
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 2
:4

2:
59

 A
M

. 
 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
View Journal
Bis(amidophenol
aInstitute of Organic and Biomolecular

Tammannstraße 2, 37077 Göttingen, Germ

uni-goettingen.de
bInstitute of Inorganic Chemistry, University

Göttingen, Germany
cInstitute of Physical Chemistry, University

Göttingen, Germany

† Electronic supplementary information (
For ESI and crystallographic data in CI
https://doi.org/10.1039/d5sc03374h

Cite this: DOI: 10.1039/d5sc03374h

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 9th May 2025
Accepted 28th June 2025

DOI: 10.1039/d5sc03374h

rsc.li/chemical-science

© 2025 The Author(s). Published b
ate)-supported pnictoranides:
Lewis acid-induced electromerism in a bismuth
complex†

Simon B. H. Karnbrock,a Jan F. Köster,a Isabelle Becker, b Christopher Golz, a

Franc Meyer, b Mart́ı Gimferrer c and Manuel Alcarazo *a

The synthesis of the complete series of 10-Pn-4 bis(amidophenolate)-supported pnictoranide anions is

reported. Coordination of these anions to the cyclopentadienyliron(II) dicarbonyl fragment, [CpFe(CO)2]
+,

delivers the corresponding 10-Pn-5 complexes for P, As and Sb, while in the case of Bi an electron

redistribution takes place, and the corresponding 12-Bi-5 compound is isolated. This case of Lewis acid-

induced electromerism has been experimentally confirmed through X-ray diffraction analyses as well as

IR, UV-Vis and Mössbauer spectroscopy. Effective Oxidation State analysis of the Fe-complexes assigns

an oxidation state +3 to all Pn, while it predicts the Fe-atom to be reduced to Fe(0) in the Bi-derivative.

The mixture of the Bi(6p) orbital with the p-system of the bis(amidophenolate) ligand and the efficient

electronic donation from this orbital to the Fe-center explain this situation.
Introduction

Electromerism, the process of electron density relocation
between redox active sites in a molecule,1 has evolved from
being considered a curiosity to a practical tool for the design of
magnetic materials, molecular switches, and even active cata-
lysts (Scheme 1a).2 These applications rely on the very different
physicochemical properties that electromers exhibit, and the
nature of the different stimuli that are able to trigger their
interconversion; namely, temperature,3 pressure,4 light5 or
constitutional changes, such as the coordination to Lewis acids
or bases.6

Ever since the seminal report by Buchanan and Pierpont on
electromerism in a cobalt bis(dioxolene)(bipyridyl) complex,7

this eld of research has mostly been associated with transition
metal chemistry.1 Valence tautomeric p-block element
compounds are, in comparison, underrepresented.8 Seminal
examples include Ge(II) tetraphenylporphyrin A reported by
Vaid, in which Lewis base coordination induces the oxidation of
Ge(II) to Ge(IV) with concomitant two-electron reduction of the
porphyrin unit to its 20p-electron antiaromatic state (Scheme
Chemistry, University of Göttingen,

any. E-mail: manuel.alcarazo@chemie.
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of Göttingen, Tammannstraße 6, 37077

ESI) available. CCDC 2448026–2448035.
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y the Royal Society of Chemistry
1b);9 and the geometrically constrained P(I)-compound C.
Interestingly, reaction of C with (cod)PtI2 leads to the formation
of the corresponding Pt-complex D, in which the oxidation of
Scheme 1 Electromerism in main group chemistry: (a) concept; (b and
c) electromerism induced by coordination to Lewis bases and acids; (d)
this work.
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the P-center to P(III) has taken place with simultaneous reduc-
tion of the supporting ONO scaffold (Scheme 1c).10 More
recently, examples of main group electromerism induced by
coordination to Lewis acids or Lewis bases have also been found
in Si,11 Ge,12 Sn,13 As14 and Sb15 chemistry.

