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Low-spin 1,10-diphosphametallocenates of
chromium and iron†
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We report two anionic diphosphametallocenates, [K(2.2.2-crypt)]-

[M(PC4Me4)2] (M = Cr, 2-Cr; Fe, 2-Fe). Both are low-spin (S = 1
2) by EPR

spectroscopy and SQUID magnetometry. This contrasts the high-spin

(S = 3
2
) ferrocenate, [K(2.2.2-crypt)][Fe(C5H2-1,2,4-tBu)2] (4-Fe). Quantum

chemical calculations suggest this is due to significant differences in

ligand field splitting of the d-orbitals which also explain structural

features in the 2-M complexes.

The chemistry and electronic structure of transition metal (TM)
metallocenes1,2 has fascinated chemists since the discovery of
ferrocene, [Fe(Cp)2] (FcH, Cp = cyclopentadienyl, {C5H5}).3

Oxidation of FcH leads to the ferrocenium cation, [Fe(Cp)2]+

(FcH+),4 which finds use in organic synthesis,5 while the FcH+/0

couple serves as an electrochemical standard.6 ‘‘Hetero-
metallocenes’’ are related complexes that feature heterocycles in
lieu of Cp ligands (e.g. Z5-pyrrolides, {NC4R4}�; Z5-stannolides
{SbC4R4}�; poly-phospholides {PnC5�nR5�n}� etc.).7 The exchange
of C atoms for heteroatoms can lead to drastic changes in
reactivity.1,2 For example, ferrocene undergoes deprotonation by
alkyl-lithium reagents,8,9 but 1,10-diphosphaferrocenes undergo
nucleophilic attack at the P atom.10,11

The oxidation of TM metallocenes to metallocenium cations
is a defining feature of their chemistry, with examples across the
first row transition metals (V–Ni).1,12 The corresponding reduc-
tive chemistry is underdeveloped outside of electrochemical
studies.13 Exceptions include the synthesis of [Mn(Cp*)2]�

salts,14 the reduction of [Co{Z5-C9H5-1,3-(SiMe3)2}2] to a formally

anionic ‘‘cobaltate’’,15 and an anionic iron bis-stannolide.7c

Some of us have recently described the chemical reduction of
[M(Cpttt)2] (3-M; M = Mn, Fe, Co; Cpttt = {C5H2-1,2,4-tBu}) to
[K(2.2.2-crypt)][M(Cpttt)2] (4-M; M = Mn, Fe, Co) giving an 18,
19 and 20 valence electron (VE) series,16 similar to the 17, 18, 19
VE series of [Fe(CpR)(arene)]2+/+/0 complexes.17

The synthesis of 3d metallocene anions could open up the
possibility of using them as nucleophiles like ‘‘A[Re(Cp)2]’’
(A = Li,18 K19). While the [Mn(Cp*)2]� anion is temperature
stable,14c,a analogous [FcH]� and [Fe(Cp*)2]� anions are not easily
accessed chemically;13b and 4-M complexes are extremely tempera-
ture sensitive.16 We sought ligands that would impart greater
stability to the anionic species. Reports of [M(PC4RnH4�n)2] for a
range of metals include the Fe/Ru/Os triad,7d,20 and many exhibit
facile redox chemistry.21 For example, [M(TMP)2] (M = Cr, 1-Cr;22 Fe,
1-Fe;23 TMP = {PC4Me4}) have M+/0 couples (vs. FcH+/0: M = Cr,
�0.77 V;24 Fe, 0.06 V), and M0/� (vs. FcH+/0: M = Cr, �2.4 V; Fe,
�3.02 V) at less cathodic potentials than 3-M.16 Here we report the
synthesis of 1,10-diphosphametallocenates, [K(2.2.2-crypt)][M(TMP)2]
(M = Cr, 2-Cr; Fe, 2-Fe), by low-temperature reduction of 1-M by KC8

in the presence of 2.2.2-cryptand (Scheme 1).
Precursor 1-M (M = Cr, Fe) were synthesized from MCl2 and

base-free KTMP by modification of literature procedures.21b,23b

During the course of this work we have also structurally
characterized [Zr(Cp)2(C4Me4)] (5) and Ph-TMP (6) for the first
time, which are precursors in the synthesis of KTMP (see ESI†).
Complexes 1-M were then reduced under conditions

Scheme 1 Synthesis of 2-M (M = Cr, Fe) from 1-M, KC8 and 2.2.2-
cryptand.
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established for the synthesis of low-valent metallocenes.16,25

Addition of solid KC8 to cooled (�35 1C) solutions of 1-M and
2.2.2-crypt in THF caused rapid color changes (from red to red-
brown, 2-Cr; or red to green-black, 2-Fe). Intensely colored crystals
of 2-Cr and 2-Fe were obtained upon workup (Fig. 1 and ESI†).

