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ABSTRACT: Currently, there are only a handful of synthetic § = 2
oxoiron(IV) complexes. These serve as models for the high-spin (S=2)
oxoiron(IV) species that have been postulated, and confirmed in \
several cases, as key intermediates in the catalytic cycles of a variety of
nonheme oxygen activating enzymes. The trigonal bipyramidal com-
plex [Fe™(0O)(TMGstren)]*" (1) was both the first S = 2 oxoiron- 1_\_),
(IV) model complex to be generated in high yield and the first to be \
crystallographically characterized. In this study, we demonstrate that
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the TMGatren ligand is also capable of suEporting a tricationic r (A)

cyanoiron(IV) unit, [F eIV( CN)(TMGstren)]

* (4). This complex

was generated by electrolytic oxidation of the high-spin (S = 2) iron(II) complex [Fe"(CN)(TMGstren)] " (2), via the S = 5/2
complex [Fe'(CN)(TMGstren)]*" (3), the progress of which was conveniently monitored by using UV—vis spectroscopy to
follow the growth of bathochromically shifting ligand-to-metal charge transfer (LMCT) bands. A combination of X-ray absorption
spectroscopy (XAS), Mossbauer and NMR spectroscopies was used to establish that 4 has a S = 0 iron(IV) center. Consistent with
its diamagnetic iron(IV) ground state, extended X-ray absorption fine structure (EXAFS) analysis of 4 indicated a significant
contraction of the iron-donor atom bond lengths, relative to those of the crystallographically characterized complexes 2 and 3.

Notably, 4 has an Fe!V/™

reduction potential of ~1.4 V vs Fc'/°, the highest value yet observed for a monoiron complex. The

relatively high stability of 4 (¢,/, in CD3CN solution containing 0.1 M KPF at 25 °C ~ 15 min), as reflected by its high-yield
accumulation via slow bulk electrolysis and amenability to '*C NMR at —40 °C, highlights the ability of the sterically protecting,
highly basic peralkylguanidyl donors of the TMGstren ligand to support highly charged high-valent complexes.

B INTRODUCTION

Oxoiron(IV) intermediates have been invoked as the active
oxidants in catalytic cycles of a wide variety of monoiron nonheme
oxygenase enzymes"” and have been trapped and spectroscopi-
cally characterized in several cases.>”” Without exception they
were found to be high-spin (S = 2). In contrast, the overwhelming
majority of the veritable plethora of model oxoiron(IV) com-
plexes exhibit an S = 1 spin-state, supported within an octahedral
ligand array.® Prior to our recent report of the generation and
spectroscopic characterization of the trigonal bipyramidal (TBP)
complex [Fe'"(O)(TMGstren)]** (1, Chart 1), the only exist-
ing example of an S = 2 oxoiron(IV) complex was the purportedly
octahedral [Fe'V(0)(H,0)s]* """ It was subsequently demon-
strated that 1 undergoes self-decay via intramolecular hydroxyla-
tion, as illustrated by a large KIE (24 at 25 °C) for the
perdeuteromethyl isotopomer of TMGgtren.'> The increased
stability conferred by deuteration was exploited to provide the
X-ray structure of 1, the first example of a crystallographically
characterized high-spin oxoiron(IV) complex. Shortly thereafter,
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Borovik and co-workers reported the preparation, spectroscopic
properties, and crystal structure of another S = 2 oxoiron(IV)
complex, [Fe''(O)(Hsbuea)]™ (5), where Hsbuea is the tetra-
dentate tren-derived ligand [(‘BuNHC(O)NCH,CH,),N]*"."?
As a consequence of the trianionic nature of the Hsbuea ligand,
complex $ exhibits a Fe"/™" redox couple at low potential (—0.90 V
versus [FeCp,] %) and could be generated by ferrocenium oxida-
tion of the corresponding iron(III) oxo or hydroxo complexes.

In addition to being a rare example of a synthetic high-spin
oxoiron(IV) complex obtained in high yield, 1 was the second of
only three published TBP complexes to possess both metal-atom
multigle bonding and more than one d-electron,* with
[Mn"(O)(Hsbuea)]™ being the first."” Though TBP imido-
and oxoiron(IV) complexes have been invoked in several cases
as highly reactive intermediates,"*!” the only other report of a
bona fide (confirmed by Mossbauer) TBP iron(IV) complex was
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that of the diamagnetic cyanide complex [Fe'V(CN)(N;N)] (6),
where N3N = [(t-BuMe,SiNCH,CH,);N1>~.*° The S = 0 spin-
state of 6 contrasts with the intermediate spin (S = 1) of the other
existing iron(IV) cyanide complex [Fe '(CN)(DCB)]™ (7),
supported by a member of the macrocyclic tetraanionic TAML
ligand family, which is believed to have a square-based pyramidal
geometry.”"** Complex 6 was synthesized by oxidation of a
trigonal pyramidal ferric precursor in the presence of cyanide,
without isolation of the corresponding iron(III) cyanide complex,
whereas 7 was prepared by metathesis of the chloride ligand in the
crystallographically characterized [Fe™ (CI)(DCB™ )] ™.

A consequence of the deficit of high-spin oxoiron(IV) com-
plexes is that there is very little context for interpretation of the
spectroscopic data obtained for 1 and therefore a limited ability to
assess the origin of any differences with enzymatic oxoiron(IV)
intermediates. This problem is further exacerbated by there being
few examples of iron complexes ligated by multidentate peralk-
ylguanadinyl ligands and a limited number of iron(IV) complexes
with a TBP geometry. Hence, we set out to elucidate trends in the
electronic and spectroscopic properties of iron complexes of
TMGgstren as a function of oxidation state, within a static TBP
ligand arrangement. Although such a systematic study was
performed by Wieghardt and co-workers within an octahedral
environment supported by pentadentate carboxymethylene-ap-
pended tetraazamacrocycles,”> > the oxidative innocence of
TMGgtren coupled with the strongly basic nature and ample
steric protection afforded by peralkylguanidines provided a
unique opportunity to access highly positively charged high-
valent TBP iron complexes, by sequential one-electron oxidation
of iron(Il) starting materials. Given the Frecedence for a TBP
iron(IV) cyanide complex,20 we chose [Fe''(CN)(TMGstren)]™
(2) as a starting point for our studies. It was found that this
complex could indeed be electrochemically oxidized to the
corresponding iron(III) (3) and iron(IV) (4) cyanide complexes
(Chart 2). Notably, the Fe'"/™ reduction potential of ~1.4 V vs
Fc'/° for 4 is the highest value yet observed for a monoiron
complex. Here we report the structural characterization of 2 and 3
by X-ray crystallography and of 4 by X-ray absorption

Chart 2

(n-1)+
\

spectroscopy. The structural data and additional characterization
by UV—vis, electron paramagnetic resonance (EPR), NMR, and
Mossbauer spectroscopies show that 2 and 3 respectively have
high-spin iron(II) and iron(IIl) centers, but 4 has a low-spin
iron(IV) (S = 0) center.

B EXPERIMENTAL SECTION

General Considerations. All reagents were purchased from com-
mercial vendors and used as received, unless noted otherwise. Diethyl
ether and tetrahydrofuran were dried by prolonged reflux, under a
nitrogen atmosphere, over sodium metal with a benzophenone ketyl
indicator and distilled freshly prior to use. Acetonitrile and dichloro-
methane were treated in a similar manner, but using calcium hydride as the
drying agent. Ferrocenium triflate,* ferrocenium hexafluoroantimonate,*”
and the complex [Fe"(TMGjtren)(OT£)](OTY) (8)° were prepared
according to published procedures.

