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Experimental and Synthetic Details
General Considerations
All reactions were performed at room temperature in a nitrogen filled M. Braun glovebox or using
standard Schlenk techniques unless otherwise specified. Glassware was oven dried at 140oC for at
least two hours prior to use, and allowed to cool under vacuum. PhIm-H was prepared according
to a literature procedure,1 dried over calcium hydride, and distilled at 130oC under vacuum.
LFe3(OAc)3 was prepared according to a literature procedure2 and purified by recrystallization.
[Fc][OTf]3 and Na[BArF24]4 were prepared according to literature procedures. [Fc*][OTf] was
prepared by oxidation of Fc* with [Fc][OTf] in dichloromethane followed by crystallization from
dichloromethane/pentane. [Cp2Co][OTf] was prepared by oxidation of Cp2Co with AgOTf. All
other reagents were obtained commercially unless otherwise noted and typically stored over
activated 4 Å molecular sieves. Tetrahydrofuran was dried using sodium/benzophenone ketyl,
degassed with three freeze-pump-thaw cycles, vacuum transferred, and stored over 3 Å molecular
sieves prior to use. Dichloromethane, diethyl ether, benzene, acetonitrile, hexanes, and pentane
were dried by sparging with nitrogen for at least 15 minutes, then passing through a column of
activated A2 alumina under positive nitrogen pressure. Acetone and acetone-d6 were dried using
calcium sulfate (Drierite), degassed with three freeze-pump-thaw cycles, vacuum transferred, and
stored over 3 Å molecular sieves prior to use. Dichloromethane-d2 was dried over calcium hydride,
degassed by three freeze-pump-thaw cycles, and vacuum transferred prior to use. Chlorobenzened5 was degassed by three-pump-thaw cycles and dried over 3 Å molecular sieves prior to use. 1H
and 19F NMR spectra were recorded on a Varian 300 or 400 MHz spectrometer. All chemical shifts
(δ) are reported in ppm, and coupling constants (J) are in hertz. The 1H-NMR spectra were
referenced using residual H impurity in the deuterated solvent, whereas the 19F chemical shifts are
reported relative to the internal lock signal. UV-Vis spectra were recorded on a Varian Cary Bio
50 spectrophotometer. Infrared (ATR-IR) spectra were recorded on a Bruker ALPHA ATR-IR
spectrometer. Solution ATR-IR spectra were recorded on a Mettler Toledo iC10 ReactIR.
Elemental analyses were performed at Caltech.
Physical Methods
Mössbauer Measurements. Zero field 57Fe Mössbauer spectra were recorded in constant
acceleration on a spectrometer from See Co (Edina, MN) equipped with an SVT-400 cryostat
(Janis, Wilmington, WA). The quoted isomer shifts are relative to the centroid of the spectrum of
α-Fe foil at room temperature. Unless otherwise noted, samples were prepared by grinding
polycrystalline (20-50 mg) into a fine powder and pressed into a homogenous pellet with boron
nitride in a cup fitted with a screw cap. The data were fitted to Lorentzian lineshapes using the
program WMOSS (www.wmoss.org).
EPR Spectroscopy. X-band EPR spectra were collected on a Bruker EMX spectrometer
equipped with a He flow cryostat. Samples of 3 were prepared as frozen glasses in 4:5
propionitrile/butyronitrile (2 mM). Spectra were collected with microwave powers ranging from 2
mW to 8 mW with modulation amplitudes of 4 Gauss. Variable temperature spectra were plotted
with SpinCount (Prof. Michael Hendrich).
Magnetic Measurements. Magnetic measurements for 3 were conducted with a Quantum
Design MPMS3 SQUID Magnetometer at the University of California, Los Angeles. A
polycrystalline sample of 3 was wrapped in plastic film and placed in a gelatin capsule. The capsule
was then inserted into a plastic straw. Magnetization data at 100 K from 0 to 4 T were collected to
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confirm the absence of ferromagnetic impurities. Direct current variable temperature magnetic
susceptibility measurements were collected between 1.8 and 300 K with a 0.1 T field. Reduced
magnetization data was collected between 1.8 and 9 K at fields between 1 and 7 T. Magnetic
susceptibility data was corrected for diamagnetism of the sample, estimated using Pascal’s
constants. Magnetic susceptibility data was simulated with julX (Prof. Eckhard Bill) and reduced
magnetization data was simulated with PHI.5
Electrochemical Measurements. CVs were recorded with a Pine Instrument Company
AFCBP1 bipotentiostat using the AfterMath software package. All measurements were performed
in a three electrode cell, which consisted of (1) a glassy carbon working electrode, (2) a Pt wire
counter electrode, and (3) a Ag wire reference electrode. Dry solvent that contained 0.1 M
nBu4NPF6 was employed as the electrolyte solution for all electrochemical measurements. All
electrochemical measurements were performed at room temperature in an M. Braun nitrogen filled
glovebox or in specialized glassware on the Schlenk line. The ferrocene/ferrocenium (Fc/Fc+)
redox couple was used as an internal standard for all measurements.
X-ray Crystallography. For compounds 1-2, 4-5, 3-(CO)2 and 5-CO low-temperature
(100 K) diffraction data (φ-and ω-scans) were collected on a Bruker AXS D8 VENTURE KAPPA
diffractometer coupled to a PHOTON 100 CMOS detector with Mo Kα radiation (λ = 0.71073 Å)
or with Cu Kα (λ = 1.54178 Å). For compound 3, low-temperature (100 K) diffraction data (φ-and
ω-scans) were collected on a Bruker AXS KAPPA APEX II diffractometer coupled to an APEX II
CCD detector with graphite monochromated Mo Kα radiation (λ = 0.71073 Å). All diffractometer
manipulations, including data collection, integration, and scaling were carried out using the Bruker
APEXII software.6 Absorption corrections were applied using SADABS.7 Structures were solved
by direct methods using SHELXS8 and refined against F2 on all data by full-matrix least squares
with SHELXL-20149 interfaced with Olex2-1.2.810 and using established refinement techniques.
All non-hydrogen atoms were refined anisotropically, except heavily disordered solvent in some
cases. All hydrogen atoms were included into the model at geometrically calculated positions and
refined using a riding model. The isotropic displacement parameters of all hydrogen atoms were
fixed to 1.2 times the U value of the atoms they are linked to (1.5 times for methyl groups). All
disordered atoms were refined with the help of similarity restraints on the 1,2- and 1,3-distances
and displacement parameters as well as enhanced rigid bond restraints for anisotropic displacement
parameters. Due to the size of the compounds, most crystals included solvent accessible voids,
which tended to contain disordered solvent. In most cases, this disorder could be modeled
satisfactorily. Furthermore, the long-range order of these crystals and amount of high angle data
was in some cases not ideal, due to desolvation of the crystals and/or solvent disorder.
DFT Calculations
Gaussian09 was used for all calculations.11 Geometry optimizations for 3-methylpyrazolate and 1methylimidazolate were performed with the BP86 functional with a double-ζ basis set and one set
of polarization functions (6-31G+(d,p)). Initial geometries were taken from the X-ray crystal
structures of [LFe3O(PhPz)3Fe][OTf]2 and [LFe3O(PhIm)3Fe][OTf]2 (3), respectively, by
removing all atoms except for one of the bridging ligands and exchanging the aryl substituent for
a methyl group. Single point energy calculations were then performed with the B3LYP functional,
also with the 6-31G+(d,p) basis set. Molecular orbitals were visualized with Gaussview.
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Synthetic Procedures
LFe3(OTf)3, (1). Trimethylsilyl triflate (4.10 mL, 22.65 mmol, 10 equiv.) was added
dropwise to a suspension of LFe3(OAc)3 (2.72 g, 2.26 mmol, 1 equiv.) in dichloromethane (80
mL), affording a golden yellow solution. After stirring for 30 minutes, the volatiles were removed
in vacuo affording LFe3(OTf)3 as a pale yellow solid. The material can be triturated with
dichloromethane to remove most of the impurities. After trituration, LFe3(OTf)3 is collected on a
course frit as a light yellow solid (2.59 g, 78% yield). Crystals suitable for X-ray diffraction were
grown by diffusion of diethyl ether into a concentrated dichloromethane solution of the compound.
We have not been able to obtain a satisfactory elemental analysis for LFe3(OTf)3, possibly due to
its extreme air and moisture sensitivity. However, structural analysis confirms its identity, which
is satisfactory for its use as a precursor to 2. 1H NMR (300 MHz, CD2Cl2) δ 112.96 (s), 97.06 (s),
84.67 (s), 45.45 (s), 37.18 (s), 35.38 (s), 26.25 (s), 16.68 (s), 7.84 (s), 3.81 (s), -2.35 (b), -3.16 (s),
-7.32 (s). 19F NMR (300 MHz, CD2Cl2) δ – 41.79 (b). UV-Vis (CH2Cl2) [ε (M-1 cm-1)]: 372 nm
(2.91 x 103).
[LFe3O(PhIm-H)3][OTf]3, (2). A solution of PhIm (838 mg, 5.82 mmol, 3.3 equiv.) in
tetrahydrofuran (13 mL) was added dropwise to a stirring suspension of LFe3(OTf)3 (2.59 g, 1.76
mmol, 1.0 equiv.) in tetrahydrofuran (43 mL). The resulting orange solution was allowed to stir
for one hour, at which point a suspension of PhIO (388 mg, 1.76 mmol, 1.0 equiv.) in
tetrahydrofuran (20 mL) was added. The solution immediately darkened and a dark brown
precipitate formed gradually. After stirring overnight, the precipitate was collected on a bed of
Celite, washed with additional tetrahydrofuran, and then eluted with dichloromethane. The
volatiles were removed under reduced pressure to afford [LFe3O(PhIm-H)3][OTf]3 as a dark brown
solid (3.02 g, 97% yield). Crystals suitable for X-ray diffraction were grown by diffusion of diethyl
ether into a concentrated dichloromethane solution of the compound. Unfortunately, we have not
been able to obtain satisfactory elemental analysis for this compound. 1H NMR (300 MHz,
CD2Cl2) δ 103.79 (b), 100.89 (b), 98.12 (b), 82.04 (s), 78.36 (b), 68.19 (s), 66.99 (s), 66.58 (s),
59.35 (s), 51.73 (s), 49.32 (s), 48.89 (s), 47.62 (s), 46.74 (s), 45.35 (s), 44.51 (s), 42.11 (b), 18.16
(b), 17.02 (s), 15.14 (b), 14.04 (b), 13.31 (s), 12.80 (b), 11.88 (s), 10.69 (s), 9.19 (b), 8.36 (b), 7.93
(s), 6.61 (s), 4.81 (s), 4.40 (s), 2.90 (s), 1.13 (b), -2.88 (b), -6.15 (b). 19F NMR (300 MHz, CD2Cl2)
δ -9.21 (3F), -77.58 (6F). UV-Vis (CH2Cl2) [ε (M-1 cm-1)]: 408 nm (2.60 x 103), 531 nm (7.74 x
102).
[LFe3O(PhIm)3Fe][OTf]2, (3). In a 20 mL scintillation vial charged with a stir bar and
wrapped in foil, [LFe3O(PhIm-H)3][OTf]3 (1.06 g, 0.55 mmol, 1.0 equiv.) and PhIm (87.1 mg,
0.60 mmol, 1.1 equiv.) were suspended in 5 mL of tetrahydrofuran and frozen in a cold well along
with a solution of Na[N(SiMe3)2] (334 mg, 1.83 mmol, 3.3 equiv.) in 1.5 mL of tetrahydrofuran.
Upon sufficient thawing for the mixture to begin stirring, the Na[N(SiMe3)2] solution was added
dropwise in the dark. After stirring for 1 hour, the solution was frozen in the cold well. Upon
sufficient thawing for the mixture to begin stirring, a thawing slurry of FeCl2 (80.2 mg, 0.64 mmol,
1.2 equiv.) in 3.5 mL of tetrahydrofuran was added dropwise. After stirring for 22 hours, the
mixture was filtered over a bed of Celite and the precipitate was eluted with dichloromethane. The
volatiles were removed under reduced pressure to afford [LFe3O(PhIm)3Fe][OTf]2 as a dark brown
solid (230 mg, 23% yield). Crystals suitable for X-ray diffraction were grown by layering a dilute
solution of the compound with diethyl ether at -35oC. 1H NMR (300 MHz, CD2Cl2) δ 117.34 (b),
76.82 (s), 74.75 (s), 70.70 (b), 51.84 (s), 47.54 (s), 47.08 (s), 20.98 (b), 20.40 (s), 14.68 (s), 12.89
(s), 12.42 (s), 7.25 (s), 6.34 (s), 5.52 (s), 4.93 (s), 4.60 (s), 3.32 (s), 2.99 (s), 2.42 (s), 1.05 (s), S4

