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Abstract: In contrast to olefin complexes, their congeners of
heavier elements display various coordination modes, and their
complexes may be present as bis(metallylene) complexes, with
side-on coordination, as metallacyclopropanes, or as p com-
plexes. In the course of our studies on the reactivity of
dilithiostannoles towards transition-metal reagents, three-mem-
bered TiSn2 and six-membered Ti2Sn4 ring complexes were
obtained. According to its geometric parameters, NMR
analysis, and theoretical calculations, the TiSn2 complex
cannot be categorized into any of these previously described
bonding modes. Therefore, a novel resonance structure has
been proposed for a complex that has a delocalized s-orbital
over the TiSn2 ring to understand its electronic structure. The
mechanism for the formation of the Ti2Sn4 ring complex and its
EPR spectrum are also discussed.

The substitution of carbon atoms in compounds such as
olefins and alkynes by heavier elements has attracted
significant attention because the resulting structures are
different from those of the carbon derivatives, and these
compounds thus display unique properties and reactivity.[1] In
contrast to the planar and linear geometries of olefins and
alkynes, respectively, their analogues of heavier elements
generally have trans-bent structures.[2] Similar structural
differences are also found for olefin complexes and their
heavier-element analogues.[3] According to the Dewar–Chatt–
Duncanson model,[4] the bonding modes in olefin complexes
can be classified into two types (Scheme 1): 1) In a metal-
lacyclopropane (A), strong p-back-donation results in large

bent-back angles and an elongated C�C bond. 2) In a p com-
plex (B), s donation of the C=C bond to a metal center is the
dominant interaction, which leads to high planarity of the
olefin moiety. In contrast, complexes that feature double
bonds of heavier elements have various coordination modes
in addition to (A) and (B). DFT calculations on a disilene
zirconium complex revealed that the contribution of the
bis(metallylene) complex (C) is predominant;[3d] compounds
that are prepared by the reaction of stannylenes and ZrII are
thus considered to be bis(stannylene) zirconium complexes.[5]

Marschner and co-workers also reported a bis(stannylene)
titanium complex in which the Ti�Sn bonds have a partial
double-bond character.[6] The Sn···Sn distances in those
bis(stannylene) complexes are long (3.5567(17)–
4.2364(13) �), which indicates that no or only weak inter-
actions occur between the two tin atoms. A distannene
complex with side-on coordination (D) has recently been
synthesized by Wesemann and co-workers.[7]

As part of our studies on the reactivity of dilithiostan-
noles[8] toward transition-metal reagents,[9] we herein report
the reaction of tetraethyldilithiostannole with [Cp2TiCl2]
(Cp = h5-C5H5), which resulted in the formation of a distan-
nene complex that cannot be categorized into any of the
bonding modes (A) to (D) shown in Scheme 1. By changing
the stoichiometry of the reaction, a six-membered Ti2Sn4 ring
complex that bears heavier lithocene moieties was also
formed. The mechanism for the formation of the six-
membered ring complex is also discussed.

The reaction of tetraethyldilithiostannole 1,[8c] which is
coordinated by a diethyl ether molecule, with [Cp2TiCl2]

Scheme 1. Various structures for olefin complexes and congeners of
heavier elements.
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(1 equiv) yielded dark purple crystals after recrystallization
(Scheme 2).[10] X-ray diffraction analysis revealed that the
product is the three-membered TiSn2 ring complex 2
(Figure 1). After recrystallization, the residue consisted of

several unidentified TiIII species, as determined by EPR
spectroscopy (Supporting Information, Figure S1). The Ti�Sn
bond lengths are 2.6867(16) and 2.7254(17) �; these bond
lengths are remarkably shorter than the distances of pre-
viously reported Ti�Sn single bonds (2.842–2.984 �),[11] but
nearly the same as those of the bis(stannylene) titanium
complexes described by Marschner et al. (2.7122(13) and
2.7154(14) �).[6] The distance between the two tin atoms is
3.0576(11) � and therefore longer than typical Sn=Sn bond
lengths (2.575(4) to 2.85126(19) �)[12] and the corresponding
single-bond lengths of bistannoles (2.7682(2) and
2.7822(7) �).[13] However, it is noteworthy that the Sn�Sn
distance in 2 is considerably shorter than those observed for
bis(stannylene) group 4 metal complexes (4.2364(13), 4.038
and 3.5567(17) �),[5,6] which indicates a strong interaction
between the two tin atoms. The bent-back angles q, which are
defined as 1808�][x-Sn-Sn’] , where x is the midpoint
between Ca of each R group, are 678 and 808. These structural
features suggest that complex 2 has a metallacyclopropane
character (A; Scheme 1). The relationship between the
substituents on the tin atoms, the angles (q), and the Sn···Sn
distances in the bis(stannylene) Group 4 metal complexes are
of interest. As the complexes described by the groups of
Marschner and Piers bear bulky substituents on the tin atoms,

they have small q angles (ca. 308) and long Sn···Sn distances
(4.038 and 4.2364(13) �) because of steric repulsion.[5b, 6] For
a stannylene complex that bears C, N-chelating ligands with
the nitrogen atoms coordinated to the vacant p orbitals of the
tin center, Růžiča et al. reported larger angles (65.8 and 68.68)
and a shorter Sn···Sn distance (3.5567(17) �).[5c] Compound 2,
however, bears neither a bulky substituent nor a donating
ligand. Therefore, compound 2 has the largest q angle and the
shortest Sn···Sn distance among all bis(stannylene) Group 4
metal complexes that have been reported to date.