As continuation to our ongoing efforts to understand the
redox-activity of pnictogen compounds supported by the rigid
tetradentate bis(amidophenolate) ligand 1,14,16 we now describe
the synthesis and characterization of the complete series of
pnictide anions derived from that ligand, compounds 3a–d, and
their corresponding cyclopentadienyliron dicarbonyl complexes
4a–c and 4d0. X-ray crystallographic analyses evidence that for
all anions 3a–d the central pnictogen adopts a 10-Pn-4 cong-
uration from which a Pn(III)-oxidation state is inferred. Upon
coordination to [CpFe(CO)2]

+ the situation remains identical for
the P-, As-, and Sb-complexes 4a–c, respectively; however, in 4d0

a valence shell expansion from 10-Bi-5 to 12-Bi-5 occurs at the
Bi-center. An Effective Oxidation State (EOS) analysis of that
complex still assigns an oxidation state +3 to Bi, while the
bis(amidophenolate) ligand gets oxidised (−2) and Fe reduced
from Fe(II) to Fe(0). Thus, the geometrical rearrangement at Bi
serves to better transfer the electron density from the bis(ami-
dophenolate) scaffold to Fe.
Results and discussion
Synthesis and structure of 10-Pn-4 anions

Building on our recent studies on bis(amidophenolate)-
supported phosphorus and arsenic species 3a,b (ref. 14
and 16) we started our investigation with the syntheses of their
higher Sb- and Bi-analogues 3c and 3d, respectively. The
necessary stibine precursor 2c was prepared by reaction of SbCl3
and 1 in the presence of triethylamine; yet, the corresponding
bismuthine 2d was not accessible following that route. Fortu-
nately, compound 2d could be cleanly prepared by treatment of
Scheme 2 Synthesis of 3a–d. (a) 2a: PCl3 (1.05 equiv.), DIPEA (3.15
equiv.) (54%); 2b: AsCl3 (1.00 equiv.), NEt3 (3.00 equiv.) (96%); 2c: SbCl3
(1.00 equiv.), NEt3 (3.00 equiv.) (94%); 2d: Bi(NMe2)3 (1.00 equiv.) (89%).
(b) KHMDS (1.00 equiv.), cryptand (1.00 equiv.) 3a (81%), 3b (89%), 3c
(92%), 3d (88%).

Chem. Sci.
1 with Bi(NMe2)3 at −78 °C in Et2O (Scheme 2). Deprotonation
of 2a–d was readily achieved by treatment with potassium
hexamethyldisilazide (KHMDS) in Et2O employing [2.2.2]crypt-
and to sequester the potassium cation. Compounds 3a–
d precipitate from the reaction mixture, and are obtained in
analytically pure form by subsequent washing and drying.
Quality crystals for X-ray diffraction analysis were obtained by
slowly cooling saturated solutions of 3a–d in an appropriate
solvent (see ESI†).

Interestingly, 3a was found to crystallize as two polymorphs.
The rst one crystallizes in the hexagonal space group P61 and
features a directed interaction between the phosphorus donor
atom and the potassium cation. The P1–K1 distance was
determined to be 4.3934(13) Å, and is slightly shorter than the
sum of van-der-Waals radii (4.55 Å).17 The second polymorph,
which crystallizes in the monoclinic space group P21/c, does not
feature this interaction (shortest P1–K1 distance: 7.669(3) Å)
and is, therefore, better suited for a geometric comparison. In
all the higher homologues 3b–d, the ions were also found to be
well separated. All 10-Pn-4 anions 3a–d exhibit a geometry
between square pyramidal and disphenoidal around the central
pnictogen due to the geometric constraint imposed by the tet-
radentate bis(amidophenolate) scaffold and the lower tendency
to hybridize of the orbitals of heavier atoms. The difference in
the trans basal angles Dq around the pnictogen center has been
used as quantitative parameter to illustrate the geometric
change (Fig. 1a). As expected, the heavier homologues get closer
to an ideal square pyramid (3c: Dq= 4.3°, 3d: Dq= 5.2° (average
value)), while for the lighter congeners the disphenoidal
arrangement becomes more favorable (3a: Dq = 44.8°, 3b: Dq =
35.5°) (Fig. 1b). Despite of this, the energetic landscape con-
necting these structures seems to be rather at and strongly
Fig. 1 (a) Definition of trans basal angles q around the pnictogen; (b–f)
X-ray solid-state structures of 3a–d. Ellipsoids are shown at the 50%
probability level. Hydrogens, cations (except for 3a), tert-butyl groups
and solvent molecules omitted for clarity.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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depending of packing effects. Thus, when the potassium cation
in phosphoranide 3a is captured with 18-crown-6 ether, the P-
atom adopts a perfect square pyramidal geometry and
features a short P1–K1 contact (3.5899(12) Å) as reported by
Dobrovetsky.18

