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ABSTRACT
The crystal structures of [Rb[2.2.2]crypt]2[Mn2(CO)8] ⋅ 4NH3 and [K[18]crown-6]2K2[W2(CO)8] ⋅ 14NH3 are reported, containing

the first homoleptic dinuclear carbonyl metalates featuring metal−metal double bonds. [Mn2(CO)8]
2− and [W2(CO)8]

4− are iso-

structural and isoelectronic to the elusive [Fe2(CO)8]. Quantum chemical calculations and QTAIM analysis confirm the metallic

bonding character, as well as differences in terminal and bridging carbonyl ligands.

1 | Introduction

Ever since the synthesis of [Ni(CO)4] by L. Mond in 1890, tran-
sition metal carbonyl complexes have been intensively studied
[1]. Their remarkable catalytic properties for organic transfor-
mation reactions make them indispensable catalysts in the
chemical industry as well as in university laboratories [2, 3].
However, transition metal carbonyl complexes are of interest
not only for their potential application but also for their struc-
tural diversity. Homoleptic carbonyl complexes can be cationic,
neutral or anionic [4–6]. Negatively charged carbonyl metalates
with a single transition metal atom have been synthesized for
group 4–10 metals with formal oxidation states for the metal
centers from −I to −IV [7]. Additionally, the formation of
metal−metal bonds results in the linkage to dimers or larger,
multinuclear clusters, containing bridging carbonyl ligands
[8, 9]. Multinuclear metalates are mostly observed for the
heavier group 8–10 metals. With respect to dinuclear anions,
[M2(CO)10]

2− (M = Cr, Mo, W) [10, 11], [M2(CO)9]
2− (M =

Mn, Tc, Re) [7, 12], [Fe2(CO)8]
2− [13], and [Ni2(CO)6]

2− [14]
are known, which feature metal centers in the formal oxidation
state −I. Out of those, only the anions from group 6 and the
nickel anion have been structurally characterized by X-ray

diffraction. All of these dimers contain a metal−metal single
bond, which is in accordance with the 18-valence electron rule
and supported by the M−M distances. Furthermore, one can
think of isoelectronic varieties of these complexes by adding
an additional metal−metal bond and removing either a car-
bonyl ligand or two negative charges. Such species have only
been observed spectroscopically in low temperature matrices.
For example, Poliakoff and Turner were able to briefly generate
[Fe2(CO)8] via UV irradiation at 20 K [15]. R. Hoffmann already
proposed in his Nobel lecture that this compound can be related
to the simple ethylene molecule using the isolobal principle
[16]. The Fe(CO)4 fragment is isolobal to the CH2 fragment,
which leads to the formation of [(CO)4Fe=Fe(CO)4] and
H2C=CH2, respectively. Further observations led to the identi-
fication of a structure with two bridging carbonyl ligands, which
was later supported using quantum chemical calculations
[17, 18]. When moving from iron to group 7 or group 6 metals,
anionic complexes in the form of [M2(CO)8]

n− (M =Mn, Tc, Re;
n = 2;M = Cr, Mo, W; n = 4) containingM=M double bonds can
be expected. In this article we present two ammoniate crystal
structures containing the first two representatives of this type,
[Mn2(CO)8]

2− and [W2(CO)8]
4−.
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2 | Results and Discussion

2.1 | Crystal Structures of [Rb [2.2.2]
crypt]2[Mn2(CO)8] ⋅ 4NH3 and [K [18]crown-
6]2K2[W2(CO)8] ⋅ 14NH3

Black plates of [Rb [2.2.2]crypt]2[Mn2(CO)8] ⋅ 4NH3 (1) could
obtained from the reduction Mn2(CO)10 by elemental rubidium
in liquid ammonia in the presence of [2.2.2]crypt. [K [18]crown-
6]2K2[W2(CO)8] ⋅ 14NH3 (2) was obtained as orange needles from
a solution of W(CO)4(tmeda), K4Pb9, [18]crown-6 and [2.2.2]
crypt. The [Pb9]

4− anion in K4Pb9 is known to be potent reducing
agent in liquid ammonia [19]. Both solutions contained leftover
reactants or other noncrystalline products. The procedures are
therefore not suitable for a selective synthesis.

