
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeewhan+Oh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shao-Liang+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kurtis+M.+Carsch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Trevor+P.+Latendresse"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Claire+E.+Casaday"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brandon+M.+Campbell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brandon+M.+Campbell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Theodore+A.+Betley"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.4c12588&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c12588?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c12588?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c12588?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c12588?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c12588?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jacsat/147/4?ref=pdf
https://pubs.acs.org/toc/jacsat/147/4?ref=pdf
https://pubs.acs.org/toc/jacsat/147/4?ref=pdf
https://pubs.acs.org/toc/jacsat/147/4?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c12588?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c12588?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c12588?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c12588?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.4c12588?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf


N bond order are possible in tetragonal ligand fields ( =S 1
2,

Figure 1e)2,4,12 or for lower valent states (i.e., FeIII, =S 1
2,

Figure 1f).10 Notably, these two examples do not exhibit
electrophilic reactivity toward nonpolar E−H (E = H, C, and
Si) substrates.

We sought to prepare a three-coordinate iron nitrido
supported by a sterically encumbered, bidentate dipyrrin
ligand to investigate the following: (i) Is a high-valent iron
nitrido accessible in a weak ligand field? (ii) What are the
distinct geometric and spectroscopic characteristics of iron
nitridos adopting different spin states? And (iii) can the weak
ligand field enhance the electrophilic reactivity of an iron
nitrido? Herein, we report the photolytic generation and
characterization of the ground state S = 1 FeIV(N). To our
knowledge, this complex is the first structurally characterized
iron(IV) nitrido exhibiting an open-shell electronic config-
uration. We describe the rich reactivity the Fe(N) displays with
both nucleophile and electrophile substrates (e.g., H2, C(sp3)−
H) and present a detailed investigation of its electronic
structure.

2. RESULTS
2.1. Preparation of (EmL)Fe(N3). To engender a weak ligand field

on a high-valent iron nitrido while preventing reductive coupling, we
pursued a dipyrrin ligand with sterically encumbered hydrindacene
(Em: 1,1,7,7-tetraethyl-1,2,3,5,6,7-hexahydro-3,3,5,5-tetramethyl-s-in-
dacene) substituents.32,33 Previous syntheses of iron nitrido
complexes utilized photolytic or thermal activation of iron azido
complexes,2,4−6,8−10,12,34,35 the thermal extrusion of anthracene from
iron 2,3:5,6-dibenzo-7-azabicylco[2.2.1]hepta-2,5-diene,3 protonolysis
of iron hydrazido,36 or the reductive cleavage of N2.

37,38 In an attempt
to access a terminal iron nitrido, the ferrous azido complex
(EmL)Fe(N3) was targeted. The previous generation of iron
dipyrrinato complexes resulted from addition of FeCl2 to the
deprotonated dipyrrin in various solvents.39−42 However, the
metalation of the lithium adduct (EmL)Li with a variety of ferrous
halide precursors employed in previously reported protocols led to
protodemetalation and did not cleanly yield the desired product
(EmL)FeCl. Rather, heating a THF solution of FeCl2(PMe3)2 and
(EmL)Cs (generated in situ by CsN(SiMe3)2 and the free base of the
ligand, EmLH)32 at 100 °C for 5 h resulted in generation of the three-
coordinate (EmL)FeCl (1), as determined by zero-field 57Fe
Mössbauer spectroscopy (MB) (Figure S3) and solid-state molecular
structure determination using single-crystal X-ray diffraction
(SCXRD) (Figure S91).

Anion metathesis of 1 with potassium azide (1.6 equiv) in THF
generated potassium chloride and the three-coordinate, high-spin,
terminal ferrous azido (EmL)Fe(N3) (2) as evidenced by 1H and 19F
NMR spectroscopy (Figure S11), IR spectroscopy (νNd3

: 2105 cm−1)
(Figure S14), MB (δ, |ΔEQ| (mm/s): 0.72, 0.55) (Figure S13), and
SCXRD (Figure 3b).

