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While a negative oxidation state occurs rarely for metals in general, this is commonly known for metal
carbonyl anions, ie. carbonyl metalates. Although CO and CN™ are isoelectronic, cyanidometalates
usually do not exhibit metal centers with negative oxidation states. However, we report on the electron-
rich tetrahedral tetracyanidoferrate(—u) anion [Fe(CN)4]®~, which was stabilized in (SrsN),[Fe(CN).] (space
group R3c, a = 702.12(2) pm, ¢ = 4155.5(2) pm). Microcrystalline powders were synthesized by a solid-
state route, single crystals were obtained from Na metal flux. In comparison to classical cyanidometalates,
C-N distances are longer and stretching frequencies are lower as indicated by X-ray diffraction, IR and
Raman spectroscopy. Weak C—N, strong Fe—C bonds as well as the anion geometry resemble the isoelec-
tronic tetrahedral carbonyl ferrate [Fe(CO)42~. >’Fe Mdssbauer spectroscopic measurements reveal a
negative isomer shift in agreement with substantially delocalized d electrons due to strong = back-
bonding. These results point to a very similar bonding situation of both 18e tetracyanido and tetracarbonyl

Received 17th March 2022, ferrates including non-innocent redox-active ligands and a d*° closed shell configuration on iron. Hereby,
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DOI: 10.1039/d2dt00833e

new tetracyanidoferrate(-1) provides a missing link for a more in-depth understanding of the chemical
bonding trends of highly-reduced cyanidometalates in the quest for even higher reduced transition
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Introduction

The possibility of metal anions has fascinated chemists for
over 100 years." Systematic studies of transition metals with
negative oxidation states started in the 1930s with metal carbo-
nyl anions such as [Fe"(en);][Fe ™(CO),] (en = ethylenedia-
mine), although its ionic nature was not revealed until later.>™*
During the following decades, carbonyl metalates were applied
as starting materials and catalysts in (metal)organic
syntheses.>® Additionally, a quest for even further reduced
metalates resulted in extreme examples such as [Co(CO);]*~
and [Cr(CO),]*~. 1710
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metals in this exceptional class of compounds.

Although the cyanide anion is isoelectronic to carbon mon-
oxide, respective cyanidometalates typically differ significantly
from carbonyl metalates with regard to chemical bonding, pro-
perties and applications. The o-donor function of the typically
redox-inactive CN ligand allows for stabilization of relatively
high oxidation states of the transition metal. In contrast, nega-
tive oxidation states for carbonyl metalates are achieved by
strong © back-bonding shifting electron density towards the
non-innocent, redox-active CO ligands."* These differences are
best investigated by IR and Raman spectroscopy: stretching fre-
quencies of the CN ligand ¢(CN) are similar for complexes and
simple salts (typically 2000-2200 cm™").">** For carbonyl meta-
lates, 1(CO) frequencies are much lower in comparison to
gaseous CO (2143 cm™),"* e.g. 1614 cm ™" for [Co(CO),;>~.%°

However, exotic examples of highly reduced cyanido
complexes have been reported, eg [Co(CN);]°” and
[Fe(CN),]”~.">'® These metalates mimic the bonding situation
of carbonyl metalates including unusual non-innocent CN
ligands exhibiting very low »(CN), such as 1641-1696 cm ™" for
Baz[Co(CN);]."> Quantum chemical calculations revealed a
closed shell d'° configuration for the Co and Fe centers and
strong © back-bonding yielding intermediate-valent CN"®7~
ligands due to occupied CN ppr* antibonding orbitals.**"®

Taking into account the striking similarities between iso-
electronic [Co(CO);]>~ and [Co(CN),;]°7, it can be anticipated,
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that further highly reduced cyanido copycats of metal carbonyl
anions exist. In this work, we present the tetracyanidoferrate(-1)
anion stabilized in (Sr;N),[Fe(CN),] which is isoelectronic to
Hieber’s famous prototype [Fe(CO),]>".

Results and discussion
Synthesis and thermal stability

Air and moisture sensitive, nearly single-phase micro-crystal-
line powders of (Sr3N),[Fe(CN),] were synthesized using pelle-
tized mixtures of Sr,N, iron powder, graphite, and NaN; in the
molar ratio of Sr:Fe:C:N = 6:1:4:6 at 1070 K in Ar atmo-
sphere. The synthesis is very sensitive to the nitrogen partial
pressure: higher nitrogen contents yield thermodynamically
more stable carbodiimides such as SrCN,."” Despite reason-
able efforts, small contaminations of elemental iron and
SrsN[C,N][CN,]'® could not be avoided (see ESIT). Transparent
yellow hexagonal plate-like crystals were grown from a slowly
cooled solution of starting materials in Na flux.