The crystal structures of (1) and (2) contain the homoleptic dinu-
clear carbonyl metalates [Mn2(CO)8]

2− and [W2(CO)8]
4−, respec-

tively. (see Figure 1).

Each metal atom is coordinated by three terminal and one bridg-
ing carbonyl ligand in the asymmetric unit. The inversion center
in the center of each dinuclear anion generates the other half of
the anion. This leads to a staggered orientation of the CO ligands.
The M−C distances to the terminal carbonyl ligands range from
1.782(2) Å to 1.795(2) Å for [Mn2(CO)8]

2− and from 1.9188(18) Å
to 1.9716(18) Å for [W2(CO)8]

4−. The M−C distances of bridging
carbonyl ligands are elongated and range from 1.947(2) Å to
2.0457(19) Å for [Mn2(CO)8]

2− and 2.1534(17) Å to 2.2002(17) Å
for [W2(CO)8]

4−. This is in accordance with interatomic distances
of mononuclear manganate [20] and tungstate [11] carbonyl
complexes, as well as data for other metal bridging carbonyl
groups [21].

TheM−M distances of both anions are of particular interest. They
are significantly shorter than the metal−metal single bond distan-
ces in the homoleptic carbonyl complex analogs Mn2(CO)10 and
[W2(CO)10]

2−, respectively. (see Table 1) There is no structural
data of a carbonyl manganate dimer for comparison.

This observation is indicative of metal−metal double bonds
between the transition metal atoms. Furthermore, the distan-
ces are in the range of other comparable double bond interac-
tions in manganese and tungsten compounds [23, 24]. These

shared bonding electrons allow for the fulfillment of the
18-electron rule for both transition metal atoms. The topic
of attributing M−M bonds and the corresponding bond order
in dinuclear complexes in the presence of bridging carbonyl
ligands has been the subject of some debate. Based on calcu-
lations that show the absence of M−M bonding interactions
in symmetrically carbonyl bridged dinuclear complexes, it
has been suggested that the bridging interaction can be viewed
not only as a 3c−2e interaction but also as two 2c−2e bonds
[25]. This is possible because the bridging carbonyl ligands
can act as both σ−donors and π−acceptors towards the two
metal centers. The difference in electron counting methods
would replace one M−M bond per two bridging carbonyl
ligands while still fulfilling the 18-electron rule. Therefore, it
has to be noted that the interactions in [Mn2(CO)8]

2− and
[W2(CO)8]

4− can also be described as M−M single bonds.
However, since the distances between the metal centers are
in accordance with the aforementioned double bonding inter-
actions, which use the conventional electron counting method,
we attribute a M=M double bond.

This makes [Mn2(CO)8]
2− and [W2(CO)8]

4− isoelectronic as well
as isostructural to the elusive [Fe2(CO)8] and the first structurally
characterized homoleptic carbonyl metalate dinuclear species
containing a M=M double bond. Formally, the oxidation states
of the metal centers are −I for Mn and −II for W, whereas the
previously observed dinuclear species exclusively feature metal
centers in the formal oxidation state −I [7].

The negative charge of the anions is compensated by alkali metal
cations. The rubidium cation position in (1) is chelated in a
[2.2.2]crypt molecule with no further coordination partners.
The remaining space in the crystal structure is occupied by four
ammonia molecules. The crystal structure of (2) contains two
separate potassium cation positions. K1 is directly coordinated
by four carbonyl ligands of two different anions. The remaining
coordination sphere is filled by two ammonia molecules and one
oxygen atom from an [18]crown-6 molecule. K2 is chelated in the
crown ether and additionally coordinated by three ammonia
molecules and one carbonyl ligand. (for a detailed depiction
see SI, Figure S2).