In the 119Sn NMR spectrum of 2, only one signal was
observed at low field at 1332.5 ppm, an area where signals of
stannylene Group 4 metal complexes are typically
observed,[5, 6] which indicates that the two tin atoms of 2
have considerable stannylene character. More interestingly,
a coupling constant between the 119Sn and 117Sn nuclei of
3433 Hz was observed, which lies in the range where 1JSn, Sn

coupling constants are normally observed (2500—
4500 Hz),[14] but it is much larger than that of the stannylene
zirconium complex (J = 630 Hz) described by Piers et al.;[5b] it
was assigned to be a 2JSn, Sn coupling constant. This spectro-
scopic feature suggests that there is a strong bonding
interaction between the two tin atoms of the stannylene
moieties ((E); Scheme 3).

To gain further insight into the electronic structure of 2,
theoretical calculations were performed using the Gaussian03
program.[15] The geometry of 2 was fully optimized with
hybrid density functional theory at the B3PW91[16] level of
theory using the [4333111/433111/43] basis set that was
augmented by two d polarization functions (with d exponents
of 0.253 and 0.078) for tin[17] and the 6-31G(d) basis set for
titanium, carbon, and hydrogen.[18] Natural population anal-
ysis and perturbation-theory energy analysis were performed
with the NBO 3.1 program in Gaussian 03. The optimized
geometry is consistent with the structure that was obtained by
X-ray diffraction analysis (Table S1). Based on the optimized
structure, the Wiberg bond index (WBI)[19] of the Sn�Sn bond
was calculated to be 0.52, which is remarkably larger than that
of 0.20 for Cp2Zr(stannylene)2 with a Sn···Sn distance of
4.038 �.[6] Canonical and natural localized molecular orbital
(CMO and NLMO) calculations both revealed three types of
molecular orbitals (MOs) that are localized on the three-
membered ring (Figure 2). Based on the bonding theory of
olefin complexes, the HOMO appears to result from back-
donation from the d(TiII) to the p(Sn) orbital, while HOMO-3
and HOMO-6 originate from the electron donation from Sn

Scheme 2. Reaction of dilithiostannole 1 with [Cp2TiCl2] (1 equiv).

Figure 1. ORTEP representation of 2 (thermal ellipsoids set at 30%
probability). All hydrogen atoms were omitted for clarity. Selected
bond lengths [�] and angles [8]: Ti–Sn(1) 2.6867(16), Ti–Sn(2)
2.7254(17), Sn(1)–Sn(2) 3.0576(11); Sn(1)-Ti-Sn(2) 68.79(4).

Scheme 3. Possible resonance structures of 2.

Angewandte
Chemie

435Angew. Chem. Int. Ed. 2014, 53, 434 –438 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


to Ti atoms. However, after performing calculations on the
Cp2Ti and Sn2 moieties to depict the orbital correlation of 2,
we unexpectedly found that 2 results from interactions
between the Cp2Ti and Sn2 moieties in their triplet ground
states (Figure S2).[20] According to orbital correlation,
HOMO and HOMO-3 have a covalent-bond character that
is caused by SOMO–SOMO interactions of the two triplet
ground-state moieties. However, the s-symmetric HOMO-6
is derived from a donor–acceptor interaction between the
LUMO of Cp2Ti and an occupied orbital of the Sn2 moieties
and is delocalized over the three-membered ring. Natural
LMOs reveal the nature of these three interactions more
clearly. NBO and second-order perturbation-theory analyses
revealed that the Sn�Sn bond donates its electrons into the
d*x2�y2 and d*z2 orbitals of the titanium, with large stabilization
energies of 88 and 48 kcalmol�1, respectively (Figure S4).
Furthermore, the Sn�Sn bond acts as a donor towards each of
the two p*(Ti–Sn) bonds, and the resulting stabilization
energy was estimated to be 13 kcalmol�1. Because of this
donating nature, the calculated electron occupancy (1.474) for
the s(Sn�Sn) bond is less than 2. Furthermore, the NICS(0)
and NICS(1) values (NICS = nucleus-independent chemical
shift)[21] of the three-membered ring were calculated to be
�36.7 and �18.6 ppm, respectively, which reflects a certain
degree of aromatic delocalization of the electrons over the
TiSn2 ring;[22] this hypothesis is corroborated by a WBI value
for the Sn�Sn bond of less than unity. In contrast, no back-
donation was found in 2, which indicates that 2 does not
feature the metallacyclopropane bonding mode (Scheme 1;
(A)). These calculations and the finding that the Sn�Sn bond
is longer than the corresponding single bond indicate that 2
can also be regarded as a complex that is derived from
a triplet bistannole biradical and a triplet titanocene (F), as an
aromatic compound along the lines of structure (G) in
Scheme 3, and as an Sn�Sn s complex. These s complexes

are well-studied key intermediates of the oxidative additions
of various s bonds.[23]

The UV/Vis spectrum of 2 in hexane at room temperature
shows two strong absorption bands at lmax = 515 and 620 nm
(Figure S5). These two absorption peaks were calculated to be
at 484 (f = 0.17) and 602 (f = 0.07) nm using the time-
dependent (TD) B3PW91 method; these bands are primarily
assignable to the HOMO!LUMO + 1 and HOMO!
LUMO transitions, respectively (see also Figure S5).

