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A density functional theory investigation on half-sandwich-
type Cs, [Ta3zO3]A (A =Li, Na, K) and full-sandwich-type Dsj
[TazO3]B[TazO3] (B = Ca, Sr, Ba) complexes containing
TazO3™ 6 and n double aromatic ligands was performed. The
TazO3~ units serve as robust inorganic ligands in both
[TazO3]A and [TazO3]B[TazO3] complex series, which are
mainly maintained by A*—[Ta;O05]" or [TazO3]—B**—[Ta;05]"

ionic interactions. These novel complexes turn out to be
strongly thermodynamically favored in the gas phases and
may be targeted in future experiments to open a new area of
coordination chemistry by introducing 6 and n double aro-
matic ligands into complex systems.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

A 6 bond localized between two Re atoms was first dis-
covered in K,[Re,Clg]-2H,O in 1964, and the concept has
been developed since then to a new branch of chemistry
involving multiple metal-metal bonds with bond orders
greater than three.”] A Cr, compound containing a quintu-
ple bond (c>1*8%) between two Cr atoms was synthesized
in 2005.131 However, the first circularly delocalized three-
center & bond was observed for Ta;O5 (Dsj, 'A;’) in 2007
in a joint photoelectron spectroscopy (PES) and density
functional theory (DFT) study.! Ta;05 was confirmed to
possess 6 and © double aromaticity originating from the in-
phase overlap of the Ta 5d atomic orbitals perpendicular to
the molecular plane. The d-orbital-based delocalized molec-
ular orbitals (MOs) of free Ta;O5;™ have the “appearance”
of the totally delocalized n bonding MOs of the well-known
C;H;* (with two = electrons) and CsHs™ (with six 7 elec-
trons), raising the possibility of utilizing Ta3O;™ units as
double aromatic ligands (6 and m) in sandwich-type com-
plexes. This forms the objective to be achieved in this work
at the DFT level. We focus our current research on half-
sandwich-type Cs, [Ta303]A (A = Li, Na, K) and full-sand-
wich-type D3, [Ta;05]B[Ta3;03] (B = Ca, Sr, Ba), which all
turned out to be true minima on the potential surfaces of
the systems. The Ta;O;™ units serve as robust inorganic li-
gands in these sandwich-type complexes, which are mainly
maintained by A*—[Ta;0s]" or [Ta;05] —B>*—[Ta;05] ionic
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interactions. Traditional sandwich-type complexes contain
n aromatic ligands, exemplified by the prototypical CsHs~
five-membered ring. The results obtained in this work pro-
vide the first sandwich-type complexes containing & and ©
double aromatic ligands that are strongly energetically fa-
vored, and they may be targeted in future experiments to
open a new area of coordination chemistry.

Computational Methodology

Structural optimizations, frequency analyses, and natural
bond orbital (NBO) analyses were performed by using the
Gaussian 03 programP! at the hybrid DFT-B3LYP level®
with the Stuttgart relativistic small core basis set and effec-
tive core potential (Stuttgart RSC 1997 ECP)"l augmented
with 2f and 1g functions®! on Ta, Stuttgart RSC 1997 ECP
bases!”! on Sr and Ba, and the 6-311+G(3df) basis>*! on
Li, Na, K, Ca, O, C, and H. Ultrafine integration grids
and tight optimization criteria were utilized throughout the
structural optimization processes.[*! The results obtained in
this work reproduce the results reported for Ta;O5 in ref.[*;
the DFT-B3PW91 approach!!'”! proves to produce essen-
tially the same results as B3LYP. To check the local ring-
current effect of the Ta;O5 ligands when incorporated into
complexes, the widely used nucleus independent chemical
shifts (NICS)!'! were calculated with the ghost atom lying
both 1.0 A [NICS(1)] and 2.0 A [NICS(2)] above the Ta,
plane along the molecular axes. Figure 1 depicts the opti-
mized structures of the half-sandwich-type Cs, [Ta;05]A
(A = Li, Na, K) and full-sandwich-type Ds;, [Ta30s]
B[Ta;05] (B = Ca, Sr, Ba) complexes compared with free
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Dy, Tay05 ('A) (1) C, [T;05]Li (A)) 2) G, [Ta305]Na ('A) 3) G5, [Tas051K ('A)) (4)

