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Abstract: The synthesis of a novel bis-stannylene pincer
ligand and its complexation with coinage metals (CuI, AgI and
AuI) are described. All coinage metal centres are in tetrahedral
coordination environments in the solid state and are
exclusively coordinated by four neutral SnII donors. 119Sn NMR
provided information about the behaviour in solution. All of
the isolated compounds have photoluminescent properties,

and these were investigated at low and elevated temper-
atures. Compared to the free bis-stannylene ligand, coordina-
tion to coinage metals led to an increase in the luminescence
intensity. The new compounds were investigated in detail
through all-electron relativistic density functional theory
(DFT) calculations.

Introduction

The chemistry of coinage metals is of great interest due to their
catalytic abilities, their luminescence properties, for example in
OLEDs, and their ability to undergo metallophilic interactions.[1]

Therefore, a great number of compounds comprising different
types of ligand frameworks and donor atoms leading to various
coordination modes are known in the literature.[2] While CuI

prefers tetrahedral coordination with hard donors, AuI com-
pounds prefer linear arrangements with softer donor ligands, in
agreement with Pearson’s hard and soft acids and bases
concept (HSAB).[3] AgI can be categorised in-between these two.
Although AuI prefers the linear coordination mode, there are
many known tetrahedral AuI complexes, using for example
phosphine ligands.[4] In the case of neutral group 14 donor
ligands, there are many known tetrylene complexes of the
coinage metals with linear coordination geometry.[5] Recently,
Khan and co-workers reported the reactions of structurally
identical mono-silylene and -stannylene toward [AgISbF6].
Although in both cases ion pairs [L2Ag

I][SbF6] (L=

[PhC(NtBu)2EN(SiMe3)2], E=SiII, SnII) are formed, remarkable

differences were observed in their molecular structures. In the
case of silylene, the AgI cation is linearly coordinated, whereas a
bent Sn� Ag� Sn motif is observed for the stannylene, which is
accompanied by additional weak coordination of F atoms of the
counter anion. This shows that the heavier stannylene ligand
can promote a more tetrahedral-like coordination
environment.[6] The coordination of four heavier tetrylenes to a
monocationic coinage metal centre is rare. Best to our knowl-
edge, there is only one example in which a CuI centre is
tetrahedrally coordinated by four stannylenes.[7]

The large ionic radius of SnII makes it a softer base
compared to the lighter tetrylenes, thus making it ideal for the
coordination of AuI. Meanwhile, due to the chelating ability of
the pincer, it is also capable of coordinating AgI and CuI in a
similar manner. We report on the synthesis, characterisation,
and luminescence properties of a novel pincer-type bis-
stannylene ligand (SnNSn) and three coinage metal complexes
(1–3) stabilized by four stannylene moieties where the coinage
metals present exclusive tetrahedral coordination geometries.
To rationalise the findings, quantum chemical calculations at
density functional theory (DFT) level were performed with the
program suite TURBOMOLE.[8] Complete computational details
are given within the Supporting Information.

Results and Discussion

The 2,6-diaminopyridine-bridged bis-stannylene SnNSn was
prepared in a straightforward synthesis, similar to the analogue
bis-silylene species reported by Driess (Scheme 1).[9] Deprotona-
tion of 2,6-di(ethylamino)pyridine by n-BuLi and subsequent
reaction with two equivalents of chlorostannylene [LPhSnIICl]
(LPh=PhC(NtBu)2) led to the formation of the bis-stannylene
SnNSn. Extraction with n-pentane and storage overnight at
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� 30 °C gave the analytically pure product as yellow crystalline
solid in 54% yield.
Single crystals suitable for X-ray diffraction analysis were

obtained by slow evaporation of toluene at room temperature.
SnNSn crystallises in the monoclinic space group P21/c and its
solid-state molecular structure is shown in Figure 1. In contrast
to the molecular structure of the analogue bis-silylene in the
solid state,[9] in which both silylene moieties are directed away
from each other, the stannylene subunits in SnNSn are oriented
towards each other with a Sn1···Sn2 distance of 3.7622(5) Å.[10]

Geometry optimisation at the PBE0/def2-TZVP level[11, 12] (further
information given in the Supporting Information) results in a
Sn···Sn distance of 3.736 Å which fits well with the experimental
data (3.762(3) Å). As already indicated by this large Sn� Sn
distance, the compound can rather be described as a
bis(stannylene) consisting of two isolated stannylene units than
a distannene featuring significant covalent bonding contribu-
tions between the SnII atoms.
In accordance with this, localisation according to the Foster-

