, and Ca, the assembly of SjAlcannot

be realized in the traditionalhfbmodecked sandwitHorm
[(SiAl3)M]9~. However, our recently proposetiéterodecked
sandwicli schemé® (e.g., [CpM(SiAE)]9") is very effective in
assembly. The good structural and electronic integrity of the

shift (NICS), based on the “absolute magnetic shielding” taken at

g the center of a ring compound, is widely used and has been proven

to be accurate for ordinary cyclic carbon compouttdRecently
this method has also been successfully used for inorganic cyclic
aromatic compound®, including the characterization of the so-
called d-orbital aromaticity? Thus, the NICS values were also
calculated at the B3LYP/6-3#1G(d) level of theory. A positive
value of the NICS indicates that the molecule is antiaromatic; a
negative value indicates the aromaticity of the molecule. The NICS
calculated at the center of the square (NICS(0)) describes the
aromaticity, and the NICS more thd A out of the square plane
(NICS(1)) describes ther aromaticity of the molecule. All the
calculations were performed with the Gaussian-03 progfam.

3. Theoretical Results and Discussion

Our research takes the following scheme: model sandwich
species (singly or multiply charged anions), saturated sandwich
species (with counterions), and extended sandwich species. Such
a scheme has been applied to many charged systems. In a
number of cases, the B3LYP method has been proved to be

SiAls~ unit within the designed assembly systems leads us to cost-effective, saves on disk space, and is reliable in predicting

propose that the all-metal aromatic SJAlmight act as a
building block or inorganic ligand in cluster-assembled molec-
ular compounds.

2. Computational Methods

Initially, we fully optimized the geometries of [D(SigM]4~
(D = SiAlz~, Cp; M = Li, Na, K, Be, Mg, Ca) by employing
analytical gradients with a polarized split-valence basis set (6-
311+G(d)Pt and using the hybrid method, which includes a mixture
of Hartree-Fock exchange and density functional exchange cor-
relation (B3LYP)?2 as implemented in Gaussian &3After
geometrical optimization, normal mode vibrational analysis was
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Reactuity, Applications Wiley-VCH: Weinheim, Germany, 1998.

structures and energetics. The successful applications of the
B3LYP method by our own and other groups motivated us to
perform the B3LYP/6-312G(d) calculations for the present
system in a systematic way.

In order to get insight into the sandwich-type interaction
forms, here, we make some additional interpretations on the
sandwich-type interactions. We are aware that the usual defini-
tion of the traditional sandwich-type compounds, of which the
two decks are parallel rings (e.g., Fegf# CrBz2%), was formed
after the discovery of ferrocenes (Fefff? and dibenzene
chromium (CrBz).280 After analyzing various sandwich-like
compounds and interaction forms, we think that the definition
of sandwich compounds should not be limited to the forms of
the parallel rings. Sloped sandwich-type formsXgHX = C,

Si) have been known for a long time. Thus, we propose that
the sandwich compounds are the interactions of the-tlecie—
deck in various forms. The decks can be organic, inorganic,
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can be not only transition-metal but also main-group-metal and
nonmetal atoms. The coordination number of the ligand in the
sandwich compounds could é8. The beryllocene BeG¥
adopts an®/nt slip-sandwich structure, which is very similar
to the face-corner (f-c) sandwich-type forms of [CpM(Si#J4 .
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Figure 1. Six possible sandwich types of [(S#dM] 4 (I—VI) for each M. In each type, one unit can rotate along the axis’lan@ 90.
Moreover, Si and Al atoms can be exchanged in each type.
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The energy values are in kcal/mol.
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So, our original redefinition of sandwich compounds has a basis sandwich forms and the lowest-energy fusion forms, are
in traditional metallocenes. schematically shown in Figure 2. The other isomers can be found
On the other hand, some oligomeric and polymeric metal- in the Supporting Information (SI). First, for all six main-group

locenes existent in the crystal solid have been known for a long metal elements, the sandwich spedisV, andVI have very
time. Our designed extended structures are very similar to the close energies to each other and are all energetically lower than
cyclopentadienyl-element clustétge.g., see ref 30, Figure 3, | || andlll . Via the rotation of the SiAldeck along different
refs 17 and 18) or oligomeric cyclopentadienyl-element com- axes,| —Ill can be easily converted to the lower-enelgy-
plexes. Thus, we can view our designed extended S{ructures as;| The interconversion betwedvi andV! via simple rotation
extend_et;ll l_slfmdwmh-llke C(_)mpounds _(JUSt l'ki_ the extendefd is also very easy, which can be indicated by the very small
Z?)Rdi\)mc -like compounds in our previous work; e.g., see refs rotation frequency. Second, from Figure 2. we can see that the
o lowest-energy fusion isomers are energetically lower than the