2.2. Generation and Characterization of (EmL)Fe(N). With the
high-spin terminal FeII azido 2 in hand, we explored the thermal and
photolytic activation of the azide unit to generate a terminal iron
nitrido. Azido 2 is stable at elevated temperatures of up to 100 °C in
solution. Thus, we attempted photolysis to cleave the azide
adduct.2,4−6,8−10,12,34,35 Irradiation of 2 in C6D6 solutions using a
mercury arc lamp equipped with a wavelength filter transmitting 320−
500 nm light resulted in the consumption of azido 2 as ascertained by
1H and 19F NMR spectroscopy and the disappearence of the νNd3

in the
IR spectrum, but does not lead to single, isolable species (Figure S17).
However, photolysis of azido 2 in THF solution for 12 h resulted in
the consumption of 2 with the generation of a new paramagnetic
species (83% spectroscopic yield) as determined by 1H and 19F NMR
spectroscopy (Figure S17). Interestingly, the product is stable in THF
solution over 24 h at room temperature but decomposes upon

removal of the volatiles in vacuo. In an attempt to trap the transiently
stable photolysis product, NEt3·HCl was added, yielding a new ferrous
species (δ, |ΔEQ| (mm/s): 0.91, 1.91) that could be isolated and
characterized via MB and SCXRD (Figure S20). The solid-state
structure of the product reveals azide-derived N-atom insertion into a
dipyrrin (EmL) primary C−H bond to yield (EmL−NH2)FeCl (3)
(Scheme 1, Figure 2). Thus, we propose irradiating the azido 2

homolytically cleaves the Nα−Nβ of the azide unit in azido 2 and
initially generates the corresponding terminal iron nitrido complex
(EmL)Fe(N) (4). The terminal nitride in 4 is capable of intra-
molecular insertion into a primary C(sp3)−H of (EmL) to produce a
presumed THF-coordinated solvato compound, (EmL−NH)Fe(thf).
Addition of NEt3·HCl to the unstable (EmL−NH)Fe(thf) results in

Scheme 1. Metalation of (EmL)H to Synthesize (EmL)FeCl
(1), the Preparation of (EmL)Fe(N3) (2), and the Isolated
C(sp3)−H Amination Product (3) via (EmL)Fe(N) (4)

Figure 2. Solid-state structure of (EmL−NH2)FeCl (3) at 100 K with
thermal ellipsoids at the 30% probability level (hydrogen atoms
except for those located on the amine fragment and solvent molecules
are omitted for clarity; Fe, orange; C, gray; N, blue; F, yellow-green;
Cl, green).
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the formation of 3 that can then be isolated and characterized.
Notably, this transformation of N-atom insertion into C(sp3)−H has
not been observed in previously characterized low-spin terminal iron
nitridos.3,6,8,14−20

Given (i) the rapid intramolecular amination reactivity observed
upon photolytic consumption of azido 2 and (ii) solid-state
consumption of azido 2 by IR spectroscopy (Figure S26),
photocrystallographic generation of the proposed nitrido was
attempted using an in-house diffractometer (Figure 3a).44,45

Irradiation (λ = 320−500 nm) of a single crystal of azido 2 at 100
K under a dinitrogen cold stream resulted in the decrease of the
electron density at the Nβ and Nγ positions, and the increase of
electron density near Nα over the time of irradiation (diffraction data
were collected using a Mo Kα radiation source at t (h) = 20, 40, 120,
and 144; Figure 3c) while preserving the unit cell (Table S3).
Interestingly, the void produced by N2 excission is filled by the
rotation of the ethyl group from the ligand hydrindacene unit (Figure
3c, 3d), while the electron density associated with liberated N2 cannot
be located within the unit cell (Figure 3c). This observation is in line
with a previous report wherein O2 diffused into the crystalline lattice
of (EmL)Cu(N2) at room temperature to quantitatively generate the

dioxygen adduct (EmL)Cu(O2) and the absence of dissociated N2 in
the crystalline lattice.46 After 144 h of irradiation, the conversion of
azido 2 to the terminal nitrido 4 plateaued at 66.4(13)% complete as
determined by structural refinement using the electron density
difference map43 (Figure 3c). The distance of Fe−N in (EmL)Fe(N)
(4) was determined to be 1.551(16) Å (Figure 3d), distinct from the
azido precursor (Fe−Nα: 1.873(2) Å), and longer than previously
reported four-coordinate singlet FeIV(N) complexes (1.49−1.53 Å).
Furthermore, the generation of nitrido 4 causes a distinguishable
pyramidalization about the Fe center (Σ(∠NdipyrrinFeNα):
347.2(12)°) from the azido precursor (Σ(∠NdipyrrinFeNα): 360(1)°)
(Figure 3e, f) (vide infra).

