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I. General Considerations 

 All air- and moisture-sensitive manipulations were carried out using vacuum line, Schlenk 

and cannula techniques or in an MBraun inert atmosphere (nitrogen) dry box unless otherwise 

noted. The solvents used for air- and moisture-sensitive manipulations were dried and 

deoxygenated using literature procedures.1 Celite was dried at 180 °C under vacuum for 3 days 

prior to use. Deuterium gas was purchased from Cambridge Isotope Labs (>99.8% purity), and 

passed through a column of MnO2 supported on vermiculite and 3 Å molecular sieves prior to 

use on a Schlenk manifold. Deuterated solvents for NMR spectroscopy were distilled from 

sodium metal under an atmosphere of argon and stored over 4 Å molecular sieves. Pyrrolidine 

was purchased from Sigma-Aldrich, vacuum distilled from CaH2 and stored over 4 Å molecular 

sieves. TBD (1,5,7-Triazabicyclo[4.4.0]dec-5-ene) was purchased from Sigma-Aldrich, dried 

under high vacuum and used without further purification. HCl (2.0 M in Et2O) was purchased 

from Sigma-Aldrich and used as received. The following compounds were prepared according 

to literature procedures: [1-Cl],2 Na[BArF24],3 2,4,6-tri-tert-butylphenoxyl radical (tBu3ArO•),4 

pyrrolidine-1-d1,5 and [TBD–H][BArF24].6 

 1H NMR spectra were recorded on a Bruker AVANCE 500 spectrometer operating at 500.46 

MHz. 13C NMR spectra were recorded on a 500 spectrometer operating at 125.85 MHz. 31P 

NMR spectra were collected on a 500 AVANCE spectrometers operating at 202.40 MHz, and 

were referenced to 85% H3PO4 as an external standard. 19F NMR spectra were collected on a 

Bruker 400 AVANCE spectrometer operating at 376.15 MHz and were referenced to CFCl3 as 

an external standard. All 1H and 13C NMR chemical shifts are reported in ppm relative to SiMe4 

using the 1H (benzene-d6: 7.16 ppm) and 13C (benzene-d6: 128.06 ppm) chemical shifts of the 

solvent as a standard. 1H NMR data for diamagnetic compounds are reported as follows: 

chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, br = broad, 
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m = multiplet, app = apparent, obsc = obscured), coupling constants (Hz), integration, 

assignment.  

 Elemental analyses were performed at Robinson Microlit Laboratories, Inc., in Ledgewood, 

NJ. High-resolution mass spectra were obtained on an Agilent 7200 gas chromatography/mass 

spectrometry system using electron impact time-of-flight (EI-TOF). Infrared spectroscopy was 

conducted on a Thermo-Nicolet iS10 FT-IR spectrometer calibrated with a polystyrene standard.  

 Gouy magnetic susceptibility balance measurements were performed with a Johnson 

Matthey instrument that was calibrated with HgCo(SCN)4. Continuous wave EPR spectra were 

recorded on an X-band Bruker EMXPlus spectrometer equipped with an EMX standard 

resonator and a Bruker PremiumX microwave bridge. The spectra were simulated using 

EasySpin for MATLAB.7  

 CVs were collected in THF solution (2 mM in compound) with [(n-Bu)4N][PF6] (0.2 M), using 

a 3 mm glassy carbon working electrode, platinum wire as the counter electrode, and silver wire 

as the reference in a drybox equipped with electrochemical outlets. CVs were recorded using a 

BASi EC Epsilon electrochemical workstation and analyzed using the BASi Epsilon-EC 

software. All CVs were run at 23 °C. Potentials are reported versus Cp2Fe/Cp2Fe+ and were 

obtained using the in situ method. 

 All DFT calculations were performed with the ORCA program package in the gas phase.8 

The geometry optimizations of the complexes and single-point calculations on the optimized 

geometries were carried out at the B3LYP level of DFT.9 The all-electron Gaussian basis sets 

were those developed by the Ahlrichs group.10 Triple-ζ quality basis sets def2-TZVP with one 

set of polarization functions on molybdenum, phosphorous and nitrogen were used. For the 

carbon and hydrogen atoms, slightly smaller polarized split-valence def2-SV(P) basis sets were 

used that were of double-ζ quality in the valence region and contained a polarizing set of d 

functions on the non-hydrogen atoms. Auxiliary basis sets to expand the electron density in the 
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resolution-of-the-identity (RIJCOSX)11 approach were chosen to match the orbital basis.12 

Numerical frequencies were calculated at the same level of theory to confirm the optimized 

geometries (no imaginary frequencies) and to derive thermochemical data. Bond dissociation 

free energies were computed at standard conditions of 1 atm and 25 °C including corrections for 

vibrational zero-point energy, as well as contributions from translational, rotational, and 

vibrational modes to the energy and entropy of the homolytic bond cleavage process. For 

molecules containing a molybdenum atom, the 0th order regular approximation (ZORA) was 

applied.13 In this case, the relevant basis sets were replaced by their relativistically recontracted 

versions.14 The electronic energy of H•, utilized in the calculation of bond dissociation free 

energies, at the present level of theory is 312 kcal/mol. 

