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Abstract: Exceptionally electron-rich, nearly trigonal-planar
tricyanidometalate anions [Fe(CN)3]7@ and [Ru(CN)3]7@ were
stabilized in LiSr3[Fe(CN)3] and AE3.5[M(CN)3] (AE = Sr,
Ba; M = Fe, Ru). They are the first examples of group 8
elements with the oxidation state of @IV. Microcrystalline
powders were obtained by a solid-state route, single crystals
from alkali metal flux. While LiSr3[Fe(CN)3] crystallizes in
P63/m, the polar space group P63 with three-fold cell volume
for AE3.5[M(CN)3] is confirmed by second harmonic generation. X-ray diffraction, IR and Raman spectroscopy reveal
longer C@N distances (124–128 pm) and much lower stretching
frequencies (1484–1634 cm@1) than in classical cyanidometalates. Weak C@N bonds in combination with strong M@C pbonding is a scheme also known for carbonylmetalates. Instead
of the formal notation [Fe@IV(CN@)3]7@, quantum chemical
calculations reveal non-innocent intermediate-valent CN1.67@
ligands and a closed-shell d10 configuration for Fe, that is, Fe2@.

Introduction
In 1706, synthetic chemistry of cyanidometalates started
with the accidental discovery of Prussian blue, Fe4[Fe(CN)6]3,
a pigment with many additional applications still in use
today.[1] Classical cyanidometalates exhibit strong s-donor
bonds between CN@ ligand and transition metal cation, which
allow relatively high positive metal oxidation states, for
example, in [FeIII(CN)6]3@. Thus, CN@ is usually regarded as an
innocent, redox-inactive ligand, and simple counting rules
give a fairly realistic model of the electron distribution.[2] This
is evident from C@N distances and stretching frequencies
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n(CN), which are in most cases similar for cyanido complexes
(113–116 pm, 2000–2200 cm@1) and simple salts such as NaCN
(116 pm, 2080 cm@1).[3]
In contrast, the previously reported electron-rich tricyanidocobaltate Ba3[Co(CN)3] displays significantly longer C@
N distances (123.5(5) pm) and much lower stretching frequencies (1680–1696 cm@1), indicating a severe weakening of
the C@N bonds.[4] Experimental and computational studies on
[Co(CN)3]6@ confirmed a d10s0 closed-shell configuration for
cobalt, and significantly reduced cyanide ligands due to Co@C
p-bonding and the occupancy of the antibonding CN p* orbital. The complex is therefore better described as
[Co@(CN1.67@)3], instead of the purely formal notation [Co@III(CN@)3]6@. In this regard, Kaim pointed out the non-innocent
nature of CN@ .[5] Comparable rhodates and iridates reported
later displayed similar features.[6] This bonding scheme is wellknown in carbonyl chemistry containing carbon monoxide
isoelectronic to CN@ :[7] Non-innocent CO ligands are able to
stabilize transition metal oxidation states as low as @IV, for
example, in [Cr(CO)4]4@, which is the lowest transition metal
oxidation state known so far.[8]
Our quest for even higher reduced cyanidometalates
containing other transition metals led to the ferrates and
ruthenates LiSr3[Fe(CN)3] and AE3.5[M(CN)3] (AE = Sr, Ba;
M = Fe, Ru). Their [Fe(CN)3]7@ and [Ru(CN)3]7@ anions are
isoelectronic to [Co(CN)3]6@ and feature the extremely rare
oxidation state @IV on a transition metal. This is, to the best
of our knowledge, the highest negative oxidation state
reported for group 8 elements.
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Results and Discussion
Synthesis
Air and moisture sensitive, nearly single-phase microcrystalline powders of LiSr3[Fe(CN)3] and AE3.5[M(CN)3]
(AE = Sr, Ba; M = Fe, Ru) were obtained by reacting
pelletized mixtures of alkaline earth subnitrides, transition
metals, graphite, and Li3N, NaCN, or NaN3 as additional
nitrogen source at 1070 K. NaN3 was used instead of gaseous
N2 to control the nitrogen partial pressure during synthesis. If
the nitrogen content is too high, thermodynamically more
stable carbodiimides, for example, AE[CN2] (AE = Ba, Sr),[9]
are formed. Black, needle-shaped single crystals of LiSr3[Fe(CN)3] and Ba3.5[Fe(CN)3] were obtained from a slowly
cooled solution of the starting materials in lithium and sodium
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flux, respectively. Lithium was removed from the mixture by
a modified high-temperature centrifugation-aided filtration,[10] sodium was distilled after the reaction.