To probe the change in electronic structure during nitrido
generation, we examined nitrido 4 by MB, in which the low-spin
FeIV(N) examples possess characteristically large quadrupole splittings
(Table 1).3,5,6,9 Due to the observed intramolecular degradation of

nitrido 4 in solution (vide supra), spectroscopic characterization of
nitrido 4 was attempted by the photolysis of 57Fe-enriched
(EmL)57Fe(N3) (2−57Fe) in frozen C6D6 solution at 77 K for 24 h.
The MB spectrum of the irradiated frozen solution collected at 90 K
showed a mixture of two species (Figure 4b): remaining azido adduct
2−57Fe (δ, |ΔEQ| (mm/s): 0.72, 0.55 (69%)), and a new species (δ,
|ΔEQ| (mm/s): 0.15, 3.03 (31%)) which we attribute to the
generation of 4−57Fe (Figure 4b). Following warming of the sample
in the spectrometer to 200−240 K for 48 h under an N2 atmosphere,
the spectrum of azido 2 remains largely unchanged (61%), while the
spectrum of (EmL)57Fe(N) at 90 K converts to one new ferrous
species (δ, |ΔEQ| (mm/s): 0.83, 1.70 (13.5%)) and one new, high-
valent iron species (δ, |ΔEQ| (mm/s): −0.34, 4.95 (25.5%)) (Figure
4d). The new ferrous species can be attributed to the ligand aminated
product given the similar spectral properties to 3 (δ, |ΔEQ| (mm/s):
0.91, 1.91). The remainder of the spectral features attributable to
4−57Fe (Figure 4b) reveal a significant change in isomer shift to
−0.34 mm/s, which might suggest a change in spin state, geometry, or
some combination of those factors (vide infra).

2.3. Reactivity Assessment of Terminal Nitrido 4. To
investigate the possible influence of the electronic structure of nitrido
4 upon its reactivity, we next canvassed the reactivity of the nitrido 4

Figure 3. (a) Solid-state conversion of 2 (b) to 4 (d) in crystalline
lattice at 100 K with thermal ellipsoids at the 30% probability level
(hydrogen atoms and solvent are omitted for clarity; Fe, orange; C,
gray; N, blue; F, yellow-green). (c) Electron density difference map43

(1.7 e−/Å3) after the photolysis of 2 for 144 h to generate 4 with
rotation of ethyl group from the ligand hydrindacene (green and red
colors represent positive and negative electron density, respectively);
the core iron environment showing iron pyramidilization prior to
photolysis (Σ(∠NdipyrrinFeNα): 360(1)°) (e) and following photolysis
(Σ(∠NdipyrrinFeNα): 347.2(12)°) (f).

Table 1. Fe−N Distances and Zero-Field 57Fe Mössbauer
Parameters of FeIV(N) and High-Valent Dipyrrinato Iron
Nitrenoids

d (Fe−N) (Å)
δ

(mm/s)
|ΔEQ |

(mm/s)

4 (experimental, ground state) 1.551(16) 0.15 3.03
4 (experimental, incubating at

240 K)
−0.34 4.95

Calculateda

4 (S = 1) 1.53 −0.07 2.88b

4 (S = 2) 1.66 −0.30 −4.75b

4(S = 0, BS(1,1))
((EmL)FeIII(N•))

1.53 0.12 4.65b

4 (S = 0) 1.46 0.31 6.67b

Previously reported
(ArL)Fe(N(C6H4-p-tBu))29

(S = 5/2)
1.708(4) 0.44 0.00

(ArL)Fe(Cl)(N(C6H4-p-tBu))29

(S = 2; BS: FeIII, •NAr)
1.768(2) 0.28 2.22

(PhBP3)FeIV(N)3,13 (S = 0) 1.52(2) (EXAFS) −0.34 6.01
(PhBIm3)FeIV(N)6 (S = 0) 1.512(1) −0.28 6.23
(TIMEN)FeIV(N)5 (S = 0) 1.526(2) −0.27 6.04
(TIMMN)FeIV(N)9 (S = 0) 1.500(3), 1.526(3) −0.35 5.28
(guanidinato)FeIV(N)8 (S = 0) 1.517 (calc.)
a57Fe Mössbauer parameters are calculated with bp86/CP(PPP) (for
Fe) and def2-tzvp (for other atoms) level of theory using solid-state
structure following H position optimization. bΔEQ instead of |ΔEQ|.
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with a variety of nucleophiles, electrophiles, and E−H bonds.47 First,
however, we sought to establish reaction conditions that favor
intermolecular reactivity, as opposed to the intramolecular degrada-
tion observed in the generation of 3 (Scheme 1). Thus, we examined
irradiation of azido 2 in solution in the presence of a substrate to
probe whether the in situ generated nitrido 4 could be intercepted
before intramolecular amination occurs. The azido 2 was stable up to
100 °C in C6D6 under 1 atm of CO with no evidence of CO
coordination. Irradiating (λ = 320−500 nm) a solution of azido 2 in
C6D6 under 1 atm of CO (25 °C, ca. 12 h) produced a new ferrous
species by 1H and 19F NMR spectra (Figure S30) and MB (δ, |ΔEQ|
(mm/s): 0.70, 0.57, Figure S32) in which the azido 2 is consumed
and a new prominent vibration was observed in the IR spectrum at
2223 cm−1. The new vibrational frequency is blue-shifted by 118 cm−1