 The supplemental file om0c00471_si_001.xyz contains the computed Cartesian 

coordinates of all of the molecules reported in this study. The file may be opened as a text file to 

read the coordinates, or opened directly by a molecular modeling program such as Mercury 

(version 3.3 or later, http://www.ccdc.cam.ac.uk/pages/Home.aspx) for visualization and 

analysis. 
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II. Preparation of Molybdenum Complexes 

 

Preparation of [1-NH(pyrr)]+. In the glovebox, a J-Young NMR tube was charged with [1-Cl] 

(0.048 g, 0.057 mmol) and Na[BArF24] (0.053 g, 0.060 mmol), pyrrolidine ( 0.005 mL, 0.060 

mmol) and benzene (0.6 mL). The vessel was quickly sealed with a Teflon cap and connected 

to the high vacuum line where the mixture was de-gassed by 3x freeze-pump-thaw cycles. The 

tube was sealed and rotated end-over-end at room temperature for 18 hours. The tube was then 

brought back into the glovebox, where the mixture was filtered through a pad of Celite, and the 

solvent was removed in vacuo.  The dark residue was washed with pentane (3 x 3 mL) and 

dried in vacuo to yield [1-NH(pyrr)]+ as a dark green solid (0.084 g,  0.048 mmol, 85%). Anal 

Calcd for C83H62BF24MoN4P2: C, 57.29; H, 3.59; N, 3.22. Found: C, 56.95; H, 3.58; N, 3.27. 

Magnetic Susceptibility (Guoy balance, 296 K): µeff = 1.7(2) µB. IR (KBr, 296 K, cm-1): 3246 

(NHpyrr), 2400 (NDpyrr). The isotopologue [1-ND(pyrr)]+ was prepared in a manner similar to 

[1-NH(pyrr)]+ with the exception that pyrrolidine-1-d1 was used in place of pyrrolidine. 

 

 

Preparation of [1-N(pyrr)]+ (Method A). In the glovebox, a 50 mL thick-walled glass vessel 

was charged with a magnetic stir bar, 0.194 g (0.231 mmol) of [1-Cl], 0.215 g (0.242 mmol) of 

Na[BArF24], 0.020 mL (0.240 mmol) of pyrrolidine and 3 mL of benzene. The vessel was quickly 

sealed with a Teflon valve and connected to the high vacuum line where the mixture was de-
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gassed by 3x freeze-pump-thaw cycles. The reaction vessel was then sealed and the mixture 

stirred at 60 °C under vacuum for 48 hours. Using a Toepler pump, 0.094 mmol (0.407 

equivalents per Mo) of gas was collected. The gas was passed over a bed of CuO pre-heated to 

200 °C. After this procedure, no gas was collected, confirming the identity of the evolved gas as 

H2. The reaction vessel was then brought back into the glovebox and the mixture was filtered 

through a pad of Celite, followed by the removal of the solvent in vacuo. The dark residue was 

washed with pentane (3 x 3 mL) followed by trituration with pentane (5 x 5 mL) to yield the 

product as a dark brown solid (0.394 g, 0.227 mmol, 98%). Anal Calcd for C83H61BF24MoN4P2: 

C, 57.32; H, 3.54; N, 3.22. Found: C, 57.06; H, 3.42; N, 3.15. 1H NMR (benzene-d6, 295 K): δ 

8.92 (d, 3JC–H = 6.1 Hz, 2H, PhTpy aryl-CH), 8.48 (s, 8H, B[(3,5-(CF3)2)C6H3]4), overlap with 2H, 

PhTpy aryl-CH), 7.71 (s, 4H, B[(3,5-(CF3)2)C6H3]4), 7.49 (br s, 2H, PhTpy aryl-CH), 7.48 (br s, 2H, 

PhTpy aryl-CH), 7.30 (br s, 1H, PhTpy aryl-CH), 7.25 (br s, 2H, PhTpy aryl-CH), 6.78 (t, 3JC–H = 7.5 

Hz, 4H, P(C6H5)2(CH3)), 6.64 (t, 3JC–H = 7.7 Hz, 8H, P(C6H5)2(CH3)), 6.61 (d, 3JC–H = 7.5 Hz, 2H, 

PhTpy aryl-CH), 6.51 (t, 3JC–H = 6.6 Hz, 2H, PhTpy aryl-CH), 6.09 – 6.04 (m, 8H, P(C6H5)2(CH3)), 

4.04 (br s, 4H, N(pyrr) 𝛼-CH2), 1.75 (br s, 4H, N(pyrr) 𝛽-CH2), 0.55 (s, 6H, P(C6H5)2(CH3)). 

13C{1H}  NMR (benzene-d6, 295 K): δ 162.88 (q, 1JC-B = 49.8 Hz, B[(3,5-(CF3)2)C6H3]4), 146.12 (s, 

PhTpy aryl-C), 145.77 (s, PhTpy aryl-C), 139.62 (s, PhTpy aryl-C), 138.24 (s, PhTpy aryl-C), 136.41 

(s, PhTpy aryl-C), 135.54 (s, B[(3,5-(CF3)2)C6H3]4), 132.56 (app t, J = 16.0 Hz, P(C6H5)2(CH3)), 

130.28 (app t, J = 5.5 Hz, P(C6H5)2(CH3)), 129.99 (q, 2JC-F = 31.8 Hz, B[(3,5-(CF3)2)C6H3]4), 

129.45 (s, P(C6H5)2(CH3), 129.35 (s, P(C6H5)2(CH3)), 129.03 (s, PhTpy aryl-C), 128.60 (s, PhTpy 

aryl-C), 128.54 (s, PhTpy aryl-C), 127.26 (s, PhTpy aryl-C), 125.35 (q, 1JC-F = 272 Hz, B[(3,5-

(CF3)2)C6H3]4), 122.65 (s, PhTpy aryl-C), 119.02 (s, PhTpy aryl-C), 118.18 (br s, B[(3,5-

(CF3)2)C6H3]4), 112.41 (s, PhTpy aryl-C), 71.44 (t, 3JC–P = 11.6 Hz, N(pyrr) 𝛼-C), 26.75 (s, N(pyrr) 

𝛽-C), 8.66 (app t, J = 9.2 Hz, P(C6H5)2(CH3)). 31P{1H}  NMR (benzene-d6, 295 K): δ 11.95 (s).  
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Preparation of [1-N(pyrr)]+ (Method B). In the glovebox, a J-Young NMR tube fitted with a 

Teflon cap was charged with 0.050 g (0.029 mmol) of [1-NH(pyrr)]+, and 0.6 mL of benzene. 

