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Abstract The nature of E-M bonds in CpE-MCp (E=B, Al,
Ga; M = Li, Na, K; Cp = 1°-CsHs) donor-acceptor sand-
wiches was studied using the atoms in molecules (AIM)
theory, electron localization function (ELF), energy decompo-
sition analysis (EDA), and natural bond orbital analysis
(NBO) methods. Both topological and orbital analysis show
that the E atom determines the bond strength of the E-M
bonds, while the M atom has little influence on it. E-M bond
strength decreases in the order E = B, Al, and Ga. The EDA
analysis shows that the electrostatic character decreases fol-
lowing the sequence E = B > Al > Ga. Not only the s orbital,
but also the p orbital of the E/M atom participates in formation
of the E-M bond. The interactions of E and M with Cp are
different. The M—Cp interaction is purely electrostatic while
the E-Cp interaction has a partly covalent character.

Keywords Donor—acceptor sandwich - E-M bonds - Atoms
in molecules - Electron localization function - Energy
decomposition analysis

Introduction
The chemistry of metallocenes continues to attract a great deal

of attention [1, 2] due to their successful application in many
areas of chemistry, such as olefin polymerization catalysis [3],
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asymmetric catalysis [4], C—H bond activation [5] and bio-
organometallic chemistry [6]. A recent breakthrough in organ-
ometallic chemistry has been the synthesis in 2004 of
decamethyldizincocene Cp*Zn—ZnCp* (Cp*=7"-CsMes)
[7]. In this remarkable Ds,-symmetry compound, a pair of
metal atoms is sandwiched between two Cp* rings. This
discovery triggered the interest of several groups in carrying
out further study of bis-metallic sandwiches [8—12]. Recently,
Timoshkin and Schaefer [13] reported a series of novel main
group heterodinuclear metallocenes formed by donor—accep-
tor interactions of CpE and CpM (E = B, Al, Ga; M = Li, Na,
K). E element compounds, in oxidation state +1, possess a
lone pair, while the M element complex, in oxidation state +1,
has a vacant orbital. Therefore, the formation of CpE-MCp
would be formally achieved by a donor—acceptor interaction
between the half-sandwich CpE and CpM. This was the first
introduction of the donor—acceptor interaction concept to di-
nuclear metallocenes. Roesky’s group [14] synthesized the
compound CpLn—AICp (Ln = Eu, Yb) in moderate yield.
Furthermore, Merino et al. [15] designed a series of structures
with the general formula CpM’-MPyl (M’ = B, Al, Ga; M =
Li, Na; Pyl = n-CsH;) by means of density functional theory
(DFT), and He et al. [16] predicted the stability of CpM’—
MCp for M’ =B, Al, Ga, In, Tl and M = Li, Na, K.

All of these reports agreed that the CpE-MCp (E = B, Al,
Ga; M = Li, Na, K) sandwiches were stable, and CpE and
MCp were connected by a donor—acceptor interaction, from
the point of view of molecular orbital theory. However, when
the E and M elements are both in oxidation state +1, it is
difficult to understand how the E element interacts with M.
The E-M bond lengths calculated by Timoshkin and Schaefer
[13] and He et al. [16] are similar; they are much larger than
the sum of the ionic radii of E and M but smaller than
Pauling’s single-bond metal radius [17]. The question be-
comes, what kind of interaction existing between the E and
M atom should then be investigated. Both the origin and the
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nature of the E-M bond are worthy of notice. Recently, two
different theoretical approaches, namely the ‘atoms in mole-
cules’ (AIM) [18, 19] and the electron localization function
(ELF) [20-23] methods have become increasingly popular.
Both can provide accurate definition of the chemical concepts
of the chemical bond. The energy decomposition analysis
(EDA) method developed by Morokuma [24] and Ziegler
and Rauk [25] is very helpful for the quantitative analyses of
chemical bonding. Therefore, one can expect that these meth-
odologies will provide further insight into the nature of the
chemical bonding in these remarkable compounds.