4.58 (b), -6.98 (s). 19F NMR (300 MHz, CD2Cl2) δ -78.32. UV-Vis (CH2Cl2) [ε (M-1 cm-1)]: 252
nm (9.56 x 104), 464 nm (1.04 x 104). ESI-MS (m/z): 762 ([LFe3O(PhIm)3Fe]2+) Anal. Calcd (%)
for C86H60F6Fe4N12O10S2: C, 56.66; H, 3.32; N, 9.22. Found: C, 56.38; H, 3.40; N, 9.09.
[LFe3O(PhIm)3Fe][OTf]3 (4). In a 20 mL scintillation vial charged with a stir bar, a
dichloromethane solution of [Fc][OTf] (26.8 mg, 0.08 mmol, 1.0 equiv.) was added dropwise to a
stirring solution of [LFe3O(PhIm)3Fe][OTf]2 (145.9 mg, 0.08 mmol, 1.0 equiv.) in 2 mL of
dichloromethane. After 30 minutes, the volatiles were removed under reduced pressure and the
pink purple residue was triturated with diethyl ether. The suspension was filtered over Celite and
the remaining pink-purple powder was washed with additional diethyl ether before eluting with
dichloromethane. The volatiles were removed under reduced pressure to afford
[LFe3O(PhIm)3Fe][OTf]3 as a pink-purple solid (110 mg, 70% yield). Crystals suitable for X-ray
diffraction were obtained by diffusion of diethyl ether into a dilute solution of 4 in
dichloromethane. 1H NMR (400 MHz, CD2Cl2) δ 139.84 (b), 101.61 (b), 87.16 (s), 65.70 (s), 63.96
(s), 57.17 (s), 32.93 (b), 14.58 (s), 12.39 (s), 11.70 (s), 10.99 (s), 6.33 (s), 4.97 (b), 3.99 (s), -2.30
(b), -12.29 (b). 19F NMR (300 MHz, CD2Cl2) δ -78.53. UV-Vis (CH2Cl2) [ε (M-1 cm-1)]: 379 nm
(8.88 x 103), 494 nm (8.37 x 103). Anal. Calcd (%) for C87H60F9Fe4N12O13S3: C, 52.99; H, 3.07;
N, 8.52. Found: C, 52.65; H, 3.17; N, 8.46.
[LFe3O(PhIm)3Fe][OTf], (5). (A) By reduction of 3: In a 20 mL scintillation vial charged
with a stir bar, a dichloromethane solution of Cp2Co (10.6 mg, 0.056 mmol, 1.0 equiv.) was added
dropwise to a stirring solution of [LFe3O(PhIm)3Fe][OTf]2 (102 mg, 0.056 mmol, 1.0 equiv.) in 3
mL of dichloromethane. After one hour, the volatiles were removed under reduced pressure and
the dark purple residue was then triturated in dimethoxyethane (DME) overnight. The purple
precipitate was collected on a bed of Celite, washed with additional DME, and then eluted with
dichloromethane. The volatiles were removed under reduced pressure to afford
[LFe3O(PhIm)3Fe][OTf] as a dark purple solid (69.5 mg, 74% yield). Crystals suitable for X-ray
diffraction were obtained by diffusion of diethyl ether into a dilute solution of 5 in 1:1
dichloromethane:acetonitrile. (B) By oxidation of 6: To a suspension of [LFe3O(PhIm)3Fe] (31.5
mg, 0.021 mmol) in tetrahydrofuran (1 mL) was added a suspension of [Cp2Co][OTf] (10.5 mg,
0.031 mmol, 1.5 equiv.). The mixture immediately changes color from blue to purple. After stirring
for 45 minutes, the mixture was concentrated under vacuum. The 1H-NMR spectrum (CD2Cl2) of
the crude product mixture revealed clean re-generation of 5. 1H NMR (300 MHz, CD2Cl2) δ 101.23
(b), 57.39 (s), 56.72 (s), 40.91 (b), 38.06 (s), 36.00 (s), 31.58 (s), 24.16 (s), 13.54 (s), 12.66 (s),
11.92 (s), 8.26 (s), 7.22 (s), -4.45 (b). 19F NMR (300 MHz, CD2Cl2) δ -78.89. UV-Vis (CH2Cl2) [ε
(M-1 cm-1)]: 413 nm (4.28 x 102), 513 nm (3.39 x 103). Anal. Calcd (%) for C85H60F3Fe4N12O7S:
C, 60.99; H, 3.61; N, 10.04. Found: C, 60.14; H, 3.66; N, 10.51.
[LFe3O(PhIm)3Fe] (6). A solution of naphthalene (32.6 mg, 0.25 mmol, 5.0 equiv.) in 8
mL of tetrahydrofuran was added dropwise to a suspension of sodium metal in 10 mL of
tetrahydrofuran (45 mg, 1.96 mmol, 39.2 equiv.), affording a dark green solution. After stirring for
two hours, the solution was filtered over Celite and added dropwise to a stirring solution of
[LFe3O(PhIm)3Fe][OTf] (86.1 mg, 0.05 mmol, 1.0 equiv.) and Na[BArF24] (45.6 mg, 0.05 mmol,
1.0 equiv.). After stirring overnight, the precipitate was collected on a fine frit and washed with
additional tetrahydrofuran (2x5 mL), affording [LFe3O(PhIm)3Fe] as a metallic blue powder (50.5
mg, 66% yield). We have not been able to obtain satisfactory elemental analysis for 6, likely due
to its air sensitivity.
[LFe3O(PhIm)3Fe(CO)] (6-CO). A suspension of [LFe3O(PhIm)3Fe] (27.5 mg, 0.018
mmol) in 2.7 mL of tetrahydrofuran was transferred to 20 mL Schlenk tube. The suspension was
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degassed by three freeze-pump-thaw cycles and an atmosphere of CO was admitted at room
temperature. After stirring for five hours, an IR spectrum of the green suspension was collected.
The mixture was then frozen, evacuated once, and exposed to N2 (without thawing). After stirring
for two hours or overnight, only the vibrational feature assigned to [LFe3O(PhIm)3Fe(CO)] was
observed (νCO = 1899 cm-1). The green precipitate was collected by filtration at the 2-3 hr. time
point to minimize CO loss (20 mg, 72%).
[LFe3O(PhIm)3Fe][OTf]4 (7). For 1H-NMR: A solution of [LFe3O(PhIm)3Fe][OTf]3 (4, 18 mg)
was prepared in 0.7 mL CD2Cl2. An aliquot (0.35 mL) was added to a J Young tube and the solution
was frozen in the cold well. A solution of [N(C6H4Br-4)3][OTf] (7 mg) was prepared in 2 mL of
CD2Cl2. An aliquot (0.2 mL) of this [N(C6H4Br-4)3][OTf] solution was added to the frozen
solution of 4 and mixed thawing, affording a dark orange-brown solution and a considerable
amount of a dark precipitate. 1H-NMR spectra were collected at 298 K, 223 K and 198 K which
confirmed the formation of one (or more) new species. The tube was then degassed by three freezepump-thaw cycles and CO (1 atm.) was admitted at 293 K. 1H-NMR spectra collected under an
atmosphere of CO matched those under N2, demonstrating that CO does not bind the dissolved,
NMR-active fraction of the material. Subsequently, the tube was degassed by three freeze-pumpthaw cycles. A solution of ferrocene (5.7 mg) was prepared in 0.2 mL CD2Cl2. Addition of an
aliquot (0.12 mL) of this ferrocene solution to the degassed tube cleanly returns 4, suggesting that
the oxidized product(s) retains the core geometry of 4 and most likely corresponds to the all-ferric
cluster [LFe3O(PhIm)3Fe][OTf]4 (7), though more detailed characterization of this compound has
not been possible to date. It is possible that triflate binds the apical FeIII of
[LFe3O(PhIm)3Fe][OTf]4 (7), which could also suppress CO binding.
For UV-Vis: A solution of [LFe3O(PhIm)3Fe][OTf]3 (4, 7.2 mg) was prepared in
dichloromethane (19 mL). A 50 µM solution was prepared by diluting 2.5 mL of this stock solution
to 10 mL with dichloromethane. A 3 mL aliquot of this 50 µM solution was charged into a Kontesvalve sealed cuvette. A solution of [N(C6H4Br-4)3][OTf] (8.4 mg) was prepared in 5 mL of
dichloromethane. To the stirring solution of 4 in the cuvette was added a 0.1 mL aliquot of the
[N(C6H4Br-4)3][OTf] stock solution (1.5 equiv.). The UV-Vis spectrum of
[LFe3O(PhIm)3Fe][OTf]4 (7) was then recorded under N2 between 198 and 298 K. Then the sample
was degassed by three freeze-pump-thaw cycles and CO (1 atm.) was admitted at room
temperature. The UV-Vis spectrum of [LFe3O(PhIm)3Fe][OTf]4 (7) was then recorded under CO
between 198 and 298. Other than a loss in signal intensity (presumably due to a small amount of
decomposition of 7), there is no difference in the VT behavior under N2 or CO.
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Spectral Characterization

Figure S1. 1H NMR (300 MHz) of LFe3(OTf)3 (1) in CD2Cl2

Figure S2. 19F NMR (300 MHz) of LFe3(OTf)3 (1) in CD2Cl2
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Figure S3. 1H NMR (300 MHz) of [LFe3O(PhIm-H)3][OTf]3 (2) in CD2Cl2

Figure S4. 19F NMR (300 MHz) of [LFe3O(PhIm-H)3][OTf]3 (2) in CD2Cl2. We attribute the
presence of two triflate signals to dissociation of one PhIm-H ligand and triflate binding to the
cluster in solution.
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Figure S5. 1H NMR (300 MHz) of [LFe3O(PhIm)3Fe][OTf]2 (3) in CD2Cl2

Figure S6. 19F NMR (300 MHz) of [LFe3O(PhIm)3Fe][OTf]2 (3) in CD2Cl2
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Figure S7. Comparison of 1H NMR Spectra (300 MHz) for [LFe3O(PhIm)3Fe][OTf]2 (3) (top)
and [LFe3O(PhPz)3Fe][OTf]2 (bottom) in CD2Cl2

Figure S8. 1H NMR (400 MHz) of [LFe3O(PhIm)3Fe][OTf]3 (4) in CD2Cl2
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Figure S9. 19F NMR (400 MHz) of [LFe3O(PhIm)3Fe][OTf]3 (4) in CD2Cl2

Figure S10. 1H NMR (300 MHz) of [LFe3O(PhIm)3Fe][OTf] (5) in CD2Cl2
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Figure S11. 19F NMR (300 MHz) of [LFe3O(PhIm)3Fe][OTf] (5) in CD2Cl2

Figure S12. Comparison of 1H NMR (300 MHz) of [LFe3O(PhIm)3Fe(CO)][OTf] (5-CO) (top)
and [LFe3O(PhPz)3Fe(NO)](OTf) (bottom) at room temperature reveals similar splitting pattern,
though absolute peak positions vary.
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Figure S13. Comparison of 1H NMR (400 MHz) of [LFe3O(PhIm)3Fe][OTf] (5) obtained by
reduction of [LFe3O(PhIm)3Fe][OTf] (3) (top) and by oxidation of [LFe3O(PhIm)3Fe] (6)
(bottom). The peak at ~ -20 ppm is from residual Cp2Co/[Cp2Co][OTf].

Figure S14. ATR-IR spectrum of [LFe3O(PhIm)3Fe(CO)][OTf] (5-CO) (black, νCO = 1916 cm-1)
and [LFe3O(PhIm)3Fe][OTf] (5) (red) deposited as a thin film from a solution of CD2Cl2 at room
temperature.
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Figure S15. ATR-IR spectrum of [LFe3O(PhIm)3Fe] (6) collected by depositing a suspension of 6
in tetrahydrofuran on the probe. No vibrational features suggestive of a bound N2 are observed.
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Figure S16. ATR-IR spectrum of NaOTf (black), Ca(OTf)2 (blue) and [Cp2Co][OTf] (red).
Features at ~750 and 1300 cm-1 absent from the IR spectrum of 6 (compared to 5) may be attributed
to the triflate counterions.
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Figure S17. ATR-IR spectrum of [LFe3O(PhIm)3Fe(CO)] (6-CO) collected by depositing a
suspension of 6-CO in tetrahydrofuran on the probe. (Black): Spectrum collected after stirring a
suspension of 6 (green suspension) under 1 atm. CO reveals both 6-CO (νCO = 1899 cm-1) and 6(CO)2 (νCO = 1891 and 1980 cm-1). (Blue): Spectrum collected after evacuating the frozen mixture
once, admitting N2 without thawing, and stirring for 2 hrs. shows only 6-CO. (Red): Spectrum
collected after stirring for an additional 12 hrs. under N2 demonstrates slow loss of CO from 6-CO
under N2. At this point, the material was once again blue (characteristic of 6) and the IR spectral
features are consistent with those observed for 6. The Mössbauer spectrum of 6-CO (vide infra) is
also consistent with an intact form of the cluster.
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Variable Temperature UV-Vis Spectroscopy
Variable Temperature UV-Vis of [LFe3O(PhIm)3Fe][OTf]2 (3) under 1 atm. CO.
A stock solution of [LFe3O(PhIm)3Fe][OTf]2 (3) was prepared by dissolving 7.8 mg of
[LFe3O(PhIm)3Fe][OTf]2 (3) in dry acetone and diluting to 20 mL. A 2.5 mL aliquot of the
[LFe3O(PhIm)3Fe][OTf]2 (3) stock solution was diluted to 10 mL with acetone and 3.0 mL were
transferred to the side bulb (total volume = 10.98 mL) of a calibrated UV-Vis cuvette. The solution
was degassed by three freeze-pump-thaw cycles and then CO (1 atm.) was admitted at 293 K to
the side bulb only. The cuvette side arm (still under N2) was then opened, affording a partial
pressure of CO of ~0.49 atm. After thorough mixing, spectra were then recorded between 263-303
K. All changes were fully reversible. Separately, spectra of [LFe3O(PhIm)3Fe][OTf]2 in acetone
were recorded at 293 K and 233 K under N2 which did not exhibit the temperature dependent
behavior observed under CO.

Figure S18. VT-UV-Vis of [LFe3O(PhIm)3Fe][OTf]2 (3, in acetone) under CO (0.49 atm. partial
pressure) between 263-303 K. All Changes Fully Reversible.
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Figure S19. VT-UV-Vis of [LFe3O(PhIm)3Fe][OTf]2 (3, in acetone) under N2 at 293 K (black)
and 233 K (blue).
Variable Temperature UV-Vis of in situ prepared [LFe3O(PhIm)3Fe][OTf]4 (7) under 1 atm.
CO.
A solution of [LFe3O(PhIm)3Fe][OTf]3 (4, 7.2 mg) was prepared in dichloromethane (19
mL). A 50 µM solution was prepared by diluting 2.5 mL of this stock solution to 10 mL with
dichloromethane. A 3 mL aliquot of this 50 µM solution was charged into a Kontes-valve sealed
cuvette. A solution of [N(C6H4Br-4)3][OTf] (8.4 mg) was prepared in 5 mL of dichloromethane.
To the stirring solution of 4 in the cuvette was added a 0.1 mL aliquot of the [N(C6H4Br-4)3][OTf]
stock solution (1.5 equiv.). The UV-Vis spectrum of [LFe3O(PhIm)3Fe][OTf]4 (7) was then
recorded under N2 between 198 and 298 K. Then the sample was degassed by three freeze-pumpthaw cycles and CO (1 atm.) was admitted at room temperature. The UV-Vis spectrum of
[LFe3O(PhIm)3Fe][OTf]4 (7) was then recorded under CO between 198 and 298. Other than a loss
in signal intensity (presumably due to a small amount of decomposition of 7), there is no difference
in the VT behavior under N2 or CO.

S17

Figure S20. VT-UV-Vis of [LFe3O(PhIm)3Fe][OTf]4 (7, in acetone) under CO (1 atm.) between
263-303 K. All Changes Fully Reversible.

Figure S21. VT-UV-Vis of [LFe3O(PhIm)3Fe][OTf]4 (7, in acetone) under N2 at 293 K (black)
and 233 K (blue). All changes fully reversible.
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Variable Temperature IR Spectroscopy
Variable Temperature IR Spectroscopy for [LFe3O(PhIm)3Fe][OTf]2 (3) under CO
Dry dichloromethane (10 mL) was injected into a ReactIR cell under positive pressure of Ar.
Background spectra were collected at 298 K, 273 K (ice bath) and 195 K (dry ice/acetone bath).
Under counter flow of Ar, 2 mL of dichloromethane was syringed out of the ReactIR cell and
replaced with a solution of [LFe3O(PhIm)3Fe][OTf]2 (3, 60 mg) in dichloromethane (2 mL). IR
spectra of [LFe3O(PhIm)3Fe][OTf]2 (3) were collected at 298 K, 273 K (ice bath) and 195 K (dry
ice/acetone) which revealed no vibrational features in the window of 1850-2200 cm-1. The ReactIR
cell was removed from the probe under counter flow of Ar and sealed. The solution was degassed
in the cell by three freeze-pump-thaw cycles and then exposed to CO at 195 K (~ 1.5 atm.). The
ReactIR cell was stirred vigorously at 195 K for 15 minutes and then reattached to the probe under
counter flow of Ar as quickly as possible. IR spectra collected with the cell maintained at 195 K
under flow of Ar revealed a strong Fe-CO vibration at 1944 cm-1 assignable to
[LFe3O(PhIm)3Fe(CO)][OTf]2 (3-(CO)) and weaker features at 2014 cm-1 and 1960 cm-1
assignable to [LFe3O(PhIm)3Fe(CO)2](OTf)2 (3-(CO)2). A weak feature was also observed for free
CO (2137 cm-1 in dichloromethane). After warming to 273 K, only the Fe-CO vibration at 1944
cm-1 remained visible. At room temperature, no Fe-CO vibrations were observed.