The tube was sealed and connected to the high vacuum line where the solvent was de-gassed 

by 3x freeze-pump-thaw cycles.A The tube was sealed and placed in a temperature-controlled 

oil bath (60 °C) for 48 hours. The tube was then brought back into the glovebox and product 

isolation was carried out as described in Method A to yield analytically pure [1-N(pyrr)]+ as a 

dark brown solid (0.048 g, 0.028 mmol, 96 %). 

  

                                                
 
 
A It is important to degas the reaction mixture as pyrrolidine appears to be labile at elevated temperatures 
in the presence of N2 to form the dimeric N2 complex [{(PhTpy)(PPh2Me)2Mo}2(μ2-N2)][BArF24]2.2 The poor 
solubility of the dicationic complex in benzene causes precipitation of this side product and likely drives 
the reaction. In order to prevent the formation of this side product, the dehydrogenation can alternatively 
be carried out under an Ar atmosphere. However, in order to prevent pressure buildup in the closed 
vessel for larger scales, performing the reaction under vacuum was preferred. 
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III. Preparation of Pyrrolidine Isotopologs 

 

 

Synthesis of pyrrolidine-2-d1. A literature report15 was modified. In the glovebox, a 100 mL 3-

neck flask fitted with a Schlenk adapter was charged with a magnetic stir bar, and N-Boc-

pyrrolidine (0.9 mL, 5.13 mmol) dissolved in 50 mL of Et2O. The vessel was sealed and 

connected to the Schlenk line, where it was cooled to -78 °C. To the stirring solution, sec-BuLi 

(5 mL, 6.68 mmol, 1.35 M in cyclohexane) was added dropwise. The reaction was stirred at -78 

°C for 5 hours, during which time the formation of a white precipitate was observed. After stirring 

for 5 hours, methanol-d4 (0.417 mL, 10.27 mmol) was added dropwise and stirred for 10 

minutes while warming to room temperature. The resulting suspension was then filtered through 

a pad of Celite, and solvent was removed in vacuo to yield N-Boc-pyrrolidine-dn as a colorless 

oil (0.768 g, ~4.46 mmol, ~87 %). 

 

Under open-air conditions, a 250 mL round-bottom flask was charged with N-Boc-pyrrolidine-dn 

(0.8 mL, ~4.5 mmol) dissolved in 5 mL of Et2O. To the stirring solution, HCl (3.4 mL, 13.6 mmol, 

4.0 M in dioxane) was added dropwise. The mixture was stirred at room temperature for 2 

hours. After this time, the solvent of the reaction was removed in vacuo. The residue was 

slightly oily and was washed with additional Et2O (3 x 50 mL), dried in vacuo. The residue was 

additionally dried under high vacuum overnight and transferred to the glovebox. In the glovebox, 

the solids were isolated on a fine-porosity sintered glass frit, washed with pentane (3 x 10 mL) 

and dried in vacuo to yield pyrrolidine-dn•HCl as a white solid. (0.300 g, ~ 2.76 mmol, ~61 %).  
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In the glovebox, a 20 mL scintillation vial was charged with a magnetic stir bar, pyrrolidine-

dn•HCl (0.006 g, ~0.058 mmol). To the stirring vial, a solution of TBD (0.024 g, 0.174 mmol) 

dissolved in 0.6 mL benzene-d6 was added. The suspension was stirred for 15 minutes, the vial 

was tipped to wash the precipitates on the vial walls, and stirred again for 15 minutes. The 

mixture was then transferred to a 50 mL thick-walled glass vessel, sealed, connected to the high 

vacuum line where it was de-gassed via 3x freeze-pump-thaw cycles. The volatiles of the 

reaction mixture were then vacuum transferred to a J-Young NMR tube the isotopic composition 

of the liberated pyrrolidine was established by quantitative 13C{1H} NMR spectroscopy to be 

pyrrolidine (82 %) and pyrrolidine-2-d1 (18 %). 

 

 

Figure S1. Quantitative 13C{1H} NMR spectrum (benzene-d6, 23 °C) of a mixture containing pyrrolidine 
(82 %) and pyrrolidine-2-d1 (18 %) prepared by an independent route. 
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Synthesis of pyrrolidine-2,5-d1,d1, and pyrrolidine-2-d2. A literature report15 was modified. In 

the glovebox, a 50 mL thick-walled glass vessel was charged with a magnetic stir bar and (–)-

sparteine (0.875 g, 3.73 mmol) dissolved in 10 mL of Et2O. A second 50 mL thick-walled glass 

vessel was charged with sec-BuLi (2.7 mL, 3.73 mmol, 1.39 M in cyclohexane). A third 200 mL 

thick-walled glass vessel was charged with a magnetic stir bar and N-Boc-pyrrolidine (0.5 mL, 

