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Structural diversity of late transition metal
complexes with flexible tetra-NHC ligands†

Daniel T. Weiss,a Philipp J. Altmann,a Stefan Haslinger,a Christian Jandl,a

Alexander Pöthig,b Mirza Cokojac and Fritz E. Kühn*a

The synthesis of copper, gold, nickel, palladium, platinum, and iron complexes with open chain tetra-

N-heterocyclic carbene (NHC) ligands via transmetalation using silver NHC complexes is presented. The

obtained complexes show differing coordination geometries depending on both ligand structure and

metal. While the complexes of the coinage metals form di- or tetranuclear structures, the group 10 metal

complexes exhibit a distorted square planar coordination geometry at the metal centers. In the case of

iron an enhanced flexibility of the ligand – caused by a longer alkyl bridge – leads to octahedral com-

plexes with a sawhorse-type coordination by the tetracarbene ligand and two cis acetonitrile ligands. To

the best of our knowledge, this is the first known example of a tetracarbene ligand in sawhorse-type

coordination within an octahedral coordination sphere. The remaining cis-labile sites are prone to

exchange reactions as shown by addition of trimethylphosphine.

Introduction

During the past 20 years, the detailed examination of N-hetero-
cyclic carbenes as ligands for transition metals unveiled a very
rich coordination chemistry with an increasing variety of
applications,1–5 including homogeneous catalysis,6–9 medic-
inal chemistry,10–12 and photoluminescent materials.13 Poly-
dentate NHC ligands were found to stabilize high-valent iron
species, which appeared to act as intermediates in catalytic
oxidations and aziridations.14–20

Only few examples for tetra-NHC ligand motifs are known
to date. They exhibit either macrocyclic or acyclic structures.
Depending on the linkage of the NHC subunits, macrocyclic
tetra-NHC ligands are able to chelate metal ions with coordi-
nation numbers of four or higher.19,21–29 In case of rigid and
bulky linkers like arene units, only coinage metal complexes
are known.30–32 Acyclic tetra-NHC ligands were limited to
rigid, substituted arene entities, which are unable to chelate
single metal ions.33–36 Therefore, reports on mononuclear

metal complexes with tetra-NHC ligands are limited to macro-
cyclic systems.19–29,37 In addition, the accessible coordination
modes for tetra-NHC ligands are limited, as they coordinate
generally in an equatorial fashion, with the only exceptions
being a tetrahedral CoII complex and a trigonal prismatic FeIV

tetrazene complex.20,23 To overcome the structural rigidity that
is responsible for this limitation, two open chain tetra-NHC
ligands L1 and L2 with alkyl linkers of different lengths have
been reported by our group together with the respective
silver(I) complexes 1 and 2 (Fig. 1).38

In this work the use of 1 and 2 as versatile transmetalation
agents is demonstrated to access a range of d-block metal com-
plexes. By utilizing a flexible ligand structure, new coordi-
nation modes of tetra-NHC complexes are targeted. Single

Fig. 1 Structures of flexible, open chain tetra-NHC ligands L1, L2 and
the respective silver complexes 1 and 2.38
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crystal X-ray diffraction in combination with NMR spectro-
scopy is used for the identification of coordination geometries
in both solid state and solution.

Results and discussion
Transmetalation to coinage metals

In analogy to previous studies,30,33,34 transmetalation reactions
to Cu(I) and Au(I) starting from silver tetra-NHC complexes 1
and 2 were performed with CuICl or AuI(SMe2)Cl as precursors,
respectively (Scheme 1).

While copper(I) complex 3 has to be handled under inert
conditions, gold(I) complex 4 shows high stability towards air
and moisture. Both complexes were obtained as colorless
solids in high yields. ESI-MS data for 4 confirms the dimeric,
tetranuclear structure with m/z = 1894.60. In analogy to 1,38

variable temperature (VT) 1H NMR spectra of coinage metal
complexes 3 and 4 reveal the existence of different conformers
in solution (see Fig. S3 and S6 in the ESI†). For complex 3, an
elevation of the temperature from −40 °C to 0 °C results in
peak broadening, while a further increase in temperature to
70 °C leads to sharp signals. This indicates fast interconver-
sion of the conformers which no longer can be resolved on an
NMR time scale. In case of 4, VT NMR experiments yield
similar results (compare ESI†); however the conformations are
frozen already at room temperature compared to −40 °C for 3.
Again, elevation of the temperature to up to 75 °C leads to a
broadening and a subsequent peak sharpening. In addition,
all expected signal sets for terminal methyl groups, methylene
bridges, and imidazolium backbone protons are observed for
complexes 3 and 4. These findings are supported by 13C NMR
spectra recorded at 70 °C, which feature similar broad signals
for 1 and 3–4 (ESI†). Due to the broadness of the peaks and
the low intensity of carbene–carbons, not all expected signals
are detected.

Single crystal X-ray diffraction of 3 confirmed the dimeric,
tetranuclear structure in solid state, which is in accord with
silver complex 1. Two additional solvent molecules are co-
ordinated to Cu2 and Cu3, resulting from the crystallization of
3 from an acetonitrile solution (Fig. 2). The coordinated
solvent molecules can be removed under high vacuum. The
acetonitrile ligands are coordinated to the inner copper ions
Cu2 and Cu3 which were found to be triply-coordinated with
C–Cu–C angles of 137° and C–Cu–N angles of 112°. The outer

copper ions Cu1 and Cu4 are coordinated almost linearly. The
Cu1–Cu2–Cu3 and Cu2–Cu3–Cu4 angles are in the range of
132° and 133°, which is substantially smaller than the corres-
ponding angle in 1 (145°). Unfortunately, no single crystals of
4 could be obtained.

In contrast to 1, silver complex 2 exhibits a monomeric,
dinuclear structure with linear coordination of the coinage
metal ions due to the longer and more flexible propylene
bridge of ligand L2.38 Silver complex 2 was treated with CuCl
and Au(SMe2)Cl to yield complexes 5 and 6, respectively
(Scheme 2). As observed for 3 and 4, copper complex 5 is only
stable under inert conditions while gold complex 6 is air
stable. 1H NMR spectroscopy confirms the structural similarity
of 2 and 5–6 as all spectra exhibit very similar signal patterns

Scheme 1 Transmetalation to coinage metals starting from silver
complex 1.

