
This is a repository copy of Electrocatalytic proton reduction by a cobalt(III) hydride 
complex with phosphinopyridine PN ligands.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/164825/

Version: Accepted Version

Article:

Walaijai, Khanittha, Cavill, Stuart Alan orcid.org/0000-0002-1359-4958, Whitwood, Adrian 
C. et al. (2 more authors) (2020) Electrocatalytic proton reduction by a cobalt(III) hydride 
complex with phosphinopyridine PN ligands. Inorganic Chemistry. ISSN 0020-1669 

https://doi.org/10.1021/acs.inorgchem.0c02505

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless 
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by 
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of 
the full text version. This is indicated by the licence information on the White Rose Research Online record 
for the item. 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 



 

1 
 

 
 
 
Electrocatalytic proton reduction by a cobalt(III) hydride complex with phosphinopyridine 
PN ligands  
 
Khanittha Walaijai,a Stuart A. Cavill,b Adrian C. Whitwood,a Richard E. Douthwaite,a* and 
Robin N. Perutza*  
 
a Department of Chemistry, University of York, York YO10 5DD, UK 

b Department of Physics, University of York, York YO10 5DD, UK 

 

ABSTRACT 

Cobalt complexes with 2-(diisopropylphosphinomethyl)pyridine (PN) ligands have been 

synthesized with the aim of demonstrating electrocatalytic proton reduction to dihydrogen with a 

well-defined hydride complex of an Earth-abundant metal. Reactions of simple cobalt precursors 

with 2-(diisopropylphosphino-methyl)pyridine, (PN) yield [CoII(PN)2(MeCN)][BF4]2 1, 

[CoIII(PN)2(H)(MeCN)][PF6]2 2 and [CoIII(PN)2(H)(Cl)][PF6] 3. Complexes 1 and 3 have been 

characterized crystallographically. Unusually for a bidentate PN ligand, all three exhibit geometries 

with mutually trans phosphorus and nitrogen ligands. Complex 1 exhibits a distorted square-

pyramidal geometry with an axial MeCN ligand in a low-spin electronic state. In complexes 2 and 

3, the PN ligands lie in a plane leaving the hydride trans to MeCN or chloride, respectively. The 

redox behavior of the three complexes has been studied by cyclic voltammetry at variable scan 

rates and by spectroelectrochemistry. A catalytic wave is observed in the presence of 

trifluoroacetic acid (TFA) at an applied potential close to the Co(II/I) couple of 1. Bulk electrolysis 

of 1, 2 or 3 at a potential of ca.  –1.4 V vs E(Fc+/Fc) in the presence of TFA yields H2 with Faradaic 

yields close to 100%. A catalytic mechanism is proposed in which the pyridine moiety of a PN 

ligand acts as a pendant proton donor following opening of the chelate ring. Additional 

mechanisms may also operate, especially in the presence of high acid concentration where 

speciation changes.    
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INTRODUCTION 

Great advances have been made in developing catalysts for reduction of protons to 

hydrogen employing Earth-abundant elements.1-5 Such reactions may involve molecular, 

semiconductor and/or enzymatic catalysts and may work via electrochemical or photochemical 

means or a combination of the two. However, synthetic catalysts cannot yet match the 

performance of hydrogenases in terms of a combination of high turnover frequency, catalyst 

longevity, low overpotential, and operation at neutral pH in aqueous solution.6, 7 Solar fuel devices 

will need to improve performance if water splitting is to become a household reality.8, 9 Our 

objective is to develop a proton-reduction system with an Earth-abundant metal, cobalt,  in which 

we use a well-defined hydride complex as electrocatalyst. 

Among molecular electrocatalysts, some of the best results have been obtained with cobalt 

and nickel complexes, especially those carrying a pendant base.1, 3, 4, 10-21  While both homolytic 

and heterolytic mechanisms have been proposed for such catalysts, two features are invariably 

required, the ability to undergo proton-coupled electron transfer (PCET)22-25 and the ability to 

form metal hydride complexes. Detection of metal hydride complexes associated with PCET is 

straightforward for heavier elements such as tungsten,25, 26 but has proved challenging for the 

classic cobaloxime systems for catalytic hydrogen evolution;3, 20, 27, 28  the nearest analogue29 is 

[CoIIIH(Me2NCH2CH2NMe2)2(OH2)]2+. Most recently, Wiedner and Bullock have reported evidence 

for cobalt-hydride intermediates in related systems using variable scan rate cyclic voltammetry.30 

In contrast, cobalt hydride species can be detected straightforwardly for some cobalt phosphine 

complexes several of which are effective electrocatalysts or photocatalysts. Examples from both 

