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Abstract: A dimeric ZnII carbene complex featuring bridging
and chelating benzene-1,2-dithiolate ligands is highly stable
towards air and water. The donor-Zn-acceptor structure leads
to visible light emission in the solid state, solution and
polymer matrices with λmax between 577–657 nm and, for
zinc(II) complexes, unusually high radiative rate constants for
triplet exciton decay of up to kr=1.5×105 s� 1 at room
temperature. Variable temperature and DFT/MRCI studies

show that a small energy gap between the 1/3LL/LMCT states
of only 79 meV is responsible for efficient thermally activated
delayed fluorescence (TADF). Time-resolved luminescence
and transient absorption studies confirm the occurrence of
long-lived, dominantly ligand-to-ligand charge transfer ex-
cited states in solution, allowing for application in Dexter
energy transfer photocatalysis.

Introduction

Photoactive complexes of the 3d elements are currently being
intensively investigated[1–6] with regard to their potential to
either substitute or complement more precious 4d/5d transition
metal complexes in photonic applications, where triplet
excitons need to be harvested. The exploitation scenarios
include, for example, sensors,[7] imaging,[8] organic light emitting
devices (OLEDs),[9,10] stimuli-responsive materials,[11] as well as
photocatalysis[5,12–14] for high-value products. Besides the argu-
ment of relative costs of the metals, one of the major driving

forces for this development is certainly also the desire to
understand the spin dynamics and various luminescence
phenomena, and to discover new photoreactions. Ultimately,
the breadth of findings will lead to the formulation of structure-
property relationships, allowing for control of the photophysical
and -chemical properties for a given application scenario. For
many of the first-row transition metal complexes in their d1 to
d9 electron configuration, an important intellectual challenge to
realize room-temperature luminescence is the occurrence of
metal-centred (MC) d–d* states,[15] which can be populated
thermally from the initial excited states of charge transfer (CT)
character and often lead to undesired non-radiative decay.
Strategies to overcome this problem are to increase the ligand
field splitting[16,17] or manipulate the energy of CT states[18] by
judicious choice of the ligand sphere.

An alternative is to employ metal centres in their d0 or d10

electron configuration.[10,18–23] This approach provides the addi-
tional advantage of various coordination spheres of the same
metal centre being accessible, which greatly influences the
nature, energy and reactivity of the excited states. Extensive
work on trigonally and linearly coordinated CuI compounds, in
particular, has shown that very efficient triplet state decay can
be obtained either by phosphorescence,[20,24–26] or thermally
activated delayed fluorescence (TADF).[10,21,27–29] For this, the
ideal molecular structure should allow for the formation of low-
energy ligand-to-ligand charge transfer (LLCT) states with some
metal-to-ligand (ML)CT admixture to mediate spin-orbit cou-
pling (SOC). While CuI is beneficially redox-active, the high
oxidation potential of ZnII forbids the formation of MLCT states.
In addition, the majority of photoactive zinc(II) complexes is
homoleptically coordinated, and thus fluorescent from ligand-
centred (1LC) states.[30–32]
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However, a class of heteroleptically coordinated
[ZnX2(phen)] (phen=1,10-phenanthroline; X=halides, thiolates)
has been reported to exhibit rare, but very weak phosphor-
escence at room temperature from 3LLCT/3LC(phen) states.[33]

We recently refined this analysis by extensive theoretical and
experimental studies, showing that, in fact, TADF occurs from 1/

3LLCT states with a very small energy gap ΔE(S1-T1), although
non-radiative deactivation is dominant.[34] A similar behaviour
was described for a zinc(II) iminophosphonamide complex by
Roesky et al.[35] Adachi and co-workers reported TADF from a
homoleptically coordinated ZnII compound, albeit low radiative
rate constants of only kr=2.6×104 s� 1 from intra-ligand 1/3(IL)CT
states were found.[36]

These rare examples show that there is indeed potential to
exploit zinc(II) complexes for triplet exciton harvesting via
TADF, and we thus followed the strategy of preparing donor-M-
acceptor structures to enter 1/3LLCT states to ensure high kr. As
a first foray into this field, we recently employed an electrophilic
cyclic alkyl(amino)carbene (cAAC) as acceptor site for ZnII

halides, with the latter acting as donors. The obtained dimers
[Zn2Cl2(μ-Cl)2(

MecAAC)2] feature triplet 3XCT/LE excited states
with ultra-long lifetimes up to several milliseconds, but
undesired photo-induced conformational transformation as well
as further decomposition processes at room temperature
involving the Zn� X bonds was observed.[37] In order to enhance
the stability and foster the formation of low-energy LLCT
excited states, we now focused on chelating benzene-1,2-
dithiolate (bdt) as a redox-active donor for the {Zn(MecAAC)}
acceptor motif.

