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The geometrical and electronic structures of a new class of transition-metal sandwich complexes
M(CgXgLig), (M = Cr, Mo, W; X =0, S) have been systematically investigated in this work at DFT B3LYP
and PBE1PBE levels. Both the D,q M(CgOgLig), and Dgg M(CgSgLig), (M = Cr, Mo, W) complex series are
found to conform to the 18-electron rule similar to dibenzenechromium Cr(CgHg), and are stable in
thermodynamics. Molecular orbital analyses indicate that effective d-m coordination bonds are formed
between the partially filled nd atomic orbitals of transition-metal centers (Cr, Mo, W) and the © molecular
orbitals of the CgXgLig ligands (X = O, S). Electrostatic interactions between the two interlaced CgXgLig
(X =0 and S) ligands also contribute to the high stability of these sandwich complexes. The calculated
infrared spectra of these complexes are presented to facilitate their future experimental
characterizations.

Infrared spectra

Crown Copyright © 2013 Published by Elsevier B.V. All rights reserved.

1. Introduction

Since the discovery of ferrocene Fe(CsHs), [1,2] and dibenzene-
chromium Cr(CgHg), [3], transition-metal sandwich complexes
have constituted one of the most important subjects in organome-
tallic chemistry. The interesting geometrical, electronic structures
and unusual bonding characteristics of these sandwich complexes
have attracted great attention because of their wide applications in
catalysis, polymers, and molecular recognitions [4]. Typical such
complexes possess a mononuclear M center sandwiched between
two small carbocyclic ligands [5-7]. The d-m interactions between
the transition metal centers and their ligands play a key role in sta-
bilizing these sandwich structures. To improve the properties of
sandwich complexes, chemists have been managing to modify
and design new ligands in the past six decades. A number of novel
ligands analogous to benzene have been designed to sandwich
transition mental center in recent years, such as BeC?-, P5, Ceo
[8-13]. These novel sandwich complexes, ions, multidecker
sandwich clusters and infinitely long sandwich complexes (or
nanowires) with unusual structures and chemical properties have
helped to understand the nature of the d-m coordination
interactions [14-20].

In order to reduce greenhouse gas emissions, carbonyl
(CO)-based molecules have aroused great interest among chemists
in recent years [21-29]. When benzenehexol (CsOsHg) [30] and
benzenehexathiol (CsSgHg) [31] lose six H* cations from the
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hydroxyl and hydrosulfuryl groups, the hexaanions of Cs0%~ and
CsSg™ are formed. The salts of Cs05~ and C¢S%~ have found wide
applications [32,33]. Hexasodium hexathiolate CgSgNag has been
synthesized experimentally and its X-ray crystal structure has
been determined [31,34]. The perfect molecular wheels of
CgOgLig and CgSglig turn out to be the true minima of the systems,
with the six lithium cations at bridging positions. The CgOgLig—
CeOgLiy pair has found potential application in Li*-battery [35].
Similar to benzene (Dg,, CgHg), the perfect “molecular wheels” of
Dgn CgOglis and CgSelis appear to be m-aromatic in nature with
six delocalized 7 electrons conforming to the 4n + 2 Huckel rule
(see Fig. 1) and therefore are possible to serve as alternative ligands
to coordinate transition metal centers. Recently, Eiji Asato et al. re-
ported the novel mixed-valence heptanuclear palladium complex
of [Pd,(THBQ),(tben)s](PFs)s in which two CgOg units show an
unprecedented 1°®-Cs0g binding mode to a naked Pd metal. Such
a structure is reminiscent of the typical metallocene-like
compounds [36]. Wu and co-workers recently predicted that crys-
tallized M(CgOgHe), sandwich nanowires may serve as ferroelectric
or even multiferroic materials [37].

