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ABSTRACT

High-oxidation state metal complexes with multiply bonded ligands are of great interest for both
their reactivity as well as their fundamental bonding properties. This paper reports a combined
spectroscopic and theoretical investigation into the effect of the apical multiply bonded ligand on
the spin state preferences of three-fold symmetric iron(IV) complexes with tris(carbene) donor
ligands. Specifically, singlet (S = 0) nitrido [ {PhB(Im");}FeN], R = ‘Bu (1), Mes (mesityl, 2) and
the related triplet (S = 1) imido complexes, [{PhB(Im");}Fe(NR")]", R = Mes, R’ = Ad (I-
adamantyl, 3), ‘Bu (4), have been investigated by electronic absorption and Mdssbauer effect
spectroscopies. For comparison, two other Fe(IV) nitrido complexes, [(TIMEN"")FeN]",
(TIMEN*" = #ris[2-(3-aryl-imidazol-2-ylidene)ethylJamine; Ar = Xyl (xylyl), Mes), have been
investigated by “’Fe Mossbauer spectroscopy, including applied-field measurements. The
paramagnetic imido complexes 3 and 4 were also studied by magnetic susceptibility
measurements (for 3) and paramagnetic resonance spectroscopy: high-frequency and -field
electron paramagnetic resonance (HFEPR) (for 3 and 4) and frequency-domain Fourier-
transform (FD-FT) THz EPR (for 3), which reveal their zero-field splitting (zfs) parameters.
Experimentally correlated theoretical studies comprising ligand-field theory (LFT) and quantum
chemical theory (QCT), the latter including both density functional theory (DFT) and ab initio
methods reveal the key role played by the Fe3d , (a1) orbital in these systems: the nature of its
interaction with the nitrido or imido ligand dictates the spin state preference of the complex. The
ability to tune the spin state through the energy and nature of a single orbital has general
relevance to the factors controlling spin states in complexes with applicability as single molecule

devices.
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Introduction

The properties of transition metal imido and nitrido complexes have attracted interest in
light of their relevance to dinitrogen functionalization,"* with iron complexes being of particular
interest in the context of proposed mechanisms for ammonia synthesis by the Haber-Bosch
process3 and the nitrogenase enzyme.4 It is therefore remarkable that as recently as 2000, there
were no examples of isolable complexes containing iron-nitrogen multiple bonds, whether as
imido [Fe"""Y=NR]"*" or nitrido [Fe'"V=N:]"*" species. Indeed, these species were considered to
be inherently unstable intermediates that would quickly rearrange or decompose in the absence
of a substrate.” For example, Fe(IV) imido intermediates have been proposed in the formation of
stable Fe(Ill) amido complexes.” This state of affairs changed with the isolation and
crystallographic characterization of a stable iron imido complex,’ which was, however, part of a
multi-Fe cluster. Since then, structurally characterized mononuclear iron imido complexes have

8-15

been reported for multiple geometries, oxidation states and spin states," extending to

thermally stable and isolable iron bis(imido) complexes.'®'®

By far the largest class of isolable iron imido complexes is that for which the supporting
ligand creates a four-coordinate environment in approximate three-fold symmetry. Such ligands,
often based on tris(phosphine) donors, have allowed for the synthesis of imido complexes in
Fe(1D),"” 2° Fe(Ill),'*” Fe(IV)?’ oxidation states. Correspondingly, some of these supporting

ligands likewise stabilize terminal iron nitrido complexes,” ** such as the tris(phosphines)**>'

tris(carbene)amine,”” and tris(carbene)borate ligands.*>’
It is interesting to note that while all known examples of isolable Fe(IV) nitrido

complexes are four-coordinate diamagnetic complexes with a three-fold symmetric iron center,

analogous imido complexes show a greater structural diversity. For example, a tripodal
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supporting ligand that contains a diphosphine and pyrazolyl mixed donor set has allowed for the
isolation of a paramagnetic (S = 1) Fe(IV) imido cornplex,27 while a pincer ligand has been
shown to stabilize a diamagnetic (S = 0) Fe(IV) imido complex in a cis-divacant octahedral
geornetry.36 Lastly, a recently repor‘[ed,37 four-coordinate, dipyrrinato formally Fe(IV) imido
complex has been reinterpreted as high-spin Fe(Ill) anti-ferromagnetically coupled to an iminyl

radical to give total spin, §=5/2 - 1/2=2.7"

a) b) i
. ’O \ IO e(b) -e- high spin

X 2 -@- low spin

Xﬁﬁﬁ __0\/\/

d electron count

Figure 1. (a) Qualitative MO diagram for four-coordinate, three-fold symmetric complexes with
scorpionate ligands. The relative energy of the a; orbital is variable; (b) High and low spin
configurations in this geometry. Multiple spin states that have been experimentally observed for
d* — d’ electron configurations are indicated. Note that the low spin state (blue line; high spin is
given by red line) is always the lowest possible spin state for the given electron configuration.
The d* electron count is that studied here and is therefore highlighted.

N-Heterocyclic carbenes (NHCs) have recently become widely exploited as ligands to

transition metal ions.”” * Among the general class of NHC-donor ligands, bulky

40

tris(carbene)borates™ *° are part of a larger class of scorpionate ligands that stabilize four-

coordinate metal centers in three-fold symmetry.*"" ** Since the discovery that bulky

43, 44

tris(pyrazolyl)borate ligands can stabilize this geometry, multiple complexes with different
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d-electron counts have been reported. The resulting ligand field created by these rigid tripodal
ligands creates opportunities for variation in electronic ground state configuration for a variety of
d-electron counts (Figure 1), including spin-crossover behavior, i.e., two spin ground states
within the same complex. While it might have been anticipated that the low coordination number
would result in only high spin states, in practice complexes have been reported in multiple spin
states for d* electron counts. For higher d-electron counts, low spin states have been observed
for complexes having both strongly donating scorpionate ligands and apical ligands that are
strong 7-donors, as exemplified by d’ complexes where both high (S = 3/2, e.g., TpV*'*"Col)*
and low (S = 1/2, e.g., BP;Col)***" spin states have been observed.* With the appropriate apical

49, 50

ligand, spin crossover has been observed for both iron and cobalt’’ complexes in which the

scorpionate ligand contains strong field phosphine or NHC donors.® *°* Such tris(carbene)

ligands are also notable in their ability to stabilize Fe(IV) imido®* and nitrido®® **

complexes in
three-fold symmetry (Figure 1). The reactivity of the diamagnetic nitrido complexes has been

extensively investigated, revealing one- and two-electron nitrogen atom transfer reactions with a

26, 27, 55, 56 57, 58

range of substrates, including unsaturated hydrocarbons and low valent metal
complexes.” While the reactivity of the Fe(IV) imido complex has been less extensively
investigated, it is notable that the complex is paramagnetic (S = 1), in contrast to the nitrido
complexes.

In this paper we build on this earlier work to understand the spin state preferences of
four-coordinate complexes in three-fold symmetry having a d* electron configuration.
Specifically, four-coordinate iron(IV) tris(carbene)borate complexes are observed for both S =1

and S = 0 spin states (Figure 2), but the dependence of the spin state on the apical ligand (nitrido

or imido) is not obvious. Since the e orbitals are unoccupied for this d-electron count, the spin
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state preference is not expected to depend directly on the nature of the tripodal ligand, in contrast
to the d° and d’ complexes described above.™®' Since the geometry imposed by the rigid
scorpionate ligand leads to different spin state preferences for d* complexes than for
isoelectronic octahedral complexes, where the S = 1 and S = 2 complexes are formed, we
anticipate that insight into the factors dictating spin state preferences will be important for the
design of magnetic molecules including applications such as spintronics® and in devices based
on spin-crossover behavior.*
R
N
Ph—B. /Fe:N

N.

\\N
S \R\R

S=0
R ='Bu (1), Mes (2)

Figure 2. Iron(IV) nitrido (left) and imido (right) complexes supported by tris(carbene)borate
ligands. In the nitrido complex, both R = tert-butyl (‘Bu, 1) and mesityl (Mes, 2) were
investigated; for the imido complex, only R = Mes was studied, but with R’ = adamantyl (Ad, 3)
and tert-butyl (‘Bu, 4).