Among the 10-Pn-4 anions, 3d is particularly intriguing.
While its solid-state structure denitely shows a pyramidal
Bi(III) atom, another minimum (3d0) lying only 4.0 kcal mol−1

higher in energy and characterized by a square planar geometry
around the Bi-center has been found using DFT calculations at
the PBE0-D3(BJ)/def2-TZVP(PCM)//TPSS-D3(BJ)/def2-TZVP level
of theory (Fig. 2 and ESI†).19 We assign the weak absorption
centred at 980 nm in the UV-Vis spectrum of 3d to traces of
conformer 3d0 present in solution (see Fig. S15†). In 3d0,
a formally vacant 6p-orbital at Bi is available for mixing with the
p-system of the redox active ligand making the assignation of
the oxidation state of Bi not straightforward; in fact, the elec-
tronic structure of 3d0 is reminiscent to that of a Bi(I)-complex.20

Similar triamide-Bi complexes have been described as Bi(I)/
Bi(III) “redox-confused” for this reason.21 This ill-dened situa-
tion motivated us to further evaluate the electronic structure in
3d0 by analyzing the effective fragment orbitals (EFOs)22 and
resulting effective oxidation states.23

In the experimentally observed pyramidal structure 3d, the
bismuth is undoubtedly in an oxidation state of +3 surrounded
by a tetraanionic bis(amidophenolate) framework. The reli-
ability index (R(%)) that quanties how close the overall
oxidation state assignment and the actual electronic structure
of a molecule are, rises to 98.2% in this case. Yet, in 3d0 two
electronic states are conceivable (Fig. 2b and c), which can be
classied as Robin–Day Class III electromers.24 According to
EOS, the Bi(III) assignment persists as the most appropriate
description, although with a lower reliability index (R(%) =

71.9).25 The alternative description of 3d0 as a Bi(I) center within
Fig. 2 (a and b) Optimized structures of 3d and 3d0, respectively, at the
PBE0-D3(BJ)/def2-TZVP(PCM)//TPSS-D3(BJ)/def2-TZVP level of
theory including the most relevant effective fragment orbitals (EFOs).
Occupation values provided for each EFO, marked in bold the formally
occupied. (c) Possible resonance structures of 3d0 including their
associated EOS reliability index.

© 2025 The Author(s). Published by the Royal Society of Chemistry
a dianionic tetradentate scaffold can be articially produced
within the EOS framework by switching the formal occupation
of the last occupied and rst unoccupied EFOs, yielding a non-
auau electronic assignment with R(%) = 28.1.

Synthesis and characterization of Pn[CpFe(CO)2] complexes

Aer the initial hints about possible electron redistribution
from the surrounding framework to the pnictogen, we envi-
sioned that this process might be fostered using Lewis acid
coordination as a trigger. The cyclopentadienyliron(II) dicar-
bonyl cation was chosen for this task since it serves as probe for
both IR and Mössbauer spectroscopy (Scheme 3).26

Phosphoranide 3a was found to readily substitute the iodide
in CpFe(CO)2I upon mixture of the reagents in THF; however,
the heavier homologues 3b–d only coordinate the Fe-center
when the more reactive [CpFe(thf)(CO)2]BF4 was employed. All
compounds were obtained in moderate to good yields as air
sensitive solids. Crystallization from MeCN solutions delivered
monocrystals of sufficient quality for single-crystal X-ray
diffraction analysis and the obtained solid-state structures
conrm the coordination of 3a–d to Fe through the central
pnictogen donor atom, forming 4a–c and 4d0. As expected, the
Pn–Fe bond lengths progressively increase when moving down
in the pnictogen group, and are in agreement with the reported
values for Pn–Fe bonds featuring pnictogen-based X-type
ligands Fig. 3a–d.26a,27

The geometries of complexes 4a–c are very similar, only an
increased pyramidalization degree is found for the pnictogen
atom when descending in the group (sum of basal angles:
340.4° (4a); 335.7° (4b, average value); 326.9° (4c)). The bismuth
congener, however, opposes this trend having the Bi atom
perfectly embedded in the plane dened by the oxygen and
nitrogen donors (sum of basal angles around Bi = 360.1(11)°).
This indicates that, unlike for the lighter pnictogens, in 4d0 the
Bi(6p) orbital is used to form the bond with Fe while the Bi atom
retains its 6s inert pair; hence, the 12-Bi-5 electromeric state is
favored over the 10-Pn-5 observed for 4a–c.