2.87 mmol) dissolved in 25 mL of Et2O. The three vessels were sealed with Teflon valves and 

connected to the Schlenk line, where the Teflon valves were replaced with rubber septa under a 

positive flow of Ar. Using a cannula, the sec-BuLi solution was added to the pre-cooled (-78 °C) 

sparteine solution and stirred at -78 °C for 15 minutes. After this time, the sec-BuLi/(–)-sparteine 

mixture was added to the pre-cooled (-78 °C) solution containing the N-Boc pyrrolidine via 

cannula. The resulting mixture was stirred at -78 °C for 5 hours. At the completion of the 

reaction, methanol-d4 (0.24 mL) was added dropwise at -78 °C and the reaction mixture was 

warmed to room temperature over the course of 15 minutes. DI water (10 mL) was added to the 

mixture, and extracted with Et2O (2 x 10 mL). The combined Et2O fractions were then washed 

with 5% aqueous H3PO4 (20 mL), dried with MgSO4 and filtered over Celite. Rotary evaporation 

of the solvent yielded N-Boc-pyrrolidine-dn as a clear oil (0.442 g, ~2.57 mmol, 89 %). The 

product was de-gassed by 3x freeze-pump-thaw cycles, brought back into the glovebox where it 

was lyophilized from benzene (3 x 3 mL) and dried under vacuum for 1 hour. The labeling 

procedure was then repeated with the N-Boc-pyrrolidine-dn thus obtained in order to generate 
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d2-isotopologs. Deprotection of the Boc group and subsequent deprotonation were carried out in 

analogy to the independent synthesis of pyrrolidine-2-d1 described above. The isotopic 

composition of pyrrolidine was established by quantitative 13C{1H} NMR spectroscopy to be 

pyrrolidine (8 %) and pyrrolidine-2-d1 (42 %), pyrrolidine-2,5-d1,d1 (41 %) and pyrrolidine-2-d2 (9 

%). 

 

 

Figure S2. Quantitative 13C{1H} NMR spectrum (benzene-d6, 23 °C) of a mixture containing pyrrolidine (8 
%) and pyrrolidine-2-d1 (42 %), pyrrolidine-2,5-d1,d1 (41 %) and pyrrolidine-2-d2 (9 %) prepared by an 
independent route. 
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Figure S3. Quantitative 13C{1H} NMR spectrum (benzene-d6, 23 °C) of a mixture containing pyrrolidine (8 
%) and pyrrolidine-2-d1 (42 %), pyrrolidine-2,5-d1,d1 (41 %) and pyrrolidine-2-d2 (9 %) prepared by an 
independent route. Data was processed with low exponential apodization (0.2 Hz). 
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IV. Deuterium Labeling Experiments and Associated Data 

 

 

Preparation of [1-N(pyrr-dn)]+ (n = 0–2) (Method A). In the glovebox, a 50 mL thick-walled 

glass vessel was charged with a magnetic stir bar, 0.200 g (0.238 mmol) of [1-Cl], 0.221 g 

(0.250 mmol) of Na[BArF24], 0.021 mL (0.250 mmol) of pyrrolidine-N-d1 and 3 mL of benzene. 

The vessel was quickly sealed with a Teflon valve and connected to the high vacuum line where 

the mixture was de-gassed by 3x freeze-pump-thaw cycles. The reaction vessel was then 

sealed and the mixture stirred at 60 °C under vacuum for 48 hours. The reaction vessel was 

then brought back into the glovebox and product isolation was carried out as described for [1-

N(pyrr)]+ (Method A) to yield analytically pure [1-N(pyrr-dn)]+ (n = 0–2) as a dark brown solid 

(0.404 g, 0.232 mmol, 98 %). 2H NMR (benzene, 295 K): δ 4.04 (br s, N(pyrr) 𝛼-CD). 

 

 

Preparation of [1-N(pyrr-dn)]+ (n = 0–2) (Method B). In the glovebox, a J-Young NMR tube 

fitted with a Teflon cap was charged with 0.050 g (0.029 mmol) of [1-ND(pyrr)]+, and 0.6 mL of 

benzene. The tube was sealed and connected to the high vacuum line where the solvent was 

de-gassed by 3x freeze-pump-thaw cycles. The tube was sealed and placed in a temperature-

controlled oil bath (60 °C) for 48 hours. The tube was then brought back into the glovebox and 

product isolation was carried out as described for [1-N(pyrr)]+ (Method A) to yield analytically 
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pure [1-N(pyrr-dn)]+ (n = 0–2) as a dark brown solid (0.048 g, 0.028 mmol, 96 %). The isotopic 

composition of [1-N(pyrr-dn)]+ (n = 0–2) was found to be independent of the method used for its 

preparation (A or B) as determined by 13C{1H} NMR spectroscopic analysis of the liberated 

pyrrolidide ligand upon protonolysis (see below). 

 

 
Figure S4. 1H NMR (500 MHz) spectrum of [1-N(pyrr-dn)]+ (n = 0, 1, 2) in benzene-d6 at 23 °C. Note the 
low integration at the N(pyrr) 𝛼-CH2 resonance compared to 𝛽-CH2 (3.43 vs 4) that indicates deuteration 
at the 𝛼 position, confirmed by 13C{1H} NMR spectroscopy. 
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Figure S5. 2H NMR spectrum (benzene, 23 °C) of the reaction mixture upon thermolysis of [1-ND(pyrr)]+, 
highlighting major deuterium incorporation into the pyrrolidide ligand in [1-N(pyrr-dn)]+, with minor 
deuterium content in the PPh2Me ligands. 
 