Fig. 2 ORTEP style representation of the cationic fragment of 3 with
ellipsoids shown at a 50% probability level. Hydrogen atoms and PF6

−

counter ions are omitted for clarity. Selected bond lengths [Å] and
angles [°]: Cu1–Cu2 3.0211(5), Cu2–Cu3 2.8570(5), Cu1–C19 1.919(3),
Cu2–C6 1.960(3), Cu2–N17 2.071(2), C19–Cu1–C2 172.47(12),
C23–Cu2–C6 137.03(11), C23–Cu2–N17 111.86(10), Cu3–Cu2–Cu1
132.224(15).

Scheme 2 Transmetalation to coinage metals starting from silver
complex 2.
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with the only major difference being the signals assigned to
the methylene groups at 6.0 to 6.5 ppm and 3.7 to 4.1 ppm
(Fig. 3). The broader signals in case of 5 indicate a higher flexi-
bility compared to 2 and 6. However, 13C NMR spectra show a
frozen conformation of 5 as solely sharp and defined signals
are obtained. The two differing sets of carbene species are
observed at 178.50 and 176.56 ppm for 5 and at 185.96 and
182.31 ppm for 6.

The monomeric structure in solution was additionally con-
firmed by ESI-MS measurements of 6 (m/z 903.17). Due to the
sensitivity of 5, ESI-MS data could not be collected. In solid
state the monomeric structures of 5 and 6 were supported by
single crystal X-ray diffraction, confirming the existence of a
dinuclear metal–metal core in analogy to 2 (Fig. 4).

In comparison to the Ag–Ag distance of 2.9986 Å in 2, the
Cu–Cu distance in 5 is 2.6582 Å. This finding is in agreement
with previous results for the related macrocyclic tetra-NHC
system reported by Murphy et al.22 The Au–Au distance in 6 is
2.9676 Å and comparable to the Ag–Ag distance in 2. Cu–C
bonds in complex 5 are in the range of 1.909 to 1.921 Å while
the copper ions are coordinated almost linearly with C–Cu–C
angles of 177° and 178°. Au–C distances in 6 are in the range
of 2.008 to 2.034 Å and again slightly shorter than the compar-
able bonds in 2. The planes, which are formed by the centered
NHC rings are arranged in a nearly parallel fashion but tilted
against the metal–metal axis by 74° to 75° for complex 5 and
72° to 73° for complex 6 compared to 71° for complex 2.

For all coinage metal complexes similar coordination
modes are observed, with the flexibility of the ligand being the
structure determining factor. For methylene-bridged ligand L1
tetranuclear structures are formed while propylene-bridged
ligand L2 results in monomeric, dinuclear complexes.

Transmetalation to metals of the nickel group

Beside the coinage metals, the group 10 metals are interesting
candidates for transmetalation reactions of silver NHC com-
plexes.26,39 Using two equivalents of metal halides, the respect-

ive group 10 metal complexes were obtained in very good
yields (>90%) for methylene-bridged tetra-NHC ligand L1
(Scheme 3). 1H and 13C NMR spectroscopic investigations in
solution of compounds 7–9 suggest monomeric complexes
and show mirror symmetry in the ligand. The characteristic
signals for carbene carbons were found at 169.39 and
165.11 ppm for 7, at 169.28 and 164.18 ppm for 8, and at

Fig. 4 ORTEP style representation of the dicationic fragment of 5 (top)
and 6 (bottom). Ellipsoids are shown at a 50% probability level. Hydro-
gen atoms and PF6

− counter ions are omitted for clarity. Selected bond
lengths [Å] and angles [°]: (5) Cu1–Cu2 2.6582(9), Cu1–C2 1.909(3),
Cu2–C6 1.921(3), C2–Cu1–C12 177.88(11), C6–Cu2–C16 176.69(10); (6)
Au1–Au2 2.9676(3), Au1–C2 2.008(4), Au2–C6 2.034(4), C2–Au1–C12
176.54(14), C6–Au2–C16 174.92(14).

Scheme 3 Synthesis of NiII (7), PdII (8), PtII (9) tetra-NHC complexes
utilizing silver complex 1.

Fig. 3 1H NMR spectra of copper complex 5, silver complex 2, and gold
complex 6 at room temperature.
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161.20 and 155.78 ppm for 9, respectively. The monomeric
structures in solution of 7–9 were confirmed by ESI mass
spectrometry with monocationic fragments of m/z 538.53 (7),
586.59 (8), and 675.50 (9). Single crystal X-ray diffraction of
complexes 7 and 9 confirmed the monomeric structure also in
solid state (Fig. 5). Complexes 7 and 9 exhibit strongly dis-
torted square planar geometries, which are typical for group
10 metal complexes with non-macrocyclic tetradentate
polyNHC ligands.40 Coordination geometries within four-
coordinated metal complexes can be compared with respect to
the metal bond angles using a model by Houser et al.41 which
was recently refined by the group of Kubiak.42

The resulting τ4 and τδ (ppm) values vary between 0.00 for
an ideally square planar coordinated metal and 1.00 for a tetra-
hedral coordination. For complex 7 the values are determined
with 0.23 which is slightly closer to square planar coordination
compared to τ4 and τδ values for similar NiII(NCCN) systems
(0.28 to 0.30).43 However, macrocyclic tetra-NHC complexes
with group 10 metals feature τ values below 0.10, indicating a
nearly ideal square planar coordination geometry.26 τ values
for 9 are calculated to 0.19, being slightly lower than in the
case of nickel. Despite our best efforts, single crystals of 8
could not be obtained.

Elongation of the centered alkyl bridge from methylene to
propylene causes a significant structural change for silver com-
plexes.38 However, reacting silver complex 2 with one equi-
valent of metal halide leads to the formation of square planar-
coordinated monomeric complexes for all metals of the nickel
group similar to the results obtained with 1 as precursor
(Scheme 4).

In analogy to 7–9, 1H and 13C NMR spectroscopy in solution
indicate a plane of symmetry for 10–12. Characteristic signals
for carbene carbons are identified at 170.67 and 170.64 ppm
for 10, at 169.88 and 169.51 ppm for 11, and at 163.65
and 162.23 ppm for 12. ESI-MS measurements confirm the
results obtained by NMR spectroscopy with m/z 566.99 (10),
614.57 (11), and 703.49 (12).

