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The Sc-Sc bond through the hole of CgHg in X[Sc-
CgHg-Sc]X (X = F~Br), and the uninterrupted Sc-Sc-Sc-
Sc bond-chain with both the Sc-Sc bond through
CsHs and the Sc-Sc bond between two [Sc-CsHs-Sc]
units in X[Sc-CsHs-Sc]2X are predicted. The molecules
are roughly estimated as potential electro-conductive
by the low HOMO-LUMO gaps.

Inverse sandwiches refer to complexes with the bipyramidal
structure of two metal atoms on opposite sides of an arene ligand.
Since the [Ga-Cp'-Ga]" cation with Ga(l) was successfully
synthesized as the fully ionized [B(C¢H;(CF;),)s] salt,) more
attention was focused on the particular properties of inverse
sandwiches to stabilize the metals with unusual valences, e.g. Ca(I),
U(V), Cr(I) and mixed-valent Ti(I)/Ti(I) in their triphenylbenzene,
toluene, benzene and toluene complexes,” respectively. More
chemical properties of inverse sandwiches were predicted by
theoretical investigations, such as [Mg-SisHs-Mg]** with flattened
Sis ring, Ca-C,H,-Ca with NLO properties, Ca-CgHg-Ca with singlet
diradical character, and etc..5'° Noted that although Ca-CgHg-Ca is a
singlet diradical, the complex (DME);Ca-CgHg-Ca(DME); (DME =
dimethyl ether) contains a direct Ca-Ca interaction through the CgHg
ligand."® The bond through the arene ligand might be an important
property for inverse sandwiches. Assuming a molecular wire
consisting of inverse sandwich unites with metal-metal bond through
the ligand or even with the metallic bond-chain, it would be a
potential conductive material. Then, it is of interest to develop this
type of inverse sandwiches.

Herein, we performed a theoretical study on inverse sandwiches
X[Sc-CgHg-Sc]. X (X = F, Cl, Br; n = 1, 2) with potential Sc-Sc
interaction. Different from the 4s” electron configuration of calcium,
the 4s*3d' configuration gives scandium atoms have sufficient
valence to form not only the Sc-Sc bond through the ligand, but also

the Sc-Sc bond between two [Sc-CgHg-Sc] units in X[Sc-CgHg-Sc],X.
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As a result, the special Sc-Sc-Sc-Sc bond-chain should also be
considered.

X[Sc-CgHg-Sc]X complexes are detailed studied by DFT methods,
all the optimized structures are local minima. The structural
optimization and NBO analysis were carried out using Gaussian 09
program package."' Bond order values were obtained using
Multiwfn program.'? Table 1 shows the relative energies of singlet
and triplet X[Sc-CgHg-Sc]X (X = F, Cl, Br). The relative energies of
singlet states of X[Sc-CgHg-Sc]X are consistently lower compared
with their triplet states at different calculated levels. The relative
energy of singlet state is 5.9~7.2 kcal/mol lower than triplet state for
X =F, 10.0~13.8 kcal/mol lower for X = Cl, and 13.4~14.7 kcal/mol
lower for X = Br. Obviously, the singlet states containing Sc-Sc
bond are more favourable than the triplet without that. As the
calculated results at different levels are generally consistent, only the
results obtained at PBEPBE/TZVP level are reported in the
following sections.

Table 1 Relative energies (kcal/mol), Sc-Sc distances (A) and symmetry
(tolerance = 0.01) for singlet and triplet states of X[Sc-CgHs-Sc]X. (*Single-
point energies are obtained at PBEPBE/aug-cc-PVTZ//PBEPBE/TZVP level.)

