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Bis[dibenzobismepine], a dibismuthane composed of two
bismepine units (R2Bi� BiR2), was synthesized and fully charac-
terized (R2=(C6H4CH)2). Reactions of this dibismuthane with
diphenyl dichalcogenides, dibenzoylperoxide, and elemental
chalcogens have been investigated. All products of these
reactions have been isolated and fully characterized, including a
series of compounds R2Bi� E� BiR2 (E=O� Te). These species
contain two olefin units of the bismepine moieties and a

chalcogen atom as potential coordination sites. The potential of
these species to act as hybrid tridentate chalcogen/olefin
ligands with bismuth atoms as structure-determining elements
in the backbone has been investigated by theoretical ap-
proaches, aiming at the complexation of CoI, RhI, IrI and Ni0, Pd0,
Pt0. The analytical techniques applied in this work include
heteronuclear and 2D NMR spectroscopy, elemental analysis,
single-crystal X-ray diffraction analysis, and DFT calculations.

Introduction

The coordination of olefin moieties to transition metal atoms
plays an important role in many processes such as the
polymerization,[1] hydrogenation,[2] and functionalization of
unsaturated hydrocarbons.[3] In most of these processes, the
olefin ligand is activated by the transition metal center through
coordination, undergoes a chemical transformation and sub-
sequently dissociates from the metal. Olefin ligands also play an
important role in catalyst precursors for asymmetric catalysis
and in precursors for the synthesis of various transition metal
complexes. The latter approach benefits from the lability of
olefin ligands and their facile replacement by other ligands
through ligand exchange reactions and from the removal of
volatile olefins such as ethylene providing an additional driving
force.[4] The potential application of olefin ligands as spectator
ligands which stay coordinated to the metal atom during the

catalytic process and influence the catalytic properties of the
complex has only more recently moved into the focus of
research activities. Most of this work has focused on chiral diene
ligands and their application in asymmetric catalysis due to the
higher stability of diolefin complexes in comparison to mono-
olefin complexes.[5] A variety of Rh and Ir complexes with chiral
diene ligands derived from bicyclic hepta- or octadienes
(Scheme 1; I) have been synthesized and used in asymmetric
catalysis, for example the asymmetric addition of organoboron
reagents to enones[6] or imines.[7] The combination of olefins
with heteroatom-containing functional groups, mainly amines
and phosphanes (Scheme 1; II), has led to new classes of
ligands. While the heteroatom ensures sufficiently strong bind-
ing to the metal atom, the olefin unit can be used to introduce
chirality and fine-tune the electronic properties of the metal
center. In this context, it is important to note that the (de-
)coordination of electron-accepting olefin ligands can also
respond to the varying electronic needs of a transition metal
center in the different steps of a catalytic cycle. This class of
ligands has shown promising results in the rhodium-catalyzed
asymmetric conjugate addition of arylboronic acids to α,β-
unsaturated carbonyl compounds, in some cases even out-
performing established phosphane-based ligands.[8] Although
less examples are known for sulfur-containing olefin hybrid
ligands, they have also shown promising results in similar
reactions.[9] In addition to catalysis, research of diolefin ligands
and their coordination properties has led to remarkable findings
in other fields of molecular chemistry: rhodium complexes with
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Scheme 1. Selected diolefin and hybrid olefin/E ligands (I–III) and group 15
dibenzoheteropines (IV).
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amine-bridged diolefin ligands based on tropolone of the type
trop2NR (R=H, Me; trop=5H-dibenzo[a,d]cylo-hepten-5-yl;
Scheme 1; III) have enabled the first isolation of a stable metal
aminyl radical complex[10] and the heterolytic splitting of H2

across a Rh� N bond.[11] Further variations of this ligand motif
have been reported (Scheme 1, III; E=PR, O, S).[12]

Based on these results, dibenzoheteropines containing
group 15 elements could be an interesting class of hybrid olefin
ligands (IV, Scheme 1). While the coordination of the olefin
moiety of dibenzoazepines to various main group and transition
metals has been investigated,[13] coordination compounds of
their heavier homologues have remained rare. In the case of
dibenzophosphepines, coordination of the olefin moiety to Rh
has been observed,[14] while for dibenzoarsepines only the
coordination to Au through the arsenic atom has been
described.[15] Coordination compounds of dibenzostibepines
have remained elusive. The first coordination compounds
involving dibenzobismepines were only recently described by
our group. The reaction of a cationic dibenzobismepine with a
pyrazolide substituted OsII complex led to a Lewis acid/base
adduct between the bismepine and one nitrogen atom of the
pyrazolide ligand, however no interactions between the
bismepine fragment and the Os atom were observed due to
steric bulk.[16] More recently we have shown that neutral
dibenzobismepines can act as rigid, ditopic arene donors
towards Tl+, ligating the soft Lewis acid Tl+ through arene!Tl+

bonding, supported by weak olefin!Tl+ interactions. DFT
calculations showed that the incorporation of Bi (instead of
N� Sb) into the heteropine ligand framework makes the
coordination more favorable through electronic factors.[17] The
potential to fine-tune the character of ligands by incorporating
bismuth atoms, which do not directly interact with the central
atom, has previously been shown in studies by the groups of
Wright and García-Rodríguez using tripodal tris(pyridyl)[18–20] and
tris(quinolyl)[21] ligands. Coinage metal complexes of those
ligands have shown interesting properties, such as unusual
coordination modes,[21] novel supramolecular assemblies,[20] and
an increased radical contribution in the Cu(I) catalyzed aziridi-
nation of alkenes.[18] With these results in mind, we became
interested in the synthesis of novel dibenzobismepines which
allow for the facile installation of a set of functional groups,
thereby creating a new family of potential hybrid olefin/
heteroatom ligands.