Closer comparison of the bond lengths and geometries in
4a–c and 4d0 reveals that the extra electron pair surrounding the
Bi center stems from the bis(amidophenolate) scaffold. The
diagnostic N1–C15 and N2–C20 bond lengths in 4d0 are signif-
icantly shortened when compared with those in 4c (ca.−0.06 Å).
Moreover, the alternating short and long C–C bond lengths
throughout the central carbocycle in 4d0 further suggests the
Scheme 3 Synthesis of 10-Pn-5 and 12-Pn-5 Fe-complexes. Reaction
conditions: (a) CpFe(CO)2I (1.00 equiv.), THF, rt, 4a (64%).; (b)
[CpFe(thf)(CO)2]BF4 (1.00 equiv.), DCM, −78 °C to rt, 4b (47%), 4c
(72%), 4d0 (64%).
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Fig. 3 (a) X-ray solid-state structures of 4a–c and 4d0. Ellipsoids are
shown at the 50% probability level. Hydrogens, cations, tert-butyl
groups and solvent molecules omitted for clarity. Selected bond
lengths (Å): 4a, P1–Fe1 2.2540(4); 4b, As1–Fe1 2.3071(3); 4c, Sb1–Fe1
2.4507(3); 4d0, Bi1–Fe1 2.6052(13).
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partial dearomatization of this ring and a considerable contri-
bution of a bis(imine) structure for the ligand in 4d0. The bond
lengths in the amidophenolate side-arms were also inspected
using the metrical oxidation state (MOS) method reported by
Brown.28 The values obtained for 4c (−2.02(6), −1.98(6)) are the
typical for completely reduced amidophenolate moieties, while
Fig. 4 Comparative analysis of the bond lengths, angles and metrical
oxidation states in 4c (a) and 4d0 (b).

Chem. Sci.
in 4d0 the MOS's are signicantly increased (−0.99(14),
−1.12(10)) revealing a substantial (imino)semiquinone char-
acter (Fig. 4).

In order to scrutinize electronic changes at the iron center,
all four iron complexes were further analyzed by 57FeMössbauer
spectroscopy (Fig. 5). The obtained parameters for the isomeric
shi d are very similar throughout the series (4a: 0.08 mm s−1,
4b: 0.12 mm s−1, 4c: 0.14 mm s−1, 4d0: 0.14 mm s−1), indicating
a similar s-electron density at the iron nuclei and suggesting
that differences in Fe(s) character mixing into s(Fe–Pn) orbitals
and in Fe(d) orbital populations are either negligible, or that
their effects are compensating. The d values agree with those of
previous examples of Fp-complexes with X-type ligands such as
[CpFeII(CO)2X] (X = Me, Cl, Br, I or P(O)(OMe)2),26b,c but also
with those found in formal CpFe0(CO)2 compounds.26d The
quadrupole splitting DEQ is basically equal for the structurally
similar complexes 4a–c, reecting a similar local geometry and
electric eld gradient at Fe. The DEQ value decreases by around
0.1 mm s−1 for the bismuth congener 4d0, which might be
related to the altered geometry of the bis(amidophenolato)
bismuth fragment; however, no clear relation to bond distances
or angles around the Fe-center was found.

More precise information on the electronic situation at the
Fe-center was obtained from infrared spectroscopic measure-
ments. The carbonyl regions of the IR spectra of 4a–c and 4d0

are depicted in Fig. 6. According to these spectra, the carbonyl
stretching bands are higher in energy when descending in the
period from 4a to 4c. This suggests lower donor ability for the
heavier pnictogens as consequence of a more internal electron
pair. However, 4d0 breaks this trend and exhibits the least
energetic stretching bands of all the series (~nsym = 2004, ~nasym =

1962 cm−1), which are indicative of the strongest donor ability
Fig. 5 Zero-field 57Fe Mössbauer spectra of 4a–c and 4d0 at 80 K.
Isomer shifts are given relative to a-Fe at 298 K.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 FT-IR spectra of 4a–c and 4d0 in DCM solution.