Figure S22. VT-IR (ReactIR) spectroscopy of [LFe3O(PhIm)3Fe][OTf]2 (3, in CH2Cl2) starting
at 195 K (black) in CO-saturated solution following an Ar purge.
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Variable Temperature IR Spectroscopy for [LFe3O(PhIm)3Fe][OTf]3 (4) under CO
Under counter flow of Ar, a solution of [LFe3O(PhIm)3Fe][OTf]3 (4, 54.7 mg) in dichloromethane
(11.5 mL) into a ReactIR cell. IR spectra of [LFe3O(PhIm)3Fe][OTf]3 (4) were collected at 298 K
and 195 K (dry ice/acetone) which revealed no vibrational features in the window of 1850-2200
cm-1. The ReactIR cell was removed from the probe under counter flow of Ar and sealed. The
solution was degassed in the cell by three freeze-pump-thaw cycles and then exposed to CO at 195
K (~ 1.5 atm.). The ReactIR cell was stirred vigorously at 195 K for 15 minutes and then reattached
to the probe under counter flow of Ar as quickly as possible. IR spectra collected with the cell
maintained at 195 K under flow of Ar revealed a strong Fe-CO vibration at 1966 cm-1 assignable
to
[LFe3O(PhIm)3Fe(CO)][OTf]3
(4-CO).
No
features
attributable
to
[LFe3O(PhIm)3Fe(CO)2][OTf]3 were observed. After warming to room temperature, no Fe-CO
vibrations were observed.

Figure S23. VT-IR (ReactIR) spectroscopy of [LFe3O(PhIm)3Fe][OTf]3 (4, in CH2Cl2) at 195 K
(black) and room temperature (red) in CO-saturated solution following an Ar purge.
Low Temperature IR Detection of [LFe3O(PhIm)3Fe(CO)2][OTf] (5-(CO)2)
Dry dichloromethane (10 mL) was injected into a ReactIR cell under positive pressure of Ar.
Background spectra were collected at 298 K and 195 K (dry ice/acetone bath). Under counter flow
of Ar, 2 mL of dichloromethane was syringed out of the ReactIR cell and replaced with a solution
of [LFe3O(PhIm)3Fe][OTf] (5, 50 mg) in dichloromethane (2 mL). IR spectra of
[LFe3O(PhIm)3Fe][OTf] (5) were collected at 298 K and 195 K (dry ice/acetone) which revealed
no vibrational features in the window of 1850-2200 cm-1. The ReactIR cell was removed from the
probe under counter flow of Ar and sealed. The solution was degassed in the cell by three freezepump-thaw cycles and then exposed to CO (~1.5 atm.) at 195 K. The ReactIR cell was stirred
vigorously 195 K for 15 minutes and then reattached to the probe under counter flow of Ar. IR
spectra collected with the cell maintained at 195 K under flow of Ar revealed a strong Fe-CO
vibration at 1916 cm-1 assignable to [LFe3O(PhIm)3Fe(CO)][OTf] (5-CO) and weaker features at
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1994 cm-1 and 1944 cm-1 assignable to [LFe3O(PhIm)3Fe(CO)2](OTf) (5-(CO)2). However, due to
the instability of both [LFe3O(PhIm)3Fe](OTf) (5) and [LFe3O(PhIm)3Fe(CO)](OTf) (5-CO)
toward oxidation we cannot exclude the possibility that the feature at 1944 cm-1 arises from
[LFe3O(PhIm)3Fe(CO)](OTf)2 (3-CO). Nonetheless, this feature has been observed in multiple
trials.

Figure S24. Comparison of the Low Temperature IR (ReactIR) spectra of
[LFe3O(PhIm)3Fe][OTf] (5, red), [LFe3O(PhIm)3Fe][OTf]2 (3, blue) and [LFe3O(PhIm)3Fe][OTf]3
(4, black), all in CO saturated dichloromethane at 195 K.
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Variable Temperature NMR Spectroscopy and Thermodynamic Measurements
General Considerations: For the NMR experiments reported herein, conditions were selected such
that at full conversion the pressure of CO gas in the headspace would remain near 1 atm. The J
Young NMR tubes employed had a sealed volume of ~ 3 mL. All experiments were conducted
such that the volume of the analyte solution + internal reference solution accounted for ~ 0.45 mL,
leaving a headspace volume of 2.65 mL. The tubes were degassed by three freeze-pump-thaw
cycles, with mixing between each cycle. Gas addition was made after equilibrating in a water bath
held at 293 K. Using PV = nRT, the amount of CO in the headspace is ~ 0.11 mmol, with ~ 0.006
mmol dissolved in solution at 293 K. For ~ 0.004 mmol cluster delivered to the tube, full
conversion consumes 0.008 mmol of CO or ~7% of the CO in the tube. After thorough mixing,
spectra were then recorded at the listed temperatures with the sample equilibrated with spinning
in the spectrometer for at least 10 minutes. As longer equilibration times did not influence the
integrations, we assume herein that our method allows for sufficient diffusion of CO from the
headspace to saturate the solution. We note that for most organic solvents, it appears the solubility
of CO does not vary by more than 10-15% even over temperature ranges as large as 100 K. Unless
otherwise noted, all changes were fully reversible.
Thermodynamics of CO Binding to [LFe3O(PhIm)3Fe][OTf]2 (3) in dichloromethane-d2
A stock solution of [LFe3O(PhIm)3Fe][OTf]2 (3) was prepared by dissolving 7.7 mg of
[LFe3O(PhIm)3Fe][OTf]2 (3) in 0.48 mL dry CD2Cl2. A stock solution of [Fc*][OTf] was prepared
by dissolving 8.9 mg in 0.94 mL CD2Cl2. A 0.05 mL aliquot of the [Fc*]][OTf] stock solution was
transferred to a capillary and flame sealed. An aliquot (0.35 mL) of the [LFe3O(PhIm)3Fe][OTf]2
stock solution and the sealed [Fc*][OTf] capillary were transferred to a J. Young tube. After
recording the 1H-NMR spectrum in the absence of CO, the solution was degassed by three freezepump-thaw cycles and then CO (1 atm.) was admitted at 293 K and spectra were then recorded
between 193-303 K. Separately, the VT-1H NMR spectrum of [LFe3O(PhIm)3Fe][OTf]2 (3) was
measured under N2.
For the formation of 3-CO:
Kp,1 = [3-CO]/[3]*PCO
[3-CO] = [3]initial – [3]equilibrium –[3-(CO)2]equilibrium
The value of [3]equilibrium is determined according to:
[3]equilibrium = (IwithCO/InoCO)*[3]initial
Where IwithCO and InoCO are the integrals of 1H-NMR feature for 3 which starts at 117.34 ppm at
298 K in the presence or absence of CO, respectively, all relative to [Fc*](OTf) internal standard.
The value of [3-(CO)2]equilibrium is determined according to:
[3-(CO)2]equilibrium = (IT/I198K)*[3]initial
Where I198K is the integral of the 1H-NMR feature for 3-(CO)2, relative to [Fc*][OTf] internal
standard, which starts at 81.34 ppm at 288 K and it is assumed that 100% of 3 has converted to 3(CO)2 by 198 K. IT is the integral relative to [Fc*](OTf) of this feature at the given temperature.
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Van’t Hoff analysis:

ln(Kp,1) = -ΔH/RT + ΔS/R
Best Fit Line: ln(Kp,1) = -24.2(+/- 1.4) + 6867.5(+/-383.6)*1/T
Yields:
ΔH = -13.6(8) kcal mol-1
ΔS = -48(3) cal mol-1 K-1
Kp,1 (303 K) = 0.2 atm-1

For the formation of 3-(CO)2:
Kp,2 = [3-(CO)2]/[3-CO]*PCO
Where [3-CO] = [3-(CO)2]initial – [3-(CO)2]equilibrium – [3]equilibrium
Van’t Hoff analysis:

ln(Kp,2) = -ΔH/RT + ΔS/R
Best Fit Line: ln(Kp,2) = -15.9(+/- 0.9) + 4185.5(+/-234.3)*1/T
Yields:
ΔH = -8.3(5) kcal mol-1
ΔS = -32(2) cal mol-1 K-1
Kp,2 (303 K) = 0.1(1) atm-1
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Figure S25. VT-1H NMR (500 MHz) of [LFe3O(PhIm)3Fe][OTf]2 (3) in CD2Cl2 under N2 between
298 K (top) and 198 K (bottom) in 20 K intervals.
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Figure S26. Curie plot showing the linear dependence (vs. the inverse temperature) of the 1H
chemical shift of selected protons (well resolved resonances) in [LFe3O(PhIm)3Fe][OTf]2 (3)
between 198 and 298 K. The dashed lines are a guide to the eye.
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Figure S27. VT-1H NMR (500 MHz) of [LFe3O(PhIm)3Fe][OTf]2 (3) in CD2Cl2 under CO (1
atm.) between 303 K (top) and 198 K (bottom).
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Figure S28. Van’t Hoff plot for the formation of 3-CO in dichloromethane-d2 between 248-303
K.

Figure S29. Van’t Hoff plot for the formation of 3-(CO)2 in dichloromethane-d2 between 228288 K.
Thermodynamics of CO Binding to [LFe3O(PhIm)3Fe][OTf]3 (4) in dichloromethane-d2
A stock solution of [LFe3O(PhIm)3Fe][OTf]3 (4) was prepared by dissolving 8.4 mg of
[LFe3O(PhIm)3Fe][OTf]3 (4) in 0.48 mL dry CD2Cl2. A stock solution of [Fc*][OTf] was prepared
by dissolving 10.1 mg in 1.1 mL CD2Cl2. A 0.05 mL aliquot of the [Fc*][OTf] stock solution was
transferred to a capillary and flame sealed. An aliquot (0.35 mL) of the [LFe3O(PhIm)3Fe][OTf]3
stock solution and the sealed [Fc*][OTf] capillary were transferred to a J. Young tube. After
recording the 1H-NMR spectrum in the absence of CO, the solution was degassed by three freezepump-thaw cycles and then CO (1 atm.) was admitted at 293 K and spectra were then recorded
between 198-298 K. Separately, the VT-1H NMR spectrum of [LFe3O(PhIm)3Fe][OTf]3 (4) was
measured under N2.
For the formation of 4-CO:
Kp,1 = [4-CO]/[4]*PCO
[4-CO] = [4]initial – [4]equilibrium
The value of [4]equilibrium is determined according to:
[4]equilibrium = (IT/I298K)*[4]initial
Where IT and I298K are the integrals of 1H-NMR feature for 4 which starts at -12.29 ppm at 298 K
at the desired temperature and at 298 K in the presence of CO, respectively, all relative to
[Fc*](OTf) internal standard.
Van’t Hoff analysis:

ln(Kp,1) = -ΔH/RT + ΔS/R
Best Fit Line: ln(Kp,1) = -23.7(+/- 1.3) + 6113(+/-320)*1/T
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Yields:

ΔH = -12.1(6) kcal mol-1
ΔS = -47(3) cal mol-1 K-1
Kp,1 (303 K) = 0.02(4) atm-1

Figure S30. VT-1H NMR (500 MHz) of [LFe3O(PhIm)3Fe][OTf]3 (4) in CD2Cl2 under N2
between 298 K (top) and 198 K (bottom).
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Figure S31. VT-1H NMR (500 MHz) of [LFe3O(PhIm)3Fe][OTf]3 (4) in CD2Cl2 under CO (1
atm.) between 298 K (top) and 198 K (bottom). Note, decomposition is observed following
exposure to CO (~13%). Allowing the sample to stand overnight results in additional
decomposition, including oxidation to 3 and other unidentified products. While some
decomposition (~13%) is observed upon exposure of 4 to CO, this decomposition appears to be
relatively slow at lower temperatures such that over the timescale of the experiment little additional
decomposition occurs (<5%). Allowing the sample to stand overnight results in additional
decomposition, including oxidation to 3 and other unidentified products. Similar decomposition,
albeit much faster, is observed in the presence of donating solvents such as acetonitrile and
acetone.
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Figure S32. Van’t Hoff plot for the formation of 4-CO between 218-278 K.
Thermodynamics of CO Binding to [LFe3O(PhIm)3Fe](OTf) (5) in dichloromethane-d2
A stock solution of [LFe3O(PhIm)3Fe][OTf] (5) was prepared by dissolving 7.3 mg of
[LFe3O(PhIm)3Fe][OTf] (5) in 0.50 mL dry CD2Cl2. A stock solution of [Fc*][OTf] was prepared
by dissolving 11.0 mg in 1.19 mL CD2Cl2. A 0.05 mL aliquot of the [Fc*][OTf] stock solution was
transferred to a capillary and flame sealed. An aliquot (0.35 mL) of the [LFe3O(PhIm)3Fe][OTf]
stock solution and the sealed [Fc*][OTf] capillary were transferred to a J. Young tube. After
recording the 1H-NMR spectrum in the absence of CO, the solution was degassed by three freezepump-thaw cycles and then CO (1 atm.) was admitted at 293 K and spectra were recorded between
193-308 K. Separately, the VT-1H NMR spectrum of [LFe3O(PhIm)3Fe][OTf] (5) was measured
under N2.
For the formation of 5-CO:
Kp,1 = [5-CO]/[5]*PCO
[5-CO] = [5]initial – [5]equilibrium –[5-(CO)2]equilibrium
The value of [5]equilibrium is determined according to:
[5]equilibrium = (IwithCO/InoCO)*[5]initial
Where IwithCO and InoCO are the integrals of 1H-NMR feature for 5 which starts at 101.23 ppm at
298 K in the presence or absence of CO, respectively, all relative to [Fc*](OTf) internal standard.
The value of [5-(CO)2]equilibrium is determined according to:
[5-(CO)2]equilibrium = (IT/I198K)*[5]initial
Where I198K is the integral of the 1H-NMR feature for 5-(CO)2, relative to [Fc*](OTf) internal
standard, which starts at 97.06 ppm at 298 K and it is assumed that 100% of 5 has converted to 5(CO)2 by 198 K. IT is the integral relative to [Fc*](OTf) of this feature at the given temperature.
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At 303 K, Kp,1(5) was determined to be 59 atm-1. Compared to a value of 0.15 atm-1 for Kp,1(3) at
303 K, this represents a ~400 fold difference (ΔΔG = 3.6 kcal mol-1) in the affinity of 5 for CO
vs. 3.
For the formation of 5-(CO)2:
Kp,2 = [5-(CO)2]/[5-CO]*PCO
Where [5-CO] = [5-(CO)2]initial – [5-(CO)2]equilibrium – [5]equilibrium
Van’t Hoff analysis:

ln(Kp,2) = -ΔH/RT + ΔS/R
Best Fit Line: ln(Kp,2) = -17.1(+/- 0.7) + 4626.7(+/-190.57)*1/T
Yields:
ΔH = -9.2(4) kcal mol-1
ΔS = -34(1) cal mol-1 K-1
Kp,2 (303 K) = 0.2(1) atm-1

S31

Figure S33. VT-1H NMR (500 MHz) of [LFe3O(PhIm)3Fe][OTf] (5) in CD2Cl2 under N2
between 298 K (top) and 198 K (bottom) in 20 K intervals.