2.2 | Quantum Chemical Calculations

Further insight into the character of the chemical bonding in
[Mn2(CO)8]

2− and [W2(CO)8]
4− can be gained from quantum

chemical investigations and (QTAIM) quantum theory of
atoms in molecules analysis. The optimized geometries and
the resulting calculated interatomic distances are remarkably
similar to those observed in the crystal structure. (for detailed
information see SI, Figure S4 and Table S3) Based on these
results, the Laplacian of the electron density Δ2ρ can be cal-
culated, which is depicted in Figure 2 within the M−M−C
plane and along the M−M bond paths for both anions. Δ2ρ
in between the metal atoms is always positive but approaches

FIGURE 1 | Anionic units [Mn2(CO)8]
2− (left) and [W2(CO)8]

4−

(right) in (1) and (2), respectively. Displacement ellipsoids are shown

at 50% probability. Symmetry codes #:−X, 1−Y, 1−Z (left); #:1−X,−Y,
1−Z (right).

TABLE 1 | Comparison of the M−M distances of the anions in (1) and (2) with Mn2(CO)10 and [W2(CO)10]
2−.

[Mn2(CO)8]
2− Mn2CO10 [22] [W2(CO)8]

4− [W2(CO)10]
2− [11]

d(M−M)/Å 2.5053(5) 2.923 2.79782(13) 3.1106(6)
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a value of 0. This is expected for metal−metal bonding inter-
actions [26]. In contrast to covalent bonding, the electron
density along the bond path is low and delocalized. The lone
pairs of the CO ligands are visible as negative regions of Δ2ρ
oriented towards the central metal atoms. In the case of the
bridging carbonyl ligands this region is larger to allow
for the donation of electron density towards both metal atoms.
The same trend can be observed in the ELF of [Mn2(CO)8]

2−

and [W2(CO)8]
4−, which is shown in Figure 3. Isosurfaces at η

= 0.8 reveal the distorted trisynaptic basins in the M−M−C
plane. In contrast, terminal carbonyl ligands show disynaptic
basins along the C−M bonds. This visualizes the more delocal-
ized electron density of the bridging carbonyl ligands.
Additionally, the disynaptic basins of the C−O bonds
and monosynaptic basins of the oxygen lone pairs are present
for all CO groups, as expected for carbonyl metalate anions
[27].

3 | Conclusion

The compounds [Rb [2.2.2]crypt]2[Mn2(CO)8] ⋅ 4NH3 and [K [18]
crown-6]2K2[W2(CO)8] ⋅ 14NH3 contains the first structurally
characterized homoleptic carbonyl metalate dinuclear species con-
taining a M=M double bond. [Mn2(CO)8]

2− and [W2(CO)8]
4− are

both isoelectronic and isostructural to the elusive [Fe2(CO)8]. The
results of quantum chemical investigations verify the expected
metal−metal bonding interactions. It can also be confirmed that
the lone pairs of bridging carbonyl ligands are delocalized in the
M−M−C plane.

4 | Experimental Section

All operations were carried out in an argon gas atmosphere using
standard Schlenk techniques. Liquid ammonia was dried and

Distance / ÅDistance / Å

ecnatsi
D

/ Å

D
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e 
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FIGURE 2 | Laplacian of the electron density within the Mn−Mn−C plane in [Mn2(CO)8]
2− (top left) and within the W−W−C plane in [W2(CO)8]

4−

(top right) with negative values shown in blue and positive values shown in red. Laplacian of the electron density along the respectiveM−M bond paths

(bottom).

FIGURE 3 | Isosurfaces of the ELF of [Mn2(CO)8]
2− (left) and [W2(CO)8]

4− (right) at η = 0.8.