Fig. 8 Contour plots of the Laplacian of the electron density V2r for
4b and 4b0 calculated at the PBE0-D3(BJ)/def2-TZVP(PCM)//TPSS-
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of the bis(amidophenolate)Bi moiety and the weakest polari-
zation of the iron–bismuth bond along the pnictogen series.27b

Compounds 4a–c and 4d0 were further analyzed by UV/vis
spectroscopy (Fig. 7). The spectra of 4a–c in DCM are quite
similar at rst glance and are dominated by intense transitions
at around 300 nm. Interestingly, a broad band in the visible
region was present with distinct maxima at 556 nm (4b) and
622 nm (4c), this band is also observed in the spectrum of 4a as
a shoulder ranging from ca. 400 to 500 nm. Time-dependent
DFT calculations aided in the assignment of this band as
a HOMO / LUMO transition (see ESI†). The HOMOs of 4a–c
are in all cases a p-orbital mainly localized at the bis(amido-
phenolate) unit. LUMOs are mostly distributed along the Pn–Fe
bond axes and have s*(Pn–Fe) character (see the ESI). Thus,
these transitions can be described as charge-transfer bands and
the redshi observed from P to Sb is explained by the LUMO
energy decrease along the series, which aligns with the electron
density reduction at the Fe-center (detected by IR spectroscopy).

The spectrum of 4d0 is starkly different and its most diag-
nostic feature is the strong low-energy absorption band with
a maximum at 1090 nm (22 900 M−1 cm−1). This band corre-
sponds to a p/p* transition that has been observed in
numerous two electron-oxidized derivatives of the bis(amido-
phenolate) ligand 1.14,29 Thereby, the spectral data nicely
Fig. 7 Electronic absorption spectra of 4a–c and 4d0.

© 2025 The Author(s). Published by the Royal Society of Chemistry
corroborate the change of electronic structure as a result of the
10-Pn-5/12-Pn-5 electromerism.
Iron–pnictogen bonding and oxidation state determination

In order to elucidate the nature of the pnictogen–iron bonding
interactions, we evaluated the electronic structure and per-
formed chemical bonding analysis on the experimentally
synthesized systems 4a–c and 4d0, together with the computa-
tionally modelled electromers 4b0 and 4c0, in which the Pn-atom
depicts square planar geometry and the ligand is formally
oxidized. The computed relative Gibbs free energies agree with
the experimentally observed electromeric forms. In particular,
4b is more stable than 4b0 by 24.0 kcal mol−1; for 4c and 4c0 the
energy difference decreases to 8.2 kcal mol−1. All attempts to
nd the conceivable structures 4a0 and 4d as local minima in
the potential energy surface failed. Notably, our calculations
predict the lowest electronic state of 4c0 and 4d0 to be an open-
shell singlet.

The topology of the computed electron densities was inves-
tigated within the quantum theory of atoms in molecules
(QTAIM) framework to shed light on the Pn–Fe bonding situa-
tion.30 As illustrative example, Fig. 8 shows the contour maps of
the electron density Laplacian for As-electromers 4b and 4b0.
The Fe–As bond critical point lies in a region of charge deple-
tion for both electromers, a common feature for bonding
D3(BJ)/def2-TZVP level of theory. Blue: charge accumulation (V r <
0). Red: charge depletion (V2r > 0).

Table 1 Selected QTAIM data: electron density (r), Laplacian of the
electron density (V2r) and relative total energy density (H/r) at the
pnictogen–iron bond critical point, pnictogen–iron delocalization
index (DI) and bond distance (d)

r/a.u. V2r/a.u. H/r/a.u. DI d/Å

4a 0.094 0.066 −0.40 0.72 2.286
4b 0.083 0.073 −0.39 0.70 2.355
4c 0.069 0.056 −0.35 0.68 2.506
4b0 0.073 0.070 −0.36 0.64 2.407
4c0 0.062 0.034 −0.32 0.66 2.585
4d0 0.057 0.043 −0.28 0.69 2.665

Chem. Sci.
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Fig. 9 Frontier EFOs and their associated occupation values for the reduced and oxidized species studied. For open-shell systems, beta EFO
occupancies are reported in parentheses. Marked in bold are the EFOs formally occupied according to the EOS analysis.
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between atoms having more than three atomic shells.31 For
these relatively heavy atoms, Bader's classication of bonding
interactions based on the sign of the Laplacian cannot simply
be extrapolated,32 and other parameters need to be consid-
ered.31 Thus, structures 4b and 4b0 exhibit negative relative
energy densities H/r at the bond critical point, fullling the
Cremer–Kraka criteria for covalent bonding (Table 1).33