Figure S34. VT-1H NMR (500 MHz) of [LFe3O(PhIm)3Fe][OTf] (5) in CD2Cl2 under CO (1
atm.) between 308 K (top) and 198 K (bottom).
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Figure S35. Van’t Hoff plot for the formation of 5-(CO)2 in dichloromethane-d2 between 228298 K.
Thermodynamics of CO Binding to [LFe3O(PhIm)3Fe][OTf]2 (3) in acetone-d6
A stock solution of [LFe3O(PhIm)3Fe][OTf]2 (3) was prepared by dissolving 23.7 mg of
[LFe3O(PhIm)3Fe][OTf]2 (3) in 0.91 mL dry acetone-d6. A stock solution of [Fc*][OTf] was
prepared by dissolving 12.8 mg in 0.61 mL acetone-d6. A 0.10 mL aliquot of the [Fc*][OTf] stock
solution was added to the stock solution of [LFe3O(PhIm)3Fe][OTf]2 (3). Aliquots (0.45 mL each)
of the combined [LFe3O(PhIm)3Fe][OTf]2/[Fc*][OTf] stock solution were transferred to J. Young
tubes. For one of the tubes, the solution was degassed by three freeze-pump-thaw cycles and then
CO (1 atm.) was admitted at 293 K and spectra were recorded between 193-298 K. Separately, the
VT-1H NMR spectrum of [LFe3O(PhIm)3Fe][OTf]2/[Fc*][OTf] was measured under N2.
For the formation of 3-CO:
Keq,1 = [3-CO]/[3][CO]
[3-CO] = [3]initial – [3]equilibrium –[3-(CO)2]equilibrium
The value of [3]equilibrium is determined according to:
[3]equilibrium = (IwithCO/InoCO)*[3]initial
Where IwithCO and InoCO are the integrals of 1H-NMR feature for 3 which starts at 113.24 ppm at
298 K in the presence or absence of CO, respectively, all relative to [Fc*](OTf) internal standard.
The value of [3-(CO)2]equilibrium is determined according to:
[3-(CO)2]equilibrium = (IT/I223K)*[3]initial
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Where I223K is the integral of the 1H-NMR feature for 3-(CO)2, relative to [Fc*](OTf) internal
standard, which starts at 80.14 ppm at 298 K and it is assumed that 100% of 3 has converted to 3(CO)2 by 223 K. IT is the integral relative to [Fc*](OTf) of this feature at the given temperature.
Lastly, [CO] is derived from published CO solubility values in acetone.12
Van’t Hoff analysis:
ln(Keq,1) = -ΔH/RT + ΔS/R
Best Fit Line: ln(Keq,1) = -26.837(+/- 1.471) + 8886.7(+/-414.5)*1/T
Yields:
ΔH = -17.6(8) kcal mol-1
ΔS = -53(3) cal mol-1 K-1
ΔG (298 K) = -1.6 kcal mol-1
Keq,1 (298 K) = 16 M-1
For the formation of 3-(CO)2:
Keq,2 = [3-(CO)2]/[3-CO][CO]
Where [3-CO] = [3-(CO)2]initial – [3-(CO)2]equilibrium – [3]equilibrium
Van’t Hoff analysis:

ln(Keq,2) = -ΔH/RT + ΔS/R
Best Fit Line: ln(Keq,2) = -13.046(+/- 0.640) + 4819.9(+/-177.8)*1/T
Yields:
ΔH = -9.6(4) kcal mol-1
ΔS = -26(1) cal mol-1 K-1
ΔG (298 K) = -1.9 kcal mol-1
Keq,2 (298 K) = 25 M-1
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Figure S36. VT-1H NMR (500 MHz) of [LFe3O(PhIm)3Fe][OTf]2 (3) in acetone-d6 under N2 (1
atm.) between 298 K (top) and 263 K (bottom).
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Figure S37. VT-1H NMR (500 MHz) of [LFe3O(PhIm)3Fe][OTf]2 (3) in acetone-d6 under CO (1
atm.) between 298 K (top) and 193 K (bottom).

Figure S38. Van’t Hoff plot for the formation of 3-CO between 263-298 K.
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Figure S39. Van’t Hoff plot for the formation of 3-(CO)2 between 253-298 K.
Thermodynamics of CO Binding to [LFe3O(PhIm)3Fe][OTf] (5) in chlorobenzene-d5
A stock solution was prepared by dissolving 11.3 mg of [LFe3O(PhIm)3Fe][OTf] (5) and 6.5 mg
of Na[BArF24] in 0.70 mL dry chlorobenzene-d5 (9.6 mM). A stock solution of [Fc*][OTf] was
prepared by dissolving 17.8 mg in 1.00 mL tetrachloroethane-d2. A 0.05 mL aliquot of the
[Fc*][OTf] stock solution was transferred to a 9 in. pipette and flame sealed. A 0.35 mL aliquots
of the combined [LFe3O(PhIm)3Fe][OTf]/Na[BArF24] stock solution was transferred to a J. Young
tube. Prior to addition of CO, the 1H NMR spectrum of [LFe3O(PhIm)3Fe][OTf]/Na[BArF24] was
measured under N2 between 268-348 K. The solution was then degassed by three freeze-pumpthaw cycles and then CO (1 atm.) was admitted at 293 K and spectra were then recorded between
238-358 K.
For the formation of 5-CO:
Keq,1 = [5-CO]/[5][CO]
[5-CO] = [5]initial – [5]equilibrium –[5-(CO)2]equilibrium
The value of [5]equilibrium is determined according to:
[5]equilibrium = (IwithCO/InoCO)*[5]initial
Where IwithCO and InoCO are the integrals of 1H-NMR feature for 5 which starts at 97.87 ppm at 298
K in the presence or absence of CO, respectively, all relative to [Fc*](OTf) internal standard.
The value of [5-(CO)2]equilibrium is determined according to:
[5-(CO)2]equilibrium = (IT/I238K)*[5]initial
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Where I238K is the integral of the 1H-NMR feature for 5-(CO)2, relative to [Fc*](OTf) internal
standard, which starts at 94.42 ppm at 298 K and it is assumed that 100% of 5 has converted to 5(CO)2 by 238 K. IT is the integral relative to [Fc*](OTf) of this feature at the given temperature.
Lastly, [CO] is derived from published CO solubility values in chlorobenzene.12
Van’t Hoff analysis:

ln(Keq,1) = -ΔH/RT + ΔS/R
Best Fit Line: ln(Keq,1) = -26.796(+/- 1.143) + 10994(+/-379)*1/T
Yields:
ΔH = -21.8(8) kcal mol-1
ΔS = -53(2) cal mol-1 K-1
ΔG (298 K) = -6.0 kcal mol-1
Keq,1 (298 K) = 2.4 x 104 M-1
For the formation of 5-(CO)2:
Keq,2 = [5-(CO)2]/[5-CO][CO]
Where [5-CO] = [5-(CO)2]initial – [5-(CO)2]equilibrium – [5]equilibrium
Van’t Hoff analysis:

ln(Keq,2) = -ΔH/RT + ΔS/R
Best Fit Line: ln(Keq,2) = -14.344(+/- 0.745) + 5372(+/-202)*1/T
Yields:
ΔH = -10.7(4) kcal mol-1
ΔS = -29(1) cal mol-1 K-1
ΔG (298 K) = -2.2 kcal mol-1
Keq,2 (298 K) = 40 M-1
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Figure S40. VT-1H NMR (500 MHz) of [LFe3O(PhIm)3Fe][OTf] (5) in chlorobenzene-d5 under
N2 (1 atm.) between 348 K (top) and 268 K (bottom).
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Figure S41. VT-1H NMR (500 MHz) of [LFe3O(PhIm)3Fe][OTf] (5) in chlorobenzene-d5 under
CO (1 atm.) between 358 K (top) and 238 K (bottom).
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Figure S42. Van’t Hoff plot for the formation of 5-CO between 308-358 K.

Figure S43. Van’t Hoff plot for the formation of 5-(CO)2 between 248-298 K.
In Situ Oxidation of [LFe3O(PhPz)3Fe][OTf]3 (4) and Lack of CO Binding (CD2Cl2).
A solution of [LFe3O(PhIm)3Fe][OTf]3 (4, 18 mg) was prepared in 0.7 mL CD2Cl2. An aliquot
(0.35 mL) was added to a J Young tube and the solution was frozen in the cold well. A solution of
[N(C6H4Br-4)3][OTf] (7 mg) was prepared in 2 mL of CD2Cl2. An aliquot (0.2 mL) of this
[N(C6H4Br-4)3][OTf] solution was added to the frozen solution of 4 and mixed thawing, affording
a dark orange-brown solution and a considerable amount of a dark precipitate. 1H-NMR spectra
were collected at 298 K, 223 K and 198 K which confirmed the formation of one (or more) new
species. The tube was then degassed by three freeze-pump-thaw cycles and CO (1 atm.) was
admitted at 293 K. 1H-NMR spectra collected under an atmosphere of CO matched those under
N2, demonstrating that CO does not bind the dissolved, NMR-active fraction of the material.
Subsequently, the tube was degassed by three freeze-pump-thaw cycles. A solution of ferrocene
(5.7 mg) was prepared in 0.2 mL CD2Cl2. Addition of an aliquot (0.12 mL) of this ferrocene
solution to the degassed tube cleanly returns 4, suggesting that the oxidized product(s) retains the
core geometry of 4 and most likely corresponds to the all-ferric cluster [LFe3O(PhIm)3Fe][OTf]4
(7), though more detailed characterization of this compound has not been possible to date. It is
possible that triflate binds the apical FeIII of [LFe3O(PhIm)3Fe][OTf]4 (7), which could also
suppress CO binding.
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Figure S44. In situ oxidation of [LFe3O(PhIm)3Fe][OTf]3 (4) and lack of CO binding. The
oxidized product is believed to be [LFe3O(PhIm)3Fe][OTf]4 based on the reversibility of this redox
transformation. Based on the similarity of the NMR spectra under N2 or CO, this oxidized product
does not appear to bind CO.

Variable Temperature 1H-NMR (CD2Cl2) of [LFe3O(PhPz)3Fe][OTf] under 1 atm. CO
A solution of [LFe3O(PhPz)3Fe][OTf] (8.2 mg) was prepared in 0.7 mL CD2Cl2. The solution was
degassed by three freeze-pump-thaw cycles and then 1 atm. CO was admitted at 293 K. 1H-NMR
spectra were collected between 198-298 K, but no evidence of CO binding was observed.

S42

Figure S45. Variable Temperature 1H-NMR (500 MHz) of [LFe3O(PhPz)3Fe][OTf] in CD2Cl2
under 1 atm. of CO. All temperature dependent shifts match those reported previously for
[LFe3O(PhPz)3Fe][OTf] at the listed temperature, demonstrating no reaction with CO even at
low temperatures.

Electrochemistry
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Figure S46. CV for [LFe3O(PhIm)3Fe][OTf]2 (3) in dichloromethane (0.1 M [nBu4N]PF6) at
scanned at 100 mV/s. (Black): Scanned between -1.5 V and 1.15 V. (Blue): Scanned between -2.5
V and 1.15 V. (Red): Background.

Figure S47. Scan rate dependence of the CV of [LFe3O(PhIm)3Fe][OTf]2 (3) in dichloromethane.
For the FeIIFeIII3/FeIII4, two reductive features are observed and they become better resolved with
faster scan rates. This may arise from reversible triflate binding, interconverting
[LFe3O(PhIm)3Fe][OTf]4 and [LFe3O(PhIm)3Fe(OTf)][OTf]3.
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Figure S48. Scan rate dependence of the peak currents from the CV of [LFe3O(PhIm)3Fe][OTf]2
in dichloromethane.

Figure S49. Scan rate dependence of the CV of [LFe3O(PhIm)3Fe][OTf]2 (3) in tetrahydrofuran.
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Figure S50. Scan rate dependence of the peak currents from the CV of [LFe3O(PhIm)3Fe][OTf]2
(3) in tetrahydrofuran.

Figure S51. Comparison of the electrochemical properties of [LFe3O(PhIm)3Fe][OTf]2 (3) in
tetrahydrofuran (top, black), [LFe3O(PhIm)3Fe][OTf]2 (3) in dichloromethane (middle, black
dashed) and [LFe3O(PhPz)3Fe][OTf]2 in dichloromethane (bottom, blue), all with 0.1 M
[nBu4N]PF6 electrolyte and scanned at 100 mV/s.
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Table S1. Comparison of E1/2 for [LFe3O(PhIm)3Fe][OTf]2 (3) and [LFe3O(PhPz)3Fe](OTf)2
[LFe3O(PhIm)3Fe]

n+

[LFe3O(PhIm)3Fe]

n+

n+

Solvent

THF

Redox Event

E1/2 vs. Fc/Fc (V)

E1/2 vs. Fc/Fc (V)

E1/2 vs. Fc/Fc (V)

-1.868

-

-1.733

-0.961

-1.013

-0.727

-0.253

-0.200

-0.018

-

0.450

-

II

II

Fe 4/Fe 3Fe
II

III

II

III

III
2
II
III
II III
Fe 2Fe 2/Fe Fe 3
II III
III
Fe Fe 3/Fe 4

Fe 3Fe /Fe 2Fe

DCM

[LFe3O(PhPz)3Fe]

+

DCM
+

+

Variable Temperature Electrochemistry of [LFe3O(PhIm)3Fe](OTf)2 (3) in acetone under CO. The
electrochemistry of a solution of [LFe3O(PhIm)3Fe][OTf]2 (3, 31.5 mg) in acetone (7.5 mL) with
0.1 M [nBu4N]PF6 and [Fc][OTf] (12 mg) was measured in a thick walled single compartment cell
fitted with tungsten leads and a Kontes valve sealed side arm. The solution was degassed at 195 K
(dry ice/acetone bath) and CO (1 atm.) was admitted. After equilibrating the solution at 195 K with
stirring for 30 minutes, CV’s were measured at various scan rates. The cell was then warmed to
293 K with the Kontes tap open and CVs were measured after equilibrating at that temperature
with stirring for 30 minutes.
Cyclic voltammetry measurements on CO-saturated acetone solutions of 3 recorded at 195 K
exhibit a reversible reduction event centered at − 0.92 V (compared to -0.86 V at 293 K under
CO). NMR spectra collected in CO-saturated acetone indicate that 3-(CO)2 is the predominant
species in solution at 195 K. Thus, we assign this reversible electrochemical event to the reduction
of 3-(CO)2 to 5-(CO)2. In N2-saturated acetone at 195 K, a reversible reduction event centered at
-1.01 V is observed, corresponding to a shift in E1/2 of 89.6 mV. Using a thermochemical cycle
which relates the reduction potentials of 3 and 3-(CO)2 to the cumulative formation constants for
3-(CO)2 and 5-(CO)2, we can estimate K1K2(5)/K1K2(3) ~ 210. At room temperature, no new
cathodic or anodic features are observed at scan rates up to 4000 mV/s, suggesting that CO binding
and loss are fast on the electrochemical timescale.

ΔΔG = -nFΔE = ΔΔH – TΔΔS = -RTln(5/3).
Where ΔΔG is defined as the difference in free energy for CO binding in redox state 3 vs. redox
state 5 at a given temperature and pressure. ΔE is defined as the difference in midpoint point
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potential for the 3/5 redox couple in the CO-free vs. CO-bound forms. ΔΔH and ΔΔS are defined
as the difference in the enthalpy and entropy, respectively, for CO binding in redox state 3 vs.
redox state 5. K(5)/K(3) is defined as the ratio of the CO binding constants in redox state 3 vs.
redox state 5 at a given temperature and pressure. Assuming ΔΔS ~ 0, then -nFΔE ~ ΔΔH.

Figure S52. CV for [LFe3O(PhIm)3Fe][OTf]2 (3) in acetone (0.1 M [nBu4N]PF6) at 293 K scanned
at 250 mV/s, internally referenced to Fc/Fc+. (Black): Scanned between -1.7 V and 0.15 V. (Blue):
Scanned between -2.3 V and -0.6 V. (Red): Background.

Figure S53. Scan rate dependence of the CV of [LFe3O(PhIm)3Fe][OTf]2 (3) in acetone (0.1 M
[nBu4N]PF6) at 293 K, internally referenced to Fc/Fc+.

S48

Figure S54. CV for [LFe3O(PhIm)3Fe][OTf)]2 (3) in acetone (0.1 M [nBu4N]PF6) at 195 K
scanned at 250 mV/s, internally referenced to Fc/Fc+. We attribute the irreversibility of the 3/4
couple at low temperatures to binding of acetone upon oxidation.

