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A dimolybdenum paddlewheel as a building block
for heteromultimetallic structures†

Nicolai D. Knöfel, Christoph Schoo, Tim P. Seifert and Peter W. Roesky *

Diphenylphosphine functionalized propionic acid was applied for the synthesis of heteromultimetallic

dimolybdenum(II) complexes. The ligand features both carboxylic acid and phosphine functionalities,

allowing the selective synthesis of a tetracarboxylate bridged Mo2(II)-paddlewheel structure in a first step.

Due to the symmetrically arranged phosphine functionalities, the dimolybdenum(II) complex was utilized

as a metalloligand. Subsequent coordination of late transition metal ions, such as gold(I), rhodium(I),

iridium(I) or ruthenium(II) to the phosphine moieties allowed the formation of heteromultimetallic struc-

tures. The flexibility of the diphenylphosphino propionate ligand system enabled intermolecular aurophilic

interactions in the Au(I) functionalized dimolybdenum(II) complexes. Depending on the Au(I) species

applied, either a dimeric structure or a 1D coordination polymer was formed in the solid state. These

structures represent the first examples of heterometallic dimolybdenum(II) complexes, forming supra-

molecular structures via aurophilic interactions.

Introduction

In the last decades molybdenum has been extensively studied
regarding the formation of multiply-bonded M2

n+ compounds,
due to the complexes’ unique scaffold, redox behavior, spectro-
scopic properties1 as well as catalytic applications.2–4 The for-
mation of dimolybdenum(II) paddlewheel structures requires
ligands, which support a bidentate bridging coordination
mode, e.g. carboxylates (O2CR

−) or amidinates ((RN)2C(R′)
−).1

Both ligand systems are easily adjustable regarding their solu-
bility behavior, steric demand as well as the introduction of
additional functionalities. However, for the formation of het-
eromultimetallic structures containing a dimolybdenum(II)
core unit, the application of bifunctional ligands, exhibiting
orthogonal functionalities is mandatory. This was e.g. demon-
strated by Mashima et al., who utilized the bifunctional ligand
6-diphenylphosphino-2-pyridonate (pyphos) for the formation
of Mo2

4+ centered heterometallic structures via the phosphine
coordination of Pd(II) and Pt(II) (Scheme 1A).5 Additionally, our
group investigated the application of bifunctional ligand
4-(diphenylphosphino) benzoic acid for the formation of
heterometallic dimolybdenum(II) complexes. The synthetic
strategy resulted in heteromultimetallic structures of the

general formula [Mo2(O2C-Ph-PPh2)4(MLx)4] (M = Au, Rh, Ir),
which have been studied in detail regarding their tunable
photophysical properties.6

In general, phosphine functionalized carboxylic acids have
been proven advantageous for the synthesis of heterometallic
complexes,7,8 as they are able to selectively coordinate via
different bonding modes to various metal ions by their hard
carboxylic and their soft phosphine donor centers.9–12 Such

Scheme 1 (A) Dinuclear metalloligand [Mo2(pyphos)4] (pyphos =
6-diphenylphosphino-2-pyridonat) allowed the formation of heterome-
tallic structures via coordination of Pd(II) or Pt(II) to the phosphine moi-
eties.5 (B) Phosphine-functionalized dimolybdenum(II) metalloligand
[Mo2(O2C-Ph-PPh2)4] was suitable for the coordination of late transition
metal ions (e.g. Au(I), Rh(I), Ir(I)) by the symmetrically arranged phosphine
groups, resulting in heteromultimetallic structures containing a Mo2

4+

core unit.6

†Electronic supplementary information (ESI) available: Additional XRD and
structure refinement data; selected bond lengths and angles of all compounds;
NMR- and IR-spectra. CCDC 1961131–1961136. For ESI and crystallographic data
in CIF or other electronic format see DOI: 10.1039/c9dt04167b
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ligand systems allow the combination of early and late tran-
sition metals within an organometallic structure, a research
field, which has been comprehensively studied in the last
years. Hereby, cooperative effects, caused by an electronic com-
munication between metal ions, can amongst others lead to
enhanced catalytic systems or interesting photophysical
properties.9,13

The bifunctional ligand 3-(diphenylphosphino)propionic
acid is sterically less demanding in comparison to the
previously discussed 4-(diphenylphosphino) benzoic acid
(Scheme 1B), thus exhibiting a higher flexibility between the
two functional moieties. Hence, 3-(diphenylphosphino)propio-
nic acid is able to function as a flexible hemilabile chelating
system.14–17 Here, both the carboxylic acid and phosphine
functionality are able to coordinate with different bonding
strength to a metal center (Scheme 2B), which is of high
interest regarding the construction of organometallic
catalysts.7,17–19 3-(Diphenylphosphino)propionic acid has
already been successfully applied as a bifunctional ligand for
the construction of supramolecular structures as well as
heterometallic complexes, applying different metal
combinations.8,20–22

Herein, we report the synthesis of tetracarboxylate dimolyb-
denum(II) complex [Mo2(O2C-C2H4-PPh2)4] (1) and its appli-
cation as a fourfold metalloligand, applying 3-(diphenylpho-
sphino)propionic acid. The four additional phosphine donor
sites allowed for subsequent treatment with late transition
metals, obtaining heteromultimetallic complexes (Scheme 2A).
Due to the ethylene-spacer between the phosphine and the car-
boxylate unit, a significantly enhanced flexibility of the ligand,
compared to those shown in Scheme 1, was anticipated. This
was proven by the coordination of different Au(I) species,
which enabled the formation of dimeric as well as 1D poly-
meric structures via aurophilic interactions.

Results and discussion23

For the synthesis of dimolybdenum(II) carboxylate paddlewheel
complexes of the general formula [Mo2(O2CR)4] starting
materials such as [Mo(CO)6]

1,24,25 and K4[Mo2Cl8]
26 are com-

monly applied. Additionally, the easily accessible tetraacetate
[Mo2(OAc)4] has proven to be an ideal starting material,1,27–31

e.g. in case of phosphine functionalized carboxylic acids.6

Here, four acetate groups act as bidentate bridging ligands,
forming a homoleptic paddlewheel structure around a Mo2

4+

unit,32 a structural motif prototypical for most dimolybdenum(II)
tetra-carboxylate complexes.