D5, [Ta;05]Ca[ Ta;05] (lAl') ©)] D), [Ta;05]Sr[Ta;0;] (lAl') (6) Ds [Ta303]Ba[Ta3O3](1A,') @)

Figure 1. Optimized structures of Cs, [TazO3]A (A = Li, Na, K) and Dy, [Ta;0;]B[Ta;0;] (B = Ca, Sr, Ba) compared with free Dj,
Ta;0; at the DFT-B3LYP level with necessary bond lengths indicated in A.

D5, Ta;05 . These high-symmetry structures all proved to  MOs of free Ds;, Ta;05 .14 Table 1 tabulates the calculated
be true minima on their potential surfaces without imagi- electronic properties and the lowest vibrational frequencies
nary frequencies, and they were well maintained when sym-  of the concerned complexes.

metry restrains were removed during structural optimiza-
tions. The mixed C; [Ta;05]Ca[CsHs] and C, [Ta;Os]Fe-
[CsHs] are compared in Figure 2. Figure 3 shows the top
five occupied MOs of Cj, [Taz05]K and top ten MOs of b, Ta07 (AY) G [T;0K (‘A) Dy, [Ta;05]Ca[Ta;05] (‘A,)

D5, [Ta305]Ca[Ta305], in comparison to the corresponding
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Figure 2. Optimized structures of C; [Ta3;03]Ca]CsHs] and C,  Figure 3. Top-five MOs of Cs, [Ta303]K and top-ten MOs of Dy,
[Ta303]Fe[CsHs] at the DFT-B3LYP level with important bond  [Ta3;03]Ca[Taz0;] compared with the top-five MOs of free Ds,
lengths indicated in A. Ta;05 .14
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Table 1. Calculated HOMO energies Epyomo, HOMO-LUMO energy gaps AE,
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ap» Natural atomic charges of the metal centers A or B

gass, total Wiberg bond indices of A or B centers WBI, 5, Wiberg bond indices of the Ta-Ta bond WBIy, 1, and the Ta-O bond
WBIT, o, NICS(1) and NICS(2) values, and the lowest vibrational frequencies vy,;, of Cs, [Ta;03]A (A = Li, Na, K), D5, [Ta;05]B[Ta;053],
and C; [Ta;0;]Ca[CsHs] at the B3LYP level. Free D5, Ta;O5 is tabulated for comparison.

Enomo AEgap qa/B WBIA/p WBIt, 14 WBIr, o NICS(1) NICS(2) Vmin
[eV] [eV] [lel] fem ]

TasO05 -0.885 2.225 1.06 0.72 -48.8 -14.2 61
(Ta3z05)Li -4.822 2.283 +0.68 0.56 1.10 0.75 -42.7 -11.6 102
(Taz05)Na -4.604 2.220 +0.70 0.52 1.08 0.74 -38.2 -10.8 74
(Taz03)K -4.342 2.233 +0.83 0.33 1.06 0.74 -40.5 ~11.7 56
(Ta305)Ca(Taz05) -5.012 2.182 +1.28 1.17 1.07 0.75 -43.8 -12.2 6
(Ta305)Sr(Taz05) -5.019 2.230 +1.38 1.06 1.06 0.75 -43.1 -12.1 5
(Ta305)Ba(Ta30;) 4911 2.142 +1.49 0.96 1.04 0.75 -45.2 -12.9 7
(Ta305)Ca(CsHs) -5.111 2.282 +1.55 0.83 =1.07 =0.75 -41.5 -6.2 7

Results and Discussions

C3v [Ta303]A (A = Li, Na, K)