Homodecked Sandwich-Type Compounds: [(SiA).M] 9. .
: oo g lowest-energy sandwich structures by 50.3, 48.9, 48.9, 56.0,
As a model calculation, we first investigated the assembly of .
Hhaion, we iirst investg YOl 44.0, and 50.9 kcal/mol for M= Li, Na, K, Be, Mg, and Ca,

the all-metal aromatic SiAf in the traditional homodecked . )
sandwichi form [(SiAl 3),M]9~ with M = Li, Na, K, g = 1; M respectively. The lowest-energy sandwich structures are ener-

= Be, Mg, Ca,q = 0 at the B3LYP/6-312G(d) level. The getically high_er than many fusion isomers and are thus
possible sandwich types are shown in Figure 1. The type thermodynamically unstable.
structure is similar to the well-known metalloceneskpin Heterodecked Sandwich-Type Compounds: [CpM(SiA)]9~
which two Cp adopt the faceface (f-f) type. After a detailed  gnd (M*)4[CPM(SIAl 3)]9~. As known from the preceding
structural search at the B3LYP/6-3tG(d) level, the energy  sections, the Homodecked sandwitform is not the ground-
profiles of the most relevant [FAl¢M]9™ species, i.e., all  gtate structure for all six homodecked systems:ARBLI] ~,
A [S|2A| 6Na]‘, [S|2A| GK]_, [S|2A| 6BE], [S|2A| eMg], and [SkA' 6"

83 l\\]/IuOtZ;)‘ici.frtlegsu\:\];g:g’mNaCdngnﬁhIt?heé &/IQSEDgEgNgaQ[_Jrgo%?am Schaftenaar, Ca]. This indicates that the all-metal aromatic SiAtannot

G. MOLDEN3.4 CAOS/CAMM Center: The Netherlands, 1998. be used to sandwich the atoms of Li, Na, K, Be, Mg, and Ca in
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Figure 3. Low-lying sandwich forms of [CpM(SiA)]9~ (M = Li, Na, K, g= 1; M = Be, Mg, Ca,q = 0) and the lowest-energy saturated
sandwich forms of (M)[CpM(SiAl3)]~ (M = Li, Na, K) obtained at the B3LYP/6-31#1G(d) level. Energy values are in kcal/mol. “B(1)"
denotes the binding energies between iAind CpM; “B(2)” denotes the binding energies betweenGmd M(SiAk)a" (M = Li, Na,

K, g = 0; M = Be, Mg, Ca,q = 1). “N(0) and N(1)" denote the nucleus-independent chemical shift (NICS) at the ring center and 1 A
above the ring of SiAl", respectively. “C(0)” and “C(1)” denote the natural charge distributions on the fragmentsa&h\Cp, respectively.

“B” denotes the binding energies between CpM and M(§iAl the saturated sandwich species €MLi, Na, and K).

the traditional homodecked sandwithscheme. Here, we  assembly. Here, we simply call the Cp rings spacer groups to