from the azide stretch in 2 (νNd3
= 2105 cm−1) (Scheme 2) (Figure

S33). The product was identified as (EmL)Fe(NCO) (5) in the solid
state by SCXRD (Figure S99) and confirmed through an independent
synthesis through salt metathesis of 1 with potassium cyanate in THF.
We exclude the involvement of photoexcited states of either azido 2
or nitrido 4 in this light-induced conversion by observing the
generation of cyanato 5 from nitrido 4 in the absence of light (Figure
S29). Indeed, the introduction of CO (g) to in situ generated nitrido
4 in a frozen C6D6 solution following photolysis resulted in the
formation of 5 in quantitative yield. Akin to the cyanato 5 generation
from CO, trimethylphosphine reacts with nitrido 4 to afford the
phosphinimido complex (EmL)Fe(NPMe3) (6) (83%) that was
characterized similarly to 5 (Scheme 2). Given the productive
reactivity of nitrido 4 with ambiphilic CO and PMe3, we probed the
reactivity of 4 toward less reactive substrates using the aforemen-
tioned reaction conditions.

To investigate the intermolecular reactivity of nitrido 4 toward
C(sp3)−H substrates as observed in the generation of 3 via
intramolecular C−H bond amination, the reactivity of nitrido 4
toward a weaker C(sp3)−H donor (i.e., 1,4-cyclohexadiene (1,4-
CHD)) was studied (Scheme 2). The reaction produces a new
paramagnetic ferrous species characterized by 1H and 19F NMR
spectroscopy, IR spectroscopy, and MB (δ, |ΔEQ| (mm/s): 0.65, 0.48)
(Figures S44−S47). The lack of a νN−H vibration in the IR spectrum
of this new product rules out allylic C(sp3)−H activation by nitrido 4.
The new paramagnetic substance did not yield high-quality single
crystals amenable to SCXRD; however, treatment of the product with
1 atm of CO2 resulted in the formation of the CO2 inserted product
(EmL)Fe(O2CNC6H8) (8) which was analyzed by SCXRD (Figure
5a). The solid-state structure of the CO2 inserted product
unambiguously establishes the selective aziridination of 1,4-CHD by
nitrido 4 to afford (EmL)Fe(NC6H8) (7) (and its carbamate product
(EmL)Fe(O2CNC6H8) (8), Figure 5a) rather than allylic C−H
abstraction to generate the primary imido product (e.g., (EmL)Fe-
(NH)) or direct N-atom insertion into the allylic C−H bond. Nitrido
4 also shows no evidence of reactivity toward other weak C(sp3)−H
bonds (e.g., toluene, fluorene, indene, and 9,10-dihydroanthracene).

Following the observation of the nucleophilic reactivity of 7 toward
CO2, we investigated whether the stoichiometric reaction could be
rendered catalytic by regenerating azido 2 with the electrophilic azide
source Me3SiN3. Thus, addition of Me3SiN3 to the aziridine product 7
regenerated azido 2, and the silylaziridine product (SI4) was observed
by the 1H NMR spectrum (Figures S50−S52) and high-resolution
mass spectrometry. The aziridination and silylation conversion can be
conducted catalytically with 2 (4 mol %) with excess Me3SiN3 and
1,4-CHD (limiting reagent). Analysis of the product mixture via 1H
NMR spectroscopy revealed the catalytic aziridination of 1,4-CHD to
produce both mono- and diaziridinated products via 4 with a turnover
number exceeding 25, demonstrating catalytic N-atom transfer from
the iron nitrido 4 (Scheme 3, Table S1).

Although intermolecular C(sp3)−H activation by nitrido 4 was
unobserved, nitrido 4 was reactive with 4-fluorobenzaldehyde, where
N-atom insertion into the aldehyde C(sp2)−H was observed (Scheme
2). The reaction product was characterized as ferrous benzamido
(EmL)Fe(NHC(O)(p-C6H4F)) (9), characterized by MB (δ, |ΔEQ|
(mm/s): 0.93, 1.25, Figure S43), and SCXRD (Figure 5b).