However, to the best of our knowledge, there have been no
experimental or theoretical investigations reported to date on
transition-metal sandwich complexes containing the m-aromatic
CsXglig (X = 0, S) ligands. We aim in this work to explore at density
functional theory (DFT) level the geometrical and electronic
structures, aromaticities, and thermodynamic stabilities of a series
of novel sandwich complexes M(CgXgLig)> (M = Cr, Mo, W; X =0, S)
in which the transition metal center M are effectively sandwiched
between two m-aromatic CgXglig ligands. Such structures which
may be generated through ligand exchange reactions from
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Fig. 1. Geometrical structures of De, CsHg, CsOgLis, and CgSeLig and their delocalized orbitals obtained at B3LYP.

dibenzenechromium Cr(CgHg), extend the structural domain of
transition-metal sandwich complexes and may have important
applications in chemistry and materials science.

2. Theoretical methods

The geometrical optimizations were performed using the
hybrid B3LYP [38,39] and PBE1PBE [40] with the standard
Gaussian basis of 6-311+G(d) on H, C, O, S, Li, Cr and the Stuttgart
quasi-relativistic pseudo-potentials and basis sets (Stuttgart RSC
1997 ECP) augmented with 2f and 1 g functions on Mo and W
[41-43]. Geometries were fully optimized and the DFT wave func-
tions obtained at the optimized structures were confirmed to be
stable. Vibrational frequencies of the optimized structures at the
same levels were calculated to characterize stationary points as
minima, transition states, or high-order saddle points on the po-
tential energy surfaces (PES). Natural bond orbital (NBO) analyses
were performed to gain insight into the bonding pattern of these
complexes. Because all the transitional-metal centers in these
complexes conform to the 18-elcecton rule similar to the situation
in Cr(CgHg),, the ground states of these sandwich complexes
appear to be singlet. To assess the aromatic character of these
sandwich complexes, the nucleus independent chemical shifts
(NICS) and their out-of-plane components (NICS,,) [44-47] were
calculated at points 1.0 A above the Cg-ring centers along the
molecular axes perpendicular to the ligand planes. All DFT calcula-
tions in this work were carried out using the Gaussian 03 package
[48]. Molecular structures and Molecular orbitals were visualized
using the CYLview [49] and Molekel 5.4 [50] program, respectively.

3. Results and discussion
3.1. Geometrical structures

Fig. 2 depicts the optimized structures of the sandwich
complexes M(CgXslig)o(M =Cr, Mo, W; X=0, S) at B3LYP. The
PBE1PBE functional produces essentially the same structures for
these complexes, with only minor differences in bond lengths.

In the following discussions, we will mainly investigate the
geometrical and electronic properties of the concerned complexes
using the B3LYP functional. Similar to the classical sandwich

structure of Cr(CgHeg),, the metal center M form sandwich struc-
tures with two staggered Cg rings in both the M(CgOglig), and
M(CgSeLig), series (M= Cr, Mo, W). The Cr-C bond lengths of
2.105-2.195 A in Cr(CgOgLig)> and 2.182 A in Cr(CgSeLig), are very
close to the corresponding values of 2.171 A in Cr(CgHs)», indicat-
ing that the M(CgXgLig), molecules concerned in this work belong
to typical transitional-metal sandwich complexes.

However, the staggered M(CgXgLig), appear to be also obviously
different from the eclipsed Cr(CgHg); in structural features which
are obviously related with the CgXgLig ligands they contain. The
M(CeSeLis), series form perfect staggered Dggq geometric structures
(see Fig. 2) due to the electrostatic interactions between the two
ligands in the complexes. As shown in Table 1, S and Li atoms carry
the natural atomic charges of —0.58 to —0.59 |e| and +0.77 |e|,
respectively. An eclipsed Dg;, structure is therefore expected to
be unstable due to the obvious electrostatic repulsion between
the S and Li atoms in the two ligands at the two ends. In fact, as
shown in Fig. S1, the eclipsed Dg, Cr(CgSelis), is an eighth-order
saddle point lying much higher in energy (3.31 eV) than the per-
fectly staggered Dgq geometry. Such staggered Dgq conformations
help to form effective electrostatic attraction between the neigh-
boring S and Li ions in the two opposite ligands, leading to the
interlaced cage-like structures for the whole Dgq M(CgSeLis)- series
(M = Cr, Mo, W). However, as O is smaller than S in atomic radii and
CgOglLig is smaller than CgSglis in ligand sizes, there would be no
enough space to place the twelve Li* ions in the perfectly staggered
Dga M(CgOgLig)s. It is true that, in the case of Cr(CgOgLig),, the per-
fectly eclipsed Dg, (a transition state), the perfectly staggered Dgq
(a ninth-order saddle point), and the slightly distorted D3 (a true
minimum) structures lie 2.64, 1.31, and 0.27 eV higher than the
lowest-lying D,4 isomer obtained, respectively. Four Li ions are
eventually excluded from the middle part of the staggered Cr(CgOs.
Lig), to form the slightly distorted D,y Cr(CgOgLig), which contain
four Li* cations 0.54 A above the ligand planes. Similar D,q4 distor-
tion occur to other M(CgOgLig), complexes.