All moisture and oxygen sensitive compounds were prepared using
standard high vacuum line, Schlenk, or cannula techniques. A nitrogen-
filled glovebox was used for any subsequent manipulation and storage of
these compounds. 'H and *C NMR spectra were recorded on either
Varian Inova 500 or 300 MHz spectrometers. Spectra were recorded in
deuterated solvents, and chemical shifts (ppm) were referenced to
residual protic solvent peaks. Elemental analyses were performed by
Atlantic Microlab (Norcross, GA). Electronic spectroscopic measure-
ments were performed using a HP8453A diode array spectrometer
equipped with a cryostat from Unisoku Scientific Instruments (Osaka,
Japan). Electrospray ionization mass spectrometry (ESI-MS) experi-
ments were carried out on a Bruker BioTOF II mass spectrometer using
a spray chamber voltage of 4000 V and a gas carrier temperature of
200 °C. FT-IR spectra were recorded in CH3CN solution at ambient
temperatures in a CaF, solution cell (International Crystal
Laboratories), using an Avatar 370 spectrometer (ThermoNicolet).

Preparation of the Complexes. [Fe'(CN)(TMG;tren)JOTf
([2]OTHf). An equimolar quantity of 8 (0.40 g, 0.50 mmol) and NBu,CN
(0.14 g, 0.50 mmol) were dissolved in acetonitrile (S mL) and stirred for
3 h. The resultant colorless solution was filtered, and the filtrate layered
with diethyl ether (15 mL) and placed in a —35 °C freezer for 3 days.
The crystalline material thereby obtained was isolated by filtration,
washed with diethyl ether, and dried under vacuum to provide the
product as an off-white solid (0.25 g, 74%). "H NMR (CD;CN, all peaks
appear as broad singlets): 0 174.4 (3H, CH,), 104.8 (3H, CH,), 46.5
(3H, CH,), 33.3 (9H, NMe), 202 (9H, NMe), 11.3 (9H, NMe),
43 (9H, NMe). MS (+ESI): m/z 5222 [(2-CN)*]. Anal. Caled
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(found) for C,3H,gF5FeN,,0,8: C, 41.13 (41.41); H, 7.20 (7.38);
N, 22.94 (23.11).

[Fe"("PCN)(TMG 5tren)JOTF ([2-">CN]JOTF). A mixture of 8 (0.40 g,
0.50 mmol) and K"*CN (0.14 g, 0.50 mmol) was stirred for 12 h in
acetonitrile (S mL) and subsequently reduced to dryness. The resultant
residue was extracted with dichloromethane (8 mL), filtered, and the
filtrate layered with diethyl ether and placed at —35 °C for a few days.
The colorless crystalline material that accumulated during this time was
isolated by filtration, washed with diethyl ether, and dried under vacuum
to give the product as a white solid (0.30 g, 89%). 'H NMR (CD;CN, all
peaks appear as broad singlets): identical to [2]OTf. MS (+ESI): m/z
523.3 [(2-"*CN)™]. Anal. Caled (found) for C,,"*CH,sF5FeN;;O;S:
C + Cas C, 41.13 (40.83); H, 7.19 (7.28); N, 22.91 (22.89).

X-ray Crystallography. Diffraction quality crystals of [2]OTf
were grown by vapor diffusion of diethyl ether into concentrated
CH;CN solutions of complex. In contrast, crystals of 3 suitable for
X-ray analysis were grown at —35 °C by layering concentrated solutions,
produced by reaction of cold CH;CN solutions of 2 with equimolar
ferrocenium hexafluoroantimonate, with diethyl ether. Selected single
crystals were placed onto the top of 0.1 mm diameter glass capillaries and
mounted on a Bruker SMART V5.054 CCD area detector diffract-
ometer for data collection. A preliminary set of cell constants was
collected from reflections harvested from three sets of 20 frames. These
initial sets of frames were oriented such that orthogonal wedges of
reciprocal space were surveyed and then used to produce initial
orientation matrices. Data collection was carried out using MoKa
radiation (graphite monochromator). A randomly oriented region of
reciprocal space was surveyed to the extent of one sphere and to a
resolution of 0.77 A, with four major sections of frames being collected
using 0.30° steps in w at four different ¢ settings and a detector position
of —28° in 26. The intensity data were corrected for absorption and
decay (SADABS).*® Final cell constants were calculated from the actual
data collection after integration (SAINT).>® Please refer to Supporting
Information, Tables S1 and S2, plus accompanying text, for additional
crystal and refinement information.

The structures were solved and refined using Bruker SHELXTL.*
Space groups were determined based on systematic absences and
intensity statistics. In both cases a direct-methods solution was calcu-
lated, which provided most non-hydrogen atoms from the E-map. The
remaining non-hydrogen atoms were located by full-matrix least-
squares/difference Fourier cycles. All non-hydrogen atoms were refined
with anisotropic displacement parameters. All hydrogen atoms were
placed in ideal positions and refined as riding atoms with relative
isotropic displacement parameters.

Electrochemistry. All electrochemical experiments were per-
formed using either a BAS100B/W or a Cypress Systems CS-1200
computer-controlled potentiostat electroanalytical system, under air,
at —40 °C, in either CH3CN or CD;CN solution, using 0.1 M
supporting electrolyte and a standard three electrode setup. All potentials
were referenced against the ferrocenium/ferrocene (Fc+/ Fc) couple. For
low temperature cylic voltammetric experiments this three-electrode
setup encompassed a glassy carbon working electrode (WE), Pt wire
auxiliary electrode (AUX) and a Ag/Ag™ reference electrode (REF). The
latter was prepared by inserting a Ag wire into a 0.1 M CD;CN solution of
AgNO; contained within a glass tubing capped with a porous vycor tip and
heat shrink tubing (BASi, Inc, West Lafayette, IN, U.S.A, part no.
MF-2064). When not in use, this REF was stored in a vial containing a
0.1 M CD;CN solution of NBuyPFs. Temperature of measurement was
maintained using an ethanol/liquid nitrogen bath.

Controlled potential bulk electrolysis experiments were performed
at —40 °Cin a I cm rectangular UV—vis cuvette, using a WE composed
of a cube of 100 ppi porous reticulated vitreous carbon (RVC) attached
to a Pt wire, a heavily coiled Ag wire AUX and a Ag/AgJr REF. The latter
two electrodes were housed in glass tubes, capped with porous vycor tips

and heat shrink tubing, containing a CD;CN solution of both 0.1 KPFg
and 0.1 M AgPF. When not in use, these two electrodes were stored in a
0.1 M CD;CN solution of KPFg. The progress of all bulk electrolysis
experiments were monitored via UV—vis, and the static potentials used
in the oxidation of the 2 to 3 and 3 to 4 were +400 and 42000 mV,
respectively. High-potential generation of 4 from 2 was performed in a
stepwise fashion, via controlled low potential formation of 3.