Figure S55. CV for [LFe3O(PhIm)3Fe][OTf]2 under CO (1 atm.) in acetone (0.1 M [nBu4N]PF6)
at 293 K, internally referenced to Fc/Fc+.
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Figure S56. Comparison of the CV for [LFe3O(PhIm)3Fe][OTf]2 (3) scanned at 250 mV under N2
(black) and CO (red) in acetone (0.1 M [nBu4N]PF6) at 293 K, internally referenced to Fc/Fc+.

Figure S57. CV for [LFe3O(PhIm)3Fe][OTf]2 (3) in acetone (0.1 M [nBu4N]PF6) at 195 K,
internally referenced to Fc/Fc+.
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Figure S58. CV for [LFe3O(PhIm)3Fe][OTf]2 (3) under CO (1 atm.) in acetone (0.1 M
[nBu4N]PF6) at 195 K, internally referenced to Fc/Fc+.

Figure S59. Comparison of the CV for [LFe3O(PhIm)3Fe][OTf]2 (3) scanned at 250 mV under N2
(black) and CO (red) in acetone (0.1 M [nBu4N]PF6) at 195 K, internally referenced to Fc/Fc+.
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Magnetic Measurements for [LFe3O(PhIm)3Fe][OTf]2 (3).

Figure S60. Magnetization data collected at 100 K from 0 to 4 T for [LFe3O(PhIm)3Fe][OTf]2
(3) to confirm the absence of ferromagnetic impurities.

Figure S61. Direct current variable temperature magnetic susceptibility measurements for
[LFe3O(PhIm)3Fe][OTf]2 (3) collected between 1.8 and 300 K with a 0.1 T field after diamagnetic
correction (black circles). Simulation according to the spin Hamiltonian H = Σ{D(Sz,i21/3(Si(Si+1)+gµBSi·H)} – 2J(Si·Sj) (red). Fit parameters: S1 = S3 = 2, S2 = S4 = 5/2; g1 = g2 = g3 =
g4 = 2.00; |D1| = |D3| 4.38 cm-1, |D2| = 0.19 cm-1, |D4| = 3.23 cm-1; |E1/D1| = |E3/D3| = 0.157, |E2/D2|
= 0.162, |E4/D4| = 0.154; J14 = -29.2 cm-1, J24 = -63.9 cm-1, J34 = -28.8 cm-1, J12 = J23 = -8.2 cm-1,
J13 = -9.5 cm-1. Numerical subscripts chosen to be consistent with atom labels in the crystal
structure of 3. Previous magnetic studies for the precursor LFe3(OAc)3 revealed weak
antiferromagnetic exchange interactions between the core FeII centers (J ~ 2 cm-1).2 Moreover,
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complexes featuring pyrazolate bridged FeIII3(µ3-O) cores exhibit antiferromagnetic exchange
couplings of J ~ -30 to -40 cm-1,13-15 with the larger |J| observed for 3 attributed to the short Fe4O1 distance and enhanced covalency within the Fe4-imidazolate-Fe(1/2/3) units.

Figure S62. Reduced magnetization data for [LFe3O(PhIm)3Fe][OTf]2 (3) collected between 1.8
and 9 K at field between 1 and 7 T (colored circles). Simulation according to the system spin
Hamiltonian H = DSz2 + E(Sx2 + Sy2) + gµBS·H with S = 4, g = 2.00, D = -3.65 cm-1, |E/D| =
0.33.
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EPR Spectroscopy for [LFe3O(PhIm)3Fe][OTf]2 (3).
Integer spin EPR signals may be observed when electronic levels of a spin multiplet are separated
in zero field by an energy Δ < hν (0.3 cm-1 at X-band). The EPR spectrum of
[LFe3O(PhIm)3Fe][OTf]2 (3), collected in parallel mode at 4.5 K in a propionitrile/butryonitrile
(4:5) glass, exhibits a feature at g ~ 17.2. This feature has maximum intensity at low temperature
and cannot be observed in perpendicular mode, demonstrating that it originates from the ground
doublet of an integer spin system. As line broadening in the EPR spectra of integer spin systems
are dominated by strain in the zero field splitting parameters D and E (and thus Δ), the narrow
linewidth of the g ~ 17.2 feature is consistent with this ground doublet being nearly degenerate.1620
For an EPR transition within the Ms = +/- 4 doublet of an S = 4 spin system, the resonance field
position depends on both the zero field splitting and the Zeeman interaction according to (hν)2 =
Δ2 + (gµBH)2.21 The absence of significant magnetic hyperfine interactions in the zero field
Mössbauer spectrum of 3 at 2.3 K implies Δ > 0.001 cm-1.19-20 However, in the absence of an
independent determination of Δ from more extensive variable field magnetic Mössbauer studies,
we cannot uniquely determine geff for the ground doublet.

Figure S63. Variable temperature X-band EPR spectrum of [LFe3O(PhIm)3Fe][OTf]2 (3) in 4:5
propionitrile:butyronitrile (2 mM).
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Mössbauer Spectroscopy
General Mössbauer Simulation Details. All spectra were simulated by four pairs of symmetric
quadrupole doublets with equal populations and Lorentzian lineshapes, and refined to a minimum
by the method of least squares optimization (a total of 13 fitting parameters per spectrum). For all
spectra, the observed resonances spanned the region from -1–3 mm/s. Any resonances appearing
above 2 mm/s indicate the presence of high spin Fe(II) centers and must correspond to species
with isomer shifts ~1 mm/s, given the range of observed resonances. Details regarding the fitting
of individual spectra are given below. In short, the Mössbauer data were modeled to be consistent
with our previously reported triiron-oxo/hydroxyl clusters,22 and our previously reported
tetranuclear iron clusters.23 Overall, the observed Mössbauer parameters for the irons in the
trimetallic core are in-line with those of other six-coordinate FeII/FeIII centers bearing N- and Odonor atoms.24-29
Simulation Details for [LFe3O(PhIm)3Fe][OTf]2 (3): The Mössbauer spectrum of 3 features
only four well-resolved resonances (opposed to the expected 8). The Lorentzian appearing around
3 mm/s indicates the presence of high spin ferrous ions, and the asymmetric line shape further
suggests at least two such Fe(II) centers, which is consistent with the crystallographic analysis of
the basal Fe3 core (vide infra). Based on the positions and intensities of the nearly overlapping
Fe(II) quadrupole doublets, these features can be straightforwardly modeled. The residual signals
centered near 0.5 mm/s are within the range expected for high spin Fe(III) ions. Depending on how
these features are modelled, two reasonable simulations may be obtained. Both simulations are
consistent with two core high spin Fe(II), one core high spin Fe(III), and an apical (presumably
high spin) Fe(III) in a 2:1:1 ratio (50% core FeII). The first simulation affords parameters for the
quadrupole doublet assigned to the apical iron center more consistent with those for other high
spin, four coordinate Fe(III) centers reported in the literature (Figure S64).30-35 The second
simulation affords parameters for the quadruple doublet assigned to the core Fe(III) center which
better resemble those previously reported on this scaffold,22-23 but a relatively low isomer shift for
the apical Fe(III) (Figure S65). Given that our spectroscopic and magnetic studies support a high
spin assignment for the apical Fe(III) of 3, we favor the fit presented in Figure S64.
.
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Figure S64. Zero field 57Fe Mössbauer spectra (80 K) of [LFe3O(PhIm)3Fe][OTf]2
(microcrystalline material, black dots). The simulation assuming four distinct subsites is shown in
red, with parameters: (i): δ = 1.03 mm/s, |ΔEQ| = 3.13 mm/s (solid blue trace, 25%); (ii): δ = 1.14
mm/s, |ΔEQ| = 3.22 mm/s (dashed blue trace, 25%); (iii): δ = 0.39 mm/s, |ΔEQ| = 0.38 mm/s (solid
orange trace, 25%); (iv): δ = 0.19 mm/s, |ΔEQ| = 1.11 mm/s (solid green trace, 25%).

Figure S65. Zero field 57Fe Mössbauer spectra (80 K) of [LFe3O(PhIm)3Fe][OTf]2
(microcrystalline material, black dots). The simulation assuming four distinct subsites is shown in
red, with parameters: (i): δ = 1.06 mm/s, |ΔEQ| = 3.05 mm/s (dashed blue trace, 25%); (ii): δ = 1.10
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mm/s, |ΔEQ| = 3.27 mm/s (solid blue trace, 25%); (iii): δ = 0.47 mm/s, |ΔEQ| = 0.55 mm/s (solid
orange trace, 25%); (iv): δ = 0.10 mm/s, |ΔEQ| = 0.93 mm/s (solid green trace, 25%)
Details for VTVH Mössbauer Measurements of [LFe3O(PhIm)3Fe][OTf]2 (3): The Mössbauer
spectrum of 3 (~50 mg) was collected first at 80 K with liquid He as the coolant. The sample was
then cooled to 5 K and spectra were collected with zero and 50 mT (parallel and perpendicular to
γ rays) applied fields. The sample was then cooled to 2.3 K and spectra were collected with zero
and 50 mT (perpendicular to γ rays) applied fields. The spectrum collected at 80 K is identical to
that collected on an independent sample with liquid nitrogen as the coolant and features four sharp,
well defined resonances.
For non-Kramer’s systems with D < 0, the two lowest spin sublevels are split in energy at
zero field by an amount proportional to |D|(E/D)S.19 Thus for integer spin systems with large spin
ground states, the lowest energy doublet becomes nearly degenerate and, in the regime of slow
electronic relaxation, magnetically split Mössbauer spectra may be observed in zero or weak
applied fields.16-18,20 Indeed, the Mössbauer spectrum of 3 collected at 2.3 K in zero applied field
exhibits significant broadening which is absent in the spectrum collect at 80 K. This broadening
does not result from intermediate electronic relaxation but incipient hyperfine splitting due to the
Earth’s magnetic field.17-18 Mössbauer spectra of 3 collected in weak applied fields (50 mT) exhibit
pronounced magnetic hyperfine splitting with well-resolved features between -7 and 8 mm/s,
consistent with a small splitting (Δ = 2.2|D|(E/D)4)16 between the MS = +/- 4 sublevels of an S = 4
spin system.

Figure S66. VTVH 57Fe Mössbauer spectra of [LFe3O(PhIm)3Fe][OTf]2 (3, microcrystalline
material, black dots). Spectrum at 80 K in zero field (top). Spectrum at 2.3 K in zero field (middle).
Spectrum at 2.3 K with a 50 mT field applied parallel to γ rays (bottom). All spectra collected with
the same sample of 3.
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Figure S67. 5 K, 50 mT applied field 57Fe Mössbauer spectra of [LFe3O(PhIm)3Fe][OTf]2 (3,
microcrystalline material, black dots). Field applied parallel (A) and perpendicular (B) to incident
γ rays. Difference spectrum reveals no changes with field orientation (C). All spectra collected
with the same sample of 3.

Figure S68. Perpendicular mode 57Fe Mössbauer spectra of [LFe3O(PhIm)3Fe][OTf]2 (3,
microcrystalline material, black dots) at 2.3 K (A) and 5 K (B) in a 50 mT applied field. Difference
spectrum (C). All spectra collected with the same sample of 3.
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Details for VT Mössbauer Measurements of [LFe3O(PhIm)3Fe][OTf]2 (3) and the Questions
of Delocalization: The Mössbauer spectrum of 3 (~50 mg) was first collected first at 80 K over
the course of ~12-14 hrs. with liquid nitrogen as the coolant. The spectrum was identical to that
collected on independent samples and features four sharp, well defined resonances. The sample
was then warmed to 150 K and the spectrum recorded over the course of 20-22 hrs. The sample
was then cooled back down to 80 K. Comparison of spectra collected at 80 K before and after
warming to 150 K confirms decomposition of the sample over time at higher temperatures, likely
due to trace amounts of oxygen or moisture in the sample cavity. Despite several trials, we have
not been able to avoid this decomposition at elevated temperature.
While we are unable to thoroughly address the possibility of temperature dependent delocalization,
we do not consider it to be significant for the chemistry reported here. Previous studies of the
electronic structure of [LFe3O(PhPz)3Fe][BF4] by VT-Mössbauer and 1H-NMR spectroscopies
crystallography provided no evidence of delocalization up to room temperature.23 Even if these
imidazolate bridged congeners exhibit a greater proclivity towards delocalization, we would
expect delocalization to occur predominantly (if not exclusively) within the triiron core.
Differences in the local redox potentials of the apical metal center and those of the triiron core,
due to their distinct coordination environments, should impose a barrier to delocalization involving
Fe4 which does not exist (in the absence of vibronic effects) for delocalization within the triiron
core.36 Moreover, the significantly stronger antiferromagnetic coupling that exists between Fe4
and the metal centers of the triiron should make Fe4 much more sensitive to valence trapping.37
While we deem delocalization involving Fe4 to be unlikely, we note that the thermodynamic model
we have presented can be easily extended to include delocalized Fe(II)Fe(III) internal redox
reorganization. Rather than an energetic penalty arising from an internal electron transfer, the
equation for RRE could be re-written to include instead a term representing the energy involved
with trapping a delocalized electron on Fe4 (“trapping energy”). Given that our Mössbauer and
crystallographic results support the fact that converting 3 to 5 involves reduction of the apical
metal center, the trapping energy would be expected to smaller for 5, consistent with the trends
observed in the binding constants for the formation of 3-CO vs. 5-CO. In the context of this model,
the minimal impact of remote redox chemistry on the formation constants for 3-(CO)2 and 5-(CO)2
would still infer that differences in the CO affinities of 3 and 5 arise as a consequence of the
internal redox dynamics which accompany the formation of 3-CO.
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Figure S69. Zero field 57Fe Mössbauer spectra of [LFe3O(PhIm)3Fe][OTf]2 (3, microcrystalline
material, black dots) at 80 K (black) and 150 K (blue). Simulations shown at 80 K (red) and 150
K (blue). All spectra collected with the same sample of 3.

Figure S70. Comparison of the zero field 57Fe Mössbauer spectra (80 K) of
[LFe3O(PhIm)3Fe][OTf]2 (3, microcrystalline material, black dots) before (black) and after (red)
collecting at 150 K. Overall, there is a loss in overall absorbance and broadening of the spectrum,
leading to a loss of resolution.

S60

Figure S71. Zero field 57Fe Mössbauer spectra (150 K) of [LFe3O(PhIm)3Fe][OTf]2 (3,
microcrystalline material, black dots). The simulation assuming four distinct subsites is shown in
red, with parameters: (i): δ = 1.06 mm/s, |ΔEQ| = 3.08 mm/s (solid blue trace, 25%); (ii): δ = 1.09
mm/s, |ΔEQ| = 2.67 mm/s (dashed blue trace, 25%); (iii): δ = 0.37 mm/s, |ΔEQ| = 0.40 mm/s (solid
orange trace, 25%); (iv): δ = 0.16 mm/s, |ΔEQ| = 1.18 mm/s (solid green trace, 25%).
Table S2. Comparison of Mössbauer parameters for 3 from simulations of spectra at 80 K and
150 K.
Temp.