Single crystal XRD of both 10 and 11 reveal a distorted
square planar coordination of the metal, confirming the
suggested structure also in solid state (Fig. 6). As seen for 7,
metal–carbon distances are in the usual range of 1.888 Å to
1.927 Å for nickel complex 10 and 2.019 Å to 2.055 Å for palla-
dium complex 11.26 Enhanced flexibility in the ligand leads to
less distortion of the square planar structure, reflected in the
τ4 and τδ values of 0.11 for 10 and 0.08 for 11, respectively.
This finding contrasts results obtained for the introduction of
a centered propylene bridge to an NCCN ligand. τ values of
0.23 to 0.31 still indicate a strongly distorted square planar
coordination.44,45

Transmetalation to iron

Previously, it has been shown that the length of the alkyl
bridge of a tetradentate ligand influences the coordination
mode of the ligand in octahedral FeII complexes.46 While a
methylene bridged NCMeCN ligand coordinates in an equa-
torial fashion, a propylene bridge (NCPrCN) induces a confor-
mational change towards a sawhorse-type coordination of the
ligand with two cis acetonitrile ligands. Inspired by these find-
ings, silver tetra-NHC complex 1 was reacted with two equi-
valents of FeBr2(THF)2 (Scheme 5). The monomeric FeII

complex 13 (m/z 536.58) was isolated as orange powder in 75%
yield. Fluxionality of the coordinated tetra-NHC ligand as indi-
cated in Scheme 5 was monitored by 1H NMR spectroscopy
(Fig. 7). Two different conformers are found at low temperature
in acetonitrile solution (−40 °C). The main signal set indicates
a sawhorse-type coordination of the tetra-NHC ligand and two

Fig. 5 ORTEP style representation of the dicationic fragment of 7 (top
left), the NiC4 core of 7 (top right), the dicationic fragment of 9 (bottom
left), and the PtC4 core of 9 (bottom right) with ellipsoids shown at a
50% probability level. Hydrogen atoms and PF6

− counter ions are
omitted for clarity. Selected bond lengths [Å] and angles [°]: (7) Ni1–C2
1.896(2), Ni1–C6 1.871(2), Ni1–C10 1.888(2), Ni1–C14 1.910(2), C10–
Ni1–C2 164.46(7), C6–Ni1–C14 162.15(7); (9) Pt1–C2 2.041(5), Pt1–C6
2.000(5), Pt1–C10 2.002(5), Pt1–C14 2.026(5), C2–Pt1–C10 166.0(2),
C6–Pt2–C14 167.01(19).

Scheme 4 Synthesis of NiII (10), PdII (11), PtII (12) tetra-NHC complexes
starting from silver complex 2.
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cis acetonitrile ligands. A plane of symmetry is revealed by the
second signal set, as the terminal methyl groups give only one
signal at 3.5 ppm and the bridging methylene groups do not
split up into doublets. These observations suggest an equator-
ial coordination of the ligand with two trans acetonitrile
ligands. At room temperature the coalescence point is found

in the 1H NMR spectra with a peak width of more than
0.2 ppm. Higher temperatures of 50 °C to 80 °C lead to a fast
interconversion of the two coordination modes, as shown by
the reappearance of sharp signals.

In order to inhibit interconversion, an irreversible exchange
of the acetonitrile ligands by PMe3 was attempted.47 Upon
addition of excess PMe3 to an acetonitrile solution of 13,
di(PMe3) substituted iron(II) complex 14 can be isolated
(Scheme 5). Compared to complex 13, 1H NMR recorded at
room temperature exhibits sharp signals of only one species
with a plane of symmetry as indicated by a single singlet
signal for the terminal methyl groups and a single triplet
signal for the methyl groups of the phosphine ligands. Inte-
gration of peak areas reveals the coordination of two phos-
phine ligands per iron center. Single crystal XRD of 14
confirms the spectroscopic findings in solution with two trans
PMe3 ligands (Fig. 8). The tetra-NHC ligand is coordinated in
an equatorial fashion with iron–carbon distances between
1.930 and 1.999 Å, which is comparable to those in literature
for macrocyclic tetra-NHC ligands.26 The phosphine ligands
are coordinated in the axial positions with a P1–Fe–P1a angle
of 171° and P–Fe distances of around 2.27 Å. τ values could be
calculated to 0.13 disregarding the axial phosphine ligands.
This value is comparable to iron(II) systems with macrocyclic
tetra-NHC ligands.26

Starting with complex 2, the synthesis of the iron(II)
complex 15 was achieved in analogy to complex 13 (Scheme 6).
Compared to 13, which shows fluxional behaviour in solution,
15 exhibits an inflexible octahedral coordination of the metal
with two cis acetonitrile ligands and a sawhorse-type coordi-
nation of the tetra-NHC. Similar to the major species identi-
fied by low temperature 1H NMR spectroscopy of 13, an
asymmetric set of signals was observed for 15.

In addition, signals for the two methylene bridges with
germinal coupling of 14 Hz and two independent signals for
the different terminal methyl groups support a sawhorse-type
coordination mode of the NHC ligand within the octahedral
iron complex. With m/z 564.63, ESI-MS confirms the formation
of a monomeric complex.

Scheme 5 Synthesis of iron(II) complex 13 and subsequent reaction
with PMe3 to form 14.

Fig. 6 ORTEP style representation of the dicationic fragments of 10
(top left), the NiC4 core of 10 (top right), the dicationic fragment of 11
(bottom left), and the PdC4 core of 11 (bottom right) with ellipsoids
shown at a 50% probability level. Hydrogen atoms, co-crystallized
solvent molecules, and PF6

− counter ions are omitted for clarity. In case
of 11, the asymmetric unit contains two additional moieties. Selected
bond lengths [Å] and angles [°]: (10) Ni1–C2 1.906(2), Ni1–C6 1.927(3),
Ni1–C12 1.925(2), Ni1–C16 1.888(3), C2–Ni1–C12 171. 9(1), C16–Ni1–C6
172.4(1); (11) Pd1–C2 2.019(9), Pd1–C6 2.031(10), Pd1–C12 2.055(9),
Pd1–C16 2.023(10), C2–Pd1–C12 175.7(4), C16–Pd1–C6 173.1(4).