3.2. Bonding characteristics

The bonding characteristics of these sandwich complexes also
appear to be interesting. As shown in Table 1, the natural atomic
charges of carbon atoms in CgOglig are slightly positive (+0.17),
while those in CgHg and CgSgLig are negative (—0.21 and —0.17).
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Fig. 2. Optimized structures of the sandwich complexes D4 M(CsOgLig)2 and Dgg M(CgSeLis)2 (M = Cr, Mo, W) at B3LYP.

Table 1
Calculated bond lengths (r/A), natural atomic charges (q/|e|) of CsHs, CeXsLis, [Cr(CeHs)2], and [M(CeXeLis)2] (M = Cr, Mo, W; X = 0, S) at B3LYP.
Tc-m T'cc Tc-x X-Li TLi-Li qm qc qx qLi
CeHs 1.395 1.084 -0.21 +0.21
CeOglis 1.409 1.388 1.781 +0.17 -1.11 +0.94
CeSelis 1.418 1.808 2.193 -0.17 -0.71 +0.88
Cr(CsHe)2 2171 1.416 1.084 —-0.02 -0.22 +0.22
Cr(CgO6Lic)2 2.195 1.443 1.357 1.800 2.342 —-0.65 +0.28 -0.93 +0.76
2.105 1.445 1.407 1.832 +0.21 —0.99 +0.86
1.950
Mo(CgOgLis) 2.298 1.457 1.357 1.817 2.328 -0.78 +0.28 -0.92 +0.76
2213 1.458 1.406 1.836 +0.21 —0.98 +0.86
1.972
W(CeOsLis)2 2.305 1.459 1.357 1.819 2.336 -0.61 +0.29 -0.92 +0.73
2.220 1.459 1.408 1.839 +0.22 -0.97 +0.84
1.977
Cr(CeSeLis)2 2.182 1.443 1.841 2.239 2.542 -0.03 -0.18 -0.59 +0.77
Mo(CgSeLis )2 2.269 1.452 1.844 2.243 2.560 -0.12 -0.18 -0.58 +0.77
W(CgSeLis )2 2.276 1.456 1.846 2.244 2.568 +0.12 —-0.20 —-0.58 +0.77

Therefore, CgOglig is expected to be different from CgHg, and
CeSelig is anticipated to be similar with CgHe. It is true that, in
the sandwich complexes, the metals and carbon atoms in M(CgOs.
Lig), are negatively and positively charged, respectively, while the
metal and carbon atoms in both Cr(CgHg), and M(CgSgLig), are pos-
itively and negatively charged, respectively. We employ the widely
used Wiberg bond index to investigate the coordination bonding in
these complexes. As shown in Table 2, the total Wiberg bond order
of Cr-Cy, in Cr(CgOglig), (4.79) is obviously higher than those in
Cr(CgHe), (3.91) and Cr(CgSelLis), (3.80). Similarly, the total bond
orders in Mo(CgOglLig), and W(CgOgLig), are higher than those in
Mo(CeSesLig), and W(CgSeLis),, respectively. These results indicate
that the Cr-C;; coordination interaction for CgOgLig ligand is stron-
ger than that for both CgSgLis and CgHg. The higher M-C;, bond
orders in M(CgOglig), are consistent with the negative charges
the metal centers carry in M(CgOgLig), complexes. Such charge dis-
tributions originate from effective d-m donations and provide
more bonding nd electrons for the metal centers to coordinate with
its CgSeLig ligands. Detailed NBO analyses indicate that there are
minor bonding contributions between the metal center and the
012/S1> lone pairs as well, with the total Wiberg bond orders of
about 0.49-0.63 (see Table 2). Thus, the ligands in M(CgOgLisg);
are coordinated with the metal center not only through the Cg aro-
matic rings, but also through the O/S lone pairs. We also notice that