Zeitschrift für anorganische und allgemeine Chemie, 2026 3 of 6

 15213749, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/zaac.202500172 by U

niversitaet R
egensburg, W

iley O
nline L

ibrary on [14/01/2026]. 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



stored over sodium for at least 48 h. [18]crown-6 was purified by
sublimation before use. Elemental potassium was purified by liq-
uid segregation. Elemental Rubidium was synthesized from RbCl
and Ca, following the general procedure of Hackspill [28] and
purified by distillation. Mn2(CO)10 (abcr, 98%), [2.2.2]crypt
(Sigma–Aldrich, 98%) and elemental lead (Sigma–Aldrich, 99%)
were used as supplied. Due to the difficulties of working in liquid
ammonia and only small amounts of crystalline products, no fur-
ther characterization techniques besides single crystal X-ray dif-
fraction (SCXRD) studies were possible.

4.1 | Synthesis of K4Pb9

Potassium (154.8 mg, 3.9 mmol) and lead (1845.8 mg, 9.0 mmol)
were weighed into a tantalum ampoule, which was welded shut
under an argon atmosphere. After flame sealing in a quartz-glass
ampoule under vacuum, the reaction vessel was heated to 923 K
with 50 K/h and held at that temperature for 24 h before cooling
to room temperature with 20 K/h.

4.2 | Synthesis of W(CO)4(tmeda)

The procedure is based on a method by King and Fronzaglia [29].
W(CO)6 (5.0 g, 14.2 mmol), tetramethylethylenediamine (5 mL,
39.0 mmol), 80 mL n-decane and a few mL of n-hexane were
refluxed for 27 h. After crystallization at 253 K over night, the
resulting crystals were washed three times with n-hexane and
dichloromethane. 13C NMR (400 MHz, CDCl3): δ = 61.94 ppm
(s, 2 C), δ = 57.73 ppm (s, 4 C).

4.3 | Synthesis of [Rb [2.2.2]crypt]2[Mn2(CO)8] ⋅
4NH3 (1)

Mn2(CO)10 (50 mg, 0.128 mmol), Rb (65.75 mg, 0.769 mmol) and
[2.2.2]crypt (96.54 mg, 0.256 mmol) were dissolved in anhydrous
liquid ammonia. The resulting dark blue solution turned to a
yellowish red after 3 days. After further storage at 233 K for
20 months, black plates of (1) could be isolated and characterized
by SCXRD.

4.4 | Synthesis of [K [18]crown-6]2K2[W2(CO)8] ⋅
14NH3 (2)

A solid state material with the nominal composition K4Pb9 (50
mg, 0.025 mmol), W(CO)4(tmeda) (10.2 mg, 0.025 mmol) [18]
crown-6 (16.3 mg, 0.062 mmol) and [2.2.2]crypt (14.0 mg,
0.037 mmol) were dissolved in anhydrous liquid ammonia.
After storage of the resulting dark green solution at 233 K for
2 months, orange needles of (2) could be isolated and character-
ized by SCXRD.

4.5 | SCXRD studies

Both (1) and (2) are sensitive to moisture, air, and temperature.
After cooling in an ethanol/dry ice bath, a small amount of crys-
tals was transferred directly from the mother liquid into liquid
nitrogen stream-cooled perfluoroether oil. A suitable single crys-
tal was isolated and subsequently transferred onto the

goniometer using a MiTeGen loop cooled in liquid nitrogen dur-
ing the transport. The crystal structure was recorded on an
Rigaku Synergy-DW with a sealed-tube Cu/Mo-X-ray source
and a 135 mm Atlas S2 CCD detector. Data collection was carried
out at 123 K. For data reduction, CrysAlisPro [30] was used. The
structure was solved using ShelXT [31] and refined with ShelXL
[32]. For visualization purposes Olex2 1.5 [33] was used and fig-
ures were drawn up with Diamond 5 [34] using displacement
ellipsoids at the 50% probability level.

4.6 | CrystalData for [Rb [2.2.2]crypt]2[Mn2(CO)8] ⋅ 4NH3

M = 1326.01 g⋅mol−1, space group = P21/c, a = 11.66020(10) Å,
b = 17.3483(2) Å, c = 14.5706(2) Å, β = 90.5060(10)°, V =
2947.29(6) Å3, Z = 2, ρcalc = 1.494 g⋅cm−3, μ = 6.126 mm−1,
F(000) = 1376.0, 40 743 collected reflections, 5349 independent
reflections, Rint = 3.79%, R1 = 2.50%, ωR2 = 6.85% for all data,
GooF = 1.048, Δρmax = 0.67 e⋅Å−3, Δρmin = −0.39 e⋅Å−3.