Fig. 7 VT 1H NMR spectra of 13 in CD3CN from −40 °C to 80 °C.
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Reaction of 15 with an excess of PMe3 was performed
(Scheme 6). Even with a fourfold excess of trimethylphosphine,
only formation of mono(PMe3) substituted complex 16 is
observed with the second acetonitrile ligand remaining co-
ordinated. The sawhorse-type coordination mode of the tetra-
NHC is retained upon introduction of the PMe3 ligand. The

1H
NMR spectra of 15 and 16 only differ in the proton signals of
trimethylphosphine. Single crystal XRD of 16 proves sawhorse-
type coordination of the tetra-NHC ligand within a distorted
octahedral-coordinated iron(II) complex featuring an aceto-
nitrile ligand cis-positioned to the phosphine ligand (Fig. 9).
Iron–carbon bond lengths are in the range of 1.936 to 1.996 Å
while the Fe–P1 distance is 2.284 Å and therefore slightly
larger than in complex 14. In case of 16, the τ4 value is calcu-
lated to 0.66 while the τδ value is 0.38.

Both values, within their scales, confirm a classical
sawhorse-type coordination of the tetra-NHC ligand for the
first time within an octahedral-coordinated metal complex.

Conclusion

The application of two silver complexes with flexible, open
chain tetra-NHC ligands as versatile transmetalation agents
was examined. A variety of d-block metal complexes has been
synthesized and fully characterized. For coinage metals in the
oxidation state +I tetranuclear, dimeric (L1) or dinuclear,
monomeric complexes (L2) were obtained. Transmetalation to
group 10 metals leads to monomeric, distorted square planar-
coordinated complexes. Flexibility of the ligand system was
demonstrated by formation of octahedrally coordinated iron
complexes. For methylene-bridged tetracarbene ligand L1, the
iron complex exhibits both sawhorse-type and equatorial
coordination by the tetra-NHC with two additional acetonitrile
ligands coordinated. In solution these conformers readily
interconvert at room temperature, while replacing acetonitrile
with PMe3 freezes the ligand in an equatorial coordination
mode with two trans phosphine ligands. On the other hand,
propylene-bridged tetracarbene ligand L2 forms a monomeric
iron complex with sawhorse-type coordination of the ligand
and two cis acetonitrile ligands. An excess of PMe3 only yields
mono-substituted iron complex 16, retaining the sawhorse-
type coordination of the ligand and an acetonitrile ligand cis
to the phosphine. As shown for other ligand classes before,

Scheme 6 Synthesis of iron(II) complex 15 and subsequent reaction
with PMe3 to yield 16.

Fig. 8 ORTEP style representation of the dicationic fragment of 14 with
ellipsoids shown at a 50% probability level. Hydrogen atoms, co-crystal-
lized solvent molecules, and PF6

− counter ions are omitted for clarity.
Selected bond lengths [Å] and angles [°]: Fe1–C1 1.999(4), Fe1–C6
1.930(4), Fe1–P1 2.2689(9), C6–Fe1–C6a 87.9(2), C6–Fe1–C1 89.53(13),
C6–Fe1–C1a 170.42(14), P1–Fe1–P1a 170.57(5).

Fig. 9 ORTEP style representation of the dicationic fragment of 16 with
ellipsoids shown at a 50% probability level. Hydrogen atoms, co-crystal-
lized solvent molecules, and PF6

− counter ions are omitted for clarity.
Selected bond lengths [Å] and angles [°]: Fe1–C1 1.972(3), Fe1–C6
1.936(3), Fe1–C12 1.996(2), Fe1–C16 1.965(2), Fe1–P1 2.2842(8), C16–
Fe1–P1 173.98(7), C1–Fe1–C12 169.45(10), C6–Fe1–N9 169.97(10).
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tetracarbene ligands can be designed according to specific
demands; in this case, enhanced flexibility of the ligand leads
to the first literature-known metal complex with a tetracarbene
ligand coordinating in a sawhorse-type coordination mode
with two cis-labile binding sites.

Experimental section
General remarks

All chemicals were purchased from commercial suppliers and
used without further purification. Anhydrous acetonitrile and
diethyl ether were obtained from an MBraun solvent purifi-
cation system, degassed by freeze–pump–thaw technique and
stored over molecular sieves. All syntheses were performed
using standard Schlenk technique if not stated otherwise.
Silver complexes 1 and 2 were synthesized according to
previously reported procedures.38 Liquid NMR spectra were
recorded on a Bruker Avance DPX 400 and a Bruker DRX 400.
Chemical shifts are given in parts per million (ppm) and the
spectra were referenced by using the residual solvent shift
as internal standards (acetonitrile-d3,

1H δ (ppm) 1.94, 13C δ

(ppm) 118.26). MS-ESI analyses were performed on a Thermo
Scientific LCQ/Fleet spectrometer by Thermo Fisher Scientific.
Elemental analysis was obtained from the microanalytical
laboratory of the Technische Universität München.

Single crystal X-ray diffraction

For crystallization, diethyl ether was slowly diffused into aceto-
nitrile solutions of compounds 3, 5, 6, 7, 9, 10, 11, 14, and 16,
respectively. Data was collected on an X-ray single crystal
diffractometer equipped with a CCD detector (Bruker APEX II,
κ-CCD), a rotating anode (Bruker AXS, FR591) with MoKα radi-
ation (λ = 0.71073 Å) and a Montel optic (3, 7) or a fine-
focussed sealed tube with MoKα radiation (λ = 0.71073 Å) and
a graphite monochromator (5, 6, 9, 10, 11, 14, 16) by using the
APEX2 software package.48 The measurements were performed
on a single crystal coated with perfluorinated ether. The crystal
was fixed on the top of a glass fiber and transferred to the
diffractometer. The crystal was frozen under a stream of cold
nitrogen. A matrix scan was used to determine the initial
lattice parameters. Reflections were merged and corrected for
Lorenz and polarization effects, scan speed, and background
using SAINT.49 Absorption corrections, including odd and
even ordered spherical harmonics were performed using
SADABS.49 Space group assignments were based upon systema-
tic absences, E statistics, and successful refinement of the
structures. Structures were solved by direct methods with the
aid of successive difference Fourier maps, and were refined
against all data using SHELXLE50 in conjunction with
SHELXL-2014.51 Hydrogen atoms were assigned to ideal posi-
tions and refined using a riding model with an isotropic
thermal parameter 1.2 times that of the attached carbon atom
(1.5 times for methyl hydrogen atoms). If not mentioned other-
wise, non-hydrogen atoms were refined with anisotropic dis-
placement parameters. Full-matrix least-squares refinements

were carried out by minimizing ∑w(Fo
2 − Fc

2)2 with
SHELXL-9752 weighting scheme. Neutral atom scattering
factors for all atoms and anomalous dispersion corrections for
the non-hydrogen atoms were taken from International Tables
for Crystallography.53 Images of the crystal structures were
generated by PLATON.54