the Cr center in Cr(CgSgLig), has the atomic electronic configuration
of Cr[Ar]4s°°13d>72, indicating that the 4s electron is almost
completely lost in the Cr center. In this electronic configuration,
Cr center would mainly coordinates with its ligands through 3d
orbitals. Other M(CgXslig), sandwich complexes have similar
situations.

The NICS and NICS,, values of the CgXglig ligands and
M(CgXeLig), complexes (M =Cr, Mo, W; X=0, S) at points 1.0 A
above the ring center of the Cg ligands along the molecular axes
are computed at GIAO-B3LYP (see Table 2). The calculated NICS(1)
(—=10.4 and —8.4 ppm) and NICS,,(1)(—21.2 and —20.2 ppm) for Dgp,
CsOg¢Lis and CgSglig appear to be well comparable with the corre-
sponding values of CgHg (—10.0 and —29.4 ppm), indicating that
the CgXgLlig (X =0, S) ligands possess similar m-aromaticity with
CgHg. It is worth noticing that the calculated negative NICS(1)
(-14.1 to —19.3 ppm) and NICS,,(1) (—22.8 to —25.4 ppm) values
for the sandwich complexes appear to be even bigger than the
corresponding value of free CgXglig ligands, indicating that
the nd,, orbitals of the transition-metal centers also contribute
to the overall aromaticity of the ligands in the complexes.

The stability of M(CgXsLig)2 (M = Cr, Mo, W; X = 0, S) complexes
mainly originate from their bonding patterns involving effective
interactions between the partially filled nd orbitals of the transi-
tion-metal centers M and the delocalized m orbitals of the
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Table 2
Wiberg bond indices (WBI), NICS(1) and NICS,,(1) and HOMO-LUMO energy gaps (AEg,p/eV) of CgHg, CeXslis, Cr(CeHg)2, and M(CgXgLig), (M = Cr, Mo, W; X = O, S) at B3LYP.
WBI NICS (1) NICS,,(1) AEgap
M-Cy, M-X;, Cc-C C-X X-Li
CgHg 1.44 0.93 -10.0 —-29.4 6.60
CgOglig 1.31 1.03 0.05 -104 —21.2 2.16
CsSeLis 134 1.06 0.11 -84 -20.2 2.99
Cr(CgHeg)2 3.91 0.16 1.28 0.91 -20.1 —-34.7 4.00
Cr(C¢OgLis)2 479 0.49 1.12 1.08 0.10 -193 -228 1.83
1.12 0.99 0.13
Mo(CsOgLis) 4.43 0.63 1.12 1.09 0.13 -15.5 —-234 2.19
1.12 1.00 0.09
W(CsOglLig)2 4.74 0.56 1.11 1.07 0.15 -15.8 -25.0 2.20
112 0.98 0.12
Cr(CeSeLis )2 3.80 0.62 1.21 1.02 0.12 -173 -230 2.56
Mo(CgSeLi ) 413 0.62 1.19 1.02 0.12 -142 254 2.46
W(CgSeLis)2 433 0.60 1.18 1.02 0.12 -14.1 -22.9 2.39

HOMO-2(¢,)

HOMO-16(¢,)

Fig. 3. MO pictures of Dgq Cr(CeSeLis)2 at B3LYP involving the Cr 3d orbitals and the 7 orbitals of the two CgSgLig ligands.