Boys method[13] gave no orbital with substantial contributions
between the two SnII atoms and the Wiberg bond index (WBI)
amounts to only 0.12. Further, inspection of the electron density
does not provide any indication of a chemical bond. In the
middle between the two SnII atoms this quantity amounts to
0.0111 a.u. (for a plot see Figure S30 in the Supporting
Information). This is almost identical to twice the electron
density of an isolated SnII atom 1.868 Å (half of the calculated
Sn� Sn distance in SnNSn) away from the nucleus (0.0106 a.u.).
For a typical Sn� Sn single bond, for example, in Sn2H6, in
contrast, corresponding treatments result in a WBI close to one

(0.89) and a density at the bond centre that is much higher
than the sum of two isolated atoms. This is true for both the
Sn� Sn equilibrium distance in Sn2H6 (2.770 Å), and for the
Sn� Sn distance increased to that in SnNSn, for which
0.0198 a.u. at the bond centre is obtained, about 80% more
than in SnNSn. Similar to the situation in previously described
bis(stannylene) ligands, the canonical molecular orbitals resem-
ble the combinations of two isolated stannylene fragment
orbitals as shown in Figure 2. The HOMO-3 and HOMO-1 can be
regarded as in-phase and out-of-phase combinations of
stannylene lone pairs, respectively.[14]

In agreement with the solid-state structure, only one signal
was observed in the 119Sn NMR spectrum at � 136.0 ppm, which
is upfield-shifted compared to the chlorostannylene (29.6 ppm)
and comparable to literature known bis(stannylenes).[15] Despite
the long Sn� Sn distance, the presence of isotope satellites due
to 119Sn� 117Sn coupling (1J119Sn-117Sn=4087 Hz) indicates an
interaction between the two SnII atoms. Notably, this significant
coupling is present despite there is no indication for a chemical
bond. A similar coupling interaction has been reported in a
xanthene-bridged bis-stannylene compound, which exhibits a
Sn···Sn distance of 3.0009(7) Å.[14] Calculations of the 1J119Sn-117Sn
coupling constant at the spin-orbit exact-two-component[16]

(X2C) level of theory with different density functionals
(BH&HLYP,[17] cTPSSh,[18] PBE0,[11] ωB97X-D,[19] cTMHF[20]) and
tailored x2c-TZVPall-2c basis sets[21] resemble the experimentally
observed value of 4087 Hz (Tables S8–S11). Detailed investiga-
tions of the coupling mechanism reveal that it can best be
described as through-space coupling between the SnII atoms
which can be fine-tuned by ligand-design (see the Supporting
Information). The 119Sn NMR shifts calculated at the same levels
also resemble the measured value of � 136 ppm.[16d, e] However,
analogous calculations of the 119Sn NMR shift using the scalar-
relativistic X2C ansatz[16c] show significant deviations from this
value (Table S8). This reveals that spin-orbit coupling plays a
crucial role for an adequate description of the 119Sn NMR
properties of SnNSn. However, the Sn� Sn bonding and geo-
metric structure are well described with the scalar-relativistic
approximation using both the effective core potential (ECP) or
the all-electron approach.
Having the bis-stannylene at hand, we were particularly

interested in the reaction with suitable coinage metal precur-
sors. Reaction of SnNSn with [CuI(C6F5)·dioxane], [Ag

I-
(C6F5)·MeCN] and [AuI(C6F5)·tht] (tht= tetrahydrothiophene)
were carried out in toluene, and the corresponding ionic

Scheme 1. Synthesis of SnNSn.

Figure 1. Molecular structure of SnNSn. Hydrogen atoms are omitted for
clarity. Only one position for the disordered tBu and Et groups is depicted
for clarity. Selected distances [Å] and angles [°]: Sn1···Sn2 3.7622(5), Sn1� N1
2.237(3), Sn1� N2 2.214(3), Sn1� N3 2.132(3), Sn2� N5 2.109(3), Sn2� N6
2.238(3), Sn2� N7 2.207(3); N1� Sn1� N2 59.39(10), N6� Sn2� N7 59.32(12).