Following the observation that the photogenerated nitrido 4 can
add to olefinic and aldehyde substrates, we examined its reactivity
with nonpolar substrates. Irradiation of a mixture of azido 2 under 1
atm H2 in C6D6 solution converted azido 2 into a new paramagnetic,
ferrous species as evidenced by MB (δ, |ΔEQ| (mm/s): 0.60, 0.61,
Figure S59), magnetometry, IR spectroscopy, and 1H and 19F NMR
spectroscopy. Akin to the reaction of azido 2 with 1,4-CHD, the
reaction product from nitrido 4 with H2 did not readily yield single
crystals suitable for SCXRD. Thus, we examined conversion of the
hydrogenation reaction product to its respective carbamate or
amidinate following treatment with either 1 atm of CO2 or PhCN
which afforded (EmL)Fe(κ2-O2CNH2) (11) (Figure 5c) or (EmL)Fe-
(κ2-(NH)2CPh) (SI6) (Figure S105), respectively, which were readily
characterized by SCXRD. The spectroscopic and structural character-
ization of 11 and SI6 unambiguously identify the primary amido
(EML)Fe(NH2) (10) as the product of direct H2 addition to 4.
Similarly, the reaction of nitrido 4 with H2 analogue H−SiEt3,
afforded direct N-atom insertion into the Si−H bond to yield
(EmL)Fe(NHSiEt3) (12) (Figure 5d).

In an attempt to generate an isolable nitrido species, we examined
whether the transient nitrido 4 could be reduced in situ following the
photolysis of 2. Thus, we examined the photolysis of azido 2 in the
presence of cobaltocene (Co(C5H5)2) which cannot reduce iron azido
complex 2, but rather, we surmised that it should be sufficient to
reduce the higher valent nitrido 4. Interestingly, the reaction with
Co(C5H5)2 with photogenerated 4 did not yield the anticipated
FeIII(N) anion, but a solid-state structure of the reaction product
revealed N-atom insertion into the cyclopentadienyl ring of
Co(C5H5)2 to afford a CpCo-bound dipyrrolide iron pyridine adduct
(EmL−CoCp)Fe(py) (13) (Scheme 2, Figure 6). The Cp−Co bond

Figure 4. (a) A zero-field 57Fe Mössbauer spectrum of 2 measured at
90 K, (b) 4−57Fe generated by the irradiation of frozen C6D6 solution
of 2−57Fe at 77 K, (c) and (d) after warming 4−57Fe up to 200 and
240 K for 48 h, respectively; green, (EmL)57Fe(N3); blue, (EmL)57Fe-
(N); yellow, thermally excited (EmL)57Fe(N); pink, (EmL−NH)Fe;
red, fit; and gray, residual.
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distances observed in 13 (1.713(2) Å) are more consistent with CoII

like those found in cobaltocene (CoII, 1.726(1) Å)48 as opposed to
cobaltocenium (CoIII, 1.634(3) Å).49 The bond metrics for
compound 13 reveal formal reduction of the dipyrrin (evidenced by
C−C bond elongation between the pyrrolide subunits and the meso
carbon, 1.440(7) and 1.472(7) Å) with an allylic-like association to
the CoIICp fragment (Table S6). Thus, the reduced dipyrrin appears
more similar to a dianionic dipyrromethane adduct bound to a ferrous
center,50 as opposed to the dipyrrinato formulation of 2 or 4. These
data suggest a CoII/FeII assignment which is supported by MB of the
product (δ, |ΔEQ| (mm/s): 1.20, 0.73, Figure S83). We cannot fully
exclude the possibility of the initial outer-sphere electron transfer

between CoCp2 and (EmL)Fe(N) (4) prior to electrophilic N-atom
transfer into Cp, but the observed production of 13 is analogous to
the other electrophilic metal−ligand multiple bond complexes.51−54

3. DISCUSSION
The foregoing results describe the synthesis, characterization,
and reactivity of a transiently formed FeIV nitrido complex
(EmL)Fe(N) (4). The nitrido 4 could be accessed via
photolysis of the corresponding azido (EmL)Fe(N3) (2) and
chemically captured following N-atom transfer to various
nucleophiles in solution. Although spectroscopic interrogation