The compound rearranges to Srs 5[Fe(CN);]'® upon anneal-
ing at 970 K, while the latter structure is stable up to ca.
1200 K in Ar, as indicated by thermal analysis (see Fig. S1,
ESIt). This reveals the high thermal stability of highly reduced
cyanidometalates.

Crystal structure

The trigonal crystal structure of (Sr;N),[Fe(CN),] (space group
R3¢, no. 161, a = 702.12(2) pm, ¢ = 4155.5(2) pm, 300 K) con-
tains layers of edge-sharing (NSre/,)-octahedra forming a hon-
eycomb motif in the ab plane (Fig. 1). Slightly distorted tetra-
hedral cyanidoferrate anions [Fe(CN),]®” are positioned in
between these layers with one CN-ligand rising into the honey-
comb void.

The uniform orientation of the [Fe(CN),]°” tetrahedra
grounds the polarity of the structure. The double layers of
(NSrg,)-octahedra and [Fe(CN)4]°” tetrahedra are stacked along
¢ with shifted honeycomb voids and tetrahedra from one layer
to the next. The stacking sequence ABCA'B'C’ thereby yields
the large cell parameter c¢. The nearest neighbors of the cyani-
doferrate themselves form a cage of 15 Sr** cations (Fig. 1c).
The differing environment for the CN ligands results in small
deviations from tetrahedral symmetry for [Fe(CN)y°” with
respect to C-N distances and bond angles (Fig. 1d). In addition
to this description, stacking faults are revealed by diffuse scat-
tering along ¢* and additional peaks in the difference Fourier
map. For details see Fig. S2-S5 (ESIT).

Nitridometalates such as (CazN),[FeN;] exhibit a related
crystal structure in space group P6;/mcm.'® In contrast to the
title compound, trigonal planar [FeN;]°” anions are located in
between honeycomb layers of (NCag/,) octahedra forming a
much simpler stacking sequence.

IR and Raman spectroscopy

IR and Raman spectra of (Sr3N),[Fe(CN),] exhibit three distinct
regions of sharp bands (Fig. 2): the ©(CN) valence band region,
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Fig. 1 Crystal structure of (SrsN),[Fe(CN)4] (a) layers of (NSrg/,) octahe-
dra (green) and [Fe(CN)41®~ tetrahedra (red) exhibit an ABCA'B'C’ stacking
sequence in [001] direction. (b) Honeycomb motif of (NSrg/,) octahedra
(green) in the ab plane. [Fe(CN),41®~ tetrahedra (red) rise into the honey-
comb void. (c) Cage of 15 Sr?* cations surrounding the [Fe(CN)41°~ tetra-
hedron. (d) Tetrahedral anion [Fe(CN)41®~ with bond lengths (black) and
angles (gray). Ellipsoids in c and d are set at 99% probability. For simpli-
city reasons, the ideal structure without stacking faults is shown in this
figure.
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Fig. 2 IR and Raman spectra of (SrzN),[Fe(CN)4] with assigned mole-

cular vibrations of [Fe(CN),]°".

a region of y(FeC) and §(FeCN) deformation modes and so-
called lattice modes below 300 cm™". A tetrahedral molecule of
point group T4 containing nine atoms exhibits 21 vibrations:
2A; + 2E + F; + 4F,.>%?" In accordance to this point group and
the isoelectronic tetrahedral molecular anion [Fe(CO),]*~,>%**

This journal is © The Royal Society of Chemistry 2022
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two Raman and one IR mode are observed for ©(CN) at similar
frequencies for both anions (see Table 1). In contrast, v(FeC)
and §(FeCN) modes are split as a result of the symmetry
reduction for [Fe(CN),]°” in the solid state structure (site sym-
metry C;). An unambiguous assignment of (FeC) and §(FeCN)
modes within that region is not possible without further
investigations. For molecular site group analysis, see ESIL.{

Comparison of [Fe(CN),]®” and related metalates

To the best of our knowledge, [Fe(CN),]® is the first homolep-
tic 18e cyanidoferrate with four ligands. The only other four-co-
ordinated cyanidoferrate is 14e square-planar [Fe(CN),]*~.>* On
the other hand, 18e tetraisocyanidometalates were reported,
such as [Fe(CNXyl),]*~ (Xyl = 2,6-dimethylphenyl).>*