Results and Discussion

A set of dibenzobismepines, including a dinuclear bismepine,
halobismepines, and cationic bismepines, have recently been
described by our group,[22] including the investigation of their
soft Lewis acidity[23] and their exploitation as rigid, ditopic arene
donor ligands.[17] Our next goal was the synthesis of
bis[dibenzobismepine] (2), a dibismuthane featuring two diben-
zobisempine units (for a Lewis formula see Scheme 2). Two
olefin moieties and four arene groups, potential donor function-
alities towards metal centers, and a weak bismuth-bismuth
bond, which allows for further functionalization, make this

compound an interesting starting point to further explore the
potential of bismepines in coordination chemistry. The reduc-
tion of alkoxy substituted diarylbismuth compounds using
phenylsilane, which was recently employed in the synthesis of a
similar dibismuthane,[24] proved unsuccessful for the preparation
of 2. Similarly, attempts to reduce the iodine substituted
bismepine 1-I with a triethylborohydride salt (LiBHEt3, Super-
Hydride®), a strategy that had been successful for the synthesis
of some dibismuthanes,[25,26] did not yield the desired product.
The 1H NMR spectrum of the crude reaction mixture showed a
set of signals for the dibenzobismepine backbone in the
aromatic region and one set of signals in the aliphatic region,
which was assigned to a bismuth-bound ethyl group. This
indicates that an ethyl group, instead of a hydride, was
transferred from the borate anion to the bismuth atom. This
uncommon reactivity of triethylborohydride salts has previously
been observed in rare cases, for example in the reaction of [BiCl
{Mo(CO)3Cp}2] with KBHEt3.

[27]

The reduction of iodobismepine 1-I with lithium aluminium
hydride or cobaltocene gave access to bis[dibenzobismepine]
(2), which could be isolated in good to excellent yields as an
orange solid (Scheme 2). 1H NMR spectra of 2 in THF-d8 and
CD2Cl2 show the expected signal pattern for the benzo groups
and one singlet in the olefinic region for the two olefin units.
13C NMR spectra of 2 are in agreement with the suggested
structure. The resonance of the ipso-carbon atoms shows
significant broadening, which can be attributed to quadrupolar
line broadening induced by the neighboring 209Bi nucleus.
Dibismuthane 2 crystallizes in the monoclinic space group P21/c
with Z=4 (Figure 1).

The crystal structure of 2 shows the two dibenzobismepine
units in the expected boat conformation and the bismuth
atoms in trigonal-pyramidal coordination geometries. In con-
trast to other dibismuthanes, 2 does not show thermochromic
behavior in the solid state which may be explained by the
absence of intermolecular Bi···Bi interactions.[28] The bismuth-
bismuth bond length of 2.901(7) Å is at the lower end of the
range of Bi� Bi distances reported for other aryl substituted
dibismuthanes (2.986(7)–3.087(3) Å).[24,26,29] Short Bi1···C7/C8 dis-
tances of 3.38(1)–3.403(9) Å, which is ca. 10% below the sum of
the van der Waals radii (3.77 Å),[30] suggest weak Bi···olefin
interactions, which have previously been described for halobis-
mepines 1-X (X=Cl, Br, I).[22]

Dibismuthanes are known to react with diorganodichalco-
genides with cleavage of the two element-element bonds and
formation of a bismuth-chalcogen bond.[31–34,35] Reactions

Scheme 2. Synthesis of dibismuthane 2.
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between dibismuthane 2 and diphenyl dichalcogenides
PhE� EPh (E=S, Se, Te) led to a series of phenyl chalcogenide-
substituted bismepines (3-E, E=S, Se, Te). To complete the
series, the analogous phenoxy-substituted bismepine 3-O was
prepared by salt elimination of halobismepine 1-I with
potassium phenolate. Compounds 3-E were isolated in moder-
ate to good yields as white (E=O), pale yellow (E=S, Se) or
orange (E=Te) solids and fully characterized.

While reactions between dibismuthanes and diorgano
dichalcogenides have been described for a variety of differently
substituted compounds,[31–34] the analogous reaction between a
dibismuthane and a peroxide has not been reported, yet, to the
best of our knowledge. Addition of dibenzoyl peroxide to a
solution of 2 resulted in an immediate discoloration of the
previously orange solution and NMR spectroscopic analysis
revealed the selective formation of a new bismepine species.
Layering of the solution with n-pentane and storage at � 30 °C
led to the formation of colorless crystals which were identified
as the benzoate-substituted bismepine 4 (Scheme 3). Com-
pound 4 was isolated in a good yield (83%) and fully
characterized. The 1H and 13C NMR spectra of compounds 3-E
and 4 are in agreement with the suggested structures. The 77Se
NMR spectrum of 3-Se shows a singlet at 175.70 ppm and the
125Te NMR spectrum of 3-Te shows a singlet at 170.17 ppm.
These chemical shifts are similar to those reported for the
related compounds [Bi(C6H4CH2)2S(EPh)] (E=Se, 183.70 ppm;
E=Te, 141.10 ppm).[24] Like dibismuthane 2, compounds 3-E
crystallize in the monoclinic space group P21/c with Z=4 (3-O is
shown as a representative example in Figure 2). Selected
bonding parameters are summarized in Table 1. The molecular
structures of compounds 3-E show the bismuth atoms in
trigonal-pyramidal coordination geometries (C� Bi� C/E,
85.72(7)–93.40(7)°), when weak Bi···olefin and Bi···arene inter-
actions are not taken into consideration (vide infra). The Bi� C
bond lengths are in the range of 2.203(8)–2.2362(19) Å, which is
similar to those in previously reported dibenzobismepines.[22]

Figure 1. a) Molecular structure of 2 in the solid state. Displacement
ellipsoids are shown at the 50% level. Hydrogen atoms are omitted for
clarity. Selected bond lengths (Å), interatomic distances (Å), and bond angles
(deg): Bi1� Bi1’, 2.9801(7); Bi1� C1, 2.259(9); Bi1� C14, 2.268(9); Bi1···C7, 3.38(1);
Bi1···C8, 3.403(9); C1� Bi1� C14, 90.4(3); C1� Bi1� Bi1’, 94.7(2).

Scheme 3. Syntheses of compounds 3-E (E=O, S, Se, Te) and 4.

Figure 2. Molecular structure of 3-O in the solid state as a representative
example of compounds 3-E (for graphical representations of the molecular
structures of 3-S, 3-Se, and 3-Te, see Supp. Inf.). Displacement ellipsoids are
shown at the 50% probability level. Hydrogen atoms and one lattice bound
benzene molecule are omitted for clarity. Bond parameters are summarized
in Table 1.