Scheme 2. Reaction of 4 with CO, PMe3, 1,4-CHD, Aldehyde, H2, HSiEt3, and CoCp2

Figure 5. Solid state structure of (a) 8, (b) 9, (c) 11, and (d) 12 at 100 K with thermal ellipsoids at the 50% probability level (hydrogen atoms
except for those located on N atom, and solvent are omitted for clarity; Fe, orange; C, gray; N, blue; O, red; F, yellow-green; Si, pink).
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of nitrido 4 in solution was hindered owing to its reactive
nature, structural information was obtained by utilizing
photocrystallographic SCXRD to generate 4 via a single crystal
to single crystal transformation. The results of the photo-
crystallography reveal partial conversion (66.4(13)%) of the
starting azido 2 to the desired nitrido product 4. The bond
metrics for the Fe−N bond (1.551(16) Å) are comparable to
previously characterized four-coordinate FeIV nitrido com-
plexes (1.49−1.53 Å) within the experimental uncertainty
(Table 1),5,6,9,13 which indicates the attenuation of the Fe−N
MLMB considering its lower coordination number than
previous examples. Additionally, the MB parameters of nitrido
4 (δ, |ΔEQ| (mm/s): 0.15, 3.03) distinguish it from the family
of low-spin FeIV nitrido complexes (quadrupole splittings range
from 5.28−6.23 mm/s).3,5,6,9 Importantly, the reactivity
patterns of 4 (N-atom insertion into (i) C(sp3)−H, (ii) H2,
and (iii) aromatic C−C) have not been observed from low-
spin FeIV nitrido complexes reported thus far. More typically,
reported examples of FeIV nitrido species exhibit (i) N-atom
transfer to carbon monoxide, isocyanides,14 phosphines,3,6,15

olefins,16,17 silane,18 and borane,19 and (ii) H atom abstraction
from weak H-atom donors (e.g., TEMPO−H,20 1,4-cyclo-
hexadiene16).21

While the accumulation of nitrido 4 in the solid state allows
us to investigate the solid-state structure of 4, the spectroscopic
interrogation is complicated owing to the lower transmittance
of UV light in the solid state compared to solution.55 The in-
crystallo conversion of azido 2 to nitrido 4 converged to
66.4(13)% over the course of the irradiation, providing a
mixture of both azido 2 superimposed with nitrido 4.
Furthermore, photolysis of azido 2−57Fe as an amorphous
solid also produces a mixture of azido 2−57Fe and nitrido
4−57Fe. MB analysis of the product mixture reveals a new

complex possessing a lower isomer shift (δ, |ΔEQ| (mm/s):
0.15, 3.03) representing 31% of the 4−57Fe. The observed
decrease in isomer shift from the ferrous azido complex (δ:
0.72 mm/s) can be attributed to the contraction of the Fe−N
bond distances56 in the formation of the nitrido 4, in accord
with the data from the photocrystallography experiment. The
substantive decrease in isomer shift implies the generation of a
higher valent iron center from its lower valent precur-
sor.2,4,7,9,11 The quadrupole splitting of 4 (|ΔEQ| (mm/s):
3.03) is smaller than the previously reported low-spin FeIV(N)
complexes which range from 5.28−6.23 mm/s (Table 1),
where the large quadrupole splittings are attributable to the
highly asymmetric electric field gradient engendered by their
electronic configurations (e.g., (dx2−y2, dxy)4(dz2)0(dyz,
dxz)0).3,5,6,9

Remarkably, the spectral features we attribute to nitrido 4
can thermally and irreversibly convert to a new species
featuring a significantly lower isomer shift and larger
quadrupole splitting (δ, |ΔEQ| (mm/s): −0.34, 4.95) as well
as the intramolecular ligand amination (13.5%) product akin to
(EmL−NH2)FeCl (3). We speculate that the change in spectral
parameters upon heating (Figure 4b, d) reflects the thermal
population of either a spin excited state or conformational
change (or some combination of the two) of nitrido 4. We
note that photogeneration of the nitrido 4 in solution at
temperatures ranging from 77−295 K all provide the same
observed reactivity patterns, implying that the MB spectral
features observed at both 90 K and incubated at 240 K are
attributable to nitrido 4.

Electronic Structure Determination. Probing the
ground state electronic structure of nitrido 4 and its potential
to thermally access different spin states experimentally is
complicated due to the low photolytic conversion of azido 2 to
nitrido 4 in the solid state. Thus, we turned to computation to
glean insight into the potential electronic structure config-
urations of nitrido 4. We calculated the single-point energy
profiles of nitrido 4 as a function of spin-state (i.e., S = 0, 1, 2
as well as potential broken symmetry solutions [from S = 0 to
2, see SI for details]) with the solid-state structure obtained for
nitrido 4 at the B3LYP57,58/def2-TZVP(Fe, N),59 def2-SVP(F,
C, H)60 level of theory. The triplet configuration (S = 1) is the
most energetically stable, as compared to singlet (S = 0, +17.5
kcal/mol), broken symmetry singlet (FeIII(N•+) (SFe = 1/2; SN
= −1/2; +8.6 kcal/mol), and quintet (S = 2; +16.5 kcal/mol)
states. The triplet state configuration was confirmed as the
lowest in energy using (i) nonhybridized functionals, which do
not overestimate the energy of the higher spin state (BP86,61,62