Resonance Raman Spectroscopy. Resonance Raman spectra
were collected using Spectra-Physics Model 2060 krypton ion and 2030-
15 argon ion lasers and an ACTON AM-506 monochromator equipped
with a Princeton LN/CCD data collection system. Low temperature
spectra in CH3;CN or CD;CN were obtained at 77 K using a 135°
backscattering geometry. Samples were frozen onto a gold-plated copper
coldfinger in thermal contact with a Dewar flask containing liquid
nitrogen. Raman frequencies were calibrated to indene prior to data
collection. The monochromator slit width was set for a band-pass of
4 cm™ ! for all spectra. The iron(III) spectra were collected using a laser
excitation power of 100 mW, whereas the iron(IV) data was collected
using an excitation power of 40—60 mW. The plotted spectra are an
average of 32 scans with collection times of 30 s. All spectra were
intensity corrected to the 710 or 773 cm™ ' solvent peak of CD3CN and
CH;CN, respectively.

X-ray Absorption Spectroscopy. Sample Preparation. All
X-ray absorption spectroscopy (XAS) samples, with the exception of 2,
were generated electrolytically at —40 °C with 0.1 M NBu,BF, support-
ing electrolyte using the procedures outlined above. Samples of 2 were
prepared, with concentrations >18 mM, simply by dissolution in
CH;CN. Samples of 3 were generated in >90% yield, according to
electronic spectroscopy, via bulk electrolysis of about S mM CH;CN
solutions of 2. In contrast, samples of 4 were prepared by bulk electrolysis
of approximately 3 mM CD;CN solutions of 33% >"Fe-enriched 2, with
Mossbauer spectroscopy demonstrating yields of ~90%.

Data Collection. X-ray absorption data for 2, 3, and 4 were collected
on beamline 7—3 of the Stanford Synchrotron Radiation Lightsource
(SSRL) of SLAC National Accelerator Laboratory with storage ring
conditions of 3.0 GeV and 80—100 mA. Fe K-edge XAS data were
collected for frozen solutions maintained at a temperature of about 10—
15 K over an energy range of 6.9—8.0 keV using a Si(220) double crystal
monochromator for energy selection and an Oxford Instruments
CF1208 continuous flow liquid helium cryostat for temperature control.
Harmonic rejection was achieved by a 9 keV cutoff filter. Data was
obtained as fluorescence excitation spectra with a 30 element solid-state
germanium detector array (Canberra). An iron foil spectrum was
recorded concomitantly for internal energy calibration, and the first
inflection point of the K-edge was assigned to 7112.0 eV. The edge
energies were routinely monitored during data collection for red-shifts
indicative of sample photoreduction, but no experimentally significant
photoreduction was observed for samples studied here.

Data Analysis. Data reduction, averaging, and normalization were
performed using the program EXAFSPAK.*' Following calibration and
averaging of the data, background absorption was removed by fitting a
Gaussian function to the pre-edge region and then subtracting this
function from the entire spectrum. A three-segment spline with fourth
order components was then fit to the EXAFS region of the spectrum to
extract y(k). The program pySpline was used to identify optimal
parameters for the spline function employed in EXAFSPAK.** Analysis
of the pre-edge features was carried out with the program SSExafs®®
using a previously described protocol.** The pre-edge fitting parameters
reported are those providing the best match to both the experimental
data and its second derivative.

Theoretical phase and amplitude parameters for a given absorber-
scatterer pair were calculated using FEFF 8.40> and were utilized by the
opt program of the EXAFSPAK package during curve-fitting. Parameters
for 2 were calculated using the coordinates of the crystal structure without
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turther modification. Parameters for 3 were calculated for a modification
of the structure of 2 in which Fe—N,y and Fe—Cc=y were shortened to
2.00 A, and Fe—N,, was shortened to 2.25 A. Parameters for 4 were
calculated for a further modification for the foregoing structure in which
Fe—N,q and Fe—Cc=y were shortened to 1.80 A, and Fe—N,, was
shortened to 2.00 A. The Fe—C=N bond angle of 179.5° and the C=N
distance of 1.15 A in 2 were assumed to be invariant in our EXAFS models
of 3 and 4. Phase and amplitude parameters for multiple-scattering
pathways involving the Fe—C=N moiety were explicitly calculated and
employed in our EXAFS analyses. A number of possible multiple-
scattering pathways involving the TMGgtren ligand atoms were also
considered, but were not deemed to contribute significantly to the
observed EXAFS, as noted previously in our EXAFS analyses of 1 and
its self-decay product.” In all analyses, the coordination number of a
given shell was a fixed parameter, and was varied iteratively while bond
lengths (r) and Debye—Waller factors (0°) were allowed to freely float.
The amplitude reduction factor S was fixed at 0.9. E,, the point where k=
0A ™", was taken to be 7122.25 eV for 2, 7124.40 €V for 3, and 7126.84 eV
for 4, and the edge shift parameter AE, was allowed to float as a single
value for all shells in fits of a given complex. Therefore, in any given fit, the
number of floating parameters was typically equal to (2 X num shells) +
1. The goodness of fit F was defined simply as ¥ (Y expu — Yeate) . For fits to
unfiltered data, a second goodness of fit parameter, F-factor, was defined
as [Zké(xexpﬂ — Yead)?/ Ek6xexpt12] 12 To account for the effect that
additional shells have on improving fit quality, an third goodness-of-fit
metric F' was employed. F' = F*/(Nipp — Nyar), where Nyag is the
number of floated variables in the fit, while Nipp is the number of
independent data points and is defined as Nypp = 2AkAr/736 In the
latter equation, Ak is the k-range over which the data is fit, while Ar is the
back-transformation range employed in fitting Fourier-filtered data. F' is
thus of principal utility in fitting Fourier-filtered data, but can also be
employed for unfiltered data by assuming a large value of Ar.

EPR and Mossbauer Spectroscopy. All EPR and Mossbauer
samples were generated electrolytically at —40 °C, with 0.1 M NBu,BF,
supporting electrolyte, using the procedures outlined above. Mossbauer
spectra were recorded using a Janis Research Super-Varitemp dewar that
allowed studies in applied magnetic fields up to 8.0 T in the temperature
range 1.5 to 200 K. Spectral simulations were performed using the WMOSS
software package (SEE Co., Edina, MN). Isomer shifts are quoted relative
to iron metal at 298 K. Perpendicular-mode X-band (9.62 GHz) EPR
spectra were recorded on a Bruker EPR 300 spectrometer equipped with an
Oxford ESR 910 liquid helium cryostat and an Oxford temperature
controller. The microwave frequency was calibrated with a frequency
counter and the magnetic field with a NMR gaussmeter. EPR simulations
were carried out with a Windows software package (SpinCount) available
from Professor M. P. Hendrich of Carnegie Mellon University.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Iron(ll) Complexes. The
iron(II) complex [Fe" (TMGstren)(CN)](OTf) ([2](OTY))
was generated in a straightforward manner by metathesis of the
solvent ligand in [Fe"(TMGstren)(CH;CN)](OTY), (8), using
either tetrabutylammonium or potassium cyanide salts. Consis-
tent with its S = 2 ground state, established using the Evans’
method (g = 5.19 ug),””*® the "H NMR spectrum of complex 2
exhibits well-defined paramagnetically shifted resonances dis-
tinct from those of the high-spin starting complex 8 (Supporting
Information, Figure S1). The spectrum is indicative of a Cs-
symmetric structure in which the three arms of the tripodal ligand
are magnetically equivalent, on the NMR time scale, and the
tetramethylguanidyl donors are canted with respect to one
another, such that separate resonances are observed for the 4

Figure 1. Thermal ellipsoid drawings of (A) 2 and (B) 3, showing 50%
probability ellipsoids. Hydrogen atoms, counterions, and solvent mole-
cules have been omitted for clarity. Atom color scheme: C, gray; Fe,
magenta; N, blue.