We have applied a suite of experimental techniques to several iron(IV) nitrido
([{PhB(Im");}FeN]" and [TIMEN"FeN]" (see Figures 2 and 3, respectively)®* and imido
complexes ([ {PhB(Im®);}FeNR']"; see Figure 2, right) in combination with classical ligand-field
theory (LFT) and advanced quantum chemical theory (QCT) calculations using both density
functional theory (DFT) and ab initio methods to address this issue. The spectroscopic methods
include temperature- and field-dependent *>'Fe Mossbauer measurements on nitrido and imido
complexes. The paramagnetic tris(carbene) imido complexes have also been probed by magnetic

resonance techniques, both in the field domain, using high-frequency and -field electron
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65, 66

paramagnetic resonance (HFEPR), and in the energy domain, using Fourier-transform

frequency-domain terahertz EPR (FD-FT THz EPR) spectroscopy.®” %

Magnetic susceptibility
measurements have also been made of one of the imido complexes. These techniques taken in

conjunction provide a measure of the zero-field splitting (zfs) of these spin triplet complexes,

which yields information on their electronic structure.

e

N

L AL
2T

Figure 3. Iron(IV) nitrido complex supported by tris(carbene)amine ligands, denoted as
[(TIMEN®)FeN]", where R = aryl = xylyl (Xyl) or mesityl (Mes).

In concert with the experimental studies listed above, we have also performed state-of-art
computations on these three-fold symmetric Fe(IV) nitrido and imido complexes to provide
theoretical insight into their electronic structure in general and spin state variability in particular.
These studies have a broader relevance since, in striking contrast to the extensive theoretical

7074 there has not been the same

studies on Fe(IV) oxido complexes, by Shaik, Que, and others,
depth of theory applied to the nitrogen-containing congeners. A limited number of studies have
made theoretical comparisons between the reactivity of iron(IV) oxido and imido, as well as iron
oxido and nitrido ligands have been made for four-fold symmetric complexes.”””” A valuable
theoretical finding with respect to iron imido complexes has been made by Tangen et al.”* who

studied, among other topics, the effect of the bulky R substituents used in tris(phosphine)borate

complexes on the Fe=N-R' geometry. Specifically, they found the Fe=N-C' angle to be bent in
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the absence of the bulky R substituents on the tris(phosphine)borate ligand.** This work therefore
will help to provide a more complete picture of iron(IV) complexes with multiply bonded

ligands, and by extension, to similar complexes of other transition metal ions.
Experimental

Synthetic and crystallographic procedures

Complexes 1 and 2 were prepared according to literature procedures.*>> Crystals of the
acetonitrile solvate 1:‘MeCN (C,7H3sBFeN;-CH;3;CN) were grown from acetonitrile solution at
—35 °C, as previously reported.” Solvent-free single crystals of the complexes (1 and 2) suitable
for X-ray diffraction were grown from concentrated toluene solutions at room temperature.
Complexes 3 and 4 were prepared as described previously for 3,%° with some modification, such
as use of ‘BuNj; as the imido source for 4. Further details are provided in the Supporting
Information. The complexes [(TIMEN"")FeN](BPh,), Ar = Mes, Xyl, were prepared as described
previously.*?
MGdéssbauer effect spectroscopy

Zero-applied field >’Fe Mossbauer spectra of different compounds were recorded at
multiple institutions: Hebrew University, Jerusalem, Israel (HU-J); Friedrich-Alexander
University Erlangen-Niirnberg (FAU), Germany; Max-Planck-Institute for Chemical Energy
Conversion (MPI CEC), Miilheim/Ruhr, Germany; and Indiana University, Bloomington, IN,
USA (IU-B). In all cases, the isomer shifts are reported relative to the centroid of the spectrum of
o-Fe at 298 K. Zero-field *"Fe Mossbauer spectra at FAU-Erlangen were recorded on a WissEl
Massbauer spectrometer (MRG-500) at 78 K in constant acceleration mode using *’Co(Rh) at
room temperature as the radiation source. The temperature of the samples was controlled by an

MBBC-HE0106 MOSSBAUER He/N, cryostat within an accuracy of +0.3 K. A similar
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procedure was used at HU-J.”® The experimental samples were shipped in sealed ampoules and
transferred in an inert atmosphere glovebox to O-ring sealed Perspex sample holders which were
immediately cooled to liquid nitrogen temperature and mounted cold in the cryostat. The
temperature dependence of the Mossbauer spectra for several of these complexes was also

analyzed to provide information on atomic vibrations’®*

as described in Supporting
Information. Mossbauer spectra of 3 were recorded at IU-B on a SEE Co spectrometer. The
sample temperature (4.5 K) was controlled using a SVT-400 Dewar from Janis equipped with a
Lake Shore 255 Temperature Controller. Data analysis was performed using the program
WMOSS.*’

Applied-field >"Fe Mossbauer spectra of several nitrido complexes were recorded at MPI
CEC on a conventional spectrometer with alternating constant acceleration of the y-source. The
sample temperature was maintained constant in an Oxford Instruments Mossbauer-Spectromag
cryostat, which is a split-pair superconducting magnet system for applied fields up to 8 T where
the temperature of the sample can be varied in the range 1.5 K to 250 K. The field at the sample
is perpendicular to the y-beam. The >’Co/Rh source (1.8 GBq) was positioned at room
temperature inside the gap of the magnet system at a zero-field position, by using a re-entrant
bore tube. WinNormos for Igor Pro software was used for the quantitative evaluation of the
spectral parameters (least-squares fitting to Lorentzian peaks). The minimum experimental line
widths in cases were maximally 0.24 mm s (full width at half-height, fwhm). Magnetic
Mossbauer spectra were simulated with the spin Hamiltonian program MX (by E. Bill) by

diagonalization of the usual nuclear Hamiltonians for ground and excited states of *'Fe.*® The

electron spin was S = 0 throughout.

10
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HFEPR spectroscopy

HFEPR spectra of powdered samples of 3 and 4 (each roughly 50-100 mg) were obtained
using two separate spectrometers at the National High Magnetic Field Laboratory (NHMFL,
Tallahassee, FL, USA). The one located within the Electron Magnetic Resonance (EMR) Facility
used a 15 T superconducting magnet and is identical to that described previously,* with the
exception of employing a Virginia Diodes (Charlottesville, VA, USA) source operating at a base
frequency of 12 — 14 GHz and multiplied by a cascade of multipliers. Phase-sensitive detection
was used, with the magnetic field modulated at 50 kHz, so that traditional, first-derivative mode
spectra result. Low temperature control was provided by an Oxford Instruments (Oxford, UK)
continuous flow cryostat. The spectrometer that is associated with the DC Field Facility uses a
fast sweepable, resistive (“Keck™) 25 T magnet and backward wave oscillator (BWO) sources, as
described elsewhere.”® An optical chopper provides modulation of the sub-THz wave beam so
that the resulting spectra are in absorption mode. HFEPR spectra were recorded in the
temperature range 4.2 — 10 K.
FT-FD THz-EPR spectroscopy

FD-EPR spectra were measured on the Frequency Domain Fourier Transform (FD-FT)
THz EPR spectrometer at the electron storage ring BESSY II, which is described in more detail

68, 69
elsewhere.”™

This setup employs broadband THz radiation emitted by a Hg arc lamp or, in the
present case, a synchrotron for EPR excitation. The sample is contained within a
superconducting magnet so that spectra at zero-field and at a series of external magnetic fields up
to £10 T can be recorded. A superfluid He cooled bolometer mounted at the end of the quasi-

optical transmission line serves as the detector. A referencing procedure described in detail

elsewhere was employed to properly identify absorption bands of interest.®” Due to limitations on

11
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material and beam-time, only complex 3 was studied by this technique. A powder sample of 3
(45 mg) was thoroughly mixed with polyethylene powder (106 mg) and pressed into a pellet. The
experimental spectral resolution was 0.025 cm ', which corresponds to a minimum line width of
0.0425 cm™".

HFEPR spectra were simulated using the program SPIN (by A. Ozarowski), which

employs a standard spin Hamiltonian for spin triplets:

y

}[=ﬂeB-g-§+D(S‘f—%S(S+1)J+E(§xz_§ 2) 0

FT-FD THz-EPR were simulated using the same spin Hamiltonian and with the programs
EasySpin, from S. Stol,’” °! and DDPOWHEA, from J. Telser. The HFEPR spectra were
reasonably well reproduced using an ideal powder pattern model; however, the FT-FD THz
spectra with external field did not exhibit the expected powder pattern and the deviation
increased with field magnitude. This behavior has been seen previously.”’” We have therefore
used a phenomenological model to reproduce the frequency domain spectra recorded with
applied fields.
Magnetic Susceptibility

Magnetic data were collected using a Quantum Design MPMS-XL SQUID magnetometer
for compound 3 as a finely ground microcrystalline powder sealed in a polyethylene bag under a
dinitrogen atmosphere. Direct current (dc) magnetic susceptibility data were collected in the
temperature range 1.8 — 300 K under an applied field of 1 T. All data were corrected for
diamagnetic contributions from the sample holder and for core diamagnetism of 3 (estimated
using Pascal’s constants).”” The data were fitted using a spin Hamiltonian for S = 1 (Eqn 1), but

with only axial zero-field splitting terms (i.e., £ = 0) and isotropic g. Two programs were used,

12
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DSUSFITP from J. Telser and MagProp, which is part of the NIST DAVE neutron spectroscopy
analysis software package.{Azuah, 2009 #65;Tregenna-Piggott, 2008 #66} The two programs
gave essentially identical fit results.
Ligand-field theory

Calculations using the entire d* basis set were performed using the program Ligﬁeld,93 by
J. Bendix, and the locally written programs DDN and DDNFIT, the latter of which allows fitting
of experimental d-d electronic absorption bands to LFT parameters. Free-ion values for the spin-
orbit coupling (SOC) parameter, C, and Racah inter-electronic repulsion parameters, B and C,
were taken from those reported by Brorson, Bendix, and co-workers.”* *
Quantum chemical theory

Geometry optimizations of compounds under study in singlet, triplet and/or quintet spin
states were performed using the Gaussian® G09 program suite’® employing the B3LYP/6-
311G*°"!% level of theory (starting from previously reported”® **** and/or current experimental
X-ray diffraction structures except for cation 4 which has been obtained from 3 by manually
changing the adamantyl group to fert-butyl) without any symmetry restrictions. The
optimizations included vibrational frequency analysis of the resulting energy minima to avoid
transition state or saddle point geometries.