Table 1. Summary of the bonding parameters in compounds 3-E and 4 (bond lengths and interatomic distances in angstroms, angles in degrees).

3-O 3-S 3-Se 3-Te 4

Bi1� E1 2.1460(13) 2.5420(19) 2.6686(7) 2.8559(2) 2.2097(15)

Bi1···E2 – – – – 2.883(2)

Bi1� C1 2.2362(19) 2.203(8) 2.248(6) 2.250(3) 2.242(2)

Bi1� C14 2.2316(18) 2.243(7) 2.232(6) 2.248(3) 2.244(2)

Bi1···C7 3.283(2) 3.359(8) 3.404(7) 3.425(4) 3.191(2)

Bi1···C8 3.258(2) 3.387(8) 3.383(7) 3.410(3) 3.206(2)

C1� Bi1� C14 85.72(7) 90.3(3) 90.5(2) 91.10(11) 87.83(8)

C1� Bi1� E1 90.46(6) 93.13(18) 93.36(15) 93.40(7) 99.42(7)
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The Bi� E bond lengths in compounds 3-E are similar to
those in previously reported aryl-substituted bismuth
chalcogenides.[24,32,36] Weak intramolecular interactions between
the bismuth atoms and olefin moieties are suggested by Bi···C7/
C8 distances of 3.258(2) to 3.425(4) Å. These distances are
slightly larger than those in halobismepines 1-X (3.20–3.25 Å)[22]

and steadily increase with increasing atomic number of the
chalcogen atom in 3-E, reflecting the decreasing ability of the
σ*(Bi� E) orbital to effectively accept electron density from the
olefin donor. In addition to intramolecular Bi···olefin interac-
tions, intermolecular Bi···arene interactions can be found in the
solid state structures of compounds 3-E. In 3-O, the bismuth
atom is coordinated by one benzo group of a neighboring
dibenzobismepine unit (Bi1···ct(C1’� C6’), 3.371 Å; ct indicates
the centroid of a benzo group) and the phenoxy group of an
additional molecule (Bi1···ct(C15’’� C20’’), 3.700 Å), leading to
the formation of a three-dimensional coordination polymer in
the solid state (see Supp. Inf.). 3-S, 3-Se and 3-Te are
isostructural and show interactions between the bismuth atom
and one arene group of a neighboring dibenzobismepine unit
(Bi1···ct(C1’� C6’), 3.513–3.572 Å), which leads to the formation
of dimeric structures (a graphical representation can be found
in the supporting information).

Compound 4 crystallizes in the orthorhombic space group
Pbca (Z=8). Its molecular structure in the solid state is shown
in Figure 3, and selected bonding parameters are presented in
Table 1. The benzoate group in 4 acts as a strongly asymmetric
bidentate ligand with one Bi� O bond being considerably
shorter (Bi1� O1, 2.2097(15) Å) than the other (Bi1� O2,
2.883(2) Å). The Bi1···C7/8 distances in 4 (3.191(2)/3.206(2) Å) are
the shortest found for dibenzobismepines so far. Each bismuth
atom in the solid state structure of 4 is additionally coordinated
by the oxygen atom O1’ of a neighboring molecule (Bi1···O1’;
3.308 Å) and one benzo unit (Bi1···ct(C1’’� C6’’; 3.565 Å) of
another neigboring molecule, which leads to the formation of a
one dimensional coordination polymer along the crystallo-
graphic a-axis (for details see Supp. Inf.). In the 1H NMR
spectrum of 4, the resonances assigned to the protons of the
benzoate ligands are slightly broadened which might be due to
a fluxional coordination of the benzoate ligand in solution.

The reaction of dibismuthanes with elemental chalcogens
usually leads to the insertion of one chalcogen atom into the
bismuth-bismuth bond, which has been used for the synthesis
of a variety of differently substituted chalcogen-bridged
bismuth compounds.[33,37] More recently, the generation of a
peroxo species[38] and the insertion of sulfur chains Sn (n=3, 5)
into the bismuth-bismuth bond have also been described.[26]

The reluctance of aryl-substituted dibismuthanes to react with
elemental tellurium has previously been noted.[32,33] Remarkably,
simple exposure of a solution of dibismuthane 2 to air gave
analytically pure 5-O (Scheme 4). Along these lines, addition of
stoichiometric amounts of elemental sulfur, (grey) selenium and
tellurium completed this series of dinuclear bismepine com-
plexes (5-E) containing a Bi� E� Bi unit (E=O, S, Se, Te;
Scheme 4).

When an excess of S8 (3 equiv.) was added to a solution of 2
in CD2Cl2,

1H NMR spectroscopy revealed the formation of 5-S
as the only product. No signs for the insertion of multiple sulfur
atoms into the Bi� Bi bond could be found. While a lack of
reaction between Ph2Bi� BiPh2 and Te and a rapid degradation
of Mes2Bi� Te� BiMes2 have previously been reported, both of
these observations could not be made during the synthesis and
analysis of 5-Te.[32,39] Compounds 5-E were isolated in moderate
yields as white (E=O, S), pale yellow (E=Se) or yellow (E=Te)
solids and fully characterized. The 1H and 13C NMR spectra of
the insertion products show resonances typical of a benzo
group and a singlet in the olefinic region, which suggests an
apparent C2ν symmetry in solution. In contrast to compounds 3-
Se and 3-Te, the expected 77Se and 125Te NMR resonances of 5-
Se and 5-Te could not be detected via standard 1D- or more
sensitive 2D (1H,77Se)- or (1H,125Te)-HMQC experiments. This can
be rationalized by the expectedly small 4JHX coupling (X=Se, Te)
and once again by the presence of two adjacent 209Bi nuclei,
which induce significant quadrupolar line broadening.