Results and Discussion

The reaction of two equivalents disodium benzene-1,2-dithio-
late (Na2bdt) with [Zn2Cl2(μ-Cl)2(

MecAAC)2]
[37] in THF solution

occurs with a fast color change from colorless to yellow and
simultaneous precipitation of NaCl (Figure 1). After work-up,
crystallization using a CH2Cl2/n-pentane mixture afforded yellow
single crystals of Zn1 in 74% isolated yield. X-ray diffraction
analysis revealed a centrosymmetric, dimeric arrangement, in
which the bdt units each bind with one sulfur solely to one
zinc(II) ion and bridge the two {Zn(MecAAC)} fragments with the
other (Figure 1).

Although a similar coordination mode of bdt was reported
for electron-deficient ZnII complexes bearing N,N-chelating
ligands,[38,39] it is unprecedented in the context of carbene
compounds, and we find that the Zn-Sbridging distances are
slightly shorter by ~0.07 Å for Zn1. The Zn� Ccarbene bond length
of 2.0575(13) Å is very similar to the value found for [Zn2Cl2(μ-
Cl)2(

MecAAC)2] of 2.0547(17) Å. We note that the dimeric
structure of Zn1 is maintained in solution as the 1H and 13C{1H}
NMR spectra show only one set of sharp signals.

The μ2,k
2-bonding mode of the bdt ligands is a key feature

of the molecular structure and provides enhanced steric
protection of the Zn� C(carbene) bond of Zn1 in comparison to
the chloride bridged congener[37], which is highly photolabile at
room temperature even in the solid state, and highly sensitive

towards oxygen and moisture. In contrast, Zn1 is remarkably
photostable not only in the solid state, but more importantly
also in dry and de-oxygenated, or aerated and wet CD2Cl2
solution (Figure S6 in Supporting Information). Notably, no
protonation of MecAAC or bdt ligands was observed in the
presence of water, which is surprising as carbene complexes are
typically prone to hydrolysis even in the presence of traces of
moisture in organic solvents. TGA/DSC measurements indicate
good thermal stability as single-crystalline Zn1 decomposes
only above 210 °C by dissociation of one MecAAC ligand after
first liberating 2 equivalents of co-crystallized solvent (Fig-
ure S5).

Cyclic voltammetry (CV) on Zn1 performed in acetonitrile
using the ferrocene/ferrocenium couple as a reference revealed
a series of irreversible oxidation events within the potential
range of 0.2–1.5 V (Figure S7) that we assign to consecutive
oxidations of the thiolate moieties. As a consequence, thiyl
radicals can be formed that have a strong tendency to dimerize
to give disulfide species,[40] which can easily dissociate from the
zinc(II) centers and thus explain the irreversible character of the
oxidative events. In addition, we observed a fully reversible
reduction wave at � 2.35 V associated with the reduction of the
MecAAC ligand as shown by DFT calculations (Figure 2).

The UV/vis absorption spectra of Zn1 in CH2Cl2 solution
display a broad low-energy band with λmax=374 nm (ɛ=

3,600 M� 1 cm� 1), which stems from bdt(π)!MecAAC(π*CN) LLCT
excitations with LMCT admixture according to our DFT/MRCI
calculations (Figures 2 and 3). In the inversion-symmetric
minimum nuclear arrangement of the electronic ground state,
only the S0!S2 and S0!S3 transitions, both of 1Ag!

