
1 

 

Supporting Information for 

Highly Activated Terminal Carbon Monoxide Ligand in an Iron-Sulfur Cluster Model of FeMoco 

Linh N. V. Le1, Justin P. Joyce2, Serena DeBeer2,* and Theodor Agapie1* 

 

1Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, 

California 91125, United States 
2Max Planck Institute for Chemical Energy Conversion, Stiftstraße 34-36, 45470 Mülheim an der 

Ruhr, Germany 

 

*To whom correspondence may be addressed. Email:  agapie@caltech.edu 

serena.debeer@cec.mpg.de  

 

Table of Contents: 

A) Synthetic details and characterization     2   

1. General considerations       2 

2. Procedures         2 

Synthesis of 2-tBu        2 

Synthesis of 2-Xyl        3 

Synthesis of 3         3 

Synthesis of 4         4 

Synthesis of 4-K        5 

Synthesis of 4-K(18-crown-6)      5 

Synthesis of 5         6 

Reaction of 1 with 1 atm CO       6 

3. NMR spectra         8 

4. Support for assignment of 3       17 

5. Physical methods        19 

Mössbauer spectroscopy       19 

Electrochemical measurements      23 

Additional IR spectra        26 

Evans method for 4        30 

EPR spectroscopy         30 

B) Crystallographic information      37 

C) Computational details       47 

D) References         56 

 

 

 

mailto:agapie@caltech.edu
mailto:serena.debeer@cec.mpg.de


2 

 

A) Synthetic details and characterization: 

 

1. General considerations:  

 

All reactions were performed at room temperature in a N2-filled MBraun glovebox or using 

standard Schlenk techniques unless otherwise specified. Glassware was oven-dried at 140 °C for at 

least 2 h prior to use and allowed to cool under vacuum. 1 was prepared according to literature 

procedures.1 Diethyl ether, benzene, tetrahydrofuran (THF), and pentane were dried by sparging 

with N2 for at least 15 min and then passing through a column of activated A2 alumina under 

positive N2 pressure, and stored over 3 Å molecular sieves prior to use. 1H spectra were recorded 

on a Varian 300 MHz spectrometer. Deuterated benzene (C6D6) was purchased from Cambridge 

Isotope Laboratories, dried over sodium/benzophenone ketyl, degassed by three freeze–pump–

thaw cycles, and vacuum-transferred prior to use. IR spectra were obtained as either solution 

samples using a KBr window cell on a Thermo Scientific Nicolet 6700 FT-IR spectrometer or thin 

films formed by evaporation of solutions using a Bruker Alpha Platinum ATR spectrometer with 

OPUS software in a glovebox under an N2 atmosphere. 

 

2. Procedures: 

 

 
 

Synthesis of 2-tBu. In a glovebox, 1 (300.0 mg, 0.206 mmol, 1 equiv) was dissolved in THF (15 

mL). To this solution, tBuNC (70 μL, 0.619 mmol, 3 equiv) was added to the reaction using a 

microsyringe. The reaction was stirred at room temperature for 20 h, after which the volatiles were 

removed in vacuo. The crude material was used without further purification. Yield: 317 mg 

(quant). X-ray quality crystals of 2-tBu were grown by first washing the crude material with 

pentane and Et2O, extracting the product into C6H6 and diffusing HMDSO into a concentrated 

C6H6 solution for several days. 1H NMR (400 MHz, THF-h8, solvent suppression) δ 12.91, 7.28, 

6.89, 6.14, 5.56, 5.13, 0.42, -1.57, -2.77, -2.95, -3.35, -3.76, -4.98, -6.36. Anal. calcd (%) 

C65H115BFe3N13S3W (Mr = 1537.09): C, 50.79; H, 7.54; N, 11.85. Found: C, 50.55; H, 8.44; N, 

11.54. 
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Synthesis of 2-Xyl. In a glovebox, 1 (210.0 mg, 0.144 mmol, 1 equiv) and XylNC (56.8 mg, 0.433 

mmol, 3 equiv) were combined in THF (5 mL). The reaction was stirred at room temperature for 

20 h, after which the volatiles were removed in vacuo. The crude material was triturated three 

times with Et2O and washed with Et2O. The solid was redissolved in a minimal amount of THF, 

filtered and crystallized by THF/pentane vapor diffusion. Yield: 195 mg (85%). X-ray quality 

crystals were grown by diffusing Et2O into a concentrated solution of 2-Xyl in THF. 1H NMR (400 

MHz, THF-h8, solvent suppression) δ 15.53, 11.59, 11.10, 9.63, 7.26, 6.99, 6.45, 6.01, 5.54, 0.24, -

0.66, -1.80, -1.86, -2.77, -3.36. Anal. calcd (%) C69H115BFe3N13S3W (Mr = 1585.14): C, 52.28; H, 

7.31; N, 11.49. Found: C, 51.24; H, 7.35; N, 12.44. 

 

 

 
 

Synthesis of 3. In a glovebox, crude 2-tBu (300.0 mg, 0.195 mmol) was added to a Schlenk tube 

and dissolved in THF (6 mL). The tube was capped, taken out of the box and heated in an oil bath 

at 70 °C for 16 h. The tube must be closed while heated to give 3 (***NOTE: heating a closed 

system can lead to an explosion, so make sure the amount of solvent is much smaller than the flask 

volume and that the reaction does not boil). The tube was then cooled, brought back into the box 

and the solvent removed in vacuo. The resultant solid was triturated in pentane, washed with 

pentane and Et2O, then redissolved in THF and crystallized by THF/pentane vapor diffusion to 

yield X-ray quality crystals. Yield: 148 mg (51%). The mother liquor still contains some 3 

although less pure, but it can be used to prepare 4. 1H NMR (400 MHz, THF-h8, solvent 

suppression) δ 14.89, 8.24, 6.91, 6.43, 5.16, 1.31, 1.07, 0.84, 0.59, 0.02, -0.58, -3.17, -3.48, -4.48. 

Anal. calcd (%) C61H106BFe3N13S3W·THF (Mr = 1552.08): C, 50.30; H, 7.40; N, 11.73. Found: C, 

50.17; H, 7.80; N, 11.04. 
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Synthesis of 4. In a glovebox, 3 (132.0 mg, 0.089 mmol) was added to a Schlenk tube and 

dissolved in THF (5 mL). The tube was capped and degassed by three freeze-pump-thaw cycles on 

a Schlenk line. Then, the headspace of the tube was pressurized with 1 atm CO. The tube was 

capped again and inverted over a period of 5 minutes, after which the solution changed from 

green-brown to red-brown. NMR spectroscopy typically indicates the complete consumption of 3 

at this point. The volatiles were removed in vacuo and the tube was brought back into the box. The 

resultant solid was washed with Et2O then redissolved in THF to crystallize by THF/pentane vapor 

diffusion. Yield: 94.2 mg (83%). X-ray quality crystals can be grown by washing the crude 

material with C6H6, followed by vapor diffusion of Et2O into a concentrated solution of 4 in THF. 
1H NMR (400 MHz, THF-h8, solvent suppression) δ 10.18, 8.48, 7.24, 6.91, 6.81, 5.81, 5.58, 1.40, 

1.23, 1.10, 1.06, 0.83, -0.28, -1.58, -3.73. Anal. calcd (%) C47H78BFe3N11OS3W (Mr = 1271.58): 

C, 44.39; H, 6.18; N, 12.12. Found: C, 44.49; H, 6.91; N, 11.15. 
 