Figure 2. HOMO-3 (left) and HOMO-1 (right) of SnNSn. Contours are drawn
at 0.06 atomic units. Colours: C black, N blue, Sn grey. Hydrogen atoms were
omitted for clarity.

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202203583

Chem. Eur. J. 2023, e202203583 (2 of 6) © 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Dienstag, 07.02.2023

2399 / 286803 [S. 2/7] 1

 15213765, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202203583 by K

arlsruher Inst F. T
echnologie, W

iley O
nline L

ibrary on [21/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



complexes [(SnNSn)2M][M(C6F5)2] (M=1: CuI; 2: AgI; 3: AuI) were
obtained (Scheme 2). All three complexes were isolated as
yellow crystalline solids in moderate to good yields (1: 47%; 2:
61%; 3: 81%).
The AgI complex 2 crystallises in the triclinic space group

P1̄, whereas the CuI and AuI compounds 1 and 3 are
isomorphous, both crystallising in the monoclinic space group
C2/c. Interestingly, two different coordination geometries are
realised for the same metal in the ionic species 1–3.
In the cationic part, the central coinage metal M+ is

coordinated by four SnII atoms of two bis-stannylene ligands,
adopting a slightly distorted tetrahedral geometry with
Sn� M� Sn angles of 100–120° (Figure 3). Similar coordination
geometries with bis-stannylene ligands have been found for the
other d10 metals Ni0 and Pt0 in the work of Hahn and co-
workers.[22] The counter-anions of the ion pairs 1–3 are the
linearly coordinated anions [M(C6F5)2]

� (M=1: CuI; 2: AgI; 3: AuI).
There is a clear cation-anion separation in the solid state with
no significant interaction. A rearrangement of one of the C6F5
groups leading to the linear [M(C6F5)2]

� anions seems to be one
of the driving forces for the reaction. For control, mesityl-CuI or
-AgI were treated with SnNSn and no visible reaction was seen
according to NMR spectroscopy, leading to the conclusion that
the formation of the counter-anion [M(C6F5)2]

� must be crucial
for the complexation.

In the cation, the separation between the central metal and
the pyridine nitrogen atom of more than 3.5 Å excludes any
bonding interactions. The SnII� M bond lengths within each
compound are almost identical (Table S3) and all SnII� M bond
lengths (avg.: 1: 2.5183 Å; 2: 2.6689 Å; 3: 2.5893 Å) are in
accordance with known examples of coinage metal stannylene
complexes.[6–7,23] Most strikingly, the SnII� AgI distance is the
longest within this series. The shorter SnII� AuI bond lengths
compared to SnII� AgI reflect scalar-relativistic effects of AuI. The
structural parameters could be well reproduced by quantum
chemical calculations. The SnII� MI distances are consistently
overestimated by ~0.1 Å, thus resembling the experimental
trend regarding the Sn� MI bond lengths (CuI<AuI<AgI;
Table S4). The fact that the SnII� AuI bond is shorter than the
SnII� AgI bond is due to scalar-relativistic effects. Their neglect-
ion in a non-relativistic optimisation of complex 3 leads to an
increase in the SnII� AuI bond length of 0.16 Å and thus to
SnII� MI distances increasing from CuI over AgI to AuI. Coordi-
nates of the optimized structures (optimized-structures.txt) as
well as the non-relativistic basis (nonrelativistic-basis-set.txt) are
given in separate ASCII files as part of the Supporting
Information. Natural population analysis[24] (NPA) charges on the
coinage metal centres reflect the trends observed for the bond
lengths. While the calculated NPA charge increases when going
from CuI (0.31) to AgI (0.41), indicating less saturation of the
positive charge due to the SnII atoms of the ligands, it decreases
again when going on to AuI (0.20). Like for the bond lengths,
this trend inversion is a consequence of scalar relativity.
Without its consideration one gets an NPA charge of 0.49 for
AuI.
Coinage metal stannylene complexes are still in their

infancy and to the best of our knowledge, compounds 2 and 3
are the first structurally characterised AgI and AuI complexes
exclusively coordinated by four SnII substituents. The SnII� MI

bonding situation in the coinage metal complexes 1–3 can best
be described as saturation of the positive charge of the M
centre (MI=CuI, AgI, AuI) by donation of electron density from

Scheme 2. Synthesis of coinage metal bis-stannylene compounds 1–3.