propose that a rigid unit such as the versati€sHs~ (Cp~) demonstrate their organometallic chemical effects in our de-
might cooperate with the all-metal aromatic SjAto sandwich signed heterodecked sandwich-type complexes. On the other
the metal atoms M by avoidance of fusion. We call the new hand, Cp rings are electron acceptors, which receive electrons
scheme heterodecked sandwitR® A new class of sandwich  donated from the metal atoms to form the closed-shell anions
compounds [CpM(SiA)]9~ can then be designed. Such com- Cp~, which interact with the metal atoms through electrostatic
pounds are intuitively of special interest because they contain or ionic interactions. The fragments (Qp(Md*), and (SiA™)
both the classic organic aromatic unit Cpnd the novel all- form sandwich compounds [CpM(Si#]9~ by ionic electrostatic
metal aromatic SiA. interactions. This interaction forms (Cp-(M%")—(SiAl3z™)
Interestingly, the rigid organic aromatic Cgplays double (anions and cations alternately arranged through electrostatic
roles (both electronic and steric) in the cluster assembly of interaction), can develop into highly extended 3D sandwich-
molecular compounds. From the viewpoint of steric effects, the like species, e.g., oligomers or polymers, which is a common
Cp rings are essentially spacer groups, which can effectively phenomenon for the metallocenes of the main-group elements,
separate, isolate, and protect the exotic all-metal aromatic especially for alkali and alkaline-earth metallocenes, that are
SiAl3™, so as to prevent the Sifdl clusters’ fusion during cluster ~ known for a long time.
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Various isomeric forms for each of the six main-group Doping Effects in the Assembly and Stabilization of All-
elements (M= Li, Na, K, Be, Mg, Ca) were searched. For Metal Aromatic SiAl 3~. In this section, we discuss the doping
simplicity, only the lower-lying sandwich structures are shown effects of the assembly and stabilization of Si-doped all-metal
in Figure 3. Others can be found in the Supporting Information. aromatic SiA}~. Si-doping leads to some interesting phenomena
For each alkali metal M (Li, Na, K) and each alkaline-earth and characteristics: (1) the number of sandwich-type forms of
metal M (Mg, Ca), there are three kinds of sandwich forms, Si-doped SiAd~ is more than that of pure &, (2) the f-c
19-(f-c), 19-(f-f), and19~(f-s), with the former associated with ~ (corner is Si atom) sandwich forms are low-lying structures in
the “face (Cp)—corner (SiAg™)” (f-c) type and “face (Cp)— our designed SiAl-based sandwich-like complexes, and there
face (SiAk™)” (f —f) type, and the latter with the “face (Cp- is a slope of the fragment CpM in the f-f sandwich forms
side (SiAk™)” (f-s) type. The three sandwich forms can easily compared with that of pure 4-, (3) the gradient of the slope
convert to each other via simple rotation (the rotation frequency of CpM in the f-f sandwich forms increases from Li (Be)
is very small). For alkaline-earth metal ¥ Be, there are three  Na (Mg) — K (Ca), due to the increasing ionic characters in
kinds of sandwich formsl(f-c-1), 1(f-f), and 1(f-c-2), and one the order Li (Be)— Na (Mg)— K (Ca). The above facts could
of the f-c forms is converted from the f-s form during the be explained by the electrostatic interaction between €pM
geometrical optimization. The three sandwich forms can easily and SiAk™. The subunit CpM is apt to interact with the Si atom
convert to each other via simple rotation. Interestingly, among in SiAls™ due to the larger difference of electronegativity
all the designed homodecked and heterodecked sandwichbetween M and Si atoms compared to that of M and Al atoms
species, the all-metal aromatic SiAl generally prefers to  for the same metal atoms.

interact with the partner deck SiAl or Cp~ at the side (At Nature and Origin of Fusion. Why can the assembly of
Al or Al =Si bonds) or corner (Si or Al atoms) site. First, metal SiAlz~ only be realized in the form of thehéterodecked
atoms are likely to interact with Si atoms in the SJALnits in sandwich scheme instead of the traditionahdmodecked

the heterodecked sandwich species due to its large electronesandwicli scheme? Why would thehbmodecked sandwith
gativity. Second, metal atoms are inclined to interact withrk Al assembly lead to fusion between two SiAtlecks? To answer

Al bonds in the SiAd~ units due to the second large negative these questions, let us analyze the origin of such fusion.
charge distribution in A+Al bonds. This is in contrast to the  Intuitively, the monoanionic all-metal aromatic SiAlbears
already known decks such as the famous and versatitea@g both fusion and ionic characteristics. From a combinational
the carbon-free and exoticP292¢ Al 2~ 20¢-f gnd N;2—,209-i viewpoint, when the decks P~ and D" and one M* ion
which prefer the traditional faceface interaction type. Thus,  are brought together, two types of reaction processes might take
the designed sandwich species in this paper represent a newlace, i.e.,

kind of metallocenes. Among all the calculated [CpM(S)M™ (1) ionic interaction: @™ + Md" + D" — (D, )M (D)
systems, the planar Cystructure is well-maintained, indicative (2) fusion interaction: B + D" + Mt — MDD, MM~

of the unique “rigidity” of this organic unit. Fusion of the Cp

. ' - In process (1), each sandwich deck;{D and DB")
and SiAg~ decks to form new €AI, C—Si, or C—M bonds is

undergoes electrostatic interaction witli'™Mo form a sandwich-

energetically _unfavorable. The rigi_d o_rganic dec_k‘Opan like structure (™ )M+ (D,"). Process (2) is associated with

effectively assist the all-metal aromatic SiAto sandwich metal the “clustering fusion”. In principle, there is a trend for any

atoms. two decks to form a more coagulated cluster containing more
For the purpose of actual synthesis, we also designed neutrabonds so as to lower the system energy.