Calculated level Relative energies Sc-Sc distances Symmetry

singlet triplet singlet triplet singlet triplet
X=F PBEPBE/TZVP" M 0 70 3262 3426 D8h Ci
CAM—BSLYP/TZV]’15 0 7.6 3218 3414 D8h Ci
MPWIPWIL/TZVP 0 6.4 3216 3464 C2h Cl
PBEPBE/TZVPP 0 72 3269 3388 D8h Ci
PBEPBE/TZVPD 0 7.2 3247 3389 D8h Ci
PBEPBE/aug-cc-PVTZ 0 77 3262 3426 D8h Ci
X=Cl PBEPBE/TZVP 0 13.1 3186 3361 D8h Ci
CAM-B3LYP/TZVP 0 140 3170 3341 D8h Ci
MPWI1PWI1/TZVP 0 10.0  3.135 3581 C2h C2
PBEPBE/TZVPP 0 138 3176 3320 D8h Ci
PBEPBE/TZVPD 0 13.6  3.168 3326 D8h Ci
PBEPBE/aug-cc-PVTZ 0 13.8 3186 3361 D8h Ci
X=Br PBEPBE/TZVP 0 142 3.166 3347 D8h Ci
CAM-B3LYP/TZVP 0 151 3150 3332 D8h Ci
MPWIPWI1/TZVP 0 143 3118 3460 C2h Cl
PBEPBE/TZVPP 0 147 3158 3307 D8h Ci
PBEPBE/TZVPD 0 147 3149 3312 D8h Ci
PBEPBE/aug-cc-PVTZ 0 149 3166 3.347 D8h Ci
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Figure 1 HOMO and LUMO for the singlet X[Sc-CsHs-Sc]X (X =F, Cl, Br)

The Sc-Sc distance, the corresponding Mayer bond order and
Wiberg bond order of Sc-Sc bond are 3.262A, 0.70 and 0.80 for the
singlet F[Sc-CgHg-Sc]F; 3.186A, 0.71 and 0.81 for the singlet C1[Sc-
CsHg-Sc]Cl, and 3.166A, 0.73 and 0.81 for the singlet Br{Sc-CgHg-
Sc]Br, respectively. The occupation numbers for the Sc-Sc bonds are
1.847e, 1.847¢ and 1.846e for X= F, Cl and Br. According to the
bond orders, the Sc-Sc bond in above singlet inverse sandwiches
could be classified as single bond. The HOMO and LUMO orbitals
of X[Sc-CgHg-Sc]X are shown in Figure 1. The HOMO orbital is
undoubtedly an o-bonding molecular orbital with the clear Sc-Sc
orbital overlap in the area of the hole of CgHg ligand. The Sc-Sc
bonds are mainly composed of d-orbitals (more than 75%) of
scandium atoms. The NBO composition for g, . bonds could be
described as below:

Ose-se = 0.707(sp™*'d**)Sc + 0.707(sp"*'d>*)Se (X=F)
Gse.se = 0.707(sp"**d"19)Sc + 0.707(sp"**d'*16)Sc (X=CI)
Gse.se = 0.707(sp"*d***)Sc + 0.707(sp"*°d***%)Sc (X=Br)

Besides, weak Sc-Sc interaction is also found in the triplet X[Sc-
CgHg-Sc]X, the details are provided in Electronic Supplementary
Information (ESI).

LUMO gaps for X =F, Cl and Br of X[Sc-CgHg-Sc]X are 0.79, 1.08
and 1.13 eV, respectively. These values give a rough estimate that
the molecules might be electro-conductive.'”

The stability of Sc-Sc bond in singlet X[Sc-CgHg-Sc]X (X =F, Cl,
Br) against the dissociation is considered as well. The dissociation
reactions of X[Sc-CgHg-Sc]X with respect to produce neutral CgHg
and ScX with Sc( 1) (Pathway 1) or charged [CgHs]* anion,
[ScX]** with Sc(IIl) and ScX (Pathway 2), are represented as below:

Pathway 1:

X[Sc-CgHg-Sc]X — XSc-CgHg + ScX AD,
XSc-CgHg = CgHg + ScX AD,
X[Sc-CgHg-Sc]X — CsHg +2ScX AD, + AD,
Pathway 2:

X[Sc-CgHg-Sc]X — XSc-CgHg + ScX AD,
XSc-CgHg — [CgHg]* + [SeX]** AD;

X[Sc-CsHg-Sc]X — [CgHg]* + [ScX]*" + ScX  AD, + AD;