Table 1. Selected Bond Lengths (A) and Angles (deg) for
Complexes 2 and 3°

selected bond lengths (A) and angles (deg) 2 3
Fe—CN 2.1293(15)  2.094(4)
Fe—N(1) 23017(12)  2.214(3)
Fe—N(2) 2.1138(12)  2.014(3)
Fe—N(3) 2.1160(12)  2.006(3)
Fe—N(4) 2.0992(12)  2.022(3)
C=N 1.150(2) 1.144(4)
X—Fe—N(1) 179.52(5) 178.56(12)
X—Fe—N(2) 101.75(5) 100.11(13)
X—Fe—N(3) 102.50(S) 100.25(13)
X—Fe—N(4) 101.08(5) 98.32(12)
N(1)—Fe—N(2) 78.16(5) 80.26(11)
N(1)—Fe—N(3) 77.95(5) 80.77(11)
N(1)—Fe—N(4) 78.56(5) 80.30(11)
N(2)—Fe—N(3) 115.91(5) 117.15(12)
N(2)—Fe—N(4) 116.24(5) 118.35(12)
N(3)—Fe—N(4) 115.69(5) 116.40(12)

“See Chart 2 for atom labeling scheme.

methyl groups and 4 methylene protons of each ligand arm. This
pseudo Cj-symmetry was retained in the solid-state, with the
X-ray structure of [2](OTf) revealing an iron center with strictly
TBP geometry (Figure 1, Table 1), which is reflected by a t-value
of 1.05.% (This unusually large 7-value is presumably a consequence
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Figure 2. Cyclic voltammetric trace of 2 recorded in CD;CN solution
at —40 °C, using 0.1 M NBu,PF; as supporting electrolyte. Potentials
are plotted versus the Fc*/Fc couple. Scan rate = 100 mV s~ .

of the relatively large 0.431 A displacement of the iron center
away from the equatorial plane defined by the guanidine
donors, toward the cyanide ligand.) A consistent atom labeling
scheme was used for the X-ray structures detailed in this study
and is outlined for the atoms directly coordinated to the metal
center in Chart 2.

Complex 2 was found to exhibit Fe-donor atom bond dis-
tances typical of similarly ligated TBP high-spin iron(II)
complexes.”'7*™* As previously noted in other TMGstren
complexes of iron,”'>*’ the Fe—N(1) (2.3017(12) A) bond is
elongated relative to the average Fe—Ngynidine distance (2.1097A),
presumably because of the inherent strain resulting from the small
bite angles ( £ N(1)—Fe—Nganigine ~ 78°) associated with the
three conjoined S-membered chelate rings formed by its coordina-
tion. Further points of interest are the linearity of the Fe—C=N
bond ( £ Fe—C—N = 179.53°) and the relatively short C=N bond
length in 2-CN of 1.150(2) A (cf. the corresponding distance in
NaCN is 1.18 A).*

Cyclic Voltammetry. The room temperature cyclic voltam-
metric trace of 2 exhibits what is presumably a reversible Fe'"/Fe!
redox couple and some indication of a further oxidative process at
much higher potential (Supporting Information, Figure S2). The
latter is accompanied by a cathodic wave, but it is very broad and
there is an additional reductive process at about 160 mV, which
suggests that the product of high potential oxidation is prone to
self-decay. In an attempt to stabilize any highly oxidized species
formed, the measurements were repeated at —40 °C (Figure 2 and
Table 2). Though low temperature did not significantly perturb
the putative Fe'" couple centered at —270 mV, the high
potential anodic wave became better defined, and there was no
indication of accompanying chemical decay (i.e., no anodic feature
at 160 mV). The observed peak separation (AE) of approximately
400 mV between the anodic and the cathodic waves of this redox
couple is relatively large, and this couple does not display behavior
approaching that of a simple electron transfer process even at high
scan rates (Supporting Information, Figure S3), which suggests
that the large AE is not a consequence of chemical irreversibility,
but likely reflects a significant kinetic barrier to electron transfer
because of changes in iron spin state and structure accompanying
this process (see below). Phenomena of this type have been
previously reported,"*® and might be expected to kinetically
stabilize this two-electron oxidized species. It should be noted
that the high potential of the E; , &~ 1400 mV redox couple is at
the upper limit of published iron-centered reduction potentials,*®
in accordance with formation of a highly positively charged

iron(IV) species. However, ascribing these electrochemical fea-
tures to the iron centered Fe"™ and Fe™™ redox couples,
respectively, requires rigorous spectroscopic oxidation state assign-
ments (see below).

Chemical Generation of 3. As the putative Fe""" redox couple
observed for 2 is at low potential (—270 mV), its one-electron
oxidized analogue should be readily chemically accessible. Indeed, it
was found that addition of 1 equiv of ferrocenium ion to colorless
solutions of 2 led to formation of an intensely red-brown colored
species 3, whose electrospray mass spectrum (Supporting Informa-
tion, Figures S4 and SS) exhibited peaks at m/z = 671.3 and 261.2,
with isotope distribution patterns consistent with their formulation
as the ion fragments {[Fe"(CN)(TMGstren)](OTf)}" and
[Fe™(CN)(TMGstren)]*™, respectively. Figure 3 shows X-band
EPR spectra of 3, recorded in butyronitrile at T = 2 and 33 K. The
features observed are characteristic of a high-spin (S = 5/2) Fe™"
system with E/D =~ 0, where D and E are the axial and rhombic
zero-field splitting parameters, respectively. The observed increase
in signal intensity (population of the EPR active state) upon raising
the temperature from 2 to 33 K indicates that the signal results from
an excited state, which implies that D < 0.

Crystals of 3 suitable for X-ray analysis were grown at low
temperature, and its crystal structure is shown in Figure 1
(Chart 2 and Table 1). Notably, 3 retains the coordination
sphere and the strict TBP geometry (7 = 1.00)* found for the
iron(II) precursor 2, but displays significantly shortened iron-
ligand bond lengths. More specifically, all the Fe—N distances
contracted by about 0.09 A (0.088 and 0.096 A for Fe—N . and
average Fe—Nequatorial respectively), which is fairly typical of
oxidation from high-spin iron(II) to high-spin iron(III). The
resultant equatorial Fe—Nequatorial bond distances are similar to
those seen in other high-spin N-donor supported TBP ferric
complexes.'”'®*** In contrast, the Fe—CN bond shortens only
by about 0.035 A, which is reflected in a decreased displacement
of the iron center away from the equatorial plane defined by the
guanidine donors and toward the cyanide ligand (0.431 Ain 2 vs
0.334 A in 3). As was the case for 2, the Fe—N,;,; bond length in
3 was found to be elongated (nearly 0.2 A longer than the Fe—
Neguatorial bonds), which is attributable to the strain inherent in
the small bite angles (approximately 80°) of the three conjoined
S-membered chelate rings formed by coordination of TMGstren
(see above). As might be expected, the Fe—C=N unit in 2
remained highly linear upon oxidation, with the bond angle seen
for 3 (178.22°) being effectively the same as that found for 2
(179.53°). The oxidation did appear to cause a slight contraction
of the C=N bond length from 1.150(2) Ain 2 to 1.144(4) Ain 3,
but this decrease is within the uncertainty of the X-ray
diffraction data.