Figure 3. Solid-state molecular structure of compounds 1–3. Hydrogen atoms; solvent and counter ions are omitted for clarity. Detailed bond lengths and
angles are provided in the Supporting Information.
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the SnII atoms of the bis-stannylene ligand. Minimisation of
electrostatic repulsion between the SnII atoms then rationalises
the tetrahedral coordination geometry observed for all three
compounds 1–3. Foster-Boys localisation[13] for 1–3 gave in each
case four localised molecular orbitals (LMOs) representing the
four individual SnII� M interactions (Figures S31–S33). Mulliken
population analyses[25] of these LMOs (Tables S5–S7) reveal that
they are mainly centred on the SnII atoms, thus supporting the
above made hypothesis that charge delocalisation mainly
occurs from the SnII atoms to the cationic coinage metal
centres.
The 1H NMR spectra of compounds 1–3 resemble each other

and only one signal is detected for all tBu groups in each. In the
13C NMR spectra the NCN signal of the amidinate ligand in
SnNSn appears at 171.3 ppm.[26] The resonances in the coinage
metal compounds are downfield shifted (1: 174.5 ppm; 2:
174.2 ppm; 3: 173.8 ppm). In the 119Sn NMR spectrum of CuI

complex 1, a singlet was detected at � 105.9 ppm at 193 K. For
the AgI complex 2, the 119Sn NMR spectrum shows a broad
doublet at 80.9 ppm due to coupling with the AgI isotopes (ν1/
2=425 Hz,

1J119Sn-107/109 Ag=1620 Hz). The Sn
II� AgI coupling in the

tetra-stannylene species 2 is considerably weaker than that
found in mono-stannylene AgI species (2600–4600 Hz).[27] In
contrast, the 119Sn NMR spectrum of the AuI complex 3 reveals
two broad singlets (99.7 and 29.5 ppm) with visible 117Sn
satellites (2J119Sn-117Sn �3200 Hz) indicating the presence of two
different types of Sn nuclei in solution.
Calculations of chemical shifts and coupling constants of 1,

2 and 3 at the X2C level of theory using different density
functional approximations were carried out (see the Supporting
Information). For compounds 1 and 2, we observe a very good
agreement of theory and experiment, while for compound 3
qualitative discrepancies were obtained. For the latter, the
calculations show only one resonance and also the experimen-
tal coupling constant is not well reproduced. This observation
gives evidence that the structure of compound 3 in solution
does not retain the tetrahedral geometry found in both the
solid state and the quantum chemical studies. Presumably, one
of the SnII atoms (99.7 ppm) in the bis-stannylene ligand is
closer coordinated to the metal centre than the other one
(29.5 ppm). All signals are strongly downfield-shifted compared
to the free ligand (� 136.0 ppm).
Photoluminescence spectra of all compounds were meas-

ured at variable temperatures from 9 K to room temperature.
To the best of our knowledge, this is the first investigation of
luminescence properties of bis-tetrylene species. The com-
pounds are yellow to orange in colour and show an orange to
red luminescence at low temperatures under excitation at
360 nm (Figure 4). Figures 5 and 6 show the photoluminescence
excitation (PLE) and photoluminescence emission (PL) spectra
of SnNSn and compounds 1–3. A strong decrease in lumines-
cence intensity with increasing temperature is observed. At
room temperature, only weak luminescence can be observed.
The PL spectra of SnNSn show a strong dependence on the
excitation wavelength resulting in two different spectra (Fig-
ure 4). Excitation at short wavelengths (260 nm) leads to a weak
band at 500 nm and a strong one at 730 nm which is changing

at elevated temperatures. Excitation at 400 nm results in a
broad unsymmetric band, with its maximum at 566 nm. The PL
emission in both spectra depicted in Figure 4 ranges far in the
near-infrared (NIR) region (up to 1200 nm).
The spectra of compounds 1–3 resemble each other, all

showing a broad band ranging into the NIR region. The PLE
onset of 1 and 2 at 9 K is around 460 nm, while it is 430 nm for

Figure 4. Compounds SnNSn, 1–3 left: daylight (293 K), right: at 360 nm
(77 K).

Figure 5. Solid-state photoluminescence emission (PL) and excitation (PLE)
spectra of SnNSn at different temperatures, measured at various wave-
lengths showing different PL behaviour. The PL and PLE spectra were
excited/ recorded at the indicated wavelengths.