1Au type,
carry nonvanishing but small electric dipole oscillator strengths
of 0.02 and 0.05, respectively, which are in line with the
observed weak absorption. Vibronic interactions, which lift the

Figure 1. Synthesis and crystal structure of Zn1. Thermal ellipsoids are drawn
at the 30% probability level and hydrogens are omitted for clarity. Selected
bond lengths (Å) and angles (°): Zn1-C1 2.0575(13); Zn1-S1 2.3789(4); Zn1-S2
2.2993(4); Zn1-S3 2.4274(4); C1-Zn1-S1 115.47(4); C1-Zn1-S2 125.36(4); C1-
Zn1-S3 119.58(4); Zn1-S1-Zn2 80.83(1); S1-Zn1-S3 99.17(1).
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symmetry selection rules, are expected to lend intensity to the
S0!S1 and S0!S4 transitions as well, thus broadening the band
in the low-energy regime. The high-energy region of the
spectrum shows a series of additional absorptions including
rather broad bands centred at 306 (structured, ɛ~
5,500 M� 1 cm� 1), 267 (ɛ=23,000 M� 1 cm� 1) and 243 nm (ɛ=

37,600 M� 1 cm� 1), respectively. The first transition, calculated at
301 nm in THF, originates from an intra-ligand (IL)CT on bdt
involving sulfur lone-pair orbitals as donors and the benzene π
system as acceptor (Figure S25). The band with λmax=267 nm
consists of several strong transitions with varying LLCT and ILCT
contributions. Here, charge is transferred from sulfur lone pairs
to π* orbitals of the MecAAC ligand or of the benzene unit of
btd. At the blue edge of this band, the first bdt!Rydberg
transition, involving 3d shells of the sulfur atoms, is encoun-
tered in the DFT/MRCI spectrum. Complex Zn1 further features
additional strong and high-energy absorptions shown as two
narrow bands at 248 and 236 nm (ɛ~53,000 M� 1 cm� 1) that can
be assigned to LC transitions of π!π* character localized at the
bdt unit (Figure S26). The absorption features in toluene
solution are very similar, but λmax of the lowest energy band
shifts bathochromically by 27 nm (1,800 cm� 1) due to the lower
solvent polarity in comparison to CH2Cl2 (see below), which is
beneficial for utilization of Zn1 in photocatalysis.

Upon photoexcitation (λex=360–480 nm), broad lumines-
cence with λmax=648 nm is observed in de-aerated CH2Cl2 at
room temperature, albeit with low quantum yield ϕPL=0.02
(Figure 2 and Table 1). The observed emission lifetime of 135 ns
gives rise to kr=1.5×105 s� 1, indicative of triplet states being
involved.[6,20–26] However, kr is too fast for phosphorescence as
SOC mediated by the zinc and sulfur atoms would be too small,
and thus we assign the emission to TADF. We note a minor
negative solvatochromic shift in toluene by 164 cm� 1, that
might be related to the centrosymmetric nature of Zn1 in its
ground state. In both solvents, large Stokes shifts of 9,700–
11,300 cm� 1 are caused by unhindered geometry relaxation in
the S1 and T1 state accompanied by substantial nuclear
displacements and localization of the CT excitation on one side
of the complex according to our calculations (Figure 3C).
Consequently, facile vibrational relaxation S1/T1S0 is possible,
explaining the low ϕPL and short τ. This structural distortion is

Figure 2. Top: CV vs. Fc/Fc+ in CH3CN using an Ag reference electrode (left)
and calculated spin density (right) of the radical anion Zn1� . Middle:
absorption spectra of Zn1 in CH2Cl2 (yellow) and toluene (orange). Bottom:
emission spectra of Zn1 in PMMA, solid state, CH2Cl2 and toluene at 297
(solid lines) and 77 K (dashed lines).

Figure 3. DFT/MRCI difference densities (isovalue �0.0015) of the S0!S1
absorption (A), and of the optimized 1LL/LMCT (C) and 3LC (D) states of Zn1
in THF. Areas losing electron density upon electronic excitation from the
ground state are shown in gold, areas gaining electron density in blue.
Experimental TADF fit of Zn1 in PMMA (B).

Table 1. Photophysical data for Zn1 in solid state, solutions, and polymeric
matrices.