CoI and CoIII oxidation states include [CoH2(bpy)(PR3)2]+, [CoH(triphos)( MeCN)2]2+, CoH(PP)2, 

[CoH2(PP)]+, [CpCoH(PP)]+, CoH(PP3), [CoH2(PP3)]+,Co(PNP)H2, CoH2(Bpin)(PNpyP) (where PR3, PP, 

triphos, PP3 represent mono, di, tri and tetradentate phosphines, respectively; PNP is an anionic 

pincer ligand and PNpyP is a neutral pincer ligand, see Chart S1).21, 27, 31-38 Hydride complexes of CoII 

including Co(PNP)H, Co(POCOP)H, and CoH(SiP2)(PR3) (POCOP and SiP2 are anionic pincer ligands) 

may act as intermediates in the cycle for catalytic hydrogen evolution.37, 39-42 Also relevant are 

dihydrogen complexes of CoI phosphines Co(SiP3)(H2), Co(CCC)(PR3)(H2) (where SiP3 represents an 

anionic tetradentate silyltris(phosphine) and CCC an anionic pincer bis(carbene)) since they may be 

converted to CoII hydrides by deprotonation.43, 44 

Comparison of the performance of different electrocatalysts for proton reduction to 

hydrogen has proved difficult until recently. However, the introduction of Foot Of The Wave 

(FOWA) analysis in conjunction with Tafel plots has given access to catalytic rate constants, kcat 
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and the turnover frequency at zero overpotential and the maximum turnover frequency. These 

parameters which can be determined from measurement of cyclic voltammograms (CVs) as a 

function of scan rate, allow a standardized comparison of performance.45-48 However, application 

of FOWA requires detailed knowledge of the catalytic mechanism.48  

In this paper, we set out to synthesize and characterize some cobalt hydride complexes with 

bidentate phosphinopyridine ligands incorporating isopropyl substituents on phosphorus and test 

their electrocatalytic activity for proton reduction to molecular hydrogen. We show that the CoIII 

hydride complex requires initial 1e-reduction before the onset of catalysis. 

 
EXPERIMENTAL SECTION 

General Procedures and materials 

All compounds were synthesized under an inert atmosphere of N2 or Ar using standard 

Schlenk line and glove box techniques unless otherwise noted. Dry and deoxygenated solvents 

were prepared according to standard procedures. Hexane, THF, and nBuOH were dried by refluxing 

over Na under Ar. Acetonitrile, and MeOH were refluxed and dried over CaH2. Deuterated solvents 

CD3CN and CD2Cl2 were purchased from Sigma-Aldrich and dried over calcium hydride, prior to 

degassing by the freeze-pump-thaw technique (three times), and were stored under an Ar 

atmosphere in a glove box. 

Solvents for general use were purchased from Fisher Scientific Ltd. All commercial chemicals 

were purchased from suppliers as follows: Sigma-Aldrich (ammonium hexafluorophosphate, 

cobalt(II) tetrafluoroborate hexahydrate, chlorodiisopropylphosphine, tetrabutylammonium 

hexafluorophosphate (TBAPF6), trifluoroacetic acid, sodium borohydride), Merck (2-

methylpyridine, 2.5 M n-butyllithium in hexane). All of these chemicals were used without further 

purification.  

NMR spectra were recorded in tubes fitted with J. Young stopcocks on a Bruker AV500 (500 

MHz) spectrometer at 298 K unless otherwise noted. The solvent signals were used as internal 

references for 1H and 13C{1H} spectra and the chemical shifts were calibrated on residual solvent 

(CD3CN H = 1.94, C = 1.39; CD2Cl2 H = 5.32); 31P{1H}, 19F, and 15N spectra are referenced against 

external standards with H3PO4 and CFCl3 and pyridine, respectively.  

The Evans method49 was used to measure the magnetic moment for [CoII(PN)2(MeCN)][BF4]2 

1 in solution. A solution of 1 (0.4 ml, 0.0347 M) was prepared using the same stock solution as for 

the reference solvent (1.67% THF in CD3CN) in the inner tube. The 1H NMR chemical shifts of the 

reference compound (THF) in the two coaxial tubes were recorded on the Bruker AV500 
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spectrometer in the temperature range 298-330 K to obtain frequency shifts f (Hz). The magnetic 

moment was obtained from the slope of the f vs T-1 plot and the error determined from the line 

of best fit. 

The solid-state magnetic measurement was made on a powder mounted in a polypropylene 

holder in a nitrogen filled drybox. The magnetization as a function of temperature, M(T), was 

measured between 20 and 300 K using a Quantum Design VSM-SQUID (MPMS) magnetometer. 

Measurements were performed in an applied field of 10 kOe for both zero-field cooled and field-

cooled (40 kOe) conditions.  