species (MJ[CpM(SiAl3)]~ (M = Li, Na, K; g = 1) (see Figure The competition between processes (1) and (2) determines

3) with counterions M. For each M, the lowest-lying sandwich  \yhether formation of a sandwich-like complex can lead to
isomer in charged [CpM(SiA)]%” is also the ground-state  energetic stabilization or not. In the traditiondidmodecked
structure in neutral (MCpM(SiAl3)] . Surely, the counterions  sandwicti form, the fusion interaction overwhelms the ionic
have little influence on the nature of the ground'state structure. interaction because of the favorable cluster Coagu|ation_ The
The results of the above calculation have demonstrated that thehonding within the all-metal aromatic SiAl is not strong
f-c, f-f, and f-s interaction types are common phenomena in enough to prevent fusion. So, as shown above, the homodecked
the extended systems. Such an interesting growth pattern mightsandwich structures are energetically much less stable than the
be applicable to the assembly of Si-doped all-metal aromatic fused isomers. Yet the situation is quite different in the novel
SiAls™ into highly extended sandwich-like compounds. “heterodecked sandwittiorm. The fusion tendency can be
From Figure 3, we can see that the strength of the bonds greatly suppressed due to the introduction of the rigid sandwich-
Cp—M(SiAl3) (noted as B2” in Figure 3) ranges from 53 to  ing partner Cp. The large organic aromaticity allows Cpo
203 kcal/mol, and the strength of the bonds Cp{8iAls) (noted keep its (nearps;, structure. Any fusion with SiAl™ will destroy
as ‘B1” in Figure 3) range from 20 to 156 kcal/mol in the the aromaticity of Cp and greatly raise the system energy. As
heterodecked sandwich-type complexes [CpM(9iAt. Thus a result, only in the form of the novehtterodecked sandwith
the binding energies of the Cp ring to metal atoms are larger scheme can the all-metal aromatic SiAbe assembled into
than that of the (SiA)) ring to metal atoms, and the bonds-€p  sandwich-like complexes.
M(SiAl3) are stronger than the bonds CpNBiAls) in the Extended Sandwich Structures Based on All-Metal Aro-
heterodecked sandwich species. Such phenomena are mainlynatic SiAls~. It is known that some metallocenes can form
ascribed to the high stability and strong aromaticity of the highly extended sandwich complexes ranging from nanoscale
closed-shell organic rigid deck Cpwhich leads to the stability  structures to polymers, and even bulk solid mateffaWe thus
of the dissociation fragments (Cpt M(SiAl3)d"), which is further designed the all-metal aromatic SSAbased extended
higher than that of the dissociation fragments (CpM+ systems containing more Cpand SiAk~ units in various
SiAlz7). In summary, the two kinds of ionic electrostatic heterodecked sandwidbrms at the B3LYP/6-31G(d) level.
interactions (Cp-M(SiAl3) and CpM-(SiAls)) connect the two For systemic consideration, we considered various combinational
decks Cp and SiAk~ by the bridge of metal atoms to form  forms according to different coordinated directions (face, side,
the heterodecked sandwich-type complexes-Mp-(SiAls). and corner) of the SiAt unit. In Figure 4, some selected low-
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Figure 4. Low-lying extended sandwich complexes of (Cpl(BiAls™), obtained at the B3LYP/6-38G(d) level for fn,n) = (2,1), (3,1),
and (4,1). “B” denotes the binding energies between $Sidhdm(CpLi). “N(0) and N(1)” denote the nucleus-independent chemical shift
(NICS) at the ring center ahl A above the ring of SiAl, respectively. “C” denotes the natural charge distributions on the fragments

SiAls.

HOMO-2 HOMO-1 HOMO

" 2 b) CpLi(SiAl;)~
—d }J I
J

HOMO-1 HOMO HOMO-2
Figure 5. B3LYP/6-31H-G(d) characteristic orbital diagrafiof (a) [SiAls]~ and (b) [CpLi(SiAk)]~. The pink balls represent Li atoms,
the orange balls represent Al atoms, and the light blue balls represent Si atoms. The black and white balls represent C and H atoms,
respectively.