Single-crystals of compounds 5-E were obtained by recrys-
tallization from benzene/n-pentane (E=O, S) or THF/n-pentane
(E=Se, Te) solvent mixtures at � 30 °C. The molecular structures
of 5-O and 5-Te are shown in Figure 4, and selected bonding
parameters are given in Table 2. Compound 5-O crystallizes in
the triclinic space group P�1 with Z=2. 5-S crystallizes in the
monoclinic space group P21/n with Z=4. Compounds 5-Se and
5-Te are isostructural and crystallize in the monoclinic space
group C2/c (Z=4). All bismuth atoms in compounds 5-E show a
trigonal pyramidal coordination geometry (C� Bi� C/E, 86.3(5)–
96.38(13)°). The Bi� E� Bi units are bent with the Bi� E� Bi angle
successively decreasing from 129.5(6)° (E=O) to 96.90(13)°
(E=Te). Together with the varying Bi� E bond lengths, which are

Figure 3. Molecular structure of 4 in the solid state. Displacement ellipsoids
are shown at the 50% level. Hydrogen atoms are omitted for clarity. Bond
parameters are summarized in Table 1. Scheme 4. Synthesis of chalcogen bridged bismepines 5-E.
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similar to those in related compounds of the type (R2Bi)2E,
[39,40]

this gives a broad set of geometric parameters, which should
provide a valuable platform for the future exploration of 5-E as
ligands towards transition metal atoms (vide infra).

The Bi� C bond lengths in compounds 5-E closely resemble
those in the starting material 2 and other previously reported
dibenzobismepines.[22,23] Interatomic Bi1···C7/C8 distances of
3.249(8)–3.359(5) Å suggest the presence of weak Bi···olefin
interactions. The main difference between the molecular solid
state structures of 5-O and its heavier homologues is the
orientation of the two dibenzobismepine units. When viewed
along an axis through the two bismuth atoms, the orientation
of the carbon substituents at bismuth can be described as anti-
periplanar in 5-O or syn-periplanar in compounds 5-S, 5-Se and
5-Te. A similar trend has been described for the analogous
mesityl-substituted compounds (Mes2Bi)2E (E=O, S, Se; Mes=

2,4,6-Me3C6H2), where it was attributed to different intermolec-
ular interactions.[39] Similarly, the intermolecular interactions in
the solid state structures of compounds 5-E are quite diverse. In
5-O, one bismuth atom is coordinated by the oxygen atom of a

neighboring molecule (Bi1� O1’, 3.405 Å), while the second
bismuth atom is coordinated by two arene units of a third
molecule (Bi2···ct(C15’/23’� C20’/28’), 3.460/3.423 Å), leading to
the formation of a one-dimensional coordination polymer along
the crystallographic a-axis (Supp. Inf.). The solid state structure
of 5-S shows dimeric motifs, which are formed through two
arene-arene interactions between neighboring molecules
(Supp. Inf.). In the isostructural compounds 5-Se and 5-Te each
bismuth atom is coordinated by the chalcogen atom of a
neighboring molecule, which leads to the formation of one-
dimensional coordination polymers along the crystallographic
b-axes (Supp. Inf.).

Density Functional Theory Studies

In order to evaluate the feasibility of the dinuclear bismepine
compounds 5-E to act as ligands in transition metal complexes,
we performed a computational investigation, aiming at the
identification of suitable combinations of such bismuth-based
ligands and transition metals. We commenced the study
considering the formation of hypothetical complexes from
commercially available transition metal precursors of the series
CoI, RhI and IrI, as detailed in the reaction equation presented in
Figure 5a. Our study shows that the formation of Co, Rh, and Ir
chlorido complexes with the sulfur-containing dinuclear bisme-
pine 5-S is thermodynamically favorable (Figure 5b,d). More-
over, we predict that the formation of the complex Co-O from
5-O and the cobalt precursor is slightly favorable. The
remaining combinations of group 9 metal precursors and
ligands 5-E did not lead to thermodynamically favorable
product formation according to the reactions shown in Fig-
ure 5a. It should be noted, however, that the removal of
ethylene as a volatile by-product gives an additional handle to
push the reactions towards the desired complex formation,
when starting from the proposed rhodium and iridium
precursors.

In order to gain insights into the factors making 5-S the
most promising ligand in the series that was investigated, we
studied electronic and geometric parameters. The M� E inter-
action energies were investigated by second order perturbation
analyses within the context of NBO studies, but did not show a
clear trend, i. e. the M� S interaction energies were not more
favorable than the other M� E interaction energies (E=O, Se, Te;
Supp. Inf.). This makes the M� E interactions as electronic
parameters unlikely to be decisive for the trends observed in
thermodynamic stabilities. In order to evaluate the relevance of
geometric parameters during complex formation, we deter-
mined the energy that is necessary to bring each ligand from its
ground state conformation to the conformation it adopts in the
metal complex (i. e. the preparation energy of the ligand). Here,
the results show a minimum of preparation energy being
required for 5-S in each series of metal complexes (Figure 5c
and Supp. Inf.).

In addition, we investigated the thermodynamic parameters
for the formation of a series of hypothetical Ni, Pd, and Pt
complexes featuring the bismepine ligands 5-E in a similar

Figure 4. Molecular structures of compounds 5-O (a) and 5-Te (b) in the solid
state. Displacement ellipsoids are shown at the 50% level. Hydrogen atoms
are omitted for clarity. Bond parameters are summarized in Table 2.

Table 2. Summary of the bonding parameters in compounds 5-E (bond
lengths and interatomic distances in angstroms, angles in degrees).

5-O 5-S 5-Se 5-Te

Bi1� E1 2.104(14) 2.5326(12) 2.6686(7) 2.8666(5)

Bi1� C1 2.244(19) 2.244(4) 2.251(8) 2.260(5)

Bi1� C14 2.298(19) 2.246(4) 2.257(8) 2.262(5)

Bi1···C7 3.33(2) 3.359(5) 3.249(8) 3.251(5)

Bi1···C8 3.35(2) 3.358(5) 3.250(8) 3.256(5)

Bi1� E1� Bi2/Bi1’ 129.5(6) 104.80(4) 98.53(4) 96.90(13)

C1� Bi1� E1 92.8(6) 92.54(11) 96.0(2) 96.38(13)
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approach. However, our study predicts that in most cases the
ligands will react via oxidative addition of a Bi� E bond to the
group 10 metal center instead of forming the targeted
compounds.[41] Therefore, combinations of the bismuth ligands
5-E and electron rich Ni, Pd, or Pt centers do not appear to be
promising without further modifications, if the ligand frame-
work is meant to be kept intact (see Supp. Inf. for details).