Medium T [K] λmax [nm] τ [ns][a] ΦPL kr [s
� 1][b] knr [s

� 1][c]

solid 297 585 472 0.02 4.2×104 2.1×106

77 587 170×103 0.06 35.2 552
crystals 297 644 97 >0.01 – –

77 639 260×103 0.01 38.5 3810
DCM 297 650 135 0.02 1.5×105 7.3×106

77 551 316×103 – – –
Toluene 297 657 194 0.02 1.0×105 5.1×106

77 596 641×103 – – –
PS 297 585 444 0.02 4.5×104 2.2×106

77 580 927×103 0.08 86.3 993
PMMA 297 577 741 0.10 1.4×105 1.2×106

77 558 987×103 0.25 253.0 760

[a] amplitude average lifetime, [b] kr=ϕPL/τ, [c] knr= (1–ϕPL)/τ.
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hindered in the solid state or in polystyrene (PS) matrix, and
thus the emission shifts hypsochromically to λmax=585 nm
(Table 1). Interestingly, Zn1 in PMMA matrix (10 wt-%) shows an
even larger hypsochromic shift of 1,946 cm� 1 compared to
CH2Cl2 solution to λmax=577 nm. In addition to the enhanced
rigidity (see above), the polar environment stabilizes the polar
ground state of Zn1 with negatively charged bdt ligands and
positively charged ZnII/MecAAC, further increasing the energy
gap ΔE(S1-S0). These effects lead to greatly enhanced ϕPL=0.10
while maintaining the high kr. In order to shed light on the
assumed TADF mechanism, we performed detailed variable-
temperature (VT) measurements in PMMA, in which Zn1
exhibits the most efficient luminescence (Figures 2 and 3).
Upon lowering the temperature to 77 K, the yellow emission
shifts hypsochromically by ca. 20 nm due to further rigid-
ification, with a concomitant increase of τ to 987 μs. The
intrinsic radiative lifetimes τrad=1/kr between 7–297 K can be
fitted to a three-states kinetic model (Figure 3B) according to
Equation (1):

trad ¼
3þ exp � DE S1 � T1ð Þ

kBT

h i

3kfl þ kph � exp �
DE S1 � T1ð Þ

kBT

h i (1)

providing an estimated ΔE(S1-T1)=79 meV (637 cm� 1), which is
in excellent agreement with the DFT/MRCI energy difference at
the S1 minimum in THF of 90 meV (726 cm� 1). The small energy
gap and long lifetime of the T1 state of ca. 6 ms (calc. 32 ms) are
beneficial for efficient rISC, and in combination with the
estimated short τ(S1)=22 ns, efficient TADF is enabled.

An anomalous hypsochromic shift of the emission in CH2Cl2
by ca. 100 nm upon cooling to 77 K is observed (Table 1), which
appears to originate from a population of a different excited
state. In addition to the 3LLCT state, we find a higher-lying
minimum on the T1 potential energy surface that is of

3LC(dbt)
nature (Figure 3D and Figure S31). The involvement of the
sulfur atoms in the excitation mediates SOC (64 cm� 1, Table S9),
resulting in phosphorescence with τrad=22 ms according to the
calculations.

Transient absorption (TA) studies of Zn1 in toluene (Fig-
ure 4) confirm that internal conversion and ISC leading to the
formation of the final 3LL/LMCT state, that is involved in the
TADF process, occur on a timescale faster than our instrument
response of 10 ns. The TA spectrum shows in general a positive
absorbance change over the whole spectral range with a drop
in optical density at λabs=390 and 320 nm, which coincides
with overlapping ground state absorption. The decays of the
excited state absorption (ESA) at λabs=348 and 440 nm were
fitted monoexponentially and yielded lifetimes of 370 and
354 ns, respectively, which is in the range of the recorded
luminescence lifetimes.

The population of triplet excited states, of which the broad
emission covers an energy range from 2.48-1.60 eV, with
associated long lifetimes of hundreds of nanoseconds in
solution suggests that Zn1 may be employed in photocatalytic
transformations as triplet sensitizer, similar to two recently
reported Zn(II) complexes with dark (non-emissive) triplet

excited states.[41] Fulfilling another important prerequisite for
photocatalysis, the continuous irradiation of Zn1 for one hour
with high-power 450 nm LEDs revealed excellent photostability
by maintaining 96% and 99% of the original absorbance in
toluene and THF, respectively (Figure S24). The photo-isomer-
ization (E)-stilbene!(Z)-stilbene requires the population of the
organic T1 state at 2.2 eV, of which sensitization with our zinc(II)
complex appears feasible. Indeed, 2 mol-% of Zn1 in degassed
toluene give 93% conversion after four hours of irradiation,
which is faster than found for the standard [Ru(bpy)3]

3+ that
requires 5 mol-% and 8 h.[42] Control experiments under identi-
cal conditions but without Zn1 showed no formation of (Z)-
stilbene (Figure S25), highlighting the suitability of our zinc(II)
complex for photocatalytic transformations.