The phosphine functionalized homoleptic metalloligand 1
was obtained by a carboxylate exchange reaction, applying
[Mo2(OAc)4] and 3-(diphenylphosphino)propionic acid
(Scheme 3). Interestingly, compound 1 was not accessible via a
reaction with K4[Mo2Cl8]. This is most likely due to the for-
mation of side products such as [Mo2Cl4(PR3)4], which has
been sufficiently investigated for sterically less demanding
phosphine ligands (R = Me, n-Pr, n-Bu).33,34 Yellow single crys-
tals of 1 were obtained from slow diffusion of n-pentane into a
solution of 1 in THF, allowing characterization by X-ray diffrac-
tion. Compound 1 crystallizes in the monoclinic space group
P21/n with half of a molecule in the asymmetric unit and no
additional solvent molecules coordinating to the axial sites of
the dimolybdenum unit. The molecular structure in the solid
state, depicted in Fig. 1, reveals a homoleptic tetracarboxylate-
bridged Mo2

4+ paddlewheel scaffold. The molybdenum–molyb-
denum bond length is 2.1134(4) Å, which is in the expected
range for a quadruple Mo–Mo bond in a bidentate bridged
coordination geometry (2.06–2.13 Å).35 All molybdenum–

oxygen bond lengths to the carboxylic units are almost identi-
cal (Mo–O = 2.109–2.128 Å), indicating a highly symmetric
arrangement in the solid state. The individual carboxylate
ligands are oriented in a 90° angle to each other, as it is
expected in a paddlewheel structure.

Interestingly, a 1D coordination polymeric structure is
formed in the solid state, which is due to an axial coordination
of phosphine ligands (P2, P2′) to neighboring Mo2

4+ units
(Fig. 1). The distance between the phosphine ligands and
dimolybdenum moieties (Mo1–P2) is 3.0162(6) Å. Hence, the
flexible diphenylphosphino moiety allows an intermolecular
axial coordination and formation of a supramolecular struc-

Scheme 2 (A) Dimolybdenum(II) metalloligand (1) allowed the sub-
sequent build-up of heteromultimetallic structures via metal coordi-
nation of the phosphine donor sites. (B) Variable coordination modes of
the bifunctional ligand 3-(diphenylphosphino)propionic acid towards
different metal centers. Due to the ethylene-spacer moiety between
phosphine and carboxylic acid functionality the ligand can act as a
flexible hemilabile ligand system.

Scheme 3 Synthesis of metalloligand 1 via carboxylate exchange from
molybdenum(II) acetate with 3-(diphenylphosphino)propionic acid in THF.
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ture. However, the axial phosphine coordination does not
seem to have a significant influence upon the Mo–Mo quadru-
ple bond. The intermolecular phosphine coordination to the
axial coordination sites of a bridged Mo2

4+ moiety is a known
structural motif,36 leading to 1D polymeric structures in
specific cases. The application of the sterically more demand-
ing diphenylphosphino benzoate ligand resulted, in earlier
studies, in a similar 1D coordination structure in the solid
state.6 However, in the latter case a Mo–P distance of ca. 3.5 Å
was observed, indicating only weak axial interactions com-
pared to 1. Additionally, an axial attachment of two PPh3

ligands to [Mo2(O2CCF3)4] was reported by Cotton, exhibiting
similar, slightly longer Mo–P distances of 3.07(5) Å.36

Additionally, 31P{1H} NMR measurements of 1 (CDCl3) indi-
cate no direct phosphor molybdenum interaction in solution,
as merely a single resonance at δ = −14.7 ppm is detected,
which displays the typical range for non-coordinating diphe-
nylphosphino moieties and is in agreement with the results
obtained for the structurally related [Mo2(p-O2C-C6H4-PPh2)4].

6

In the corresponding 1H and 13C{1H} NMR spectra of 1, one
set of resonances is observed for the ligand system, indicating
the symmetric behavior of compound 1 in solution. Further
information regarding the structural arrangement of 1 was
obtained by vibrational spectroscopy. In a bridged coordi-
nation of a carboxylate unit (RCO2

−), the two C–O bonds are
equivalent and the corresponding frequencies of the sym-
metric and anti-symmetric stretching modes can normally be
detected as strong bands in the region of 1400–1600 cm−1,
mainly depending on the ligand and coordinated metal ions,
respectively.25,36,37 However, the evaluation of the corres-
ponding IR data of 1 is complicated by the aromatic skeletal
vibrations of the diphenylphosphino moieties.25 For com-
pound 1, the characteristic antisymmetric C–O stretching
mode can be detected at ν̃a = 1517 cm−1 and the symmetric
mode at ν̃s = 1427/1410 cm−1, respectively. This is in agree-

ment with data obtained for structurally related dimolybde-
num complexes25 and refers to a bridged carboxylate coordi-
nation mode.

The symmetrically placed phosphine functionalities in
metalloligand 1 enable the subsequent coordination of
additional metal ions, e.g. late transition metals such as Au(I),
Rh(I), Ir(I) and Ru(II). Thus, the formation of heteromultimetal-
lic complexes with a dimolybdenum core unit can be realized.
Furthermore, the choice of 3-(diphenylphosphino)propionic
acid as a bifunctional ligand allows the investigation of poten-
tial metallophilic interactions of respective Au(I) functionalized
structures. In a first approach, metalloligand 1 was reacted
with four equivalents of [AuC6F5(tht)] (tht = tetrahydrothio-
phene), obtaining the heterometallic complex [Mo2(O2C-C2H4-
PPh2)4(AuC6F5)4]2 (2) by ligand exchange reactions (Scheme 4).

Yellow single crystals were obtained by slow diffusion of
n-pentane into a solution of 2 in THF. The heterometallic
complex 2 crystallizes in the triclinic space group P1̄ with one
monomer, which is part of a dimeric structure, in the asym-
metric unit (Fig. 2). The formation of a dimeric structure in
the solid state is due to aurophilic interactions between Au1
and Au2′ (respectively Au1′ und Au2). The distance between
Au1–Au2 is 3.2198(4) Å and hence below the corresponding van
der Waals distance of two gold atoms (3.32 Å), suggesting the
presence of intermolecular aurophilic interactions.38,39 The aur-
ophilic contacts between the Au(I) centers in 2 are most likely
facilitated by the high flexibility of the applied ligand system,
since no aurophilic contacts have been observed in the similar
Au(I) functionalized complexes shown in Scheme 1B.