Electrochemical Generation of 4. As indicated by the cyclic
voltammetric trace in Figure 2, the oxidation of 2 to an oxidation
level beyond that of 3 requires very high potentials (>1.5 V vs
Fc'’/°) and would therefore be difficult to achieve using conven-
tional chemical oxidants.* In such cases, bulk electrolysis repre-
sents a convenient alternative.*** To access species 4, complex 2
must first be oxidized to 3, which requires only moderate applied
potentials. These transformations can be followed by spectro-
electrochemical methods. Consistent with its lack of color, the
UV—vis spectrum of 2 has no significant absorption features
above 300 nm (Figure 4, Table 2). In contrast, the electronic
spectrum of 3, obtained by the application of a potential of 0.4 V,
is dominated by an intense band at 422 nm that presumably arises
from a ligand-to-metal charge transfer (LMCT) transition.
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Table 2. Spectroscopic Properties of 1 and Selected Iron Cyanide Complexes

Complex S Ei)y (AE)* [mV]  Apay nm (EpgmMem ) ve=y [em '] Eg[eV]  Epg eV (PEarea)’ O [mms '] AEq [mm s ']
1° 2 400 (8.9) 71232 7113.8 (27) 0.09 —0.29
825 (0.26)
865 (0.25)
24 2101 7122.3 7112.5 (15)
5/2° —270(110) 422(9.0) 2126 7124.4 71142 (20)
0 1400 (400) 393 (11.6) 7126.8 7112.9 (34) —0.19(2) —4.453)
584(8.8)
6° 0 <0 2059 —0.22' 3.28'
7" 1 471(6.3) 2129 —0.18¢ 435/
609 (10.1)

“Reduction potential of the Fe"+/ ("~ 1+

redox couple, versus the Fc'/Fc couple. * PE = pre-edge. “ See refs 9 and 12. ¢ Established via Evans NMR

measurements. ° Established using EPR spectroscopy, see Figure 3./ Measured at 4.2 K. 8 See ref 20. " See ref 21. ' Measured at 180 K.
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Figure 3. Perpendicular-mode EPR spectra of [Fe™(CN)(TMGstren) ]*"
(3) in frozen butyronitrile solution, containing 0.1 M NBu,BF, electrolyte.
Spectra were recorded at 2 K (blue curve) and 33 K (black curve). The
ordinate, signal X T, is proportional to the population of the excited EPR-
active Mg = =£1/2 state. The red curve is a spectral simulation for an § = 5/2
species with zero-field splitting parameters D = —5.5 cm™ ', E/D =0, and g, =
2.00 at 33 K, using a packet line width of 10 mT. Conditions: microwave
power, 2 mW; microwave frequency, 9.62 GHz; modulation amplitude,
1 mT.

Further oxidation to 4, by application of a potential of 2.0 V, leads
to replacement of this near-UV LMCT band by two similarly
intense bands at 403 and 609 nm. Complex 4 possesses a half-life
in CD3CN solution containing 0.1 M KPF4 at 25 °C of
approximately 15 min, which is about 30 times longer than that
of the similarly TMGgtren-ligated oxoiron(IV) complex 1 (t,, at
25 °C =30s). This disparity can be attributed to the proclivity of
the oxoiron(IV) unit to react via facile H-atom abstraction or
proton-coupled electron transfer (PCET) pathways."®

The zero field Mdssbauer spectrum of an °’Fe-enriched
sample of 4 in frozen acetonitrile solution obtained at 4.2 K
exhibits a doublet (representing >95% of Fe) with an isomer
shift = —0.19 mm/s and a quadrupole splitting AEq = 4.45
mm/s (Figure S). The low O-value, strongly indicative of an
iron(IV) oxidation state, and large AEq are quite similar to
those exhibited by the iron(IV) cyanide complexes 6 and 7,
which have respective S = 0 and S = 1 spin states (see
Table 2).*>*! Simulation of the 8.0 T spectrum reveals that 4
is a diamagnetic species, with AEq < 0 and 77 = 0. The low value
of 0 and the observation that 4 has a diamagnetic ground state,

e(mM'cm™)

400 600 800 1000
A (nm)

Figure 4. Electronic spectra of 2 (black line), 3 (red line), and 4
(blue line) recorded in CD3CN solution, containing 0.1 M NBu,BF,,
at —40 °C.
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Figure S. 4.2 K Mossbauer spectra of 4 (black) in acetonitrile recorded
in zero and applied magnetic fields as indicated. The red lines are spectral
simulations yielding 0 = —0.19 mm/s, AEq = —445mm/s,and 7 =0
(line width 0.31 mm/s, full width at half-maximum).

taken together, show that this complex possesses a low-spin
($=0) Fe'¥ center. The isomer shift should be contrasted with
that of the S = 2 oxoiron(IV) complex 1, which is also supported
by the TMGgtren ligand, but has a significantly larger 0 (+0.09
mm s~ ') than 4.

Consistent with its diamagnetic (S = 0) ground state, the "H
NMR spectrum of a sample of 4 containing 0.1 M KPFq,
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Figure 6. "H NMR spectrum of 2.5 mM 4 (top panel) recorded at —40 °C
in a CD;CN solution containing 0.1 M KPF¢. Peak assi%nments: H=
CH;; @ = CH,; * = solvent. ">C NMR spectra of 1 mM 4-">CN (middle
panel) and its *"Fe-labeled isotopomer 4-*"Fe(**CN) (bottom panel)
recorded at —40 °C in a CD;CN solution containing 0.1 M KPFq. * =
solvent. Relaxation time = S s.

recorded at —40 °C exhibits signals with a chemical shift range of
2 to 4.5 ppm (Figure 6, top panel). Although the resonances
observed therein are broad and poorly defined, probably because
of a combination of (i) the presence of ferric impurities and (i)
high solvent viscosity stemming from the temperature of mea-
surement and high concentration of salts in the sample, it is
clear that the C3-symmetry observed in the "H NMR spectrum
of 2 is retained in 4. Measurement of the ">*C NMR spectrum
of 4-3CN, generated from the 13C-enriched complex
[2-*CN]OTH, yielded a spectrum with a resonance at 122.5
ppm (Figure 6, middle panel). This peak can be reliably assigned
as the cyanide C-atom based on its absence from the spectrum of
the natural abundance isotopomer 4 and its similarity to the
chemical shift of the CN ligand in 6 (128.9 ppm in C4Dg and
131.0 ppm in CDCl;).*° Furthermore, coordination of the ">CN
ligand to the iron center was confirmed by ) e-labeling (I=1/2)
of 4-"*CN. The resulting *C NMR spectrum (Figure 6, bottom
panel) exhibited a doublet with a small nuclear spin—spin
coupling value "1("*C—*"Fe) = 25 Hz, which reflects the small
nuclear g-value of *'Fe (g, = 0.18). Taken together, the
Mossbauer and NMR data support the assignment of 4 as an
Fe'V—CN complex with an S = 0 ground state.