Crystal structures
The hexagonal crystal structure of LiSr3[Fe(CN)3] (P63/m)
was solved from single-crystal X-ray diffraction data (Figure 1 a,c,e). It is closely related to that of Ba3[Co(CN)3].[4]
Both contain isoelectronic trigonal planar anions [Co(CN)3]6@
and [Fe(CN)3]7@, respectively, which are surrounded by tricapped trigonal AE9-prisms. Both structures would be
isostructural except for one significant difference: the hexagonal channels running along [001] are empty in Ba3[Co(CN)3], but completely filled with Li+ cations in LiSr3[Fe-

Figure 1. Crystal structures of LiSr3[Fe(CN)3] (P63/m, no. 176, Z = 2, a = 844.07(2) pm, c = 543.30(1) pm, 300 K, left) and Ba3.5[Fe(CN)3] (P63, no.
173, Z = 6, a = 1558.78(2) pm, c = 572.27(1) pm, 100 K, right). a) Li3[Fe(CN)3]: trigonal planar anion [Fe(CN)3]7@ with bond lengths (black) and
angles (gray) as well as strontium environment of [Fe(CN)3]7@ in the form of a tri-capped trigonal prism. The ellipsoids comprise 99 % probability.
b) Ba3.5[Fe(CN)3]: distorted trigonal anion [Fe(CN)3]7@ with bond lengths and angles as well as barium environment of [Fe(CN)3]7@ in the form of
a distorted tri-capped trigonal prism. The ellipsoids comprise 99 % probability. c) Honeycomb motif of Sr9[Fe(CN)3] prisms (red) in the ab plane.
d) Honeycomb motif of Ba9[Fe(CN)3] prisms (red) in the ab plane. e) [LiN6] octahedra (dark blue), running inside the hexagonal channels along
[001]. Li+ is located in between every layer of complex [Fe(CN)3]7@ anions. Sr9[Fe(CN)3] prisms are omitted in this view for simplicity reasons.
Viewed along [210]. f) [BaN6] octahedra, running inside the hexagonal channels along [001]. In the central channels (2/3,1/3,z), occupied (Ba4,
dark blue) and unoccupied (cyan) octahedra alternate, whereas each octahedron at (0,0,z) is half occupied (Ba5, light blue). That is, half of the
octahedral voids are filled with Ba5 atoms indicating a local alternating ordering within each light blue channel. Ba9[Fe(CN)3] prisms are omitted
in this picture for simplicity reasons, viewed along [110].[13]
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(CN)3], providing for the additional negative charge on the
cyanidoferrate. Closely related structure types are known for
nitridometalates such as Ba3[FeN3], which contains empty
channels,[11] and acetylidemetalates such as La3.65[Ru(C2)3],
which contains La filled channels along [001].[12] The lithium
environment in LiSr3[Fe(CN)3] can else be described as chains
of face-sharing [LiN6] octahedra, using the nitrogen atoms of
the CN ligands. In LiSr3[Fe(CN)3], Li+ cations center every
octahedron in the chain. This structure model yielded good
figures of merit and a low residual electron density, but large
and unusually oriented displacement ellipsoids especially for
the carbon and nitrogen atoms. It looks as if two bonding
situations with slightly different bond lengths Fe@C and C@N
are superimposed, one of which deviates from linearity.
Neither alternative models with lower space group symmetry
or the introduction of split atomic positions nor a diffraction
experiment at 100 K helped to resolve the situation. Nevertheless, the interatomic distances correspond to the values
determined for [Fe(CN)3]7@ in Ba3.5[Fe(CN)3].[13]
The acentric hexagonal crystal structure of Ba3.5[Fe(CN)3]
(P63) may be regarded as an intermediate between the
structures of Ba3[Co(CN)3] and LiSr3[Fe(CN)3]. The Ba3.5[Fe(CN)3] (Figure 1 b,d,f) crystal structure exhibits a threefold unit cell in ab with respect to the unit cell of LiSr3[Fe(CN)3] and Ba3[Co(CN)3] (a = 844.07(2) pm for LiSr3[Fep
(CN)3], a’ = 905.3(1) pm for Ba3[Co(CN)3],[4]
3a’ & a =
1558.78(2) pm for Ba3.5[Fe(CN)3]) as evidenced from superstructure reflections in powder and single-crystal data (Figure S1). The divalent barium atoms alternately occupy half of
the octahedra that form the channels along [001]. X-ray
diffraction data showed no full long-range ordering, but
partial ordering in a superstructure resulting in two distinct
kinds of channels: within the two central channels in (1/3,2/
3,z) and (2/3,1/3,z), every other octahedron is alternately
centered by Ba4 and compressed along [001], whereas the
empty octahedra are elongated in this direction (Figure 1 f).
In contrast, Ba2+ cations on the half-occupied position Ba5
within the cell-edge channels center every other octahedron
of this chain. This is a striking example of geometric
frustration, since it is not possible to have a 1:1 alternate
ordering of the channels under hexagonal or trigonal
symmetry.
Besides the enlarged unit cell, the [Fe(CN)3]7@ anion
geometry is likewise affected: In LiSr3[Fe(CN)3], site symmetry 6̄ on Fe yields a planar anion geometry, which is even
close to trigonal-planar symmetry D3h (Figure 1 a). In contrast, anion and surrounding prism are distorted in Ba3.5[Fe(CN)3] (site symmetry 1 on Fe). Despite this low site
symmetry, the anionQs deviation from trigonal point symmetry
C3 is relatively small (Figure 1 b).[13]
The crystal structures of the isotypic compounds Sr3.5[Fe(CN)3], Ba3.5[Ru(CN)3], and Sr3.5[Ru(CN)3] were refined
from synchrotron powder diffraction data and are in good
accordance to that of Ba3.5[Fe(CN)3].[13]