Synthesis of 4 with 13CO. In a glovebox, 3 (20.0 mg, 0.013 mmol) was added to a 20 mL Schlenk 

tube with a stir bar and dissolved in THF (2 mL). The tube was capped and degassed by three 

freeze-pump-thaw cycles on a Schlenk line, capped tightly, then connected to one end of a glass 

solvent transfer bridge (as small as possible to minimize the amount of unused 13CO), which is 

connected to the Schlenk line. The other end of the tube was connected to a 13CO flask (~1 atm in 

500 mL). The system was evacuated, then the solution was frozen in liquid nitrogen to prevent 

solvent contamination to the 13CO flask. Then, the transfer bridge was closed to vacuum (similarly 

to a solvent vacuum transfer), and the 13CO flask was opened to fill the system with 13CO. The 

reaction tube was opened for about 5 minutes to fill the headspace with 13CO while still frozen, 

then capped again and thawed while stirring vigorously. The solution changed from green-brown 

to red-brown after about 10 minutes. The tube was left to stir for 2 h, after which the volatiles were 

removed in vacuo and the tube was brought back into the box. The resultant solid was washed with 

Et2O then redissolved in THF to crystallize by THF/pentane vapor diffusion. Yield: 7.1 mg (41%). 

NMR data are identical to 4 prepared from regular CO. 
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Synthesis of 4-K. In a glovebox, 4 (20.0 mg, 0.016 mmol, 1 equiv) was dissolved in THF (2 mL) in 

a 20 mL scintillation vial with a pre-reduced Teflon stir bar to form a dark red-brown solution and 

cooled to -78 °C in the cold well. To this solution was added KC8 (2.5 mg, 0.019 mmol, 1.2 equiv) 

or potassium naphthalenide (0.157 mL, 0.1 M in THF, 0.016 mmol, 1 equiv) and the dark green-

brown reaction was stirred at -78 °C. After 2 h, the solution was filtered through Celite and the 

solvent removed in vacuo. The resultant solid was washed with Et2O, then redissolved in THF and 

crystallized by THF/pentane vapor diffusion. Yield: 19 mg (88%). X-ray quality crystals were 

grown by vapor diffusion of Et2O into a concentrated solution of 4-K in THF. 1H NMR (400 MHz, 

THF-h8, solvent suppression) δ 15.24, 14.71, 10.86, 8.88, 6.43, 6.12, 5.13, 2.83, 2.42, 1.04, 0.79, 

0.10, -0.42, -3.31, -8.89, -12.96. Anal. calcd (%) C47H78BFe3N11OS3WK·THF (Mr = 1382.79): C, 

44.30; H, 6.27; N, 11.14. Found: C, 44.82; H, 6.30; N, 10.96. The 13CO-labeled version was 

prepared identically from 13CO-labeled 4 for IR spectroscopy.  

 

 
 

Synthesis of 4-K(18-crown-6). In a glovebox, 4 (12.8 mg, 0.010 mmol, 1 equiv) was dissolved in 

THF (2 mL) in a 20 mL scintillation vial with a pre-reduced Teflon stir bar to form a dark red-

brown solution and cooled to -78 °C in the cold well. To this solution was added excess KC8 (2.3 

mg, 0.020 mmol, 2 equiv) and the dark green-brown reaction was stirred at -78 °C. After 2 h, IR 

spectroscopy indicated the disappearance of the starting material, and excess 18-crown-6 (5.4 mg, 

0.020 mmol, 2 equiv) was added to the reaction. The solution was stirred at -78 °C for another 2 h 

before taking an aliquot for IR spectroscopy and concentrated under vacuum, then filtered through 

Celite and crystallized by THF/pentane vapor diffusion. Yield: 10 mg (64%). X-ray quality 

crystals were grown by vapor diffusion of Et2O into a concentrated solution of 4-K(18-crown-6) 

in DME. 1H NMR (400 MHz, THF-h8, solvent suppression) δ 19.10, 11.39, 9.07, 6.44, 6.04, 5.41, 

2.94, 2.54, 1.07, 0.84, 0.10, -0.64, -3.82, -9.78, -14.87. Anal. calcd (%) C59H102BFe3KN11O7S3W 

(Mr = 1575.00): C, 44.99; H, 6.53; N, 9.78. Found: C, 43.14; H, 6.31; N, 9.57. The 13CO-labeled 

version was prepared identically from 13CO-labeled 4. 
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The reaction was also carried out identically using [2.2.2]cryptand instead of 18-crown-6 for IR 

spectroscopy, which shows the same C-O stretch.  

 

The following clusters were not discussed in the main text but were also prepared/isolated to 

provide more support for structural assignment or reactivity pattern. 

 

 
 

Synthesis of 5. In a glovebox, 2-Xyl (52.1 mg, 0.033 mmol, 1 equiv) was dissolved in THF (2 mL) 

in a 20 mL scintillation vial with a stir bar to form a dark green-brown solution and cooled to -78 

°C in the cold well. To this solution was added AgOTf (8.4 mg, 0.033 mmol, 1 equiv) and the dark 

red-brown reaction was stirred at -78 °C. After 2 h, the solution was filtered through Celite and the 

solvent removed in vacuo. The resultant solid was washed with Et2O, then redissolved in THF and 

crystallized by THF/pentane vapor diffusion. Yield: 40 mg (70%). X-ray quality crystals were 

grown by vapor diffusion of iPr2O into a concentrated solution of 5 in THF. 1H NMR (400 MHz, 

THF-h8, solvent suppression) δ 13.29, 11.09, 10.22, 7.33, 6.97, 6.38, 5.88, 5.75, 4.99, 1.08, 0.38, -

0.27, -1.10, -1.88. Anal. calcd (%) C70H115BFe3N13S4F3O3W (Mr = 1734.20): C, 48.48; H, 6.68; N, 

10.50. Found: C, 48.71; H, 6.60; N, 12.91. 

 

 
 

Reaction of 1 with 1 atm CO. Treatment of 1 with 1 atm CO results in a complex reaction mixture 

by 1H NMR spectroscopy (see SI), but one product could be characterized by crystallography. In a 

glovebox, 1 (20.0 mg, 0.014 mmol) was dissolved in THF (0.7 mL) and transferred to a J. Young 

NMR tube. The tube was capped and degassed by three freeze-pump-thaw cycles on a Schlenk 

line. Then, the headspace of the tube was pressurized with 1 atm CO. The tube was capped again 

and inverted over a period of 5 minutes, after which NMR spectroscopy indicated the complete 

consumption of 1 and the appearance of new peaks between -2 and -12 ppm. The tube was brought 

back into the glovebox and the solvent was removed in vacuo to yield a dark film. The film was 
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washed with pentane and the product was extracted into Et2O and filtered through a pad of Celite 

before the solvent was removed in vacuo. The resultant material was redissolved in a minimal 

amount of Et2O and placed at -35 °C for several days to yield X-ray quality crystals, whose 

structure is determined to be 6. Despite multiple trials, only a few crystals of 6 were observed each 

time, which precludes bulk characterization. 