Vibrational Spectroscopy. Resonance Raman studies were
carried out to probe the origin of the intense UV—vis bands in 3
and 4. For both complexes, excitation into the intense visible
bandsled to enhancement of several vibrations that dominate the
resonance Raman spectra (Figure 7 and Supporting Information,
Figure S6). Notably, excitation at 406.7 nm produces similarly
enhanced Raman vibrations in both 3 and 4, whereas excitation at
647.1 nm into the lower energy LMCT of 4 introduces newly
enhanced vibrations. Of these vibrations only one, observed
exclusively in the spectrum of 4 at 493 cm ™' upon laser excitation
into its 609-nm LMCT band, is associated with the cyanide
ligand. Its assignment as an Fe—CN vibration is based upon the
observed 6 cm ™' downshift to 487 cm ™' in the "*C-labeled

Relative Intensity

4%0 | 560 ' 5é0 | B(I)O
Raman Shift (cm™ 1)

Figure 7. Resonance Raman spectra of *CN ™ (solid line) and "*CN~
labeled (dashed line) [Fe"™(TMGstren)(CN)]**. Spectra were col-
lected using 647.1 nm laser excitation at 60 mW in CD;CN containing
0.1 mM KPF.

isotopomer 4-">CN (Figure 7). This shift in energy matches that
predicted by Hooke’s Law for a diatomic oscillator in which the
CN' ligand is considered as a single body (AVgeoretica & 6 cm )
and is similar in magnitude to those previously observed for
v(Fe—CN) in other iron cyanide complexes.”' > The assign-
ment of this vibration as a stretching mode is supported by the
absence of any other Fe—CN vibrations. This is indicative of
a highly linear Fe—C=N unit, as seen in the X-ray structures of
2 and 3, under which circumstances only resonant enhance-
ment of the totally symmetric ¥(Fe—CN) would be expected.
(Significant resonant enhancement of the bending mode
0(Fe—CN) is only observed upon deviation from linearity.****)
The Fe—CN stretch has nearly constant intensity across the full
width of the excitation profile of 4, while vibrations unperturbed
by isotope labeling of the CN ligand in both complexes 3 and 4
exhibit excitation profiles that correlate well with the intensities
of observed optical features in both complexes (Supporting
Information, Figures S7 and S8). These observations indicate
that all the observed LMCT bands originate primarily from the
supporting TMGgstren ligand framework. This conclusion is
reinforced by comparison with the solid state off-resonance
Raman spectrum of 2 (Supporting Information, Figure S9),
which shows many of the same vibrations, albeit slightly shifted
in energy relative to those of 3 and 4. Additionally, the fact that
the observed v(Fe—CN) is not accompanied by the detection of
a v(C=N) mode corroborates the notion that the optical spectra
of 3 and 4 do not arise from a cyanide-to-iron charge transfer
transition.

We then turned to IR spectroscopy to characterize the
v(C=N) modes of these complexes. Cyanide ligands exhibit
characteristic stretching vibrations close to 2000 cm ™' that are
well outside the fingerprint region and hence of great diagnostic
use. The V(C=N) of 2101 cm ™' observed for 2 was found to
upshift by 25 cm ™' to 2126 cm ™', upon ferrocenium oxidation to
3 (Figure 8). In close agreement with our expectations based
upon Hooke’s Law for a diatomic harmonic oscillator, which
predicts downshifts in these frequencies upon '*C-labeling of
approximately 44 cm™ ', the v(C=N) for 2-"*CN and 3-"*CN
were observed at 2056 and 2080 cm ™ ', respectively. In compar-
ison, the ¥(C=N) of NBu,CN in acetonitrile solution, which can
be thought of as “free” cyanide, was found to be 2052 cm™ . This
is at lower energy than seen for metal-bound cyanide, which
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Figure 8. IR spectra of 2 (solid black line), 2-'3CN (dashed black line),
3 (solid red line), and 3-"*CN (dashed red line) recorded in acetonitrile
solution at ambient temperatures. The iron(III) complexes were pre-
pared by chemical oxidation, using ferrocenium triflate.

indicates that cyanide bonding to the iron center involves
predominant o-donation from the slightly antibonding 0 orbital
of cyanide and minimal 77-backbonding.*® Consistent with this
notion, the ¥(C=N) of 3 is at higher frequency than that
observed for the less Lewis acidic iron center of 2. A further
notable feature of the IR spectrum of 3 is that it contains an
additional *C-sensitive peak at 2059 cm™ ', which is in close
proximity to the ¥(C=N) seen for NBu,CN indefinitely and can
reasonably be assigned as “free” cyanide. Given that 3 is not
indefinitely stable at ambient temperatures, this observation is
perhaps unsurprising. Presumably, the greater nuclear charge of
the iron(IV) state would lead to an enhanced interaction with the
cyanide 0j orbital, which would manifest in a further increase in
v(C=N), but we were unable to obtain an infrared spectrum of 4
because of its thermal instability. The reported IR spectra of the
iron(IV) cyanide complexes 6 and 7 provide no insight in this
regard because the respective ¥(C=N) of 2059 and 2129 cm '
lack context due to the absence of data for the correspondin
ferrous and ferric complexes, which are currently unknown.**>
XANES. The X-ray absorption near edge structure (XANES)
spectrum of 2 (Figure 9, Table 2, and Supporting Information,
Table S3) possesses split pre-edge features, assigned to 1s — 3d
transitions, with a moderately intense peak centered at 7112.5 eV
and a weak shoulder at approximately 7114.3 eV (a splitting of
1.8 eV). The integrated pre-edge intensity of 15 for 2 is on the
high end of values reported previously for S-coordinate high spin
Fe(II) complexes.””>® However, most of these complexes have
square pyramidal geometries, and much fewer complexes with
TBP sites have been studied. Relevant examples for comparison
are the TBP sites in [Fe" (TPA)(SC¢H,-2,4,6-Me;)] (7 = 0.90)
and the FeOq site of the mineral grandidierite, which exhibit
pre-edge areas of 8.9% and 13 units,* respectively. In fact, the
latter has a pre-edge spectral pattern similar to that of 2, with a
more intense primary peak and a less intense shoulder that differ
by 1.7 eV in energy. The greater intensity of the pre-edge features
of 2 relative to other TBP iron sites may reflect an axial distortion
imposed by the long apical Fe—N bond from the TMGstren
ligand. Notably, 2 also exhibits a well-defined shoulder along the
rising edge centered at 7118 eV, which must be included in the
pre-edge peak analysis to provide a good fit. Similar shoulders
have been observed for other cyanoiron(II) complexes such as
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Figure 9. Comparison of Fe K-edge XANES spectra and pre-edge
features (insets) of (A) 2 (black line), 3 (blue line), and 4 (red line);
(B) 1 (green dashed line) and 4 (red line).

K,[Fe(CN),] and cyanide-ligated ferrous myoglobin.*”" By ana-
logy to those studies, we suggest that this transition is associated
with a high-energy combination of the cyanide 77* orbital with metal
3d orbitals, since the energy of this feature is too hiégh to be assigned
to a purely metal-centered 1s — 3d transition.”"

The one-electron oxidation of 2 results in hypsochromic shifts
of the edge and pre-edge features by approximately +2 eV
(Figure 9, Table 2), consistent with metal-centered oxidation
to form a ferric species. In addition, the feature observed on the
rising edge of 2 is of much lower intensity in 3, which is possibly a
consequence of a decreased 7T back-bonding interaction in the
latter. The pre-edge region of 3 exhibits a single peak centered at
7114.2 eV with a greater integrated intensity than encountered
for 2, as would be expected from the additional electron hole in 3.
There is also a weak and poorly resolved shoulder on the low-
energy side of the primary transition, most likely associated with
a small amount of unconverted 2. Notably, 3 has an integrated
pre-edge intensity of 20 units, a value flanked by the 17 units
found for the Cs, Fe(I1I) site in yoderite® and the 21—27 units
reported for Borovik’s TBP [Fe'"(Hsbuea) X))/~ (x=0",
$*7, HO ") complexes.”® The higher intensities of the Hzbuea
complexes may be attributed to the greater deviation of the
Fe(III) center out of the equatorial plane in the complexes
(0.421, 0.587, and 0.338 A for X = O*7, §>, and HO,
respectively,*** vs 0.334 A for 3), which would be expected to
enhance the probability of 4p orbital mixing into the 3d orbitals.