 

 
 
Scheme S1. Plausible minor deuterium scrambling pathways leading to the deuteration of phosphine 
ligands.  
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Liberation of pyrrolidide ligand in [1-N(pyrr-dn)]+ (n = 0–2). In the glovebox, a 50 mL 

thick-walled glass vessel was charged with a magnetic stir bar, 0.078 g (~0.045 mmol) of [1-

N(pyrr-dn)]+ (prepared via Method A or B) and dissolved in 1 mL of Et2O. The vessel was 

sealed with a Teflon valve and connected to the high vacuum line where HCl (0.11 mL, 0.224 

mmol, 2.0 M in Et2O) was added via syringe under a positive flow of N2. The mixture was stirred 

at room temperature for 15 minutes, during which time a color change from brown to green-

brown was observed with the concomitant formation of precipitates. The mixture was de-gassed 

by 3x freeze-pump-thaw cycles and the solvent of the reaction was distilled away from the 

residue and 1H NMR analysis of the residue indicated quantitative consumption of [1-N(pyrr-

dn)]+ and formation of [1-Cl]+. The residue was dried under high vacuum for 2 hours. After this 

time, the reaction vessel was brought back into the glovebox where 0.041 g (0.293 mmol) of 

TBD dissolved in 0.6 mL of benzene-d6 was added. The vessel was sealed and mixture was 

stirred at room temperature for 15 minutes, followed by manual agitation of the reaction vessel 

to dissolve residue on side walls, followed by stirring at room temperature for an additional 15 

minutes. The vessel was then connected to the high vacuum line and the volatiles were vacuum 

transferred to a J-Young NMR tube. The isotopic composition of the liberated pyrrolidine was 

established by quantitative 13C{1H} NMR spectroscopy. 

 

Liberation of pyrrolidide ligand in [1-N(pyrr)]+ with DCl (control experiment). The 

procedure described above was repeated with the exception that [1-N(pyrr)]+ was used in 

place of [1-N(pyrr-dn)]+ and DCl in place of HCl. 13C{1H} NMR spectroscopy ruled out deuterium 

incorporation into the pyrrolidine backbone. 
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Figure S6. 1H NMR (500 MHz) spectrum of the non-volatile residue upon treatment of [1-N(pyrr-dn)]+ (n 
= 0, 1, 2) with HCl (bottom) overlaid with an authentic sample containing [1-Cl]+ (top)16 in benzene-d6 at 
23 °C . 
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Figure S7. Fitted quantitative 13C{1H} NMR spectrum (benzene-d6, 23 °C) of a mixture containing 
pyrrolidine (50 %), pyrrolidine-2-d1 (40 %), pyrrolidine-2,5-d1,d1 (8 %) and pyrrolidine-2,2-d2 (2 %) 
liberated from [(1-N(pyrr-dn)]+ by protonolysis. The violet line represents a fit of the data, and the blue 
lines shows the deconvolution of the individual peaks. 
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Table S1. Assignments and relative integrations of the peaks observed in Figure S6.  

δ	(multiplicity) Assignment Integration (MestReNova 

Curve Fit) 

47.47 (s) 

 

121665.891 

47.45 (s) 

 

428855.552 

47.28, 47.11, 46.94 (t, 1JC–D = 

21 Hz) 
 

44800.913 
 

47.26, 47.09, 46.93 (t, 1JC–D = 

21 Hz) 
 

134666.055 
 

25.89 (s) 

 

157955.208a 

25.87 (s) 

 

363337.345a 

25.79 (s) 

 

59207.75a 

25.77 (s) 

 

133826.336a 

25.67 (s) 

 

15790.918a 

a Values used to determine product percentages due to favorable peak deconvolution. 
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Figure S8. Quantitative 13C{1H} NMR spectrum (benzene-d6, 23 °C) of a mixture containing pyrrolidine 
(50 %), pyrrolidine-2-d1 (40 %), pyrrolidine-2,4-d2 (8 %) and pyrrolidine-2,2-d2 (2 %) liberated from [(1-
N(pyrr-dn)]+ by protonolysis (bottom, magenta), overlaid with an independently prepared mixture 
containing pyrrolidine (78 %) and pyrrolidine-2-d1 (18 %) (top, blue). This spectrum supports the chemical 
shift assignment for pyrrolidine-2-d1 as the major isotopolog present upon the liberation of the pyrrolidide 
ligand in [(1-N(pyrr-dn)]+. 
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Figure S9. Quantitative 13C{1H} NMR spectrum (benzene-d6, 23 °C) of a mixture containing pyrrolidine 
(50 %), pyrrolidine-2-d1 (40 %), pyrrolidine-2,5-d1,d1 (8 %) and pyrrolidine-2,2-d2 (2 %) liberated from [(1-
N(pyrr-dn)]+ by protonolysis (bottom, magenta), overlaid with an independently prepared mixture 
containing pyrrolidine (8 %), pyrrolidine-2-d1 (42 %), pyrrolidine-2,5-d1,d1 (41 %) and pyrrolidine-2,2-d2 (9 
%) (top, blue). This spectrum supports the chemical shift assignment for pyrrolidine isotopomers and 
isotopologs present upon the liberation of the pyrrolidide ligand in [(1-N(pyrr-dn)]+. 
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Figure S10. Quantitative 13C{1H} NMR spectrum (benzene-d6, 23 °C) of a mixture containing pyrrolidine 
(50 %), pyrrolidine-2-d1 (40 %), pyrrolidine-2,5-d1,d1 (8 %) and pyrrolidine-2,2-d2 (2 %) liberated from [(1-
N(pyrr-dn)]+ by protonolysis (bottom, magenta), overlaid with an independently prepared mixture 
containing pyrrolidine (8 %), pyrrolidine-2-d1 (42 %), pyrrolidine-2,5-d1,d1 (41 %) and pyrrolidine-2,2-d2 (9 
%) (top, blue). This spectrum supports the chemical shift assignment for pyrrolidine isotopomers and 
isotopologs present upon the liberation of the pyrrolidide ligand in [(1-N(pyrr-dn)]+. Data was processed 
with low exponential apodization (0.2 Hz) to better resolve isotopolog/isotopomer peaks. 
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Figure S11. Mass spectrum of pyrrolidine (bottom), overlaid with a mixture containing pyrrolidine (50 %), 
pyrrolidine-2-d1 (40 %), pyrrolidine-2,5-d1,d1 (8 %) and pyrrolidine-2,2-d2 (2 %) liberated from [(1-N(pyrr-
dn)]+ by protonolysis (top). 
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Quantification of H2 isotopologs formed during dehydrogenation of pyrrolidine-N-d1. In 