The main paddlewheel scaffold remains unchanged upon
the AuC6F5 complexation with a molybdenum–molybdenum
quadruple bond length of 2.0904(9) Å, which is slightly shorter
compared to 1. Regarding the Mo–Mo bond length, the influ-
ence of axially coordinating solvent molecules has to be con-
sidered.35 Interestingly, in the case of 2, merely one THF mole-
cule coordinates axially to each Mo2

4+ moiety due to the
dimeric structure, which shields the axial coordination site of
Mo2 (Mo2′). Additionally, the remaining two gold atoms (Au3,
Au4), which do not participate in aurophilic interactions, are

Fig. 1 Molecular structure of 1 in the solid state. Formation of a 1D
coordination polymeric structure, due to an axial coordination of phos-
phine moieties to neighboring dimolybdenum units. An excerpt of three
units is displayed and all hydrogen atoms are omitted for clarity.
Distance P2–Mo1 (red, dotted): 3.0162(6) Å.

Scheme 4 Synthesis of the heteromultimetallic complex 2, reacting
the phosphine-functionalized metalloligand 1 with [AuC6F5(tht)].
Compound 2 forms a dimeric complex [Mo2(O2C-C2H4-
PPh2)4(AuC6F5)4]2·2 thf in the solid state (scheme merely exhibits the
respective monomer).
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ligated in an almost linear fashion as indicated by the P–Au–
C6F5 bond angles (P3–Au3–C58 177.8(3)° and P4–Au4–C79
175.8(3)°). Accordingly, the coordination geometry of the gold
atoms, which are connected via aurophilic interactions deviate
significantly from a linear arrangement (P1–Au1–C16 and
P2–Au2–C37 169.8(2)°).

The composition of compound 2 was further confirmed by
multi-nuclei NMR measurements (1H, 13C{1H}, 31P{1H} 19F
{1H}) as well as IR spectroscopy. In the 1H NMR spectrum a
downfield shift of the aromatic resonances, compared to
metalloligand 1, is observed upon coordination of the AuC6F5
units. In the 31P{1H} NMR spectrum a single resonance, sig-
nificantly downfield shifted compared to metalloligand 1 (δ =
−14.7 ppm), is detected at δ = 37.7 ppm in the splitting of a
pseudo-quintet, indicating a sole phosphine–gold coordi-
nation (Fig. 4). The resonance splitting is caused by a long-
range phosphor coupling to the fluorine atoms of the C6F5
moieties, an effect, which has already been observed in com-
parable complexes.40–42 Additionally, in the 19F{1H} NMR spec-
trum, a characteristic set of three resonances for the C6F5
units, with an integration ratio of 2 : 1 : 2, is observed at δ =
−116.1 (o-F), −157.8 (t, 3JF,F = 20.0 Hz, p-F) and −161.9 ppm
(m-F), respectively. In the IR spectrum of 2 no significant shift
of the symmetric and antisymmetric C–O stretching modes is
detected (ν̃a = 1501 cm−1, ν̃s = 1435/1409 cm−1), hence remain-
ing nearly unaffected upon gold(I) coordination.

To obtain further heteromultimetallic complexes, metalloli-
gand 1 was reacted with two equivalents of the metal precursors
[RhCl(cod)]2, [IrCl(cod)]2 and [RuCl2(p-cymene)]2, respectively.
Upon phosphine coordination the dimeric Rh(I)-, Ir(I)- and Ru(II)-
precursors dissociate to obtain the heterometallic complexes
[Mo2(O2C-C2H4-PPh2)4(RhCl(cod))4] (3), [Mo2(O2C-C2H4-PPh2)4
(IrCl(cod))4] (4) and [Mo2(O2C-C2H4-PPh2)4(RuCl2(p-cymene))4] (5)
(Scheme 5).

Single crystals of compounds 3 and 4 were obtained after
cooling of respective hot THF solutions. Both complexes crys-
tallize in the triclinic space group P1̄, in each case with half a
molecule in the asymmetric unit. The corresponding mole-
cular structures of 3 and 4 in the solid state are isostructural (3
is exhibited in Fig. 3, left; 4 see ESI, Fig. S5†). The tetracarboxy-
late-bridged dimolybdenum structure remains unchanged
upon Rh(I) or Ir(I) coordination, yet two THF molecules coordi-
nate axially to the Mo2

4+ units. The bond length of the Mo–Mo
quadruple bond is 2.1045(8) Å (3) and 2.1005(8) Å (4), respect-
ively. Every Rh(I)- or Ir(I) center is formally in a square planar
coordination sphere, composed of a phosphine ligand, chlor-
ide and bidentate cyclooctadiene (cod).

Furthermore, the isostructural compounds 3 and 4 were
investigated by NMR and IR spectroscopy. Due to a coupling to
the NMR active 103Rh nuclei (s = 1

2), a doublet resonance at δ =
25.8 ppm is detected (1JP,Rh = 149.2 Hz) in the 31P{1H} NMR
spectrum of Rh(I) compound 3 (Fig. 4). Analogously, a singlet
resonance at δ = 15.6 ppm is observed for the Ir(I) compound 4
in the corresponding 31P{1H} NMR spectrum, confirming a
complete phosphine–metal coordination and symmetric be-
havior in solution (Fig. 4). The IR spectra of both compounds
3 and 4 are almost identical and exhibit the characteristic C–O
stretching modes, confirming the isostructural composition of
the two complexes.

Fig. 2 Molecular structure of 2 (·2 thf) in the solid state. Formation of a
dimeric structure, due to intermolecular aurophilic interactions (marked
red) between Au1 and Au2. Metal–metal distance [Å]: Au1–Au2’
3.2198(4). Hydrogen atoms and non-coordinating solvent molecules
(THF) are omitted for clarity.

Scheme 5 Synthesis of heteromultimetallic complexes 3–5, applying
metalloligand 1 and the corresponding metal precursors [RhCl(cod)]2,
[IrCl(cod)]2 and [RuCl2(p-cymene)]2.

