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Nitrido ligands are important species in the activation of Nj by
transition metal complexes. For example, molybdenum nitrides are
produced by the reductive cleavage of N,' and are also implicated
in the catalytic reduction of N, to NH3.? Nitrido ligands also find
application in nitrogen atom transfer reactions,” the most notable
of which utilize N, as the nitrogen atom source.* Finally, nitrido
complexes may also serve as precursors to C=C and C=N
metathesis catalysts.’

Iron nitrido complexes are of interest due to their relevance as
potential models for nitrogen fixation by the nitrogenase metal-
loenzyme.® The reactivity of iron nitrido complexes is also of
fundamental interest. Late metal nitrido complexes often display
electrophilic reactivity,”® in contrast to the nucleophilic behavior
of nitrido ligands in early to mid-transition metal complexes.’

Few iron complexes containing terminal nitrido ligands have been
reported. Octahedral iron(V) and iron(VI) nitridos supported by
heme and non-heme ligands can be prepared in frozen matrices by
photolysis of precursor azido complexes.”'® Iron(IV) nitrido
complexes supported by tris(phosphino)borate ligands can be
generated in solution at room temperature, although they cannot
be isolated.'"'? The crystallographic characterization of
[(TIMEN®)Fe=N]" iron(IV) nitrido complexes, which are sup-
ported by bulky and flexible tris(carbene)amine ligands, has recently
been reported.'?

In this contribution, we report the synthesis and characterization
of an iron nitrido complex supported by the phenyltris(1-tert-
butylimidazol-2-ylidene)borate (L™®"") ligand. Structural and spec-
troscopic characterization of this complex has allowed us to
determine its detailed electronic structure. The electrophilic char-
acter of the nitrido ligand has been characterized through its
reactivity with triarylphosphines.

The four-coordinate iron(I) chloride complex L™®“FeCl is
prepared from “PhB(‘Bulm); "~ and FeCly(THF); 5, similarly to the
synthesis of L'®*CoCl."* Reaction of this complex with NaNs leads
to the formation of a new complex that has been formulated as
L®"Fe—N=N=N on the basis of its '"H NMR and IR spectra
(VN=n=x = 2081 cm™"). Irradiation of this colorless complex results
in quantitative formation of the orange-red nitrido complex
L®"Fe=N (1). This complex can also be prepared in a one-pot
reaction by photolyzing a mixture of L"®FeCl and NaNj in a quartz
reaction vessel (Scheme 1).

The iron nitrido complex 1 has been characterized in the solid
state by X-ray crystallography of crystals grown from acetonitrile
(Figure 1). The complex adopts a pseudo-tetrahedral structure, with
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Scheme 1. Synthesis of 1
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the nitrido ligand on the molecular threefold axis (B(1)—Fe(1)—N(1)
angle = 178.57(6)°). The Fe—N bond of 1.512(1) A is shorter than
the Fe—N distances reported for the [(TIMEN®)Fe=N]" complexes
(1.526(2) and 1.527(3) A)."* The Fe—N bond is 0.1 A shorter than
the Fe—N bond in our recently reported tris(carbene)borate iron(IV)
imido complex.'® Despite the apparent similarity of 1 and the
tris(carbene)amine iron nitrido complexes, there are some significant
structural differences. The [(TIMEN®)Fe=N]" complexes have C;
symmetry with the iron atom ca. 0.4 A out of the plane defined by
the three carbene carbon atoms. In the case of C;, symmetric 1,
the iron atom lies ca. 1 A out of the plane defined by the three
carbon atoms of the tris(carbene)borate ligand.

The NMR spectral data of 1 are consistent with the solid state
structure and similar to related iron(IV) nitrido complexes."''*'* Six
signals are observed in the diamagnetic '"H NMR spectrum,
consistent with threefold symmetry in solution. The nitrido ligand
was detected at 0 1019 ppm in the "N NMR spectrum of an
isotopically enriched sample, which is similar to that observed for
other iron(IV) nitrido complexes.''"'?