Relative energies of various spin states of the same complex have been corrected using
restricted open-shell single-point calculations (replacing the electron energy in unrestricted
energy data) except “broken symmetry” singlet state (BS) where the energy difference between

singlet (Eg) and triplet (Et) states is evaluated as given in Eqn 2:

(EBS B EuT )

(1—0.5<S2>BS)

Eg-E, = (2)

13
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where E,r is an open-shell energy of the triplet state, and Eg and (S°)gs are the energy and spin

expectation values of the “broken symmetry” singlet state, respectively.'®* %

The zfs parameters,'” g tensors,'”” '*®

and Mossbauer parameters (isomer shifts and
quadrupole splittings) were evaluated using the ORCA software package'® assuming singlet
spin states for 1 and 2 or triplet spin states for 3 and 4. The UBLYP’"**/TZVP'' zfs parameters

have been calculated with either the coupled perturbed (CP)""

and/or quasi restricted orbital
(QRO)'® methods for comparison completeness. The B3LYP/TZVP/COSMO(water) (COSMO
= COnductor-like Screening MOdel) Mossbauer isomer shifts (8) have been estimated using the
fitted trend line from Romelt et al.''? The specific trend line used was for the optimized
geometries obtained at TPSS functional''® / TZVP basis set / COSMO(water)''* solvent model
level of theory. B3LYP/TZVP/COSMO(water) quadrupole nuclear moments have been
calculated according to Neese and co-workers.''* !> Complete active space self-consistent field
(CASSCF)'% 16118 rogylts were based on an active space of 10 electrons in 8 orbitals (10,8), to
account for the d-electrons of iron, including the ¢ and & interactions within the [FeEN(R')]+(2+)
moiety. The D and E contributions are calculated based upon the state average formalism, using

a reasonable number of configurations, i.e., 50 quintet, 100 triplet and 100 singlet states (for the

state specific CASSCF wave function, see Results). State averaging of the nearly degenerate

3dxy1dx27y22dzzl / 3dxy2a’xzfyzla’zzl configurations has been also taken into account at the CASSCF

level of theory; denoted as sa-CASSCEF.

The electronic structure of the complex under study has been explored at the B3LYP and
state specific as well as state averaged CASSCEF levels of theory. The electronic structure was
elucidated via localized orbitals,'"” natural orbitals, and Mulliken population analysis of atomic

d- and s-orbitals, as well as Quantum Theory of Atoms in Molecules (QTAIM) analysis.120 A

14
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brief description of the QTAIM analysis method with respect to electron density topology is
given in Supporting Information. Atomic d- and s- populations are considered for a rotated
geometry of the complex with the nitrido or imido ligand defining the z-axis direction and one
equatorial carbene C atom defining the xz plane. QTAIM analysis was performed in the
AIM2000 package'?' using the wave function from the G09 wfn file. Localized and natural
orbitals were visualized in the Chemcraft software package122 (color scheme: cyan, pink, yellow,

violet, and silver for H, B, C, N, and Fe, respectively).

Results and Discussion
X-ray crystallography

While the iron(IV) nitrido complexes 1 and 2 had been previously reported, their X-ray
crystal structures were obtained for solvated complexes, e.g., 1:MeCN. We now report that
crystallization from concentrated toluene solutions provides structures that are free of solvent
(Figure 4). The relevant metrical parameters of these structures show slight differences in
comparison to the previously reported structures (R = Mes, CSD code: QOXBOV**; R = ‘Bu,
CSD code: JOGGOC;™ see Table 1). Most notably, the Fe-N bond lengths are longer (by 0.02
and 0.01 A for 1 and 2, respectively) in the unsolvated structures. The shorter bonds in the
solvated complexes might be attributed to nitrido ligand interactions with MeCN (e.g., Fe=N""H-
C closest contacts are 2.46 and 2.67 A for 1-MeCN and 2-MeCN, respectively), however, this
was not revealed computationally (see QCT section below), so that any differences are more
likely due to crystal packing effects that cannot be quantified. Despite the slight elongation, the
Fe-N bond lengths in 1 and 2 are still markedly shorter than in the previously reported iron(IV)

imido complex 3 (CSD code: MOBNUN) where the Fe-N distance is 1.618(3) A% Note that the

15
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corresponding distances in the Fe(IV) imido complexes
[{PhB(CH,P(‘Bu),)2(pz"*)} Fe(NAd)|(BArg24), where BArgs = B(3,5-(CF3),CeHs)s ™, are 1.609
A and 1.634 A, respectively for R = H, Me,””'* thus giving an average (1.622 A) very close to
that of 3.

The Fe-C bond lengths to the carbene donors are generally shorter for 2 than for 1, which
we attribute to the different topologies of the tris(carbene)borate ligands. Specifically, the flatter
mesityl group provides a different steric impediment than the tert-butyl group, allowing for
shorter metal-ligand bonds. The Fe-C bond lengths for all nitrido complexes are significantly
shorter than in the one crystallographically characterized imido complex, 3. Qualitatively, this is
due to the Fe in the nitrido complexes being a stronger Lewis acid than in the imido complex,
despite the imido complex being overall positively charged. The bonding aspects will be

discussed quantitatively in the QCT section below.

Figure 4. X-ray crystal structures of unsolvated iron(IV) nitrido complexes 1 and 2. Thermal
ellipsoids shown at 50 % probability, hydrogen atoms omitted for clarity. Black, blue, purple,
and pink ellipsoids represent C, N, Fe, and B atoms, respectively.
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Table 1. Selected distances (A) and angles (°) crystallographically determined for the
tris(carbene)borate iron(IV) nitrido and imido complexes under study.

©CoO~NOUTA,WNPE

Complex (R ='Bu) (R =Mes)

1 1-MeCN“ 2 2:MeCN? 3¢

Fe-N 1.532(5) 1.512(1) 1.509(2) 1.499(5) 1.618(3)
Fe-C 1.917(9) 1.915(1) 1.895(3) 1.885(7) 1.956(9)
1.917(9) 1.928(1) 1.903(3) 1.916(6) 1.972(3)
1.930(7) 1.928(1) 1.910(3) 1.921(6) 1.978(3)
N-Fe-C  120.1(3) 119.82(6) 121.5(1) 120.7(3) 123.2(1)
120.7(3) 120.85(6) 122.0(10) 122.2(3) 125.8(1)
121.6(3) 121.44(6) 122.5(1) 123.3(3) 128.3(1)

“CSD code: JOGGOC.™
>CSD code: QOXBOV.**
R’ = Ad; CSD code MOBNUN.*
*"Fe Méssbauer spectroscopic measurements
The *'Fe Méssbauer spectra of three-fold symmetric iron(IV) nitrido complexes

previously reported are notable." > ** In addition to the negative isomer shift, (8 = —0.27 to —0.34

mm s™), they also display very large quadrupole splittings, (AEqg =5.99 to 6.23 mm s') at 78 K.

d,"** 2% which is attributed

Indeed, the quadrupole splittings are among the largest ever measure
to the highly anisotropic electron distribution, with all the 3d electrons confined to the xy plane
(Figure 1).