the glovebox, a 50 mL thick-walled glass vessel was charged with a magnetic stir bar, 0.200 g 

(0.238 mmol) of [1-Cl], 0.221 g (0.250 mmol) of Na[BArF24], 0.021 mL (0.250 mmol) of 

pyrrolidine-N-d1 and 3 mL of benzene. The vessel was quickly sealed with a Teflon valve and 

connected to the high vacuum line where the mixture was de-gassed by 3x freeze-pump-thaw 

cycles. The reaction vessel was then sealed and the mixture stirred at 60 °C under vacuum for 

48 hours. After this time, using a Toepler pump, 0.094 mmol (0.407 equivalents per Mo) of gas 

was collected. The gas was passed over a bed of CuO pre-heated to 200 °C, and the 

combustion product was collected in a liquid nitrogen-cooled trap. The contents of the trap were 

then vacuum transferred to a J-Young NMR tube containing benzene-d6 (0.6 mL) and analyzed 

by 1H NMR spectroscopy. The relative amounts of H2O, HDO and D2O thus formed were 

calculated from the ratio of [H2O]:[HDO] observed by 1H NMR and the relation:17 
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Figure S12. 1H NMR spectrum (benzene-d6, 23 °C) of the captured combustion product following the 
dehydrogenation of pyrrolidine-N-d1. 
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Displacement of Pyrrolidine Ligand from [1-ND(pyrr)]+. In the glovebox, a J-Young NMR 

tube fitted with a Teflon cap was charged with 0.030 g (0.017 mmol) of [1-ND(pyrr)]+, 0.160 mL 

(0.862 mmol) of PPh2Me and 0.6 mL of benzene-d6. The tube was sealed and connected to the 

high vacuum line where the solvent was de-gassed by 3x freeze-pump-thaw cycles. The tube 

was sealed and placed in a temperature-controlled oil bath (60 °C) for 5 hours. After this time, 

the volatiles of the reaction were vacuum distilled at 50°C into a second J-Young NMR tube 

fitted with a Teflon cap and analyzed by 2H and quantitative 13C{1H} spectroscopies. Exclusively 

pyrrolidine-2-d1 was observed. 

 

Figure S13. 2H NMR spectrum (benzene, 23 °C) of pyrrolidine-1-d1 liberated from [1-ND(pyrr)]+. 
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Figure S14. Quantitative 13C{1H} NMR spectrum (benzene-d6, 23 °C) of pyrrolidine-1-d1 liberated from [1-
ND(pyrr)]+. 
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Displacement of Pyrrolidine Ligand from [1-ND(pyrr)]+ Following Partial 

Dehydrogenation. In the glovebox, a J-Young NMR tube fitted with a Teflon cap was charged 

with 0.025 g (0.014 mmol) of [1-ND(pyrr)]+ and 0.6 mL of benzene-d6. The tube was sealed and 

connected to the high vacuum line where the solvent was de-gassed by 3x freeze-pump-thaw 

cycles. The tube was sealed and placed in a temperature-controlled oil bath (60 °C) for 3 hours. 

The tube was then brought back into the glovebox, where 0.134 mL (0.718 mmol) of PPh2Me 

was added. The tube was sealed and connected to the high vacuum line where the solvent was 

de-gassed by 3x freeze-pump-thaw cycles. The tube was sealed and placed in a temperature-

controlled oil bath (60 °C) for 5 hours. After this time, the volatiles of the reaction were vacuum 

distilled at 50°C into a second J-Young NMR tube fitted with a Teflon cap and analyzed by 2H 

and quantitative 13C{1H} spectroscopies. Pyrrolidine-1-d1 was observed (> 98%) with traces (< 2 

%) of pyrrolidine-2-d1. 
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Figure S15. Quantitative 13C{1H} NMR spectrum (benzene-d6, 23 °C) of a mixture containing pyrrolidine-
1-d1 (> 98%) with traces (< 2 %) of pyrrolidine-2-d1 liberated from [1-ND(pyrr)]+ after partial 
dehydrogenation. 
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Crossover Experiment between [1-NH(pyrr)]+ and [1-ND(pyrr)]+. In the glovebox, a J-Young 

NMR tube fitted with a Teflon cap was charged with 0.040 g (0.023 mmol) of [1-ND(pyrr)]+, 

0.040 g (0.023 mmol) of [1-NH(pyrr)]+ and 0.6 mL of benzene-d6. The tube was sealed and 

connected to the high vacuum line where the solvent was de-gassed by 3x freeze-pump-thaw 

cycles. The tube was sealed and placed in a temperature-controlled oil bath (60 °C) for 48 

hours. A quantitative 13C{1H} NMR spectrum was recorded after 3 hours (Figure S12) and after 

48 hours (Figure S13) of stirring to monitor the isotopic composition of the pyrrolidide ligand in 

the molybdenum product. The tube was then brought back into the glovebox and product 

isolation was carried out as described for [1-N(pyrr)]+ (Method A). The isotopic composition of 

the evolved gases and the pyrroldide ligand were determined as described above.  
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Figure S16. Fitted quantitative 13C{1H} NMR spectrum (benzene-d6, 23 °C) of the 𝛽-pyrrolidide region of 
the crossover experiment between [1-NH(pyrr)]+ and [1-ND(pyrr)]+ after heating at 60 °C for 3 hours. 
The violet line represents a fit of the data, and the blue lines shows the deconvolution of the individual 
peaks. 
 