The dissociation energies of singlet X[Sc-CgHg-Sc]X (X = F, Cl,
Br) are shown in Table 2. Both the two pathways are endothermic.
Pathway 1 needs lower dissociation energies compared with
Pathway 2: for the first step, X[Sc-CgHg-Sc]X dissociates into XSc-
CgHg and ScX (ScX is open-shell singlet), for the second step, XSc-
CgHy dissociates into CgHg and ScX. The first dissociation energy
AD; and the total dissociation energy AD;+AD, for F[Sc-CgHg-Sc]F,
CI[Sc-CgHg-Sc]Cl, and Br[Sc-CgHg-Sc]Br are 30.3 and 157.1, 51.0
and 184.3, and 48.9 and 177.5 kcal/mol, respectively. Therefore,
these inverse sandwiches with particular metal-metal bonds could be
stable against the dissociation process, especially for X = Cl and Br.

Table 2 The dissociation energies (kcal/mol) of singlet X[Sc-CgHs-Sc]X (X
=F, Cl, Br) at PBEPBE/TZVP level with BSSE or ZPE (zero-point energy)
corrections, and at CAM-B3LYP/TZVP level
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AD1 AD2 AD3 ADI1+AD2  ADI +AD3
PBEPBE/TZVP
0.838¢ F[Sc-C8H8-Sc]F 30.3 126.8 673.1 157.1 703.4
Cl[Sc-C8H8-Sc]Cl 51.0 133.3 659.0 184.3 710.0
- Br[Sc-C8H8-Sc|Br 48.9 128.6 648.8 177.5 697.7
' with BSSE corrections
F[Sc-C8H8-Sc]F 27.6 117.3 668.1 144.9 695.7
0.379 Cl[Sc-C8H8-Sc]Cl 48.3 132.7 652.8 181.0 701.1
Br[Sc-C8H8-Sc|Br 46.5 126.5 643.2 173.0 689.7
0.149| P " PN with ZPE corrections
B e e IR wmom e e
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Tre-dmauslonal LOL Ove-dimmsionsl LOL Br[Sc-C8HS-Sc]Br 7 161 6410 1748 6897
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[Sc-CsHg-Sc] Cl[Sc-C8H8-Sc]Cl 334 118.2 665.2 151.6 698.6
Br{Sc-C8HS8-Sc|Br 36.4 118.5 656.8 154.9 693.2
The delocalization degree of Sc-Sc bond could be estimated by the
Localized Orbital Locator (LOL) value within a range of 0~1.' ' ! a 2 o &
enerally high value means the strong localization. Figure 2 9 2 J vy
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describes the two-dimensional and one-dimensional LOL plot of ? 9 fﬁ‘fﬁ) 2358
F[Sc-CgHg-Sc]F, the cases of Cl[Sc-CgHg-Sc]Cl and Br[Sc-CgHg- 9 9 2
Sc]Br are similar. The LOL values in the middle region between two I)S(‘L'F'S('S)ng) RS 6 B 52 e
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X=Br, respectively. The Sc-Sc bonds could be regarded as
delocalized metal-metal bonds. It is noted that from X=F to X=Br,
the singlet-triplet splitting X[Sc-CgHg-Sc]X increases gradually from
7.0 kcal/mol to 14.2 kcal/mol, meanwhile, the Sc-Sc distance
decreases progressively from 3.262A to 3.166A. The results indicate
the Sc-Sc bond in Br[Sc-CgHg-Sc]Br would be more favourable than
those in F[Sc-CgHg-Sc]F and Cl[Sc-CgHg-Sc]Cl. The HOMO-
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Figure 3 Structures and relative energies of the isomers for Sc,CsHsX, at
PBEPBE/TZVP level and CAM-B3LYP/TZVP level (with * symbol)
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Figure 4 HOMO and LUMO for the singlet Sc-CsHg-ScX2 (X =F, Cl, Br)