Conclusions

In conclusion, a new type of dimeric ZnII-based emitter in the
yellow to orange region of the electromagnetic spectrum, with
a donor-M-acceptor motif by employing an electron-rich
thiolate ligand in combination with an electrophilic carbene
ligand, exhibits 1/3LLCT states suitable for efficient TADF with
high kr. The visible light absorption, for carbene complexes
astonishing stability towards air and water, in combination with
the observation of long-lived triplet states in solution renders
the complex suitable for Dexter energy transfer photocatalysis.
Overall, these promising first results clearly show that ZnII-based
photoactive complexes bear great potential as serious alter-
natives to traditional 4d and 5d transition metal compounds
employed in devices and photochemistry.

Figure 4. Transient absorption spectrum of Zn1 in de-aerated toluene at
293 K, recorded at 10 ns time delay upon excitation at 420 nm with laser
pulse energy of 15 mJ. The spectrum was recorded with an integration time
of 100 ns after the indicated delay time. The inset shows the decays of the
excited state absorption (ESA) signals at 348 nm (blue trace) and 440 nm
(green trace).

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202203980

Chem. Eur. J. 2023, 29, e202203980 (4 of 7) © 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 13.04.2023

2323 / 290858 [S. 184/187] 1

 15213765, 2023, 23, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202203980 by T

echnische U
niversitaet D

ortm
und, W

iley O
nline L

ibrary on [11/03/2025]. 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



Experimental Section
General considerations: All operations were performed under an
argon atmosphere by using conventional Schlenk-line techniques
or glovebox. The solvents were dried using Technology Inc. Pure-
Solv system or standard methods, and were degassed and stored
over activated 4 Å molecular sieves. Dimeric [Zn2(μ-
Cl)2(Cl)2(

MecAAC)2]
[37] and benzene-1,2-dithiol[43,44] (for details see

below) were prepared according to established procedures. All
other starting materials were available commercially and were used
without further purification. 1H, 13C{1H} APT, 1H� 13C HSQC, 1H� 13C
HSMB, 1H� 1H COSY and 1H� 15N HMBC NMR spectra were measured
at 300 K on Bruker 500 Avance or Bruker 600 Avance spectrometers.
The chemical shifts are given in ppm relative to residual signals of
the respective solvent [1H, 13C: CD2Cl2 (5.32, 53.84 ppm); C6D6 (7.16,
128.06)]. Cyclic voltammetry measurements were performed on a
Gamry Instruments Reference [600] potentiostat with three electro-
des cell configuration (working electrode: Pt-disk, counter elec-
trode: Pt-wire, reference electrode: silver wire separated by Vycor
tip). Redox potentials are referenced to the ferrocene/ferrocenium
couple and nBu4NBF4 was used (100 mM solution) as supporting
electrolyte. TGA/DSC data were recorded using a STA650 instru-
ment (TA instruments, USA) with a heat rate of 10 °C/min and under
constant flow of nitrogen gas.