 

For all the reactions that result in products that can be isolated and characterized, spectroscopic 

yields were also measured by NMR spectroscopy. Each reaction was carried out on a small scale, 

and a known amount of an internal standard (4-phenylbenzaldehyde or cobaltocene) was added at 

the end of the reaction mixture without working up. Separately, a known amount of the same 

internal standard was added to a known amount of purified material. Comparison of the 

integrations between a pair of non-overlapping peaks (one each for the standard and the analyte) in 

both cases allows for the determination of reaction yields by NMR spectroscopy. The table below 

displays the results. 

 

 

Table S1: Measured NMR spectroscopic yields for reactions 

 

Product Spectroscopic yield/% Isolated yield/% Standard 

2-tBu 98 Quant 4-phenylbenzaldehyde 

2-Xyl 94 85 4-phenylbenzaldehyde 

3 61 51 4-phenylbenzaldehyde 

4 87 83 4-phenylbenzaldehyde 

4-K 90 88 cobaltocene 

4-K(18-crown-6) 92 64 cobaltocene 

5 93 70 4-phenylbenzaldehyde 
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3. NMR spectra:  

 
Figure S1: 1H NMR spectrum (400 MHz, THF-h8, solvent suppression) of 1 (top) and 1 + CO (1 

atm) after mixing for 5 min (bottom). The peaks corresponding to the starting material disappears 

and new peaks appear within the -2 to -12 ppm region, assigned to 6 (structure below as 

determined by X-ray crystallography). 

 

1 

1 + CO (1 atm) after 5 min 
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Figure S2: 1H NMR spectrum (400 MHz, THF-h8, solvent suppression) of 2-tBu. Solvent peaks are 

indicated by asterisks (*). 

* * 
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Figure S3: 1H NMR spectrum (400 MHz, THF-h8, solvent suppression) of 2-Xyl. Solvent peaks 

are indicated by asterisks (*). 

 

* 

* 
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Figure S4: 1H NMR spectrum (400 MHz, THF-h8, solvent suppression) of 3. Solvent peaks are 

indicated by asterisks (*). 

 

* 

* 

* 
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Figure S5: 1H NMR spectrum (400 MHz, THF-h8, solvent suppression) of 4. Solvent peaks are 

indicated by asterisks (*). 

* * 
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Figure S6: 1H NMR spectrum (400 MHz, THF-h8, solvent suppression) of 4-K. Solvent peaks are 

indicated by asterisks (*). 

* * 
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Figure S7: 1H NMR spectrum (400 MHz, THF-h8, solvent suppression) of 4-K(18-crown-6). 

Solvent peaks are indicated by asterisks (*). 

 

 

 

 

 

 

 

 

 

 

 

* * 
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Figure S8: 1H NMR spectrum (400 MHz, THF-h8, solvent suppression) of 5. Solvent peaks are 

indicated by asterisks (*). 

 

 

 

 

 

 

* 

* 
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Figure S9: Top: A sample of 2-tBu (25 mg) in C6D6 (0.7 mL) was heated at 70 °C for 16 h, after 

which the entire content was vacuum transferred into an empty J. Young tube cooled in liquid N2. 

The 1H NMR spectrum (300 MHz, C6D6) of the J. Young tube was recorded, where the labeled 

peaks are assigned to isobutene, but isobutane cannot be identified due to the various side products 

due to undesired reactions. Bottom: A sample of 2-tBu (40 mg) in xylenes (5 mL) was heated at 70 

°C for 16 h (the reaction is somewhat cleaner when diluted, to avoid side products when vacuum 

transferred), after which the reaction flask was cooled to 0 °C to minimize xylenes transfer, and the 

volatiles were vacuum transferred onto a J. Young tube containing degassed C6D6 (0.7 mL) cooled 

in liquid N2. The 1H NMR spectrum (300 MHz, C6D6) of the J. Young tube was recorded, where 

the labeled peaks are assigned to isobutane. Isobutene was not observed, which could be because it 

still remained in the original reaction flask, as only part of the reaction products could be 

transferred.  
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4. Literature comparison and IR spectroscopy supporting side-on nitrile assignment for 3: 

An η2-iminoacyl motif is expected to be substantially bent at C18, with literature examples around 

130° (see Figure S20 for crystal structure and atom labels).2  Side-bound organic nitriles are also 

significantly bent at C, but typically have more obtuse angles in non-chelated versions.3 Chelated 

nitriles show much larger angles, above 140° with a Ru example of the same size chelate as 3 

displaying a similarly obtuse angle (167.7°).3 The C-N bond length of 1.205(6) Å is shorter than 

observed for iminoacyl (1.25 Å),2 and in the range typically observed for side-on nitriles. 3 

displays a very similar C-N distance to the one observed (1.194(4) Å) in the only previously 

structurally characterized Fe analog.4 This C-N distance, elongated from free nitrile (1.16 Å for 

CH3CN),5 is indicative of significant π-backbonding from Fe.  

We have also prepared 5 from 2-Xyl as discussed above. Treatment of 2-Xyl with AgOTf in THF 

at -78 °C leads to the clean formation of 5 as determined by XRD. The iminoacyl moiety in 5 

coordinates to Fe in an η2 manner, with the C-N distance of 1.266(7) Å within the range (1.26 – 

1.28 Å) of previously reported complexes bearing η2-iminoacyl moieties.6–9 Moreover, this C-N 

distance is longer than in 3 (1.205(6) Å), consistent with a higher bond order in 3 and further 

supporting its assignment as a nitrile. Iminoacyl ligands coordinate to metals in η1 or η2 fashion 

depending on the nature of the metal center. 6,7,10 In 5, the decrease in electron density at the 

iminoacyl-bound Fe center upon oxidation promotes binding of the N lone pair.  
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Figure S10: ATR-IR spectra of 3 (top, blue) and 5 (bottom, orange). 

The IR spectra of 3 and 5 (thin film, ATR mode, Figure S10) are consistent with the structural 

assignments. For 3, a feature at 2049 cm-1 assigned to the C≡N motif is observed.3 In contrast, for 

5, no peak in this region is seen but instead a peak at 1712 cm-1 is present, assigned to the C=N 

motif. 

 

 

 

 

 

 

 

2550 
B-H 

2049 
C≡N 

no 
C=N 

2560 
B-H 

no 
C≡N 

1712 
C=N 

1830 
BAC 

1830 
BAC 

1550 
C=C 

1550 
C=C 
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5. Physical methods: 

Mössbauer spectroscopy:  

Zero field 57Fe Mössbauer spectra were recorded in constant acceleration at 80 K on a 

spectrometer from See Co (Edina, MN) equipped with an SVT-400 cryostat (Janis, Woburn, MA). 