Conclusions

In summary, bis[dibenzobismepine], a dibismuthane featuring
two dibenzobismepine units with olefinic functional groups has
been synthesized and fully characterized. Reactions between
the dibismuthane and diphenyl dichalcogenides, as expected,

led to a series of phenyl chalcogenide-substituted bismepines,
which was completed by rational synthesis of the phenoxy-
substituted derivate via salt elimination. We have shown for the
first time that this reactivity pattern can be expanded to
peroxides, furnishing a benzoate substituted bismepine. Expo-
sure of bis[dibenzobismepine] to air or reactions with the
elemental chalcogens sulfur, selenium and tellurium led to the
insertion of one chalcogen atom into the bismuth-bismuth
bond. The resulting products (R2Bi)2E (5-E) were isolated and
fully characterized (E=O� Te; R2Bi=dibenzobismepinyl). Their
potential as hybrid tridentate olefin/chalcogen ligands towards
transition metals of group 9 and 10 was explored by DFT
calculations. As a result, we predict that in the series of
compounds 5-E, the sulfur species 5-S is a privileged ligand for
the complexation of CoI, IrI, and RhI due to its geometric

Figure 5. Evaluation of dinuclear bismepine compounds 5-E as ligands in transition metal complexes of Co, Rh and Ir.
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parameters, promising the experimental accessibility of such
complexes. It is anticipated that these findings will inspire the
design, synthesis, and utilization of transition metal complexes
exploiting these and related ligands with uncommon structural
motifs.

Experimental Section
All air- and moisture sensitive manipulations were carried out using
standard vacuum line Schlenk techniques or in gloveboxes
containing an atmosphere of purified argon. Solvents were
degassed and purified according to standard laboratory proce-
dures.

NMR spectra were recorded on Bruker instruments operating at 400
or 500 MHz with respect to 1H. 1H and 13C NMR chemical shifts are
reported relative to SiMe4 using the residual 1H and 13C chemical
shifts of the solvent as a secondary standard. 77Se and 125Te NMR
chemical shifts are reported relative to SeMe2 (plus 5% C6D6) and
TeMe2 (plus 5% C6D6) as external standards. NMR spectra were
recorded at ambient temperature (typically 300 K), if not otherwise
noted. Elemental analyses were performed on a Vario Micro Cube
by Elementar Analysesysteme GmbH. Crystal data were collected
either on a Bruker Apex II diffractometer with a CCD area detector
and a multi-mirror monochromator or on a Bruker D8-QUEST
diffractometer with a CCD area detector and multi-mirror mono-
chromator using MoKα radiation (λ=0.71073 Å). The respective
solid-state structures were solved using intrinsic phase methods
(ShelXT), refined with the ShelX software package and developed
using Fourier techniques.[42] All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were assigned to idealized posi-
tions.

Deposition Numbers 2278294 (for 2), 2278295 (for 3-O), 2278296
(for 3-S), 2278297 (for 3-Se), 2278298 (for 3-Te), 2278299 (for 4),
2278300 (for 5-O), 2278301 (for 5-S), 2278302 (for 5-Se), 2278303
(for 5-Te), 2278304 (for SI-1), and 2278305 (for SI-2) contain the
supplementary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service.

The images of the solid-state structures were created with the
Mercury software. Compound 1-I was synthesized according to a
modified literature procedure (a detailed protocol can be found in
the supporting information).[22] The following labeling scheme was
used for reporting NMR chemical shifts:

Bis[dibenzobismepine] (2): Method A: 1-I (150 mg, 292 μmol) was
dissolved in THF (8 mL), the solution cooled to � 78 °C and a
solution of LiAlH4 (13 mg, 350 μmol) in THF (5 mL) was added
dropwise. The reaction mixture was stirred for 1 h at � 78 °C, slowly
warmed to ambient temperature, and the solvent was removed
under reduced pressure. The residue was dissolved in toluene
(10 mL), filtrated, layered with n-pentane (10 mL) and stored at
� 30 °C. After a week the product had precipitated as an orange
solid which was isolated by filtration, washed with n-pentane (3×
2 mL) and dried in vacuo. Yield: 88 mg (114 μmol, 78%). Method B:
1-I (500 mg, 973 μmol) was dissolved in THF (8 mL) and a solution
of cobaltocene (184 mg, 973 μmol) in THF (3 mL) was added. The

reaction mixture was filtered, the filtrate layered with n-pentane
(11 mL) and stored at � 30 °C. After 16 h the product had
precipitated as an orange solid which was isolated by filtration,
washed with n-pentane (3×4 mL) and dried in vacuo. Yield:
355 mg (458 μmol, 94%). 1H NMR (400 MHz, THF-d8): δ=6.59 (s, 4H,
H-7, H-8), 7.04–7.12 (m, 8H, H-3, H-4, H-11, H-12), 7.19 (dd, 4H, 3JHH=

7.1 Hz, 4JHH=1.8 Hz, H-5, H-10), 7.90 (dd, 4H, 3JHH=6.6 Hz, 4JHH=

2.0 Hz, H-2, H-13) ppm. 1H NMR (400 MHz, CD2Cl2): δ=6.62 (s, 4H,
H-7, H-8), 7.10–7.18 (m, 8H, H-3, H-4, H-11, H-12), 7.24 (dd, 4H, 3JHH=

6.8 Hz, 4JHH=2.0 Hz, H-5, H-10), 7.93 (dd, 4H, 3JHH=6.6 Hz, 4JHH=

1.9 Hz, H-2, H-13) ppm. 13C{1H} NMR (101 MHz, THF-d8): δ=127.77
(s, C-4, C-11), 128.92 (s, C-3, C-12), 131.15 (s, C-5, C-10), 136.96 (s, C-
7, C-8), 139.67 (s, C-2, C-13), 142.32 (br, C-1, C-14), 147.45 (s, C-6, C-
9) ppm. 13C{1H} NMR (101 MHz, CD2Cl2): δ=127.81 (s, C-4, C-11),
128.94 (s, C-3, C-12), 130.90 (s, C-5, C-10), 136.75 (s, C-7, C-8), 139.50
(s, C-2, C-13), 141.83 (br, C-1, C-14), 147.00 (s, C-6, C-9) ppm.
Elemental analysis: Anal. calc. (%) for C28H20Bi2 (774.43 g/mol): C
43.43, H 2.60; found: C 43.07, H 2.44.