CsXglig ligands. We illustrate the bonding molecular orbitals of the
high symmetry Dgq Cr(CsSeLis)2 in Fig. 3 which involve the 3d orbi-
tals of the Cr center and the 7 orbitals of C¢SgLig ligand. The degen-
erate HOMOs(e,) of Cr(CgSelig), are the combination of the 3dyy
and 3dy,_y» orbitals of the Cr center with the degenerate anti-
bonding mr* MOs of the CgSglis ligand which makes the largest
contribution to Cr(CgSglig), &-back-donation. The HOMO-1(a;)
mainly originates from the 3d,, atomic orbital of Cr atom.
HOMO-2(es) reflects the interactions between the two 1 HOMOs
(eqg) of the two CgSelis ligands with opposite orbital signs and
the 3dy, and 3dy, of the Cr center, which mainly contain the elec-
tron donation from the CgSeLig ligands to the 3dy, and 3dy, atomic
orbitals of the Cr atom. It is interesting to notice that HOMO-16(es)
also contain the contributions from the lone pair orbitals of S
atoms. Similar d-n bonding MOs exist in the other M(CgXgLig)2
sandwich complexes. It is these effective d—-m interactions includ-
ing the LM donation and ML back-donation that play the most
important roles in maintaining the stabilities of M(CgXgLig)2
(M =Cr, Mo, W; X =0, S) complexes.

3.3. Thermodynamic stabilities and Simulated IR Spectra

Concerning the thermodynamic stabilities of these novel sand-
wich complexes, we propose the following CsXgLig/CsHg ligand ex-
change reactions in gas phases in The reactions of Dg, CgXglis
ligands with Dg, M(CgHg), to produce M(CgXglig), (M =Cr, Mo,
W; X =0, S) and free CgHg can be divided into two steps: (1) and
(2). As indicated in Table 3, with zero-point corrections included,
the overall reactions all have the negative total energy changes
of E= AE; + AE, (—11.61 to —44.83 kcal/mol) at the B3LYP level,

indicating that the replacements of CgHg ligands in Dg, M(CgHsg)2
with Dg, CeXslig are overall favored in energy. Interestingly, the
first step reaction (R.1) possesses small positive energy changes
with AE; = +1.14 to +3.89 kcal/mol for C¢SeLig and the small nega-
tive energy changes with AE;=-2.72 to -9.16 kcal/mol for
CgO¢lis. These values suggest that the formation of the mixed
sandwich complexes M(CgXglis)(CsHg) may be reversible pro-
cesses. However, such reversible processes can be effectively cou-
pled with the second step reactions which are overwhelmingly
favored in thermodynamics with much bigger negative energy
changes, making the overall reactions favorable in thermodynam-
ics (see Table 3). Based upon this observation, we propose the pos-
sibility of synthesizing the concerned sandwich complexes through
ligand exchange reactions in gas phases.

In addition, as shown in Table 2, all these sandwich complexes
possess relatively large HOMO-LUMO energy gaps with
AEg,p, = 1.83-2.56 eV, further supporting their thermodynamic sta-
bility. Detailed kinetic investigation on such big complexes

Table 3
Calculated energy changes AE (kcal/mol) for Reaction 1 and Reaction 2 at B3LYP with
zero-point corrections included.

AE, AE, AE; + AE,
Cr(CsOeLis )2 —2.72 ~33.15 -35.87
Mo(CeOgLis)> ~821 454 ~12.75
W(CeO6Lis)2 ~9.16 —2.45 ~11.61
Cr(CeSeLis): +3.89 ~43.81 -39.92
Mo(CeSsLis)2 +1.52 ~4536 ~43.84
W(CeSeLis)2 +1.14 ~45.97 —44383
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Fig. 4. Two-step ligand-exchange reactions of M(CgHs), to produce M(CgXsLis), (M = Cr, Mo, W; X =0, S).
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requires much more powerful computing capacities which are
beyond the reach of available resources.