These specific Cr and Fe complexes (1-Cr and 1-Fe) were
chosen as they have established redox chemistry and thus
provided an ideal testbed for the comparison of spin-states in
reduced metallocenes.22,23 We were unable to synthesize 1-Mn
and 1-Co in order to furnish a redox series from Cr2+ (d4) to
Co1+ (d8). Reactions between Mn2+ halides and KTMP gave
intractable mixtures. For Co2+ we could isolate traces of impure
[Co(Z5-TMP)(m:Z1:Z1-TMP)]2 (7) (ESI†).

Salient structural parameters for 1-M are shown along with
those of 2-M in Table 1. Complexes 2-M (M = Cr, Fe) are
isomorphous, their ATR-FTIR spectra are superimposable,
and elemental analysis results were in excellent agreement with
prediction. The structures contain discrete [K(2.2.2-crypt)]
cations, and [M(TMP)2] anions. In 2-M the TMP-P atoms are
each situated opposite a b-carbon of the second ring, similar to
neutral [Fe(PC4H2-2,5-Me2)2].26 Upon reduction there is a small
decrease in M–P distances for Cr (D =�0.022(1) Å) but an increase
for Fe (D = +0.103(1) Å); and changes in the TMPcent� � �M distances
follow the same trend (Cr, D = �0.057 Å; Fe, D = +0.053 Å). The
TMPcent� � �Cr change between d4 1-Cr (1.795(1) Å) and d5 2-Cr
(avg. 1.738(1) Å) is similar to the Cp*cent� � �Mn change between d4

and d5 manganocenes.27 The TMPcent� � �Fe change between d6

1-Fe (1.660(1) Å) and d7 2-Fe (avg. 1.713(1) Å) is larger than the
increase from 3-Fe (avg. 1.715(2) Å) to 4-Fe (avg. 1.750(3) Å), likely
as the distances in 3-Fe are due to the bulky ligands rather than
electronic effects.16

The 1H, 13C{1H}, and 31P{1H} NMR spectra of 2-M were
largely uninformative (ESI†) due to paramagnetic broadening
and diamagnetic impurities which dominate the spectra. How-
ever, in the 1H NMR spectrum of 2-Fe we observed three broad
peaks (n1/2 o 17 Hz) in the range 3.37–3.30 ppm corresponding
to 2.2.2-crypt; a doublet at 2.19 ppm (3JHP = 10.29 Hz) and a
singlet at 1.94 ppm correspond to TMP ligand resonances.
Complex 2-Cr could be heated in THF solution (up to 50 1C)
and recrystallized with 480% recovery of material, whereas
THF solutions of 2-Fe show decomposition in the 1H NMR
spectrum over the course of an hour at room temperature. Data
for 1-M have been reported previously.

We have employed SQUID magnetometry to measure the
susceptibility of the open-shell complexes. 1-Cr and 2-Cr exhibit
wT (298 K) values of B1.24 and B0.38 emu K mol�1 (Fig. S34,
ESI†) which suggest S = 1 as previously reported,21b and
S = 1

2 respectively. The observed wT (298 K) value of 2-Fe
(B0.26 emu K mol�1) is less than the spin-only value for an
S = 1

2 system (0.375 emu K mol�1) (Fig. 2 and Fig. S35, ESI†),
which we attribute to some thermal decomposition of para-
magnetic 2-Fe to diamagnetic 1-Fe, as well as weighing errors
and diamagnetic corrections affecting this weakly para-
magnetic system. As magnetic measurements were inconclusive
for 2-Fe, we turned to high-field electron paramagnetic resonance
(EPR) spectroscopy to determine the ground state spin of 2-Cr
and 2-Fe. These measurements reveal spectra that are typical of
complexes where S = 1