The goal of this work was to gain deeper insight into the
bonding characteristics of the dinuclear metallocenes CpE—
MCp. The scope of this paper is two-fold. Firstly, the E-M
bonds were investigated using AIM and ELF techniques. The
nature of E-M bonds is discussed based on the properties of
the bond critical point (BCP) and valence basins. Secondly, an
EDA of the CpE-MCp bond was carried out. This gives the
components of the bond dissociation energies that are associ-
ated with the E-M bond. Our studies are also expected to
provide useful information for additional chemical syntheses
and to stimulate further studies of the dinuclear metallocenes.

Computational methods

The hybrid density functional B3LYP has proven to be an
accurate method for sandwich complexes [26]. The DFT
(B3LYP) [27, 28] calculations were carried out with the
Gaussian 03 package of programs [29] using the 6-311++
G(d, p) [30, 31] basis set. Vibrational analysis was used to
check the nature of the stationary points at the same level. The
bond characteristics of the compounds were analyzed using
the AIM [18, 19, 32] theory of Bader, and carried out using the
AIM2000 [33] and AIMALL [34] programs. The ELF were
plotted and analyzed using TopMod [35-37] and multiwfn
[38] software. The delocalization index (D[) was calculated at
B3LYP/6—311++G(d, p) level using a Hartree-Fock (HF)-like
electron-pair density. For all other topological studies, the
wave functions were calculated at the B3LYP/6—311++G(d,
p) level. The decomposition of interaction energies was car-
ried out using the ADF2008.1 program [39] calculated at the
BLYP/TZP level. Scalar approximation relativistic effects
were accounted for using the zeroth-order regular approxima-
tion (ZORA) [40 ]. The NBO analysis was carried out using
the NBO package included in the Gaussian 03 suite of pro-
grams [41, 42].

Results and discussion

The optimized geometries of CpE-MCp are shown in Fig. 1,
and their structural parameters are given in Table 1. All of the
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compounds have Cs, symmetry, where the centers of the two
17°-CsHs groups and the E and M atoms are collinear. The
calculated geometries are very close to the results of
Timoshkin and Schaefer [13] and He et al. [16], which were
obtained at the B3LYP/TZVP and B3LYP/6—-311+G(d, p)
levels.

AIM analysis

The AIM method [18, 19, 32] has proved to be a powerful
theory for the exploration and characterization of chemical
bonds. According to AIM theory, chemical bonding is identi-
fied by a (3, —1) critical point (CP) between maxima, the
presence of which is a necessary and sufficient condition for
atoms to be bonded to one another [18]. The characterization
of the electron density and derived properties at these (3, —1)
CPs provide valuable descriptions of the chemical bonding. In
order to discuss the nature of the E-M bonding, AIM analysis
was performed. The molecular graphs of CpEMCp are also
shown in Fig. 1 and the topological properties at the BCPs are
listed in Table 2.

As shown in Fig. 1, there is a BCP between the E and M
atoms and there is one bond path linking the BCP to the E and
M atoms. This provides a universal indicator of the bonding
that exists between the linked atoms. Generally speaking, the
electron density p(r.) at the BCP reliably reflects the strength.
The larger the value of p,, the stronger the interaction [32]. As
can be seen from Table 2, for the same E atom, the values of
p(r.) at the BCP of the E-M bond decrease in the order M = Li
>Na > K. For the same M atom, p(r.) at the BCP of the E-M
bond decreases in the order E = B > Al > Ga. The DI values
show the same trend. The DI is associated with the covalent
bond order [43], and can be used to estimate the formal bond
order of a chemical bond in an alternative way; only approx-
imate DIs are obtained at the DFT level, whatever the func-
tional used [44—46]. The p(1.) at the BCP show that the E-M
strength decreases in the sequence E = B > Al> Ga. For all of
the studied compounds, the Laplacians of the density, VZp(r,),
at the BCP of the E-M bond are positive and the — G//V,
values are larger than 1.0. According to Cremers’ criteria [47,
48], the E-M bonds display the characteristic of “closed shell”
ionic interactions.