lying species are shown. Many other designed extended NBO®? analysis. The NPA charges on the Si atoms range from
sandwich structures can be found in the Supporting Information. —0.74 to —1.64 |e| in the heterodecked sandwich-like com-
From Figures 3, 4, and 5, we can see that the structural andPounds [CpPM(SiAY)]™, whereas the Al atoms bear almost no
electronic integrity and the orbital features of the Si-doped all- charges or slightly negative charges in the SiAhit in
metal aromatic unit SiAl are well-maintained during the [CPM(SIAls)]™. Thus, the negative charges are mainly localized
heterodecked sandwiching. Figure 5 illustrates the selecteda:ntglfe?LZ:??f Igethaet'sgbcuhnalltr Seléillq;?]etﬁ;g:‘ ?ﬁ:ds,bsg; aThe
orbital diagrams of [CpLi(SiA)]~ as well as the comparative S gatv g€ ' .
species SiAJ~. We can see that the three characteristic orbitals NPA charges on alkali atoms (Li, Na, and K) range ”0".‘ 0.79
in the free SIA}~ (one delocalizedr (HOMO—1) and two to 0.88|§|, from 0.84 to Q.9Qe|, and from 0.86 .to 0.97€| In
delocalizedo (HOMO and HOMG-2)), which contribute to [CpM(S'A|3)] for M = Li, Na, and K, respectively. For the
the so-called “multiple aromaticity!® can be found in hetero- alka:‘hne-ela;fth atolms, the Ng?‘ charlge$ ranlgt; ffom 128!\/}0 1.46
decked sandwich compounds [CpLi(SiAl. A significant lel, from 1.49to 1.63el, and from 1.67 to 1.72¢} in [CpM-

) ) (SiAlg)] for M = Be, Mg, and Ca, respectively. We can see
difference is that the HOMO, HOM®1, and HOMG-2 ; : -

' ' that the NPA ch Ikali at Li, N d K lightl
orbitals in the free SiAf~ are moved to HOMG2, HOMO, amhe charges on alkali atoms (Li, Na, and K) are slightly

departed from the formally positive charge-bt. For alkaline-
and HOMO-1 in [CpLi(SiAls)]~, respectively. It should be P y positv g I

pointed that the HOM©O2 in the [CpLi(SiAk)]~ (HOMO in (32) (a) Bauernschmitt, R.; Ahlrichs, REhem. Phys. Lett1996 256,

the free SiA§™) plays an important role in the cluster bonding. 454. (b) Gisbergen, S. J. A. van.; Kootstra, F.; Schipper, P. R. T.; Gritsenko,
d insiaht i he i . f desi d O. V.; Snijders, J. G.; Baerends, E. Phys. Re. A 1998 57, 2556. (c)
In order to get insight into the interactions of our designe Matsuzawa, N. N.; Ishitani, A.; Dixon, D. A.; Uda, 0. Phys. Chem. A