5-Phenoxy-5H-dibenzo[b,f]bismepine (3-O): At 0 °C, THF (6 mL)
was added to a mixture of phenol (30 mg, 321 μmol) and potassium
hydride (13 mg, 321 μmol). The resulting suspension was brought
to room temperature, stirred for 2 h, and filtrated onto a solution of
1-I (150 mg, 292 μmol) in THF (10 mL). The reaction mixture was
stirred for 3 h at room temperature, filtrated and all volatiles were
removed under reduced pressure. The residue was extracted with
toluene (12 mL), the solution layered with n-pentane (12 mL) and
stored at � 30 °C. After 2 d white colorless needles had precipitated
which were isolated by filtration and dried in vacuo. Yield: 88 mg
(184 μmol, 63%). 1H NMR (401 MHz, C6D6): δ=6.55 (s, 2H, H-7, H-8),
6.87–6.95 (m, 3H, H-4, H-11, PhO-Hpara), 6.99–7.04 (m, 2H, PhO-Hortho),
7.22 (dd, 2H, 3JHH=7.7 Hz, 4JHH=1.0 Hz, H-5, H-10), 7.26–7.31 (m, 2H,
PhO-Hmeta), 7.36 (ddd, 2H, 3JHH=7.4 Hz, 3JHH=7.4 Hz, 4JHH=1.3 Hz, H-
3, H-12), 8.36 (dd, 2H, 3JHH=7.5 Hz, 4JHH=1.0 Hz, H-2, H-13) ppm. 13C
{1H} NMR (101 MHz, C6D6): δ=119.38 (s, PhO-Cpara), 120.66 (s, PhO-
Cortho), 127.63 (s, C-4, C-11), 129.97 (s, PhO-Cmeta), 131.29 (s, C-7, C-8),
132.26 (s, C-5, C-10), 132.34 (s, C-3, C-12), 133.02 (s, C-2, C-13),
139.81 (s, C-6, C-9), 164.37 (s, PhO-Cipso), 178.11 (s, C-1, C-14) ppm.
Elemental analysis: Anal. calc. (%) for C20H15BiO (480.32 g/mol): C
50.01, H 3.15; found: C 50.18, H 3.22.

5-Phenylthio-5H-dibenzo[b,f]bismepine (3-S): Diphenyl disulfide
(7 mg, 32 μmol) was added to solution of 2 (25 mg, 32 μmol) in
dichloromethane (6 mL). The reaction mixture was stirred at
ambient temperature for 3 h and then layered with n-pentane
(6 mL). After 16 h at ambient temperature, the product had
precipitated as a pale yellow crystalline solid, which was isolated by
filtration, washed with n-pentane (4×2 mL) and dried in vacuo.
Yield: 26 mg (52 μmol, 81%). 1H NMR (400 MHz, CD2Cl2): δ=6.99 (s,
2H, H-7, H-8), 7.16–7.21 (m, 1H, PhS-Hpara), 7.25–7.34 (m, 4H, PhS-
Cmeta, H-4, H-11), 7.46 (dd, 2H, 3JHH=7.7 Hz, 4JHH=1.0 Hz, H-5, H-10),
7.55 (ddd, 2H, 3JHH=7.4 Hz, 3JHH=7.4 Hz, 4JHH=1.3 Hz, H-3, H-12),
7.58–7.62 (m, 2H, PhS-Hortho), 8.67 (dd, 2H, 3JHH=7.5 Hz, 4JHH=1.0 Hz,
H-2, H-13) ppm. 13C{1H} NMR (101 MHz, CD2Cl2): δ=126.77 (s, PhS-
Cpara), 127.97 (s, C-4, C-11), 129.22 (s, PhS-Cmeta), 131.48 (s, C-5, C-10),
132.35 (s, C-3, C-12), 132.70 (s, C-7, C-8), 135.11 (s, PhS-Cortho), 135.84
(s, C-2, C-13), 136.07 (s, PhS-Cipso), 141.09 (s, C-6, C-9), 160.10 (s, C-1,
C-14) ppm. Elemental analysis: calc. (%) for C20H15BiS (496.38 g/
mol): C 48.39, H 3.05, S 6.46; found: C 48.51, H 3.09, S 6.49.

5-Phenylseleno-5H-dibenzo[b,f]bismepine (3-Se): Diphenyl disele-
nide (8 mg, 26 μmol) was added to solution of 2 (20 mg, 26 μmol)
in dichloromethane-d2 (0.5 mL). After 1 h at ambient temperature,
small amounts of a pale yellow solid had precipitated, which were
dissolved by addition of THF (0.5 mL). The reaction mixture was
filtered, layered with n-pentane (1 mL) and stored at � 30 °C. After 3
d the product had precipitated as a pale yellow solid which was
isolated by filtration, washed with n-pentane (2×2 mL) and dried in
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vacuo. Yield: 24 mg (44 μmol, 86%). 1H NMR (400 MHz, CD2Cl2): δ=

7.00 (s, 2H, H-7, H-8), 7.21–7.26 (m, 3H, PhSe-Hmeta,para), 7.31 (ddd, 2H,
3JHH=7.5 Hz, 3JHH=7.5 Hz, 4JHH=1.3 Hz, H-4, H-11), 7.45 (dd, 2H,
3JHH=7.8 Hz, 4JHH=1.1 Hz, H-5, H-10), 7.49 (ddd, 2H, 3JHH=7.4 Hz,
3JHH=7.4 Hz, 4JHH=1.3 Hz, H-3, H-12), 7.69–7.74 (m, 2H, PhSe-Hortho),
8.75 (dd, 2H, 3JHH=7.5 Hz, 4JHH=1.0 Hz, H-2, H-13) ppm. 13C{1H} NMR
(101 MHz, CD2Cl2): δ=127.23 (s, PhSe-Cpara), 127.32 (s, C-4, C-11),
127.97 (s, PhSe-Cipso), 129.38 (s, PhSe-Cmeta), 131.18 (s, C-5, C-10),
132.40 (s, C-3, C-12), 133.09 (s, C-7, C-8), 137.00 (s, PhSe-Cortho),
137.47 (s, C-2, C-13), 141.29 (s, C-6, C-9), 155.20 (s, C-1, C-14) ppm.
77Se NMR (76 MHz, CD2Cl2): δ=175.70 (s) ppm. Elemental analysis:
calc. (%) for C20H15BiSe (543.29 g/mol): C 44.22, H 2.78; found: C
44.23, H 2.88.