Angew. Chem. Int. Ed. 2021, 60, 15879 – 15885

Angewandte

Chemie

Second-harmonic (SH) microscopy
Confocal second-harmonic (SH) microscopy[14] was performed on Ba3.5[Fe(CN)3] and LiSr3[Fe(CN)3]. Since secondharmonic generation is only allowed for acentric compounds,
a SH response is expected for Ba3.5[Fe(CN)3], but not for
centrosymmetric LiSr3[Fe(CN)3]. By comparing signals from
both compounds, surface effects or other reasons for an SH
response can be excluded. For Ba3.5[Fe(CN)3], SH microscopy
images show a SH response over the complete sample area
within the glass capillary with individual crystallites visible
(Figure 2 a). In contrast, most of the image remains dark for
LiSr3[Fe(CN)3] (Figure 2 b). The observed weak SHG signal
in this picture is strongly localized to a few spots and can be
attributed to surface effects. To further evaluate whether the
measured signals are due to SH response, the signal intensities
were tested as a function of laser power (Figure 2 c). For
a second harmonic process, the generated signal is expected to
scale quadratically with the pump power I SH / I 2pump . Albeit
observed for both compounds, the quadratic response for
Ba3.5[Fe(CN)3] is 20 times larger as compared to LiSr3[Fe(CN)3] (Table S10). Due to the random orientation of the