The quoted isomer shifts are relative to the centroid of the spectrum of α-Fe foil at room 

temperature. Samples were ground with boron nitride into a fine powder and transferred to a 

Delrin cup. The data were fitted to Lorentzian lineshapes using the program WMOSS 

(www.wmoss.org).  

 

  
Figure S11: Mössbauer spectra of 4 and 4-K (80 K, no applied field). Average isomer shifts: δave = 

0.33 mm s-1 for both clusters. 

 

The Mössbauer spectra of 4 and 4-K consist of broad quadrupole doublets (Figure 2), owing to 

valence delocalization on the Mössbauer timescale that does not resolve the individual Fe signals. 

This has been observed for other synthetic iron-sulfur clusters,11,12 and because the broadness 

precludes the definite assignment of isomer shifts, we only present one set of values for the fit 

parameters. Other fits are possible for both systems. 

 

4 

4-K 

http://www.wmoss.org/
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Mössbauer fit parameters: 

 

For 4: The Mössbauer spectrum of 4 can be fit with a three-site model using the following 

parameters: 

 

Site 1:  δ = 0.02 mm s-1 |EQ| = 1.57 mm s-1 Linewidth = 1.14 mm s-1 Area = 33% 

 

Site 2:  δ = 0.65 mm s-1 |EQ| = 1.07 mm s-1 Linewidth = 0.64 mm s-1 Area = 33% 

 

Site 3:  δ = 0.33 mm s-1 |EQ| = 1.19 mm s-1 Linewidth = 0.56 mm s-1 Area = 33% 

 

For 4-K: The Mössbauer spectrum of 4-K can be fit with a three-site model using the following 

parameters: 

 

Site 1:  δ = 0.47 mm s-1 |EQ| = 0.87 mm s-1 Linewidth = 0.45 mm s-1 Area = 33% 

 

Site 2:  δ = 0.17 mm s-1 |EQ| = 1.84 mm s-1 Linewidth = 0.60 mm s-1 Area = 33% 

 

Site 3:  δ = 0.35 mm s-1 |EQ| = 1.47 mm s-1 Linewidth = 0.54 mm s-1 Area = 33% 
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Figure S12: Fitting for the Mössbauer spectrum of 4 (80 K, no applied field) using a three-site 

model, with the total fit shown by the black trace.  
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Figure S13: Fitting for the Mössbauer spectrum of 4-K (80 K, no applied field) using a three-site 

model, with the total fit shown by the black trace. 
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Electrochemical measurements: 

 

Cyclic voltammetry experiments were performed with a Pine Instrument Company AFCBP1 

biopotentiostat with the AfterMath software package. All measurements were performed in a three-

electrode cell, which consisted of glassy carbon (working; ⌀ = 3.0 mm), Ag wire (reference), and 

bare Pt wire (counter), in a N2-filled MBraun glovebox at room temperature. Dry CH3CN that 

contained ∼0.2 M [Bu4N][PF6] was used as the electrolyte solution. Redox potentials are reported 

relative to the ferrocene/ferrocenium redox wave (Fc+/Fc; ferrocene added as an internal standard). 

The open circuit potential was measured prior to each voltammogram being collected. 

Voltammograms were scanned reductively in order to minimize the oxidative damage that was 

frequently observed on scanning more oxidatively. 

 

 

Figure S14: Cyclic voltammetry (CV) scan for 4, starting from the open circuit potential, showing 

the reversible feature at -1.99 V vs. Fc+/Fc. Conditions: 2.5 mM cluster in in MeCN with 0.2 M 

TBAPF6, scan rates of 200 mV s-1. 
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Figure S15: CV of 4 at different scan rates, showing the reversible redox event. 
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Figure S16: Peak current vs. square root of scan rate for the reversible redox feature in 4. 
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Additional IR spectra: 

 

Figure S17: IR spectra of 4 in THF with 12CO and 13CO over a wider window, with the CO peaks 

indicated.  

1851 

1807 
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Figure S18: IR spectra of 4-K in THF with 12CO and 13CO over a wider window, with the CO 

peaks indicated. The feature marked with an asterisk (*) is an artifact due to the solvent.  

1794 

1751 

1753 

1709 

* 
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Figure S19: IR spectra of 4-K(18-crown-6) in THF with 12CO and 13CO over a wider window, 

with the CO peaks indicated. The feature marked with an asterisk (*) is an artifact due to the 

solvent.  

 

 

* 

1782 1740 
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Figure S20: IR spectra of 4-K in the presence of 18-crown-6 and [2.2.2]cryptand in THF, with the 

CO peaks indicated. The feature marked with an asterisk (*) is an artifact due to the solvent.  

 

 

 

 

Table S2: Summary of CO stretching frequencies and comparison with calculated values 

Cluster ν12CO/cm-1 ν13CO/cm-1 (exp) 
ν13CO/cm-1 (calc from harmonic 

oscillator model) 

4 1851 1807 1810 

4-K 1794, 1751 1753, 1709 1754, 1712 

4-K(18-crown-6) 1782 1740 1742 

 

1782 

1782 

* 
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Evans method for 4: 

The magnetic susceptibility of 4 was measured using Evans method on a THF solution of the 

cluster with 3% added C6H6 as a reference between 25 °C and -100 °C. The variable-temperature 

data suggest that the cluster possesses a spin state of S = 1 (theoretical µeff = 2.83µB). 

Table S3: Variable-temperature Evans method data for 4 

Temperature/°C Measured µeff/µB 

25 2.71 

0 2.78 

-20 2.71 

-40 2.79 

-60 2.72 

-80 2.69 

-100 2.61 

 

EPR spectroscopy: 

Samples were prepared as solutions (ca. 2 mM) in 2-MeTHF and rapidly cooled in liquid nitrogen 

to form a frozen glass. All X-band EPR experiments presented in this study were acquired at the 

Caltech EPR facility. X-band CW EPR spectra were acquired on a Bruker (Billerica, MA) EMX 

spectrometer using Bruker Xenon software (ver. 1.2). Temperature control was achieved using 

liquid helium and an Oxford Instruments (Oxford, UK) ESR-900 cryogen flow cryostat and an 

ITC-503 temperature controller. Spectra were simulated using EasySpin5 (release 5.2.35)13 with 

Matlab R2021b. 

EPR spectroscopy was employed to determine the spin state of odd-electron clusters 4-K and 4-

K(18-crown-6). Both species possess a spin state of S = 3/2, with very similar spectra. 
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Figure S21: X-band EPR spectrum of 4-K as a frozen glass in 2-MeTHF at 5 K. Acquisition 

parameters: frequency = 9.64 MHz, power = 2.18 mW, conversion time = 10 ms, modulation 

amplitude = 8 G. Simulation parameters: S = 3/2, g = 2.05, large D (D = 2 cm-1), E/D = 0.13, 

DStrain = 0.047 cm-1. 
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Figure S22: X-band EPR spectrum of 4-K(18-crown-6) as a frozen glass in 2-MeTHF at 5 K. 