5-Phenyltelluro-5H-dibenzo[b,f]bismepine (3-Te): Diphenyl ditel-
luride (13 mg, 32 μmol) was added to a solution of 2 (25 mg,
32 μmol) in dichloromethane (6 mL). After 2 min at ambient
temperature the reaction mixture was filtered, layered with n-
pentane (7 mL) and stored at � 30 °C. After 16 h the product had
precipitated in the form of an orange crystalline solid which was
isolated by filtration, washed with n-pentane (4×2 mL) and dried in
vacuo. Yield: 29 mg (49 μmol, 77%). 1H NMR (400 MHz, CD2Cl2): δ=

7.00 (s, 2H, H-7, H-8), 7.12–7.18 (m, 2H, PhTe-Hmeta), 7.23–7.28 (m,
1H, PhTe-Hpara), 7.30–7.38 (m, 4H, H-3, H-4, H-11, H-12), 7.43–7.46 (m,
2H, H-5, H-10), 7.87–7.91 (m, 2H, PhTe-Hortho), 8.82–8.85 (m, 2H, H-2,
H-13) ppm. 13C{1H} NMR (101 MHz, CD2Cl2): δ=104.58 (s, PhTe-Cipso),
127.95 (s, PhTe-Cpara), 128.07 (s, C-4, C-11), 129.53 (s, PhTe-Cmeta),
130.75 (s, C-5, C-10), 132.23 (s, C-3, C-12), 134.22 (s, C-7, C-8), 140.63
(s, C-2, C-13), 141.92 (s, PhTe-Cortho), 142.01 (s, C-6, C-9), 146.83 (s, C-
1, C-14) ppm. 125Te NMR (158 MHz, CD2Cl2): δ=170.17 (s) ppm.
Elemental analysis: calc. (%) for C20H15BiTe (591.92 g/mol): C 40.58,
H 2.55; found: C 40.35, H 2.60.

5H-Dibenzo[b,f]bismepin-5-yl benzoate (4): Dibenzoyl peroxide
(7 mg, 32 μmol) was added to a solution of 2 (25 mg, 32 μmol) in
dichloromethane-d2 (0.8 mL), resulting in a color change from
orange to pale yellow. The reaction mixture was filtered, layered
with n-pentane (1.6 mL) and stored at � 30 °C. After 16 h colorless
crystals had precipitated and were isolated by filtration, washed
with n-pentane (2 mL), and dried in vacuo. Yield: 27 mg (53 μmol,
83%). 1H NMR (500 MHz, CD2Cl2): δ=7.02 (s, 2H, H-7, H-8), 7.29
(ddd, 2H, 3JHH=7.5 Hz, 3JHH=7.5 Hz, 4JHH=1.3 Hz, H-4, H-11), 7.50
(tbroad, 2H, 3JHH=7.5 Hz, Phmeta), 7.54 (dd, 2H, 3JHH=7.7 Hz, 4JHH=

1.0 Hz, H-5, H-10), 7.59 (tbroad, 1H,
3JHH=7.4 Hz, Phpara), 7.66 (ddd, 2H,

3JHH=7.4 Hz, 3JHH=7.4 Hz, 4JHH=1.3 Hz, H-3, H-12), 8.22 (dbroad,
3JHH=

7.4 Hz, Phortho), 8.26 (dd, 3JHH=7.6 Hz, 4JHH=1.0 Hz, H-2, H-13) ppm.
13C{1H} NMR (126 MHz, CD2Cl2): δ=127.93 (s, C-4, C-11), 128.69 (s,
Phmeta), 130.82 (s, Phortho), 131.52 (s, C-7, C-8), 132.37 (Phipso), 132.79
(s, Phpara), 132.84 (s, C-3, C-12), 132.93 (s, C-5, C-10), 134.09 (s, C-2, C-
13), 140.50 (s, C-6, C-9), 172.90 (s, Ccarbonyl) 179.20 (s, C-1, C-14) ppm.
Elemental analysis: calc. (%) for C21H15O2Bi (508.33 g/mol): C 49.62,
H 2.97; found: C 49.76, H 3.26.

Bis[dibenzobismepine]oxide (5-O): In a J. Young NMR tube 2
(12 mg, 155 μmol) was dissolved in dichloromethane-d2 (0.4 mL).
The screw cap was removed and air was pushed through the
solution using a syringe with a long needle (approximately 3×
10 mL). The J. Young NMR tube was closed and stored for 1 h at
ambient temperature upon which a complete discoloration of the
previously yellow solution was observed. The solution was filtered,
layered with n-pentane (1 mL) and stored at � 30 °C. After 16 h a
white solid had precipitated which was isolated by filtration,
washed with n-pentane (3×1 mL) and dried in vacuo. Yield: 7 mg
(89 μmol, 57%). 1H NMR (401 MHz, C6D6): δ=6.64 (s, 4H, H-7, H-8),
6.98 (ddd, 4H, 3JHH=7.5 Hz, 3JHH=7.5 Hz, 4JHH=1.3 Hz, H-4, H-11),
7.26 (dd, 4H, 3JHH=7.8 Hz, 4JHH=1.0 Hz, H-5, H-10), 7.36 (ddd, 4H,
3JHH=7.4 Hz, 3JHH=7.4 Hz, 4JHH=1.2 Hz, H-3, H-12), 8.45 (dd, 4H,
3JHH=7.4 Hz, 4JHH=1.1 Hz, H-2, H-13) ppm. 13C{1H} NMR (101 MHz,

C6D6): δ=127.46 (s, C-4, C-11), 131.23 (s, C-3, C-12), 131.81 (s, C-7, C-
8), 131.88 (s, C-5, C-10), 132.44 (s, C-2, C-13), 140.89 (s, C-6, C-9),
175.50 (br, C-1, C-14, detected via 1H-13C-HMBC) ppm. Elemental
analysis: calc. (%) for C28H20Bi2O (790.43 g/mol): C 42.55, H 2.55;
found.: C 42.21, H 2.21.