As for the metal-ligand interactions, there are five BCPs
between the E/M atoms and the carbon atoms of the CsHs
ring. The topological parameters of these five BCP are exactly
the same. In complexes, the p(r.) at the BCP of the M—C (M =
Li, Na, K) bond increases in the sequence B < Al < Ga.
Comparing to the topological parameters of the BCP of M—
C and E—C before complexation, the p(r.) at the BCP of the
M-—C bond decreases while that at the BCP of the E-C (E=B,
Al, Ga) bond increases. The p(r.) change tendencies at the
BCPs of the E-C and M—C bond mean that the formation of
E-M bonds strengthens the E-Cp interaction while
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Fig. 1 Geometry and molecular
graph of CpE-MCp (E=B, Al,
Ga; M=Li, Na, K)

weakening that of M—Cp. The changes will be explained by
the NBO. Moreover, as shown in Table 2, the DIs between E
and C atoms increase after the complexation of ECp and MCp.
The increased DIs of the E-C bond also prove the enhancing
of E-C bonds.

The QTAIM (quantum theory of “atoms in molecules”)
charges are listed in Table 1. As shown in Table 1, in the
studied complexes, the Q(E-Cp) (E = B, Al, and Ga) are
positive and Q(M-Cp) (M = Li, Na, and K) are negative.
Compared to the neutral systems before complexation, the
QTAIM charges mean that the charge transfer is from the
M-Cp fragment to the E-Cp fragment.

Comparing the QTAIM charge of E-Cp fragment, it can be
seen that the charge transfer decreases in the order E = B, Al,

and Ga. This is consistent with the decreasing electronegativ-
ity of B, Al, and Ga. That is, the larger electronegative E atom,
the greater the charge transfer between E-Cp and M—Cp
fragment. The charge transfer tendency is the same as that of
p(r.) at the BCP of the E-M bond. This means that the charge
transfer plays an important role in the formation of the studied
systems.

Other parameters derived from Bader’s theory, such as
Vpp, Hy, and — Gp/V4, can indicate the type of interaction
between atoms comprising the bond. As shown in Table 2,
The V2p(r,) and H, of the M—C bond are positive, and the
values of — G./V, are greater than 1, indicating that the M—C
interaction has electrostatic characteristics. The V2p(r..) values
of'the E-C bond are close to zero, the H, are negative, and the

Table 1 Calculated geometry parameters of CpE-MCp (E=B, Al, Ga; M=Li, Na, K). R Bond length (in Angstroms), L distance (in Angstroms), 4 bond
angle (in degrees), O QTAIM (quantum theory of atoms in molecules) charges

RM-E) RM-C) R(E-C) L(M-CpCenter) L(E-Cp Center) A(C-H out of A(C-H out of Q(E-Cp) Q(M-Cp)
ring plane) M side  ring plane) E side
CpLiBCp 2.261 2.173 1.878 1.807 1.440 0.6(away Li) 4.6(toward B) —0.037 0.037
CpLiAICp  2.801 2.135 2.327 1.767 1.990 0.7(away Li) 0.2(toward Al) —0.028 0.028
CpLiGaCp  2.742 2.406 2.080 1.747 2.080 0.7(away Li) 0.3(away Ga) —0.006 0.006
CpNaBCp  2.626 2.585 1.881 2.286 1.445 1.7(away Na) 4 4(toward B) —0.055 0.055
CpNaAICp 3.172 2.555 2.324 2252 1.985 1.8 (away Na) 0.1(toward Al) —0.042 0.042
CpNaGaCp 3.128 2.545 2.404 2.240 2.078 1.8 (away Na) 0.4(away Ga) —0.034 0.034
CpKBCp 3.164 2.928 1.906 2.668 1.477 1.8(away K) 4.1(toward B) —0.037 0.037
CpKAICp 3.782 2.896 2.343 2.633 2.008 1.9(away K) 0.0 —0.030 0.030
CpKGaCp  3.764 2.886 2428 2.622 2.107 1.9(away K) 0.5(away Ga) —0.029 0.029
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Table 2 Topological properties

