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N2-TO-NH3 CONVERSION BY FE AT LOWER DRIVING FORCE: A 

PROPOSED ROLE FOR METALLOCENE-MEDIATED PCET 
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Chalkley, M.; Del Castillo, T.; Matson, B.; Roddy, J.; Peters, J. C.; ACS Central 

Science, 2017, 3, 217-223. DOI: 10.1021/acscentsci.7b00014 
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A3.1 Experimental details 

 

General considerations:  

All manipulations were carried out using standard Schlenk or glovebox 

techniques under an N2 atmosphere. Solvents were deoxygenated and dried by thoroughly 

sparging with N2 followed by passage through an activated alumina column in a solvent 

purification system by SG Water, USA LLC. Non-halogenated solvents were tested with 

sodium benzophenone ketyl in tetrahydrofuran (THF) in order to confirm the absence of 

oxygen and water. Deuterated solvents were purchased from Cambridge Isotope 

Laboratories, Inc., degassed, and dried over activated 3-Å molecular sieves prior to use.  

Cp*2Co,1 [P3BFe][BArF4],2 P3SiFeN2,3 [P3BCoN2][Na(12-crown-4)2],4 P3SiCoN2,5 

[P3BFeN2][Na(12-crown-4)2],6 and [Ph215NH2][OTf]7,8 were prepared according to 

literature procedures. Ph15NH2 was obtained from Sigma-Aldrich, Inc. degassed, and 
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dried over activated 3-Å molecular sieves prior to use. All other reagents were purchased 

from commercial vendors and used without further purification unless otherwise stated. 

Diethyl ether (Et2O) used in the experiments herein was stirred over Na/K (≥ 2 hours) 

and filtered or vacuum-transferred before use unless otherwise stated. 

 

Physical Methods:  

1H chemical shifts are reported in ppm relative to tetramethylsilane, using 1H 

resonances from residual solvent as internal standards. IR measurements were obtained as 

solutions or thin films formed by evaporation of solutions using a Bruker Alpha Platinum 

ATR spectrometer with OPUS software (solution IR collected in a cell with KBr 

windows and a 1 mm pathlength). H2 was quantified on an Agilent 7890A gas 

chromatograph (HP-PLOT U, 30 m, 0.32 mm ID; 30 °C isothermal; nitrogen carrier gas) 

using a thermal conductivity detector.  

 

Mössbauer Spectroscopy: 

 Mössbauer spectra were recorded on a spectrometer from SEE Co. (Edina, MN) 

operating in the constant acceleration mode in a transmission geometry. The sample was 

kept in an SVT-400 cryostat form Janis (Wilmington, MA). The quoted isomer shifts are 

relative to the centroid of the spectrum of a metallic foil of α-Fe at room temperature 

(RT). Solution samples were transferred to a sample cup and chilled to 77 K inside of the 

glovebox, and unless noted otherwise, quickly removed from the glovebox and immersed 

in liquid N2 until mounted in the cryostat. Data analysis was performed using version 4 of 
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the program WMOSS (www.wmoss.org) and quadrupole doublets were fit to Lorentzian 

lineshapes. See discussion below for detailed notes on the fitting procedure. 

 

Ammonia and Hydrazine Quantification: 

Reaction mixtures are cooled to 77 K and allowed to freeze. The reaction vessel is 

then opened to atmosphere and to the frozen solution is slowly added an excess (with 

respect to acid) solution of a NaOtBu solution in MeOH (0.25 mM) over 1-2 minutes. 

This solution is allowed to freeze, then the headspace of the tube is evacuated and the 

tube is sealed. The tube is then allowed to warm to RT and stirred at RT for at least 10 

minutes. An additional Schlenk tube is charged with HCl (3 mL of a 2.0 M solution in 

Et2O, 6 mmol) to serve as a collection flask. The volatiles of the reaction mixture are 

vacuum transferred at RT into this collection flask. After completion of the vacuum 

transfer, the collection flask is sealed and warmed to RT. Solvent is removed in vacuo, 

and the remaining residue is dissolved in H2O (1 mL). An aliquot of this solution (10–100 

μL) is then analyzed for the presence of NH3 (present as NH4Cl) by the indophenol 

method.9 A further aliquot of this solution is analyzed for the presence of N2H4 (present 

as N2H5Cl) by a standard colorimetric method.10 Quantification is performed with 

UV−vis spectroscopy by analyzing absorbance at 635 nm. In this case of runs with 

[PhNH3][OTf] we found that aniline in the form of anilinium chloride was present in the 

receiving vessels. The anilinium chloride interfered with the indophenol and hydrazine 

detection method. Therefore, quantification for NH3 was performed by extracting the 

solid residue into 1 mL of DMSO-d6 that has 20 mmol of trimethoxybenzene as an 

internal standard. Integration of the 1H NMR peak observed for NH4 was then integrated 
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against the two peaks of trimethoxybenzene to quantify the ammonium present. This 1H 

NMR detection method was also used to differentiate [14NH4][Cl] and [15NH4][Cl] 

produced in the control reactions conducted with [15NPh2H2][OTf]. 

 

EPR Spectroscopy 

 

X-band EPR spectra were obtained on a Bruker EMX spectrometer. Samples were 

collected at powers ranging from 6-7 mW with modulation amplitudes of 2.00 G, 

modulation frequencies of 100.00 kHz, over a range of 1800 to 4500 Gauss. Spectra were 

baseline corrected using the algorithm in SpinCount.11 EPR spectra were modeled using 

the easyspin program.12  

 

Computational Methods 

All stationary point geometries were calculated using DFT with an M06-L 

functional,13 a def2-TZVP14 basis set on transition metals (Stuttgart ECP15 was used on 

Mo atoms) and a def2-SVP14 basis set on all other atoms. Calculations were performed, 

in part, using Xtreme Science and Engineering Discovery Environment (XSEDE) 

resources.16 Calculations were performed on the full P3EFe scaffolds. Calculations on the 

[HIPTN3N]Mo system were performed on a truncated scaffold in which the isopropyl 

groups were removed (i.e. [{3,5-(C6H4)2C6H3NCH2CH2}3N]3–). Geometries were 

optimized using the NWChem 6.5 package.17 All single point energy, frequency and 

solvation energy calculations were performed with the Gaussian09 package.18 Frequency 

calculations were used to confirm true minima and to determine gas phase free energy 
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values (Ggas). Single point solvation calculations were done using an SMD solvation 

model with diethyl ether solvent and were used to determine solvated internal energy 

(Esoln). Free energies of solvation were approximated using the difference in gas phase 

internal energy (Egas) and solvated internal energy (∆Gsolv ≈ Esoln – Egas) and the free 

energy of a species in solution was then calculated using the gas phase free energy (Ggas) 

and the free energy of solvation (Gsoln = Ggas + ∆Gsolv).19,20,21 All reduction potentials 

were calculated referenced to Fc+/0 using the standard Nernst relation ∆G = -nFE0. 