We previously reported the Mossbauer spectrum of unsolvated 2 at 78 K.'** Similarly to
that complex, the zero-field Mdssbauer spectra of both the solvated (1:-MeCN; Figure 5, upper

left) and unsolvated forms of 1 (not shown) give rise to well resolved doublets. The isomer shift

(0) and quadrupole splittings (AEq) of complexes 1'MeCN and 2 are similar at 90 K, including

17
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large quadrupolar interactions (Table 2). The Mossbauer parameters of 1 are somewhat different
from those observed for 1:MeCN, likely due to the slightly different bond metrics in this crystal
structure as well as interactions with the crystallized solvent, as described above. Applied-field
(7 T) Mossbauer spectra were also recorded for 1:-MeCN (Figure 5, lower left) and for the two
nitrido complexes supported by TIMEN® ligands (R = Mes (Figure 5, lower right) Xyl (Figure
S4, Supporting Information). The zero-field and applied-field spectra give consistent isomer

shifts and quadrupole splittings. The applied-field spectra determine the positive sign of the
4
electric field gradient (EFG, AEq) and confirm the (dxzfyz,dxy) electron configuration with its S

= 0 spin ground state of the nitrido complexes. The applied-field spectra also reveal any
rhombicity in the quadrupole coupling tensor. It is interesting to note that the two TIMEN®
complexes have rigorously axial quadrupole coupling (n = 0), as expected for trigonal symmetry,
but there is slight rhombicity (n = 0.1; 1 is the maximum possible) in the tris(carbene)borate
complex resulting from the chelate’s phenyl borate anchor that removes the three-fold axial
symmetry. This geometrical distortion may also be reflected in the Jahn-Teller effects that are

manifest in the paramagnetic imido complexes 3 and 4.

18
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KPhB(Im®),}FeN] [(TIMENes)FeN](BPh,)
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Figure 5. Zero-field (top) and magnetic-field applied (bottom) °’Fe Mdossbauer spectra of left:
35 1MeCN; right: [(TIMEN™*)FeN](BPhs). The zero-field spectra were recorded at 78 K; the
36 spectra with a field applied perpendicular to the y-rays were recorded at 7 T and 4.2 K for
37 1'MeCN and at 6.5 T and 20 K for [(TIMEN™*)FeN](BPhy). The solid lines are powder
39 simulations for § = 0, obtained with the parameters: = —0.31(1) mm s, AEqg = +6.21(1) mm
40 s, Tiwhm = 0.26(1) mm s™", 1 = 0.10 for 1*MeCN; 8 =—0.30(1) mm s ', AEq = +5.99(1) mm s,
42 T = 0.26(1) mm s, ) = 0 for [(TIMEN"*)FeN](BPhy).

46 The zero-field Mdssbauer spectrum of 3 is shown in Figure 6. Mdssbauer spectra of 4
were not recorded due to limitations on material availability. Complex 3 exhibits a well-resolved
51 doublet with a negative isomer shift similar to its nitrido analogs, but with a much smaller
53 quadrupole splitting (Table 2). Unfortunately, it has not proven possible to prepare imido

complexes of iron supported by the TIMEN® ligand. Indeed, in contrast to the
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[{PhB(Im");}FeN] complexes, the nitrido ligand in [(TIMEN®)FeN]" complexes shows no
reactivity. We speculate that this inertness is due to TIMEN® forming a deep and narrow cavity

that also greatly inhibits side-on access to the axial ligand.

O e ¢
A N O

o
o
1
I

Absorption (%)
o
»

—_—
o
1
I

—
N
I
o omxo Y
[
|

|
-6 -4 -2 0 2 4 6
Velocity (mm/s)

Figure 6. °'Fe Mdssbauer spectrum of 3 at 80 K. The blue trace is a simulation using & = —0.17
mm s~ and AEq=1.06 mm s~
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Table 2. Experimental and computed Mossbauer spectral parameters for Fe(IV) nitrido and

imido complexes.

Complex S Method & (mms™) AEq T  Reference
(Geometry)“ (mms™h (&)
Nitrido complexes
1-MeCN 0  Experiment —0.28(1) 6.23(1) 78  This work”
Experiment -0.31(1) 6.21(1) 4.2"  This work
B3LYP (exp)  —0.3245 5.436 This work
B3LYP (exp”)  —0.3165 5.436 This work
2:-MeCN 0 Experiment —0.28(1) 6.08(1) 78 This work
1 0  Experiment —0.323(20)  6.18(6) 90  This work
B3LYP (exp)  —0.2943 5.480 This work
B3LYP (opt) —0.3047 5.447 This work
2 0 Experiment —0.354(6) 6.171(6) 90 This work
B3LYP (exp)  —0.3202 5.362 This work
B3LYP (opt) —0.3157 5.416 This work
[(TIMENM*®)FeN](BPhs)” 0  Experiment —0.30(1) 5.99(1) 207/ This work
[(TIMEN™")FeN](BPhs;)® 0  Experiment —0.31(1) 5.97(1) 207 This work
Imido complexes
3 1 Experiment —-0.17(1) 1.06(1) 80 This work
B3LYP (exp) —0.2155 1.464 This work
B3LYP (opt) -0.1417 1.451 This work
4 1 B3LYP (opt) —0.1591 1.436 This work
(pyrrapy)Fe=NAd ¢ 0 —0.09(1) 2.78(1) 77 %
Fes(us-N'Bu)s(N'Bu)Cl; ~0.17(2) 0.38(3) 150 7
(P'L)FeCl(sNC¢H3-2,6- 28 - +0.37 2.17 90 ®
iPr,)¢
[Fe(NTs)(N4Py)]*" ¢ 2 - +0.02 +0.98 42
21
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“ Applies only to B3LYP calculations and the usage of either the experimental (exp) or optimized
(opt) geometry.

" TIMENR = tris[2-(3-aryl-imidazol-2-ylidene)ethyl]Jamine, where R = aryl = xylyl (Xyl), mesityl
(Mes).

“ pyrropy = bis(pyrrolyl)pyridine dianion.

48U = 1 9-di-tert-butyl-5-(2,6-dichlorophenyl)dipyrromethene anion.

“ N4Py = N,N-bis(2-pyridylmethyl)bis(2-pyridyl)methylamine, Ts = tosyl; this complex was
studied in solution and not isolated as a stable solid.

4 Spin-coupled cluster, so the spin of individual Fe site is not well determined. The cluster has
been described as valence localized Fe(Ill);Fe(IV), wherein the Fe(III) sites are likely high-spin.”
We speculate that the net cluster spin § = 1/2 could arise from an anti-ferromagnetically coupled
Fe(III), pair (total S = 0) together with an anti-ferromagnetically coupled Fe(IlI)Fe(IV) pair (total
S = 1/2). This coupling scheme is analogous to those proposed for [Fe;S4]" " clusters,'*® but
does not give us the individual spin states within the Fe(III)Fe(IV) pair.

¢ Described as S = 5/2 Fe(Ill) antiferromagnetically coupled to S = 1/2 iminyl radical to give total
spin § = 2.

" Calculation included the presence of the MeCN solvent molecule.

"Mossbauer spectra recorded with an external magnetic field of 7 T applied perpendicular to the
incident y rays. Analysis of these data gave 1 = 0.10 for the quadrupole coupling.

/ Mossbauer spectra recorded both at zero-field (at 78 K) and with an external magnetic field of
6.5 T applied perpendicular to the incident y rays. Parameters derived only from the applied-field
data are given; these also gave n = 0.00 for the quadrupole coupling.

k¥ Zero-field Mdssbauer spectra for 1-MeCN have also been previously reported.*

"Note that Mdssbauer spectra were not recorded for 4, but optimized geometry calculations were
performed for comparison with experiment and calculations for 3.

To the best of our knowledge, only two bona fide iron(IV) imido complexes have been
previously characterized by Mdssbauer spectroscopy (Table 2).” *® Although these complexes
have different geometries and spin states from 3, their isomer shifts are similar to those of 3,
particularly that of the first example of an iron(IV) imido complex, Fes(p3-N"Bu)4(N'Bu)Cls,’
where the imido ligand is bound to one iron atom of a spin-coupled paramagnetic iron cluster.
The close similarity of these parameters suggest that the iron center in both complexes is in the
same environment. In contrast, the dipyrrinato iron imido complex has an isomer shift distinctly

different from those of the others, (i.e., positive; see Table 2) which observation contributes to its
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description as § = 5/2 Fe(Ill) anti-ferromagnetically coupled to an S = 1/2 iminyl (Ar-N*")

radical.*®

Magnetic susceptibility

The imido complex 3 was investigated by DC magnetic susceptibility, which is the most
readily accessible technique for the investigation of zfs in complexes with S > 1/2.'* The high
temperature (7 > 90 K) average value for the magnetic moment, i = 2.91, corresponds to a
spin-only value for S = 1 with g = 2.06, which is reasonable on its own as well as consistent with
the magnetic resonance results (vide infra). At lower temperatures, the molar susceptibility (y)
decreases, indicative of zfs, as seen in a plot of y7 versus 7, Figure 7. Unfortunately, this
qualitative picture was difficult to quantify. In order for the fitting process to match the high
temperature region at all successfully, it was necessary to fix the (isotropic) g value at 2.06; the
zfs was fixed as axial, as magnetic susceptibility is generally insensitive to rhombic zfs,"% !
and the magnetic Mdssbauer and magnetic resonance results showed that the system is nearly
axial. Oftentimes, magnetic susceptibility fits are insensitive to the sign of D, thus providing the