of bond critical points (BCPs) of Molecules BCP p(re) Vor)  H(r) G(re) ) -GJ/V. DI
various bondings in CpE-MCp
(E=B, Al, Ga; M=Li, Na, K). All CpLi Li-C 0.028 0.170 0.005 0.037 —0.032 1.151 0.061
values in a.u. CpNa Na-C 0.018 0.10 0.004 0.021 —-0.017 1.217 0.063
CpK K-C 0.017 0.070 0.002 0.015 —-0.013 1.186 0.086
CpB B-C 0.074 —0.002 —0.038 0.037 —-0.075 0.497 0.354
CpAl Al-C 0.034 0.060 —0.008 0.023 —0.031 0.740 0.230
CpGa Ga-C 0.037 0.091 —0.005 0.028 —-0.032 0.854 0.271
Li-B 0.023 0.083 0.001 0.020 —-0.019 1.036 0.095
CpLiBCp Li-C 0.024 0.140 0.004 0.031 —-0.026 1.167 0.044
B-C 0.085 0.008 —-0.059 0.061 —-0.120 0.508 0.286
Li-Al 0.011 0.030 0.000 0.007 —-0.007 1.028 0.071
CpLiAlCp Li-C 0.026 0.156 0.005 0.034 —-0.030 1.159 0.050
Al-C 0.037 0.092  —0.008  0.031 -0.039  0.792 0.196
Li-Ga 0.010 0.034 0.001 0.008 —0.007 1.114 0.063
CpLiGaCp Li-C 0.026 0.160 0.005  0.035 —0.031 1.153 0.051
Ga-C 0.043 0.102  —0.008  0.033 —0.041 0.812 0.252
Na-B 0.018 0.064 0.001 0.015 —-0.013 1.105 0.123
CpNaBCp Na-C 0.016 0.086 0.003 0.018 —-0.015 1.230 0.045
B-C 0.085 0.002 —0.058 0.058 —0.116 0.502 0.292
Na-Al 0.009 0.023 0.000 0.0054 —0.005 1.080 0.092
CpNaAICp Na-C 0.017 0.092 0.004 0.020 —-0.016 1.225 0.048
Al-C 0.037 0.093 —0.008 0.032 —0.040 0.792 0.200
Na-Ga 0.009 0.025 0.001 0.006 —0.005 1.146 0.079
CpNaGaCp Na-C 0.018 0.095 0.004 0.020 —-0.016 1.218 0.049
Ga-C 0.043 0.102 —0.008 0.033 —0.041 0.812 0.257
K-B 0.012 0.032 0.001 0.007 —-0.006 1.145 0.120
CpKBCp K-C 0.015 0.062 0.002 0.013 —0.011 1.198 0.067
B-C 0.082  —0.012  —0.053  0.050 —-0.103  0.486 0.295
K-Al 0.006 0.012 0.000  0.003 —0.002 1.182 0.084
CpKAICpCpKAICp  K-C 0.016 0.066 0.002  0.014 —-0.012 1.192 0.071
Al-C 0.037 0.084 —0.008 0.029 —-0.037 0.781 0.202
K-Ga 0.005 0.012 0.001 0.002 —-0.002 1316 0.068
CpKGaCp K-C 0.017 0.068 0.002 0.015 -0.012 1.187 0.073
Ga-C 0.041 0.099 —-0.007 0.031 —0.038 0.826 0.254

values of — G./V, are smaller than 1.0 but greater than 0.5,
indicating that the E-C interaction is partly covalent. The
covalent character decreases in the sequence B > Al > Ga.