S = 1 favored by 4 kcal/mol; TPSS,63 S = 1 favored by 6.7
kcal/mol) (Table S8), and (ii) coupled-cluster calculations
(CCSD(T)64,65 with cc-pVQZ (for Fe and N),66,67 and cc-
pVTZ (for other atoms) basis sets).68

To further understand the observed structural and
spectroscopic features with respect to the electronic structure
predicted for the solid state structure of 4, we performed a
geometry optimization using the same level of theory as a
function of spin-state, using both the structure of nitrido 4 and
a truncated ligand model (i.e., (MeL)Fe(N)) which replaces the
(EmL) aryl groups with methyl substituents. Using the
optimized structures, the triplet configuration (S = 1) remains
the most energetically stable, as compared to the singlet,
broken symmetry open-shell singlet (i.e., FeIII(N•+)), and
quintet configurations (Tables S10, S12). In addition, the
predicted structure of the triplet ground state agrees well with

Scheme 3. Photocatalytic Conversion of Me3SiN3 and 1,4-
Cyclohexadiene to Mono- and Di-aziridination Product (SI)

Figure 6. Solid state structure of (EmL−CoCp)Fe(py) 13 at 100 K
with thermal ellipsoids at the 50% probability level (hydrogen atoms
and solvent are omitted for clarity; Fe, orange; Co, aquamarine; C,
gray; N, blue; F, yellow-green).
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the experimental parameters of d(Fe−N) and pyramidalization
of iron (Table 1, Tables S10, S12). Molecular orbital analysis
for the ground state of nitrido 4 predicts a configuration
wherein partial occupation of the π*Fe−N orbital is invoked [S =
1: (dx2−y2)2(dxy)1(dz2)1(dyz)0(dxz)0, Figure 7]. Pyramidalization

of the iron center in 4 partially diminishes the orbital overlap
of the dz2 antibonding interaction that would otherwise be
maximized if the iron’s primary coordination sphere were
completely planar.

We next compared the calculated MB spectral parame-
ters,41,69−71 calculated as a function of spin state, with the
experimentally obtained values. The triplet configuration of
(EmL)Fe(N) (MBcalc: δ, |ΔEQ| (mm/s): −0.07, 2.88) matches
well with the experimentally determined parameters for
photogenerated nitrido 4 (δ, |ΔEQ| (mm/s): 0.15, 3.03). The
difference between the calculated isomer shift and exper-
imental isomer shift (Δδ = 0.22 mm/s) is consistent with
differences observed for calculating other ferric dipyrrin
complexes29 with the calibration method employed (Table
S9). The deviation may be attributable to the low-coordination
environment in 4, as comparable deviations for isomer shift
predictions have been reported for lower coordinate species.72

The small ΔEQ for 4 is consistent with the proposed ground
s t a t e e l e c t r o n i c c o n fi g u r a t i o n [ S = 1 :
(dx2−y2)2(dxy)1(dz2)1(dyz)0(dxz)0], and differs from reported
low-spin FeIV(N) that confine all four d electrons in the xy
plane (e.g., (dx2−y2, dxy)4(dz2)0(dyz, dxz)0), giving rise to the large
ΔEQ values observed (Table 1).

To understand the MB spectra change following incubation
of the cryo-generated 4 at 240 K (Figure 4), we calculated the
MB parameters of 4 as a function of spin state (S = 0, 0
[BS(1,1)], 1, 2). The experimentally observed spectral
parameters (δ, |ΔEQ| (mm/s): −0.34, 4.95) are comparable
to those predicted for a quintet configuration (δ, ΔEQ (mm/s):
−0.30, −4.75); suggesting the spectral changes observed may
be due to thermal population of a different spin state akin to
the spectral changes observed for spin-crossover complexes.73

Absent corroborating magnetometry data or applied field 57Fe

Mössbauer, we acknowledge the uncertainty regarding the
electronic structure adopted following warming of the sample.
In sum, we determined the ground state of nitrido 4 to be best
described as a triplet configuration with a low-lying, open shell
excited state, indicating nitrido 4 possesses an open-shell
configuration that is unique for FeIV nitridos reported.3,5,6,8,9