Gas Chromatography 

 H2 was quantified on an Agilent 7890A gas chromatograph (HP-PLOT U, 30 m, 

0.32 mm ID; 30 °C isothermal; nitrogen carrier gas) using a thermal conductivity 

detector. All measurements were taken using a 100 μL manual injection and the final 

value was obtained as an average of two runs.  

 

A3.2 Synthetic Details: 

 

General Procedure for the Synthesis of the Acids: 

  Prior to use the amine was purified (aniline by distillation and diphenylamine by 

recrystallization). To a 250 mL round bottom flask in the glovebox was added the amine 

which was subsequently dissolved in 100 mL of Et2O (no additional drying with NaK). 

To this was added dropwise (1 equiv) of HOTf with stirring over five minutes. Immediate 

precipitation of white solid was observed and the reaction mixture was allowed to stir for 

one hour at RT. The reaction mixture was then filtered and the resulting white powder 
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was washed with Et2O (50 mL), pentane (50 mL) and Et2O again (50 mL). The resulting 

white microcrystalline material was then dried under vacuum. Yields of greater than 90% 

of microcrystalline material was obtained in this manner in all cases. 

 

Procedure for Reaction of Cp*2Co with Acid: 

 A 1 mL solution of HOTf or DOTf (23 μL, 3.0 eq) in toluene and a 2 mL solution 

of Cp*2Co (40 mg, 1.0 eq) was chilled to -78 °C for ten minutes in a cold well. With 

strong stirring the Cp*2Co solution was added dropwise over ten minutes to the HOTf 

solution. Purple precipitate could be observed upon the addition of each drop. After the 

completion of the addition the reaction mixture was allowed to stir for 5 more minutes. 

The reaction was then vacuum filtered in the cold well through a medium porosity frit to 

yield a purple solid. This solid was then washed with toluene that had been prechilled to -

78 °C (5 mL) and then likewise prechilled pentane (15 mL). After drying on the frit for 

ten minutes the solid was then transferred to a prechilled vial. The solid was then dried 

under vacuum for several hours at -78 °C. Exact yields were not obtained due to the solid 

retaining some solvent even after extended drying at these temperatures; however, the 

material isolated reproducibly represents > 75% of the expected chemical yield. All 

further spectroscopic and reactivity characterization of this material was carried out 

immediately after its synthesis and with the maintenance of the material at ≤ -78 °C 

except where specifically noted. 

 

A3.3 Ammonia production and quantification studies 
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Standard NH3 Generation Reaction Procedure: 

All solvents are stirred with Na/K for ≥2 hours and filtered prior to use. In a 

nitrogen-filled glovebox, the precatalyst (2.3 μmol) was weighed into a vial.* The 

precatalyst was then transferred quantitatively into a Schlenk tube using THF. The THF 

was then evaporated to provide a thin film of precatalyst at the bottom of the Schlenk 

tube. The tube is then charged with a stir bar and the acid and reductant are added as 

solids. The tube is then cooled to 77 K in a cold well. To the cold tube is added Et2O to 

produce a concentration of precatalyst of 2.3 mM. The temperature of the system is 

allowed to equilibrate for 5 minutes and then the tube is sealed with a Teflon screw-

valve. This tube is passed out of the box into a liquid N2 bath and transported to a fume 

hood. The tube is then transferred to a dry ice/acetone bath where it thaws and is allowed 

to stir at -78 °C for three hours. At this point the tube is allowed to warm to RT with 

stirring, and stirred at RT for 5 minutes. To ensure reproducibility, all experiments were 

conducted in 200 mL Schlenk tubes (51 mm OD) using 25 mm stir bars, and stirring was 

conducted at ~900 rpm.  

 

* In cases where less than 2.3 μmol of precatalyst was used stock solutions were used to 

avoid having to weigh very small amounts. 

 

Table A3.1: UV-vis quantification results for standard NH3 generation experiments 

with P3BFe+ 

Entry P3BFe+ 

(μmol) 

Acid 

equiv 

Cp*2Co  

equiv 

NH4Cl 

(μmol) 

N2H5Cl 

(μmol) 

Equiv 

NH3/Fe 

% Yield 

NH3 
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Based on 

e- 

A 2.3 108a 54 31.4 0.0 13.5 75.6  

B 2.3 108a 54 28.5 0.0 12.3 68.6 

C 2.3 108a 54 29.2 0.0 12.6 70.4 

Avg. 

  

 

 

 12.8 ± 

0.5  72 ± 3 

D 2.3 322a 162 76.4 2.0 33.0 61.4 

E 2.3 322a 162 80.0 0.7 34.5 64.2 

Avg.      34 ± 1  63 ± 2 

F 2.3 638a 322 60.4 0.5 26.0 24.3 

G 2.3 638a 322 63.2 0.3 27.3 25.4 

Avg. 