130, 131 L
7" However, in this case

same |D| regardless of whether the fit is fixed negative or positive.
distinctly different results obtained for each of these cases, as shown in Figure 7. For positive D,
the very low temperature (7 < 10 K) data are relatively well fitted, while the intermediate
temperature (10 K < 7' < 80 K) data are relatively poorly fitted. In contrast, for negative D, the
low T data are poorly fitted and the intermediate temperature data are well fitted. This would be
of little consequence if the resulting |D| values were similar, but they are not. For positive D, the

best fit is +14.5(5) cm™', while for negative D, it is —33.7(5) cm™', independent of whether the

isotropic g value is also allowed to vary or is fixed at the high temperature value, g =2.105.
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D=+14.7 cm™ 1
D=-33.8cm’
g=2.105
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Figure 7. DC magnetic susceptibility of 3 plotted as molar yu7 versus 7. Data points are given

by diamonds and were recorded at an applied field of 1 T. Fit lines using an § = 1 spin axial
Hamiltonian are shown for both positive (blue traces) and negative (red traces) D values, as
shown on the figure, with gj,, fixed at 2.105. The inset shows the lower temperature region
where the differences between the fits are more evident.

HFEPR

By virtue of being a resonance technique, HFEPR is inherently more desirable to extract
zfs parameters from an S > 1/2 system.'’? Both imido complexes 3 and 4 were therefore
investigated as polycrystalline solids by HFEPR. For a spin triplet with relatively large zfs, the
EPR transitions are few in number, as some of us have previously seen with tetragonal

133

oxidoiron(IV) complexes. * Nevertheless, by observation of resonances at or near zero applied

field, the zfs can be readily extracted. The field dependence of these resonances can be followed

24

ACS Paragon Plus Environment

Page 24 of 58



Page 25 of 58

©CoO~NOUTA,WNPE

Submitted to Inorganic Chemistry

at higher frequencies, which allows the g values to be determined — parameters that are not
readily available from Mdossbauer spectroscopy, even with applied fields.

Compound 4 gave a better HFEPR response and thus will be discussed first. Using the
resistive magnet (Keck) setup, 4 unequivocally delivered two zero-field resonances, at
frequencies of ca. 195 and ca. 208 GHz (Figure 8, lower panel). Both resonances could be
followed to higher frequencies and higher fields, but nothing could be observed below 195 GHz,
i.e., the complex is “EPR-silent” at that frequency range. At high enough frequency (ca. 300
GHz), the two transitions merged into a single line, observable until the end of the range of
frequencies of the particular BWO source used, i.e., 360 GHz. No resonances could be detected
using higher-frequency BWO sources, as these have lower power. The superconducting magnet-
based spectrometer confirmed these results; however, the increased resolution of the derivative
shape (due to magnetic field modulation and phase detection) resulted in an appearance of a
structure on top of the broad resonances (see Figure S4, Supporting Information). Although in
principle such structure in the main transition could originate from differing g and g, values, this
should result in the splitting increasing with frequency/field, yet it does not, remaining
approximately constant. We believe that this behavior is an orientation artifact (i.e., from an
imperfectly random ensemble of molecules) revealed by the increased resolution of the

derivative spectra.
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Figure 8. Selected HFEPR spectra of 3 (upper panel) and 4 (lower panel) obtained at 4.2 K using
a resistive magnet and BWO sources at the frequencies indicated. The spectra were recorded
near their respective zero-field transitions. Amplitudes are normalized within the series for a
given complex. For 3, the signal at 7 — 9 T is at g = 2 and may be due to a low-spin Fe(III)

impurity.
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Concerning compound 3, both spectrometers delivered a single zero-field transition at ca. 210
GHz (Figure 8, upper panel), with no additional resonances detected under any other field and
frequency conditions. However, at higher frequencies, the derivative spectrum (field modulated,
superconducting magnet setup) again shows a splitting of this AMs = + 2 transition, this time into
a doublet (or triplet, Figure S5, Supporting Information). In this case, the splitting clearly
increases with frequency or field, and is thus attributed to g anisotropy, despite the axial nature
of the D tensor. Full analysis of the 2D field-frequency data set for the two complexes (shown in
Figure S6, Supporting Information) gave the spin Hamiltonian parameters summarized in Table
3. These parameters will be discussed in detail in the computational section below, but we note
now that the |D| values for the two complexes are similar,"** ca. 7 cm™', which is much smaller in
magnitude than that seen for oxidoiron(IV) complexes with § = 1 ground states (D > +20

73, 133

cm ™) However, these spin triplet [FeO]*" species have tetragonal symmetry; those with

trigonal symmetry have spin quintet ground states, with [D| ~ 5 cm™"."**

FT-FD THz EPR

The HFEPR spectra described above were recorded in the field domain, as is the case for
EPR in general. The useful information, however, was contained largely in the field region near
zero, but with varying microwave frequencies (Figure 8). What is therefore more desirable than
approximating a zero-field frequency-domain experiment in this manner, is actually to perform
such an experiment. This was indeed done for 3 and the resulting frequency domain spectra at
zero-field and at various external fields are shown in Figure 9. At zero applied field, there is a
single electronic resonance, located at 7.22(1) cm™", which directly corresponds to |D| for a spin
triplet. This value of |D| obtained from frequency-domain measurements on 3 agrees to within

2% of the value obtained from field-domain (HFEPR) measurements. The ideal, single Gaussian
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lineshape of this band (even at the highest resolution, 0.025 cm™') suggests that there is no
doubling due to the presence of rhombic zfs, within its linewidth (0.1 cm™', hwhm). Thus, the
system is essentially axial, also in agreement with HFEPR, as might be expected from its nearly

trigonal symmetry.'*®

This band greatly shifts and broadens with application of an external
magnetic field, as expected for an electronic spin transition, as opposed to a vibrational mode
that would unaffected by a magnetic field, so that it is no longer observable at By > 2 T.
Unfortunately, the quantitative analysis of this behavior is complicated by the apparent absence
of parallel transitions (i.e., magnetic field along the D tensor z direction). Use of isotropic g
values in the range 2.0 — 2.1 adequately model the observed behavior of what are assumed to be
only perpendicular (i.e., magnetic field along the D tensor xy direction) transitions. A full
understanding of the field dependence of these frequency domain signals is beyond the scope of
this work, as among other aspects, it would require test compounds with precisely known g

values and investigation of possible field orientation effects, requiring much more readily

available (i.e., commercial) test compounds.

To relate the magnetic susceptibility and magnetic resonance experiments, we note that
the susceptibility fits using a positive D value give its magnitude in rough agreement with the
low temperature magnetic resonance techniques, while fits using a negative D value gave a large
magnitude that is more in line with the zfs expected for a °E ground state. This behavior may be
related to the pseudo-Jahn-Teller effect operative in 3, and will be described in more detail

below.
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Figure 9. Experimental (black traces) and simulated (red and green traces) FT-FD THz-EPR
spectra of 3 recorded at 5 K and varying applied magnetic fields as indicated. The experimental
spectra were recorded under identical conditions, except for applied field, so their intensities
correspond. The simulations use a spin Hamiltonian with S = 1, |D| = 7.225 cm™, gis, = 2.00 and
a Gaussian linewidth (hwhm) of 0.10 cm™" (3.0 GHz). The instrumental resolution is 0.025 cm ™.
The simulation intensities are each scaled to match the corresponding experimental spectrum.
The green simulated trace for By = 2 T has been scaled to match the intensity of the higher
energy feature; thus the lower energy feature is off-scale and truncated. The simulations do not
use a full powder pattern (i.e., the full polar angle 6 range), but only 6 = 80 — 90° with ¢ = 0 —
90° (full range). Additional simulations are shown in Figure S7 (Supporting Information).
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Table 3. Experimental (3 and 4) and calculated zfs and g-tensor data for S = 1 Fe(IV) imido
complexes. (Theoretical coupled perturbed values are in parentheses.)