In contrast to simple cyanide salts and classical cyanidome-
talates such as [Fe(CN),]*~ or [Fe(CN)¢J’",>**> C-N bond
lengths in [Fe(CN),]°" are unusually long and y(CN) valence
frequencies are unusually low pointing towards severely wea-
kened C-N bonds (Table 1). This is accompanied by much
stronger Fe-C bonds than in [Fe(CN)s]>~ evidenced by shorter
distances and higher y(FeC)/5(FeCN) frequencies. These obser-
vations are in good accordance with the textbook description
of m back-bonding: electrons are shifted from metal d orbitals
to antibonding n* orbitals of the CN ligand, which strengthens
the Fe-C bond and weakens the C-N bond. High values of
5(FeCN) vibrations likewise point to a stiffer Fe-C-N unit due
to increased © bonding.>® Similar trends have been discussed
for the complexes [Fe(CN)q]*~ and [Fe(CN)]*~, with the higher
charged metalate exhibiting more pronounced = back-
bonding.'"'*> However, changes for hexacyanidoferrates are
small in comparison to the tetracyanidoferrates [Fe(CN),]>~
and [Fe(CN),]° (Table 1). Instead of classical cyanidoferrates,
chemical bonding in [Fe(CN),]®” resembles the situation in
isoelectronic and likewise tetrahedral [Fe(CO),]>~ evidenced by
similar values for bond lengths and stretching frequencies.

With regard to the previously reported highly reduced cyani-
dometalates, a qualitatively similar bonding situation can be
assumed for all 18e complexes [Co(CN);]®~, [Fe(CN);]"~, and
[Fe(CN),]°” based on interatomic distances and vibrational fre-
quencies. Quantitatively, C-N bonds are stronger (shorter
d(C-N), higher »(CN)) and Fe-C bonds are weaker for
[Fe(CN),]°” in comparison to [Fe(CN);]”~ pointing to somewhat
less m back-bonding for the tetracyanidoferrate. This is reason-
able since the lesser charge of [Fe(CN),]° is distributed over
more ligands which is equivalent to less n back-bonding in
contrast to [Fe(CN);]"". A similar trend is observed for the pair
[Co(CO);*~ and [Co(CO),]™ (Table 1).

The isoelectronic [Fe(CNXyl),]*~ exhibits somewhat longer
C-N distances and lower y(CN) frequencies than [Fe(CN),]°~
due to the bridging CN groups instead of terminal cyanido
ligands.

Physical properties

(Sr3N),[Fe(CN),] exhibits electrically insulating behavior con-
sistent with mainly ionic interactions between Sr**, N°~, and
complex anions [Fe(CN),]®". This accords well with reported

This journal is © The Royal Society of Chemistry 2022

Table 1 Synopsis of cyanide and carbonyl compounds (M = transition metal) with respect to their bond lengths d (pm), as well as stretching and deformation frequencies? v, § (cm™)
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quinuclidinium. ¢ Calculated values.

= 2,6-dimethylphenyl. ¢ QuinH =

diethylenetriamine. © Xyl

“ Italic: IR data; regular: Raman data. ” dien
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properties of similar reduced cyanidometalates such as
Sr;[Co(CN),] and Baj s[Fe(CN),;].">*® Unfortunately, the con-
clusive examination of magnetic susceptibility data of
(Sr3N),[Fe(CN),] was hindered by too large contaminations of
elemental Fe from synthesis.

>"Fe Mossbauer spectroscopy

To get a closer look into the valence state of the iron atoms in
(Sr3N),[Fe(CN),], >’Fe Mossbauer spectroscopic measurements
were conducted at 293 and 78 K (Fig. 3). Both spectra could be
well reproduced with a superposition of two sub-signals in a
ratio of 63(1):37(1) at 293 (top) and 59(1):41(1) at 78 K
(bottom), respectively. Both spectra show similar fitting para-
meters (Table 2) for the particular simulated sub-spectra,

relative transmission

velocity (mm/s)

Fig. 3 Experimental (black dots) and simulated (lines) 5’Fe Mdssbauer
spectra of (SrzN),[Fe(CN),] at 293 K (top) and 78 K (bottom).

Table 2 Fitting parameters of >’Fe Mdssbauer spectroscopic measure-
ments of (SrsN),[Fe(CN),4] at 293 and 78 K; § = isomer shift, AEq = elec-
tric quadrupole splitting, I = experimental line width, By = hyperfine
field splitting

T/K 6(mms™") AEq(mms™) I'(mms™") Bu(T)  Area (%)

293 -0.110(1) 0 0.328(5) 33.12(1)  63(1)
—0.227(2)  0.373(2) 0.297(4) — 37(1)

78 0.001(1) 0 0.298(4) 33.10(1)  59(1)
—-0.143(1)  0.374(2) 0.307(3) — 41(1)

* Parameter was kept fixed during fitting procedure.