  

 

 

 26.7 ± 

0.9  25 ± 1 

H 1.1 108b 54 7.8 0.0 6.9 37.6 

I 2.3 108b 54 19.2 0.0 8.3 46.3 

Avg.      8 ± 1  42 ± 6 

J 2.3 108c 54 17.7 N.D. 7.7 43.1 

K 2.3 108c 54 13.8 N.D. 6.0 33.6 

Avg.      7 ± 1  38 ± 7 

L 2.3 322c 162 39.8 N.D. 17.3 32.0 

M 2.3 322c 162 31.9 N.D. 13.9 25.7 

Avg.      16 ± 3  29 ± 4 
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N.D. indicates the value was not determined aAcid used is [Ph2NH2][OTf]  bAcid used is 

[Ph2NH2][BArF4]  cAcid used is [PhNH3][OTf] 

 

Table A3.2: UV-vis quantification results for standard NH3 generation experiments 

with P3SiFeN2 

Entry P3SiFeN

2 

(μmol) 

Acid 

equiv 

Cp*2C

o  

equiv 

NH4Cl 

(μmol) 

N2H5Cl 

(μmol) 

Equiv 

NH3/Fe 

% Yield 

NH3 

Based on 

e- 

A 2.3 108a 54 6.6 0.0 1.7 9.3 

B 2.3 108a 54 2.7 0.0 0.7 3.8 

Avg.      1.2 ± 0.2  6.5 ± 0.3 

aAcid used is [Ph2NH2][OTf] 

Table A3.3: UV-vis quantification results for standard NH3 generation experiments 

with P3BCoN2- 

Entry P3BCoN

2- 

(μmol) 

Acid 

equiv 

Cp*2C

o  

equiv 

NH4Cl 

(μmol) 

N2H5Cl 

(μmol) 

Equiv 

NH3/Fe 

% Yield 

NH3 

Based on 

e- 

A 2.3 108a 54 3.0 0.0 1.3 7.2 

B 2.3 108a 54 1.8 0.0 0.8 4.4 
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Avg.      1.1 ± 0.4  6 ± 2 

aAcid used is [Ph2NH2][OTf] 

 

Table A3.4: UV-vis quantification results for standard NH3 generation experiments 

with P3SiCoN2 

Entry P3SiCoN

2 

(μmol) 

Acid 

equiv 

Cp*2C

o  

equiv 

NH4Cl 

(μmol) 

N2H5Cl 

(μmol) 

Equiv 

NH3/Fe 

% Yield 

NH3 

Based on 

e- 

A 2.3 108a 54 0.0 0.0 0.0 0.0 

B 2.3 108a 54 0.0 0.0 0.0 0.0 

Avg.      0.0 0.0 

aAcid used is [Ph2NH2][OTf] 

 

Ammonia production studies with [Ph215NH2][OTf]: 

 The procedure was the same as the general procedure presented in section 3.1 

with 2.3 μmol of P3BFe+ catalyst, 54 equiv Cp*2Co, and 108 equiv [Ph215NH2][OTf]. 

Product analyzed by 1H NMR as described in section 1.4 and only the diagnostic triplet 

of [14NH4][Cl] is observed.  
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Figure A3.1. 1H NMR spectrum (300 MHz, DMSO-d6) of [14NH4][Cl] produced from 

catalytic N2-to-NH3 conversion conducted with P3BFe+ catalyst, 54 equiv Cp*2Co, and 

108 equiv [Ph215NH2][OTf] under an atmosphere of 14N2.  

 

 

A3.4 NH3 Generation Reaction with Periodic Substrate Reloading – Procedure with 

P3BFe+: 

All solvents are stirred with Na/K for ≥2 hours and filtered prior to use. In a 

nitrogen-filled glovebox, the precatalyst (2.3 μmol) was weighed into a vial. The 

precatalyst was then transferred quantitatively into a Schlenk tube using THF. The THF 

was then evaporated to provide a thin film of precatalyst at the bottom of the Schlenk 

tube. The tube is then charged with a stir bar and the acid and reductant are added as 

solids. The tube is then cooled to 77 K in a cold well. To the cold tube is added 1 mL of 

Et2O. The temperature of the system is allowed to equilibrate for 5 minutes and then the 

tube is sealed with a Teflon screw-valve. The cold well cooling bath is switched from a 

N2(l) bath to a dry ice/acetone bath. In the cold well the mixture in the sealed tube thaws 

with stirring and is allowed to stir at -78 °C for 3 hours. Then, without allowing the tube 

to warm above -78 °C, the cold well bath is switched from dry ice/acetone to N2(l). After 

fifteen minutes the reaction mixture is observed to have frozen, at this time the tube is 

opened.  To the cold tube is added acid (324 equiv) and reductant (162 equiv) as solids. 
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To the tube then 1 additional mL of Na/K-dried Et2O is added. The cold well cooling 

bath is switched from a N2(l) bath to a dry ice/acetone bath. In the cold well the mixture in 

the sealed tube thaws with stirring and is allowed to stir at -78 °C for 3 hours. These 

reloading steps are repeated the desired number of times. Then the tube is allowed to 

warm to RT with stirring, and stirred at RT for 5 minutes.  

 

Table A3.5: UV-vis quantification results for NH3 generation experiments with 

P3BFe+, with reloading 

Entr

y 

Number 

of 

Loading

s 

P3BFe+ 

(μmol) 

Acid  

equiv 

Cp*2Co  

equiv 

NH4Cl 

(μmol) 

N2H5Cl 

(μmol) 

Equiv 

NH3/Fe 

% 

Yield 

Based 

on H+ 

A 2 2.3 [322]x2a [162]x2 115.0 0.1 49.6 46.2 

B 2 2.3 [322]x2a [162]x2 145.6 0.0 62.8 58.5 

Avg.       56 ± 9 52 ± 9 

C 

3 2.3 

[322]x3

a 

[162]x3 

182.4 

0.3 

78.7 48.9 

D 

3 2.3 

[322]x3

a 

[162]x3 

207.3 

0.1 

89.5 55.5 

Avg.       84 ± 8 52 ± 5 

aAcid used is [Ph2NH2][OTf] 
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A3.5 Time-resolved H2 quantification of background acid and Cp*2Co reactivity:  

Inside of a nitrogen filled glovebox, solid acid (0.248 mmol) and Cp*2Co (0.124 

mmol) are added to a 260 mL glass tube charged with a stir bar. The vessel is sealed with 

a septum at RT and subsequently chilled to -196 °C in a cold well in the nitrogen filled 

glovebox. Et2O (1 mL) is added via syringe into the vessel and completely frozen. The 

vessel is passed out of the glovebox into a liquid N2 bath, and subsequently thawed in a 

dry ice/acetone bath with stirring at ~900 rpm. The timer was started as soon as the vessel 

was transferred to the dry ice/acetone bath. The headspace of the reaction vessel was 

periodically sampled with a sealable gas sampling syringe (10 mL), which was loaded 

into a gas chromatograph, and analyzed for the presence of H2(g). From these data, the 

percent H2 evolved (relative to Cp*2Co) was calculated, correcting for the vapor pressure 

of Et2O and the removed H2 from previous samplings. Each time course was measured 

from a single reaction maintained at -78 °C.  