Fig. 3 Molecular structures of compounds 3 and 5 in the solid state.
Hydrogen atoms and non-coordinating solvent molecules (THF, DCM)
are omitted for clarity. Molecular structure of Ir(I) functionalized com-
pound 4 is isostructural to 3 in the solid state (ESI, Fig. S5†).
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Red single crystals of the Ru(II) functionalized complex 5,
suitable for X-ray diffraction, were obtained by slow evapor-
ation of a DCM solution of 5. The compound crystallizes in the
triclinic space group P1̄ with half of a molecule of 5 in the
asymmetric unit (Fig. 3, right). The molecular structure in the
solid state exhibits the expected heteromultimetallic Mo2Ru4
paddlewheel structure. Every Ru(II) center is hereby co-
ordinated by a phosphine ligand, two chlorides and η6-co-
ordinated p-cymene. Interestingly, the Mo–Mo quadruple bond
length of 2.079(2) Å in 5 is the shortest of the dimolybdenum
complexes presented here (1–6), yet still in the lower region of
the expected range for a bridged coordination geometry
(2.06–2.13 Å).35 Due to crystallization in the non-coordinating
solvent DCM, no axial donor coordination is observed in the
solid state, which may amongst others explain the rather short
Mo–Mo bond distance. Additionally, compound 5 was investi-
gated by NMR and IR spectroscopy. In the 1H and 13C{1H}
NMR spectra (CDCl3) additional resonances for the p-cymene
ligand, in comparison to metalloligand 1, are observed. In the
corresponding 31P{1H} NMR spectrum of 5 a singlet resonance
at δ = 20.8 ppm is detected, referring to a complete complexa-
tion of the phosphine moieties with Ru(II) (Fig. 4).
Additionally, the symmetric and antisymmetric C–O stretching
modes (ν̃a = 1508 cm−1, ν̃s = 1424/1413 cm−1) are detected in
the IR spectrum, confirming the proposed carboxylate coordi-
nation mode.

To introduce yet another Au(I) species besides AuC6F5 and
further investigate the potential formation of aurophilic inter-
actions, as observed in 2, metalloligand 1 was reacted with
[AuCl(tht)]. However, following this synthesis route no product
formation was observed, most likely due to redox induced side
reactions. Hence, in a different approach, utilizing the orthog-

onal properties of the bifunctional ligand system, the literature
known complex [3-(diphenylphosphino)propionic acid-gold(I)
chloride]43 was synthesized via reaction of 3-(diphenylpho-
sphino)propionic acid with [AuCl(tht)]. A subsequent conver-
sion with [Mo2(OAc)4] led to the formation of heterometallic
compound [Mo2(O2C-C2H4-PPh2)4(AuCl)4] (6) (Scheme 6).

Yellow single crystals of compound 6, suitable for X-ray
diffraction, were obtained from a hot THF solution. Compound
6 crystallizes in the orthorhombic space group Pbcn with half of a
molecule in the asymmetric unit and two THF solvent molecules
axially coordinated to the dimolybdenum scaffold (ESI; Fig. S7†).
Interestingly, a 1D coordination polymeric structure is formed in
the solid state due to intermolecular aurophilic interactions
between Au2–Au2′ (Fig. 5), explaining the low solubility of 6 in
common organic solvents. The distance of the respective gold
atoms is 3.1427(12) Å and therefore below the corresponding
van der Waals distance (3.32 Å), suggesting the formation of
aurophilic interactions.38,39

Because of the sterically less demanding AuCl fragments,
compound 6, in comparison to 2 (dimeric structure), forms a

Scheme 6 Synthesis of heteromultimetallic Mo2Au4 compound 6 via
carboxylate substitution from molybdenum(II) acetate. Compound 6
forms a 1D coordination polymeric structure in the solid state (scheme
merely exhibits the respective monomer).

Fig. 4 31P{1H} NMR spectra of the compounds 1–5 in CDCl3 (the inten-
sity of the corresponding resonances is adjusted with regards to com-
pound 1). Complex 2 exhibits a resonance at δ = 37.7 ppm in the splitting
of a pseudo-quintet, which is due to a long-range coupling of the phos-
phorous atoms with the fluorine atoms of the C6F5 moieties. The 31P
resonance of 3 is split to a doublet due to a coupling with the 103Rh
nuclei (d, 1JP,Rh = 149.2 Hz).

Fig. 5 Excerpt of the extended molecular structure of 6 (·2 thf ) in the
solid state. Hydrogen atoms and solvent molecules (THF) are omitted for
clarity. Compound 6 forms a 1D coordination polymer structure in the
solid state due to intermolecular aurophilic interactions between Au2
and Au2’. Metal–metal distance Au2–Au2’ (red, dotted): 3.1427(12) Å.
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supramolecular 1D polymer structure via aurophilic contacts.
Additionally, the observed gold–gold distances in 6 are signifi-
cantly shorter than in 2 (Au–Au distance: 3.2198(4) Å), which is
attributed to the different steric demand of the gold substitu-
ents. In compound 6, all the gold atoms are coordinated in a
near linear fashion, as indicated by the P–Au–Cl bond angles
(P1–Au1–Cl1 178.0(2)°, P2–Au2–Cl2 177.8(2)°). The corres-
ponding Mo–Mo quadruple bond length is 2.100(3) Å and lies
in the expected region (see ESI; Fig. S7†).

Compound 6 was further characterized by NMR and IR
spectroscopy. In the 31P{1H} NMR spectrum (CDCl3) of com-
pound 6, a main resonance at δ = 30.0 ppm is detected, which
is downfield shifted compared to metalloligand 1 (δ =
−14.7 ppm), indicating a complete coordination of the gold(I)
chloride units to the phosphine moieties. This is in agreement
with the chemical shift of the gold(I) precursor complex [3-(diphe-
nylphosphino)propionic acid-gold(I)chloride] (δ = 30.9 ppm;
DMSO-d6).

43 Interestingly, additional resonances in the region
δ = 30.0–29.0 ppm are observed, which can most likely be attribu-
ted to partial aurophilic interactions in solution, causing a
slightly different chemical environment (see ESI; Fig. S31†). This
effect is accordingly observed, performing NMR measurements
at elevated temperatures (up to 333 K; see Fig. S32†). The anti-
symmetric and symmetric C–O stretching modes of the bridged
carboxylate units are detected in the IR spectrum (ν̃a =
1522 cm−1, ν̃s = 1432/1405 cm−1) and are in the expected range.

Conclusion

In summary, we present the synthesis of heteromultimetallic
dimolybdenum(II) complexes, utilizing the bifunctional ligand
3-(diphenylphosphino)propionic acid. The orthogonal car-
boxylic acid and phosphine functionalities allowed the selective
synthesis of a tetracarboxylate bridged Mo2(II)-paddlewheel
structure (1) in a first step, which was subsequently applied as a
dinuclear metalloligand. Coordination of late transition metal
precursors (gold(I), rhodium(I), iridium(I) or ruthenium(II)) to
the phosphine moieties of the metalloligand led to the for-
mation of heteromultimetallic complexes of the general compo-
sition [Mo2(O2C-C2H4-PPh2)4(MLx)4]. Interestingly, the flexibility
of the propionate ligand system helped, enabling the formation
of intermolecular aurophilic interactions in the Au(I) functiona-
lized dimolybdenum(II) complexes, whereupon either a dimeric
(2) or a 1D coordination polymer structure (6) was formed in
the solid state. These structures represent the first examples of
heterometallic quadruply bonded dimolybdenum complexes,
forming supramolecular structures via aurophilic interactions.

