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ABSTRACT: The four-coordinate iron(II) phosphorani-
minato complex PhB(MesIm)3Fe-NdPPh3 undergoes an
S = 0 to S = 2 spin transition with TC = 81 K, as determined
by variable-temperature magnetic measurements and M€oss-
bauer spectroscopy. Variable-temperature single-crystal X-ray
diffraction revealed that the S = 0 to S = 2 transition is
associated with an increase in the Fe-C and Fe-N bond
distances and a decrease in the N-P bond distance. These
structural changes have been interpreted in terms of elec-
tronic structure theory.

Spin-crossover complexes are characterized by the ability of a
transition-metal center to undergo a change in electronic

configuration in response to an external input such as heat, light,
pressure, or changes in magnetic field.1 Since the molecular
bistability of spin-crossover molecules is associated with a lack of
fatigue, there is considerable interest for applications such as
sensors and digital memory.2

Spin crossover is typically observed in first-row transition-
metal complexes having d4-d7 electron counts. The largest
group of spin-crossover complexes consists of mononuclear
iron(II) complexes with an FeN6 coordination environment.3

In these complexes, the S = 0 (t2g
6) to S = 2 (t2g

4eg
2) transition

is generally accompanied by an increase of ∼0.1 Å in the Fe-N
bond lengths. While a small number of higher-coordinate spin-
crossover complexes are known, lower-coordinate iron(II) com-
plexes almost invariably assume a high-spin electronic
configuration.4 Indeed, reports of spin crossover in complexes
with coordination numbers lower than 4 are very rare.4-6

We report herein the first example of a four-coordinate
iron(II) complex that undergoes spin crossover.7 The transition
from S = 0 to S = 2 has been characterized by dc magnetic
susceptibility measurements and M€ossbauer spectroscopy. In
addition, variable-temperature single-crystal X-ray diffraction has
provided insights into the structural changes associated with the
spin transition. Moreover, the electronic structures of the two
spin states have been determined by density functional theory
(DFT). Finally, both the tris(carbene)borate and phosphorani-
minato ligands lend themselves to facile synthetic modification,
thus highlighting the potential of this system for tunable spin-
crossover behavior.

Reaction of the iron(IV) nitrido complex PhB(MesIm)3-
FetN8 with PPh3 resulted in the formation of yellow-green

PhB(MesIm)3Fe-NdPPh3 (1) in high yield (Figure 1), similar
to our previous report on the synthesis of PhB(tBuIm)3Fe-
NdPPh3.

9 The complex was structurally characterized at multi-
ple temperatures (see below). In solution at ambient tempera-
ture, 1 has a high-spin electronic configuration (S = 2) char-
acterized by a paramagnetically shifted 1H NMR spectrum and a
solution magnetic moment [5.2(3)μB].

The solid-state magnetic behavior of 1 was probed by
variable-temperature dc susceptibility measurements on a
polycrystalline sample under an applied field of 1 T. As shown
in Figure 2, χMT = 3.63 cm3

3mol/K at 300 K, consistent with
an S = 2 state with g = 2.2. There was little change in χMT as the
temperature was decreased to 150 K, at which point χMT

Figure 1. PhB(MesIm)3Fe-NdPPh3 (1).

Figure 2. Variable-temperature dc susceptibility data collected for 1
while warming (red) and cooling (blue) under an applied field of 1 T.
The solid black line corresponds to fits to the data, as described in
the text.
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started to gradually decrease before dropping precipitously at
81 K. From 50 to 10 K, χMT decreased slightly (from 10 to 50
K, the average value of χMTwas 0.42 cm3

3mol/K), and this was
followed by a rapid decrease below 10 K, likely due to Zeeman
and zero-field splitting. The χMT curve was essentially identical
when the temperature was increased from 2 to 300 K, and
notably, no hysteresis was evident at the applied sweep
rates.

The precipitous drop in χMT at 81 K is indicative of a
transition from a thermally excited high-spin S = 2 state at high
temperature to a low-spin S = 0 ground state at low temperature.

The average χMT value of 0.42 cm3
3mol/K below 50 K corres-

ponds to 12% of the sample retaining a high-spin configuration at
low temperature. Modeling the χMT data according to a Boltz-
mann distribution of spin states provided the values ΔH =
1190 cm-1 and TC = 81 K.10-12 In addition, independently
modeling the data below 20 K using MAGPACK13 provided an
axial zero-field splitting parameter of |D| = 5(2) cm-1.12

