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\§ Very Important Paper

Carbonyl Metalates in Liquid Ammonia: Reduction of
Mn,(CO),, down to [Mn(CO),]*>

Franz Wieberneit and Nikolaus Korber*

The crystal structures of three compounds derived from the
reduction of Mn,(CO);, with potassium in liquid ammonia solu-
tion with and without the presence of [2.2.2]crypt ([2.2.2]crypt =
4,7,13,16,21,24-Hexaoxa-1,10-diazabicyclo[8.8.8]-hexacosane) is
reported. For the formation of [K([2.2.2]crypt)],[HMn(CO),] 2 NH;
and K;3[Mn(CO),] 2 NH3, liquid ammonia plays a crucial role as a

1. Introduction

Since the first report of Mond et al. in 1890 on the direct synthesis
of the homoleptic nickel and iron carbonyl complexes from the
pure metal with the use of carbon monoxide, transition metal
carbonyl complexes have been an intensively researched topic
for more than one century.! Along with their strong o-bonding
and 7-backbonding features, carbonyl ligands are used widely in
organometallic chemistry.? Later, Hieber and Behrens examined
systematically the reaction behavior of these complexes toward
reduction in different solvents like methanol and ethylenedi-
amine.”’ As a then novel result, transition metals in formal nega-
tive oxidation states could be described.®’ The most famous
reaction found was the Hieber base reaction where Fe(CO)s
was reduced, leading to the formation of the first known carbon-
ylate H,[Fe(CO),1.1 Afterwards, Hieber and Behrens were able to
obtain metal carbonylates by direct reduction with alkali metals
in liquid ammonia.”*® Over the years, a variety of negative oxi-
dation states of the transition metals in carbonylates could be
realized, ranging from moderate values of —1 to highly reduced
examples with a formal oxidation state of —4.! The highly
reduced species are referred to as Ellis-carbonylates, due to his
outstanding work in this field. For the preparation of carbonyl
metalates Ellis also used the direct reduction in the solvents
THF (tetrahydrofuran), HMPA (hexamethylphosphoramide) and
liquid ammonia with alkali metals.”™ The conceptually most prom-
ising reaction medium is liquid ammonia, which provides high
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solvent providing solvated electrons used for the reduction as
well as for the stabilization of highly charged manganese
carbonylates in ammoniate crystals. The isolation of [K([2.2.2]
crypt)][Mn(CO)4(NHs)] 3 NH; offers an insight into a possible inter-
mediate during the reduction from [Mn(CO);s]~ to [Mn(CO),]*~ via
the ammonia alkali metal route.

concentrations of solvated electrons from the well-known alkali
metal solutions. Liquid ammonia is known to be metastable for a
long time against reduction at the low temperature employed
(233 K) and has proven to be an excellent medium for the isola-
tion of multiple charged anions in ammoniate crystals.”” This is
crucial for insights into the reaction route toward the highly
reduced metal carbonyls by crystallographic methods.

For the mononuclear carbonylates, several structural motifs
were examined, for example, trigonal bipyramidal, tetrahedral
as well as trigonal planar shapes.*®'" For multinuclear carbon-
ylates, a wide range of examples have been published in litera-
ture. For example, the so-called Chini-clusters in the form of
[Pt;n(CO) >~ (n=1-8)V'>" or the multinuclear carbonyl
manganate species like the anions [Mn,(CO)ol*~, [Mn3(CO) 4]~
and [Mn;(CO);o]>~ have been reported."'®

In particular, investigations involving elements of group 3-9
have led to many different mono- or multinuclear carbonylates.”
Only recently, missing members like the group 10 anions
[Ni(CO)5]>~ and [Pt(CO);]*>~ could be isolated and characterized
via single-crystal X-ray diffraction and DFT calculations.!'”'®

For the highly reduced mononuclear Group 7 carbonylate
[M(CO),J*~ (M = Mn, Re), only NMR and IR investigations have been
available, while single-crystal X-ray structures are still missing.®'?

Therefore, we proceeded to reduce Mn,(CO);, with six equiv-
alents of potassium with and without the presence of [2.2.2]crypt
in liqguid ammonia to obtain the crystal structure of the highly
charged carbonylate [Mn(CO),]*". We here report on the crystal
structures of the metal carbonyl anion [Mn(CO),]*~ and derivatives
of [Mn(CO)s]™ in the ammoniates [K([2.2.2]crypt)][Mn(CO)4(NH;)] 3
NH;, [K([2.2.2]crypt)l,[HMn(CO),] 2 NH; and Ks[Mn(CO),] 2 NHs.