Comp- Data type
ound

3 Exp (HFEPR)

Exp (FD-THz EPR)

Exp (DC susceptibility)

BLYP

B3LYP
BLYP

B3LYP
CASSCF
sa-CASSCF

4 Exp (HFEPR)

BLYP

B3LYP
CASSCF

sa-CASSCF

Geometry D/ cm™!

exp

exp

opt

opt
opt
opt

opt

opt
opt

opt

17.08(1)|

17.22(1))

+14.5(5),
~33.7(5)¢

~8.825
(~6.050)

~7.537
(~4.747)

—45.187
~92.061
16.71(1)|

~7.562
(~4.763)

—45.107

—90.070

E/cm™

10.05(10)|

10.00(10)|

~2.107
(~1.143)

~1.981
(~1.080)

~1.641
~1.986
10.22(1)|

—2.117
(-0.143)

—-1.676

—2.006

8x
2.07(1)

20—
2.2°

2.105¢

2.016

2.019
2.015

2.020
1.986
1.932
2.21(1)

2.014

2.019
1.984

1.934

8y
2.39(1)

20—
220

c

2.023

2.032
2.023

2.035
2.000
1.947
2.19(1)

2.023

2.034
1.999

1.949

2.101

2.151
2.086

2.131
2.462
2.855
2.32(1)

2.085

2.130
2.460

2.839

“No value for g, was obtained from either paramagnetic resonance technique.
’ The FT-FD THz-EPR experiment did not allow definitive determination of g values, but
suggests that g, and g, are in the range 2.0 < g, < 2.2.
© Fits to the magnetic susceptibility data yielded significantly different magnitudes of D
depending on whether the fit was constrained to a positive or a negative value (see text). The fits
used axial symmetry (£ = 0) and an isotropic g value fixed at 2.105 to match the higher
temperature data; allowing g to vary led to it changing only minimally with little or no

improvement in fit.

ACS Paragon Plus Environment

30



Page 31 of 58

©CoO~NOUTA,WNPE

Submitted to Inorganic Chemistry

Ligand-field theory (LFT)

137,138
7, W

Classical ligand-field theory (LFT), using the angular overlap model (AOM), as

previously applied to a spin quintet, trigonal, oxidoiron(IV) complex,135

taking advantage of an
earlier study that employed electronic absorption and MCD spectroscopies.'*’ Here we can
analogously make use of the previously reported analysis of the electronic absorption spectra for
1.%° The relevant aspects of this study, as well as how the AOM is applied in this case, are
described in detail in Supporting Information. In brief, it is possible using a simple LFT model to

arrive at the singlet spin ground state for 1 (and, due to their similarity, for 2 as well) with

bonding parameters that are reasonable both for the nitrido N, making use of earlier studies on Cr

140, 141 142, 143

and Mn nitrido complexes, and carbene C donor ligands. Moreover, the earlier
analysis of the electronic transitions™ is validated as well. It should be noted, however, that,

especially with inclusion of spin-orbit coupling (SOC), the 'A| ground state of 1 is not described

as a singlet in the simple, valence-bond sense of having two filled orbitals (e(a)4a1°e( b)o ); rather,

there is significant populations of the higher orbitals, but with overall paired spins (Mg = 0). This
finding is corroborated and expanded on in the QCT section that follows.

In the case of the imido complexes, 3 and 4, the challenge is to obtain a spin triplet
ground state, despite the superficial similarity between the imido and nitrido complexes in terms
both of their structures and their electronic absorption spectra. We note that another trigonal four-
coordinate Fe(IV) imido complex ([ {PhB(P™®"),(pz’)}Fe'V(NAd)]";) exhibits an S = 1 ground
state, so that the discussion here is generally applicable to these as well. There is a diamagnetic
four-coordinate Fe(IV) imido complex,’® but its geometry is quite different, namely cis-divacant
octahedral so that its ideal symmetry is only C, thus with no orbital degeneracies.'** As shown in
the Supporting Information, however, the slight increase in 0 angle (i.e., the angle between the
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B-Fe-N, approximate Cs axis, and the ligand carbene C atoms; see Scheme S1) between the

imido complex 3 and the previously analyzed®® nitrido complex 1'** is sufficient to lead to a °E

ground state (e(a)3alle( " ) see Scheme 1 (left), ground state for 3, without any other changes in

bonding or Racah parameters (it is likely that the - and n-donation from the imido ligand is
slightly weaker than that from the nitrido, see below). An orbitally non-degenerate, Ay ground
state (Scheme 1, right), is not favored. LFT predicts triplet excited states, accessible via electric-
dipole allowed transitions, with energies close to those of the singlet excited states calculated for
the nitrido complex, thus the electronic absorption spectra are similar whether the ground state is
a singlet or a triplet. The orbitally degenerate °E ground state is subject to a Jahn-Teller
distortion, which may give rise to the zfs observed by HFEPR, but in a manner that is not well
treated by the present, simple LFT model. QCT, as described below, can better handle these

subtle effects.

o) 'O - - R - T ! &
0 ; e() N e) % /§\O

+ L ++ & &
I T T

Scheme 1. Possible formal d-orbital occupation scenarios in trigonal ligand field for Fe(IV)
imido complexes.

Quantum Chemical Theory (QCT)
In this section we first address the energetically-favored geometries and spin states,

followed by a discussion of the EPR-derived parameters (i.e., zfs) and Mossbauer parameters and
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conclude with a brief comparison of the electronic structure of the nitrido and imido complexes,
particularly with respect to their ground state spin preferences, at the end of this QCT section.
Optimized geometries. We have performed B3LYP/6-311G* geometry optimization of the

neutral molecules 1 and 2 as well as the singly charged cations of 3 and 416

in the singlet, triplet,
and quintet spin states. In agreement with experimental observations, 1 and 2 prefer the singlet
spin state whereas 3 and 4 prefer the triplet spin state (Table S12). Since the relative energies of
the other spin states indicate only vanishing populations, only the energetically preferred spin
states will be discussed. The differences between experimental structural data and the optimized
structures are compiled in Tables S13 and S14. Consistent with experimental data, the optimized
iron imido structures do not retain the maximal possible C; symmetry (a trigonal rotation axis is
missing because of the phenyl group bonded to B atom) due to the pseudo-Jahn-Teller (PJT)
effect. The consequences of this effect were observed by EPR earlier for the S = 1/2 iron(V)
complex [{PhB(Im™");}FeN](BArg4), where [PhB(Im™");]” = phenyltris(3-tert-butylimidazol-2-
ylidene),'*” which has a slightly bent B-Fe-N angle. The PJT effect in the cations of 3 and 4 is
practically the same as in [PhB(‘Bulm);FeN]", but the doublet spin states must be replaced by
triplets. Further comparison of the PJT effect in these Fe(V) and Fe(IV) complexes is given in
Supporting Information.

Generally speaking, all bond lengths and/or interatomic distances between iron and the
ligating atoms (including formally also boron) are shorter for the nitrido than the imido
compounds. This suggests that the one ¢ and two m dative bonding picture of the [Fe-N]" moiety

of nitrido compounds (1 and 2) yields a stronger bond compared to the [Fe-NR'] imido

compounds (3 and 4). Interestingly, the stronger Fe-N dative interactions in 1 and 2 increases the
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electron density at the central Fe atom (see below) which is manifested in the shorter interatomic
distances.'**

Quantum Theory of Atoms in Molecules (QTAIM) analysis. For the sake of simplicity we
will generally restrict discussion of our QTAIM B3LYP/6-311G* study to the most preferred
spin states of these complexes (Tables S15 — S18). As mentioned above, the QTAIM charge on
Fe is larger in the cations 3 and 4 than in 1 and 2. An interesting observation is that, unlike the
imido complexes, for which the cations of 3 and 4 have nearly equal Njnigo atomic volumes and
charges, these properties of the nitrido ligands are sensitive to tris(carbene)borate ligand
substituent (R). Specifically, the Npiyigo in 1 (R = tBu) has a smaller atomic volume and a more
negative charge than in 2 (R = Mes), which suggests that the nitrido ligand in 1 should be more
reactive, counter to experimental observations. However, while the ‘Bu groups in 1 effectively
shrink the volume of the nitrido ligand, increasing its charge density, they also screen
interactions with substrates and reduce its reactivity as compared with 2 where there is
essentially no steric hindrance between Nyiyrigo and R = Mes.

Bond critical point (BCP) analysis (as well as the electron density integrated over the
mutual interatomic surfaces) reveals that the Fe - Nyiyido bonds in 1 and 2 are stronger than the
corresponding Fe - Njnigo bonds in cations 3 and 4, see Tables S16 and S17. The vanishing BCP
ellipticity agrees with a bonding interaction composed of one ¢ and two almost equivalent
perpendicular 7 interactions (see below). More positive BCP Laplacian values of all Fe - Niyido
than for the Fe — Ny;wigo bonds indicate a greater degree of electron density transfer between iron
and the imido ligand. While this seems counter-intuitive based on the assumption that the Fe —
Nhitrido dative bond is stronger, this is caused by the contributions of the perpendicular negative

eigenvalues of the Hessian which are twice as negative for the Fe — Npjyido (ca. -0.70 e/bohrS)

34

ACS Paragon Plus Environment

Page 34 of 58



Page 35 of 58

©CoO~NOUTA,WNPE

Submitted to Inorganic Chemistry

than the Fe - Niniqo (ca. —0.33 e/bohrS) bonds, see Table S18, i.e., the perpendicular = donor-
acceptor interactions are more pronounced for the nitrido complexes. The dominating positive
eigenvalue in the bond direction is slightly larger for Fe — Nyixidgo (ca. 1.80 e/bohrS) than Fe -
Nimido (ca. 1.67 e/bohr’), which favors a shorter and stronger bond with a slightly more convex
distribution of the electron density along this bond.