Figure 2. Second-harmonic (SH) microscopy images recorded with the
same microscope settings (65 mW at 850 nm wavelength) of
a) Ba3.5[Fe(CN)3] and b) LiSr3[Fe(CN)3] powder samples in glass capillaries. The response appears to be stronger at the glass tube walls due
to less scattering and absorption compared to the center. c) A large
quadratic dependence of SH intensity on the incident laser power was
found for Ba3.5[Fe(CN)3] compared to LiSr3[Fe(CN)3]. The resulting data
sets were fitted with a quadratic function of the form y = axb.
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micro-crystallites we cannot draw
any conclusion on the magnitude of
individual nonlinear tensor elements (see SI for additional information). Summarizing, the SH analysis corroborates an acentric crystal
structure for Ba3.5[Fe(CN)3].
Vibrational spectroscopy

Chemie

Table 1: Comparison of cyanide, carbonyl, and acetylide compounds with respect to their bond lengths
(pm) and stretching frequencies (cm@1).
Ligand/ Anion

Compound

d(CN)

n(CN) IR

n(CN) Raman

Ref.

CN

LiSr3[Fe(CN)3]
Ba3.5[Fe(CN)3]

126.7(3)
128(1)
124(2)
127(2)
128(4)[a]
126(8)[a]
124(7)[a]
123.5(5)
113–116
116

1490
1484

1581
1553

this work
this work

–
1538
1510
1680
2090–2110
2088

1591
1634
1592
1696
2090–2122
–

this work
this work
this work
[4]
[17]
[16]

Sr3.5[Fe(CN)3]
Sr3.5[Ru(CN)3]
Ba3.5[Ru(CN)3]
Ba3[Co(CN)3]
Na2[Cu(CN)3]·3 H2O
NaCN

Raman spectra of LiSr3[Fe(CN)3] and AE3.5[M(CN)3] (AE =
Na3[Co(CO)3]
126[b]
1614
–
[22]
Sr, Ba; M = Fe, Ru) exhibit n(CN) CO
A[Co(CO)4]
115
1886
1883–1918
[18, 19]
valence vibrations clearly distin(A = QuinH, Na)[c]
guishable from bands in the lower
A2[Fe(CO)4]
118
1729–1786
1788
[19, 20]
wavenumber region which are as(A = K, Na)
signed to valence n(MC3) and deCO (gas)
113
2143
–
[16, 23]
formation vibrations d(MCN)/
d(CMC), as well as external (lat- CC
La3.65[Ru(C2)3]
130–135
–
–
[12]
CaC2
120(2)
–
1860
[21]
tice) modes (Figure 3, for IR spectra see Figure S7). The vibrational [a] Averaged distances derived from powder diffraction data. These values are not accurate enough for
spectra of all compounds are very detailed analysis and are provided for completeness only.[13] [b] Calculated values. [c] QuinH = quinusimilar with respect to the number clidinium.
of observed bands in each region;
splitting of the n(CN) modes does
complex anion with trigonal planar point symmetry D3h.
not occur. This is remarkable with respect to results of
Moreover, the n(CN) stretching frequencies are very similar
molecular site group analysis (Tables S11, S12),[15] which
for [Fe(CN)3]7@ and [Ru(CN)3]7@ in all examined compounds
yields very different expectations for the nearly trigonal
(Figure 3, Table 1). Thus, the small structural differences do
planar anions in LiSr3[Fe(CN)3] and the distorted anions in
not reflect significant chemical bonding differences for the
AE3.5[M(CN)3]. Considering Raman active n(CN) valence
isoelectronic anions in LiSr3[Fe(CN)3] and AE3.5[M(CN)3].
modes as an example, two modes (Ag + E2g) are expected for
These very electron-rich 18e cyanidoferrates and ruthenLiSr3[Fe(CN)3], whereas seven Raman active modes (3A +
ates exhibit extremely weakened C@N bonds in comparison
2B + 2E1 + 2E2) are expected for AE3.5[M(CN)3] because
to simple cyanide salts (e.g. NaCN) or classical cyanidomeboth site symmetry and factor group are lower in the latter
talates such as [Cu(CN)3]2@ as revealed by elongated distances
case. In contrast, the experimental spectra do not even differ
and reduced stretching frequencies (Table 1).[16, 17] Because of
significantly from the expected spectrum of an isolated
the higher anion charge, the effects are even stronger than in
the previously reported [Co(CN)3]6@.[4] A related frequency
decrease of n(CO) was observed for the isoelectronic carbonylmetalates [Co(CO)4]@ and [Fe(CO)4]2@.[18–20] Regarding
acetylidemetalates like La3.65[Ru(C2)3],[12] a similar weakening of the C@C bonds is observed compared to simple salts
like CaC2 (Table 1).[21] However, quantum chemical calculations confirmed significant La@Ru interactions interlinking
the [Ru(C2)3] units,[12] obscuring the comparison to the
cyanidometalates considered here.