2. Results and Discussion

2.1. Reaction Scheme

From the reduction of Mn,(CO),, with six equivalents of potas-
sium with and without the presence of [2.2.2]crypt the crystalline
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compounds [K([2.2.2]crypt)][Mn(CO)4(NHs)] 3 NH; (1), [K([2.2.2]
crypt)l,[HMn(CO),] 2 NH; (2) and K3[Mn(CO),] 2 NH; (3) were
obtained. With the evidence of the three crystal structures a
hypothetical reaction scheme of the reduction of Mn,(CO),, to
the highly charged [Mn(CO),]*>~ with potassium could be derived
(see Scheme 1). The first two electrons provided by potassium
break the metal-metal bond of Mn,(CO),, to create two equiva-
lents of [Mn(CO)s]~ according to literature.?® By using liquid
ammonia as solvent the excess of ammonia results in a ligand
exchange which leads to the [Mn(CO)4(NH5)]~ anion in (1). This
anion can be further reduced by the excess of the solvated elec-
trons provided. The reduction leads to two different carbonylate
species of the highly charged [Mn(CO),]*". On the one hand two
additional electrons further reduce the anion to [Mn(CO),>~
which is then protonated by ammonia resulting in the formation
of the hydridic carbonylate [HMn(CO),]*>~ in (2). On the other
hand, [Mn(CO),(NHs)]~ can be reduced by the two electrons
and lose the ammine ligand which leads to the highly reduced
Ellis-type carbonylate [Mn(CO),J*~ in (3). This anion was only
obtained when [2.2.2]crypt was not present in the reaction
mixture.

2.2. Crystal Structure of (1)

In compound (1) one potassium cation is captured in [2.2.2]crypt
to compensate the onefold negative charge of the complex
anion [Mn(CO)4(NHs)]~ (Figure 1). The bond lengths of
Mn—C (1.769(18)-1.814(19) A) and C—O (1.163(20)-1.172(19) A)
are in good agreement to the distances found in
pentacarbonylmanganate(—1).*” Compared to calculated bond
lengths of Mn,(CO),,, the respective Mn—C distances are short-
ened while the C—O bonds are elongated, due to the change
in the electronic structure.?"! The Mn—N bond length is with
2.1398(14) A in the range found in the literature for the coordi-
nation of NH; to the metal centers in carbonyl complexes.*?
The C—Mn—C and C—Mn—N angles in the anion indicate a
pseudo-trigonal bipyramidal shape for the complex (see
Table 1). In addition, three ammonia molecules of crystallization
are present in the crystal structure. Due to the chelation of the
potassium cation in the cryptand, the cationic part is separated
from the anionic complex in the crystal structure (see Supporting

Reaction scheme

Figure 1. Asymmetric and molecular unit of (1). The displacement
ellipsoids are shown at 50% probability.

Table 1. Selected bond angles of (1).

Angle Exp. < [°]
Ceq—Mn—C,q 113.73(7)-123.38(8)
Ceq—Mn—C,, 86.59(8)-90.32(7)
Ceq—Mn—N 90.95(8)-91.45(6)
Cox—Mn—N 177.49(6)

Information). As a result, no direct contacts of the potassium cat-
ion to the anionic partial structure were observed. The carbony-
late species [Mn(CO),(NHs)]~ could represent an initial step in the
reduction of [Mn(CO)s]~ to [Mn(CO),I*, as one CO ligand in
[Mn(CO)s] is replaced by NH;s. Although being the poorer ligand
compared to carbon monoxide, the formation of an ammine
intermediate is presumably driven by the excess of ammonia,
as the latter is used as solvent for the whole reaction. This behav-
ior was previously reported for phosphine ligand exchange.*?

2.3. Crystal Structure of (2)

In compound (2) the twofold negative charge of the carbonylate
[HMn(CO),1*~ is compensated by two potassium cations, which
are again both sequestered in [2.2.2]crypt ligands. The Mn—C

_ CcoO
_t2 [ .CO
_ _ -NH>~ OC—Mn’
2 | ~co
CcO coO _ (e{0) CcoO H
| «CO | CO +2¢e | \CO| +2NH;3 | .\CO L .
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Scheme 1. Reduction of Mn,(CO),, to the highly charged [Mn(CO),]*~ with potassium in liquid ammonia. The mono- and dianion formed in the presence

of [2.2.2]crypt, whereas the trianion solely formed in absence of [2.2.2]crypt.
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distances (1.769(4)-1.791(5) A) and C—O distances (1.170(6)-
1.181(6) A) are in the range reported in the literature for the
pentacarbonylmanganate(—I).2% It shows the expected behavior
for higher reduced carbonylate complexes as well compared to
the neutral manganese complex Mn,(CO),o, with shortened
Mn—C distances and elongated C—O bonds.*"’ The Mn—H bond
distance with 1.499(3) A compares well with the literature value of
1.576(18) A in the hydridic complex HMn(CO)s, as generally bonds
toward the metal are shortened due to the electronic structure of
reduced carbonyl complexes.”¥