Complex

80 K

[LFe3O(PhIm)3Fe](OTf)2

150 K

[LFe3O(PhIm)3Fe](OTf)2

d (mm/s) |DEq| (mm/s) Occupancy (%)
1.03
1.14
0.39
0.19
1.06
1.09
0.16
0.37

3.13
3.22
0.38
1.11
3.08
2.67
1.18
0.40

25
25
25
25
25
25
25
25

Simulation Details for [LFe3O(PhIm)3Fe][OTf]3 (4): The Mössbauer spectrum of 4 features
only two well-resolved resonances. The Lorentzian appearing around 3 mm/s indicates the
presence of high spin ferrous ions. Based on the relative intensity of this Fe(II) quadrupole
doublets, only one core Fe(II) center is present, consistent with the crystallographic analysis of the
basal Fe3 core (vide infra). The residual signals centered near 0.5 mm/s are within the range
expected for high spin Fe(III) ions. Depending on how these features are modelled, several
reasonable simulations may be obtained. All simulations are consistent with two core high spin
Fe(III), one core high spin Fe(II), and an apical high spin Fe(III) in a 2:1:1 ratio (25% core FeII).
Two representative simulations are shown. Because it affords parameters for the quadrupole
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doublet assigned to the apical iron center which are similar to those observed for 3, we favor the
simulation in Figure S72.

Figure S72. Zero field 57Fe Mössbauer spectra (80 K) of [LFe3O(PhIm)3Fe][OTf]3 (4,
microcrystalline material, black dots). The simulation assuming four distinct subsites is shown in
red, with parameters: (i): δ = 0.89 mm/s, |ΔEQ| = 3.34 mm/s (solid blue trace, 25%); (ii): δ = 0.48
mm/s, |ΔEQ| = 1.05 mm/s (solid orange trace, 25%); (iii): δ = 0.50 mm/s, |ΔEQ| = 0.56 mm/s (dashed
orange trace, 25%); (iv): δ = 0.17 mm/s, |ΔEQ| = 1.07 mm/s (solid green trace, 25%)

Figure S73. Zero field 57Fe Mössbauer spectra (80 K) of [LFe3O(PhIm)3Fe][OTf]3 (4,
microcrystalline material, black dots). The simulation assuming four distinct subsites is shown in
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red, with parameters: (i): δ = 0.89 mm/s, |ΔEQ| = 3.34 mm/s (solid blue trace, 25%); (ii): δ = 0.31
mm/s, |ΔEQ| = 0.71 mm/s (solid orange trace, 25%); (iii): δ = 0.56 mm/s, |ΔEQ| = 0.67 mm/s (dashed
orange trace, 25%); (iv): δ = 0.32 mm/s, |ΔEQ| = 1.36 mm/s (solid green trace, 25%)
Simulation Details for [LFe3O(PhIm)3Fe][OTf] (5): The Mössbauer spectrum of 5 features four
well-resolved resonances, and bears close resemblance to the spectrum of
[LFe3O(PhPz)3Fe][OTf],23 demonstrating that their overall electronic structures are similar. The
Lorentzian appearing around 3 mm/s indicates the presence of high spin ferrous ions, and the
asymmetric line shape further suggests at least two such Fe(II) centers, which is consistent with
the crystallographic analysis of the basal Fe3 core (vide infra). Based on the positions and
intensities of the nearly overlapping Fe(II) quadrupole doublets, these features can be
straightforwardly modeled. There is a single Lorentzian at about 1 mm/s suggesting the presence
of a single core high spin Fe(III) center. As for [LFe3O(PhPz)3Fe][OTf], there is a single broad
Lorentzian which appears as a shoulder to the features near 3 mm/s. As Mössbauer isomer shifts
are most sensitive to metal-ligand bond lengths,30 it is reasonable to expect that the apical Fe(II)
of 5 should have a similar isomer shift to that observed for the apical Fe(II)
[LFe3O(PhPz)3Fe][OTf] given the close similarity in the Fe4-O1 and Fe4-C/N distances. The final
simulation is consistent with two core high spin Fe(II), one core high spin Fe(III), and an apical
high spin Fe(II) in a 2:1:1 ratio.

Figure S74. Zero field 57Fe Mössbauer spectra (80 K) of [LFe3O(PhIm)3Fe][OTf] (5,
microcrystalline material, black dots). The simulation assuming four distinct subsites is shown in
red, with parameters: (i): δ = 1.09 mm/s, |ΔEQ| = 3.17 mm/s (dashed blue trace, 25%); (ii): δ = 1.10
mm/s, |ΔEQ| = 3.41 mm/s (solid blue trace, 25%); (iii): δ = 0.53 mm/s, |ΔEQ| = 1.11 mm/s (solid
orange trace, 25%); (iv): δ = 0.89 mm/s, |ΔEQ| = 2.29 mm/s (solid green trace, 25%).
Simulation Details for [LFe3O(PhIm)3Fe] (6): The Mössbauer spectrum of 6 features three wellresolved resonances. The Lorentzian appearing around 3 mm/s indicates the presence of high spin
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ferrous ions. As expected, the intensity of the overlapping Fe(II) quadrupole doublets indicates
three core Fe(II) centers. There is a single Lorentzian feature at about 2 mm/s that is attributed to
the four coordinate, apical Fe(II) center. The simulation shown in Figure S60 affords parameters
for the quadrupole doublet assigned to the apical Fe(II) center which are in line with those reported
for four coordinate, high spin Fe(II) centers supported by tris(carbene) ligand scaffolds.38-39