When one alkali metal cation A* (M*™ = Li*, Na*, K*)
approaches a free D3, TazOsz (1) ion along the threefold
molecular axis, the half-sandwich-type C;, [Ta3;O3]A series
is produced (2, 3, 4 in Figure 1), and the bond lengths are
Frata = 2.741,2.749, 2752 A, rr 0 = 1.920, 1.921, 1.923 A,
and r, A = 2.859, 3.221, 3.631 A for A = Li, Na, and K,
respectively. Obviously, the Ta;O; structural units were
preserved in these half-sandwich-type complexes when com-
pared to those in free D3;, Ta;O5 . Table 1 indicates that Ta—
Ta and Ta-O interactions are typical single bonds through-
out the whole sandwich-type complex series, and Wiberg
bond indices!!?! of WBIy, 1, = 1.0 and WBIy, ¢ = 0.74 were
found. The A*—[Ta305] ionic interactions are clearly dem-
onstrated by the fact that alkali atoms in these complexes
possess high calculated natural atomic charges with ¢;; =
+0.68 le|, gna = 10.70 |e|, and gx = +0.83 |e|. The ionicity
of these complexes increases from A = Li, Na, to K, in line
with the corresponding total Wiberg bond indices, which
decrease from WBI; = 0.56, WBIy, = 0.52, to WBIk =
0.33. The energy of the highest occupied molecular orbital
(HOMO) of the system is effectively lowered from
—-0.885 ¢V in free Ta;05; (1) to —4.822 ¢V in [Ta;05]Li (2),
—4.604 eV in [Ta3;03]Na (3), and —4.342 eV in [Ta;05]K (4),
and the corresponding HOMO-LUMO energy gaps are
greater than 2.22 eV. Table 1 indicates that the calculated
NICS(1) (-38.2 to —42.7 ppm) and NICS(2) (-10.8 to
—11.7 ppm) of these half-sandwich complexes are systemati-
cally lower than the corresponding values [NICS(1) =
-48.8 ppm and NICS(2) = -14.2 ppm] of the free D3,
Ta;0;5 ligand, which clearly provides evidence for the pres-
ence of a local ring-current effect on the Tas triangles and
therefore the aromatic nature of the Ta;O5~ ligands in these
novel complexes. NICS values vary with the locations of
the ghost atoms.I'! The calculated NICS(2) values are close
to the value of NICS(1) = -9.9 ppm calculated for CsHjs
at the same theoretical level. Considering that fact that
transition metals possess much bigger atomic sizes than car-
bon with expanded orbital distributions, we suggest that
NICS(2) is a suitable aromatic indicator for transition-
metal rings.

Eur. J. Inorg. Chem. 2008, 1205-1209

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

D3h [Ta303]B[T3303] (B = Ca, Sl‘, Ba)

With two Ta3;O5 ligands sandwiching one alkaline-earth
metal dication (B>*) from opposite ends along the threefold
axis of the system, the eclipsed Ds;, [TazO3]B[Ta305] neu-
trals (B = Ca, Sr, Ba) were formed (5, 6, 7), whereas their
staggered counterparts Ds, [TazO03]B[Ta30Os] turned out to
be transition states. For examples, D3;, [Ta;03]Ca[Ta;05] is
a true minimum with the lowest vibrational frequency of
+6 cm™! (a vibrational mode in which the two Ta;O5; li-
gands rotate in opposite directions along the threefold mo-
lecular axis), whereas D5, [Ta305]Ca[Ta3;03] proves to have
an imaginary vibrational frequency of —6icm™'. The
D3, D5, rotatory transition for [Ta;03]Ca[Ta;Os;] has a
low energy barrier of 0.02 eV, similar to the Ds;,— D5, struc-
tural transition of the well-known [CsHs],Fe.l'314 As
shown in Figure 1 and Table 1, the Ta;O; units in these
D3, sandwich-type complexes have also been well preserved,
and the O atoms are only slightly off-planed and the Ta-—
Ta and Ta-O single bonds are well maintained. The alka-
line-earth metal centers in these complexes are highly posi-
tively charged: gc, = +1.28 |e|, g5, = +1.38 |e|, and ¢p, =
+1.49 |e|, which indicates that there is increasing ionicity in
the [Ta;0;]—B2*-[Ta3;0;] series from B = Ca, Sr, to Ba.
These complexes also possess considerably negative HOMO
energies (lower than —4.91 ¢V) and wide HOMO-LUMO
energy gaps (greater than 2.14 eV). The calculated NICS(1)
(-43.1 to —45.2 ppm) and NICS(2) (-12.1 to —12.9 ppm) val-
ues of these complexes are again in accord with the corre-
sponding values of free D3;, Ta;O5, which indicates that the
ring-current effect of the Ta;05 ligands was also inherited
in these full-sandwich-type complexes.