Synthesis

(3) Cu4(L1)2(PF6)4. 5 mL of acetonitrile is added to a
mixture of 1 (101 mg, 60.0 µmol) and CuCl (23.8 mg, 240
µmol). The colorless mixture is heated to 75 °C for 24 h under
vigorous stirring and then cooled to room temperature. After
addition of 5 mL diethyl ether, the colorless suspension is fil-
tered through a whatman filter. The clear and colorless filtrate
is precipitated under vigorous stirring by addition of another
20 mL diethyl ether. The colorless precipitate is washed with
diethyl ether and dried under vacuum. 66.9 mg of 3 is
obtained as colorless solid (70.3 µmol, 74% yield). 1H NMR
(400.13 MHz, 295.2 K, CD3CN): δ (ppm) = 7.8–6.9 (br, 16H,
HIm), 6.9–5.3 (br, 12H, CH2), 4.0–3.4 (s, 12H, CH3).

13C NMR
(100.62 MHz, 343.2 K, CD3CN): δ (ppm) = 139.58, 124.91,
123.65, 122.33, 64.77, 39.61. Elemental analysis (%) calcd:
C 27.10, H 2.68, N 14.87; found: C 26.72, H 2.70, N 14.53.

(4) Au4(L1)2(PF6)4. Under air, 5 mL of acetonitrile is added
to a mixture of 1 (16.8 mg, 10.0 µmol) and [Au(SMe2)Cl]
(11.7 mg, 40.0 µmol). The colorless mixture is heated to 60 °C
for 16 h under vigorous stirring and then cooled to room
temperature. After addition of 5 mL diethyl ether, the colorless
mixture is filtered over Celite and precipitated under vigorous
stirring by addition of 20 mL diethyl ether. The colorless pre-
cipitate is washed with diethyl ether and dried under vacuum.
19.1 mg of 4 is obtained as colorless solid (9.37 µmol, 94%
yield). 1H NMR (400.13 MHz, 298.2 K, CD3CN): δ (ppm) =
7.60–7.25 (m, 16H, HIm), 6.86–6.64 (m, 6H, CH2), 6.13–5.78 (m,
6H, CH2), 3.85–3.75 (m, 12H, CH3).

13C{1H} NMR (100.62 MHz,
294.2 K, CD3CN): δ (ppm) = 185.80, 185.18, 185.07, 184.99,
184.82, 125.28, 125.00, 124.18, 123.77, 123.64, 123.47, 122.64,
122.39, 64.60, 64.42, 64.01, 63.81, 39.21, 39.08. MS-ESI (m/z):
[4–PF6]

+ calcd, 1895.12; found, 1894.60; [4–2 PF6]
2+ calcd,

875.08; found, 875.10; found, 774.92, [4–3 PF6]
3+ calcd, 535.06;

found 535.18; [4–4 PF6]
4+ calcd, 365.06; found 365.35. Elemen-

tal analysis (%) calcd: C 20.01, H 1.98, N 10.98; found: C 19.59,
H 2.11, N 10.60.

(5) Cu2(L2)(PF6)2. 5 mL of acetonitrile is added to a mixture
of 2 (104 mg, 120 µmol) and CuCl (23.7 mg, 240 µmol). The
colorless mixture is heated to 75 °C for 24 h under vigorous
stirring and then cooled to room temperature. After addition
of 5 mL diethyl ether, the colorless suspension is filtered
through a whatman filter. The clear and colorless filtrate is
precipitated under vigorous stirring by addition of another
20 mL diethyl ether. The colorless precipitate is washed with
diethyl ether and dried under vacuum. 55.0 mg of 5 is
obtained as colorless solid (70.3 µmol, 59% yield). 1H NMR
(400.13 MHz, 300.0 K, CD3CN): δ (ppm) = 7.45 (d, J = 2.0 Hz,
2H, HIm), 7.39 (d, J = 1.9 Hz, 2H, HIm), 7.35 (d, J = 2.0 Hz, 2H,
HIm), 7.17 (d, J = 1.9 Hz, 2H, HIm), 6.27 (m, 4H, CH2), 3.96 (m,
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4H, CH2), 3.81 (s, 6H, CH3), 2.35 (p, J = 5.9 Hz, 2H, CH2).
13C

{1H} NMR (100.62 MHz, 300.0 K, CD3CN): δ (ppm) = 178.50,
176.56, 123.35, 123.30, 123.15, 122.99, 64.22, 47.48, 40.04,
28.62. Elemental analysis (%) calcd: C 29.20, H 3.10, N 14.34;
found: C 29.64, H 3.42, N 14.84.

(6) Au2(L2)(PF6)2. Under air, 4 mL of acetonitrile is added to
a mixture of 2 (14.8 mg, 17.0 µmol) and [Au(SMe2)Cl]
(10.0 mg, 34.0 µmol). The colorless mixture is heated to 50 °C
for 16 h under vigorous stirring and then cooled to room
temperature. After addition of 5 mL diethyl ether, the colorless
mixture is filtered over Celite and precipitated under vigorous
stirring by addition of 20 mL diethyl ether. The colorless pre-
cipitate is washed with diethyl ether and dried under vacuum.
12.5 mg of 6 is obtained as colorless solid (11.9 µmol, 70%
yield). 1H NMR (400.13 MHz, 293.8 K, CD3CN): δ (ppm) = 7.50
(d, J = 2.0 Hz, 2H, HIm), 7.41 (m, 4H, HIm), 7.25 (d, J = 2.0 Hz,
2H, HIm), 6.49 (d, J = 14.0 Hz, 2H, CH2), 6.10 (d, J = 14.0 Hz,
2H, CH2), 4.09 (m, 4H, CH2), 3.82 (s, 6H, CH3), 2.45 (m, 2H,
CH2).

13C{1H} NMR (100.62 MHz, 300.0 K, CD3CN): δ (ppm) =
185.96, 182.31, 124.32, 123.59, 123.09, 122.87, 64.45, 47.50,
40.20, 28.38. MS-ESI (m/z): [6–PF6]

+ calcd, 903.11; found,
903.17, [6–2 PF6]

2+ calcd, 379.07; found, 379.43. Elemental
analysis (%) calcd: C 21.77, H 2.31, N 10.69; found: C 21.65, H
2.40, N 10.44.