Electrochemical oxidation of 3 to 4 produces a further
hypsochromic shift in edge energy by about 42 eV, from
7124.4 to 7126.8 eV, which is once again indicative of a metal-
centered oxidation and by extension formation of an iron(IV)
complex. This complex exhibits a relatively sharp pre-edge
transition at 7112.9 eV, with a poorly resolved shoulder on its
high energy face, which is best modeled using two Gaussians
centered at 7112.9 and 7114.5 eV with respective normalized
areas of 29.0(8) and 5.1(7). The total area of this pre-edge feature
is comparable to that for 1 and published S = 1 oxoiron(IV)
complexes.”**% Curiously, the energy of this pre-edge feature is
bathochromatically shifted by about —1.5 eV relative to that seen
for 3, suggesting a significant contraction of the d-orbitals upon
oxidation. This phenomenon was previously observed by
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Figure 10. Fits to the Fourier transforms of the Fe K-edge EXAFS data
(k’x(k)) and unfiltered EXAFS spectra (kP (k), insets) for 2, 3, and 4.
Experimental data is shown with dotted lines, while fits are shown with
solid lines. Fourier transformation ranges are as follows: k = 2.0—14.8
A71(2),k=2.0—14.5A7" (3),k=2.0—14.8 A~ ' (4). Fit parameters are
shown in bold italics in Table 3.

Wieghardt and co-workers upon oxidation of the § = 5/2
iron(IIT) center in a [Fe" (1-O)(u-carboxylato),M™]** (M =
Fe, Cr) complex to S = 1 iron(IV) and is most likely a
consequence of moving from a high-spin to low-spin electronic
conﬁguration.45 In line with this suggestion, complex 1 exhibits a
pre-edge feature (7113.8 eV) at higher energy than 4, but a rising
K-edge (7123.2 eV) at lower energy. The latter probably reflects
a mitigation of effective nuclear charge associated with the +4
oxidation state by increased covalency associated with the Fe=0O
unit. Consistent with this notion, the hypsochromic edge-shift of
+4.5 eV observed upon oxidation of 2 to 4 is more than twice as
large as that seen upon oxidation of 8 to 1 (+42.1 eVv).?
Interestingly, the pre-edge region of 4 also displays two well-
defined low-intensity peaks on the rising K-edge that we spec-
ulate arise from transitions into the 7% orbitals of the cyanide
ligand.

EXAFS. Extended X-ray absorption fine structure (EXAFS)
analysis of 4 provides metrical parameters for its iron coordina-
tion environment for comparison with crystallographic data on 2
and 3 described in an earlier section as well as EXAFS data on
these complexes. The unfiltered k*y(k) EXAFS data and corre-
sponding Fourier transforms for 2, 3, and 4 are shown in
Figure 10, along with representative best fits. The Fourier
transforms for all three species are of similar appearance, but
exhibit a progressive shift to smaller ¥’ values as the iron oxidation
state increases, consistent with shortening of the metal—ligand
bond lengths.

EXAFS curve fitting for 2 revealed a structure consistent with
that obtained by X-ray crystallography (see Table 3 for a limited
set of fits, and Supporting Information, Tables S4 and SS for
further fitting details). The first coordination sphere can be
modeled with 3—4 Fe—N/C scatterers at 2.09 A, assignable to
the equatorial nitrogens of the TMGatren ligand and the cyanide
C atom. The ambiguity in the coordination number for this shell

Table 3. EXAFS Analysis of 2, 3, and 4*

Fe—N/C HELEEl© Fe:--C=N*

speciesfit n r o n r o n r 0* Factor’ F* AEy

2 A 3209 08 0.615 2.07 9.39
B 4209 22 0.632  2.31 9.02
C 3209 08 4306 19 0.535 1.32 9.19
D 3209 09 6 3.06 3.0
7342 2.6 0.384 0.39 9.39
E 3209 06 1 327 09 0.440 0.61 8.87
F 3209 07 4303 14 1 328 04 0.401 0.47 8.53
G 3209 08 43.0528 1 328 20 0340 0.28 9.36
§ 342 5.0
3 A 3202 21 0.703 5.02 9.88
B 4201 3.7 0.703 5.02 9.19
C 4201 37 53.00 17 0.586 2.74 8.99
D 4 201 39 6 3.00 1.9
8 339 2.9 0.408 0.74 9.38
E 4201 34 1 321 17 0.550 2.11 8.21
F 4201 38 5298 03 1 324 03 0.4SS 1.15 8.99
G 4201 38 5299 16 1 323 24 0365 0.559.33
7 3.39 4.8
4 A 4181 38 0.723 S5.12 1.96
B 3 182 21
1203 13 0.664 3.65 6.76
C 3183 22 61287 25
1204 04 0485 1.16 8.75
D 3 183 22 6286 22
1204 03 4 346 3.7 0459 0.93 8.66
E 3 181 24 1 3.04 19
1204 1S 0.543 2.09 3.03
F 3182 22 528523 1 308 39
1203 12 0453 1.18 6.93
G 3182 21 5§28522 1 3.08 3.5

1203 1.3 4345 34 0425 1.09 6.62

“r is in units of A; 0 is in units of 10~> A% All fits are to unfiltered
EXAFS data, as follows: 2, Fourier transform range of k = 2.0—14.8 A™!
(resolution = 0.12 A); 3, Fourier transform range of k = 2.0—14.5 AT
(resolution = 0.13 A); 4, Fourier transform range of k = 2.0—14.8 A~
(resolution = 0.12 A). ¥ F-factor = [Zké(xexpd — Yeate)?/ Zkéxexpﬂz] 12 A
second goodness-of-fit parameter F' is defined as F' = F*/v, where v =
Nipp — Nyar. F is defined as E(X&xpﬂ - xcalc)z, Nipp is the number of
independent data points, and Ny is the number of floated variables in
each optimization step. The values of F' shown have been divided by a
factor of 10* for convenience. F is a measure of whether an added shell
significantly improves the fit. E; was defined as follows: 2,7122.25 eV; 3,
7124.40 eV; 4, 7126.84 eV, and this parameter was allowed to float as a
single identical value for all shells (AE,, in units of eV). “ The cyanide
was assumed to be linearly bound, and thus all multiple-scattering paths
associated with the Fe—CN moiety were constrained to have identical
7 and ¢” parameters.

is in line with uncertainties arising from a set of like scatterers
having a range of similar Fe-donor atom bond distances. We were
unable to refine alonger Fe—N distance that would be associated
with the apical nitrogen donor. This effect, which was previously
observed in EXAFS studies of 1 and its self-decay product,”"*
may be a consequence of destructive interference between
scattering atoms in the inner shell (Supporting Information,
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Figure S12). Although a significant portion of the outer-shell
features can be attributed to two shells of Fe: - - C/N scatterers,
the quality of the fit to the outer-shell features is improved
significantly by the inclusion of multiple-scattering paths from a
linearly coordinated cyanide ligand (compare fits 2-D and 2-G in
Table 3, and also in the Supporting Information, Table S5), the
3.28 A length of which is essentially identical to that of the
crystallographically defined Fe- - - Ny distance of 3.279 A.