The electronic absorption spectrum of 1 (Figure 2) in diethyl
ether displays three distinct absorption maxima at 20 921 ¢cm ™'
(band 1; € = 1230 M ' ecm™ '), 30 864 cm ™' (band 2; € = 7292
M 'em "), and 37 736 cm™ ! (band 3; € = 8708 M~ ' cm ™ '). The
extinction coefficient for band 1 is at the upper limit of that

Figure 1. X-ray crystal structure of 1 with thermal ellipsoids at 50%
probability. Selected bond lengths (A) and angles (°): Fe(1)—N(1) 1.512(1);
Fe—C(17) 1.915(1);Fe—C(3) 1.928(1); Fe—C(10) 1.928(1); C(17)—Fe-C(3)
96.35(5); C(17)—Fe-C(10) 97.90(5); C(3)—Fe-C(10) 94.44(5).
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Figure 2. Solution electronic absorption spectrum of 1 in diethyl ether.
Inset: Isotope edited solid state resonance Raman spectrum of 1 in NaCl.
The 'N—"4N difference spectrum was obtained by spectral subtraction to
yield the best flat baseline from 900 to 1100 cm ™. Positive features derive
from the '°N spectrum, and negative features from the '*N spectrum.

anticipated for a ligand field transition in the non-centrosymmetric
ligand field of 1. Ligand field theory arguments coupled with the
results of bonding calculations'® strongly suggest a deay*, da1®, de)”
electronic configuration for 1 in C3, symmetry. Thus, four spin-
allowed ligand field transitions are predicted from the 'A; ground
state. The lowest energy transition is the xy-polarized ' A;—'E which
derives from a e,y —a; one-electron promotion. Although this
(ew—a1) 'A;—"E transition is dipole-allowed, it is overlap forbid-
den, and the intensity is predicted to be very weak due to the small
ligand—ligand term in the expansion of the transition dipole moment
integral.'” This is confirmed by TDDFT calculations that also
predict this transition to possess a very small oscillator strength (e
~12M " em™"). The ey—ew) one-electron promotion yields 'A;,
'A,, and 'E excited states, and the z-polarized 'A;—'A| transition
is predicted to possess the highest oscillator strength. Therefore,
band 1 is assigned as the 'A;—'A; LF transition (e —ew one
electron promotion). Both the intensity and higher energy of band
2 support a charge transfer assignment for this transition. This,
coupled with the capability of the L™®" carbene ligand fragments
to act as sr-acceptors, indicates that band 2 is most likely a MLCT
transition (Fe de,) — carbene 7%), and this is supported by our
TDDFT calculations. Band 3 is more complex and comprises
multiple transitions with the intensity likely arising from dominant
Fe d., — carbene charge transfer character.

Inspection of the e, isodensity surfaces (Figure 3) and analysis
of the overlap populations'® indicate that the Fe=N interaction is
antibonding while the Fe—Cubene interaction is weakly bonding in
the ep) MO. Since e, is essentially Fe—Cypene Nonbonding, we
can predict that one-electron promotions from e to e should
result in appreciable distortions along totally symmetric Fe=N and
Fe—C; vibrational modes. Upon excitation into band 1, low-
frequency Raman bands at 328, 398, 448, and 536 cm™ ! are
resonantly enhanced and assignable as totally symmetric Fe(C3N3B)
core vibrations. Interestingly, these subtract out completely in the
isotope-edited spectra, indicating that these totally symmetric core
modes are not coupled or mixed with the Fe=N stretch. Additional
support for the lack of mode mixing between “in-plane” Fe—Cj
modes and the “out-of-plane” Fe='*N stretch derives from the
observed shift in the Fe=N stretch upon isotopic substitution (Figure
2, inset); the 1028 cm™' Fe='*N stretch shifts to 999 cm™' upon
I5SN substitution (Av = 28 cm™ ! for diatomic Fe=N).

The unusual nature of the Fe a; orbital has been previously
noted.'>'® This orbital is calculated to lie at a lower energy than
the ey, orbital set despite an anticipated strong Fe(d.2)—N(p,)
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Figure 3. (A) Isodensity surfaces for the five Fe 3d-based molecular orbitals
of e), a1, and ey symmetry (0.04 cutoff). The view is looking down the
N=Fe bond (C3 axis). (B) Alternative views of the a; orbital at different
isodensity values (0.04, left; 0.06, right). (C) Diagram indicating how virtual
Fe 4s and 4p, orbitals of a; symmetry might stabilize the Fe 3d2 a; orbital.