ELF analysis

Electron localization function (ELF) analysis provides a de-
tailed picture of the bonding, where a set of the core and
valence attractors (local maxima), corresponding to atomic
cores, lone pairs, and chemical bonds, are obtained. Figure 2
illustrates the topology of the electron localization domains of
the E-M bond in CpEMCp. Table 3 collects the basin popu-
lations [N(£2;)] together with the corresponding variance
[0*(©)] and relative fluctuations [Ar(€%)] in CpE-MCp (all
values in a.u.)

@ Springer

For each compound, there is a valence basin, V(E, M),
between two metal atoms, which means that the E-M bonds
are conventional two-center bonds. The ELF basin population
in the valence basin V(E, Li) is 2.38¢, 1.98¢ and 1.04e; that in
V(E, Na) is 2.39, 1.92, and 1.40, and in V(E, K) is 2.44, 1.84
and 1.10 for E = B, Al, Ga, respectively. Moreover, the atom
contributions analysis (Table 3) shows that most of the V(E,
M) basin population comes from the E atom. These results
mean that the E-M bonds are donor—acceptor bonds; the E
element is the donor and the M atom is the acceptor. For
different E atoms, the changes in the population of V(E, M)
are more distinct, decreasing in the sequence E = B > Al >
Ga. The influences of the M atom on the population are
modest. This means that the E atom determines the bond
strength of the E-M bond, whilst the M atom has little
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Fig. 2 Three-dimensional (3D) cross section electron localization func-
tion (ELF) through the molecules of CpE-MCp

influence on it. The E-M strength decreases in the sequence
of E = B, Al, Ga. The populations show that the E-M bonds
are double-electron bonds for E = B, decreasing to single-
electron bonds for E = Ga.

Furthermore, it is important to observe the relative fluctu-
ations [Ag(€2;)] of V(E, M). The Ag(£2;) is a good measure of the
delocalization extent of a basin and has a value around 0.4 for
awell localized bond [49, 50]. As shown in Table 3, the values
of Ap(£2;) for V(E, M) increase in the order E = B < Al < Ga.
For the B-M bond, the Ag(€2;)) is below 0.4, so the B-M bond
is well localized. As for E = Al and Ga, the Ag(€2;) values for
the Al/Ga—M bond are above 0.65. The Ga—Li bond has the
largest Ap(€2;) of 0.86) and the standard deviations [0”(£2;)] are
all more than 0.5. The high Ax(€;) and 0*(€);) mean that the
Al/Ga—M bonds are highly delocalized. The trend revealed by
the Ap(£2;) means that the E-M bond changes from being
strongly localized to strongly delocalized in the sequence E
=B, Al, Ga.

Table 3 also lists the population in the valence basins of E/
M and Cp and the atomic contribution of E/M. It can be seen
that, in all of the valence basins, the contribution of the M
atom to the V(M, C) basin is near to zero. This means that the
interactions between the M atoms and the Cp ring are essen-
tially electrostatic. The contribution of the E atom to the V(E,
C) basin is larger than that of the M atom, meaning that the E—
C bond is partly covalent. This conclusion drawn from ELF is
consistent with that from AIM theory.

EDA analysis

To deepen our understanding of the nature of E-M bonding in
CpE-MCp, EDA calculation was also carried out. The

Table 3 Electron localization function (ELF) basin populations [N(£2;)],
variance [O'Z(Q,')], relative fluctuations [Ag(£2;)] in CpE-MCp (E=B, Al,
Ga; M=Li, Na, K) (all values in a.u.)