Acquisition parameters: frequency = 9.64 MHz, power = 2.18 mW, conversion time = 10 ms, 

modulation amplitude = 8 G. Simulation parameters: S = 3/2, g = 2.05, large D (D = 2 cm-1), E/D = 

0.14, DStrain = 0.054 cm-1. 

 

 

 

 

 

 

 

 

 

 

 



33 

 

Pulse EPR spectroscopy. All pulse EPR and electron nuclear double resonance (ENDOR) 

experiments were acquired using a Bruker (Billerica, MA) ELEXSYS E580 pulse EPR 

spectrometer. All X-band data was acquired using a Bruker MD-4 resonator. Temperature control 

was achieved using an Oxford Instruments CF935 and Mercury ITC. 

 

X-band HYSCORE spectra were acquired using the 4-pulse sequence (𝜋/2 − 𝜏 −  𝜋/2 − 𝑡1 −  𝜋 –

𝑡2– 𝜋/2 – echo), where 𝜏 is a fixed delay, while 𝑡1 and 𝑡2 are independently incremented by Δ𝑡1 

and Δ𝑡2, respectively. At each field, the fixed delay 𝜏 was selected to be a multiple of the time 

interval equivalent to the inverse of the 1H Larmor frequency, in order to selectively suppress 

contributions from solvent matrix protons. A 16-step phase cycle was used to eliminate 

contributions from secondary/tertiary spin echoes and associated artifacts in the time domain. The 

time domain data was baseline-corrected (third-order polynomial) to eliminate the exponential 

decay in the echo intensity, apodized with a Hamming window function, zero-filled to eight-fold 

points, and fast Fourier-transformed to yield the 2-dimensional frequency domain. For 13C-minus-

Natural Abundance (N.A). difference spectra, the time domain of the HYSCORE spectrum of the 

sample prepared using natural abundance CO was subtracted from that of the 13CO sample, and the 

same data processing procedure detailed above was used to generate the frequency spectrum. 

Contour plots of the 2D frequency spectra are plotted in logarithmic scale, with contours plotted in 

colors ranging from blue → yellow → red in increasing intensity. 

 

In general, the ENDOR spectrum for a given nucleus with spin 𝐼= ½ (1H, 13C, 31P) coupled to the S 

= ½ electron spin exhibits a doublet at frequencies  

 

 
𝜈± = |

𝐴

2
 ± 𝜈𝑁| (1) 

 

Where 𝜈𝑁 is the nuclear Larmor frequency and 𝐴 is the hyperfine coupling. For nuclei with 𝐼 ≥ 1 

(14N, 2H), an additonal splitting of the 𝜈± manifolds is produced by the nuclear quadrupole 

interaction (P) 

 

 
𝜈±,𝑚𝐼

= | 𝜈𝑁 ± 
3𝑃(2𝑚𝐼 − 1)

2
| 

(2) 

 

In HYSCORE spectra, these signals manifest as cross-peaks or ridges in the 2-D frequency 

spectrum which are generally symmetric about the diagonal of a given quadrant. This technique 

allows hyperfine levels corresponding to the same electron-nuclear submanifold to be 

differentiated, as well as separating features from hyperfine couplings in the weak-coupling regime 

(|𝐴| < 2|𝜈𝐼| ) in the (+,+) quadrant from those in the strong coupling regime (|𝐴| > 2|𝜈𝐼| ) in the 

(−,+) quadrant. The (−,−) and (+,−) quadrants of these frequency spectra are symmetric to the (+,+) 

and (−,+) quadrants, thus only two of the quadrants are typically displayed in literature.  

For systems with appreciable hyperfine anisotropy in frozen solutions or solids, HYSCORE 

spectra typically do not exhibit sharp cross peaks, but show ridges that represent the sum of cross 

peaks from selected orientations within the excitation bandwidth of the MW pulses at the magnetic 
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field position at which the spectrum is collected. The length and curvature of these correlation 

ridges can allow for the separation and estimation of the magnitude of the isotropic and dipolar 

components of the hyperfine tensor, as shown in Fig. S23. 

 

 
Figure S23—a) HYSCORE powder patterns for an S = ½, I = ½ spin system with an isotropic 

hyperfine tensor A. b) HYSCORE powder patterns for an S = ½, I = ½ spin system with an axial 

hyperfine tensor that contains isotropic (𝑎𝑖𝑠𝑜) and dipolar (𝑇) contributions. Blue correlation ridges 

represent the strong coupling case; red correlation ridges represent the weak coupling case. 

 

EPR Simulations. Simulations of all CW and pulse EPR data were achieved using the EasySpin  

simulation toolbox (release 5.2.25)13 with Matlab 2019a using the following Hamiltonian: 

 

 𝐻̂ = 𝜇𝐵𝐵⃑ 0𝑔𝑆̂ + 𝜇𝑁𝑔𝑁𝐵⃑ 0𝐼 + ℎ𝑆̂ ∙ 𝑨 ∙ 𝐼 + ℎ𝐼 ∙ 𝑷 ∙ 𝐼 

 

(3) 

In this expression, the first term corresponds to the electron Zeeman interaction term where 𝜇𝐵 is 

the Bohr magneton, g is the electron spin g-value matrix with princial components g = [gxx gyy gzz], 

and 𝑆̂ is the electron spin operator; the second term corresponds to the nuclear Zeeman interaction 

term where 𝜇𝑁 is the nuclear magneton, 𝑔𝑁 is the characteristic nuclear g-value for each nucleus 

(e.g. 1H, 13C) and 𝐼 is the nuclear spin operator; the third term corresponds to the electron-nuclear 

hyperfine term, where 𝑨 is the hyperfine coupling tensor with principal components 𝑨 = [Axx, Ayy, 

Azz]; and for nuclei with 𝐼 ≥ 1, the final term corresponds to the nuclear quadrupole (NQI) term 
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which arises from the interaction of the nuclear quadrupole moment with the local electric field 

gradient (efg) at the nucleus, where 𝑷 is the quadrupole coupling tensor. In the principal axis 

system (PAS), 𝑷 is traceless and parametrized by the quadrupole coupling constant 𝑒2𝑄𝑞/ℎ and 

the asymmetry parameter 𝜂 such that: 

 

 

𝑷 = (

𝑃𝑥𝑥 0 0
0 𝑃𝑦𝑦 0

0 0 𝑃𝑧𝑧

) =
𝑒2𝑄𝑞/ℎ

4𝐼(2𝐼 − 1)
(
−(1 − 𝜂) 0 0

0 −(1 + 𝜂) 0
0 0 2

) (4) 

 

where 
𝑒2𝑄𝑞

ℎ
= 2𝐼(2𝐼 − 1)𝑃𝑧𝑧 and 𝜂 =  

𝑃𝑥𝑥−𝑃𝑦𝑦

𝑃𝑧𝑧
. The asymmetry parameter may have values 

between 0 and 1, with 0 corresponding to an electric field gradient (EFG) with axial symmetry and 

1 corresponding to a fully rhombic EFG. 