As outlined in Figure 2 and Table 1, a full-sandwich-type
structure was obtained for the mixed C; [Ta;0;]Ca[CsHs]
(8), which is slightly distorted from C, symmetry with two
different ligands: one Ta;O3;  and one CsHs anion. Both
ligands are preserved and form effective [Ta;O5;] —Ca*—
[CsHs] ionic interactions. It should be pointed out that the
local ring-current effect of the Ta;O5 ligand remains in 8,
as evidenced by its negative NICS values, which are com-
parable to the corresponding values of free Ta;O5 (see
Table 1). However, when the Ca center is replaced with an
Fe one, the resulting Fe-centered mixed C, [Ta;03]Fe[CsHjs]
(9) complex is much different from 8: the Fe center in 9
1207
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forms two strong Fe-Ta covalent bonds (rpe 1, = 2.26 A)
and one effective Fe-Ta covalent interaction (rpe . =
2.55A) in the [Ta;0;]Fe half, whereas the Fe[CsHs] half
possesses five Fe-C coordination interactions similar to
that in ferrocene (9 has the averaged Fe-C distance of
Fre.c = 2.13 A, which is slightly longer than the corre-
sponding value of rr. ¢ = 2.064 A in ferrocene).'14 MO
analysis indicates that the delocalized & and ©1 MOs over
the Ta;05 ligand are severely weakened in 9 by the forma-
tion of three Fe-Ta covalent interactions. Complex 9 can
be practically viewed as half coordinative and half covalent.
Similar Fe-Ta covalent bonds exist in [TazOs]Fe[Ta;0s].
Because transition metals with partially filled (z—1)d orbit-
als are very different from the alkali and alkaline-earth met-
als, which have the lowest electronegativities in the periodic
table and empty (n—1)d orbitals, they form effective d—d
covalent bonds with the Ta; triangular ring in the Ta;03
units and form transition-metal oxide clusters rather than
sandwich-type complexes.

Molecular Orbital Analyses

MO analyses help to understand the bonding nature of
these complexes. As clearly shown in Figure 3, the top five
MOs of free Ds, Ta;O5 ™ were essentially maintained in
Cs, [TazO5]K (4), as only slight distortions are observed,
and the K center in [Ta3;O05]K is practically a naked cation.
The calculated atomic configuration of K[Ar]ds?153d%-02
and the total Wiberg bond index of WBIx = 0.33 support
the ionic bonding nature of the K*—[Ta3;Os] interaction.
The K atom loses its 4s! electron almost completely,
whereas its 3d orbital remains practically empty in 4. Sim-
ilar results exist for [Ta3;O;]Li and [Ta3;O5]Na. In [Ta;05]-
B[Ta;0;] full-sandwich-type complexes, alkaline-earth
metal centers possess the natural atomic configurations
of Ca[Ar]4s%333d%!7 Sr[Kr]5s%404d%!5, and Ba[Xe]
6s0-315d%-2%, respectively. In these complexes, alkaline-earth
metal centers lose most of their ns? electrons, whereas their
(n—1)d orbitals gain only a small portion back from the
Ta;05 ligands (=0.20 |e|). The low occupations of the val-
ence (n—1)d atomic orbitals indicate that covalent d-d in-
teractions only contribute slightly to the overall bonding of
the systems, as also evidenced by the low Wiberg bond
indices of WBIc, 1, = 0.18, WBIg. 1, = 0.16, and
WBI, 1, = 0.15 (compare with ferrocene,!'*!4 in which the
Fe-C coordination bonds have bond orders of WBIg, ¢ =
0.29 at the B3LYP level). As shown in Figure 3, the degen-
erate HOMO(e'') and degenerate HOMO-1(e’) of the D3,
[Ta305]Ca[Ta305] (5) mainly originate from the two degen-
erate HOMO(4e') of free Ta;O5 with only slight contri-
butions from the Ca 4d,. (or 4d,.) atomic orbitals [which
partially participate in the HOMO(e'')]. More interestingly,
the HOMO-2(a,'") and HOMO-3(a,") of 5 inherit the MO
features of the delocalized 6 HOMO-1(4a’) of free Ta;05,
whereas its HOMO-4(a,"") and HOMO-5(a;") mainly origi-
nate from the delocalized 1t HOMO-2(2a,'") of the ligands.
It is these delocalized 6 and ® MOs that render local ring-
1208
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current effects to the Tas triangles, which therefore doubles
the aromaticity of the Ta;O; ligands in these sandwich-
type complexes. HOMO-6(a,’’) and HOMO-7(a;’) of
[Ta;05]Ca[Ta303] can be clearly traced back to the com-
plete ¢ bonding HOMO-3(3a,’) of Ta3;O5; . Other inner-
shell valence MOs are mainly responsible for the polarized
Ta—O interactions or pure oxygen lone pairs within the li-
gands.[