The observed values for C—Mn—C angles are in between the
values for a regular tetrahedron (109.5°) and trigonal bipyramidal
shape (eq: 120°% ax: 180°) (see Table 2). The presence of the
H-atom was unambiguously proven by the X-ray crystal structure
(see Figure 2), where it was located in the Fourier difference map.
The deviation of the coordination polyhedron formed by the four
CO ligands from an ideal tetrahedron additionally supports the
finding of the [HMn(CO),]>~ anion. To the best of our knowledge,
this is the first X-ray crystal structure of the elusive [HMn(CO),]*~
anion, which had been characterized only via IR and NMR experi-
ments up to now.'"” In addition, two ammonia molecules of
crystallization are present in the crystal structure. Due to the che-
lation of the potassium cation in the cryptand, the cation is
completely separated from the anionic complex in the crystal
structure (see Supporting Information).

2.4. Crystal Structure of (3)

In compound (3) the threefold negative charge of [Mn(CO),J*~ is
compensated by three potassium cations with two ammonia

Table 2. Selected bond angles of (2).

Angle Exp. < [°]
Ceq—Mn_Ceq 11 22(2)—1 240(2)
Cegmn—Cax 99.2(2)-103.4(2)
Caxmn—H 173.9(2)

H

Figure 2. Asymmetric and molecular unit of (2). The displacement
ellipsoids are shown at 50% probability.
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molecules of crystallization. The Mn—C distances (1.7593(17)-
1.7712(15) A) are slightly shorter compared to the analogous distan-
ces in the [HMn(CO),]* anion. The C—O bonds (1.197(18)-
1.202(17) A) are even more elongated compared to the C—O dis-
tances found in the [HMn(CO),]*~ anion. The C—Mn—C angles of
106.71(7)-113.29(7)° indicate a distorted tetrahedral shape. Due
to the absence of chelating agents, direct contacts of the alkali
metal cations to the oxygen atoms of the carbonylate dominate
the crystal structure leading to an extended network. These direct
ionic interactions (see Figure 3) form a so-called iso—carbonyl coor-
dination where potassium is coordinated to the oxygen atom of the
carbonyl ligand. This behavior is well known and was described
before.?=2% Every oxygen atom of the CO ligand is surrounded
by three to four potassium atoms in a tetrahedral-like or pyrami-
dal-like coordination (see Figure 4). The K—O distances of 2.6393-
3.2198 A are in good agreement with literature values.?” The coor-
dination environments of the potassium cations K1 and K2 are each
completed by one additional ammonia molecule of crystallization,
whereas K3 is surrounded by three ammonia molecules with K—N

K1

K3

Figure 3. Asymmetric unit of (3). The displacement ellipsoids are shown at
50% probability.

K3@

Figure 4. Alkali metal surrounding of the four CO ligands from the
[Mn(CO),I>~ in (3). The displacement ellipsoids are shown at 50%
probability.
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distances between 2.816(17) and 3.3523(15) A. The potassium cat-
ions K2 and K3 are coordinated by four oxygen atoms of the CO
ligands, K1 by five oxygen atoms of CO ligands. As a result, a dense,
3D network of K3[Mn(CO),] and potassium-coordinating ammonia
molecules is observed (see Supporting Information). All hydrogen
atoms could be located in the Fourier difference map and four of
them can be refined anisotropically using the Olex2 implement
NoSphereA2.B% K5IMn(CO),4] 2 NH; represents the first crystal struc-
ture of the tetracarbonylmanganate(—Ill).

3. Conclusion

With the isolation of the compounds (1)-(3) we were able to gain
more insight in the reduction of dimanganesedecacarbonyl to
the highly reduced tetracarbonylmanganate(—Ill) in liquid ammo-
nia. To the best of our knowledge, the structures represent the
first single-crystal X-ray structures of the highly reduced carbon-
ylmanganates and possible intermediates of the reduction. It is
noteworthy that the ammine intermediate could be isolated
despite NH; being a poorer ligand compared to carbon monox-
ide. Liquid ammonia is also known to be a good medium for the
isolation of highly charged main group metal clusters (Zintl
anions), which are also known to be good ligands toward transi-
tion metals.®'*3 The combination of Zintl anions and dimanga-
nesedecacarbonyl in direct reduction experiments in liquid
ammonia might allow for the synthesis and characterization of
new main group metal functionalized carbonylate species. First
evidence for a related reactivity was recently obtained for tung-
sten in the [SisW(CO),1°~.B4 The here reported results hint at the
possible formation of similar manganese carbonylates in liquid
ammonia solution.