Figure S75. Zero field 57Fe Mössbauer spectra (80 K) of [LFe3O(PhIm)3Fe] (6, powder, black
dots). The simulation assuming two subsites is shown in red, with parameters: (i): δ = 1.13 mm/s,
|ΔEQ| = 3.19 mm/s (solid blue trace, 75%); (ii): δ = 0.68 mm/s, |ΔEQ| = 2.08 mm/s (solid green
trace, 25%).
Simulation Details for [LFe3O(PhIm)3Fe(CO)] (6-CO): After stirring 6 as a suspension in
tetrahydrofuran for five hours under CO (1 atm.), the suspension was frozen, evacuated once, and
exposed to N2 (without thawing). After stirring under N2 for two hours and checking the IR
spectrum, the green precipitate was collected by filtration through a filter pipette charged with
boron nitride. The Mössbauer spectrum of 6-CO features three well-resolved resonances. The
Lorentzian appearing around 3 mm/s indicates the presence of high spin ferrous ions. As expected,
the intensity of the overlapping Fe(II) quadrupole doublets indicates three core Fe(II) centers. The
single Lorentzian feature near 2 mm/s is attributed to the four coordinate, apical Fe(II) center. The
simulation shown in Figure S61 affords parameters for the quadrupole doublet assigned to the
apical Fe(II) center which are in line with those reported for other S = 1 trigonal bipyramidal Fe(II)
monocarbonyl complexes.40-44
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Figure S76. Zero field 57Fe Mössbauer spectra (80 K) of [LFe3O(PhIm)3Fe(CO)] (6-CO, powder,
black dots). The simulation assuming two subsites is shown in red, with parameters: (i): δ = 1.09
mm/s, |ΔEQ| = 3.14 mm/s (solid blue trace, 75%); (ii): δ = 0.16 mm/s, |ΔEQ| = 0.97 mm/s (solid
green trace, 25%).
Sample Preparation and Simulation Details for [LFe3O(PhIm)3Fe(CO)](OTf)2 (3-CO): A
solution of [LFe3O(PhIm)3Fe][OTf]2 (3, 20 mg ,0.011 mmol, 1 equiv.) and NaBArF24 (10 mg,
0.011, 1 equiv. for solubility) was prepared in 2,6-lutidine (1 mL, f.p. = -5oC). In a Kontes valve
sealed Schlenk tube, the solution was degassed by three freeze-pump-thaw cycles. After thawing
to room temperature, the sample was then exposed to 1 atm. of CO. In the glovebox, the solution
in the sealed tube was frozen in a cold well and thawed successively three times. Following the
third time thawing, the solution was quickly transferred to a pre-chilled Mössbauer cup in the cold
well, resulting in near instantaneous freezing. The cup was then quickly removed from the
glovebox on a pre-chilled metal block and transferred to a liquid nitrogen dewar for transportation
to the spectrometer. Based on 1H-NMR studies (vide supra), at the freezing point of 2,6-lutidine
the predominant species in solution is expected to be [LFe3O(PhIm)3Fe(CO)][OTf]2 (3-CO).
The Mössbauer spectrum obtained features one well-resolved resonance, and a broader
resonance with three resolvable features (Figure S77). Qualitative comparison with the spectrum
of [LFe3O(PhIm)3Fe][OTf]2 (Figure S64) reveals the loss of significant intensity attributed to the
core Fe(II) centers relative to the features centered near 0.4 mm/s (core Fe(III) and apical Fe(II)CO). At least three distinct iron subsites are necessary to obtain a fit of the experimental spectrum.
Thus, initially, the spectrum was modelled assuming three distinct iron subsites without any
restraints on their populations (Figure S77). As before, the Lorentzian appearing around 3 mm/s
indicates the presence of core high spin ferrous ions and, based on its relative intensity, accounts
for 35% of the total iron content of the sample. This represents an overall loss of 15% of core
Fe(II) intensity from [LFe3O(PhIm)3Fe][OTf]2 (3), compensated by an increase in the relative
intensity of core Fe(III) and apical Fe(II)-CO features.
The Mössbauer spectrum of [LFe3O(PhIm)3Fe(CO)n](OTf)2 (3-(CO)n) was obtained by
subtraction of residual 3. The subtraction was conducted by assuming that the internal electron
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transfer occurs upon forming 3-CO rather than 3-(CO)2. The validity of this assumption is
supported by the IR data for 3-CO, which suggests an Fe(II)-CO assignment. Moreover, the
presence of [LFe3O(PhIm)3Fe][OTf]2 (3) in the sample is chemically reasonable based on the 1HNMR data and the extreme temperature dependence of CO binding (transfer of the thawing
solution likely results in warming above the freezing point by an unknown amount). All isomer
shift and quadrupole splitting parameters associated with features attributed to 3 were not refined,
but fixed. However, the line widths associated with these features were allowed to refine, as these
are not inherent to the compound but depend on sample preparation. The final simulation (Figure
S78) suggests ~38% contamination of 3, consistent with 35% of the total Fe content of the sample
being core Fe(II).
Subtraction of the weighted subspectrum for 3 from the raw data affords the experimental
spectrum of [LFe3O(PhIm)3Fe(CO)n][OTf]2 (3), which can be reasonably simulated with four
quadrupole doublets of equal intensity. Consistent with 3-CO being the predominant CO bound
species in the sample, the Mössbauer parameters for the quadrupole doublet attributed to the apical
Fe(II)-(CO)n (δ = 0.10 mm/s, |ΔEQ| = 0.78 mm/s) are in reasonable agreement with those for 6-CO
(δ = 0.16 mm/s, |ΔEQ| = 0.97 mm/s) and 5-CO (δ = 0.06 mm/s, |ΔEQ| = 0.70 mm/s). Most
significantly, the resulting model (Figure S79) is consistent with one core Fe(II), two core Fe(III),
and one apical Fe(II)-CO, in agreement with the proposed redox reorganization phenomenon.
We note that the spectrum of 3-CO presented in Figure S79 lacks the necessary resolution
between -1 mm/s and 1.5 mm/s necessary to obtain a truly unique fit. The distal, six-coordinate
ferric centers and the apical S = 1 Fe(II)-CO are expected to exhibit overlapping resonances in that
region of the spectrum which complicates deconvolution of these features. However, the
simulations presented for 3-CO are constrained by the relative intensity of the diagnostic feature
near 3 mm/s associated with the six-coordinate, high spin Fe(II) centers, which serves as a sensitive
probe of the relative redox level of the distal triiron core. Moreover, they are also constrained by
the findings of other experiments, including 1H-NMR spectroscopy which indicates what species
need to be considered in the simulations and IR spectroscopy which gives us information about
the electronic features of the CO adduct. As noted above, the simulation shown in Figure S79
affords Mossbauer parameters for the apical iron of 3-(CO) consistent with those observed for 5CO and 6-CO.
Nonetheless, two alternative simulations are presented in Figure S80. The simulation
shown in Figure S80A would be most consistent with the presence of three ferric ions (and thus,
one electron oxidation relative to 3). However, this fit is not considered chemically reasonable as
our 1H-NMR studies indicate that the only species formed upon reaction of 3 with CO are 3-CO
and 3-(CO)2 (along with residual 3). Moreover, our vibrational data supports the proposed internal
redox reorganization and an Fe(II)-CO assignment for the apical iron of 3-(CO).
The alternative simulation shown in Figure S80B is consistent with the presence of one
core Fe(II) (δ = 1.05 mm/s, |ΔEQ| = 3.22 mm/s) and one core Fe(III) (δ = 0.58 mm/s, |ΔEQ| = 0.97
mm/s). The remaining two subsites have Mössbauer parameters which could be interpreted to
indicate the presence of two additional Fe(III) centers (similar to the fit shown in Figure S80A) or
one core Fe(III) (δ = 0.27 mm/s, |ΔEQ| = 1.09 mm/s) and one S = 1 Fe(II)-CO (δ = 0.20 mm/s,
|ΔEQ| = 0.58 mm/s). The former interpretation is considered unlikely for the reasons indicated for
the fit in Figure S80A. Compared to the later interpretation of the fit in S80B, we prefer the
simulation shown in Figure S79 as we do not typically observe isomer shifts of ~0.27 mm/s for
the six-coordinate ferric sites of the triiron core.
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Figure S77. Zero field 57Fe Mössbauer spectra (80 K) of [LFe3O(PhIm)3Fe][OTf]2 (3) following
exposure to CO (1 atm., solution in 2,6-lutidine, black dots). The simulation assuming three
distinct subsites is shown in grey, with parameters: (i): δ = 1.09 mm/s, |ΔEQ| = 3.18 mm/s (solid
blue trace, 35.2%); (ii): δ = 0.51 mm/s, |ΔEQ| = 0.80 mm/s (solid orange trace, 32.5%); (iii): δ =
0.14 mm/s, |ΔEQ| = 0.87 mm/s (solid green trace, 32.3%). Comparison with the spectra in Figures
S64 or S65 reveals a significant loss (15% total iron content) of core Fe(II) upon binding of CO.
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Figure S78. Zero field 57Fe Mössbauer spectra (80 K) of [LFe3O(PhIm)3Fe][OTf]2 (3) following
exposure to CO (1 atm. solution in 2,6-lutidine, black dots). The simulation (shown in grey)
assuming eight distinct subsites, four from [LFe3O(PhIm)3Fe][OTf]2 (3) with fixed isomer shift
and quadrupole splitting parameters, and four from [LFe3O(PhIm)3Fe(CO)n][OTf]2 (3-(CO)n). The
parameters associated with the [LFe3O(PhIm)3Fe(CO)][OTf]2 (3-CO) simulated subspectrum
(solid black trace): (i): δ = 1.05 mm/s, |ΔEQ| = 3.22 mm/s (15.4%); (ii): δ = 0.47 mm/s, |ΔEQ| =
0.71 mm/s (15.4%); (iii): δ = 0.48 mm/s, |ΔEQ| = 1.18 mm/s (15.4%); (iv): δ = 0.10 mm/s, |ΔEQ| =
0.78 mm/s (15.4%). The parameters associated with the [LFe3O(PhIm)3Fe](OTf)2 subspectrum
(dashed black trace): (v): δ = 1.03 mm/s, |ΔEQ| = 3.13 mm/s (9.6%); (vi): δ = 1.14 mm/s, |ΔEQ| =
3.22 mm/s (9.6%); (vii): δ = 0.39 mm/s, |ΔEQ| = 0.37 mm/s (9.6%); (viii): δ = 0.19 mm/s, |ΔEQ| =
1.11 mm/s (9.6%).
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Figure S79. Zero field 57Fe Mössbauer spectra (80 K) of [LFe3O(PhIm)3Fe(CO)][OTf]2 (3-CO,
solution in 2,6-lutidine, black dots) obtained by subtraction of the weighted
[LFe3O(PhIm)3Fe][OTf]2 (3) subspectrum from the experimental spectrum. The simulation
(shown in grey) assuming four distinct subsites with equal populations. The parameters associated
with the [LFe3O(PhIm)3Fe(CO)][OTf]2 (3) simulated subspectrum: (i): δ = 1.05 mm/s, |ΔEQ| =
3.22 mm/s (solid blue trace, 25%); (ii): δ = 0.47 mm/s, |ΔEQ| = 0.71 mm/s (solid orange trace,
25%); (iii): δ = 0.48 mm/s, |ΔEQ| = 1.18 mm/s (dashed orange trace, 25%); (iv): δ = 0.10 mm/s,
|ΔEQ| = 0.78 mm/s (solid green trace, 25%).
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Figure S80. Alternative Fits to the Zero field 57Fe Mössbauer spectra (80 K) of
[LFe3O(PhIm)3Fe(CO)][OTf]2 (3-CO, solution in 2,6-lutidine, black dots) obtained by subtraction
of the weighted [LFe3O(PhIm)3Fe][OTf]2 (3) subspectrum from the experimental spectrum. The
simulations (shown in grey) assume four distinct subsites with equal populations. For (A): (i): δ =
1.05 mm/s, |ΔEQ| = 3.22 mm/s (solid blue trace, 25%); (ii): δ = 0.38 mm/s, |ΔEQ| = 0.88 mm/s
(solid orange trace, 25%); (iii): δ = 0.39 mm/s, |ΔEQ| = 1.35 mm/s (solid orange trace, 25%); (iv):
δ = 0.30 mm/s, |ΔEQ| = 0.38 mm/s (solid green trace, 25%). For (B): (i): δ = 1.05 mm/s, |ΔEQ| =
3.22 mm/s (solid blue trace, 25%); (ii): δ = 0.58 mm/s, |ΔEQ| = 0.97 mm/s (solid orange trace,
25%); (iii): δ = 0.27 mm/s, |ΔEQ| = 1.09 mm/s (solid orange trace, 25%); (iv): δ = 0.20 mm/s, |ΔEQ|
= 0.58 mm/s (solid green trace, 25%).
Sample Preparation and Simulation Details for [LFe3O(PhIm)3Fe(CO)](OTf) (5-CO): A
solution of [LFe3O(PhIm)3Fe][OTf] (5, 60 mg, 0.036 mmol, 1 equiv.) was prepared in
dichloromethane (3 mL). In a Kontes valve sealed Schlenk tube, the solution was concentrated
under reduced pressure while shaking so that a thin film of the material was deposited along the
sides of the tube. The sample was then sealed under vacuum. On the Schlenk line, the solid was
exposed to 1 atm. of CO at room temperature and allowed to react in the solid state. After 24 hrs,
the material was scrapped from the walls of the tube under N2. Transferring an aliquot of the solid
to an ATR-IR spectrometer demonstrated the presence of both the monocarbonyl 5-CO (1916 cmS70
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) and dicarbonyl 5-(CO)2 (1992 cm-1) in roughly a 3:1 ratio based on area. However, after
continued mulling of the solid for about 15 min, the feature at 1992 cm-1 decayed to near
background levels (Figure S85). The remaining material was mixed with boron nitride, transferred
to the Mössbauer cup, and frozen in liquid nitrogen for transportation.
The Mössbauer spectrum obtained features three well-resolved resonances (Figure S81,
black dots). The Lorentzian appearing around 3 mm/s suggests the presence of high spin ferrous
ions, and the asymmetric line shape further indicates at least two such Fe(II) centers, which is
consistent with the crystallographic analysis of the basal Fe3 core of [LFe3O(PhIm)3Fe(CO)][OTf]
(5-CO, vide infra). The presence of a single Lorentzian at about 1 mm/s suggests the presence of
a single core high spin Fe(III) center. The residual intensity after accounting for the features arising
from the [FeII2FeIII] core is centered near 0 mm/s, suggesting that the quadrupole doublet assigned
to the remaining apical iron center features an isomer shift near 0 mm/s with relatively low
quadrupole splitting. Initially, the spectrum was modelled assuming three distinct iron subsites
without any restraints on their populations (Figure S81) which is roughly consistent with two core
high spin Fe(II), one core high spin Fe(III), and an apical intermediate or low spin Fe(II)-CO unit.
This initial fit was further refined by splitting the most intense Fe(II) signal into two distinct
resonances and constraining all subsites with equal populations. The simulations obtained (Figure
S82) is consistent with two core high spin Fe(II), one core high spin Fe(III), and an apical
intermediate or low spin Fe(II)-CO unit in a 2:1:1 ratio.
These simple fits neglect to account for significant residual intensity near 2 mm/s. As the
CO-free monocation [LFe3O(PhIm)3Fe][OTf] (5) features a diagnostic resonance at that position,
the fitting procedure was repeated accounting for variable amounts of 5 contamination. All isomer
shift and quadrupole splitting parameters associated with features attributed to 5 were not refined,
but fixed. However, the line widths associated with these features were allowed to refine, as these
are not inherent to the compound but depend on sample preparation. The final simulation (Figure
S83) suggests ~40% 5 may be present in the sample, which is chemically reasonable given its low
affinity for CO under N2 atmosphere and the effect of sample preparation conditions (thin film vs.
microcrystalline material vs. single crystals) on the solid state reaction. Subtraction of this
weighted subspectrum from the raw data affords the experimental spectrum of
[LFe3O(PhIm)3Fe(CO)][OTf] (5-CO), which can be reasonably simulated with four quadrupole
doublets of equal intensity. The resulting model (Figure S84) is consistent with two core Fe(II),
one core Fe(III), and one apical intermediate or low spin Fe(II)-CO in a 2:1:1 ratio.
The Mössbauer parameters for the quadrupole doublet assigned to the apical Fe(II)-CO of
[LFe3O(PhIm)3Fe(CO)][OTf] (5-CO) closely resemble those attributed to the apical Fe(II)-CO of
[LFe3O(PhIm)3Fe(CO)](OTf)2 (3-CO), though somewhat lower than those observed for 6-CO.
Based on the sample preparation for [LFe3O(PhIm)3Fe(CO)][OTf] (5-CO), it is not possible to
bind an additional CO upon freezing the sample for transportation, demonstrating that isomer shifts
between 0.06-0.16 mm/s are a general feature of the Fe(II)-CO moiety in the apical binding pocket
of [LFe3O(PhIm)3Fe]n+ clusters.
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Figure S81. Zero field 57Fe Mössbauer spectra (80 K) of [LFe3O(PhIm)3Fe][OTf] (5) following
exposure to CO (1 atm.) as a thin film (microcrystalline material, black dots). The simulation
assuming three distinct subsites is shown in grey, with parameters: (i): δ = 1.10 mm/s, |ΔEQ| = 3.19
mm/s (solid blue trace, 56%); (ii): δ = 0.53 mm/s, |ΔEQ| = 1.19 mm/s (solid orange trace, 22%);
(iii): δ = 0.00 mm/s, |ΔEQ| = 0.80 mm/s (solid green trace, 22%)
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Figure S82. Zero field 57Fe Mössbauer spectra (80 K) of [LFe3O(PhIm)3Fe][OTf] (5) following
exposure to CO (1 atm.) as a thin film (microcrystalline material, black dots). The simulation
assuming four distinct subsites is shown in grey, with parameters: (i): δ = 1.06 mm/s, |ΔEQ| = 2.95
mm/s (dashed blue trace, 25%); (ii): δ = 1.12 mm/s, |ΔEQ| = 3.34 mm/s (solid blue trace, 25%);
(iii): δ = 0.50 mm/s, |ΔEQ| = 1.30 mm/s (solid orange trace, 25%); (iv): δ = 0.06 mm/s, |ΔEQ| =
0.53 mm/s (solid green trace, 25%).
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Figure S83. Zero field 57Fe Mössbauer spectra (80 K) of [LFe3O(PhIm)3Fe][OTf] (5) following
exposure to CO (1 atm) as a thin film (microcrystalline material, black dots). The simulation
(shown in grey) assuming eight distinct subsites, four from [LFe3O(PhIm)3Fe][OTf] (5) with fixed
isomer shift and quadrupole splitting parameters, and four from [LFe3O(PhIm)3Fe(CO)][OTf] (5CO). The parameters associated with the [LFe3O(PhIm)3Fe(CO)][OTf] (5-CO) simulated
subspectrum (solid black trace): (i): δ = 1.04 mm/s, |ΔEQ| = 2.89 mm/s (15%); (ii): δ = 1.13 mm/s,
|ΔEQ| = 3.39 mm/s (15%); (iii): δ = 0.53 mm/s, |ΔEQ| = 1.09 mm/s (15%) (iv): δ = 0.06 mm/s, |ΔEQ|
= 0.70 mm/s (15%). The parameters associated with the [LFe3O(PhIm)3Fe][OTf] (5) subspectrum
(dashed black trace): (v): δ = 1.09 mm/s, |ΔEQ| = 3.17 mm/s (10%); (vi): δ = 1.10 mm/s, |ΔEQ| =
3.41 mm/s (10%); (vii): δ = 0.53 mm/s, |ΔEQ| = 1.11 mm/s (10%); (viii): δ = 0.89 mm/s, |ΔEQ| =
2.29 mm/s (10%).
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Figure S84. Zero field 57Fe Mössbauer spectra (80 K) of [LFe3O(PhIm)3Fe(CO)][OTf] (5-CO,
initially prepared as a thin film, black dots) obtained by subtraction of the weighted
[LFe3O(PhIm)3Fe][OTf] (5) subspectrum from the experimental spectrum. The simulation (shown
in grey) assuming four distinct subsites with equal populations. The parameters associated with
the [LFe3O(PhIm)3Fe(CO)][OTf] (5-CO) simulated subspectrum: (i): δ = 1.04 mm/s, |ΔEQ| = 2.89
mm/s (dashed blue trace, 25%); (ii): δ = 1.13 mm/s, |ΔEQ| = 3.39 mm/s (solid blue trace, 25%);
(iii): δ = 0.53 mm/s, |ΔEQ| = 1.09 mm/s (solid orange trace, 25%) (iv): δ = 0.06 mm/s, |ΔEQ| = 0.70
mm/s (solid green trace, 25%).
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Figure S85. ATR-IR spectrum for the solid state reaction of [LFe3O(PhIm)3Fe][OTf] (5, thin film)
with 1 atm. CO immediately after opening the sample under N2 and scrapping down (top, black)
and after 15 min of mulling under a N2 atmosphere (bottom, blue).
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X-ray Crystallography

Figure S86. Crystal structure of LFe3(OTf)3 (1). Ellipsoids are shown at the 50% probability level.
Hydrogen atoms and co-crystallized solvent molecules are not shown for clarity.
Special Refinement Details for LFe3(OTf)3. Compound 1 crystallizes in the triclinic space group
P-1 with one molecule in the asymmetric unit along with one half of a molecule of co-crystallized
dichloromethane. The co-crystallized dichloromethane molecule is located near a special position
(inversion center) and was modelled with the aid of a similarity restraint on the 1,2 distances (C61Cl1, 1.734(6) Å and C61-Cl2, 1.758(5) Å) and enhanced rigid bond restraints on all components
of the disorder. Additionally, one of the triflates is disordered (over two positions with occupancies
of 93% and 7%) and was modelled with the help of similarity restraints on the 1,2 distances and
enhanced rigid bond restraints on all components of the disorder. Only the major component is
shown in Figure S65.
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Figure S87. Crystal structure of [LFe3O(PhIm-H)3][OTf]3 (2). Ellipsoids are shown at the 50%
probability level. Hydrogen atoms, co-crystallized solvent molecules, and outer sphere counter
ions are not shown for clarity.
Special Refinement Details for [LFe3O(PhIm-H)3][OTf]3. Compound 2 crystallizes in the
trigonal space group P-3 with one third of one molecule in the asymmetric unit along with one
outer sphere triflate. The triflate counterion is heavily disordered and was modelled over two
positions (occupancies of 72% and 28%, respectively) with the aid of similarity restraints on all
1,2 distances and enhanced rigid bond restraints. Additionally, there is a large solvent accessible
void which contains one molecule of dichloromethane disordered over six positions close a three
fold rotoinversion axis.
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Figure S88. Crystal structure of [LFe3O(PhIm)3Fe][OTf]2 (3). Ellipsoids are shown at the 50%
probability level. Hydrogen atoms, co-crystallized solvent molecules, and outer sphere counter
ions are not shown for clarity.
Special Refinement Details for [LFe3O(PhIm)3Fe][OTf]2. Compound 3 crystallizes in the
triclinic space group P-1 with one molecule in the asymmetric unit along with two outer sphere
triflate counter ions, 2.15 co-crystallized molecules of dichloromethane and 0.62 molecules of cocrystallized diethyl ether. One of the triflate counter ions is disordered over two distinct positions
(occupancies of 62% and 38%). The first position is otherwise occupied by dichloromethane (38%)
whereas the second position is otherwise occupied by diethyl ether (62%). There are two additional
molecules of co-crystallized dichloromethane, one of which was modelled as disordered over two
positions. The second is heavily disordered and was modelled isotropically. There is significant
residual electron density close to this molecule of dichloromethane which could not sufficiently
be modelled any further. There is additional solvent disorder which could not be satisfactorily
modelled and was masked in Olex2. The volume of the solvent accessible void space was found
to be 129.7 Å3 in which 44.6 e- were located.
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Figure S89. Crystal structure of [LFe3O(PhIm)3Fe(CO)2][OTf]2 (3-(CO)2). Ellipsoids are shown
at the 50% probability level. Hydrogen atoms, co-crystallized solvent molecules, and outer sphere
counter ions are not shown for clarity.
Special Refinement Details for [LFe3O(PhIm)3Fe(CO)2][OTf]2. Compound 3-(CO)2
crystallizes in the monoclinic space group P21/c with one molecule in the asymmetric unit along
with two outer sphere triflate counter ions and 3.1 molecules of co-crystallized dichloromethane.
The triflate counterions and the co-crystallized dichloromethane were modelled with the help of
similarity restraints on the 1,2-distances and anisotropic displacement parameters. There is some
residual electron density close to a disordered dichloromethane molecules which could not be
sufficiently modelled any further.
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Figure S90. Crystal structure of [LFe3O(PhIm)3Fe][OTf]3 (4). Ellipsoids are shown at the 50%
probability level. Hydrogen atoms, co-crystallized solvent molecules, and outer sphere counter
ions are not shown for clarity.
Special Refinement Details for [LFe3O(PhIm)3Fe][OTf]3. Compound 4 crystallizes in the
triclinic space group P-1 with one molecule in the asymmetric unit along with three outer sphere
triflate counter ions, one co-crystallized molecule of dichloromethane and one molecule of cocrystallized diethyl ether. One of the triflate counter ions is heavily disordered over two distinct
positions (occupancies of 62% and 38%). Both components were modelled as a rigid group, using
structural parameters derived from one of the non-disordered triflates. There is significant residual
electron density close to this heavily disordered triflate which could not sufficiently be modelled
any further. The co-crystallized diethyl ether molecule is heavily disordered and was modelled
isotropically as disordered over two positions.
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Figure S91. Crystal structure of [LFe3O(PhIm)3Fe][OTf] (5). Ellipsoids are shown at the 50%
probability level. Hydrogen atoms, co-crystallized solvent molecules, and outer sphere counter
ions are not shown for clarity.
Special Refinement Details for [LFe3O(PhIm)3Fe][OTf]. Compound 5 crystallizes in the
monoclinic space group C2/c with one molecule in the asymmetric unit along with one outer sphere
triflate counter ion and 2.7 molecules of co-crystallized acetonitrile. There are large solvent
accessible channels in the crystal which have been modelled as containing co-crystallized
acetonitrile molecules. However, the solvent in those channels appears to be heavily disordered,
and the co-crystallized acetonitrile molecules were modelled isotropically. All 1,2 and 1,3
distances in the disordered solvent molecules were fixed (C1-N: 1.157(1) Å, C1-C2: 1.458(1) Å,
C2-N: 2.71(1) Å).
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Figure S92. Crystal structure of [LFe3O(PhIm)3Fe(CO)][OTf] (5-CO). Ellipsoids are shown at the
50% probability level. Hydrogen atoms, co-crystallized solvent molecules, and outer sphere
counter ions are not shown for clarity.
Special Refinement Details for [LFe3O(PhIm)3Fe(CO)][OTf]. Compound 5-CO crystallizes in
the triclinic space group P-1 with one molecule in the asymmetric unit along with one outer sphere
triflate and three co-crystallized acetonitrile molecules. The triflate counter ion is disordered over
two positions (occupancies of 75% and 25%). There is significant disorder associated with the cocrystallized acetonitrile molecules. Two of the co-crystallized acetonitrile molecules are
disordered over special positions. One was heavily disordered and was refined isotropically. The
second was further disordered over two positions (occupancies of 56% and 44%). In close
proximity, there is an additional acetonitrile molecule which is disordered over two positions
(occupancies of 44% and 56%, such that the two molecules do not occupy the same void space)
All disordered molecules were modelled with the help of similarity restraints on the 1,2 and 1,3
distances and on the anisotropic displacement parameters. There is also residual electron density
peaks close to the iron centers, but they are too close (~0.9 Å) to be another atom. The possibility
of non-merohedral twinning was evaluated through cell_now, but a significant twin component
could not be identified. While the residual density could be due to disorder which cannot be
satisfactorily modelled, their proximity to the heavy metals suggests they may arise due to
absorption problems or truncation errors instead.
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Summary Tables
Table S3: Spectroscopic, Mössbauer, and structural parameters for complexes 3-CO, 4-CO, 5CO and 6-CO together with other monometallic trigonal bipyrimidal (TBP) Fe-complexes
containing a single axial CO ligand.40-44
-1