In order to further verify the stability of these sandwich com-
plexes, we performed the first principle molecular dynamics
(FPMD) simulations of Cr(CgOgLig), and Cr(CgSeLig), at 500 K for
10.0 ps at the B3LYP/6-31G" level. In both of the simulations, the
covalent frameworks Cr(CgXs), (X=0 and S) maintained com-
pletely, while the Li" ions fluctuated around the covalent frame-
works. Therefore, these sandwich complexes are stable in the
high temperature.

In the surfaces of the sandwich complexes, there are many po-
sitive charged Li* ion (+0.73 to +0.86) and negative charged O
atoms (—0.92 to —0.99, Table 1), so that these complexes can easily
form the ionic dimmers. For instance, two D,q Cr(CgOglig), sand-
wich units form two types of the stable [Cr(LigCsOg),]> dimmers:
head-to-head and side-by-side (see Fig. S2), whose heats of forma-
tion from the monomers are —82.47 and —71.49 kcal/mol (includ-
ing zero-point corrections), respectively. In both of the dimmers,
the sandwich structures are perfectly maintained so that it is pos-
sible to further form the ionic crystals of these M(CgOgLig)> (M = Cr,
Mo, W) units (see Fig. 4).

The predicted IR spectra of the sandwich complexes D,4 Cr(Ce_
OgLig); (c) and Dgg Cr(CeSglig), (d) compared with the ligands
Dgn CeOglisg(a) and CgSelig(b) are shown in Fig. 5. As seen from
Fig. 5, the IR spectra of the high-symmetry Dg, CgOglig and
CeSelig are relatively simple. The IR peak situate at 562 cm™! in
(a) and the strongest IR peak situate at 480 cm™' in (b) correspond
to the stretching vibration of O-Li and S-Li in CsOgLig and CgSeLig
rings, respectively. The IR-peaks situate 137,319,744 cm™! in (a)
and 71,187,566 cm™! in (b) correspond to the out-of-plane and
in-plane C-X-Li bend vibrational resonances. The asymmetrical
stretching vibrations of C-O bonds produce the IR absorption at
986 cm™~! for Cg0glLis and the stretching vibrations of C-S bonds
produce two IR absorptions at 630 cm~! for CgSeLis. Typical asym-
metrical C-C stretching vibrations produce the IR absorptions at
1431 cm™! and 1269 cm™! for CgOglig and CgSelis, respectively.
The IR spectrum of the slightly distorted D,y Cr(CgOgLig), (c) and
perfect Dgq Cr(CgSeLig), (d) become complicated with the peaks lo-
cated at 512 and 502 cm ™! for CgOgLig and CgSeLig corresponding to
the characteristic asymmetrical breath vibrations of C-Cr bonds,
which reveals the interactions between the transition-metal
center and the ligands. The absorptions at 1269, 1040 cm™~' for



100 J.-C. Guo et al./ Computational and Theoretical Chemistry 1018 (2013) 95-101

Dyq Cr(CgOgLig) and Dgq Cr(CeSeLic), corresponds to the asymmet-
rical stretching vibrations of C-C bonds, which corresponds the
symmetrical breath vibrations of C-C in the free ligands. The peaks
at 1362 and 1181 cm™! corresponding to typical asymmetrical C-C
stretching vibrations of Cr(CeOgLig), and Cr(CeSelig), are appar-
ently red-shifted compared with free CgXsLig(X = O, S) ligands (at
1431 and 1269 cm™!, respectively), indicating that C-C bonds are
slightly weakened with the formation of the sandwich complexes.

4. Summary

In summary, we have presented in this work strong theoretical
evidences for the possible existence of the staggered sandwich
complexes of M(CgXgLig)> (M = Cr, Mo, W; X =0, S). The d-nt coor-
dination bonds between transitional metal center and its ligands
play the most important role in stabilizing these sandwich com-
plexes. Detailed NICS and NICSzz analyses indicate that the
CsXglig ligands in these sandwich complexes are aromatic in nat-
ure. These transition-metal sandwich complexes conforming to
the 18-electron rule prove to be favored thermodynamically in the-
ory and could be targeted in future experiments.
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