(7) Ni(L1)(PF6)2. 5 mL of acetonitrile is added to a mixture
of 1 (101 mg, 60.0 µmol) and NiCl2 (15.5 mg, 120 µmol). The
colorless mixture is heated to 85 °C for 5 d under vigorous stir-
ring and then cooled to room temperature. After centrifuging
under air, the yellow solution is separated from the colorless
residue and precipitated under vigorous stirring by addition of
20 mL diethyl ether. The yellow precipitate is washed with
diethyl ether and dried under vacuum. 79.9 mg of 7 is
obtained as yellow solid (117 µmol, 97% yield). 1H NMR
(400.13 MHz, 295.6 K, CD3CN): δ (ppm) = 7.54 (d, J = 2.1 Hz,
2H, HIm), 7.46 (d, J = 2.1 Hz, 2H, HIm), 7.43 (d, J = 1.9 Hz, 2H,
HIm), 7.23 (d, J = 1.9 Hz, 2H, HIm), 6.23 (s, 2H, CH2), 6.20 (br,
4H, CH2), 3.34 (s, 6H, CH3).

13C{1H} NMR (100.62 MHz,
296.3 K, CD3CN): δ (ppm) = 169.39, 165.11, 125.18, 123.11,
123.01, 122.64, 63.61, 63.17, 38.20. MS-ESI (m/z): [7–PF6]

+

calcd, 539.08; found, 538.53, [7–2 PF6]
2+ calcd, 197.06; found,

197.01. Elemental analysis (%) calcd: C 29.81, H 2.94, N 16.36;
found: C 29.90, H 3.01, N 16.28.

(8) Pd(L1)(PF6)2. 5 mL of acetonitrile is added to a mixture
of 1 (101 mg, 60 µmol) and PdCl2 (21.3 mg, 120 µmol). The
colorless mixture is heated to 75 °C for 24 h under vigorous
stirring and then cooled to room temperature. After centri-
fuging under air, the colorless solution is separated from the
colorless residue and precipitated under vigorous stirring by
addition of 20 mL diethyl ether. The colorless precipitate is
washed with diethyl ether and dried under vaccum. 85.0 mg of
8 is obtained as colorless solid (116 µmol, 97% yield). 1H NMR
(400.13 MHz, 294.8 K, CD3CN): δ (ppm) = 7.52 (d, J = 2.1 Hz,
2H, HIm),7.48 (d, J = 2.1 Hz, 2H, HIm), 7.47 (d, J = 1.9 Hz, 2H,
HIm), 7.29 (d, J = 1.9 Hz, 2H, HIm), 6.29 (s, 2H, CH2), 6.20 (s,
4H, CH2), 3.58 (s, 6H, CH3).

13C{1H} NMR (100.62 MHz,
296.5 K, CD3CN): δ (ppm) = 169.28, 164.18, 124.37, 123.58,

122.95, 122.81, 64.84, 64.17, 38.67. MS-ESI (m/z): [8–PF6]
+

calcd, 587.05; found, 586.59, [8–2 PF6]
2+ calcd, 221.04; found,

221.03. Elemental analysis (%) calcd: C 27.87, H 2.75, N 15.29;
found: C 27.65, H 3.00, N 14.86.

(9) Pt(L1)(PF6)2. 5 mL of acetonitrile is added to a mixture
of 1 (101 mg, 60 µmol) and PtCl2 (31.9 mg, 120 µmol). The
colorless mixture is heated to 85 °C for 5 d under vigorous stir-
ring and then cooled to room temperature. After centrifuging
under air, the colorless solution is separated from the colorless
residue and precipitated under vigorous stirring by addition of
20 mL diethyl ether. The colorless precipitate is washed with
diethyl ether and dried under vacuum. 89.4 mg of 9 is
obtained as colorless solid (108 µmol, 91% yield). 1H NMR
(400.13 MHz, 295.6 K, CD3CN): δ (ppm) = 7.50 (d, J = 2.1 Hz,
2H, HIm), 7.46 (m, 4H, HIm), 7.30 (d, J = 2.0 Hz, 2H, HIm), 6.35
(s, 2H, CH2), 6.17 (s, 4H, CH2), 3.52 (s, 6H, CH3).

13C{1H} NMR
(100.62 MHz, 296.0 K, CD3CN): δ (ppm) = 161.20, 155.78,
123.38, 122.36, 121.94, 121.69, 64.17, 63.41, 37.60. MS-ESI
(m/z): [9–PF6]

+ calcd, 676.11; found, 675.50, [9–2 PF6]
2+ calcd,

265.57; found, 265.25. Elemental analysis (%) calcd: C 24.86,
H 2.45, N 13.64; found: C 24.44, H 2.49, N 13.14.

(10) Ni(L2)(PF6)2. 5 mL of acetonitrile is added to a mixture
of 2 (104 mg, 120 µmol) and NiCl2 (15.5 mg, 120 µmol). The
colorless mixture is heated to 85 °C for 5 d under vigorous stir-
ring and then cooled to room temperature. After centrifuging
under air, the yellow solution is separated from the colorless
residue and precipitated under vigorous stirring by addition of
20 mL diethyl ether. The yellow precipitate is washed with
diethyl ether and dried under vacuum. 80.9 mg of 10 is
obtained as yellow solid (113 µmol, 95% yield). 1H NMR
(400.13 MHz, 295.6 K, CD3CN): δ (ppm) = 7.49 (d, J = 1.9 Hz,
2H, HIm),7.39 (d, J = 1.9 Hz, 2H, HIm), 7.11 (d, J = 1.9 Hz, 2H,
HIm), 7.06 (d, J = 1.9 Hz, 2H, HIm), 6.56 (d, J = 13.1 Hz, 2H,
CH2), 6.14 (d, J = 13.1 Hz, 2H, CH2), 4.09 (dt, J = 14.4 Hz,
3.1 Hz, 2H, CH2), 3.68 (ddd, J = 14.3 Hz, 9.4 Hz, 6.2 Hz, 2H,
CH2), 3.13 (s, 6H, CH3), 1.98 (m, 2H, CH2).