Q N(€2;)  Atomic contribution
E M @) A
CpLiBCp V(Li, B) 238 227 005 0.86 0.36
V(Li, C) 14.50 0.07 1.39 0.48
V(B, C) 1324 022 1.31 0.49
CpLiAICp V(Li, Al) 1.00 097 0.03 0.65 0.65
098 095 001 0.64 0.66
V(Li, C) 14.55 011  1.39 0.48
V(AL C) 1446 024 1.41 0.49
CpLiGaCp  V(Li, Ga) 052 052 001 044 0.86
V(Li, Ga) 052 052 001 044 0.86
V(Li, C) 14.52 0.09 1.39 0.48
V(Ga, C) 1434 048 1.41 0.49
CpNaBCp V(Na, B) 239 226 007 0.85 0.35
V(Na, C) 14.48 0.04 1.38 0.48
V(B, C) 1321 022 1.30 0.49
CpNaAICp  V(Na, Al) 079 077 0.02 0.57 0.72
.13 1.09 0.03 0.68 0.61
V(Na, C) 14.50 011  1.39 0.48
V(AL C) 1447 036 1.41 0.49
CpNaGaCp  V(Na, Ga) 064 063 001 0.54 0.84
076 076 0.01 0.63 0.83
V(Na, C) 1449  0.62 1.39 0.48
V(Ga, C) 14.36 0.10 1.41 0.49
CpKBCp V(K, B) 244 229 004 087 0.36
VK, C) 14.50 0.10 1.39 0.48
V@B, C) 14.17 020 1.39 0.49
CpKAICp V(K, Al) 068 066 001 052 0.75
.16 1.14 0.01 0.70 0.60
VK, C) 14.49 0.11  1.39 0.48
V(AL C) 1448 038 1.42 0.49
CpKGaCp V(K, Ga) 1.10  1.09 0.01 0.80 0.73
V(K, C) 14.49 011  1.39 0.48
V(Ga, C) 1437 044 1.42 0.49

charges and multiplicities are set to 0 and 1 for both CpE
and MCp fragments. The overall bond energy AE between the
fragments is divided into two major components, which can
be expressed as AE = AEjy + AEpep. AEjy is the instanta-
neous interaction energy between the two fragments in the
molecule. It can be decomposed into three main components.
AEjy is the sum of the Pauli repulsion AE,,;;, the classical
Coulomb interaction AFE s, and the orbital interaction term
AEq. AEyp, is the amount of energy required to deform the
structures of the free fragments from their equilibrium struc-
ture to the geometry that they take up in the molecule. The
calculated EDA results are listed in Table 4.
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—4.56 -21.75 -10.39 —4.37 —13.67 -3.41 —-1.86
3.28

-9.72

—23.79

AE, int

1.86
-1.91 (51.3 %)

~1.81 (48.7 %)
~1.47 (39.5 %)
~0.33 (8.9 %)
~0.01 (0.3 %)

0.42
-1.44

8.97
~16.78 (82.3 %)

3.20
—3.74 (49.3 %)

~3.83 (50.5 %)
~3.23 (42.6 %)
~0.58 (7.6 %)
~0.02 (0.3 %)

4.53
~8.31(55.7 %)

—6.61 (44.3 %)
~5.55 (372 %)
~0.53 (3.5 %)
~0.03 (0.2 %)

12.94
~29.50 (85.0 %)

~5.19 (15.0 %)
~3.89 (11.2 %)
~1.17 (3.4 %)
~0.12 (0.4 %)

3.67
-3.19 (38.8 %)

~5.04 (61.2 %)
~4.18 (50.8 %)
~0.84 (10.2 %)
~0.03 (0.2 %)

5.04
—7.31 (49.5 %)

—7.45 (50.5 %)
~6.26 (42.4 %)
~1.15 (7.8 %)
~0.04 (0.3 %)

14.21
—30.33 (79.8 %)

AE, pauli

—4.49 (67.1 %)
—2.20 (32.9 %)
~1.89 (28.2 %)
~0.30 (4.5 %)
—0.01 (0.2 %)

0.48
-2.93

a
AE, elstat

-3.52 (173 %)
2,57 (12.7 %)
~0.88 (4.3 %)
~0.06 (0.3 %)

0.95
~12.72

~7.67 (202 %)
~5.66 (14.9 %)
~1.85 (4.9 %)
~0.16 (0.4 %)

2.16
—21.63

AEorba

AE(A)°

AE(E,)