The spin-state changes were confirmed by variable-tempera-
ture zero-fieldM€ossbauer spectroscopy (Figure 3). At 7 K, a solid
sample of 1 showed one major quadrupole doublet with an
isomer shift of δ =-0.03(1) mm/s and a quadrupole splitting of
ΔEQ = 1.28(1) mm/s (93%). In addition, a minor feature that
integrated to∼7%was observed as a shoulder on the high-energy
flank of the main doublet. This latter signal grew in as
the temperature was increased from 7 to 40, 50, and 60 K.
At 78 K, two sharp, equally intense quadrupole doublets with
δ=-0.03(1)mm/s,ΔEQ=1.25(1)mm/s andδ= 0.55(1)mm/s,
ΔEQ = 1.17(1) mm/s were observed. This latter doublet
continued to grow in as the temperature was gradually increased
to 90, 100, and 150 K, where the spectrum showed one doublet
only [δ = 0.53(1) mm/s, ΔEQ = 1.05(1) mm/s], characteristic
of a high-spin Fe(II) [PhB(MesIm)3FeX] species (Figure 4).
In agreement with the dc susceptibility data, this doublet has
been assigned to the high-spin state of 1, with M€ossbauer
parameters of δ = 0.44(1) mm/s and ΔEQ = 0.78(1) mm/s
at 300 K.

The structural variation associated with the spin-state change
was established by X-ray crystallography (Figure 5). The solid-
state structure of 1 at 150 K, where the high-spin state is fully
populated, shows metrical parameters similar to those of other
tris(carbene)borate iron(II) complexes. For example, the Fe-C
bond lengths [average 2.085(2) Å] are similar to those in the
related iron(II) complex PhB(MesIm)3FeCl.

8 It is notable that
the Fe-N bond in 1 is slightly shorter than that in the closely
related high-spin complex PhB(tBuIm)3Fe-NdPPh3,

9 while
the N-P bond is slightly longer. This difference is presumably
a consequence of the different steric properties of the two
tris(carbene)borate ligands.

The solid-state structure of 1 was also determined at 30 K,
wheremostly the low-spin S = 0 ground state is populated. At this
temperature, the Fe-C bond lengths are over 0.1 Å shorter than
in the high-temperature structure. In addition, there is a smaller
but significant reduction in the Fe-N bond length (0.05 Å)
along with a less pronounced lengthening of the N-P bond

Figure 3. Variable-temperature, zero-field M€ossbauer spectra of 1.

Figure 4. Isomer shifts as a function of oxidation state for iron
tris(carbene)borate complexes PhB(RIm)3FeX (R = tBu, Mes). For
details, see the Supporting Information.19
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(0.03 Å). While the Fe-N-P bond angle is greater at 30 K, the
possibility that solid-state packing forces are responsible for this
change cannot be discounted.14

The observed structural changes can be understood in terms
of an orbital correlation diagram (Figure 6A). In idealized C3v

symmetry, the metal d orbitals of 1 transform as 1a1þ 2e, similar
to the case of other pseudotetrahedral complexes. The a1 and e(a)
sets of orbitals are nonbonding, while the e(b) orbitals have σ*
interactions with the supporting tris(carbene)borate ligand and
π* interactions with the axial phosphoraniminato ligand. The
strongly donating tris(carbene)borate ligand destabilizes the e(b)
orbitals, resulting in a relatively large energy gap between them
and the a1 orbital.

15,16 The S = 0 to S = 2 spin transition therefore
transfers two electrons from nonbonding to antibonding orbitals,
resulting in longer Fe-C and Fe-N bonds. The dissimilar
antibonding interactions result in greater elongation of the Fe-C
bonds (σ*) than of the Fe-N bond (π*). We note that the low-

spin state is related to the four-coordinate tris(phosphino)borate
iron(II) imido complex [PhB(CH2PPh2)3FetNAd]-, which
also has an S = 0 ground state.17

The results of electronic structure calculations are consistent
with the qualitative orbital picture. Geometry optimization of the
two spin states using DFT methods [BPW91/6-31G(d)//6-
311G(d,f)] provided structures in reasonable agreement with the
crystallographic data.12,18 Importantly, the calculations repro-
duced the observed structural changes, with the longer Fe-N
and Fe-C bonds in the high-spin state and a longer N-P bond
in the low-spin state. Furthermore, the nature of the frontier
orbitals agreed with the qualitative MO description. Thus, for
S = 0, the HOMO has a1 symmetry (Figure 6 B), while for S = 2,
the HOMO has e symmetry (Figure 6 C). An additional insight
from these calculations is that the shorter P-N bond length in
the high-spin state is due to the P-N π-bonding contribution to
the e(b) orbitals.

In summary, we have characterized the first example of spin
crossover in a four-coordinate iron(II) complex. A combination
of SQUID magnetometry, M€ossbauer spectroscopy, X-ray crys-
tallography, and electronic structure theory has provided un-
ambiguous evidence for a metal-based spin transition with
TC = 81 K. It is likely that the robust tris(carbene)borate ligand
platform will stabilize other iron(II) spin-crossover complexes
that can be accessed by substitutions of the axial ligand. More-
over, the electronic structure predicts that the spin-crossover
temperature can be modulated by changes to the π-acceptor
properties of the axial ligand. Studies to investigate these hypo-
theses are underway.
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