2. The spectrum of 2-Cr is nearly axial with
g1 = 2.023(5), g2 = 1.993(5), and g3 = 1.985(5) (Fig. S32, ESI†); and
2-Fe exhibits a rhombic signal (Fig. 2b) with g1 = 2.033(5),
g2 = 1.999(5), and g3 = 1.943(5), which is similar to other low-
spin Fe1+ sandwich complexes.17

Fig. 1 Molecular structure of 2-Fe with selective atom labelling (C = grey,
P = purple, K = violet, Fe = orange, N = blue, O = red). Displacement
ellipsoids set at 50% probability level and H-atoms omitted for clarity.

Table 1 Selected structural parameters for 1-M and 2-M

1-Cr 2-Cr 1-Fe 2-Fe

P–M/Å 2.3812(4) 2.3596(8) 2.2932(4) 2.3842(8)
2.3595(7) 2.4078(7)

TMPcent� � �M/Å 1.795(1) 1.739(1) 1.660(1) 1.714(1)
1.737(1) 1.711(1)

PC2plane� � �C4plane/1 4.45(12) 3.57(2) 1.27(13) 6.58(2)
4.64(2) 8.73(2)

TMP-P2 twist angle/1 180 139.82(5) 180 146.35(5)

Fig. 2 (a) Temperature dependence of wT for 2-Fe; (b) experimental
(black) and simulated (red) EPR spectra of 2-Fe recorded at 118 GHz and
5 K. The spectrum is simulated with g1 = 2.033, g2 = 1.999, and g3 = 1.943.
Baseline features in the 2-Fe spectrum result from polycrystallinity.
A minor signal arising from an unidentified impurity at lower field is omitted
(see Fig. S28, ESI†); (c) experimental (black) and simulated (red) 57Fe
Mössbauer spectra of 1-Fe and 2-Fe. Simulations were generated for
1-Fe using d = 0.48(3), DEQ = 2.02(2) mm s�1, and for 2-Fe with
d = 0.65(4), DEQ = 1.28(4) mm s�1.
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57Fe Mössbauer spectroscopy was used to further investigate
the differences between 1-Fe and 2-Fe which display a single
quadrupole doublet in each spectrum (at 120 K, Fig. 2c). The
parameters for 1-Fe, 2-Fe, 3-Fe and 4-Fe are summarized in
Table 2. The more positive isomer shift (d) of 2-Fe suggests
that there is decreased s-orbital electron density at the Fe
nucleus compared to that in 1-Fe. The parameters of 1-Fe are
similar to those reported for derivatized ferrocenes.28 d for 2-Fe
(0.65(4) mm s�1) is slightly more positive than many characterized
Fe(I) complexes (B0.2 to B0.6 mm s�1),29 but in good agreement
with the low-spin 19 VE [Fe(CpR)(arene)] complexes,17,30 and in
contrast to high-spin 4-Fe (1.25 mm s�1).16 We also found excellent
agreement between the DFT calculated d and DEQ parameters and
the experimental data (Table 2) for both 1-Fe and 2-Fe. Data for
3-Fe and 4-Fe is shown for completeness.

To rationalize the structural features of 2-M with their
ground-state electronic structures, we have performed
CASSCF/NEVPT2 calculations (see ESI† for details). The ab
initio ligand field theory (AILFT) derived molecular orbital
(MO) diagrams for 1-M, 2-M, 3-Fe, and 4-Fe, are shown in
Fig. 3.16 The most striking observation is the significant differ-
ence in ligand field strength between 2-Fe and 4-Fe, which
results in a drastic difference between the energetic separation
of the dz2 and dxz/dyz orbitals and is responsible for the change
in spin-state of 2-Fe compared to 4-Fe. This can be rationalized
by comparing the Lcent� � �Fe distances (L = TMP, avg. 1.713(1) Å;
L = Cpttt, avg. 1.750(3) Å); the closer TMP ligand provides a
stronger ligand field than Cpttt, similar to the situation in high-
spin/low-spin manganocenes.31