7814 | Dalton Trans., 2022, 51, 7811-7816
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hence we will focus on the 293 K data. The blue sub-signal can
be ascribed to residual elemental iron from the synthesis,
since the isomer shift and the hyperfine field splitting accord
well with the reported data (6 = —0.1 mm s, By = 33.1 T for
elemental Fe);***> these iron atoms in cubic environment
show no quadrupole splitting. The green sub-spectrum with
an isomer shift of § = —0.227(2) mm s™' and a quadrupole
splitting parameter of AE, = 0.373(2) mm s~ ' can be assigned
to the iron atoms in the tetrahedral cyanidoferrate(-u) units of
(Sr3N),[Fe(CN),]. In >’Fe Mdssbauer spectroscopy, a more nega-
tive isomer shift indicates a higher s-electron density at the
iron nucleus. The d-electrons shield the s-electrons, which
leads to a lower delocalization and a higher s-electron density
at the nucleus with a decreasing number of d-electrons. As a
result we observe more negative shifts for compounds with
iron atoms in highly positive oxidation states like K,Fe"™'0,
with an isomer shift of § = —1.013 mm s~ (the original value
in the literature is § = —1.262 mm s referred to a °’Co/Pt
source).*®>?” For iron in the formal oxidation state - we would
hence assume (just by extrapolation) a positive isomer shift at
first sight. Unlike this assumption we observe a negative
isomer shift for the iron atoms in the [Fe(CN),]°" unit. A
similar shift is reported for the isoelectric anion [Fe(CO),]*” in
Na,[Fe(CO),] by Erickson and Fairhall.*® Na,[Fe(CO),] shows
an isomer shift of § = —0.251 mm s~ relative to elemental iron
which corresponds to an isomer shift of § = —0.351 mm s*
relative to a *’Co/Rh source.?**°

Erickson and Fairhall assigned the observation of the nega-
tive isomer shift to the strong © back-bonding between the car-
bonyl ligands and the iron d-orbitals, leading to substantial
delocalization of the d-electrons which results in a reduced
shielding of the s-electrons and therefore a higher s-electron
density at the nucleus. This is underlined by the observed long
C-N distances within the [Fe(CN),]°” anion and the low
valence vibration frequencies 1(CN). The bonding situation in
(Sr;N),[Fe(CN),] is thus very similar to Fe(CO),>” anion in
Na,[Fe(C0),].*® The less negative isomer shift for [Fe(CN),]°"
in comparison to the [Fe(CO),]*~ anion can be ascribed to the
ligands. The carbonyl ligand is a stronger m-acceptor than
cyanide which leads to a weaker n back-bonding and a weaker
delocalization of the d-electrons in [Fe(CN),]°".

The slightly distorted coordination tetrahedron of [Fe(CN),]*~
leads to weak quadrupole splitting (Table 2). The small increase
of the isomer shifts at 78 K of around 0.1 mm s~ is caused by
the second order Doppler shift which describes a temperature
dependent contribution to the total isomer shift and which
depends on the mean square of velocity of the nucleus.*>*° The
experimental line widths I" (Table 2) are in the usual range for
>’Fe Mossbauer signals.

Conclusions

Tetracyanidoferrate(-u) extends the growing class of highly
reduced cyanidometalates to tetrahedral complexes. Judging
from bond lengths, vibrational frequencies, as well as

This journal is © The Royal Society of Chemistry 2022
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Mossbauer spectroscopic measurements, chemical bonding in
the isolated [Fe(CN),]°” anion corroborates well to the isoelec-
tronic tetrahedral [Fe(CO),*". Thus, a chemical bonding
scheme consisting of strong m back-bonding between non-
innocent ligands and a d'° metal center can be assumed for
[Fe(CN),]°" too, as previously confirmed for the famous carbonyl
metalate prototype.”***® The tetrahedral anion geometry of
[Fe(CN),]°" corroborates well with that picture: considering
cyanide as a pseudohalide, the title complex resembles other
tetrahedral d'° halide complexes such as [ZnCL,]>~ and [AICl,]~
anions.”™** Although the qualitative bonding scheme seems
similar to previously known reduced cyanidometalates, it differs
on a quantitative level of = back-bonding strength as observed by
differences of interatomic distances and vibrational frequencies,
e.g. in comparison to the [Fe(CN);]~ anion.'®

Crystal structures of highly reduced cyanidometalates
resemble those known from ternary nitridometalates: the
structure  of  (Sr3N),[Fe(CN),] shows similarities to
(CazN),[FeN,],"® while LiSr;[Fe(CN);] and Bas[Co(CN);] are
closely related to Ba,[FeN;].**

Thus, the new tetracyanidoferrate(-u) provides a missing
link for a more in-depth understanding of the trends regarding
crystal chemistry and chemical bonding of electron-rich cyani-
dometalates. Bearing these concepts in mind will enable the
future extension of highly charged cyanidometalates beyond
group 8 and 9 - following the quest for even higher charged
metalates. In view of the numerous applications of carbonyl
metalates, similar usages can be anticipated for reduced
cyanidometalates.
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