Experimentals
General procedures

All manipulations were performed under exclusion of moisture
and oxygen in flame-dried Schlenk-type glassware or in an
argon-filled MBraun glovebox. Prior to use, DCM was distilled

under nitrogen from CaH2, and MeOH from magnesium.
Hydrocarbon solvents (THF, n-pentane) were dried using an
MBraun solvent purification system (SPS-800). THF was
additionally distilled under nitrogen from potassium and ben-
zophenone before storage over 4 Å molecular sieves.
Deuterated solvents were obtained from Carl Roth GmbH (99.5
atom% D). Prior to use, CDCl3 was stored over molecular
sieves (4 Å). NMR spectra were recorded on a Bruker Ascend
400 MHz spectrometer. 1H and 13C{1H} NMR chemical shifts
were referenced to the residual 1H and 13C resonances of the
deuterated solvents and are reported relative to tetramethyl
silane (TMS). 31P{1H} and 19F{1H} NMR resonances were refer-
enced to external 85% phosphoric acid and CFCl3, respectively.
IR spectra were obtained on a Bruker Tensor 37 FTIR spectro-
meter equipped with a room temperature DLaTGS detector
and a diamond ATR (attenuated total reflection) unit.
Elemental analyses were carried out with a Micro Cube from
Elementar Analysensysteme GmbH.

[Mo2(OAc)4],
25 [AuCl(tht)]44 and [AuC6F5(tht)]

45 were pre-
pared according to literature procedures. Bis(1,5-cycloocta-
diene)diiridium(I) dichloride (97%), molybdenum hexacarbo-
nyl (98%) and 3-(diphenylphosphino)propionic acid (97%)
were purchased from Sigma-Aldrich. Bis(1,5-cyclooctadiene)
dirhodium(I) dichloride and dichloro(p-cymene)ruthenium(II)
dimer (98%) were purchased from Alfa Aesar. They were all
used as received.

Synthesis23

General information. Synthesis in THF leads to an axial
solvent coordination to the Mo2

4+ unit, which cannot always
be totally removed in vacuum. Thus, residues of THF can be
observed in the corresponding NMR and IR spectra as well as
elemental analysis. All relevant spectra are given in the ESI
(Fig. S9–S39†).

[Mo2(O2C-C2H4-PPh2)4] (1). Molybdenum(II) acetate (200 mg,
0.47 mmol, 1.00 equiv.) and 3-(diphenylphosphino)propionic
acid (507 mg, 1.96 mmol, 4.20 equiv.) were dissolved in THF
(10 mL) and stirred at room temperature for 16 h. The solvent
was removed under reduced pressure, and the yellow solid sub-
sequently washed two times with dry MeOH (5 mL). The solid
was recrystallized two times from THF (3 mL), storing the solu-
tion at −30 °C for three days. Finally, the mother liquor was
decanted off and the solid dried under vacuum. Crystalline
yield: 310 mg (49%), relating to 1 (·2 thf). Single crystals suit-
able for X-ray analysis were obtained from slow diffusion of
n-pentane into a solution of 1 in THF. The formation of a 1D
coordination polymer is observed in the corresponding solid
state structure.

1H NMR (400 MHz, CDCl3): δ [ppm] = 7.41–7.32 (m, 16H,
Ph), 7.28–7.18 (m, 24H, Ph), 3.09–2.95 (m, 8H, CH2CO2),
2.64–2.51 (m, 8H, CH2PPh2). – Additional resonances (m) for
residually coordinated THF are observed at δ = 3.76–3.65 and
1.90–1.78 ppm. 13C{1H} NMR (101 MHz, CDCl3): δ [ppm] =
184.4 (d, 3JC,P = 14.1 Hz, CO2R), 137.6 (d, 1JC,P = 10.8 Hz, i-CP),
133.0 (d, 2JC,P = 18.3 Hz, o-CPh), 128.8 (p-CPh), 128.6 (d, 3JC,P =
6.8 Hz, m-CPh), 33.4 (d, 2JC,P = 18.2 Hz, CH2CO2), 24.7 (d, 1JC,P =
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10.7 Hz, CH2PPh2). – Additional resonances (s) for residually
coordinated THF are observed at δ = 68.1 and 25.7 ppm. 31P
{1H} NMR (162 MHz, CDCl3): δ [ppm] = −14.7 (s, PPh2). IR
(ATR): ν̃ [cm−1] = 3067 (w), 3048 (w), 2981 (m), 2949 (w), 2893
(vw), 2874 (w), 1584 (w), 1517 (s), 1480 (m), 1427 (vs), 1410 (s),
1333 (vw), 1305 (s), 1263 (w), 1180 (w), 1160 (vw), 1136 (vw),
1093 (w), 1068 (m), 1047 (m), 1027 (m), 998 (w), 935 (w), 923
(w), 879 (m), 828 (m), 774 (vw), 746 (s), 698 (s), 677 (m), 658
(m), 610 (m), 586 (w), 509 (s), 481 (w), 459 (w), 430 (w).
Elemental analysis calcd (%) for [C60H56Mo2O8P4] (1220.92 g
mol−1): C 59.03, H 4.62; found C 58.93, H 4.90.

[Mo2(O2C-C2H4-PPh2)4(AuC6F5)4]2 (2). The phosphine functio-
nalized metalloligand 1 (·2 thf) (75.0 mg, 0.06 mmol, 1.00
equiv.) and [AuC6F5(tht)] (111 mg, 0.25 mmol, 4.00 equiv.)
were dissolved in THF (10 mL) and stirred at room temperature
for 16 h. The solvent was removed under reduced pressure, the
obtained yellow solid washed with n-pentane (10 mL) and sub-
sequently dried under vacuum. Single crystals suitable for
X-ray analysis were obtained from slow diffusion of n-pentane
into a solution of 2 in THF. Crystalline yield: 87.0 mg (58%),
relating to 2 (·2 thf).