heterodecked sandwich-type complexes, we performed detailed2001, 105, 4953.
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earth atoms (Be, Mg, and Ca), the NPA charges are slightly Li (Be) — Na (Mg) — K (Ca), and the orbital interactions still
departed from the formally positive charge-b2, whereas for play a minor role in the bonding interactions in our designed
Be, the departure is slightly larger due to its large covalent heterodecked sandwich-type complexes.
property. Aromaticity is an interesting property in the sandwich-type
Generally, the ionic electrostatic interactions usually refer to complexes. We thus investigated the aromaticity of our designed
metal atoms’ interaction with the negatively charged Cp ring, heterodecked sandwich-like complexes through NICS(0) and
thus having larger M-Cp-ring distances, whereas the covalent NICS(1). From Figures 3 and 4, we can see that the aromaticity
interactions usually refer to formation of a metal atom bond (*N(0) andN(1)" values in Figures 3 and 4) of the SiAlunits
connecting to one of the atoms of the Cp ring, thus having a within the assembled compounds nearly amounts-84.30
shorter M-Cp-ring distance, which leads to a slipped-sandwich (N(0)) and —26.56 ((1)) ppm, like that in free SiAf,
structure. The face structures of SjAllook to be displaced suggestive of the good aromaticity-conservation in the cluster
from the center of the ring due to the minor orbital interactions assembly. Heterodoping by the Si atom still nicely keeps the
in [CpM(SiAl3)]9~. However, our NBO analysis has demon- all-metal aromaticity of SiAd~. This is understandable because
strated that the fragments CpMa*, and SiAk~ are connected Si and Al are neighboring elements with similar properties, so
mainly through electrostatic interactions to form sandwich-type the assembly of SiAt should resemble that of &2 Thus,
complexes CpM—(SiAlg). Additionally, the negative charges  SiAls™ could act as a new type of building block or inorganic
are not even distributions on the four peripheral atoms of the ligand in the cluster-assembled molecular compounds. To our
SiAl3~ ring. The negative charges are mainly distributed on the knowledge, this is the first time that a Si-doped all-metal
Si atoms due to the larger electronegativity of Si than that of aromatic unit has been considered as a building block or
Al. Following the theorem of electrostatics, the positively inorganic ligand.
charged M atoms in the fragments CfiiMend to interact with
the negatively charged Si atoms in the fragments $SiAl 4. Conclusions
[CpM(SiAl3)]9~. Thus, the corner atom Si is bonded to the metal . i .
atoms in some low-lying facecorner (f-c) sandwich-type forms In summary, our work describes the first attempt to prgdlct
[CpM(SiAl3)]9~. Moreover, the NBO analysis demonstrated that f[he incorporation of the heterodoped aI_I-metz_aI aromatic _§|AI_
the positive and negative charges are dominantly positioned atiNt® @ssembled molecular compounds in various sandwich-like
the M atom and Cp unit, respectively, indicative of the major [0rMS. Our designed sandwich-type species await future ex-
molecular formula (CpM*(SiAls") (q = 1 for M = Li, Na, penmgntal venﬂcgtlon. The designed sa'ndW|ch-I.|ke species can
K andq = 2 for M = Be, Mg, Ca). It should be noted that the ~9rOW into more highly extended sandwich species (_|n 1D, 2D,
deviation from the formula (CHMa+(SiAls™) is slightly larger and 3D molecular or nanoscale forms) _based on $SiABuch
for M = Be (the NPA charges of SiAlnits in [CpBe(SiAb)] assembly procedures coulo! also be applied to many other group-
range from—0.50 to—0.67 |e; the NPA charges of Cp units  |/-doped all-metal aromatic molecules, such as XA(X =
in [CpBe(SiAk)] range from—0.74 to—0.79|e]) due to its large Ge, Sn, Phb). Compa_red to the traditional metallocene with only
covalent property. Cp~ decks, our de_5|_gned complexes represent a new cI_ass of
We are aware that quantitative bonding analysis of main- metallocene containing the Si-doped all-metal aromaticSiAl

group metallocenes [EGW(E = Be—Ba) and [ECp] (E= Li— among which SiAd~ generally prefers to use its sides (A4l

: . 3 or Al—=Si bonds) or corners (Si or Al atoms) to interact with
g)?)aﬁ]l?z:li?;ee?a?ﬁce}?;%%gz erre[Egg]] (e; ih_ez)c?k? ec Iggg?ntgft the partner deck rather than in the form of the traditional face

ing interactions are electrostatic (ranging from 79.6% to 86.4%, E‘C? 'nﬁfliﬂ;y%g?rrfgg ksnz;)r\:g\]/v(ijjw(:kssggse_é '?rl]“ t_r;ignda or
increasing from Li— Na — K), and orbital interactions exist 4 - ’ 9 P pap

for a minor part (ranging from 20.4% to 10.9%, decreasing from ;i%re;?&t;tirgfwrlgngrg;;nﬁiag?;legfé '\\//Ivoerlle-?(\algi’nt:; ;er:eghr;)nlc
Li — Na— K). For the alkali-earth-metal metallocenes, [ELCp prop

(E = Be—Ca), the main interactions are still electrostatic designed sandwiph-type comple>.<e.s during the.cluster-.as.sembly
(ranging from 59.2% to 76.8%, increasing from BeMg — process, suggestive of a good building block or inorganic ligand.

Ca), and the orbital interactions still exist for a minor part
(ranging from 40.8% to 23.2%, decreasing from BeMg —
Ca). From the above data, we can see that the percentages dé

the orbital interactions in the alkaline-earth-metal metallocenes of China, Excellent Young People Foundation of Jilin Province,

[ECp] (E = Be—Ca) are larger than that of alkali-metal . . X
. and Program for New Century Excellent Talents in Universit
metallocenes [ECp] (E= Li—K), due to the larger covalent (NCET).g y y

properties of the alkaline-earth metals. However, for both alkali-
and alkaline-earth-metal metallocenes, the interactions are
malgly gle?trostsg%He{je, fl;).ltlolvvmgl Fr.enkln%s resdults an(: otn daII of the molecular coordinates, total energies, molecular vibrational
€ basis otour andorbrtal analysis, we have demonstrate frequencies, and the detailed results of the NBO and NICS analysis.
that the interactions are mainly electrostatic, increasing from s material is available free of charge via the Internet at
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