 

The orientations between the hyperfine and NQI tensor principal axis systems and the g-matrix 

reference frame are defined by the Euler angles (α, β, γ), with rotations performed within the zyz 

convention where α rotates xyz counterclockwise about z-axis to give x'y'z', β rotates x'y'z' 

counterclockwise about y'-axis to give x",y",z", γ rotates xyz counterclockwise about z"-axis to 

give final frame orientation. 

 

 
Figure S24. Top Panels: Field-dependent X-band 13C-minus-Natural Abundance (N.A.) 

HYSCORE of 4-K(13CO). Bottom Panels:  Experimental HYSCORE spectrum (gray contours) 

with overlay of simulated 13C HYSCORE spectrum (A(13C) = [-0.5, 1.0, -0.5] MHz) in red. 

Acquisition parameters: Temperature = 3.6 K; B0 = 242 mT (g = 2.998), 335 mT (g = 2.076), 364 

mT (g = 1.911); MW Frequency = 9.736 GHz; MW pulse lengths (𝜋/2, 𝜋) = 8 ns, 16 ns; τ = 98 ns 

(g = 2.998), 140 ns (g = 2.076), 130 ns (g = 1.911); t1 = t2 = 100 ns; Δt1 = Δt2 =12 ns; shot 

repetition time (srt) = 1 ms. 
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Fig S25. Top Panels: Field-dependent X-band HYSCORE of 4-K(13CO) (top panels), 4-K (middle 

panels) , and the 13C-N.A. difference spectra plotted in the bottom panels. Acquisition parameters: 

Temperature = 3.6 K; B0 = 242 mT (g = 2.998), 335 mT (g = 2.076), 364 mT (g = 1.911); MW 

Frequency = 9.736 GHz; MW pulse lengths (𝜋/2, 𝜋) = 8 ns, 16 ns; τ = 98 ns (g = 2.998), 140 ns (g 

= 2.076), 130 ns (g = 1.911); t1 = t2 = 100 ns; Δt1 = Δt2 =12 ns; shot repetition time (srt) = 1 ms. 

 

 

 

 

 

 

 

 

 

 

 

 

B) Crystallographic information: 
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1. X-ray crystallography:  

 

XRD data were collected at 100 K on a Bruker AXS D8 KAPPA or Bruker AXS D8 VENTURE 

diffractometer [microfocus sealed X-ray tube, λ(Mo Kα) = 0.71073 Å or λ(Cu Kα) = 1.54178 Å]. 

All manipulations, including data collection, integration, and scaling, were carried out using the 

Bruker APEX3 software.14 Absorption corrections were applied using SADABS.15 Structures were 

solved by direct methods using Sir9216 or SUPERFLIP17 and refined using full-matrix least-

squares on CRYSTALS18 to convergence. All non-H atoms were refined using anisotropic 

displacement parameters. H atoms were placed in idealized positions and refined using a riding 

model. Because of the size of the compounds some crystals included solvent-accessible voids that 

contained disordered solvent. The solvent could be either modeled satisfactorily, or accounted for 

using either the SQUEEZE procedure in the PLATON software package.19   

 

2. Additional information: 

 

Special refinement details for 2-tBu. The asymmetric unit of the structure contains 3 co-

crystallized C6H6 solvent molecule, which can be modeled satisfactorily using bond lengths and 

similarity restraints for ADPs. The backbone of the five-membered chelate portion containing the 

two NiPr2 groups is disordered over 2 positions, with occupancies of 43% and 57%. 

 

Special refinement details for 3. The asymmetric unit of the structure contains two co-crystallized 

THF solvent molecule which can be modeled satisfactorily using bond lengths and similarity 

restraints for ADPs. Two N-iPr fragments on one BAC ligand are disordered over two positions, 

with occupancies of 38% and 62%, and 33% and 67%. 

 

Special refinement details for 4. The asymmetric unit of the structure contains half of a co-

crystallized C6H6 and 2 Et2O solvent molecules, which can be modeled satisfactorily using bond 

lengths and similarity restraints for ADPs. 

 

Special refinement details for 4-K. The asymmetric unit of the structure contains two co-

crystallized Et2O solvent molecules, which can be modeled satisfactorily using bond lengths and 

similarity restraints for ADPs. The K(THF) fragments are disordered over two positions, with 

occupancies of 36% and 64%. In one position, the positions of the atoms within the THF molecule 

tend to oscillate, so a shift-limiting restrain was applied to stabilize them. 

 

Special refinement details for 4-K(18-crown-6). The asymmetric unit of the structure contains 

heavily disordered solvent molecules and cannot be modeled satisfactorily. Therefore, the electron 

density for co-crystallized solvent molecules were accounted for using the SQUEEZE procedure in 

PLATON19, whereby 37 electrons were found in a volume of 235 Å3, consistent with the presence 

of 0.5[C4H10O] in the asymmetric unit. 

 

Special refinement details for 5. The asymmetric unit of the structure contains two co-crystallized 

THF solvent molecules, which can be modeled satisfactorily using bond lengths and similarity 

restraints for ADPs.  

Special refinement details for 6. The asymmetric unit of the structure contains one co-crystallized 

Et2O solvent molecule, which can be modeled satisfactorily using bond lengths and similarity 
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restraints for anisotropic displacement parameters (ADPs). The remaining solvent molecules are 

heavily disordered and cannot be modeled satisfactorily. Therefore, the electron density for co-

crystallized solvent molecules were accounted for using the SQUEEZE procedure in PLATON19, 

whereby 42 electrons were found in a volume of 474 Å3, consistent with the presence of 

0.5[C4H10O] in the asymmetric unit. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



39 

 

 

Figure S26: Crystal structure of 2-Xyl. Ellipsoids are shown at 50% probability level. Hydrogen 

atoms, solvent molecules, and the BAC ligand except for the carbene C are omitted for clarity. 
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Figure S27: Crystal structure of 4-K in two views showing the two disordered positions of the K 

atom. Ellipsoids are shown at 50% probability level. Hydrogen atoms, solvent molecules, and the 

BAC ligand except for the carbene C are omitted for clarity.  
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Figure S28: Crystal structure of 5. Ellipsoids are shown at 50% probability level. Hydrogen atoms, 

counterions, solvent molecules, and the BAC ligand except for the carbene C are omitted for 

clarity. 
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Figure S29: Crystal structure of 6. Ellipsoids are shown at 50% probability level. Hydrogen atoms, 

solvent molecules, and the BAC ligand except for the carbene C are omitted for clarity. 
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Figure S30: Bond length comparisons in Å for the clusters reported for selected bonds. The 

abbreviations a, b, and c refer to the three Fe-C(μ3) distances as labeled in the structures.  
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Figure S31: Metal-metal distances in Å for the clusters reported.  
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Table S4: Summary of statistics for diffraction data for clusters 2 – 4 

Cluster 2-tBu 2-Xyl 3 4 

CCDC 2130433 2233067 2233068 2130436 

Empirical formula C83H133BFe3N13S3W C73H125BFe3N13OS3W C69H122BFe3N13O2S3W C58H101BFe3N11O3S3W 