UV-Vis absorption spectra were recorded at ambient temperature on an Agilent 8453 

spectrometer using quartz cuvettes fitted with a J. Young stopcock with 1 cm path length. The 

emission spectra were measured using a Hitachi F-4500 fluorimeter.  

ESI mass spectra were recorded on a Bruker microTOF instrument. 

Electrochemical and spectroelectrochemical studies were performed using a BASi Epsilon-EC 

potentiostat. EC-Lab software was used to process and analyze the data. All electrochemical 

experiments were performed in a three-neck single compartment electrochemical cell under an Ar 

atmosphere. All cyclic voltammetry (CV) was performed in an electrolyte of dried MeCN (7.5 mL) 

containing 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) degassed with Ar for 5 min. 

Stock solutions of trifluoroacetic acid were prepared under argon in the electrolyte used for 

electrochemical experiments in the presence of acid. A glassy carbon disk electrode (3 mm 

diameter) was used as the working electrode and the auxiliary electrode was a platinum wire. The 

pseudo reference electrode was a silver wire immersed in electrolyte solution and separated from 

the other electrodes by a Vycor frit. Ferrocene (2-3 mg) was added to the solution as an internal 

reference after electrolysis. The working electrode was thoroughly cleaned prior to each 

measurement by polishing with wet alumina powder on a polishing pad, then sonicating in 

millipore water for 3 min, and subsequently rinsed with millipore water and acetone prior to 

drying under a stream of N2. 

Spectroelectrochemistry was undertaken in MeCN in a three-electrode UV-Vis 

spectroelectrochemical quartz cuvette with a 1 mm path length (BASi). A Pt gauze was used as the 

working electrode, Pt wire as the counter electrode and a pseudo reference electrode (Ag wire 

immersed in CH3CN containing 0.1 M TBAPF6 electrolyte solution) separated from the solution by a 

Vycor frit. Changes in UV-Vis spectra during controlled-potential electrolysis were measured using 

an Agilent 8453 spectrometer.  

All bulk electrolysis experiments for hydrogen evolution were performed in a 50 mL three-
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neck round bottom flask containing 20 mL of electrolyte (0.1 M TBAPF6 in MeCN) and complex 

catalyst (0.1 mM) under an Ar atmosphere. Carbon plates (10 mm x 10 mm x 1 mm) were used as 

working and counter electrodes. A silver wire immersed in acetonitrile containing 0.1 M (TBAPF6) 

was used as the pseudo reference electrode, and ferrocene was added to the solution as an 

internal reference after electrolysis. The carbon plate working electrode was polished along all 

edges and faces using sandpaper with a few drops of millipore water prior to polishing with wet 

alumina powder on a polishing pad. The electrode was then rinsed with millipore water to 

eliminate alumina on the surface and sonicated in water for 30 min to remove all residual alumina. 

The electrode was rinsed with water and acetone (analytical grade) before drying under a stream 

of N2. 

Gas analysis was performed using a Shimadzu Corporation GC-2014 equipped with 

molecular sieve column and a thermal conductivity detector (TCD). Gas samples were analyzed 

with argon flow 20 mL min-1, 90 oC column temperature and 120 oC detector temperature. Under 

these conditions, the retention time of H2 is 1.0 min. 200 L of gas was withdrawn from the 

headspace of the cell using a sample-lock gas-tight syringe. A calibration curve (SI) was built by 

using known quantities of 50% H2/CO (SI). The peak area of H2 for each complex was plotted 

against electrolysis time (SI). The peak area of H2 at 1 h of electrolysis was fitted to the linear 

equation obtained through the calibration curve to obtain the experimental number of moles of 

H2.  

X-ray crystallography. Diffraction data were collected at 110 K using an Agilent SuperNova 

diffractometer with CuKα (λ = 1.54184 Å) or MoKα (λ = 0.71073 Å) radiation. The structures were 

solved and refined using Olex2.50 Complex  1 was solved with the ShelXT 51 structure solution 

program using Intrinsic Phasing; complex  3 was solved with the Superflip52 structure solution 

program using Charge Flipping Refinement and carried out with the ShelXL51 refinement package 

using least squares minimization. The hydride was located by difference map and allowed to 

refine. Crystal data are listed in the SI.  