Bis[dibenzobismepine]sulfide (5-S): Elemental sulfur (1 mg,
31 μmol) was added to a solution of 2 (25 mg, 32 μmol) in
dichloromethane (6 mL). The reaction mixture was stirred at
ambient temperature for 10 min, during which the product
precipitated as a white solid. The product was isolated by filtration,
washed with n-pentane (3×4 mL) and dried in vacuo. Yield: 17 mg
(21 μmol, 65%). 1H NMR (400 MHz, C6D6): δ=6.64 (s, 4H, H-7, H-8),
6.99 (t, 4H, 3JHH=7.5 Hz, H-4, H-11), 7.16–7.21 (m, 4H, H-5, H-10,
overlaps with solvent residual signal), 7.27 (t, 4H, 3JHH=7.3 Hz, H-3,
H-12), 8.98 (d, 4H, 3JHH=7.3 Hz, H-2, H-13) ppm. 13C{1H} NMR
(101 MHz, C6D6): δ=127.60 (s, C-4, C-11), 131.03 (s, C-5, C-10),
132.06 (s, C-3, C-12), 132.60 (s, C-7, C-8), 136.15 (s, C-2, C-13), 141.27
(s, C-6, C-9), 160.10 (s, C-1, C-14, detected via 1H-13C-HMBC) ppm.
Elemental analysis: calc. (%) for C28H20Bi2S (806.49 g/mol): C 41.70,
H 2.52, S 3.98; found: C 41.55, H 2.62, S 4.16.

Bis[dibenzobismepine]selenide (5-Se): 2 (20 mg, 26 μmol) and
grey selenium (2 mg, 26 μmol) were suspended in dichloromethane
(5 mL). The reaction mixture was stirred at ambient temperature for
3 h, which led to the precipitation of the product as a pale yellow
solid. The product was isolated by filtration, washed with dichloro-
methane (2 mL), n-pentane (2×4 mL) and dried in vacuo. Yield:
17 mg (20 μmol, 77%). 1H NMR (400 MHz, THF-d8): δ=6.96 (s, 4H,
H-7, H-8), 7.19–7.25 (m, 4H, H-4, H-11) 7.33–7.39 (m, 8H, H-3, H-5, H-
10, H-12), 8.79–8.84 (m, 4H, H-2, H-13) ppm. 13C{1H} NMR (101 MHz,
THF-d8): δ=127.80 (s, C-4, C-11), 131.03 (s, C-5, C-10), 132.26 (s, C-3,
C-12), 133.26 (s, C-7, C-8), 137.97 (s, C-2, C-13), 141.92 (s, C-6, C-9),
155.66 (s, C-1, C-14) ppm. A 77Se NMR signal could not be detected
via 77Se NMR or 1H-77Se HMBC experiments. Elemental analysis:
calc. (%) for C28H20Bi2Se (853.39 g/mol): C 39.41, H 2.36; found: C
39.68, H 2.48.

Bis[dibenzobismepine]telluride (5-Te): Elemental tellurium (5 mg,
39 μmol) was added to a solution of 2 (30 mg, 39 μmol) in
dichloromethane (8 mL). The reaction mixture was stirred at
ambient temperature for 2 d, filtrated and layered with n-pentane
(8 mL). After 16 h the product had precipitated in the form of
yellow, crystalline needles which were isolated by filtration, washed
with n-pentane (3×2 mL) and dried in vacuo. Yield: 21 mg
(23 μmol, 59%). 1H NMR (400 MHz, THF-d8): δ=6.97 (s, 4H, H-7, H-
8), 7.21–7.27 (m, 8H, H-3, H-4, H-11, H-12) 7.32–7.38 (m, 4H, H-5, H-
10), 8.90–8.96 (m, 4H, H-2, H-13) ppm. 13C{1H} NMR (101 MHz, THF-
d8): δ=127.89 (s, C-4, C-11), 130.68 (s, C-5, C-10), 132.54 (s, C-3, C-
12), 134.05 (s, C-7, C-8), 141.50 (s, C-2, C-13), 142.15 (s, C-6, C-9),
147.82 (s, C-1, C-14) ppm. A 125Te NMR signal could not be detected
via 125Te NMR or 1H-125Te HMBC experiments. Elemental analysis:
calc. (%) for C28H20Bi2Te (902.03 g/mol): C 37.28, H 2.23; found: C
37.32, H 2.41.

Computational details: All DFT calculations[43] were performed with
the Gaussian16 suite of programs.[44] Geometries were optimized
with the M06-L[45] functional including Grimme’s dispersion correc-
tion GD3[46] and the basis sets def2-SVP[47,48] (for C, H, O and S
atoms) and LANL2DZ (for Bi, Co, Rh, Ir, Ni, Pd, Pt, Se and Te
atoms).[49] Stationary points were probed through vibrational
analysis. Gibbs free energy corrections were performed under
standard conditions (298.15 K, 1.0 atm). Single point energy calcu-
lations including the effect of dichloromethane as a solvent were
performed with the M06-L functional,[45] the SMD solvation
model,[50] Grimme’s dispersion correction GD3,[46] the basis sets
def2-TZVP[47,48] (for C, H, O and S atoms) and LANL2DZ (for Bi, Co,
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Rh, Ir, Ni, Pd, Pt, Se and Te atoms).[49] NBO calculations were
performed using the program version NBO 7.[51]

Supporting Information

The authors have cited additional references within the
Supporting Information.[52–59]
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