1H NMR (400 MHz, CDCl3): δ [ppm] = 7.80–7.69 (m, 16H,
Ph), 7.53–7.42 (m, 24H, Ph), 3.38–3.23 (m, 8H, CH2), 3.11–2.97
(m, 8H, CH2). – Additional resonances (m) for residually co-
ordinated THF are observed at δ = 3.60–3.51 and
1.82–1.72 ppm. 13C{1H} NMR (101 MHz, CDCl3): δ [ppm] =
182.4 (d, 3JC,P = 20.8 Hz, CO2R), 133.5 (d, JC,P = 13.3 Hz, CHPh),
132.1 (d, 4JC,P = 2.3 Hz, p-CPh), 129.9 (d, 1JC,P = 53.2 Hz, i-CP),
129.6 (d, JC,P = 11.1 Hz, CHPh), 32.8 (d, 2JC,P = 7.8 Hz, CH2CO2),
24.8 (d, 1JC,P = 34.4 Hz, CH2PPh2). – Carbon atoms of the C6F5
moieties cannot be observed. – Additional resonances (s) for
residually coordinated THF are observed at δ = 68.1 and
25.6 ppm. 31P{1H} NMR (162 MHz, CDCl3): δ [ppm] = 37.7
(pseudo-quintet, P-AuC6F5).

19F{1H} NMR (377 MHz, CDCl3): δ
[ppm] = −116.1 (m, 8F, o-F), −157.8 (t, 3JF,F = 20.0 Hz, 4F, p-F),
−161.9 (m, 8F, m-F). IR (ATR): ν̃ [cm−1] = 3077 (vw), 3056 (vw),
1635 (w), 1607 (vw), 1526 (m), 1501 (s), 1454 (vs), 1435 (s), 1409
(s), 1367 (w), 1354 (m), 1312 (m), 1277 (w), 1259 (w), 1204 (vw),
1187 (w), 1161 (vw), 1141 (vw), 1104 (m), 1059 (s), 1052 (s),
1000 (w), 952 (s), 891 (vw), 821 (vw), 791 (m), 738 (m), 691 (s),
516 (m), 484 (m), 436 (vw), 416 (w). Elemental analysis calcd
(%) for [C84H56Au4F20Mo2O8P4·C4H8O] (2749.12 g mol−1): C
38.45, H 2.35; found C 37.88, H 2.49.

[Mo2(O2C-C2H4-PPh2)4(RhCl(cod))4] (3). The phosphine func-
tionalized metalloligand 1 (·2 thf) (50.0 mg, 0.04 mmol, 1.00
equiv.) and bis(1,5-cyclooctadiene)-dirhodium(I) dichloride
(40.4 mg, 0.08 mmol, 2.00 equiv.) were dissolved in THF
(10 mL) and stirred at room temperature for 16 h. A yellow
crystalline solid precipitated; the mother liquor was decanted
off and the product was recrystallized from hot THF, yielding
single crystals suitable for X-Ray analysis. Crystalline yield:
56.0 mg (65%), relating to 3 (·2 thf ).

1H NMR (400 MHz, CDCl3): δ [ppm] = 7.67–7.53 (m, 16H,
Ph), 7.34–7.24 (m, 24H, Ph), 5.51–5.42 (m, 8H, COD-CH),
3.71–3.61 (m, 8H, CH2), 3.15–3.06 (m, 8H, CH2) 3.06–2.99 (m,
8H, COD-CH), 2.40–2.23 (m, 16H, COD-CH2), 2.04–1.92 (m, 8H,

COD-CH2), 1.84–1.77 (m, 8H, COD-CH2). – Additional reso-
nances (m) for residually coordinated THF are observed at δ =
3.75–3.68 and 1.87–1.81 ppm and are partially overlaying with
resonances from –CH2CO2 and COD-CH2.

13C{1H} NMR
(101 MHz, CDCl3): δ [ppm] = 183.4 (d, 3JC,P = 17.5 Hz, CO2R),
133.7 (d, JC,P = 10.3 Hz, CHPh), 132.6 (d, 1JC,P = 40.3 Hz, i-CP),
130.1 (d, 4JC,P = 1.6 Hz, p-CPh), 128.4 (d, JC,P = 9.4 Hz, CHPh),
105.3 (dd, 1JC,Rh = 12.0 Hz, 2JC,P = 7.1 Hz, dept(+), COD-CH),
70.3 (d, 1JC,Rh = 13.6 Hz, dept(+), COD-CH), 33.8 (d, 2JC,P = 1.9
Hz, dept(−), CH2CO2), 33.2 (d, 2JC,Rh = 2.2 Hz, dept(−), COD-
CH2), 28.9 (dept(−), COD-CH2), 24.0 (d, 1JC,P = 25.6 Hz, dept
(−), CH2PPh2). – A hyperfine splitting of the CH2 resonances
due to a coupling with 103Rh is not adequately resolved.
Additional resonances (s) for residually coordinated THF are
observed at δ = 68.1 and 25.7 ppm. 31P{1H} NMR (162 MHz,
CDCl3): δ [ppm] = 25.8 (d, 1JP,Rh = 149.2 Hz, P-RhCl(cod)). IR
(ATR): ν̃ [cm−1] = 3051 (w), 2936 (w), 2915 (w), 2873 (m), 2827
(m), 1520 (s), 1481 (m), 1429 (s), 1407 (vs), 1332 (w), 1308 (m),
1271 (vw), 1238 (vw), 1182 (w), 1155 (vw), 1098 (m), 1066 (w),
1044 (w), 1029 (w), 996 (w), 957 (w), 889 (vw), 862 (w), 816 (w),
785 (vw), 739 (s), 694 (s), 518 (s), 488 (m), 456 (vw), 420 (w).
Elemental analysis calcd (%) for [C92H104Rh4Cl4Mo2O8P4·
C4H8O] (2279.18 g mol−1): C 50.59, H 4.95; found C 50.76,
H 5.05.

[Mo2(O2C-C2H4-PPh2)4(IrCl(cod))4] (4). The phosphine func-
tionalized metalloligand 1 (·2 thf) (50.0 mg, 0.04 mmol, 1.00
equiv.) and bis(1,5-cyclooctadiene)diiridium(I) dichloride
(55.0 mg, 0.08 mmol, 2.00 equiv.) were dissolved in THF
(5 mL) and stirred at room temperature for 3 h until an orange
crystalline solid precipitated. Subsequently, the solid was
recrystallized from hot THF, yielding single crystals suitable
for X-Ray analysis. Crystalline yield: 77.0 mg (78%), relating to
4 (·2 thf).

1H NMR (400 MHz, CDCl3): δ [ppm] = 7.67–7.56 (m, 16H,
Ph), 7.41–7.31 (m, 24H, Ph), 5.12–5.03 (m, 8H, COD-CH),
3.60–3.44 (m, 8H, CH2), 3.27–3.13 (m, 8H, CH2) 2.71–2.60 (m,
8H, COD-CH), 2.26–2.06 (m, 16H, COD-CH2), 1.82–1.75 (m, 8H,
COD-CH2), 1.57–1.48 (m, 8H, COD-CH2). – Additional reso-
nances (m) for residually coordinated THF are observed at δ =
3.73–3.67 and 1.87–1.81 ppm and are partially overlaying with
resonances from COD-CH2.