4. Experimental Section

All steps were performed under argon atmosphere using standard
Schlenk and glovebox techniques. Liquid ammonia was dried and
stored over sodium metal, with constant cooling from an EtOH/
dry ice cooling bath.

Synthesis of [K([2.2.2]-Crypt)][Mn(CO),(NHs)] 3 NH; and
[K([2.2.2]-Crypt)],[HMn(CO),] 2NH;

Potassium (Merck, segregated for purification), Mn,(CO),, (abcr
Chemicals Gmbh, 98%) and [2.2.2]-crypt (Sigma-Aldrich) were weighed
into a heated Schlenk tube (stoichiometry 6:1:2), after which 10 mL of
dry ammonia were condensed onto the reactants. The mixture was
stored at 233K for 7 weeks, red block-like crystals of the compound
(1) and yellow needlelike crystals of (2) could be separated from each
other in the same approach and analyzed via single-crystal X-ray
diffraction.

Synthesis of K3[Mn(CO),] 2 NH;

Potassium (Merck, segregated for purification) and Mn,(CO),, (abcr
Chemicals Gmbh, 98%) were weighed into a heated Schlenk tube

Eur. J. Inorg. Chem. 2025, 00, e202500401 (4 of 5)

(stoichiometry 6:1), after which 10 mL of dry ammonia was con-
densed onto the reactants. The mixture was stored at 233K for 4
weeks, yellow crystals of the compound could be isolated and ana-
lyzed via single-crystal X-ray diffraction.

X-ray Diffraction Studies

Due to the moisture-, air- and temperature sensitivity of the
compounds, the crystals had to be cooled and preserved in oil
for the duration of crystal picking and measurement. To achieve
this, perfluorinated ether oil (Galden) was cooled in a stream of
nitrogen, into which the crystals were transferred from the reaction
vessel. During the transport from the oil to the diffractometer liquid
nitrogen was employed for cooling. The software CrysAlisPro
(Version 41_64.83a) was used for the data reduction.®® ShelXT
was used for structure solution, with ShelXL for refinement.26-38
For visualization Olex? 1.3 was employed, while the figures were
drawn with Diamond 4.9

Crystal Data for [K([2.2.2]-Crypt)][Mn(CO)4(NH;)] 3 NH; (1)

M=650.7gmol™", space group = P2,/ a=940127(5) A,
b=126.1177(15)A, ¢=13.25286(7)A, a=y=90°, B=94.7962(5),
V=324271B8)A3 Z=4, pac=1333gcm>, 5=4845mm’,
F(000) = 1384, 65 491 measured reflections, 1947 independent reflec-
tions, Rint=5.32%, R; =3.19%, WR, =9.1% for | > 20(l), Ry =3.27%,
WR,=9.15% for all data, GOOF=1.065 Apn.,=041eA3
Apmin =—0.62 eA’3

Crystal Data for [K([2.2.2]-Crypt)],H[Mn(CO),] 2 NH; (2)

M=1033.22gmol ™, space group = (g, a=97171(10) A,
b=315127Q)A, ¢=167692Q)A, p=94.0360(10), a=y=90"
V=5122209)A3, Z=4, pac=1340gcm=3, 5=4135mm"’,

F(000) = 2208, 51 255 measured reflections, 8 572 independent reflec-
tions, Rint =4.21%, R, = 4.15%, WR, = 11.48% for | > 24(l), R, = 4.27%,
WR,=1157% for all data, GOOF=1.097, Apmax=049eA3
Apmin =-052 eA’3

Crystal Data for K3[Mn(CO),] 2 NH; (3)

M=318336gmol~", space group=P2,2,2; a=7.2492(1)A,
b= 9.7068(1) A, c=15.0537Q2) A, a=p=y=90°, V=1059.28(2) A3,
Z=4, pac=2489gcm3, 5=27715mm™’, F(000) = 637.3,
6035 measured reflections, 1947 independent reflections,
Rine=1.75%, R, =127%, wR,= 287% for |>204(l), R,=130%,
WR,=287% for all data, GOOF=1.046, Apn.=0.17eA>3
Dpemin = —0.18 A3,

Deposition Number(s) 2309687 (1), 2309678 (2), and 2309716 (3)
contain(s) the supplementary crystallographic data for this paper.
These data are provided free of charge by the joint Cambridge
Crystallographic Data Center and Fachinformationszentrum
Karlsruhe Access Structures service.

Supporting Information

The authors have not cited additional references within the
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