By considering the MO diagram of a 1,10-diphosphame-
tallocene,32 which is similar to that of FcH, we can rationalize some
of the bond changes.33 In the MO scheme of D5d symmetric FcH the
LUMO is comprised of a doubly degenerate set of antibonding
orbitals with ligand e001 (for a D5h Cp ring) contributions that mix with
the dxz/dyz (e1g) orbitals. The LUMO of 1,10-diphosphametallocenes
is also comprised of metal dxz/dyz orbitals, along with a single ligand
HOMO (pP here, Fig. S36, ESI†) that approximates the Cp e001 MOs by
having a single nodal plane perpendicular to the ring plane, but has
significant contribution from the P-atom. The SOMO of 2-Fe is
principally dxz in character, and is anti-bonding with respect to pP

which explains the increased Fe–P and TMPcent� � �Fe distances.
Conversely, as the SOMO for 2-Cr is comprised of the non-
bonding dz2 orbital as it is in 1-Cr, the structural changes on
reduction are minimal. The slight shortening of TMPcent� � �Cr from

1-Cr to 2-Cr is related to the change in spin state from S = 1 to S = 1
2

which lowers the energy of the dx2�y2, dxy orbitals, increasing
covalency as in [Cr(Cp)2].34

We suggest that the removal of degeneracy in the ligand
HOMO orbitals for TMP vs. the equivalent orbitals in Cp lifts
the near-degeneracy between the dxz/dyz orbitals (as in 2-Fe
compared to 4-Fe); and furthermore, the large change in ligand
steric profile has drastically changed the separation between dz2

and the dxz/dyz orbitals. These combined effects have stabilized
the low-spin state in 2-Fe and should prove instructive towards
chemical control of the spin state in reduced metallocenes and
heterometallocenes for the 3d series. For example, by signifi-
cantly changing the gap between the dz2 and dxz/dyz orbitals in
4-Fe, a low-spin ferrocenate might be realized.

To summarize, we have demonstrated that octamethyl-1,1 0-
diphosphametallocenes for Cr and Fe can be reduced to afford
crystalline anionic complexes. Comparison of 2-Fe to authentic
formal Fe(I) complexes suggests that it also contains a formal
Fe(I). We targeted complexes that might be temperature stable;
while 2-Fe is somewhat thermally unstable, 2-Cr appears stable
indefinitely in the solid-state at room temperature. Both were
more amenable to characterization than 4-Fe which decom-
poses in the solid-state even at �35 1C.16 We have found that
both anionic species studied here exhibit low spin (S = 1

2)
ground states, in contrast to high-spin (S = 3

2) 4-Fe, and that
these results are well explained by changes in the ligand
frontier orbitals and M–TMP distances. This suggests that
synthetic control of the ground spin state of 3d metallocenates
is possible and that with judicious planning, it should be
possible to target desired high- or low-spin examples of this
family.

SMG acknowledges support from a Director’s Postdoctoral
Fellowship (20180759PRD4), and CAPG was sponsored by a

Table 2 Mössbauer parameters for 1-Fe to 4-Fe

1-Fe 2-Fe 3-Feb 4-Feb

d (mm s�1) Exp.: 0.48(3) 0.65(4) 0.66(2) 1.25(2)
Theorya: 0.50 0.66 0.64 1.09

DEQ (mm s�1) Exp.: 2.02(2) 1.28(4) 2.60(2) 1.23(2)
Theorya: 1.91 1.46 2.52 0.65

a Calculated with BP86 and Fe (CP(PPP)), C (def2-tzvp), H (def2-svp)
basis set combination. This gave the best agreement with previous
experimental results for complexes 3-Fe and 4-Fe. b From ref. 16.

Fig. 3 AILFT orbital energies for the frontier orbitals with principally
d-character for 1-M, 2-M, 3-Fe and 4-Fe.16 The indicated electronic
configuration corresponds to the dominant configuration of the CASSCF +
NEVPT2 calculated ground state, and all six complexes feature the same
orbital ordering (from low- to high-energy: dx2�y2, dxy, dz2, dxz, dyz). The
molecular z-axis was chosen to align approximately with the vector formed
by the metal and ligand ring-centroids. The SOMO orbital(s) of the reduced
anionic complexes has been indicated for 2-M and 4-Fe.
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