Table A3.6: Time-resolved H2 quantification for the reaction of Cp*2Co and acid in 

Et2O at -78 °C in the absence of an Fe precatalyst  

Acid Time (min)  H2(g) 

(μmol) 

% H2 Based 

on Cp*2Co 

[Ph2NH2][OTf]a 
10 1.0 ± 0.4 1.6 ± 0.6 

60 2.1 ± 0.6 3 ± 1 

[Ph2NH2][BArF4]b 
10 3.7 ± 0.1 6.0 ± 0.2 

60 12.7 ± 0.8 21 ± 1 

 aAverage of two experiments bAverage of three experiments 
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A3.6 Time-resolved NH3 quantification: 

All solvents are stirred with Na/K for ≥2 hours and filtered prior to use. In a 

nitrogen-filled glovebox, the precatalyst (2.3 μmol) was weighed into a vial. The 

precatalyst was then transferred quantitatively into a Schlenk tube using THF. The THF 

was then evaporated to provide a thin film of precatalyst at the bottom of the Schlenk 

tube. The tube is then charged with a stir bar and diphenylammonium triflate (108 eq) 

and decamethylcobaltocene (54 eq) are added as solids. The tube is then cooled to 77 K 

in a cold well. To the cold tube is added Et2O to produce a concentration of precatalyst of 

2.3 mM. The temperature of the system is allowed to equilibrate for 5 minutes and then 

the tube is sealed with a Teflon screw-valve. This tube is passed out of the box into a 

liquid N2 bath and transported to a fume hood.  

For the control reaction at this point a 2.6 M heptane solution of tBuLi (2 eq with 

respect to the acid) was added to the tube under N2 backflow and the headspace was 

evacuated. The tube was then allowed to warm to room temperature with stirring and 

then stirred for a further ten minutes at room temperature. At this point the normal 

procedure was used to quantify NH3 and N2H4. No NH3 or N2H4 was observed. 

To test catalytic activity at five minutes, a tube prepared as described above was 

allowed to stir for five minutes at -78 °C. At five minutes the tube was frozen in a liquid 

N2 bath and allowed to equilibrate for five minutes. Under N2 backflow a 2.6 M heptane 

solution of tBuLi (2 eq with respect to the acid) was added to the tube. The tube was then 

sealed and the headspace was evacuated. The reaction mixture was then allowed to warm 

to room temperature with stirring and then stirred for a further ten minutes at room 
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temperature. At this point the normal procedure was used to quantify NH3 and N2H4. 

Ammonia (1.2 ± 0.5 eq) was detected. No hydrazine was detected. 

A3.7 Mössbauer spectra: 

General procedure for preparation of rapid-freeze-quench Mössbauer samples of 

catalytic reaction mixtures using P3BFe+:  

All manipulations are carried out inside of a nitrogen filled glovebox. The 

precatalyst, [P3B(57Fe)][BArF4], is weighed into a vial (3.5 mg, 2.3 μmol) and transferred 

using THF into a 150 mL Schlenk tube. The solvent is evaporated to form a thin film of 

the precatalyst and a stir bar is added. The [Ph2NH2][OTf] (79.4 mg, 0.248 mmol) and 

Cp*2Co (40.3 mg, 0.124 mmol) are added to the Schlenk tube as solids. The Schlenk tube 

is then placed in N2(l) and the temperature is allowed to equilibrate. To the tube 1 mL of 

Et2O is added. The tube is then sealed with a Teflon screw tap and transferred to a pre-

chilled cold well at -78 °C. The timer is set to zero as soon as the stir bar is freed from the 

thawing solvent. At the desired time, the tube is opened and the well-stirred suspension is 

transferred to a Delrin cup pre-chilled to -78 °C using a similarly pre-chilled pipette. The 

sample in the Delrin cup is then rapidly frozen in N2(l). At this point the sample, 

immersed in N2(l), is taken outside of the glovebox and mounted in the cryostat. 

General Procedure for Preparation of Rapid-freeze-quench Mössbauer Samples of 

the Reaction of P3BFe+ with Reductants: 

 All manipulations are carried out inside of a nitrogen filled glovebox. The 

precatalyst, [P3B(57Fe)][BArF4], is weighed into a vial (3.5 mg, 2.3 μmol) and .5 mL of 

THF is added. The solvent is then evaporated to provide a thin film of [P3B(57Fe)][BArF4]. 
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To this is added the desired reductant as a solid (46.0 μmol, 20 equiv). This vial is then 

placed in N2(l) and the temperature is allowed to equilibrate. To this is added 1 mL of 

NaK-dried Et2O. The vial is then sealed with a cap and transferred to a pre-chilled cold 

well at -78 °C. The timer is set to zero as soon as the stir bar is freed from the thawing 

solvent. After five minutes using a pre-chilled pipette the well-stirred reaction mixture is 

transferred to a Delrin cup that has been pre-chilled to -78 °C. The sample in the Delrin 

cup is then rapidly frozen in N2(l). At this point the sample, immersed in N2(l), is taken 

outside of the glovebox and mounted in the cryostat. 

  

General Procedure for Fitting of Rapid-freeze-quench Mössbauer Samples: 

  

Data analysis was performed using version 4 of the program WMOSS 

(www.wmoss.org) and quadrupole doublets were fit to Lorentzian lineshapes. 

Simulations were constructed from the minimum number of quadrupole doublets required 

to attain a quality fit to the data (convergence of χR2). Quadrupole doublets were 

constrained to be symmetric, unless [P3BFe–N2][Na(12-crown-4)2] was included in the 

model. With [P3BFe–N2][Na(12-crown-4)2] since it is known to have characteristic 

asymmetry we started with the observed linewidths in the authentic sample and allowed 

them to then relax. It is known that the exact linewidths are sensitive to the particular 

sample but the relative line breadth should be fairly constant. Using the non-linear error 

analysis algorithm provided by WMOSS, the errors in the computed parameters are 

estimated to be 0.02 mm s-1 for δ and 2% for ΔEq. We additionally note that in these 

spectra the exact percentage contributions given do not represent exact percentages. 
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Particularly for components that represent less than 10% of the overall spectrum, these 

values are subject to a high degree of uncertainty; however, all of the included 

components are necessary to generate satisfactory fits of the data and therefore are 

believed to be present in the reaction mixtures.  