Magnetic properties and electrical conductivity
Magnetic susceptibility measurements on crystals of
LiSr3[Fe(CN)3] and powder samples of Sr3.5[Ru(CN)3] revealed diamagnetic behavior (Figure S8a,b). While Ba3.5[Fe(CN)3] is electrically insulating, semiconducting behavior was
observed for Sr3.5[Fe(CN)3] (Figure S8c). These physical
properties are similar to those of the tricyanidocobaltates
AE3[Co(CN)3] (AE = Sr, Ba).[4]
Figure 3. Raman spectra of highly reduced cyanidometalates containing [Fe(CN)3]7@ and [Ru(CN)3]7@ complex anions.

15882 www.angewandte.org

T 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

Angew. Chem. Int. Ed. 2021, 60, 15879 – 15885

Research Articles

Angewandte

Chemie

Quantum chemical calculations
In the following analysis it will be shown that the
electronic situation in LiSr3[Fe(CN)3] is qualitatively similar
to Ba3[Co(CN)3],[4] but features a quantitative difference
important for understanding the systematic decrease of the
C@N stretching frequency. The naming of the different DOS
regions is kept consistent with the one of the previous
analysis.[4]
As can be seen from Table 2, region A0 corresponds to
nominal Sr(4p6) semicore states, regions A1, A2, and B to the
nominal states of a CN1@ ligand, and a region C = C1 + C2 to
the states of a formal Fe(3d10) species. The significant
contributions of the CN ligand to the nominal Fe(3d) regions
is characteristic for the actual covalency Fe@C and the Fe!
C@N p backbonding mechanism leading to a C@N bond
weakening as described in the Dewar-Chat-Duncanson model.[7] Similar to AE3[Co(CN)3] (AE = Sr, Ba) reported earlier,[4] also in isoelectronic LiSr3[Fe(CN)3] there is an additional C@N p antibonding state D occupied with two electrons
per formula unit. But unlike to the previous Co case, it
overlaps with the top of the nominal Fe(3d10) valence bands,
i.e., with region C2 containing the Fe(3dz2 ) contributions
(Figure 4 a, inset). For this reason, a plot of the electron
density of only the higher energy part of DOS peak D with
1.74 e/f.u. omitting the Fe(3dz2 ) local DOS peak is shown in
Figure 4 b. The C@N p antibonding characteristic is clearly
visible. The integrated values for DOS region D (Table 2)
were obtained including the overlapping region with C2 (see
Figure 4 a, inset) in order to maintain the ideal electron count
of 2 e/f.u. This results in a certain overestimation of the Fe
contributions for region D, but it does not affect the total
electronic populations and effective charges Qeff of the
QTAIM atoms. Since the CN group still turns out to be the
main contributor of this DOS region, the major conclusion is
left unaffected, namely, that the complete DOS region D with
2 e/f.u. is to be formally attributed to three CN ligands per
formula unit. In connection with DOS regions A1, A2, and B
the final formal charge attribution yields (CN)1.67@, similar to
Ba3[Co(CN)3].[4] However, as a quantitative difference to
Ba3[Co(CN)3], it is to be noted that the CN group effective
charge of 1.66@ in the Fe compound turns out to be higher
than 1.39@ obtained for the Co compound. This difference of
0.27 electrons is mainly caused by regions C and D, where the
Fe compound exhibits 0.21 electrons more on the CN groups
Table 2: QTAIM atomic site projection of DOS regions A0 to D. The
portion of electrons of each QTAIM atomic species per formula unit is
given in percent of the nominal electron count for each DOS region. The
resulting QTAIM effective charges Qeff are given at the bottom of the
table.
DOS A0
DOS A1
DOS A2
DOS B
DOS C (1 + 2)
DOS D
Qeff

Nom. e/f.u.