13C{1H} NMR
(100.62 MHz, 296.2 K, CD3CN): δ (ppm) = 170.67, 170.64,
124.61, 124.02, 122.38, 122.15, 62.71, 45.39, 36.67, 32.79.
MS-ESI (m/z): [10–PF6]

+ calcd, 567.11; found, 566.99,
[10–2 PF6]

2+ calcd, 211.07; found, 211.18. Elemental analysis
(%) calcd: C 32.00, H 3.39, N 15.71; found: C 31.52, H 3.61,
N 15.30.

(11) Pd(L2)(PF6)2. 5 mL of acetonitrile is added to a mixture
of 2 (104 mg, 120 µmol) and PdCl2 (21.3 mg, 120 µmol). The
colorless mixture is heated to 75 °C for 24 h under vigorous
stirring and then cooled to room temperature. After centrifu-
ging under air, the colorless solution is separated from the
colorless residue and precipitated under vigorous stirring by
addition of 20 mL diethyl ether. The colorless precipitate is
washed with diethyl ether and dried under vacuum. 85.0 mg of
11 is obtained as colorless solid (111 µmol, 93% yield). 1H
NMR (400.13 MHz, 296.1 K, CD3CN): δ (ppm) = 7.49 (d, J =
1.9 Hz, 2H, HIm), 7.47 (d, J = 1.9 Hz, 2H, HIm), 7.20 (d, J =
1.9 Hz, 2H, HIm), 7.16 (d, J = 1.9 Hz, 2H, HIm), 6.35 (d, J =
13.3 Hz, 2H, CH2), 6.15 (d, J = 13.3 Hz, 2H, CH2), 4.09 (dt, J =
14.4 Hz, 3.2 Hz, 2H, CH2), 3.84 (m, 2H, CH2), 3.26 (s, 6H, CH3),
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2.05 (ddt, J = 12.7 Hz, 6.4 Hz, 3.6 Hz, 2H, CH2).
13C{1H} NMR

(100.62 MHz, 296.4 K, CD3CN): δ (ppm) = 169.86, 169.48,
124.21, 124.03, 123.03, 122.32, 63.80, 46.12, 38.06, 33.25.
MS-ESI (m/z): [11–PF6]

+ calcd, 615.08; found, 614.57, [11–2
PF6]

2+ calcd, 235.06; found, 234.37. Elemental analysis (%)
calcd: C 30.00, H 3.18, N 14.73; found: C 30.36, H 3.46, N
14.24.

(12) Pt(L2)(PF6)2. 5 mL of acetonitrile is added to a mixture
of 2 (104 mg, 120 µmol) and PtCl2 (31.9 mg, 120 µmol). The
colorless mixture is heated to 85 °C for 5 d under vigorous stir-
ring and then cooled to room temperature. After centrifuging
under air, the colorless solution is separated from the colorless
residue and precipitated under vigorous stirring by addition of
20 mL diethyl ether. The colorless precipitate is washed with
diethyl ether and dried under vacuum. 72.0 mg of 12 is
obtained as colorless solid (84.8 µmol, 71% yield). 1H NMR
(400.13 MHz, 295.4 K, CD3CN): δ (ppm) = 7.49 (d, J = 2.1 Hz,
2H, HIm),7.46 (d, J = 2.1 Hz, 2H, HIm), 7.22 (d, J = 2.0 Hz, 2H,
HIm), 7.19 (d, J = 2.0 Hz, 2H, HIm), 6.24 (d, J = 13.3 Hz, 2H,
CH2), 6.09 (d, J = 13.3 Hz, 2H, CH2), 4.13 (dt, J = 14.4 Hz,
3.2 Hz, 2H, CH2), 3.80 (ddd, J = 14.4 Hz, 9.6 Hz, 6.2 Hz, 2H,
CH2), 3.22 (s, 6H, CH3), 2.07 (ddt, J = 9.6 Hz, 6.4 Hz, 3.2 Hz,
2H, CH2).

13C{1H} NMR (100.62 MHz, 296.0 K, CD3CN):
δ (ppm) = 163.65, 162.23, 124.16, 123.90, 122.57, 122.31, 63.82,
45.89, 37.77, 33.39. MS-ESI (m/z): [12–PF6]

+ calcd, 704.14;
found, 703.49, [12–2 PF6]

2+ calcd, 279.59; found, 279.28.
Elemental analysis (%) calcd: C 26.86, H 2.85, N 13.19; found:
C 26.44, H 2.88, N 12.70.

(13) Fe(L1)(MeCN)2(PF6)2. 10 mL of acetonitrile is added to
a mixture of 1 (1.00 g, 594 µmol) and FeBr2(THF)2 (427 mg,
1.19 mmol). The deep orange mixture is stirred for 16 h at
room temperature. After addition of 15 mL diethyl ether, the
orange mixture is filtered through a whatman filter under
exclusion of air. The colorless residue is discarded and the
orange solution precipitated under vigorous stirring by
addition of another 25 mL diethyl ether. The orange precipi-
tate is washed with diethyl ether and dried under vacuum.
680 mg of 13 is obtained as an orange solid (890 µmol, 75%
yield). 1H NMR (400.13 MHz, 293.2 K, CD3CN): δ (ppm) =
7.80–6.50 (br, 8H, HIm), 6.50–5.50 (br, 6H, CH2), 4.00–2.80 (br,
6H, CH3.

13C{1H} NMR (100.62 MHz, 294.5 K, CD3CN): δ (ppm)
= 127.0–125.0 (br), 124.0–122.5 (br), 63.5–62.5 (br), 38.0–36.0
(br). MS-ESI (m/z): [13–2 MeCN − PF6]

+ calcd, 537.08; found,
536.58, [13–2 MeCN − 2 PF6]

2+ calcd, 196.06; found, 196.17.
Elemental analysis (%) calcd: C 33.00, H 3.43, N 18.33; found:
C 32.57, H 3.50, N 17.91.