13C{1H} NMR (101 MHz, CDCl3):
δ [ppm] = 183.7 (d, 3JC,P = 16.2 Hz, CO2R), 134.0 (d, JC,P =
10.1 Hz, CHPh), 131.4 (d, 1JC,P = 48.4 Hz, i-CP), 130.4 (d, 4JC,P =
2.0 Hz, p-CPh), 128.5 (d, JC,P = 9.8 Hz, CHPh), 94.0 (d, 2JC,P =
14.1 Hz, dept(+), COD-CH), 53.5 (dept(+), COD-CH), 33.6 (d,
3JC,P = 3.0 Hz, dept(−), COD-CH2), 33.4 (dept(−), CH2CO2), 29.6
(d, 3JC,P = 1.4 Hz, dept(−), COD-CH2), 23.7 (d, 1JC,P = 32.1 Hz,
dept(−), CH2PPh2). – Additional resonances (s) for residually
coordinated THF are observed at δ = 68.1 and 25.7 ppm. 31P
{1H} NMR (162 MHz, CDCl3): δ [ppm] = 15.6 (s, P-IrCl(cod)). IR
(ATR): ν̃ [cm−1] = 3073 (vw), 3052 (w), 2933 (m), 2914 (m), 2874
(m), 2829 (m), 1521 (s), 1481 (m), 1429 (s), 1406 (vs), 1328 (w),
1308 (m), 1272 (vw), 1212 (vw), 1182 (w), 1155 (vw), 1099 (m),
1066 (w), 1044 (w), 1029 (vw), 998 (w), 969 (vw), 948 (vw),
895 (w), 886 (w), 816 (w), 779 (vw), 738 (s), 693 (s), 530 (m),
509 (m), 491 (m), 465 (vw), 433 (vw), 416 (vw). Elemental ana-

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2020 Dalton Trans., 2020, 49, 1513–1521 | 1519

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ja

nu
ar

y 
20

20
. D

ow
nl

oa
de

d 
on

 1
/2

8/
20

26
 1

1:
21

:1
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9dt04167b


lysis calcd (%) for [C92H104Ir4Cl4Mo2O8P4·2 C4H8O]
(2708.53 g mol−1): C 44.35, H 4.47; found C 44.35, H 4.58.

[Mo2(O2C-C2H4-PPh2)4(RuCl2(p-cymene))4] (5). The phosphine
functionalized metalloligand 1 (·2 thf ) (80.0 mg, 0.07 mmol,
1.00 equiv.) and dichloro(p-cymene)ruthenium(II) dimer
(80.0 mg, 0.13 mmol, 2.00 equiv.) were dissolved in THF
(10 mL) and stirred at room temperature for 16 h. An orange
solid precipitated; the mother liquor was decanted off and the
solid dried under vacuum. The solid was dissolved in DCM
(10 mL) and the red solution subsequently filtered. The
product was crystallized by slow evaporation of the DCM solu-
tion of 5, yielding single crystals suitable for X-Ray analysis.
Crystalline yield: 82.0 mg (57%).

1H NMR (400 MHz, CDCl3): δ [ppm] = 7.92–7.82 (m, 16H,
Ph), 7.47–7.40 (m, 24H, Ph), 5.25 (d, 3JH,H = 5.3 Hz, 8H,
CHcym), 5.08 (d, 3JH,H = 6.1 Hz, 8H, CHcym), 3.20–3.01 (m, 8H,
CH2), 2.81–2.67 (m, 8H, CH2) 2.54 (hept, 3JH,H = 6.9 Hz, 4H,
CH(CH3)2), 1.83 (s, 12H, p-CH3), 0.88 (d, 3JH,H = 6.9 Hz, 24H,
CH(CH3)2).

13C{1H} NMR (101 MHz, CDCl3): δ [ppm] = 183.5
(d, 3JC,P = 14.2 Hz, CO2R), 133.5 (d, JC,P = 8.6 Hz, CHPh), 132.8
(d, 1JC,P = 43.1 Hz, i-CP), 130.8 (d, 4JC,P = 2.1 Hz, p-CPh), 128.6
(d, JC,P = 9.5 Hz, CHPh), 109.0 (Cquart-cym), 94.4 (Cquart-cym), 90.8
(d, 2JC,P = 2.7 Hz, CHcym), 85.6 (d, 2JC,P = 5.9 Hz, CHcym), 31.3
(d, 2JC,P = 3.1 Hz, CH2CO2), 30.2 (CH(CH3)2), 22.9 (d, 1JC,P =
28.7 Hz, CH2PPh2), 21.7 (CH(CH3)2), 17.6 (p-CH3).

31P{1H}
NMR (162 MHz, CDCl3): δ [ppm] = 20.8 (s, P-RuCl2(cym)). IR
(ATR): ν̃ [cm−1] = 3075 (vw), 3038 (m), 2961 (m), 2917 (vw),
2872 (vw), 1508 (s), 1483 (m), 1472 (w), 1424 (s), 1413 (vs), 1388
(m), 1375 (m), 1325 (w), 1302 (w), 1280 (w), 1239 (vw), 1201
(w), 1188 (vw), 1160 (w), 1097 (m), 1057 (w), 1030 (w), 999 (w),
955 (w), 869 (w), 812 (m), 775 (w), 748 (s), 730 (m), 697 (s),
677 (w), 639 (w), 565 (vw), 522 (s), 492 (s), 449 (w), 432 (w).
Elemental analysis calcd (%) for [C100H112Mo2O8P4Ru4Cl8]
(2445.68 g mol−1): C 49.11, H 4.62; found C 48.66, H 4.77.

[Mo2(O2C-C2H4-PPh2)4(AuCl)4] (6). In a first step, 3-(diphenyl-
phosphino)propionic acid (75.0 mg, 0.29 mmol, 1.00 equiv.)
and [AuCl(tht)] (93.1 mg, 0.29 mmol, 1.00 equiv.) were dis-
solved in DCM (10 mL) and stirred at room temperature for
3 h. The solvent of the colorless solution was removed under
reduced pressure and the remaining solid subsequently
washed with n-pentane (10 mL). The synthesized complex
[HO2C-C2H4-PPh2-AuCl]

43 was subsequently reacted with mol-
ybdenum(II) acetate (24.9 mg, 0.06 mmol, 0.20 equiv.) in THF
(10 mL). After stirring for 16 h, the solvent was removed under
reduced pressure and the yellow solid washed with MeOH
(10 mL). Thereafter, the solid was recrystallized from hot THF
(5 mL), yielding single crystals of 6 suitable for X-Ray analysis.
Crystalline yield: 107 mg (80%), relating to 6 (·2 thf).