antibonding interaction. Here, we present two key factors that may
account for the low energy of this a; orbital. The first is directly
related to the N—Fe—C bond angle which places the Fe—C bond
very close to the Fe(d;2) nodal plane, significantly reducing Fe—C
o-type interactions with the Fe(d2) orbital. Thus, the primary ligand
interaction with Fe(d,2) involves only the terminal nitrido. Interest-
ingly, the overlap population analysis'® for 1 indicates that the a,
Fe(d2)—N(p,) interaction possesses a reduced net overlap. For this
to be true, the equatorial (—) component of the Fe(d,2) orbital must
have considerable positive overlap with the (—) N(p,) lobe while
the axial (+) lobe of the Fe(d,2) orbital must have reduced negative
overlap with the (—) N(p,) lobe (Figure 3B). This could occur upon
formation of a dsp hybrid orbital from Fe s, p,, and d. orbitals.
Here, admixed s orbital character would increase the radial
distribution of the equatorial (—) component of the Fe(d,2) orbital,
while a properly phased Fe 4p. orbital mixing would reduce the
axial lobe in the direction of the nitrido ligand and increase the
axial lobe opposite the Fe=N bond (Figure 3B). Evidence for Fe
(3d,2)—(4p,) configurational mixing (Figure 3C) derives from the
very intense pre-edge transition in the Fe K-edge spectrum of a
related C3, Fe nitrido complex.'? A key manifestation of this strong
Fe (3d;2)—(4p,) configurational mixing is the stabilization of the
Fe a, orbital of 3d parentage. This is important since symmetry
and steric constraints dictate that the Fe 3d.2 orbital is the acceptor
orbital in two-electron atom transfer reactions with PRs-type
nucleophiles. Thus, configurational mixing in 1 allows for stabiliza-
tion of the Fe 3d orbital, and this is expected to facilitate reactions
with nucleophiles.

Our understanding of the electronic structure of 1 has prompted
us to investigate the reactivity of the iron nitrido group toward
phosphines. We find that 1 reacts slowly with triphenylphosphine
to form the orange phosphiniminato complex L™®"Fe—N=PPh; (2)
in high yield. This complex has also been crystallographically
characterized (Figure 4).2° The Fe(1)—N(1) bond length (1.894(2)
A) is significantly longer than that in 1 and similar to Fe—N bond
lengths observed in low coordinate iron amido complexes.?' The
very short P(1)=N(1) bond (1.527(2) A), which is shorter than that
in (PhsPNLi)¢(THF)s,?? is consistent with its formulation as a double
bond.?> The Fe—C bond lengths increase by ca. 0.2 A from 1,
causing the iron atom to be further out of the plane defined by the
carbene carbons (ca. 1.2 A). In solution, 2 displays a paramagneti-
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Figure 4. X-ray crystal structure of 2. One of two molecules in the
asymmetric unit shown. Thermal ellipsoids at 50% probability, most of the
tris(carbene)borate ligand, hydrogen atoms, and solvent molecules are
omitted for clarity. Selected bond lengths (A) and angles (°): Fe(1)—N(1)
1.894(2); Fe—C(111) 2.102(2); Fe(1)—C(121) 2.137(2); Fe(1)—C(131)
2.151(2);N(1)—P(1) 1.527(2),C(111)—Fe(1)—C(121)87.76(8); C(111)—Fe(1)—C(131)
92.83(8); C(121)—Fe(1)—C(131) 87.85(8) Fe(1)~N(1)—P(1) 167.8(1). Inset:
Spectral evolution of the reaction between 1 (initial concentration = 0.57
mM) and PPhs (0.40 M) in THF at 299 K. Traces are shown at 10 min
intervals.

cally shifted "H NMR spectrum that is consistent with 2 having
threefold symmetry in solution. The room-temperature solution
magnetic moment of 2 is 5.0(3) BM; consistent with an § = 2
iron(Il) species. The reaction of 1 and PPhs, which involves attack
of PPh; on the electrophilic nitrido ligand, can be described as
nitrogen atom transfer from iron to the phosphine.®*

A tight isosbestic point is observed when the reaction of 1 with
PPh; is monitored by UV—vis spectroscopy (Figure 4, inset).
Measuring the rate of reaction under pseudo-first-order conditions
reveals first-order behavior for both 1 and PPhj, corresponding to
the rate law, rate = k,[1][PPhs]. The second-order rate constant at
299 K is k, = (4.0 £ 0.2) x 107* M~!' s7'. Analysis of the
temperature dependence of the rate constant gives activation
parameters for this reaction of AH* = 13.7 £ 0.1 kcal/mol and
AS* = =30 £ 1 e.u. (284—329 K). Nitrogen atom transfer from
iron to phosphorus therefore occurs by an associative mechanism.**
The kinetic results are consistent with a reaction mechanism
involving nucleophilic attack of triphenylphosphine (HOMO) at the
electrophilic nitrido ligand of 1 (a; LUMO) and provides support
for the electronic structure described above.

In summary, we have isolated and structurally characterized a
terminal iron nitrido complex 1 supported by a bulky tris(car-
bene)borate ligand. The electronic structure of 1 reveals that the a;
LUMO (formerly Fe(d?)) is stabilized by spd mixing, and this
unusual bonding interaction results in a nitrido ligand that has
electrophilic character. Finally, this bonding description is supported
by the reaction of 1 with PPhs, which results in nitrogen atom
transfer the phosphine, leading to 2.
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