Complex

S=

ν(CO) (cm )

d (mm/s)

|DEq| (mm/s)

d(Fe-C) (Å)

d(C-O) (Å)

(Et4N)[N(CH2CH2S)3Fe(CO)]
[LFe 3O(PhIm)3Fe(CO)] (6-CO)

1
1

1885

0.22

0.99

1.720(14)

1.154(14)

1899

0.16

0.97

---

---

[LFe 3O(PhIm)3Fe(CO)](OTf) (5-CO)

1

1916

0.06

0.7

1.773

1.149

1

1937

0.28

1.87

1.786

1.155

1

1940

0.26

1.07

1.749

1.155

1.883*

1.001*

[C(SiMe2CH2PPh2)3Fe(CO)](BAr

F

24)

i

K[N(CH2C(O)N Pr)3Fe(CO)]
P

(Et4N)[ArS3 Fe(CO)]

1

1940

0.25

2.31

[LFe 3O(PhIm)3Fe(CO)](OTf)2 (3-CO)

1

1944

0.10

0.78

----

----

1
1

1959
1966

0.31
---

4.12
---

1.842
----

1.104

Si

F

[P 3 Fe(CO)](BAr 24)
[LFe 3O(PhIm)3Fe(CO)](OTf)3 (4-CO)

----

Table S4: Selected bond distances and angles for complexes 3-7, 3-(CO)2 and 5-CO
Bond Distance (Å)

Complex 3

Complex 4

Complex 5

Complex 5-CO

Fe1-O1
Fe2-O1
Fe3-O1
Fe4-O1
Fe4-C60
Fe4-C69
Fe4-C78
Fe4-C85
Fe4-C86
C85-O5
C86-O6

2.1480(19)
1.983(2)
2.093(2)
1.8128(19)
2.068(3)
2.063(3)
2.063(3)
-

2.215(4)
1.978(4)
1.981(4)
1.855(4)
2.045(6)
2.059(6)
2.055(6)

2.032(4)
1.980(4)
2.067(4)
1.883(4)
2.098(6)
2.092(6)
2.096(6)
-

2.121(3)
1.927(3)
2.098(3)
1.906(3)
2.052(4)
2.069(5)
2.053(4)
1.775(5)
1.148(6)
-

Complex 3-(CO)2
2.135(5)
1.919(4)
2.023(4)
2.006(4)
2.012(6)
2.019(8)
2.010(6)
1.741(6)
1.824(8)
1.147(8)
1.173(10)

Bond Angles (o)
C60-Fe4-C69
C69-Fe4-C78
C60-Fe4-C78
Fe4-C85-O5
Fe4-C86-O6

119.11(11)
121.68(11)
118.74(11)
-

121.7(3)
120.7(3)
117.3(3)

119.7(2)
121.1(2)
118.5(2)
-

116.43(16)
118.43(16)
124.26(16)
178.3(4)
-

104.5(3)
97.9(3)
153.5(2)
175.7(7)
167.6(7)
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Table S5: Mössbauer parameters for complexes 3-6, 3-CO, 5-CO, 6-CO
No.

Complex

3

[LFe3O(PhIm)3Fe](OTf)2

4

[LFe3O(PhIm)3Fe(CO)](OTf)3

d (mm/s) |DEq| (mm/s) Occupancy (%)
1.03

3.13

25

1.14
0.39
0.19

3.22
0.38
1.11

25
25
25

0.89

3.34

25

0.50
0.48
0.17
1.09
1.10
0.53
0.89
1.13
0.68
1.09
0.16

0.56
1.05
1.07
3.17
3.41
1.11
2.29
3.19
2.08
3.14
0.97

25
25
25
25
25
25
25
75
25
75
25

5

[LFe3O(PhIm)3Fe](OTf)

6

[LFe3O(PhIm)3Fe]

6-CO

[LFe3O(PhIm)3Fe(CO)]

3-CO

[LFe3O(PhIm)3Fe(CO)n](OTf)2

1.05

3.22

25

[LFe3O(PhIm)3Fe(CO)](OTf)

0.47
0.48
0.10
1.04
1.13
0.53
0.06

0.71
1.18
0.78
2.89
3.39
1.09
0.70

25
25
25
25
25
25
25

5-CO
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Table S6: Measured CO binding constants for 3-5 in dichloromethane-d2, standard state: PCO = 1
atm.
T (K)

-1

[LFe3 O(PhIm)3 Fe](OTf)3, 4 (atm )

303
298
293
288
283
278
273
268
263
258
248
238
228
218

-1

[LFe3 O(PhIm)3 Fe](OTf)2 , 3 (atm )
0.15
0.39

-1

[LFe3 O(PhIm)3 Fe](OTf), 5 (atm )
58.98

0.89
1.14
1.71
2.09
3.35
5.81
7.79
44.61

0.23
0.44
0.73
1.67
7.65
28.42
72.55

Table S7: Measured CO binding constants for 3-CO and 5-CO in dichloromethane-d2, standard
state: PCO = 1 atm
T (K)
298
293
288
283
278
273
268
263
258
248
238
228

-1

-1

[LFe3O(PhIm)3Fe(CO)](OTf)2, 3-CO (atm ) [LFe3O(PhIm)3Fe(CO)](OTf), 5-CO (atm )
0.17
0.24
0.20
0.32
0.29
0.50
0.38
0.73
0.60
1.03
0.95
1.83
1.06
2.10
2.06
2.63
2.45
4.55
4.62
8.79
10.40
22.99
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Table S8: Measured CO binding constants for 3 (acetone-d6) and 5 (chlorobenzene-d5) with
standard state: [CO] = 1 M.
T (K)

-1

[LFe3O(PhIm)3Fe](OTf)2, 3 (M )

358
348
338
328
318
308
298
293
288
283
278
273
268
263

-1

[LFe3O(PhIm)3Fe](OTf), 5 (M )
51.71
127.36
312.57
760.18
1938.82
8659.37

15.85
33.80
56.56
116.15
186.88
267.17
942.15

Table S9: Measured CO binding constants for 3-CO (acetone-d6) and 5-CO (chlorobenzene-d5)
with standard state: [CO] = 1 M.
T (K)
298
293
288
283
278
273
268
263
258
253
248

-1

[LFe3O(PhIm)3Fe(CO)](OTf)2, 3-CO (M )
24.65
29.74
41.67
48.38
63.04
99.73

-1

[LFe3O(PhIm)3Fe(CO)](OTf), 5-CO (M )
40.17
69.90
165.15
250.18

220.05
671.62
394.49
1515.74
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Table S10: Crystal and refinement data for precursor complexes 1 and 2.
Complex 1
1816163
C60.51H40.06Cl1.01F9Fe3N6O12S3
1513.64
100
triclinic
P-1
12.5224(6)
12.8854(6)
21.9843(11)
93.576(2)
103.138(2)
118.3998(18)
2977.9(3)
2
1.688

CCDC
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/Å
b/Å
c/Å
α/°
β/°
γ/°
3

Volume/Å
Z
3

ρcalcg/cm
1

µ/mm
F(000)

3

Crystal size/mm
Radiation
2Θ range for data collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
2

Goodness-of-fit on F
Final R indexes [I>=2σ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e Å

-3

Complex 2
1816164
C87.5H64ClF9Fe3N12O13S3
1961.68
100
trigonal
P-3
23.4333(11)
23.4333(11)
9.7960(5)
90
90
120
4658.5(5)
2
1.398

0.97
0.64
1531
2002
0.34 × 0.28 × 0.19
0.23 × 0.23 × 0.11
MoKα (λ = 0.71073)
MoKα (λ = 0.71073)
4.478 to 66.282
4.618 to 59.184
-19 ≤ h ≤ 19, -17 ≤ k ≤ 19, -31 ≤ l ≤ 33 -30 ≤ h ≤ 32, -32 ≤ k ≤ 27, -13 ≤ l ≤ 13
98544
91999
22669 [Rint = 0.0476, Rsigma = 0.0500] 8466 [Rint = 0.0596, Rsigma = 0.0340]
22669/143/941
8466/143/419
1.02
1.033
R1 = 0.0428, wR2 = 0.0999
R1 = 0.0693, wR2 = 0.1113

R1 = 0.0626, wR2 = 0.1678
R1 = 0.0886, wR2 = 0.1836

1.44/-0.70

1.00/-0.65
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Table S11: Crystal and refinement data for tetranuclear complexes 3 and 5.
Complex 3
1816165
C90.6H68.17Cl4.26F6Fe4N12O10.62S2
2047.49
100
triclinic
P-1
15.486(2)
15.4964(18)
19.448(2)
100.128(2)
93.878(4)
93.078(3)
4573.6(10)
2
1.487

CCDC
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/Å
b/Å
c/Å
α/°
β/°
γ/°
Volume/Å
Z

3

3

ρcalcg/cm
1

µ/mm
F(000)

3

Crystal size/mm
Radiation
2Θ range for data collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
2

Goodness-of-fit on F
Final R indexes [I>=2σ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e Å

-3

Complex 5
1816166
C90.34H60F3Fe4N14.67O7S
1775.37
100.03
monoclinic
C2/c
40.403(4)
17.5931(17)
25.468(3)
90
115.389(6)
90
16355(3)
8
1.442

0.87
6.422
2086
7262
0.44 × 0.28 × 0.13
0.9 × 0.38 × 0.16
MoKα (λ = 0.71073)
CuKα (λ = 1.54178)
2.134 to 69.866
5.576 to 133.094
-24 ≤ h ≤ 24, -24 ≤ k ≤ 24, -31 ≤ l ≤ 31 -48 ≤ h ≤ 48, -20 ≤ k ≤ 20, -29 ≤ l ≤ 30
200849
115838
39977 [Rint = 0.0614, Rsigma = 0.0524] 14365 [Rint = 0.1060, Rsigma = 0.0565]
39977/294/1231
14365/26/1071
1.049
1.032
R1 = 0.0807, wR2 = 0.2239
R1 = 0.1245, wR2 = 0.2577

R1 = 0.0847, wR2 = 0.2283
R1 = 0.1124, wR2 = 0.2541

2.98/-2.09

1.25/-1.69
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Table S12: Crystal and refinement data for tetranuclear cluster 4.

Complex 4
CCDC
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/Å
b/Å
c/Å
α/°
β/°
γ/°

1816169

C96 H72 Cl2 F9 Fe4 N12 O15 S3
2195.13
99.99
triclinic
P-1
14.3206(12)
19.6847(14)
20.858(2)
115.463(6)
109.048(5)
94.165(6)
4859.2(8)
2
1.5

3

Volume/Å
Z
- 3
ρcalcg/cm
µ/mm 1
F(000)

6.552
2238
3
0.212 × 0.142 × 0.106
Crystal size/mm
Radiation
CuKα (λ = 1.54178)
2Θ range for data collection/°
5.112 to 160.954
Index ranges
-18 ≤ h ≤ 17, -23 ≤ k ≤ 25, -26 ≤ l ≤ 26
Reflections collected
68612
Independent reflections
20695 [Rint = 0.0888, Rsigma = 0.0809]
Data/restraints/parameters
20695/468/1316
2
1.029
Goodness-of-fit on F
Final R indexes [I>=2σ (I)]
R1 = 0.0947, wR2 = 0.2515
Final R indexes [all data]

R1 = 0.1376, wR2 = 0.2932
-3

Largest diff. peak/hole / e Å

2.89/-1.16
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Table S13: Crystal and refinement data for carbonyl adducts 3-(CO)2 and 5-CO.

CCDC
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
a/Å
b/Å
c/Å
α/°
β/°
γ/°
3

Volume/Å
Z
3

ρcalcg/cm
1

µ/mm
F(000)

3

Crystal size/mm
Radiation
2Θ range for data collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
2

Goodness-of-fit on F
Final R indexes [I>=2σ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e Å

-3

Complex 5-CO

Complex 3-(CO)2
1816168
C91.07H66.15Cl6.15F6Fe4N12O12S2
2140.23
99.97
monoclinic
P21/c
14.4988(5)
45.032(2)
14.6559(7)
90
106.580(2)
90
9171.2(7)
4
1.55

1816167
C92H65F3Fe4N15O8S
1821.05
100
triclinic
P-1
12.349(4)
15.527(7)
21.471(8)
78.351(13)
79.352(12)
88.530(13)
3962(3)
2
1.526

7.732
4349
0.21 × 0.19 × 0.15
CuKα (λ = 1.54178)
6.36 to 161.064
-18 ≤ h ≤ 18, -56 ≤ k ≤ 56, -18 ≤ l ≤ 18
150997
19794 [Rint = 0.0813, Rsigma = 0.0472]
19794/151/1230
1.05

0.823
1866
0.3 × 0.25 × 0.15
MoKα (λ = 0.71073)
4.268 to 61.386
-17 ≤ h ≤ 17, -22 ≤ k ≤ 22, -30 ≤ l ≤ 30
145591
24232 [Rint = 0.0856, Rsigma = 0.0597]
24232/96/1180
1.035

R1 = 0.1018, wR2 = 0.2745
R1 = 0.1225, wR2 = 0.2913

R1 = 0.0877, wR2 = 0.2192
R1 = 0.1309, wR2 = 0.2596

2.44/-1.11

2.05/-1.61
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