The electron density at the bond critical point decreases
quite uniformly throughout the 4a–c series as result of the
longer bond distances and the more diffuse nature of the
electron density for the heavier pnictogens. The calculated
delocalization indices (DI) are in agreement with the formula-
tion of covalent Pn–Fe single bonds for all compounds; yet, an
intriguing trend is revealed. For the 10-Pn-5 compounds 4a–c,
the DI gradually decreases for the heavier pnictogens, while the
opposite trend is observed for the 12-Pn-5 isomers 4b0–d0. Since
the DI is directly related with the extent of delocalization of
electron pairs between two atomic basins31 and has been used
to quantify covalent bond orders,32 it seems that the covalency
of the Pn–Fe bond reaches two maxima, one for the lighter 10-P-
5 system in 4a and a second one for the heavier 12-Bi-5 elec-
tromer in 4d0.

The shape and occupation values of the EFOs involved in the
s-type Pn–Fe bond are shown in Fig. 9. The EFO/EOS analysis
was performed for all systems considering each ligand coordi-
nated at the Fe and Pn atoms as fragments. This allows the
disentangling of the Fe–Pn interaction from the rest of the
ligands. For the pyramidal-shaped species 4a–c (Fig. 9 top), the
Fe–Pn bond is formed by a d-type EFO sitting on Fe, with the s-
type EFO from the pnictogen. The latter shows an increase of
occupation value from 0.516 (4a) to 0.630 (4a) and in 0.636 (4c).
Hence, the heavier the central element, the more polarized the
Fe–Pn bond towards Pn. This is well in agreement with the lower
tendency of the higher pnictogens to involve their s-electrons in
bonding, and also supported by our IR data. The difference in
occupation between these two EFOs also hints at the degree of
covalency of the bond. The lower the difference is, the greater the
covalent character of the bond. Therefore, the Fe–P (4a) bond is
Chem. Sci.
more covalent than both Fe–As (4b) and Fe–Sb (4c), agreeing with
the topological analysis of the electron densities (see ESI†).

For the 12-Pn-5 species 4b0–d0 (Fig. 9 bottom), the Fe–Pn
bond is formed by a d-type Fe EFO interacting with a properly
oriented p-type EFO from the pnictogen, which is formally
occupied as consequence of the bis(amidophenolate) oxidation.
Interestingly, for this species the pnictogen s-type EFO does not
participate in bonding to the Fe.

Finally, the oxidation states of 4a–c and 4d0 have been
calculated. In 4a–c, the Cp, CO and ONNO scaffolds are charac-
terized by oxidation states −1, 0 and −4, respectively. For the
central Pn an oxidation state +3 is assigned, and subsequently,
the Fe atom is in oxidation state +2. This electronic distribution
ismore evident for As and Sb (R(%)= 70.0 and 68.9, respectively);
yet, for 4a the reliability index is signicantly reduced (R(%) =
56.9) due to the large covalency of the P–Fe bond. The same
analysis in Bi complex 4d0 assigns an oxidation state of−2 to the
ONNO ligand, +3 to Bi, and 0 to Fe, instead of the more intuitive
Bi(I)/Fe(II) oxidation states. It should be noted that this solution
shows a lower reliability index (R(%) = 56.5), denoting how
difficult the electron pair assignment in the Bi–Fe interaction is
(see Fig. 9). This discrepancy suggests that in 4d0 the planarized
Bi-atom simply serves as transmission belt to transfer electron
density for the bis(amidophenolate) ligand to the Fe-center.
Conclusions

A series of geometrically constrained bis(amidophenolate)-
supported pnictoranide anions has been synthesized and
structurally characterized. An Effective Oxidation State analysis
of these anions unambiguously assigns an oxidation state +3 to
the P-, As- and Sb-complexes, while it suggests some +1 char-
acter to the Bi-derivative due to the efficient mixture of the
Bi(6p) orbital with the p-system of the redox-active supporting
ligand. Coordination of these species to the [CpFe(CO)2]

+

moiety was achieved. For the P-, As- and Sb-derivatives the
pnictogen atom remains pyramidal but the Bi-atom planarizes.
The Effective Oxidation State analysis of that complex still
assigns an oxidation state +3 to Bi while the Fe atom is reduced
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc03374h


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 2
:4

2:
59

 A
M

. 
 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
from +2 to 0. The mixture of the Bi(6p)-orbital with the p-system
of the bis(amidophenolate) ligand in the square planar geom-
etry, and the efficient electronic donation from that orbital to
the Fe-center explain this non-intuitive situation.
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