Figure 3 describes the relative energies and structures for
Sc,CgHgX, (X = F, Cl, Br) isomers. At PBEPBE/TZVP level, the
Iso2-singlet is the lowest in energy for Sc,CgHgF,, while the Isol-
singlet isomers of Sc,CgHgCl, and Sc,CgHgBr, are ground states. At
CAM-B3LYP/TZVP level, although the Iso2-singlet isomers are the
lowest in energy, very small energy differences are between Isol-
singlet and Iso2-singlet isomers for Sc,CgHgCl, and Sc,CgHgBr,.
Thus, both of the Isol-singlet and Iso2-singlet isomers have the
possibility to exist. The HOMO and LUMO orbitals for the Iso2-
singlet isomers of Sc,CgHgX,(X = F, Cl, Br), which could be termed
as another inverse sandwich [Sc-CgHg-Sc]X,, are shown in Figure 4.
An apparent o-bonding with Sc-Sc orbital overlap in found in the
arca of the hole of CgHg ligand. The Sc-Sc distance, the
corresponding Mayer bond order and Wiberg bond order of Sc-Sc
bond in Iso2-singlet isomers at PBEPBE/TZVP level are 3.275A,
0.56 and 0.58 for X=F; 3.216A, 0.68 and 0.68 for X=ClI, and 3.203A,
0.70 and 0.70 for X=Br, respectively. The results indicate that the
low-energy isomers, no matter in the form of X[Sc-CgHg-Sc]X or
[Sc-CgHg-Sc]X,, all possess the inverse sandwich structures with Sc-
Sc bond through the CgHg ligand.

Table 3. Relative energies (kcal/mol) and Sc-Sc distances (A) for singlet and triplet
states of X[Sc-CsHg-Sc].X (X = F, Cl, Br) at PBEPBE/TZVP level

Scl-Sc2  Sc3-Sc4  Sc2-Sc3  Relative energies

X =F, singlet 3.225 3.225 3.294 0

X =F, triplet 3.309 3.309 2.985 72
X = Cl, singlet 3.192 3.192 3.327 0

X =Cl, triplet 3.281 3.281 3.020 9.1
X = Br, singlet 3.185 3.185 3.326 0

X =Br, triplet 3.275 3.275 3.023 9.5
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Figure 5 HOMO and LUMO for the singlet X[Sc-CsHs-Sc],X (X =F, Cl, Br)
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Figure 6. The two-dimensional and one-dimensional LOL plot of the singlet
F[Sc-CsHs-Sc].F

To further understand the Sc-Sc bond in more complicated
coordination complexes, X[Sc-CgHg-Sc],X (X = F, Cl, Br) with two
[Sc-CgHg-Sc] units are calculated. Table 3 lists the relative energies
and Sc-Sc distances. The singlet states are more stable in energy than
the triplet states. Figure 5 shows the HOMO and LUMO orbitals for
singlet X[Sc-CgHg-Sc],X, where Sc1-Sc2 and Sc3-Sc4 represent the
Sc-Sc bonds passing through CgHg ligand, Sc2-Sc3 represents the
direct Sc-Sc bonds between two [Sc-CgHg-Sc] units. Molecular
orbitals indicate Sc1-Sc2, Sc3-Sc4 and Sc2-Sc3 are all c-bonding
with Sc-Sc orbital overlap. By means of Mayer bond order and
Wiberg bond order, these Sc-Sc bonds could also be classified as
single bonds. The Sc1-Sc2 (Sc3-Sc4) bond is mainly composed of d-
orbitals of scandium atoms, while the Sc2-Sc3 is primarily
composed of s-orbitals. The NBO composition for og,.s. bonds could
be described as follows:

Oser-se2 = 0.678(sp' 7d* )5y +0.735(sp" 2°d** ), (X=F)
050283 = 0.707(sp*>"d" Mgp + 0.707(sp™*7d" M3 (X=F)
Oser.se2 = 0.714(sp"7d** g, +0.700(sp' °d***)s,  (X=CI)
O5e2-53 = 0.707(sp**°d" Mgep + 0.707(sp*°d" Mg 5 (X=Cl)
Oger.se2 = 0.720(sp"d* )y + 0.694(sp' d*¥?")s,  (X=Br)
050283 = 0.707(sp**°d" Mgep + 0.707(sp"*°d" Mg 5 (X=Br)