Table S2. Assignments and relative integrations of the peaks observed in Figure S12. 
 

δ	(multiplicity) Assignment Integration (MestReNova 

Curve Fit) 

26.75 (s) [1-N(pyrr)]+ 116468.521 

26.63 (s) [1-N(pyrr-d1)]+ 16919.566 
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Figure S17. Fitted quantitative 13C{1H} NMR spectrum (benzene-d6, 23 °C) of the 𝛽-pyrrolidide region of 
the crossover experiment between [1-NH(pyrr)]+ and [1-ND(pyrr)]+ after heating at 60 °C for 3 hours. 
The violet line represents a fit of the data, and the blue lines shows the deconvolution of the individual 
peaks. 
 
Table S3. Assignments and relative integrations of the peaks observed in Figure S13. 
 

δ	(multiplicity) Assignment Integration (MestReNova 

Curve Fit) 

26.75 (s) [1-N(pyrr)]+ 164161.551 

26.63 (s) [1-N(pyrr-d1)]+ 24513.016 
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Figure S18. Quantitative 13C{1H} NMR spectrum (benzene-d6, 23 °C) of a mixture containing pyrrolidine 
(74 %), pyrrolidine-2-d1 (23 %), pyrrolidine-2,5-d1,d1 (3 %) and pyrrolidine-2,2-d2 (< 1 %) liberated from 
the product of the crossover experiment between [1-NH(pyrr)]+ and [1-ND(pyrr)]+. 
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Figure S19. Fitted quantitative 13C{1H} NMR spectrum (benzene-d6, 23 °C) of a mixture containing 
pyrrolidine (74 %), pyrrolidine-2-d1 (23 %), pyrrolidine-2,5-d1,d1 (3 %) and pyrrolidine-2,2-d2 (< 1 %) 
liberated from the product of the crossover experiment between [1-NH(pyrr)]+ and [1-ND(pyrr)]+. Data 
was processed with low exponential apodization (0.2 Hz) to better resolve isotopolog/isotopomer peaks. 
The violet line represents a fit of the data, and the blue lines shows the deconvolution of the individual 
peaks. For individual peak assignments see Table S1. 
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V. Additional Reactions and Associated NMR Data 
 

 

PCET reaction between [1-NH(pyrr)]+ and tBu3ArO•. In the glovebox, a 20 mL scintillation vial 

was charged with a magnetic stir bar, 0.038 g (0.022 mmol) of [1-NH(pyrr)]+ and 2 mL of 

toluene. To the stirring solution, 0.006 g (0.023 mmol) of tBu3ArO• dissolved in 0.5 mL of 

toluene was added dropwise. During the addition, a color change from dark green to brown was 

observed, and the solution was stirred at room temperature for an additional 30 minutes. The 

solvent was then removed in vacuo, and the quantitative formation of [1-N(pyrr)]+ and 

tBu3ArOH was observed by 1H NMR spectroscopy (vs mesitylene internal standard).  

 

 

 

Thermolysis of [1-NH(pyrr)]+ in the presence of excess PPh2Me. In the glovebox, a J-Young 

NMR tube fitted with a Teflon cap was charged with 0.028 g (0.016 mmol) of [1-NH(pyrr)]+, 

0.030 mL (0.161 mmmol) of PPh2Me and 0.6 mL of benzene-d6. The tube was sealed and 

placed in a temperature-controlled oil bath (60 °C) and monitored by 1H and 31P{1H} 

spectroscopies. 
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Figure S20. 31P{1H} spectra taken at various intervals during the thermolysis [1-NH(pyrr)]+ in the 
presence of 10 equiv. of PPh2Me.The 4 day mark represents ~ 30% yield.  
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Reaction of [1-N(pyrr)]+ with D2. In the glovebox, a J-Young NMR tube fitted with a Teflon cap 

was charged with 0.026 g (0.015 mmol) of [1-N(pyrr)]+, and 0.6 mL of benzene-d6. The tube 

was sealed and connected to the high vacuum line where the headspace was evacuated and D2 

(4 atm) was admitted. The tube was sealed and placed in a temperature-controlled oil bath (60 

°C) for 5 days. After this time, a quantitative 13C{1H} NMR spectrum was recorded and showed 

no deuterium incorporation in the pyrroldide ligand. 

  

N N

N

Ph

Mo

PPh2Me

MePh2P

N

+

II

[BArF24]-

[1-N(pyrr)]+

C6D6
60 °C, 6 d

D2 (4 atm) N N

N

Ph

Mo

PPh2Me

MePh2P

N

+

II

[BArF24]-

D0-2

[1-N(pyrr-dn)]+
 (n = 0-2)



S38 

VI. Additional Spectroscopic Data 
 
VI. A. EPR Spectra 
 

 
 
Figure S21. Overlaid X-band EPR spectra of [1-NH(pyrr)]+ (black), [1-NH3]+ (blue) recorded at 7 K in 
toluene glass and a fit of the data (red). Collection and simulation parameters: microwave frequency = 
9.381 GHz, power = 2.0 mW, modulation amplitude = 4.0 G; gx = 2.020, gy = 2.005, gz = 1.968. 
 