 

Details of Individual RFQ Mossbauer spectra: 

 

Figure A3.2. Mössbauer spectrum collected on P3B(57Fe)+ that was used for the 

Mössbauer experiments conducted in this paper. The parameters used to model this 

species are well within the experimental error of those used previously to model this 

species (δ = 0.75 mm/sec, ΔEq = 2.55 mm/sec, Γr = Γl = 0.52 mm/sec). 
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Table A3.7: Fit parameters for (P3BFe+)22 

Component δ (mm s-1) ΔEQ (mm s-

1) 

Linewidths, ΓL/ ΓR (mm 

s-1) 

Fit 0.75 ± 

0.02 

2.50 ± 0.05 0.54/0.58 

 

 

Figure A3.3. Mössbauer spectrum collected from a reaction freeze quenched after 5 

minutes between P3BFe+ and excess Cp*2Co (20 equiv). Raw data shown as black points, 

simulation as a solid red line, with components in green, blue, yellow, and purple (see 

Table A3.8 for parameters).  The spectrum was collected at 80 K with a parallel applied 

magnetic field of 50 mT as a suspension in Et2O. 
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Fitting details for Figure A3.3: Four quadrupole doublets were found to be necessary to 

obtain an adequate simulation. The simulation parameters are given in Table A3.8. The 

two major species in this spectrum are well simulated as P3BFe–N2 and P3BFe–N2-. The 

residual signal exhibits only two well resolved absorbances but to obtain a good fit with 

symmetric lineshapes two additional quadrupole doublets were necessary. One of these 

can be identified as [P3BFe]+ based on the asymmetry in the lineshape of the right feature 

of P3BFe–N2. The similarity of the other two quadrupole doublets to those identified in 

the five-minute freeze quench make this a logically consistent fit but one that is not 

strictly required by the data.  

 

 Table A3.8: Simulation parameters for Mossbauer spectrum in Figure A3.3 

 

Component δ (mm s-1) ΔEQ (mm s-

1) 

Linewidths, ΓL/ ΓR (mm 

s-1) 

Relative 

area 

A (green) 0.57 ± 

0.02 

3.26 ± 0.06 0.29/0.29 0.33 

B (purple) 0.75 ± 

0.02 

2.55 ± 0.05 0.27/0.27 0.06 

C (yellow) 0.45 ± 

0.02 

1.76 ± 0.04 0.45/0.45 0.23 

D (blue) 0.40 ± 

0.02 

0.98 ± 0.02 0.48/0.45 0.39 
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Figure A3.4: Mössbauer spectrum collected from a reaction freeze quenched after 5 

minutes between P3BFe+ and excess Cp*2Cr (20 equiv). Raw data shown as black points, 

simulation as a solid red line, with components in green and brown (see Table A3.9 for 

parameters).  The spectrum was collected at 80 K with a parallel applied magnetic field 

of 50 mT as a suspension in Et2O. 

Fitting details for Figure A3.4: The two well-resolved quadrupole doublets can be 

simulated. The simulation parameters are given in Table A3.9. One of the two major 

species in this spectrum is well simulated as P3BFe–N2. The other feature has a very 

similar isomer shift but a significantly narrower quadrupole splitting. Given the labile 

nature of the N2 ligand this other species may represent a vacant neutral species or a 

dimeric N2 bridged species.   
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Table A3.9: Simulation parameters for Mossbauer spectrum in Figure A3.4 

 

  

Figure A3.5: Mossbauer spectrum collected from a catalytic reaction freeze quenched 

after 5 minutes. Conditions: [P3B(57Fe)][BArF] = 0.23 mM, [Ph2NH2][OTf] = 24.8 mM 

(108 equiv), and Cp*2Co 12.4 mM (54 equiv). Raw data shown as black points, 

simulation as a solid red line, with components in green, blue, yellow, and orange (see 

Table A3.10 for parameters).  The spectrum was collected at 80 K with a parallel applied 

magnetic field of 50 mT. 

Component δ (mm s-1) ΔEQ (mm s-

1) 

Linewidths, ΓL/ ΓR (mm 

s-1) 

Relative 

area 

A (green) 0.57 ± 

0.02 

3.22 ± 0.06 0.29/0.29 0.46 

B (brown) 0.58 ± 

0.02 

1.60 ± 0.05 0.71/0.71 0.54 
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Fitting details for Figure A3.5: Four pairs of quadrupole doublets were found to be 

necessary to obtain an adequate simulation of these data. The simulation parameters are 

given in Table A3.10. The outer pair of sharp features clearly belong to P3BFeN2. The 

inner feature is highly suggestive of P3BFeN2- the presence of which was confirmed by 

freeze-quench EPR. The residual then consists of two sharp features which were 

simulated with the quadrupole doublet in yellow and a broader residual feature that is 

captured by the quadrupole doublet in orange. The exact isomer shift and quadrupole 

splitting of orange is not determined by this model but the one here is representative. 

Table A3.10: Simulation parameters for Mossbauer spectrum in Figure A3.5 

Component δ (mm s-1) ΔEQ (mm s-

1) 

Linewidths, ΓL/ ΓR (mm 

s-1) 

Relative 

area 

A (green) 0.55 ± 

0.02 

3.24 ± 0.06 0.25/0.25 0.32 

B (blue) 0.40 ± 

0.02 

0.98 ± 0.02 0.49/0.34 0.26 

C (yellow) 0.42 ± 

0.02 

1.82 ± 0.04 0.31/0.31 0.18 

D (orange) 0.93 ± 

0.02 

2.99 ± 0.06 0.87/0.87 0.24 
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Figure A3.6: Mössbauer spectrum collected from a catalytic reaction freeze quenched 

after 30 minutes. Conditions: [P3B(57Fe)][BArF] = 0.23 mM, [Ph2NH2][OTf] = 24.8 mM 

(108 equiv), and Cp*2Co 12.4 mM (54 equiv). Raw data shown as black points, 

simulation as a solid red line, with components in green, purple, yellow, and orange (see 

Table A3.11 for parameters).  The spectrum was collected at 80 K with a parallel-applied 

magnetic field of 50 mT. 