Formula weight 1771.45 1659.28 1624.21 1458.91 

Temperature/K 100 100 100 100 

Crystal system Monoclinic Triclinic Monoclinic Monoclinic 

Space group Cc P-1 P21/n C2/c 

a/Å 23.8881(12) 14.394(2) 20.374(7) 40.500(3) 

b/Å 15.1745(7) 16.501(2) 17.922(3) 16.2716(10) 

c/Å 26.2682(14) 17.357(4) 21.852(6) 24.9399(16) 

α/° 90 76.625(13) 90 90 

β/° 111.144(5) 81.965(6) 101.54(2) 125.5559(16) 

γ/° 90 87.939(10) 90 90 

Volume/Å3 8880.9(8) 3971.5(12) 7818(4) 13370.9(15) 

Z 4 2 4 8 

ρcalc/g cm-3 1.325 1.387 1.380 1.449 

μ/mm-1 7.209 8.030 8.155 2.496 

F(000) 3708.0 1734.0 14202.0 6040.0 

Crystal size/mm3 0.05 × 0.06 × 0.10 0.01 × 0.05 × 0.20 0.02 × 0.08 × 0.16 0.05 × 0.05 × 0.10 

Radiation Cu Kα Cu Kα Cu Kα Mo Kα 

θmax/° 80.685 74.820 74.820 33.976 

Index ranges 
-30 ≤ h ≤ 27, -19 ≤ k 

≤ 19, -32 ≤ l ≤ 32 

-15 ≤ h ≤ 17, -20 ≤ k 

≤ 20, -21 ≤ l ≤ 21 

-25 ≤ h ≤ 25, -22 ≤ k ≤  

22, -27 ≤ l ≤ 27 

-55 ≤ h ≤ 63, -25 ≤ k ≤ 

25, -39 ≤ l ≤ 39 

Reflections measured 91969 91921 139311 136877 

Independent reflections 17918 16152 15954 27087 

Restraints/Parameters 324/1082 0/856 234/903 104/726 

GOF on F2 0.992 0.969 1.006 1.003 

R-factor 0.0564 0.0941 0.0410 0.0783 

Weighted R-factor 0.1463 0.2556 0.1078 0.1939 

Largest diff. peak/hole/e Å-3 0.79/-1.24 2.90/-4.85 1.79/-1.11 4.75/-6.37 
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Table S5: Summary of statistics for diffraction data for clusters 4-K – 6 

Cluster 4-K 4-K(18-crown-6) 5 6 

CCDC 2233070 2233072 2233069 2130434 

Empirical formula C59H106BFe3KN11O4S3W C59H102BFe3KN11O7S3W 
C78H131BF3Fe3N13O5 

S4W 
C66H116BFe3N12O3S3W 

Formula weight 1531.06 1575.03 1878.44 1584.12 

Temperature/K 100 100 100 100 

Crystal system Monoclinic Triclinic Monoclinic Triclinic 

Space group P21/c P-1 P21/c P-1 

a/Å 16.2062(5) 13.942(4) 15.131(3) 13.4439(6) 

b/Å 31.3345(9) 16.201(5) 25.397(3) 16.4143(6) 

c/Å 14.0576(5) 17.697(7) 23.235(6) 19.0773(7) 

α/° 90 73.25(2) 90 97.603(2) 

β/° 93.6639(18) 69.84(2) 95.143(12) 103.792(2) 

γ/° 90 79.89(3) 90 97.819(3) 

Volume/Å3 7124.0(4) 3580(2) 8893(3) 3990.6(3) 

Z 4 2 4 2 

ρcalc/g cm-3 1.427 1.461 1.403 1.318 

μ/mm-1 9.441 9.444 7.538 7.981 

F(000) 3172.0 1626.0 3912.0 1650.0 

Crystal size/mm3 0.02 × 0.09 × 0.12 0.02 × 0.05 × 0.06 0.08 × 0.12 × 0.20 0.05 × 0.10 × 0.15 

Radiation Cu Kα Cu Kα Cu Kα Cu Kα 

θmax/° 74.616 76.224 74.636 80.292 

Index ranges 
-20 ≤ h ≤ 19, -39 ≤ k 

≤ 38, -17 ≤ l ≤ 17 

-16 ≤ h ≤ 17, -19 ≤ k ≤ 

20, -22 ≤ l ≤ 22 

-18 ≤ h ≤ 18, -31 ≤ k 

≤ 30, -28 ≤ l ≤ 29 

-17 ≤ h ≤ 16, -20 ≤ k ≤  

20, -24 ≤ l ≤ 24 

Reflections measured 99392 93037 131294 76077 

Independent reflections 14543 14706 18124 17199 

Restraints/Parameters 758/803 0/775 65/973 64/802 

GOF on F2 1.054 0.971 1.025 0.978 

R-factor 0.1067 0.0508 0.0559 0.0769 

Weighted R-factor 0.2314 0.1513 0.1252 0.2179 

Largest diff. peak/hole/e Å-3 5.47/-3.19 5.02/-2.54 3.47/-1.98 4.25/-2.23 
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C) Computational details: 

 

Computational procedure: 

The r2SCAN20 density functional was used that has been benchmarked21 with respect to the 

structural properties of analogous Fe-S containing systems. The r2SCAN functional does not 

include Hartree-Fock exchange so that it is less costly and facilitates the characterization of large 

chemical systems. The defgrid2 integration grid in ORCA was used for the geometry 

optimizations. The D4 empirical dispersion developed by Grimme22 with respect to parameters 

reported by Brandenburg.23 The relativistically contracted ZORA-def2-TZVP24,25 basis set was 

used for all eligible elements. The all-electron SARC-ZORA-TZVP26 basis was used for W. The 

CPCM27 solvation model was used with respect to the dielectric constant and refractive index of 

THF.  

The structures were optimized with respect to the broken symmetry solution of the stated 

multiplicity. The six distinct broken symmetry solutions that can result from the magnetic coupling 

between four open-shell centers were considered with the SpinFlip module in ORCA. We found 

that all calculations converged to an identical wavefunction.  

The local spin states and pairwise electronic interactions of the metal centers were assigned 

with interpretation of their Pipek-Mezey (PM) localization method.28  

The CO vibrational frequencies were calculated from the partial Hessian of the CO and 

coordinating Fe center.  

The Mössbauer isomer shift (δ) were calculated from the electron densities of the Fe nuclei 

(ρ0) that have a linear relationship with respect to the empirical parameters α, β, and C.29,30 The 

parameters for their linear relationship were calibrated with respect to Fe-carbonyl compounds 

whose experimental Mössbauer properties31 are provided in Table S11. The optimized geometries 

were obtained from the same computational procedure and their coordinates are provided. The 

quadrupole splitting (ΔEQ) was calculated separately with a CP(PPP) basis set32 applied to the Fe-

centers. The defgrid3 integration grid was used for calculating the Mössbauer parameters.  

All calculations were done with the ORCA v5.03 quantum chemistry code.33 
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Geometry optimizations: 

Table S6: The comparison of the experimental metal-metal bond lengths of 4-K(18-crown-6) and 

the optimized quartet state its charged, 4-, and neutral, 4-K, states. The RMSD is provided 

separately for the W-Fe and Fe-Fe bonds. 