AE(E,)

AEpep
AE(

0.90
-3.47

0.85 1.77 0.86
—19.98 -9.53

-3.71

0.84
—8.88

:_Dc)

#Values in parentheses give the percentage contribution to the total attractive interactions AE¢jgq+ Ao,

®Values in parentheses gives the percentage contribution to the total orbital interactions AEgy,

The calculated data show that the E-M bond energy, AE(=
— D), decreases in the order of E = B > Al > Ga for the same
M (M = Li, Na, and K), which means that the interaction
becomes weaker and weaker in the sequence B > Al > Ga.
This sequence is in good agreement with the conclusions
drawn from the AIM and ELF results.

The data presented in Table 4 show that the proportion of
AFE . In the sum of attractive interactions, i.e., AFggar +
AFE,, decreases as E = B > Al > Ga, while AE,;, shows the
reverse trend. For the B-M bond in CpB-MCp, the main
energy contributions come from electrostatic interactions,
since they are strongly attractive. The proportion of AE
with respect to the total bonding interactions (A +
AEyy) is in the range 79.8-85 %. This means that the elec-
trostatic interactions are the dominant attractive interactions
between CpB and CpM. For E = Al, the electrostatic interac-
tions in CpAl-MCp are almost equal or slightly larger than the
AE,, interactions. By contrast, within the CpGa—MCp inter-
actions, the AE, 4, are becomes dominant. These results mean
that the predominant B-M bonding is electrostatic. The elec-
trostatic character decreases while the covalent character in-
creases in the sequence B, Al, Ga.

Table 4 also gives the breakdown of the AE, 4, term into the
AE a1y and AE g 1152) contributions. This shows that the o
interactions are important. The relative strength of the 7 bond-
ing is about 20 % of the AE,y, values. The B-M bond has the
largest 7t participation compared to the AI-M and Ga—M bond.

NBO analysis

To help visualize the E-M bonding, envelope plots of some
relevant natural bond orbitals of the CpB-LiCp are shown in
Fig. 3. The molecular orbitals and their occupancy () involv-
ing the charge transfer between subsystems, together with the
reduction of the second-order perturbation energy (A’E) due
to the interaction of donor and acceptor orbitals, as provided
by NBO analysis, are collected in Table 5.

From Fig. 3 and Table 5, it can also be seen that the E-M
interaction originates from the donor—acceptor interaction.
The E atom is the donor and the M atom is the acceptor. The
charge is transferred from the lone pair (Lp) or anti-lone
pair(Lp*) orbital of the E atom to the Lp* of the M atom. In
the formation process of E— M bond, the electrons in anti-lone
pair(Lp*) orbital of the E atom decrease. The decreasing
electron number in the LP* orbital of the E atom would
increase the strengths the E-C bond. For the acceptors, the
charge is transferred to the Lp* of M atom, therefore, the
strength of M—C decreases. The charge transfer could explain
the changes of the p(r.) at BCP. The tendency for charge
transfer between CpE and CpM is the same as that of p(r.)
at BCP, the larger the charge transfer, the bigger the p(r.). This
means that the charge transfer plays an important role in
formation of the E-M bond.



J Mol Model (2014) 20:2455

Page 7 of 9, 2455

Fig. 3 Isosurface of natural bond
orbitals (NBOs) of CpLiBCp

Table 5 The second order
energies(kcal mol ') and atomic
orbital contribution based on
NBO analysis