We have not found any Fe - B bond path (see Figure S15, Supporting Information). The
absence of this bonding interaction is supported from the QTAIM prospective by the presence of
a cage critical point (i.e. a local electron density minimum) in the center of the B(p-
imidazolylidene);Fe cage for all complexes. Further details on QTAIM results are provided in
Supporting Information.

Spin Hamiltonian parameters. The theoretical spin Hamiltonian parameters (zfs and g values)
are compiled in Table 3. The agreement between theoretical and experimental values is indeed
reasonably good in the case of BLYP/TZVP results (considering the absolute value), where the
QRO method yields better agreement with experiment comparing to CP level of theory.
Nevertheless, the CASSCF(10,8)/TZVP results of 4 (note that these are almost identical to those
of 3, see Table 3), based on state averaging of the 50 quintet, 100 triplet, and 100 singlet states
included in the final zfs evaluation, yields a D value that is six times larger in the absolute value
than found in the EPR experiments. Here, quintet, triplet, and singlet states contributions for 4

are —0.332, —45.737 and +1.215 cm™, respectively. Among these, the contribution of the first

triplet excited state is —49.682 cm™, which is best described as a 3dxylcixzfyzzcz’zzl determinant

(weight, defined as crer = 0.712). The dominant configuration space determinant in the ground

state CASSCF(10,8)/TZVP wave function has a 3dxy2a’xzfyzla’zzl character (co ¢o = 0.736) and the

energy difference between the ground and first excited state is 2448 cm™. When performing
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CASSCEF state averaging for the two lowest triplet states, the overall D value is twice as large as
in the case of state specific calculations. The CASSCF results are described at the end of this
section. A large zfs value (i.e., a splitting between the two lowest energy levels), 69.9 cm™, is
found in the LFT analysis as well (see Supporting Information, including Table S11). The
discrepancy between CASSCF and LFT theory when comparing to the experimentally fitted
parameters of the Spin Hamiltonian of the EPR experiments is rather discouraging and offers an
additional impetus to improvements in theory. A recent example of a similar kind of difficulty
was reported in the calculation of zfs parameters of Fe(Ill) porphyrin complexes with axial

halido ligands (high-spin 3d’ configuration).'*’

The obvious remedy here would be the inclusion
of dynamic correlation by either a complete active space second order perturbation theory
(CASPT2)""*"*? or an N-electron valence state perturbation theory (NEVPT2)'**"** treatment.
These methods have been recently applied to a variety of transition metal ion complexes with S >
1/2, such as of M(I) (M = Cr, Mn, Co)156 and Co(II).m'159 Unfortunately, such a treatment here
was not possible on the bona fide systems and treatment of a truncated system did not yield a D
value any closer to experiment. It has to be pointed out, albeit on the premise of “getting the right
answer for the wrong reason”, that the CASSCF(10,7) calculation that involves breaking the
equal description (close degeneracy) of the ety MOs yields a D value of —9.23 cm' for 4, which
is close to the experimentally derived value (leaving the sign of the D parameter out of
consideration, which was not well determined experimentally). In addition, a CASSCF(8,7)
calculation which excluded 3dyy(Fe) from the CASSCF space yielded a positive contribution to

D =+3.14 cm™", of 50 triplet states but a negative contribution to D = —5.38 cm™ of 50 singlet

states to give the net D value of —2.624 cm™'. Despite the improved agreement between the

CASSCEF(10,7) or CASSCEF(8,7) results and the experimental D value, this rather artificially
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enforced e or e,) symmetry breaking will not be considered any further, but for one remark. It
appears that the smaller D value (in absolute value) derived from low temperature magnetic
(both susceptibility and resonance) measurements can be attributed to a distorted geometry that
breaks the *E symmetry (most probably due to JT effects; not to be confused with the orbital
order of Scheme 1, right). However, *E-like symmetry seems to be effectively restored at higher
temperature (e.g., a kind of vibrational effect) as found in the preference for a negative D value
of the susceptibility data fit above 10 K — a temperature regime that was not amenable to
paramagnetic resonance measurements.

An additional option to explain the shift of the CASSCF(10,8) results is the possibility of
bending and hence further enforcement of JT distortion (which is true for simplified complexes
with replacing Mes groups by hydrogens or methyl groups and using methyl groups instead ‘Bu
or Ad). A bent nitrido geometry has been already obtained by Tangen et al.’> When enforcing
bending of the C-Fe-Nyiyiqo angle to about 150° in 4, the CASSCF(10,8)/VTZP-calculated D

value becomes equal to —17.54 cm’

. The above mentioned linearity arises due to the
contributions of two different parts of the adiabatic potential obtained by splitting the
(pseudo)degenerate electron states. The ground state of the complex is described by the lower
part of this potential in the shape of a warped “Mexican hat” with local minima corresponding to
stable structures fully breaking the degeneracy at low temperatures. Bulky Mes groups might
affect this potential slope and reduce the barriers between individual stable potential minima
corresponding to bent structures and thus support the dynamical averaging of the less symmetric
bent configurations into the high symmetric linear structure observed at higher temperatures

which is known as a dynamical (P)JT effect (see also the discussion in Supporting Information).

This behavior is consistent with the results of an imido model compound with hydrogen or
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methyl groups in the position of the supporting bulky Mes groups and is fully supported by the
results of Tangen et al.’> (see discussion in Supporting Information). The energetically upper
adiabatic potential part, with a formally normal umbrella shape, resides over the Mexican hat and
its slope is affected by the presence of the bulky Mes groups as well. No dynamical effects are
necessary to explain the corresponding symmetric structure, but it corresponds to a higher
electronic state and its probability (and thus the its contribution to the structure observed) is
much lower than of the above mentioned ground state.

The BLYP/TZVP and B3LYP/TZVP calculations yield g matrix diagonal components
shifted from the experimental ones, but it must be noted that the latter are not well determined, in
particular their direction in the molecular framework (see Table 3). The HFEPR studies do
suggest that one g matrix component is relatively large in magnitude; combining with the
susceptibility indicating an average g value of 2.10, so g = [2.0, 2.0, 2.3] is reasonable for a
consensus with the experimental g matrix. The g, and g, values are close to 2.0 and only the z
component is shifted to 2.09 and 2.13 in the case of BLYP and B3LYP functionals, respectively,
using the optimized geometry. The CASSCF(10,8) calculation yields a g value close to 2.0 in the
case of the g, and g, components, but the g. component is found close to 2.5 (this value is 2.9 in

the case of the state-averaged CASSCF calculation).'®

Maoéssbauer. Theoretical B3LYP/TZVP/COSMO(water) Mdssbauer parameters are enumerated
along with their accompanying experimental values in Table 2. Both the theoretical and
experimental Mdssbauer isomer shifts (8) are more negative for the nitrido complexes (1 and 2)
than the imido complexes (3 and 4). Similarly, larger quadrupole splittings (AEq) are observed
for the nitrido than for imido complexes. The calculated values of the species under study show

reasonable agreement with the experimental results, as has been previously observed,''? which
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validates the theoretical model. The inclusion/exclusion of the extra solvent molecule in the
proximity of Nimigo atom within the experimental structure of 1:‘MeCN has no impact on the
theoretically determined Mossbauer parameters, despite the fact that modest differences in these
parameters between 1 and 1'MeCN are experimentally observed. We therefore attribute these
differences to ligand field changes that are due to solid state packing effects rather than direct
interactions between the nitrido complex and MeCN. The difference in Mossbauer isomer shift
between imido and nitrido compound classes can be assigned to differences in the spin states and
bonding interactions, rather than to differences in the physical oxidation state.
B3LYP/TZVP/COSMO(water) contact densities at the nucleus (pnuc) which were used to

112
1.

calculate the Mossbauer isomer shifts according to Romelt et a are shown in Table S19

(Supporting Information).
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Scheme 2. NBO diagrams of 1 (top, CASSCF) and 4 (bottom, sa-CASSCF). NBOs of 1 and 4
are positioned accordingly to their eigenvalues (¢) following the ¢ axis labeling. The up/down
occupation arrows reflect the configuration of the dominant determinant from the CASSCF
space. Cyan, pink, yellow, violet and silver spheres represent H, B, C, N and Fe atoms,
respectively.
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Spin state preferences. The qualitative agreement (as well as differences) between the DFT and
CASSCF results from the orbital and Mulliken population perspectives is provided in the
Supporting Information. Efforts to elucidate the differences in spin state preferences in the
nitrido (1, 2) and imido (3, 4) species will be described below. We will first consider the orbitals
(eigenvalues/energies) of the individual imido and nitrido ligands. In the nitrido case, one has to
formally assume an N°~ ligand/group with the 2s/2p orbitals having higher and more positive
Hartree-Fock/TZVP '®! eigenvalues (0.11 / 0.65 hartree) than the '‘BuN®" imido ligand of 4 (-
0.21, -0.24, 0.06, and 0.07 hartree in the case of MOs with 2s, 2p,, 2py, and 2p, AO character of
nitrogen, respectively), see Scheme S1. It is noteworthy that the c-bonding 2s(N) and 2p,(N)
orbitals of the R’N*" ligand are close in energy and the two perpendicular 2pyy(N) orbitals
interact with orbitals on the tertiary carbon atom (not shown). The eigenvalues of the 'BuN*
ligand are considerably lower in energy due to the less negative charge of this ligand as well as
stabilization of the nitrogen AOs via bonding with the ‘Bu group. Thus, stabilization of the
2p(N) AO density in the R'-N bond reduces its ability to participate in o(Fe-N) interactions, as
compared with the corresponding 2pN) AO of the N°~ ligand, which also has a more negative
overall charge.