Fitting details for Figure A3.6: Four quadrupole doublets were found to be necessary to 

obtain an adequate simulation. The simulation parameters are given in Table A3.11. The 

major species in this spectrum is again well simulated as P3BFe–N2. The residual signal 

exhibits only three well resolved absorbances. To obtain a good fit with symmetric 

lineshapes three additional quadrupole doublets were necessary. One of these can be 

identified as [P3BFe]+ based on the asymmetry in the lineshape of the right feature of 

P3BFe–N2. The similarity of the other two quadrupole doublets to those identified in the 
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five-minute freeze quench make this a logically consistent fit but one that is not strictly 

required by the data.   

Table A3.11: Simulation parameters for Mossbauer spectrum in Figure A3.6 

Component δ (mm s-1) ΔEQ (mm s-

1) 

Linewidths, ΓL/ ΓR (mm 

s-1) 

Relative 

area 

A (green) 0.55 ± 

0.02 

3.24 ± 0.06 0.29/0.29 0.53 

B (purple) 0.75 ± 

0.02 

2.55 ± 0.05 0.27/0.27 0.08 

C (yellow) 0.44 ± 

0.02 

1.74 ± 0.04 0.48/0.48 0.18 

D (orange) 1.35 ± 

0.02 

3.00 ± 0.06 0.67/0.67 0.22 
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A3.8 EPR Spectra: 

General Procedure for Preparation of Rapid-freeze-quench EPR Samples of 

Catalytic Reaction Mixtures using P3BFe+:  

All manipulations are carried out inside of a nitrogen filled glovebox. The 

precatalyst, [P3BFe][ BArF4], is weighed into a vial (3.5 mg, 2.3 μmol) and transferred 

using THF into a 150 mL Schlenk tube. The solvent is evaporated to form a thin film of 

the precatalyst and a stir bar is added. The [Ph2NH2][OTf] (79.4 mg, 0.248 mmol) and 

Cp*2Co (40.3 mg, 0.124 mmol) are added to the Schlenk tube as solids. The Schlenk tube 

is then placed in N2(l) and the temperature is allowed to equilibrate. To the tube 1 mL of 

Et2O is added. The tube is then sealed with a Teflon screw tap and transferred to a pre-

chilled cold well at -78 °C. The timer is set to zero as soon as the stir bar is freed from the 

thawing solvent. At the desired time, the tube is opened and the well-stirred suspension is 

transferred to an EPR tube that is prechilled to -78 °C using a pipette that has similarly 

been pre-chilled to -78 °C. The EPR sample is then rapidly frozen in N2(l). At this point 

the sample is quickly transferred out of the glovebox and put into N2(l) before it can 

warm.  

General Procedure for Preparation of Rapid-freeze-quench EPR Samples of the 

Reaction of P3BFe+ with Reductants: 

All manipulations are carried out inside of a nitrogen filled glovebox. The 

precatalyst, [P3BFe][BArF4], is weighed into a vial (3.5 mg, 2.3 μmol) and .5 mL of THF 

is added. The solvent is then evaporated to provide a thin film of [P3BFe][BArF4]. To this 

is added (46.0 μmol, 20 equiv) of the desired reductant as a solid. This vial is then placed 
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in N2(l) and the temperature is allowed to equilibrate. To this is added 1 mL of NaK-dried 

Et2O. The vial is then sealed with a cap and transferred to a pre-chilled cold well at -78 

°C. The timer is set to zero as soon as the stir bar is freed from the thawing solvent. At 

the desired time, the tube is opened and the well-stirred suspension is transferred to an 

EPR tube that is prechilled to -78 °C using a pipette that has similarly been pre-chilled to 

-78 °C. The EPR sample is then rapidly frozen in N2(l). At this point the sample is quickly 

transferred out of the glovebox and put into N2(l) before it can warm. 

General Procedure for Preparation of EPR Samples of Cp*2Co, [P3BFe][BArF4], and 

[P3BFeN2][Na(12-crown-4)2]: 

 The desired species was dissolved in 1 mL of Et2O at RT and transferred to an 

EPR tube. The EPR tube was then chilled to -78 °C for five minutes. It was then rapidly 

frozen by transfer to a bath of N2(l).  

Procedure for EPR Characterization of the Reaction of Cp*2Co with Acid: 

 The as isolated solid was added to a J-Young or septum-sealed X-Band EPR tube 

after prechilling both in the cold well to 77 K. Specific experimental details are listed 

with the accompanying spectra. 
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Figure A3.7: The X-band EPR spectrum in a 2-MeTHF glass of  2.3 mM [P3BFe–

N2][Na(12-crown-4)2] at 77K. Note that the exceeding insolubility of these species when 

encapsulated in a crown salt prevented its measurement in ether. We note that this species 

has significantly different parameters than the species in which the Na is not encapsulated 

with a crown ether and is therefore interacting with the N2 ligand. We think this species is 

more representative of what a hypothetical [P3BFe–N2][Cp*2Co] species would look like 

if isolated. 
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Figure A3.8: The X-band EPR spectrum in Et2O of 2.3 mM [P3BFe][BArF4] at 77 K. 

Note this species is S = 3/2 and we have previously reported that this species is only 

observable at 10 K by X-band spectroscopy.23 We attribute the extremely weak signal 

observed here to background signal from the cavity. 
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Figure A3.9: The X-band EPR spectrum in Et2O of 46 mM Cp*2Co at 77K. 

Decamethylcobaltocene is known to be EPR silent at 77 K24 but at these high 

concentrations it becomes apparent that there is a small S = ½ impurity present in this 

spectrum. This persistent impurity is observable in both freeze quenched reactions of this 

reductant with [P3BFe][BArF4] and in spectra of the freeze quenched catalytic reaction 

mixtures. 
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Figure A3.10: The X-band EPR spectrum in Et2O (1 mL) of the reaction between P3BFe+ 

(3.5 mg, 0.0023 mmol) and Cp*2Co (15.2 mg, 0.046 mmol) stirred for 5 minutes at -78 

°C then rapidly frozen to 77 K. 
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Figure A3.11: The X-band EPR spectrum in Et2O (1 mL) of the reaction between P3BFe+ 

(3.5 mg, 0.0023 mmol) and Cp*2Co (40.3 mg, 0.124 mmol) and [Ph2NH2][OTf] (79.4 

mg, 0.248 mmol) stirred for 5 minutes at -78 °C then rapidly frozen to 77 K. 