Figure 6. Solid-state photoluminescence emission (PL) and excitation (PLE)
spectra of compounds 1–3 at different temperatures.
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compound 3. The CuI compound 1 shows a band at 608 nm,
while the emission maxima of 2 and 3 are red-shifted to around
660 nm at 9 K. At 77 K, the AuI compound 3 experiences a
major redshift to 731 nm which gets even more pronounced at
elevated temperatures. Overall, CuI compound 1 is blue-shifted
in comparison to the higher homologues of group 11, whereas
usually a strong red-shift can be observed.[28] The excited state
lifetimes are in the range of microseconds, hence indicating
phosphorescent processes, having lifetimes from 5 to 8 μs at
room temperature extending to 10 to 15 μs at 77 K. At low
temperatures, the decay processes of SnNSn and compound 1
are more complicated and show a second, longer lifetime of
217 μs (SnNSn) and 75 μs (1).
To gain a deeper insight into the photoluminescence

properties of the free ligand SnNSn as well as compounds 1–3,
time-dependent density functional theory (TDDFT)
calculations[29] were performed at level PBE0/def2-TZVP.[11, 12]

Singlet vertical excitation energies for the six lowest lying
excitations were calculated for all compounds (Tables S19–S22).
Visual inspection of the difference between the non-relaxed
density of the excited state and the ground state of the free
ligand SnNSn reveals that excitation mainly occurs from the π-
system of the pyridine ring and the adjacent N atoms to the π-
system of the phenyl groups and, to a lesser extent, the two SnII

atoms (Figure S36). The same holds for the coinage metal
complexes 1–3. For these, additional metal-centred transitions
can be observed at higher energies (Figures S37–S39). To shed
light on the phosphorescence emission process, the structure of
the lowest excited triplet state of each compound was
optimized using scalar-relativistic TDDFT gradients.[29a,30] The
phosphorescence emission properties were then investigated in
an indirect manner by calculating the lowest vertical excitation
energy from the singlet to the triplet state for the so obtained
triplet geometry. In all cases, the lowest lying (de)excitation
corresponds to a HOMO-LUMO transition (Table S23). For
SnNSn, the HOMO still corresponds to the pyridine π-system
and the adjacent N atoms (similar to the situation in the singlet
ground state structures), while the LUMO now corresponds to
p-type orbitals on the SnII atoms (Figures S40 and S41). Thus,
the phosphorescence process in the free ligand can best be
described as deexcitation from SnII p-orbitals to the π-system of
the pyridine ring as well as its neighbouring N atoms. Similar to
the free ligand, the HOMOs in 1–3 correspond to the π-system
of a pyridine moiety and the N atoms attached to it. Mulliken
population analyses[25] of the LUMOs of 1–3 revealed contribu-
tions from the SnII atoms as well as the central coinage metal
(Tables S27, S29, and S31). Consequently, the electronic situa-
tion on the SnII atoms plays a crucial role for the phosphor-
escence emission properties and rationalises the influence of
metal coordination found for compounds 1–3. The experimen-
tally observed red shift in the phosphorescence emission when
going from CuI over AgI to AuI is qualitatively reproduced by
the calculations (Table S23) and can mainly be attributed to the
influence of the metal on the LUMO energy in the complexes.
The anion does not contribute to the luminescence properties,
in agreement with the literature.[31]

Conclusions

The pincer-type bis-stannylene SnNSn has been synthesised
and fully characterised. The molecular structure in the solid
state and the NMR spectra showed a weak interaction between
the two SnII atoms. This was further investigated by quantum
chemical calculations. Reaction with coinage metal precursors
led to the formation of three complexes with a single CuI (1),
AgI (2) or AuI (3) centre, tetrahedrally coordinated by four
stannylene moieties. NMR studies revealed that AuI compound
3 presumably does not retain its solid-state structure in
solution. Photoluminescence studies were performed for all
compounds and show broad bands tailing far into the NIR
region.

Experimental Section
See the Supporting Information for the synthesis and character-
isation of all compounds, the NMR, IR and PL spectra, as well as X-
ray crystallography and DFT calculation details.

Deposition Numbers 2220031 (for SnNSn), 2220032 (for 1), 2220033
(for 2), and 2220034 (for 3) contain the supplementary crystallo-
graphic data for this paper. These data are provided free of charge
by the joint Cambridge Crystallographic Data Centre and Fachinfor-
mationszentrum Karlsruhe Access Structures service.
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