Our EXAFS analysis of scatterers 3 reveals a first coordination
sphere consisting of 4 Fe—N/C scatterers at 2.01 A (fit 3-A, Table 3),
which is comparable to the average of the crystallographically
observed Fe—Njynidine and Fe—CN distances (2.034 A) and can
be assigned accordingly. (Because the 0.08 A difference between
the average Fe—Nyyanidine (2.014 A) and the Fe—CN (2.094 A)
bond lengths from X-ray crystallography is smaller than the
0.13 A resolution of the EXAFS data for 3, these two shells
cannot be distinguished by EXAFS.) Notably, the 0.08 A
shortening seen in the first coordination sphere, upon moving
from 2 to 3, is very similar to the change in the average Fe-
donor atom distance seen crystallographically (0.082 A).
While the total coordination number is more in line with that
expected for a S-coordinate TBP site compared to 2, we were
once again unable to resolve along Fe =N, distance without
worsening the fit quality and obtaining implausibly large
Debye—Waller factors (Supporting Information, Tables S4
and S6). As with 2, inclusion of multiple-scattering contribu-
tions from a linearly coordinated cyanide ligand significantly
improves the quality of the fit (fit 3-G, Table 3). The short-
ening in refined 7 values obtained for the bound cyanide is
again consistent with the increased oxidation state of 3, with
the Fe- + - Ny distance of 3.23 Abeing in excellent agreement
with that seen in its X-ray structure (3.237 A).

One-electron oxidation of 3 to 4 engenders profound changes
in the iron coordination environment. Specifically, the best fit to
the inner shell now consists of 3 Fe—N/C scatterers at 1.82 A,
associated with the equatorial nitrogen donors and the coordi-
nated cyanide by analogy to 2 and 3, and 1 Fe—N scatterer at 2.03 A
that can be assigned to the Fe—N,,;, interaction that we were
unable to detect via EXAFS analysis in either 2 or 3 (Table 3).
The shortening in the former distance by almost 0.2 A compared
to 3 is likely a reflection of both the higher oxidation state of 4
and the conversion from the high-spin § = 5/2 state in 3 to the
low-spin S = 0 spin state of 4. Indeed, this Fe—N distance of 1.82
A is comparable to the average Fe—N bond length of 1.773 A
observed in the X-ray structure of the recently reported
[FeW(N=CtBu2)4] ,66 which is the only other example of a
structurally characterized S = 0 iron(IV) complex, with the
slightly shorter bond lengths in the latter presumably resulting
from its lower coordination number. In addition, the outer-shell
features of 4 can be fit with a combination of single-scattering
Fe:--C/N shells from the TMGastren ligand and multiple-
scattering paths associated with a linearly coordinated cyanide,
similar to our fits of 2 and 3 (fit 4-G, Table 3 and Supporting
Information, Table S7). In particular, the observed 0.15 A decrease
in the Fe- - - Ny distance to 3.08 A is of comparable magnitude to
the contraction observed in the first coordination sphere.

The influence of spin state is clearly illustrated by comparison
of the structural parameters obtained in the EXAFS analysis of 4
to those from the X-ray structure of the similarly TMGastren-
ligated S = 2 oxoiron(IV) complex 1 ,'> which was found to have
an Fe—N,, and average Fe—Ncquatoria bond lengths of
2.112(3) and 2.005 A, respectively. In actuality, these distances

more closely agree with the corresponding bond lengths in the
high-spin iron(III) complex 3. The striking differences in bond
lengths between 1 and 4 most likely reflect a confluence of several
factors, namely, the dicationic charge of complex 1 versus the
tricationic charge of 4, the reduced effective nuclear charge at the
iron center of 1 because of the high covalency of the Fe'V=0 unit,
and the substantial contraction of the d-orbitals in 4 as a
consequence of its S = 0 spin state.

B CONCLUSIONS

Herein we have detailed the electrochemical oxidation of the
high-spin (S = 2) iron(II) cyanide complex 2 to the correspond-
ing iron(IV) complex 4, via the § = 5/2 iron(III) complex 3. The
iron-centered nature of these oxidations was confirmed by the
accompanying sequential 2 eV hypsochromic shifts of the edge
energy in the Fe K-edge spectra of these complexes, the axial S =
5/2 EPR signal associated with 3, and the negative isomer shift
observed in the Mossbauer spectrum of 4. In contrast to the high-
spin S = 2 state of the similarly TMGstren ligated Fe''=0
complex 1, 4 was found to have a S = 0 spin-state, like the other
known TBP iron(IV) cyanide complex 6. The S = 0 ground state
of 4 is evident in its Mossbauer and NMR spectra, and the large
contraction in iron-ligand bond lengths relative to those of 1. The
difference in spin state with the similarly ligated S = 2 oxoiron(IV)
complex 1 is presumably a consequence of the strong 77-donating
properties of the oxido ligand, which cyanide does not possess,
that destabilize the {d,, d,.} antibonding combinations
(occupied by four electrons in 4) and narrow the energy gap
with the equatorial {d,,, d,.—.} orbital pair. This manifests in
significant spectroscopic changes that can be viewed within the
context of the series of iron(1I) to (IV) complexes 2— 4, in which
a TBP ligand framework is maintained.

Complex 4 is of strong interest, with it being only the third
iron(IV) cyanide complex that has been reported and a rare
example of a TBP iron(IV) complex. In contrast to the previously
reported cyanoiron(IV) complexes 6 and 7,°>*' which are
respectively supported by trianionic and tetraanionic ligands, 4
is supported by a neutral ligand and is in fact the only existing
example of a bona fide mononuclear iron(IV) complex with an
overall charge of 34-. The high charge is reflected in the
accompanying Fe™/™ reduction potential of approximately
1400 mV vs Fc'/ Fc, compared to the negative reduction
potentials of the oxoiron(IV) complex 5 (—900 mV)" and the
iron(IV) cyanide complex 6 (<0 mV),*® both of which were
generated by ferrocenium oxidation of the corresponding iron-
(111) precursors. Complex 4 has one of the highest iron-centered
reduction potentials measured thus far. For comparison, com-
plexes with potentials that flank this value are a tetracationic oxo-
bridged diiron(IV) complex reported by Wang et al.*® with an
E,/, of +1500 mV vs Fc'/Fc, and a dicationic chloroiron(IV)
complex of Mescyclam-acetate reported by Berry et al.** with an
E,/, of +1380 mV vs Fc" /Fc. This study highlights the ability of
the sterically protecting, highly basic, neutral donors of
TMGgtren to stabilize iron(IV) centers and hints at the potential
utility of this and related peralkylguanidyl ligands in accessing
other high valent chemistry.

B ASSOCIATED CONTENT

© Supporting Information. '"H NMR spectra of 2 and 8,
room temperature cyclic voltammetry trace for 2, experimentally
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observed and calculated ESI-MS spectra for 3, additional reso-
nance Raman spectra and excitation profiles, X-ray crystallo-
graphic data for 2 and 3, and further XAS analysis details. This
material is available free of charge via the Internet at http://pubs.
acs.org.
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