Electronic Structure Reactivity Relationship. The
electrophilic N-atom transfer reactivity of nitrido 4 toward
E−H (E = H, Si, C) has not previously been observed with
terminal iron nitridos, but similar reactivity has been reported
for noble metal analogues. These reactivity patterns stem from
(i) metal−ligand cooperativity (hydrogenolysis of Ru(N) and
Os(N)),74,75 (ii) subvalent nitrogen (aldehyde C−H insertion
of Pt and Pd metallonitrene,45,76 and H2, H−Si, C−C insertion
of Ir(N) bearing redox-active ligands),52,77,78 and (iii)
elongated metal nitrido bonds (intramolecular C−H insertion
of Ru2(N)).44,79,80 The ground state electronic structure
proposed for 4 features a partial occupation of the π*Fe−N
interaction, thereby diminishing the Fe−N bond order (Figure
7a). If the change in the MB parameters observed upon
incubating the sample at 240 K reflect the population of a
thermally accessible high-spin state (e.g., S = 2:
(dx2−y2)1(dxy)1(dz2)1(dyz)1(dxz)0), we would anticipate further
diminishing of the Fe−N bond order (from 2.5 (S = 1) to 2 (S
= 2)), and greater spin localization on the terminal nitrido
ligand (Figure S112). Both the ground state and the thermally
accessible excited state result in weakened Fe−N multiple
bond character, manifesting in the electrophilic reactivity
observed.

To date, the structurally characterized four-coordinate
FeIV(N) exhibits low-spin electronic configurations, owing to
their approximate tetrahedral geometries and strong-field
ancillary ligands. These complexes exhibit highly electrophilic
behavior wherein their reactivity is limited to reductive,
nucleophile addition (e.g., PR3, CO, CNR, olefins).3,6,8,14−17

Nitrido 4 can also engage in reductive, nucleophile addition
like its low-spin analogues.3,6,8,14−17 The chemistry of nitrido
4, however, is unique in this entry wherein 4 readily engages in
N-atom insertion into E−H bonds [E = C, primary C(sp3)−H
bond amination yielding 3; C(sp2)−H bond amination
yielding 9; E = H, direct reduction by H2 to yield the primary
amide 10; E = Si, insertion into silane to produce 12 (also
observed by Smith and co-workers on (PhBIm3)FeIV(N)18)];
and N-atom insertion into C−C bonds during the reaction
with CoCp2 to produce the pyridine in 13. The observed
differences in reactivity are likely a result of both the structural
and electronic differences of highly electrophilic, three-
coordinate (EmL)Fe(N) (4). The electrophilic reactivity may
be attributable to the triplet ground state or to the thermally
accessible, open-shell excited state.81 Similar two-state
reactivity has been observed with triplet ground state iron-
oxo complexes.82−87 Given that the reactions surveyed were
conducted at temperatures near room temperature, the ground
state (S = 1) configuration is not likely the only electronic state
operable under normal reaction conditions. Thus, future work
will probe the low-lying excited state energy and electronic
configuration, allowing us to correlate electronic structure
changes with the observed reactivity profile of nitrido 4.

4. CONCLUSIONS
The foregoing results describe the generation and character-
ization of a triplet ground state terminal iron nitrido
(EmL)Fe(N) (4). The terminal iron nitrido in a weak ligand

Figure 7. (a) The qualitative orbital ordering of S = 1 (EmL)Fe(N)
(4), and (b) a canonical MO contributed to the attenuation of
MLMB of truncated (MeL)Fe(N) suggested by (B3LYP/def2-tzvp (on
Fe, N), def2-svp (C, H)) plotted at an isovalue of 0.10 e Å−3.
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field was generated by the photolysis of high-spin ferrous azido
(EmL)Fe(N3) (2). The Fe−N distance in the solid state, MB
spectrum, and computational analysis highlight the triplet
ground state of the nitrido product and its attenuated Fe−N
bond order. Notably, the destabilization of Fe−N bonding
through electronic occuption of π*Fe−N enables (i) C(sp3)−H
amination, (ii) H2 cleavage, and (iii) aromatic C−C cleavage
which have not been observed in low-spin terminal FeIV(N)
complexes. This study shows that the weak ligand fields
increase the electrophilicity of high-valent iron nitridos,
highlighting the importance of the spin state in the atom and
group transfer chemistry of high-valent iron. While the N-atom
transfer reactivity from metal nitridos have been reported for
noble metal analogues, the reactivity for nitrido 4 is unique
among the terminal iron examples. We are currently
investigating the additional spectroscopic characterization
(e.g., Fe and N K-edge X-ray absorption/Extended X-ray
Absorption Fine Structure Spectroscopy,4,11,13,80,88 magneto-
metry,45,76,88 pump−probe spectroscopy34,35) of (EmL)Fe(N)
and the effect of metal valency on the electrophilic reactivity of
this open-shell iron nitrido.
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