The distances of Sc1-Sc2 and Sc3-Sc4 for singlet X[Sc-CgHg-
Sc],X (X =F, Cl, Br) are all shorter than the distances of Sc2-Sc3, in
other words, the Sc-Sc bonds passing through CgHg ligand are
stronger than the direct Sc-Sc bonds between two [Sc-CgHg-Sc]
units. Figure 6 describes LOL plot of F[Sc-CgHg-Sc],F, the cases of
CI[Sc-CgHg-Sc],Cl and Br[Sc-CgHg-Sc],Br are similar. The LOL
values in the middle region of the Sc1-Sc2 and Sc2-Sc3 bonds are
0.504 and 0.690 for X=F, 0.514 and 0.709 for X=Cl, and 0.519 and
0.710 for X=Br, respectively. Compared with the delocalized Scl—
Sc2 (Sc3-Sc4) bond, the Sc2-Sc3 bond is more localized. The
HOMO-LUMO gaps for X = F, Cl and Br of X[Sc-CgHsg-Sc],X are
0.65, 0.74 and 0.75 eV, which are much smaller than the 0.79, 1.08
and 1.13 eV for X[Sc-CgHg-Sc]X. Therefore, better conductivity
would be for the former than the latter.
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The uninterrupted Sc1-Sc2-Sc3-Sc4 bond-chain in X[Sc-CgHg-
Sc],X (X =F, Cl, Br) might be particularly interesting for the field
of materials chemistry. Suppose some more complicated complex
X[Sc-CgHg-Sc] X containing similar constant -Sc-Sc- metallic bond-
chain with small HOMO-LUMO gap, it is of great interest whether
the constant linear metal-metal bonds make it a potential functional
material.

In summary, Sc-Sc bond passing through the ligand is predicted to
be favourable in X[Sc-CgHg-Sc]X (X = F, Cl, Br). The unique Sc-Sc
bond is formed an ¢-bonding with the clear Sc-Sc orbital overlap in
the area of the hole of CgHg ligand. The Sc-Sc bond strengthens
followed by the increase of the atomic number of halogen element
from F to Br. The complex X[Sc-CgHs-Sc],X (X = F, Cl, Br)
includes both the Sc-Sc bond passing through CgHg ligand, and the
direct Sc-Sc bond between two [Sc-CgHg-Sc] units. The main reason
of Sc-Sc bond passing through the ligand in X[Sc-CgHg-Sc]X or [Sc-
CgHg-Sc] unit might be attributed to two fields. On the one hand, the
Sc-Sc distance could be shortened a certain range for bonding
because of the electrostatic attraction and coordination between
scandium atoms with arene ligand. On the other hand, the electronic
repulsion between two scandium atoms could be greatly reduced due
to the scandium atoms on opposite sides of the arene ligand. Besides,
the particular shape of dz* orbital of transition metal might be very
comfortable to stick into the hole of arene and form the metal-metal
bond passing through the ligand.

Methodology

The structural optimization and NBO analysis were carried
out using Gaussian 09 program package. Harmonic vibrational
frequencies are calculated to insure the correct local minima.
As the calculated results of singlet and triplet states of X[Sc-
CgHg-Sc]X are calculated at MPWI1PW91/TZVP, CAM-
B3LYP/TZVP, PBEPBE/TZVP, PBEPBE/TZVPP, PBEPBE/
TZVPD and PBEPBE/aug-cc-PVTZ//PBEPBE/TZVP levels are
consistent, only the results obtained at PBEPBE/TZVP level are
reported in the other sections. The dissociation energies are
calculated at PBEPBE/TZVP and CAM-B3LYP/TZVP levels,
the BSSE and ZPE (zero-point energy) corrections are also
considered at PBEPBE/TZVP level. Bond order values and
Localized Orbital Locator plot were obtained using Multiwfn
program at PBEPBE/TZVP level. Further structural details are
presented in Supporting Information.
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