Thermodynamic Stabilities

Concerning the thermodynamic stabilities of these com-
plexes, we calculated the energy changes of the following
processes in the gas phases starting from the experimentally
known Ta;05~ anions™ and alkali (A*) or alkaline-earth-
metal (B?>*) cations to the required neutral complexes
[Equations (1) and (2)]:

Ta;05™ (D3;) + A™ = [Taz05]A (Cs,) (D

2Ta;05 (D) + B** = [Ta;05]B[Ta;05] (D)) 2

With zero-point corrections included, Equation (1) has
the energy changes of AE(1) = 570, —493, and 410 kJ/
mol for A = Li, Na, and K, respectively, and Equation (2)
possesses the energy changes of AE(2) = -1769, —1623, and
—1501 kJ/mol for B = Ca, Sr, and Ba, respectively. For the
mixed C; [Ta;03]Ca[CsHs], AE =-1913 kJ/mol. These huge
negative energy changes indicate that the [Ta;O03]A (Cs,),
[Ta305]B[Ta303] (D3y,), and [Ta;05]Ca[CsHs] complexes are
strongly favored over ionic dissociations in the gas phase,
and they are therefore viable in experiments. Replacement
of Ta;05~, A*, and B> in Equations (1) and (2) with Ta;O;
(which has a C; symmetry slightly distorted from Ds;) and
A and B neutrals, respectively, produces the corresponding
values of AE(1) = 228, —170, and —177 kJ/mol and AE(2)
= -410, -388, and —422 kJ/mol, respectively. These negative
energy changes further indicate that Equations (1) and (2)
are also favored over covalent dissociations. A detailed mo-
lecular dynamic study of these processes is beyond the reach
of available computing resources at the current stage.

Conclusions

We presented a DFT investigation on the half-sandwich-
type Cs, [Taz03]A (A = Li, Na, K) and full-sandwich-type
D5, [Ta305]B[Ta305] (B = Ca, Sr, Ba) complexes containing
Taz05 6 and © double aromatic ligands. These sandwich-
type complexes are mainly maintained by ionic interactions
due to the fact that both alkali (A) and alkaline-earth (B)
metals have the lowest electronegativities in the periodic
table; the Ta;O3 anions serve as robust inorganic ligands
in these complexes. Modification to the Ta;O5 ligands or
substitution of Ta with other low-oxidation-state transition
metals may produce various derivatives. Preliminary investi-
gations have shown that both Nb;O; and V305 anions
form similar sandwich-type complexes. These model com-
plexes are strongly favored in energy and could be targeted

Eur. J. Inorg. Chem. 2008, 1205-1209
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in future experiments to open a new area of coordination
chemistry by introducing 6 and n double aromatic ligands
to complex systems.
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