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Two-coordinate complexes of open-shell transition metal ions
(i.e., those with d'—d°® configurations) often exhibit fascinating
reaction chemistry and physical properties.” A notable representative
of this class is the iron(Il) tris(trimethylsilyl)methyl complex
Fe[C(SiMe3)s],.2? Neglecting spin orbit splitting effects, this high-
spin d° complex has a degenerate >A, ground state in which three
electrons occupy the (de-y2, dy,) pair of orbitals. Although such
degeneracies normally are lifted by Jahn—Teller distortions,* the
linearity of the two-coordinate Fel center leaves the degeneracy
intact to first order. A fascinating consequence of this retention of
local D.,, symmetry is that the magnetic moment of 6.8 & 0.2 up
corresponds to the (g2/(J + 1))'? = 6.71 ug value characteristic
of the free ion, rather than the (g%S(S + 1)) = 4.90 ug spin-only
value.’ Furthermore, the zero-field Mossbauer spectrum of Fe[C-
(SiMe;)3], at 4.2 K exhibits an internal field (H;,) of 152 T. This
value, which is far larger than that for any other iron complex,
corresponds to an orbital field contribution (H) of ~+204 T.

A few other two-coordinate iron(Il) compounds have been
described,®” ' but most of these have L—Fe—L angles that deviate
significantly from 180° owing to long-range interactions between
the iron center and remote substituents on the ligands. These remote
interactions increase the effective coordination number.'”

We have recently prepared a remarkable new example of an
iron(Il) compound, the di(zert-butyl)amide complex Fe[N(z-Bu)],,
1.'° This is the first open-shell transition metal complex of this
amide ligand.'”"'® The crystal structure of 1 shows that it is a two-
coordinate monomer with Fe—N = 1.880(2) A (Figure 1). Unlike
most other iron amido compounds, the N—Fe—N angle of 179.45(8)°
is almost exactly linear and there are no significant Fe+++C contacts.
The NR; planes describe a dihedral angle of 80.5(1)°, and the near-
orthogonality may be favored both sterically and electronically: in
this geometry, one amide ligand can serve as a sr-donor into the
d,. orbital and the other into the d,.. The strongly electron-donating
tert-butyl substituents enhance the z-donation, and as a result the
Fe—N distance in 1 is the shortest of all of iron(II) amides, despite
the large size of the ligands."”

The zero-field cooled, near-zero-field AC susceptibility data for
1 show that the effective magnetic moment (i) at 25 °C is 5.55
up, which is larger than the spin only value of 4.90 up for a high
spin Fe!! (§ = 2) species. Field cooled DC susceptibility measure-
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Figure 1. Molecular structure of Fe[N(#-Bu),],, 1. The 30% probability
density surfaces are shown; hydrogen atoms are omitted.

ments indicate that there is significant but probably not complete
field induced alignment along g...x. The large magnetic moments
clearly confirm the presence of significant unquenched (first order)
orbital magnetism.20 At temperatures below 40 K, u.r decreases
owing to depopulation of spin—orbit states.?' The shape of the
susceptibility curve is consistent with a Stevens orbital reduction
factor k that is close to 1, as expected for a high-spin ferrous ion
with this ligand set.?'**> Magnetization measurements show that 1
is not saturated even for an H, as large as 5 T at 1.8 K (supporting
Figures S1 and S2).

The Mdssbauer spectrum of 1 in zero field is broad owing to
paramagnetic relaxation,”® and there is no evidence of resolved
nuclear Zeeman splitting even at 1.3 K (supporting Figure S3). Most
likely, the intermolecular Fe -+ Fe distances, ~7.4 A for 1, are short
enough to promote spin—spin relaxation even at low temperatures.**
Applying a field Hy of only 0.075 T slows relaxation sufficiently
to reveal the outer components of a hyperfine sextet. Remarkably,
the splitting corresponds to an extremely large internal hyperfine
field, Hi, ~105 T (Figure 2). At a larger applied field of 9 T, all
six components of the hyperfine sextet are clearly seen, and H;,, +
H, increases to ~113 T, confirming that Hy, > 0. If one neglects
the dipolar contribution (Hy) to Hiy, this value corresponds to an
orbital contribution (Hy) of +155 T.