 
 
Figure S22: X-band EPR spectrum of [1-NH(pyrr)]+ (black) recorded at 296 K in toluene solution and a fit 
of the data (red). Collection and simulation parameters: microwave frequency = 9.378 GHz, power = 2.0 
mW, modulation amplitude = 4.0 G; giso = 1.989, giso strain = 0.007, Aiso (95/97Mo) = 63 MHz (assuming 
15.92% naturally occurring 95Mo with I = 5/2 and 9.55% naturally occurring 97Mo with I = 5/2), Aiso(31P) = 
29 MHz (assuming 100% naturally occurring 31P nuclei with I = 1/2). 
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Figure S23: X-band EPR spectrum of [1-PPh2Me]+ (black) recorded at 296 K in toluene solution and a fit 
of the data (red). Collection and simulation parameters: microwave frequency = 9.488 GHz, power = 2.0 
mW, modulation amplitude = 4.0 G; giso = 2.011, giso strain = 0.005, Aiso (95/97Mo) = 42 MHz (assuming 
15.92% naturally occurring 95Mo with I = 5/2 and 9.55% naturally occurring 97Mo with I = 5/2), Aiso(31P) = 
58 MHz, 27 MHz, 15 MHz (assuming 100% naturally occurring 31P nuclei with I = 1/2). 
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VI. B. IR Spectra 

 

Figure S24. IR spectrum of [1-NH(pyrr)]+ recorded at 296 K in a KBr pellet. 
 

 

Figure S25. IR spectrum of [1-ND(pyrr)]+ recorded at 296 K in a KBr pellet. 
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VII. Electrochemical Determination of kPT between [1-N(pyrr)] and [TBD–H][BArF24] 

We assume that an electron transfer (ET) event is followed by a rapid, irreversible proton 

transfer (PT) between [1-N(pyrr)] and [TBD–H][BArF24] in the electrochemical cell: 

 

In this case, the observed rate constant for the chemical step (proton transfer) can be 

expressed as: 

kobs = kPT[TBD–H] 

 

Where kPT is the second-order rate constant for proton transfer and [TBD–H] is the 

concentration of the acid. It has been shown18 that the peak cathodic potential of the ET event 

varies as a function of acid concentration according to: 

 

𝑬𝑷 = 	𝑬𝟏/𝟐– 	𝟎. 𝟕𝟖
𝑹𝑻
𝑭
+	
𝑹𝑻
𝟐𝑭

𝐥𝐧5
𝒌𝒐𝒃𝒔𝑹𝑻
𝑭𝝂

; 

 

Where Ep = Peak cathodic potential; E1/2 = Potential of cathodic wave in the absence of acid; R 

= gas constant; T = temperature; F = Faraday’s constant; 𝜈	= scan rate.  

 

Therefore, plotting the peak potential (Ep) as a function of ln([TBD–H]+) allows the determination 

of kobs and by extension, kPT. 	
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VIII. DFT Input Examples 

VIII. A. Geometry Optimizations 

#Filename 
! RKS B3LYP RIJCOSX ZORA ZORA-def2-SVP SARC/J Normalprint SlowConv 
TightSCF Opt Pal8 UCO 
 
%basis NewGTO 42 "old-ZORA-TZVP" end 

  NewGTO 15 "ZORA-DEF2-TZVP(-f)" end 
         NewGTO 7 "ZORA-DEF2-TZVP(-f)" end 
          NewAuxGTO 42 "SARC/J" end 
          NewAuxGTO 15 "SARC/J" end 
         NewAuxGTO 7 "SARC/J" end 
        end 
       
%SCF MaxIter 500 
     TolE 1e-7 
     TolErr 1e-6 
    end 
 
* xyz 1 1   
 
XYZ Coordinates. 
 
* 
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VIII. B. Numerical Frequency Calculations 

#Filename 
! RKS B3LYP RIJCOSX SlowConv TightSCF ZORA ZORA-def2-SVP SARC/J 
Normalprint Numfreq Grid4 Nofinalgrid Pal8 
 
%basis NewGTO 42 "old-ZORA-TZVP" end 
       NewGTO 7 "ZORA-DEF2-TZVP(-f)" end 
       NewGTO 15 "ZORA-DEF2-TZVP(-f)" end 
       NewAuxGTO 42 "SARC/J" end 
       NewAuxGTO 7 "SARC/J" end 
       NewAuxGTO 15 "SARC/J" end 
      end 
       
%SCF MaxIter 500 
     TolE 1e-7 
     TolErr 1e-6 
    end 
     
%FREQ RESTART TRUE 
CENTRALDIFF TRUE 
INCREMENT 0.01 
END 
 
* xyz 1 1   
 
XYZ Coordinates from geometry optimization. 
 
* 
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IX. DFT-Computed Energies of Complexes 

 
Table S4. Calculated Gibbs free energies of molybdenum complexes for N–H BDFE 
determinations. 
 

Compound Spin State Calculated Gibbs Free Energy (Eh) 
[1-NH(pyrr)]+ S = 1/2 -6963.71188352 
[1-N(pyrr)]+ S = 0 -6963.13663953 

[1-NH3]+ S = 1/2 -6807.89698148 
[1-NH2]+ S = 0 -6807.32504940 
[2-NH3]+ S = 1/2 -5962.56661616 
[2-NH2]+ S = 0 -5961.99470463 

[2-(NH2)(H)]+ S = 1/2 -5962.56799735 
[1-NH]+ S = 1/2 -6806.71994244 
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