The large 1JSn, Sn coupling constant, X-ray crystal and
calculated structures, and NBO analysis revealed that com-
pound 2 has various characters and can be regarded as
a bis(stannylene) complex, as a Sn�Sn s complex or as
a structure with electron delocalization, which is a novel
resonance structure for complexes with double bonds of
heavier elements (Scheme 3).

To understand the mechanism for the formation of 2, the
reaction of 1 with [Cp2TiCl2] (0.5 equiv) was examined
(Scheme 4). Compound 2 was not formed; instead, red

crystals were obtained. X-ray diffraction analysis of these
red crystals revealed that the product is the six-membered
Ti2Sn4 ring complex 3, which bears heavier lithocene moieties
(Figure 3).[10] The skeletal Ti2Sn4 six-membered ring is
compelled to have a boat conformation because of the rigid
lithocene moieties. In contrast to the short Ti�Sn bonds in 2,
the Ti�Sn lengths of 3 are 2.9245(10) and 2.9080(11) � and
therefore in the normal range of the corresponding single
bonds. The Sn�Sn bond length is 3.0098(6) �, which is nearly

Figure 2. CMOs and NLMOs of 2 (isodensity values of 0.05 and 0.03,
respectively). HOMO (p (Sn-Ti-Sn)), HOMO-3 (s (Sn-Ti-Sn), and
HOMO-6 (donation from s (Sn�Sn) into d*(Ti) and s*(Ti�Sn)) for
CMOs. Dative bond from Sn2 to Ti and two covalent bonds between Ti
and Sn for NLMOs.

Scheme 4. Reaction of dilithiostannole 1 with [Cp2TiCl2] (0.5 equiv).

Figure 3. ORTEP drawing of 3 (left) and its skeletal six-membered ring
(right; thermal ellipsoids set at 30% probability). All hydrogen atoms
were omitted for clarity. Selected bond lengths [�] and angles [8]:
Ti–Sn(1) 2.9246(10), Ti#–Sn(2) 2.9080(11), Sn(1)–Sn(2) 3.0098(6);
Sn(1)-Ti-Sn(2)# 89.22(3).
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the same as that of the parent heavier lithocene
(3.0255(16) �).[24]

Because of the paramagnetic character of the TiIII atoms,
no signals were observed in the NMR spectrum of 3. The
EPR spectrum showed broadened signals that were accom-
panied by hyperfine coupling satellites derived from the
Sn nuclei (Figure 4). A giso value of 1.994 was determined,
which is nearly the same as that of the TiIII species.[25] The
hyperfine coupling constant for A(b-Sn) of 81 G is smaller
than that of 187 G for another A(b-Sn),[26] although the
satellite signals resulting from the 119Sn and 117Sn nuclei
cannot be distinguished because of the broadening of the
signal. The A(Ti) hyperfine coupling constant is estimated to
be 6.5 G from the simulated spectrum (dashed line in
Figure 4), which is comparable to that of a TiIII complex
(12.48 G).[25b]

As complex 3 may be regarded as a reduced version of 2,
the reduction of 2 with 1 was investigated (Scheme 5).[10] As
expected, 1 functioned as a one-electron reductant to form
1,1’-dilithiobistannole 4 and compound 3 nearly quantita-
tively, as determined by NMR[8] and EPR spectroscopy.
Therefore, in the reaction of [Cp2TiCl2] with two equivalents
of 1 (Scheme 4), 2 is first formed by the 1:1 reaction of
[Cp2TiCl2] and 1, and the remaining one equivalent of 1 then
reduces 2 to afford Ti2Sn4 3.[27]

In summary, we successfully isolated two novel complexes,
the three-membered TiSn2 ring complex 2 and the six-
membered Ti2Sn4 ring complex 3, from the reactions of
tetraethyldilithiostannole 1 with [Cp2TiCl2]. Compound 3 was
also obtained quantitatively by the reduction of 2 with 1,
which indicates that dilithiostannole 1 is a novel and useful
homogeneous one-electron reductant. Based on the low-field
119Sn NMR signal accompanied by the large 1JSn, Sn coupling
constant, the short Sn�Sn distance compared with those of
other bis(stannylene) complexes, and theoretical calculations,
it can be concluded that complex 2 can be regarded as
a bis(stannylene) complex, a Sn�Sn s complex, and as a novel
structure with a s orbital that is delocalized over the TiSn2

ring.
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