(14) Fe(L1)(PMe3)2(PF6)2. 13 (30.0 mg, 39.2 µmol) is dis-
solved in 4 mL of acetonitrile. After addition of a PMe3 solu-
tion in THF (200 µL, 200 µmol), the color changes from orange
to yellow. The clear solution is stirred for 15 minutes at room
temperature and precipitated under vigorous stirring by
addition of 20 mL diethyl ether. The yellow precipitate is
washed with diethyl ether and dried under vacuum. 27.5 mg of
14 is obtained as a yellow solid (33.0 µmol, 85% yield). 1H
NMR (400.13 MHz, 294.9 K, CD3CN): δ (ppm) = 7.45 (d, J =
2.1 Hz, 2H, HIm), 7.40 (d, J = 2.0 Hz, 2H, HIm), 7.34 (d,

J = 2.1 Hz, 2H, HIm), 7.25 (d, J = 2.0 Hz, 2H, HIm), 6.36 (t, J =
4.8 Hz, 2H, CH2), 6.22 (d, J = 13.2 Hz, 2H, CH2), 5.65 (d, J =
13.2 Hz, 2H, CH2), 3.51 (s, 6H, CH3), 0.55 (t, J = 3.2 Hz, 18H,
P(CH3)3).

13C{1H} NMR (100.62 MHz, 294.9 K, CD3CN): δ

(ppm) = 200.39 (t), 196.54 (t), 125.52, 124.87, 124.22, 123.09,
63.64, 62.91, 38.36, 20.58 (t). 31P{1H} NMR (161.97 MHz,
295.0 K, CD3CN): δ (ppm) = 26.97 (s, PMe3), −144.62. (sept,
PF6). Elemental analysis (%) calcd: C 33.11, H 4.59, N 13.43;
found: C 32.91, H 4.57, N 13.21.

(15) Fe(L2)(MeCN)2(PF6)2. 10 mL of acetonitrile is added to
a mixture of 2 (1.00 mg, 1.15 mmol) and FeBr2(THF)2 (412 mg,
1.15 mmol). The orange mixture is stirred for 16 h at room
temperature. After addition of 15 mL diethyl ether, the orange
mixture is filtered through a whatman filter under exclusion of
air. The colorless residue is discarded and the orange solution
precipitated under vigorous stirring by addition of another
25 mL diethyl ether. The orange precipitate is washed with
diethyl ether and dried under vacuum. 789 mg of 15 is
obtained as a yellow solid (996 µmol, 87% yield). 1H NMR
(400.13 MHz, 293.8 K, CD3CN): δ (ppm) = 7.60 (d, J = 1.9 Hz,
1H, HIm), 7.52 (d, J = 1.9 Hz, 1H, HIm), 7.42 (d, J = 2.0 Hz, 1H,
HIm), 7.32 (d, J = 2.0 Hz, 1H, HIm), 7.22 (d, J = 1.9 Hz, 1H, HIm),
7.20 (d, J = 1.9 Hz, 1H, HIm), 6.91 (d, J = 2.0 Hz, 1H, HIm), 6.78
(d, J = 1.9 Hz, 1H, HIm), 6.39 (d, J = 13.4 Hz, 1H, CH2), 6.30 (d,
J = 13.1 Hz, 1H, CH2), 6.21 (d, J = 13.1 Hz, 1H, CH2), 6.14 (d, J =
13.4 Hz, 1H, CH2), 4.15 (m, 1H, CH2), 3.93 (m, 1H, CH2), 3.47
(m, 1H, CH2), 3.18 (s, 3H, CH3), 1.99 (m, 1H, CH2), 1.79 (s, 3H,
CH3), 1.66 (m, 2H, CH2).

13C{1H} NMR (100.62 MHz, 294.1 K,
CD3CN): δ (ppm) = 205.43, 199.77, 197.96, 196.98, 125.53,
125.02, 124.96, 124.91, 123.19, 123.11, 122.92, 122.69, 63.74,
62.85, 45.78, 44.74, 37.07, 34.81, 33.94. MS-ESI (m/z): [15–2
MeCN − PF6]

+ calcd, 565.11; found, 564.63, [15–2 MeCN − 2
PF6]

2+ calcd, 210.07; found, 210.20. Elemental analysis (%)
calcd: C 34.87, H 3.82, N 17.68; found: C 34.82, H 3.96,
N 17.20.

(16) Fe(L2)(PMe3)(MeCN)(PF6)2. 15 (19.8 mg, 25.0 µmol) is
dissolved in 4 mL of acetonitrile. After addition of a PMe3 solu-
tion in THF (125 µL, 125 µmol), the color changes from orange
to yellow. The clear solution is stirred for 15 minutes at room
temperature and precipitated under vigorous stirring by
addition of 20 mL diethyl ether. The yellow precipitate is
washed with diethyl ether and dried under vacuum. 11.8 mg of
16 is obtained as a yellow solid (14.3 µmol, 57% yield). 1H
NMR (400.13 MHz, 293.8 K, CD3CN): δ (ppm) = 7.56 (d, J =
2.0 Hz, 1H, HIm), 7.39 (d, J = 2.0 Hz, 1H, HIm), 7.38 (d, J =
2.0 Hz, 2H, HIm), 7.35 (d, J = 2.0 Hz, 1H, HIm), 7.15 (d, J =
2.0 Hz, 1H, HIm), 7.12 (d, J = 2.0 Hz, 2H, HIm), 6.90 (d, J = 2.0
Hz, 1H, HIm), 6.87 (d, J = 2.0 Hz, 1H, HIm), 6.42 (d, J = 13.7 Hz,
1H, CH2), 6.22 (d, J = 13.9 Hz, 1H, CH2), 6.11 (d, J = 13.7 Hz,
1H, CH2), 5.60 (d, J = 13.9 Hz, 1H, CH2), 4.12 (m, 1H, CH2),
3.61 (dt, J = 13.1 Hz, 3.1 Hz, 1H, CH2), 3.38 (dt, J = 13.8 Hz,
3.1 Hz, 1H, CH2), 3.14 (s, 3H, CH3), 1.84 (m, 1H, CH2), 1.70 (m,
1H, CH2), 1.60 (m, 1H, CH2), 1.10 (d, J = 6.4 Hz, 9H, P(CH3)3).
13C{1H} NMR (100.62 MHz, 293.2 K, CD3CN): δ (ppm) = 204.53
(d), 199.60 (d), 198.35 (d), 197.29 (d), 126.39, 125.67, 125.08,
124.50, 123.48, 122.74, 122.63, 122.17, 64.27, 63.07, 46.15,
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44.49, 37.60, 34.77, 33.01, 17.80 (d). 31P{1H} NMR
(161.97 MHz, 294.1 K, CD3CN): δ (ppm) = 13.82 (s, PMe3),
−144.63. (sept, PF6). Elemental analysis (%) calcd: C 34.84,
H 4.39, N 15.24; found: C 34.93, H 4.56, N 15.25.
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