1 Li

3 Sr

1 Fe

3 CN

18
6
6
18
10 (8 + 2)
2

0.0
0.0
0.4
0.3
0.3
0.4
Li0.88+

89.8
20.5
3.6
5.9
8.0
18.8
Sr1.38+

0.3
0.2
8.3
7.2
55.4
32.3
Fe0.04@

9.9
79.2
87.6
86.6
36.2
48.5
CN1.66@
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Figure 4. a) DOS for LiSr3[Fe(CN)3] (total DOS gray, muffin-tin part
black, Li partial DOS (pDOS) cyan, Sr pDOS green, Fe pDOS blue,
C orange, and N magenta. Inset shows detailed view on DOS regions
C (composed of C1 and C2) and D indicating slight overlap between
C2 and D, where vertical red line marks boundary between nominal
C1 + C2 (10 e/f.u.) and D (4 e/f.u.) regions. b) Electron density calculated for electronic states from upper part of DOS region D with
1.74 e/f.u. See text for further details.

than the Co compound. Since regions C and D are characterized by C@N p antibonding orbitals, the Fe compound with
its higher populated C@N antibonding bands is expected to
display weaker C@N bonds, which is corroborated by the
trend observed for the C@N stretching frequencies. Summarizing, the nominal d10s0 Fe2@ compound features a lower
effective electron count on the transition metal than the
nominally isoelectronic Co1@ compound, which yields a reverse behavior for the effective electron counts of the
nominally isoelectronic CN ligands. Thus, for this scenario,
the compound with the more negative transition metal
oxidation state is expected to display the weaker C@N bonds.

Conclusion
The herein reported cyanidometalates LiSr3[Fe(CN)3] and
AE3.5[M(CN)3] (AE = Sr, Ba; M = Fe, Ru) adopt a very
versatile structure type, which is also known for isoelectronic
cyanidometalates Ba3[M(CN)3] (M = Co, Rh, Ir), nitridometalates (e.g. Ba3[FeN3]),[6] and acetylidemetalates (e.g.
La3.65[Ru(C2)3]).[12] A common feature of all these metalates
is the tricapped trigonal prismatic environment of alkaline
earth or rare earth cations, which apparently provides a stable
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host for the highly charged trigonal planar anions. Channels in
the structure allow further stabilization, for example, by
additional charge balance in case of Li+ or AE2+ filled
channels in LiSr3[Fe(CN)3] and AE3.5[M(CN)3] (AE = Sr, Ba;
M = Fe, Ru)], or by Ru@La interactions in La3.65[Ru(C2)3].[12]
Hence, varying the components of this structure type, such as
complex anions, prism cations, and channel atoms, allows the
fine-tuning of the electronic structure and therefore of the
physical properties. The mutual bonding scheme of the highly
reduced 18e cyanidometalates [Co(CN)3]6@, [Fe(CN)3]7@, and
[Ru(CN)3]7@ includes a closed-shell metal d10s0 configuration
and significantly reduced, non-innocent CN1.67@ ligands, as in
[Fe2@(CN1.67@)3]. The higher the charge on the metalate, the
weaker the C@N bonds, resulting in extremely low n(CN)
vibration frequencies for the [M(CN)3]7@ anions. The new
ferrates and ruthenates are not only unprecedented with
respect to cyanidometalates: An analogous carbonylmetalate
[Fe(CO)3]4@ remains unknown, and [Fe(CN)3]7@ and
[Ru(CN)3]7@ represent the first examples of group 8 elements
with an oxidation state of @IV. It seems, that the “adventures
with substances containing metals in negative oxidation
states” (Ellis)[24] will continue with the growing class of highly
reduced cyanidometalates.
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