1H NMR (400 MHz, CDCl3): δ [ppm] = 7.74–7.56 (m, 16H,
Ph), 7.53–7.37 (m, 24H, Ph), 3.38–3.21 (m, 8H, CH2), 3.13–2.95
(m, 8H, CH2). – Additional resonances (m) for residually co-
ordinated THF are observed at δ = 3.77–3.70 and
1.88–1.82 ppm. 13C{1H} NMR (101 MHz, CDCl3): δ [ppm] =
181.8 (d, 3JC,P = 22.4 Hz, CO2R), 133.5 (d, JC,P = 13.3 Hz, CHPh),
132.5 (d, 4JC,P = 2.2 Hz, p-CPh), 129.6 (d, JC,P = 11.8 Hz, CHPh),
128.5 (d, 1JC,P = 61.1 Hz, i-CP), 32.8 (d, 2JC,P = 6.3 Hz, CH2CO2),

25.1 (d, 1JC,P = 39.1 Hz, CH2PPh2). – Additional resonances (s)
for residually coordinated THF are observed at δ = 68.1 and
25.8 ppm. 31P{1H} NMR (162 MHz, CDCl3): δ [ppm] = 30.0 (s,
P-AuCl). IR (ATR): ν̃ [cm−1] = 3051 (w), 2921 (vw), 1522 (s), 1482
(m), 1432 (s), 1405 (vs), 1311 (m), 1268 (w), 1239 (w), 1204 (vw),
1185 (w), 1158 (vw), 1140 (w), 1103 (s), 1041 (w), 1027 (w), 997
(m), 949 (w), 883 (vw), 823 (w), 795 (w), 740 (s), 690 (s), 617
(vw), 541 (vw), 519 (s), 485 (m), 417 (w). Elemental analysis
calcd (%) for [C60H56Au4Cl4Mo2O8P4·C4H8O] (2222.69 g mol−1):
C 34.58, H 2.90; found C 34.15, H 2.89.

X-ray crystallographic studies

Detailed XRD measurement description as well as crystal and
structure refinement data are provided as ESI.† 46–48

Additionally, selected bond lengths and angles of all com-
pounds (1–6) are given in the ESI (Fig. S1–S8†).

Crystal data (1). C60H56Mo2O8P4, Mn = 1220.80 g mol−1,
monoclinic, P21/n (no. 14), a = 9.9882(4) Å, b = 8.1550(3) Å,
c = 34.8663(9) Å, β = 97.262(3)°, V = 2817.21(17) Å3, T = 100 K,
Z = 2, Z′ = 0.5, μ(MoKα) = 0.612 mm−1, 14 104 reflections
measured, 5444 unique (Rint = 0.0383) which were used in all
calculations. The final wR2 was 0.0709 (all data) and R1 was
0.0294 (I > 2(I)).

Crystal data (2). C98H84Au4F20Mo2O11.5P4, Mn = 2929.27 g
mol−1, triclinic, P1̄ (no. 2), a = 16.7915(4) Å, b = 18.7734(5) Å,
c = 19.3826(5) Å, α = 115.497(2)°, β = 92.100(2)°, γ =
110.887(2)°, V = 5019.9(2) Å3, T = 100 K, Z = 2, Z′ = 1, μ(MoKα) =
6.224 mm−1, 42 389 reflections measured, 19 696 unique
(Rint = 0.0469) which were used in all calculations. The final
wR2 was 0.1579 (all data) and R1 was 0.0560 (I > 2(I̲)).

Crystal data (3). C120Cl4H160Mo2O15P4Rh4, Mn = 2711.67
g mol−1, triclinic, P1̄ (no. 2), a = 10.8868(5) Å, b = 16.6804(9) Å,
c = 20.7303(11) Å, α = 105.130(4)°, β = 102.169(4)°, γ = 104.645
(4)°, V = 3358.0(3) Å3, T = 210 K, Z = 1, Z′ = 0.5, μ(MoKα) =
0.842 mm−1, 23 197 reflections measured, 13 020 unique
(Rint = 0.0590) which were used in all calculations. The final
wR2 was 0.1868 (all data) and R1 was 0.0595 (I > 2(I)).

Crystal data (4). C120Cl4H160Ir4Mo2O15P4, Mn = 3068.83 g
mol−1, triclinic, P1̄ (no. 2), a = 10.8365(3) Å, b = 16.7623(5) Å,
c = 20.7559(6) Å, α = 105.261(2)°, β = 102.501(2)°, γ =
104.496(2)°, V = 3356.71(17) Å3, T = 210 K, Z = 1, Z′ = 0.5,
μ(MoKα) = 4.311 mm−1, 23 004 reflections measured, 13 040
unique (Rint = 0.0341) which were used in all calculations. The
final wR2 was 0.1125 (all data) and R1 was 0.0365 (I > 2(I)).

Crystal data (5). C109Cl26H130Mo2O8P4Ru4, Mn = 3209.86 g
mol−1, triclinic, P1̄ (no. 2), a = 11.4314(10) Å, b = 17.3797(13) Å,
c = 17.3723(16) Å, α = 91.633(7)°, β = 100.343(7)°, γ = 102.881
(6)°, V = 3301.4(5) Å3, T = 150 K, Z = 1, Z′ = 0.5, μ(MoKα) =
1.255 mm−1, 23 611 reflections measured, 12 919 unique
(Rint = 0.0811) which were used in all calculations. The final
wR2 was 0.2812 (all data) and R1 was 0.0932 (I > 2(I)).

Crystal data (6). Au4C84Cl4H104Mo2O14P4, Mn = 2583.09
g mol−1, orthorhombic, Pbcn (no. 60), a = 21.6562(7) Å, b =
18.6547(7) Å, c = 24.8118(7) Å, V = 10 023.7(6) Å3, T = 150 K,
Z = 4, Z′ = 0.5, μ(MoKα) = 6.299 mm−1, 31 447 reflections
measured, 9867 unique (Rint = 0.1089) which were used in all
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calculations. The final wR2 was 0.2283 (all data) and R1 was
0.0737 (I > 2(I)).
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