4.7 | Crystal Data for [K [18]crown-
6]2K2[W2(CO)8] ⋅ 14NH3

M = 1497.13 g⋅mol−1, space group = P−1, a = 8.61320(10) Å, b =
12.57300(10) Å, c = 15.03010(10) Å, α = 70.3380(10) Å, β =
88.4210(10)°, γ = 87.1220(10) Å, V = 1530.73(3) Å3, Z = 1,
ρcalc = 1.624 g⋅cm−3, μ = 4.099 mm−1, F(000) = 746.0, 27 427 col-
lected reflections, 11 593 independent reflections, Rint = 2.29%,
R1 = 2.09%, ωR2 = 5.29% for all data, GooF = 1.056, Δρmax =
1.24 e⋅Å−3, Δρmin = −0.61 e⋅Å−3.

Crystallographic data for the compounds has been deposited in
the Cambridge Crystallographic Data Centre, CCDC. The data
can be obtained free of charge on quoting the deposition numbers
CCDC-2 466 995 for (1) or CCDC-2 466 996 for (2) via https://
www.ccdc.cam.ac.uk/data_request/cif, or by emailing data_
request@ccdc.cam.ac.uk, or by contacting The Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: +44 1 223 336033.

4.8 | Computational Details

Geometry optimization and single point energy calculations were
carried out using Orca 4.0 [35, 36] employing a B3LYP [37–40]/
ma-ZORA-def2-TZVPP [41, 42] level of theory as well as imple-
menting a CPCM model [43] with ammonia as the solvent.
Multiwfn [44] was used for QTAIM calculations and the ELFs
were visualized using VMD [45].
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Supporting Information

The supporting information contains crystallographic data tables, inter-
atomic distances from the crystal structures, calculated interatomic distan-
ces and unit cell pictures of (1) and (2), as well as the cationic environment
of (2). Additional supporting information can be found online in the
Supporting Information section. Supporting Fig. S1: Unit cell of
[Rb[2.2.2]crypt]2[Mn2(CO)8] ⋅ 4NH3 along the crystallographic a-axis (left)
and the crystallographic c-axis (right). For clarity, the hydrogen atoms of
[2.2.2]crypt are omitted and it is shown as wires and sticks. Displacement
ellipsoids are shown at 50% probability. Supporting Fig. S2:Cationic envi-
ronment in [K[18]crown-6]2K2[W2(CO)8] ⋅ 14NH3. Displacement ellipsoids
are shown at 50% probability. Supporting Fig. S3: Unit cell of [K[18]
crown-6]2K2[W2(CO)8] ⋅ 14NH3 along the crystallographic a-axis (left)
and the crystallographic b-axis (right). For clarity, the hydrogen atoms
of [18]crown-6 are omitted and it is shown as wires and sticks.
Displacement ellipsoids are shown at 50% probability. Supporting Fig.
S4: Optimized geometries of [Mn2(CO)8]

2− (left) and [W2(CO)8]
4− (right).

Supporting Table S1: Crystallographic data of [Rb[2.2.2]
crypt]2[Mn2(CO)8] ⋅ 4NH3. Supporting Table S2: Selected interatomic dis-
tances in [Rb[2.2.2]crypt]2[Mn2(CO)8] ⋅ 4NH3. Supporting Table S3:
Crystallographic data of [K[18]crown-6]2K2[W2(CO)8] ⋅ 14NH3.
Supporting Table S4: Selected interatomic distances in [Rb[2.2.2]
crypt]2[Mn2(CO)8] ⋅ 4NH3. Supporting Table S5: Calculated interatomic
distances in [Mn2(CO)8]

2−. Supporting Table S6: Calculated interatomic
distances in [W2(CO)8]

4−.
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