To discuss spin state preferences in the imido and nitrido complexes, we consider the Fe
d* electronic configuration in formal Cs, symmetry, where the nitrido and imido ligands are
apical to the (nearly) trigonal pyramid base composed of the iron(IV) ion and the
tris(carbene)borate ligand. Following Schemes 1, 2, and S1, the ligand field electronic
configuration of iron in the complexes has (formally) doubly degenerate e, orbitals, with an a;
orbital singly occupied in the triplet state, whereas the eg) (formally) doubly degenerate orbitals

are involved in the bonding and antibonding m-interactions with the nitrido/imido ligand. The
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four d-electrons of Fe will occupy different spin-orbitals and have the largest possible
multiplicity when the e, to a; energy gap is small enough (imido case); these electrons pair up
within the e, NBOs'® when the energy gap is sufficiently large (nitrido case). Thus one could
consider the nitrido and imido ligands from a spectrochemical series perspective with the imido
splitting the e(,) and a; orbitals to a lesser extent than for the nitrido ligand.

Nevertheless, the QCT picture, which is based on the NBOs of 1 and 4, has to take into
account the relative energies and order of the a; dx(Fe)-like NBO with respect to e, d(Fe)
orbitals, as well as the overall character of NBOs (Scheme 2 and S1). For complex 4, the

Fe(d, )*N-R’*” bonding NBO (a;) has the lowest eigenvalue (see Scheme 2 and S1, Figure S16b

or Table S21), but is predominantly imido 2p, in character. By contrast, the second highest a;

NBO in the [Fe(d , )*N-R'*"] moiety is non-bonding 3d, (Fe) in nature, well-suited to host an

unpaired electron as it is energetically close to the e, NBOs. In the case of 1, the a

Fe(d ., )*N*~ bonding interaction does not have such a small eigenvalue, but amounts to almost

one 3d , electron (see Schemes 2 and S1, Figure S13e). In the case of the nitrido ligand, the

negative charge from the 2p,(N°") AO, with its high eigenvalue, is donated into the bonding a;
orbital of 1, due to large and favorable energy and spatial/charge gradients, but the bonding
nature of this NBO makes it unsuited to host an open shell. The a;* NBO of 1 is purely
antibonding and has a high eigenvalue, see Scheme 2 and S1. Thus, this a;* NBO is also far
from being suited to host the open shell electron, being far from the e,y NBOs of the d*(Fe)
configuration. Despite the different spin states and the nature of the lowest a; NBO, the four non-
bonding 3d electrons identify the formal oxidation state of the central atom to be Fe(IV) in both
the nitrido and imido complexes. The oxidation state assignment for the imido complex is in

contrast with the assignment made by Iovan and Betley in their dipyrrinato complex, namely
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Fe(IIT)-iminyl radical.’® We speculate that this difference might be related to fact that in 3 and 4
(and in the previously reported diphosphine-pyrazolyl complex27) the imido substituent is
aliphatic (R’ = Ad, tBu), while in the dipyrrinate, it is aromatic (R’ = C6H3-2,6-iPr2) and easier to
reduce. Further synthetic efforts are needed to test this hypothesis.

The order of orbitals in the nitrido (1) and imido (4) compounds is also worth

highlighting. The e Fe(d,./d,. )*N-R'*” bonding orbitals in 4, when enforcing CASSCF(10,8)
state averaging between Fe(d, ) and Fe( dxz—yz) NBOs, are shifted energetically below the non-
bonding Fe(d,, ) and Fe( a’xz_y2 ) NBOs. Hence, e@) Fe(d ) and Fe( alxz_y2 ) NBOs are neighboring

with the non-bonding a; Fe(d,) in the active space. On the other hand, in the case of 1, the

bonding interactions in the e and a; NBOs are energetically above the non-bonding Fe(d )

and Fe( alxz_y2 ) NBOs and the antibonding a;* is the highest NBO in the active space.

Conclusion

This paper has reported the results of a comprehensive experimental and computational
investigation into the electronic structure of iron(IV) nitrido {FeN}™ and imido {FeNR'}*"
complexes in three-fold symmetry. The experimental techniques included magnetometry, °'Fe
Mossbauer spectroscopy — ideally suited for these complexes, and both field- and frequency
domain low temperature paramagnetic resonance (HFEPR and FD-FT THz-EPR, respectively)
spectroscopy, ideally suited for the integer spin (S = 1) imido complexes, with their significant
zfs. Results of these spectroscopic studies have provided a platform for experimentally correlated

electronic structure calculations that address the spin state preferences of the two sets of

complexes. Specifically, the Mdssbauer results show the utility of the isomer shift in the Fe(IV)
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assignment for these imido and nitrido complexes, as opposed to other formal oxidation states,
which was further validated by QCT. Concerning the magnetometry and magnetic resonance
spectroscopic studies, which probed the zfs of the spin triplet imido complexes, the results were
more ambiguous. The small magnitude, positive D value derived from low temperature magnetic
susceptibility and EPR data contrast with the negative and large magnitude D value derived from
higher temperature (above 10 K) susceptibility measurements. A way out of this conundrum is
offered by the ab initio findings, which indicate °E symmetry breaking / restoring due to (P)JT
effect in a relatively tight temperature window. Future experiments including low temperature
crystallography and more extensive magnetometric and spectroscopic measurements may need to
be performed to test this hypothesis.

The details of the spectroscopic investigations are of interest, but the main point is that
despite their differences in charge, the spin state preferences of the two sets of complexes can be
directly ascribed to the donor properties of the imido and nitrido ligands. Although both ligands
can bind to iron through one c- and two m-symmetry interactions, a critical difference between
the two is the lower o-donor ability of the imido ligand that is a consequence of stabilizing

interactions with its substituent (R’ = alkyl group). This factor, along with the smaller charge of

the imido ligand, reduces the energy of the c-interactions with the iron center, most significantly
lowering the energy of the out-of-phase a; (a’z2 ) orbital and decreasing the energy gap between

the e, and a; orbitals. Thus, the imido complexes exhibit a ground state electronic configuration

3
that can be described formally as(d dxz_yz) dzzl, while the nitrido complexes

Xy

4
are (dxy, a’xz_y2 ) dzzo , with respect to the non-bonding 3d orbitals of the central iron atom.
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Whether the present type of imido complex can be made into a spin singlet and the nitrido into a
spin triplet is an open question. The R’ employed here is already strongly donating, so an

increase in imido o-donor strength is challenging. On the other hand, it may be possible to

©CoO~NOUTA,WNPE

11 modify the donor strength of the nitrido ligand, e.g., by Lewis acid coordination.'®%°

13 In any case, it the relative energy and character of the single orbital type (a;) that dictates
16 the resulting spin state of the complex. More generally, the o-donor ability of the apical ligand is
18 therefore a sufficient parameter for tuning the spin states of (formally) d* complexes in three-fold
21 symmetry and apical ligands of appropriate o-donor strength are expected to facilitate S = 0/S =
23 1 spin state transitions. Such fundamental understanding of the ability of coordination chemistry

to control spin state has relevance to the design of spin-based molecular devices.
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Experimentally-correlated electronic structure calculations of three-fold symmetric iron(IV)
imido and nitrido complexes at various levels of theory reveal that spin state of the complex is
determined by the relative energy of a single orbital, whose energy is tuned by the c-donor
ability of the multiply bonded ligand. Symmetry breaking / restoring of the orbitally degenerate

ground state of the imido complexes is also explored by these techniques.

reduced c-donor strength
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