 

 

Table A3.12: A comparison of the best fitting parameters for the authentic sample of 

P3BFeN2- (A), the freeze quench of the reaction with the reductant (B), the freeze 

quench of the catalytic reaction mixture (C) 

Reaction gx gy gz 

A 2.304 2.048 2.032 
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B 2.295 2.048 2.032 

C 2.298 2.048 2.032 

 

Discussion of the EPR spectra obtained by reacting Cp*2Co with Acid: 

 

 Previous studies have demonstrated that the EPR signal for Cp*2Co is only 

apparent at temperatures below the 77 K used in this study. In line with this expectation 

the solution spectra of Cp*2Co at 77 K do not show any signal (Figure A3.12, green). The 

77 K powder, X-band EPR spectrum obtained of the material isolated as described in SI 

2.2 (Figure A3.12, red) demonstrates a signal with significant g-anisotropy and Co-

hyperfine coupling. Although 1H-hyperfine coupling is not resolved in this spectrum we 

believe that this is due to the large Co-hyperfine coupling and the significant linewidths 

observed (Figure A3.13). Attempts to obtain narrower linewidths by diluting the solid in 

KBr did not lead to any observable improvement. However, comparison of the spectrum 

obtained from reaction of Cp*2Co with HOTf and DOTf (Figure A3.14) strongly 

supports the hypothesis that this material represents a protonated Cp*2Co. In particular, 

the narrower lineshapes observed in the reaction with DOTf evidence both that the 

metallocene has been protonated but also that this proton is strongly coupled to the spin. 

The narrower line shapes manifest because of the lesser gyromagnetic ratio of 2H 

compared to 1H confirming that the linewidths in the reaction with HOTf are in part 

broadened by coupling to the added proton. That the appearance of the extra lines 

observed in the reaction with DOTf can be well-simulated simply by dividing the 

anisotropic strain parameter (HStrain in EasySpin) by the ratio of the 1H gyromagnetic 
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ratio:2H gyromagnetic ratio (~6.5) strongly supports this hypothesis (Figure A3.15). That 

two species are present (more obvious in the DOTf reaction due to the sharper 

lineshapes) is further evidence that these spectra represent endo- and exo-protonated 

decamethylcobaltocene (Cp*Co(η4-C5Me5H)+, as we would expect both the endo- and 

exo-protonated isomers to be kinetically and thermodynamically accessible under these 

conditions, and they should manifest distinct EPR signatures. Although preliminary in 

nature the observed reactivity of these species (discussed in SI 9.1-9.3) is further 

evidence that this material is competent for PCET reactivity as predicted by DFT.  
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Figure A3.12: 77 K X-band EPR spectrum of a toluene solution of Cp*2Co (green), 77 K 

powder X-Band EPR spectrum of the purple solid isolated from the reaction of Cp*2Co 

and HOTf as described in SI 2.2 (red), and 77 K powder X-Band EPR spectrum after 

annealing the EPR tube RT for two hours (blue) 

 



248 
 

 
 

 

 

 

Figure A3.13: Powder EPR spectrum at 77 K for the reaction of HOTf and Cp*2Co and 

its simulation. Simulation parameters are g1 = [2.63 2.345 1.984], A1,Co = [248 160 187], 

lw1 = 1 MHz, HStrain1 = [60 50 60], Weight1 = 1; g2 = [2.347 2.1 1.982], A2,Co = [200 50 

110], lw2 = 1, HStrain2 = [40 40 40], Weight2 = 0.2. 
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Figure A3.14: Comparison of the EPR spectra obtained using HOTf and DOTf in the 

reaction with Cp*2Co. The zoomed in spectrum highlights the middle g-value where the 

differences are most apparent between the two reactions.  
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Figure A3.15: EPR spectrum obtained when reacting DOTf with Cp*2Co and its 

simulation. Simulation parameters are g1 = [2.63 2.345 1.984], A1,Co = [248 160 187], lw1 

= 1 MHz, HStrain1 = [9.2 7.7 9.2], Weight1 = 1; g2 = [2.347 2.1 1.982], A2,Co = [200 50 

110], lw2 = 1, HStrain2 = [6.2 6.2 6.2], Weight2 = 0.2. 
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A3.9 Reactivity of Cp*Co(η4-C5Me5H)+ 

Annealing Purple Solid: 

 Purple solid isolated as described in SI 2.2 was placed in an X-band EPR tube at 

77 K and sealed with a rubber septum. A 77 K, powder X-band EPR spectrum was then 

taken to confirm the presence of Cp*Co(η4-C5Me5H)+. After two hours at room 

temperature a second 77 K, powder EPR spectrum was taken to confirm the quenching of 

Cp*Co(η4-C5Me5H)+. At this point the headspace was analyzed for H2 via GC (14% 

yield).  

Annealing Suspension of Purple Solid in Toluene: 

 Into a 26 mL vial with a septum seal was loaded 2 mL of toluene which was 

frozen at 77 K. To this purple solid isolated as described in SI 2.2 was added along with a 

stir bar. The suspension was stirred for 1 hour at −78 °C and then warmed to room 

temperature and stirred for an additional 15 minutes. At this point the headspace was 

sampled for H2 via GC (35% yield). The solvent was then removed and to the yellow 

residue was added 1,3,5-trimethoxybenzene (1 eq.). The solid was then extracted with d6-

acetone and 1H NMR was obtained. Cp*2Co+ was observed (___ % yield). 