acceptor orbital

acceptor orbital

L2

(o

(o €

donor orbital

P

G- type interaction
acceptor orbital

donor orbital

@

G

€ (o Qn

donor orbital

T T e T
- « - ‘
: 0 @t ~
S = - e ’
S b < < C
@ ® < <
- type interaction
Complex Donor NBO 5 Acceptor NBO 5 ’E
CpLiBCp B lone pair 1.779 (sp”*?) Li anti-lone pair 0212 (sp" ') 95.87
B anti-lone pair 0.350 (p) Li anti-lone pair 0.107 (p) 6.26
0.350 (p) 0.107 (p) 6.26
CpLiAlCp Al lone pair 1.7348 (s) Li anti-lone pair 0.277 (sp"*") 120.35
0.166 (p) 0.116 (p) 7.41
Al anti-lone pair 0.166 (p) Li anti-lone pair 0.116 (p) 7.41
0.130 (sp**") 0.277 (sp"*") 101.37
CpLiGaCp Ga lone pair 1.786 (s) Li anti-lone pair 0.232 (sp*>*%) 120.13
0.188 (p) 0.119 (p) 7.58
Ga anti-lonepair 0.188 (p) Li anti-lone pair 0.119 (p) 7.58
0.124 (p) 0.232 (sp>**) 123.84
CpNaBCp B lone pair 1.874 (sp™" Na anti-lone pair 0.124 (sp°*) 36.98
B anti-lone pair 0.347 (p) Na anti-lone pair 0.058 (p) 3.84
0.347 (p) 0.058 (p) 3.83
CpNaAlCp Al lone pair 1.838 (s) Na anti-lone pair 0.171 (sp) 52.22
0.169 (p) 0.062 (p) 4.14
Al anti-lone pair 0.169 (p) Na anti-lone pair 0.062 (p) 4.14
0.138 (sp”*%) 0.171 (sp) 65.84
CpNaGaCp Ga lone pair 1.881 (s) Na anti-lone pair 0.131(sp"*) 49.98
0.193 (p) 0.063 (p) 3.98
Ga anti-lone pair 0.193 (p) Na anti-lone pair 0.063 (p) 398
0.135 (p) 0.131 (sp'*?) 448
CpKBCp B lone pair 1.928 (sp°2%) K anti-lone pair 0.063 (sp”™%) 17.55
B anti-lone pair 0.314 (sp>>) K anti-lone pair 0.063 (sp*"?) 1.71
CpKAICp Al lone pair 1.924 (s) K anti-lone pair 0.080 (sp'*%) 20.52
Al anti-lone pair 0.127 (p) K anti-lone pair 0.080 (sp'>?) 16.72
CpKGaCp Ga lone pair 1.949 (s) K anti-lone pair 0.056 (sp"®" 17.55
Ga anti-lone pair 0.124 (p) K antibonding 0.056 (sp"®" 15.88
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The Lp of B is the sp hybrid orbital, and the component of
the p orbital in the sp hybrid orbital decreases in the sequence
M = Li > Na > K. The orbital analysis show that the Lp
orbitals of Al/Ga atoms are s orbitals. The Lp(E) — Lp*(M)
belongs to a o-type interaction. The Lp* orbitals of both the E
and M atoms are p type, so their interactions Lp*(E) —
Lp*(M) belong to 7-type interactions. From the view of
A’E, the larger A’E represents a stronger interaction.
Therefore, o-type interactions play more important roles than
the mt-type interactions [51].

Conclusions

The nature of the E-M bonds and the E/M—Cp interactions in
the donor—acceptor sandwiches CpE-MCp have been calcu-
lated and compared using a combination of AIM, ELF and
EDA and NBO. The analyses carried out on this work lead to
the following main conclusions:

(1) The strength of the donor—acceptor E-M bonds in CpE—
MCp is determined mainly by the E atom; the M atom
has little influence.

Charge transfer plays an important role in the formation
of CpE-MCp.

The E-M strength and electrostatic character decreases
in the sequence E = B > Al > Ga. The E-M bonds are
double-electron bonds for E = B but decrease to single-
electron bonds for E = Ga.

The orbital interaction consists of two types: ¢ and 7.
The o interaction comes from the overlap of the hybrid
orbitals and plays a dominant roles in the E-M bond. The
7t interactions are due to the overlap of the p orbitals of
the E and M atoms.

The M—Cp interaction is essentially electrostatic while
the E—-Cp interaction is partly covalent.
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