Bond 4-K(18-crown-6) (Å) 4- (Å) 4-K (Å) 

W-Fe(CO) 2.72 2.63 2.64 

W-Fe(BAC) 2.73 2.66 2.67 

W-Fe(CN) 2.66 2.62 2.62 

Fe(CO)-Fe(BAC) 2.52 2.52 2.52 

Fe(CO)-Fe(CN) 2.54 2.53 2.52 

Fe(BAC)-Fe(CN) 2.59 2.57 2.57 

RMSD(W-Fe) 
 

0.07 0.07 

RMSD(Fe-Fe) 
 

0.01 0.02 

 

Table S7: The comparison of the experimental metal-metal bond lengths of 4 and the optimized 

quintet and triplet state. The RMSD is provided separately for the W-Fe and Fe-Fe bonds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bond 4 (Å) Ms = 2 (Å) Ms = 1 (Å) 

W-Fe(CO) 2.66 2.64 2.64 

W-Fe(BAC) 2.73 2.67 2.64 

W-Fe(CN) 2.68 2.61 2.61 

Fe(CO)-Fe(BAC) 2.51 2.46 2.51 

Fe(CO)-Fe(CN) 2.51 2.51 2.52 

Fe(BAC)-Fe(CN) 2.57 2.53 2.45 

RMSD(W-Fe) 
 

0.05 0.06 

RMSD(Fe-Fe) 
 

0.03 0.07 
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CO vibrational mode: 

Table S8: The experimental and calculated CO vibrational mode of 4, 4-, and 4-K. We consider 

both the K+ and K(18-crown-6)+ salts and the bare anion for 4-. The calculated vibrational mode is 

reported for both the quintet and triplet state for 4. We do not apply a scaling factor to the 

calculated vibrational modes.  

Cluster Experimental νCO (cm-1) Calculated νCO (cm-1) 

4-K(18-crown-6) 1782 
 

4-K 1794 

1751 

1756 

4- 
 

1802 

4 1851 1880 (Ms = 2) 

1866 (Ms = 1) 

 

Mössbauer parameters: 

Table S9. The experimental and calculated Mössbauer isomer shifts (δ) for 4- and 4-K. The 

experimental values are reported with respect to the K+-salt at 80 K. The parameters for calculating 

the isomer shifts are collected in Figure S29. 

Site Experimental 

4-K 

δ (mm s-1) 

Calculated 

4- 

δ  (mm s-1) 

Calculated 

4-K 

δ(mm s-1) 

Fe(CO) 0.17 0.12 0.12 

Fe(BAC) 0.35 0.33 0.33 

Fe(CN) 0.47 0.49 0.48 

Avg. 0.33 0.32 0.31 
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Table S10. The experimental and calculated Mössbauer isomer shifts (δ) for 4. The values are 

presented for both the quintet and triplet state. The parameters for calculating the isomer shifts are 

collected in Figure S29. 

Site Experimental 

4 

δ (mm s-1) 

Calculated 

4 (Ms = 2) 

δ (mm s-1) 

Calculated 

4 (Ms = 1) 

δ (mm s-1) 

Fe(CO) 0.02 0.11 0.15 

Fe(BAC) 0.33 0.39 0.26 

Fe(CN) 0.65 0.56 0.40 

Avg. 0.33 0.35 0.27 

 

Table S11. The experimental and calculated absolute Mössbauer quadrupole splitting (|ΔEQ|) for 4-

. The experimental values are reported with respect to the K+-salt at 80 K.  

Site Experimental 

4-K 

|ΔEQ| (mm s-1) 

Calculated 

4- 

|ΔEQ| (mm s-1) 

Calculated 

4-K 

|ΔEQ| (mm s-1) 

Fe(CO) 1.84 1.62 1.38 

Fe(BAC) 1.47 1.57 1.61 

Fe(CN) 0.87 0.60 0.61 

 

Table S12. The experimental and calculated absolute Mössbauer quadrupole splitting (|ΔEQ|) for 4. 

The values are presented for both the quintet and triplet state.  

Site Experimental 

4 

|ΔEQ| (mm s-1) 

Calculated 

4 (Ms = 2) 

|ΔEQ| (mm s-1) 

Calculated 

4 (Ms = 1) 

|ΔEQ| (mm s-1) 

Fe(CO) 1.57 1.63 2.69 

Fe(BAC) 1.19 0.90 1.54 

Fe(CN) 1.07 0.65 0.99 
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Table S13: The experimental Mössbauer parameters (δ and |ΔEQ|) for the Fe-carbonyl compounds31 

that set the empirical parameters for the linear relationship between the calculated Fe-nuclear 

electron densities and isomer shift. 

Compound δ (mm s-1) |ΔEQ| (mm s-1) 

Fe(CO)5 -0.09 2.57 

Fe2(CO)9 0.16 0.42 

Fe3(CO)12 0.11 (66 %) 

0.05 (33 %) 

1.13 (66 %) 

0.13 (33 %) 

[Fe(CO)4]
2- -0.18 0 

[Fe2(CO)8]
2- -0.08 2.22 

[Fe4(CO)13]
2- 0.02 0.27 

[Fe(CO)4H]2- -0.17 1.36 

[Fe2(CO)8H]2- 0.07 0.50 

[Fe3(CO)11H]2- 0.04 (66 %) 

0.02 (33 %) 

1.41 (66 %) 

0.16 (33 %) 

Fe(Cp)(CO)2I 0.23 1.83 
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Figure S32. The linear relationship (R2 = 0.975) between the calculated Fe-nuclear electron densities 

(ρ0) and the experimental isomer shift (δ). The empirical parameters ‘a’, ‘b’, and ‘C’ are presented 

with respect to the detailed computational procedure.  

 

 

Figure S33. The linear relationship (R2 = 0.975) between the experimental and calculated absolute 

quadrupole splitting (|ΔEQ|). 
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Localized orbital analysis of 4-:  

 

Figure S34. The PM localized orbitals for the Fe(CO) center in 4-. The z-axis is oriented parallel to 

the Fe-carbyne bond. The electronic populations are specific to their α- or β-spin. The overall 

electronic configuration is included where the green arrow assigns 2/3 of an electron from 

delocalization.  
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Figure S35. The PM localized orbitals for the Fe(η2-CN) center in 4-. The z-axis is oriented parallel 

to the Fe-carbyne bond. The electronic populations are specific to their α- or β-spin. The overall 

electronic configuration is included where the green arrow assigns 2/3 of an electron from 

delocalization.  
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Figure S36. The PM localized orbitals for the Fe(BAC) center in 4-. The z-axis is oriented parallel 

to the Fe-carbyne bond. The electronic populations are specific to their α- or β-spin. The overall 

electronic configuration is included where the green arrow assigns 2/3 of an electron from 

delocalization.  

 

 

Figure S37. The three equivalent resonance structures associated with the ferromagnetic coupling 

between the three Fe-centers in 4-. The green arrow denotes the electrons that are delocalized 

between the resonance conformations. The oxidation and spin state are included.  
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