Upper Bound on Protonated Metallocene BDE 

 An upper bound for the BDE of the putative protonated metallocene was 

estimated using the literature BDE value for H2 (105.8 kcal/mol) in MeCN, as well as the 

approximation for T∆SH• (4.6 kcal/mol) in MeCN.24 The maximum BDE was then 

approximated as follows: 
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∆G = ∆H − T∆S < 0
kcal
mol

 

𝛥𝛥𝛥𝛥 = 𝐵𝐵𝐵𝐵𝐵𝐵𝐻𝐻2 − 2 ∗ 𝐵𝐵𝐵𝐵𝐵𝐵𝐶𝐶𝐶𝐶∗2𝐶𝐶𝐶𝐶𝐻𝐻+ = 105.8
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
𝑚𝑚𝑚𝑚𝑘𝑘

− 2 ∗ 𝐵𝐵𝐵𝐵𝐵𝐵𝐶𝐶𝐶𝐶∗2𝐶𝐶𝐶𝐶𝐻𝐻+ 

𝑇𝑇∆𝑆𝑆 = 𝑇𝑇∆𝑆𝑆𝐻𝐻∙ − 2 ∙ (𝑇𝑇∆𝑆𝑆𝐻𝐻∙) =  −𝑇𝑇∆𝑆𝑆𝐻𝐻∙ = −4.6
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
𝑚𝑚𝑚𝑚𝑘𝑘

 

105.8
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
𝑚𝑚𝑚𝑚𝑘𝑘

− 2 ∗ 𝐵𝐵𝐵𝐵𝐵𝐵𝐶𝐶𝐶𝐶∗2𝐶𝐶𝐶𝐶𝐻𝐻+ + 4.6
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
𝑚𝑚𝑚𝑚𝑘𝑘

< 0
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
𝑚𝑚𝑚𝑚𝑘𝑘

 

∴ 𝐵𝐵𝐵𝐵𝐵𝐵𝐶𝐶𝐶𝐶∗2𝐶𝐶𝐶𝐶𝐻𝐻+ < 50.6
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
𝑚𝑚𝑚𝑚𝑘𝑘

 

A3.10 Details on DFT Estimates of pKa and BDE 

 

Computational Estimates of pKa in Et2O: 

The pKa values in diethyl ether were calculated referenced to H(OEt2)2+ and were 

predicted on the basis of the free-energy change of the exchange reaction with H(OEt2)2+ 

and application of Hess’ law on the closed chemical cycle. The pKa of H(OEt2)2+ was 

defined as 0.0. 

Computational Estimates of BDEs: 

Bond dissociation enthalpies (BDE) of X–H bonds were calculated in the gas-

phase using  a series of known reference compounds containing M–OH, M–H and M–NH 

bonds.20 The enthalpy difference between the H-atom donor/acceptor pair was calculated 

based on the thermochemical information provided by frequency calculations after 
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structure optimizations using the procedure described in the general computational 

section. A linear plot of ΔH vs BDElit was generated to form a calibration curve (Figure 

A3.12). BDE predictions were generated by application of the line of best fit to the 

calculated ΔH of the unknown species. Error were calculated by application of the trend 

line to the calculated enthalpies of known species and comparison to their literature BDE 

value.23 Errors are reported as the average of BDEcalc-BDElit (mean signed error, MSE) 

and the average of the absolute values of BDEcalc-BDElit (mean unsigned error, MUE). 

The use of the Bordwell equation for bond dissociation enthalpies is well supported by 

small ∆Scalc = S(X●) – S(XH), as shown in Table A3.14. 
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Table A3.13: Calculated ΔH values and literature BDE values used for BDE 

calibration 

Species ∆Hcalc BDElit BDEcalc Notes 

Cr(H2O)5(OH)2+ 97.735 89 90 ref 25 

Fe(H2O)62+ 77.985 77 75 ref 25 

Cr(H2O)5(OOH)2+ 77.175 79 75 ref 25 

bimFeN22+ 69.255 67 68 ref 25 

P3SiFe-C=NH+ 65.905 65 66 ref 26 

bipFeH22+ 65.475 62 65 ref 25 

TrenFeOH2- 64.105 66 64 ref 25 

CpFe(CO)2H 57.455 56 59 ref 25 

[HIPTN3N]Mo-N=NH 47.715 49 51 Truncated; ref 27 

P3SiFe-N=NMeH+ 43.915 48 48 ref 25 

P3SiFe-C=NH 38.915 44 44 ref 25 

P3SiFe-C=NMeH 34.375 45 40 ref 25 

P3SiFe-C=NMeH+ 32.955 44 39 ref 25 

   MSE -0.9 

   MUE 2.1 
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Figure A3.16: Calculated BDE vs literature BDE for the species shown in table A3.13. 

 

Table A3.14: Calculated entropy (S) for selected XH and X● species 
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Species S(X●) 

(cal/mol*K

) 

S(XH) 

(cal/mol*K

) 

∆S  

(kcal/mol*K) 

P3BFe-N=NH 271.6 268.9 2.7x10-3 

P3BFe=N-NH2+ 266.3 273.1 -6.8x10-3 

P3BFe=N-NH2 268.9 281.3 -1.2x10-2 

Cp*Co(η4-C5Me5H)+ 168.8 162.0 6.6x10-3 

Cp*Cr(η4-C5Me5H)+ 159.5 163.4 -3.9x10-3 

 

Estimation of PCET Activation Barriers: 

Activation barriers were bracketed using the methods develop by the Hammes-

Schiffer group. The inner sphere reorganization energy was estimated using force 

constants for normal modes in the Fe- and Co-coordination sphere.28 The outer sphere 

reorganization energy (λOS) was estimated by calculating the outer sphere reorganization 

energy for a single ET in diethyl ether using the continuum solvation model29 and 

assuming λOS,PCET ≤ λOS,ET.27 The activation barrier was plotted as a function of λOS 

(Figure A3.17) to determine a maximum and minimum barrier for each PCET reaction 

(Table A3.15). 
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Figure A3.17: Activation barrier for PCET reactions between selected P3BFe-NxHy 

species (as labeled, total spin-state of the surface in parenthesis) with Cp*Co(η4-

C5Me5H)+ as a function of outer-sphere reorganization energy. 

Table A3.15: Calculated Reorganization Energies, Free-Energies of Reaction and 

Activation Barriers for Selected PCET Reactions  

Acceptor Spin 

State 

Donor λtot Range 

(kcal/mol) 

∆Grxn  

(kcal/mol) 

G‡ Range  

(kcal/mol) 

P3BFe-N2 S = ½ Cp*Co(η4-C5Me5H)+ 26.1 - 53.5 -9.1 3 - 9 

P3BFe-

NNH 
S = 0 Cp*Co(η4-C5Me5H)+ 17.7 – 45.1 -24.6 0 – 2 

P3BFe-

NNH 
S = 1 Cp*Co(η4-C5Me5H)+ 10.2 – 37.6 -24.6 0 - 5 
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