All photophysical measurements were performed in dry and de-
aerated solutions. In the case of polymeric matrices, the respective
polymer (PMMA or PS) was weighted into a vial together with
10 wt% of Zn1. Subsequently, the mixture was dissolved in DCM,
the solution was added to a spectroscopic cuvette, and the solvent
was slowly evaporated to form a thin layer (film) of Zn1 in the
matrix. The remaining solvent molecules were evaporated by
keeping the film under a low vacuum for 12 h. The solid-state
measurements were performed either in single-crystalline form
(sample denoted as ’crystals’) or, to remove co-crystallized mole-
cules of solvent, single-crystals were ground and dried under
vacuum for 24 h (sample denoted as ’solid’). Optical absorption
spectroscopy was performed using an Agilent Cary 5000 spectro-
photometer using standard 1 cm path length quartz cells. Excitation
and emission spectra were recorded on an Edinburgh Instrument
FLS1000 spectrometer, equipped with a 450 W Xenon arc lamp,
double monochromators for the excitation and emission pathways,
and a red-sensitive photomultiplier (PMT-980) as a detector. The
excitation and emission spectra were corrected using the standard
corrections supplied by the manufacturer for the excitation source‘s
spectral power and the detector‘s sensitivity. Quantum yields in
solution were measured using an FLS1000 spectrometer equipped
with an integrating sphere (N-M01), and the quantum yield of solid
samples and polymeric matrices were measured using an integrat-
ing cryosphere (Microstat N2) from Oxford Instruments. The
luminescence lifetimes were measured using a μF2 pulsed 60 W
Xenon microsecond flashlamp, with a repetition rate of 100 Hz and
a multichannel scaling (MCS) module or with VPLEDs (383.8 nm
with 1.1 mW or 449.6 nm with 37 mW), with 100 ns pulse width and
an MCS module, depending on the time range. The emission was
collected at a right angle to the excitation source. The low-
temperature experiments were performed using liquid nitrogen-
cooled OptistatDN-V cryostat from Oxford Instruments or 4 K
cryostat (CS204SI-FMX-1SS) from Advanced Research System
equipped with a closed cycle water-cooled helium compressor.

An LP920-KS apparatus from Edinburgh Instruments was employed
for nanosecond transient absorption spectroscopy. Excitation was
performed by a frequency-tripled Nd:YAG laser (Quantel Brilliant b,
ca. 10 ns pulse width and ca. 10 mJ output) equipped with an OPO
from Opotek (excitation wavelength set to 420 nm with ca. 15 mJ
output). A beam expander (GBE02-A from Thorlabs) was used to
ensure homogeneous excitation. Detection of transient absorption

spectra occurred on an iCCD camera (Andor), whereas kinetics at a
single wavelength were recorded using a photomultiplier tube.
Samples were prepared in toluene (50 μM), degassed by rigorous
bubbling with dry Ar, and checked for photodegradation via UV/VIS
in regular intervals over the course of the measurements.

Preliminary picosecond transient absorption studies with sub-
nanosecond time resolution were performed using a TRASS instru-
ment from Hamamatsu and a mode-locked picosecond Nd:YAG
laser (model PL2251B-10-SH-TH with PRETRIG option) as an
excitation source. The laser pulse duration was ~30 ps and the
pulse frequency was 10 Hz. The third harmonic (355 nm) was used
for excitation of the sample, however, significant decomposition
was observed over the course of the measurement, presumably
due to the high energy (both pulse energy and wavelength) of the
excitation source.

Computational Methods: For all geometry optimizations the
Gaussian 16 program was used.[45] The ground state geometries
were optimized with Kohn–Sham density functional theory (DFT).[46]

For the optimization of the singlet excited state geometries the
time dependent DFT (TDDFT)[47] was used and for the excited triplet
state geometries the Tamm-Dancoff approximation (TDA)[48] to
TDDFT was chosen. The 10-mdf 6 s5p3d basis set with defpp-ecp
was used for the zinc atoms[49] and for sulfur the def2-SVPD basis
was chosen.[50] For all other atoms the def-SV(P) basis set was
used.[50] As functional BH-LYP functional was chosen for all
calculations.[51,52] A THF environment was mimicked via the polar-
izable continuum model (PCM).[53,54] To examine the excitation
energies and oscillator strengths of the spin allowed transitions,
DFT/MRCI calculations were carried out.[55,56] As Hamiltonian, the
redesigned R2018 was selected and 30 singlet and 30 triplet roots
were calculated. For the DFT/MRCI calculations, the point charges
of the Gaussian 16 calculations were extracted. With the SPOCK
program, the spin-orbit coupling matrix elements (SOCMEs) were
obtained.[57,58]