Among all known iron compounds, the remarkably large internal
hyperfine field in 1 is ~20 T larger than those recently found for
certain three coordinate high-spin iron(Il) systems>* and is exceeded
only by that in the linear iron alkyl Fe[C(SiMes)s],.” The nonzero
intensities of the AM; = 0 transitions (components 2 and 5 of the
sextet) show that the internal hyperfine field of 1 is not fully
polarized parallel to the direction of H, and the gamma ray, even
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Figure 2. Longitudinal applied field Mossbauer spectra of 1 at 4.2 K with
the applied field, Hy, varying from 0.05 to 9 T. The vertical lines at right
help show the increase in the hyperfine splitting at higher H.

for Hy as large as 9 T. There is apparently a competition between
H, and a large local anisotropy that prevents the intensities of the
AM, = 0 transitions from approaching zero, even for large applied
fields. The presence of shoulders on transitions 1 and 6 at Hy = 9
T suggests that both the up and down electron Zeeman states of
the ground spin—orbit level are populated.

The ~50 T difference in H;, between 1 and Fe[C(SiMes)s], at Hy
~( is most likely due to a smaller orbital contribution (Hy) to the
internal hyperfine field in 1, consistent with significant spin—orbit state
mixing enabled by its lower symmetry. The lower electronic symmetry
of 1 relative to that of Fe[C(SiMes)s], is also suggested by its X-band
EPR spectrum, which is relatively easy to observe, particularly in the
parallel detection mode. The resonance at g = 10.34 (suppomng
Figure S4) is typical of an integral spin, non-Kramers, ferrous species
with a quasi degenerate spin—orbit doublet ground state. A simulation
of the EPR spectrum shows that g, is ~2.4 and the ground-state
splitting A is ~0.1 cm™'>* In contrast, for Fe[C(SiMes)s], the
rigorously degenerate M; = =+ 4 ground state and the absence of
significant spin—orbit level mixing in D;, symmetry lead to it being
EPR silent®® and to the ready observation of hyperfine splitting in the
Mossbauer spectrum at Hy = 0.

We have carried out first principles electronic structure calcula-
tions for 1 as well as the model compounds Fe[NH,], and
Fe[NMe], in their quintet states (S = 2). The Fe—N length of 1.90
A calculated for 1 closely matches the 1.88 A value found
experimentally. The potential energy of 1, calculated as a function
of the dihedral angle 6 between the two C—N—C ligand planes,
shows a minimum near @ = 77° (supporting Figure S5), which is
likewise reasonably close to the experimental value 80.5°. The
potential well is shallow, so that the intermolecular interactions in
the crystal, though weak, could influence the exact value of 6.

The local z-axis for the D,, structure of Fe[NR»], (R = H, Me)
lies along the N—Fe—N axis. From the one-electron point of view,
the lowest energy d-orbitals of Fe[NR,], are the (xy, x>—y?) pair,
which are accidentally degenerate because, due to their d symmetry,
they do not interact with the orbitals of the NR, fragments. The xz
and yz levels, which are rigorously degenerate, are s* orbitals,
whereas 72 is a o orbital. The Fe 3d2 orbital is strongly hybridized
with the Fe'! 4s orbital, thereby reducing the antibonding nature of
this level; similar behavior is seen for gas phase FeCl,.%° The orbital
orderings of the o and S spin d-orbitals in the ground state of 1
are as follows:

(xy, x* —y)) <z*<(xz, y2) (HOMO) for the alpha spins

xy (HOMO) <z* < (xz, yz) <x” — y for the beta spins
Hence, in the rigid orbital (i.e., spin-restricted) approximation, the
high-spin Fe'' (d°) ion in D,; Fe[NR;], has the electron configuration
(xy, ¥ — ¥»*(@)'(xz, y2)>. The two lowest-energy quintet states of

Fe[NR;],, in which the beta-spin HOMO is either the xy or the x> —
y? orbital, differ in energy by 0.02, 0.29, and 2.08 kcal mol ! for R =
H, Me, and #-Bu, respectively. Thus, these two quintet states are in
fact nearly degenerate, consistent with the experimental results above.
The nonorthogonal (~81°) dihedral angle between the ligand planes
of 1 lowers the molecular symmetry from D,, to D, and further breaks
the degeneracy, albeit weakly so. Lowering of the symmetry even
further to G, or C; via bending, which in principle could occur by
action of higher order vibronic terms (Renner—Teller effect),* does
not lead to an energy lowering as judged from the DFT calculations.
The excited states that would mix into the ground state upon bending
are high in energy, so that for 1 the driving force for bending is too
small to overcome the increased steric strain that would be generated.

In summary, we have described an usual two-coordinate iron(II)
amide 1 that retains a linear N—Fe—N framework. The resulting
near-degenerate ground state gives rise to a large magnetic moment
and a remarkably large internal hyperfine field. Extraordinary orbital
magnetic effects can arise in linear transition metal complexes in
which orbital degeneracies are not broken by Jahn—Teller or
Renner—Teller distortions.
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