Synthetic Procedures

C6H4S2H2 (H2bdt): 5 mL of benzenethiol (49 mmol) were added
dropwise to a mixture of n-BuLi (103 mmol, 2.5 M, 41 mL) and
TMEDA (54 mmol, 8.1 mL) in 40 mL of n-pentane at � 78 °C. The
mixture was allowed to slowly warm to room temperature and
stirred overnight. Then the solution was again cooled to � 78 °C
and octasulfur (49 mmol) was added dropwise. The mixture was
stirred at � 78 °C for two hours and overnight at room temper-
ature, followed by slow addition of 10 mL of water. The
quenched mixture was poured into diluted hydrochloric acid
and extracted with Et2O (3×50 mL). Organic layers were
combined, dried over anhydrous MgSO4 and evaporated to
dryness using rotavapor. The crude product was vacuum
distilled (55 °C, 0.2 mbar) to give 1.4 mL (24%) of colorless
liquid. 1H NMR (500 MHz, C6D6): 7.96 (m, 2H), 6.65 (m, 2H), 3.35
(s, 2H). 13C NMR (125 MHz, C6D6): 131.4 (s, 2 C), 130.9 (s, 2 C),
126.4 (s, 2 C).

C6H4S2Na2 (bdt): 337 mg (14 mmol) of NaH was dispersed in
20 mL of THF and 1.1 g (7.7 mmol) of benzene-1,2-dithiol in
10 mL of THF was added dropwise. After complete addition, the
mixture was stirred for one hour at 60 °C and then overnight at
room temperature. After filtration, the remaining white solid
was washed with additional portion of THF (2×15 mL) and the
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product was vacuum-dried for 4 h at 60 °C. Yield: 942 mg
(5.0 mmol, 72%) of white powder.

[(MecAAC)Zn(kS:μ2S-PhS2)2Zn(MecAAC)] (Zn1): 47 mg of
(250 mmol) disodium benzene-1,2-dithiolate (bdt) was mixed
with 100 mg (119 mmol) of [(MecAAC)(Cl)Zn(μ-Cl)2Zn(Cl)(

MecAAC)]
in 7 mL of THF and the resulting mixture was stirred overnight
at room temperature. After that, the solvents were vacuum-
evaporated, and the solid residue was extracted with DCM
(3x5 mL). The combined organic fractions were concentrated by
vacuum evaporation to a final volume of 3 mL and crystalliza-
tion was induced by gas phase diffusion of n-pentane. The
obtained single-crystals were collected, washed with cold THF
(2 mL), n-pentane (2×5 mL) and vacuum dried. Yield: 86 mg
(73.5%, 86 mmol) of yellow crystalline material. CHNS analysis
calcd for C53H72N2S4ZnCl2: C, 59.7; H, 6.8; N, 2.6. Found: C, 59.8;
H, 7.1; N, 2.62. 1H NMR (600 MHz, CD2Cl2): δ [ppm]=7.53 (t,
3J(1H,1H)=7.8 Hz, 2H, H4, C6H3

iPr2), 7.39 (m, 4H, C6H4S2), 7.35 (d,
3J(1H,1H)=7.8 Hz, 4H, H3,5, C6H3

iPr2), 6.69 (m, 4H, C6H4S2), 2.77
(sept, 3J(1H,1H)=6.7 Hz, 4H, CHiPr), 2.17 (s, 4H, � CH2� ), 1.57 (s,
12H, (CH3)2), 1.48 (s, 12H, (CH3)2), 1.32 (d,

3J(1H,1H)=6.7 Hz, 12H,
CH3

iPr), 1.23 d, 3J(1H,1H)=6.7 Hz, 12H, CH3
iPr). 13C NMR (125 MHz,

CD2Cl2): δ [ppm]=243.8 (s, 2 C, Ccarbene), 145.2 (s, 4 C, C2,6, Dipp),
144.4 (s, 4 C, C1,2, PhS2), 133.9 (s, 2 C, C1, Dipp), 130.9 (s, 2 C, C4,
Dipp), 130.6 (s, 4 C, PhS2), 126.1 (s, 4 C, C3,5, Dipp), 122.3 (s, 4 C,
PhS2), 84.5 (s, 2 C, NCC

carbene), 55.2 (s, 2 C, NC(CH3)2), 49.9 (s, 2 C,
-CH2� ), 29.5 (s, 4 C, C(CH3)2), 29.4 (s, 4 C, CH(CH3)2, Dipp), 28.1 (s,
4 C, C(CH3)2), 27.3 (s, 4 C, CH(CH3)2, Dipp), 23.9 (s, 4 C, CH(CH3)2,
Dipp). 15N (60 MHz, CD2Cl2): δ [ppm]=-141.86 ppm.

Deposition Number 2189606 (for Zn1) contains the supple-
mentary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access
Structures service.
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