Syntheses 

2-(diisopropylphosphinomethyl)pyridine, (PN). The PN ligand was synthesized according to 

modified literature procedure.53 A solution of 2.5 M nBuLi in hexane (11.0 mL, 1.1 mmol) was 

slowly added dropwise to a well-stirred solution of 2-methyl pyridine (2.33 g, 25 mmol) in dry and 

degassed THF (50 mL) at -78 oC. Upon adding nBuLi solution, the solution changed from colorless to 

yellow. The solution was warmed to room temperature and left to stir under an N2 atmosphere for 

4 h yielding a clear deep red solution. After cooling to –78 oC, this solution was slowly added via 
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cannula to a stirred solution of chlorodiisopropylphosphine in THF (50 mL) at –78 °C and was then 

vigorously stirred under N2 while allowing it to warm up to room temperature. The reaction was 

quenched by adding MeOH (1.0 mL) to obtain a yellow-brown solution. All volatiles were 

subsequently removed at 60 °C under vacuum (ca. 1 mbar) to give a yellow-brown oil with a 

precipitate of LiCl. The mixture was purified by distillation at 105 oC under vacuum (0.01 mbar) to 

give PN as a yellow oil (3.10 g, 59% yield). 1H and 13C{1H} NMR data were consistent with the 

literature see Figure 1 for numbering). Additionally 15N data were recorded.53  

1H NMR (500 MHz, CD3CN):  8.40 (ddd, 3JH,H = 4.8, 4JH,H = 1.8, 5JH,H = 0.9 Hz, 1H, H1), 7.60 (td, 

3JH,H = 7.9, 4JH,H 2.0 Hz, 1H, H3), 7.27 (ddt, 3JH,H = 7.9, 4JH,H = 1.1, 5JH,H = 1.0 Hz, 1H, H4), 7.09 (ddd, 3JH,H 

= 7.4, 4JH,H = 5.0, 5JH,H = 1.1 Hz 1H, H2), 2.96 (d, 2JH,P = 2.2 Hz, 2H, H6), 1.79 (d of septets, 2JH,P = 1.7, 

3JH,H = 7.1 Hz, 2H, H7), 1.05 (dd, 3JH,P = 11.3, 3JH,H = 7.0 Hz, 6H, H8), 1.02 (dd, 3JH,P = 13.5, 3JH,H = 7.2 Hz, 

6H, H8). 

31P{1H} NMR (202.4 MHz, CD3CN):  12.4 (s). 

13C{1H} NMR (125.7 MHz, CD3CN):  162.5 (d, 2JC,P = 8.9 Hz, C5), 150.3(s, C1), 137.4 (s, C3), 

124.9 (d, 3JC,P = 6.0 Hz, C4), 122.0 (d, 5JC,P = 1.8 Hz, C2), 33.5 (d, 1JC,P = 22.4 Hz ,C6), 24.8 (d, 1JC,P = 14.7 

Hz, C7), 20.5 (d, 2JC,P = 15.3 Hz, C8a), 19.7 (d, 2JC,P = 10.8 Hz, C8b). 

15N-1H HMBC (50.66 MHz, CD3CN):  1.6 (d, 2JN,H = 17 Hz).  

Protonation of PN (9.9 mM) with 10.0 equiv trifluoroacetic acid (TFA) in CD3CN generated a 

solution of [PNH][O2CCF3].  

1H NMR (500 MHz, CD3CN):  8.6 (ddd, 3JH,H = 5.15, 4JH,H = 1.8, 5JH,H = 0.9 Hz, 1H, H1), 8.00 (td, 

3JH,H = 7.7, 4JH,H 1.8 Hz, 1H, H3), 7.60 (d, 3JH,H = 7.9 Hz, 1H, H4), 7.52 (m, 1H, H2), 4.01 (d, 2JH,P = 14.0 

Hz, 2H, H6), 2.80 (m, 2H, H7), 1.34 (dd, 3JH,P = 19.4, 3JH,H = 7.2 Hz, 6H, H8), 1.31 (dd, 3JH,P = 19.0, 3JH,H = 

7.2 Hz, 6H, H8). 

31P{1H} NMR (202.4 MHz, CD3CN):  32.1 (s). 

 

 

Figure 1. Atom labeling in PN and [CoIII(PN)2(H)(MeCN)]2+ 2. 
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[CoII(PN)2(MeCN)][BF4]2 1. A MeCN solution (5 mL) of the PN ligand (167 mg, 0.8 mmol) was 

added to a stirred MeCN (30 mL) solution of [CoII(CH3CN)6][BF4]2 (192 mg, 0.4 mmol)54 resulting in 

an immediate color change from pink to a deep red solution. This mixture was left to stir at room 

temperature under N2 overnight prior to concentrating under vacuo to obtain a sticky deep red 

crude mixture. The crude product was then washed with dry ether with stirring for 30 min to give 

1 as a red-orange solid (yield 249 mg, 0.36 mmol, 90%). Single crystals suitable for an X-ray 

diffraction study were grown by dissolving 1 in a small amount of CH3CN and layering with THF to 

obtain deep red crystals. 

ESI-MS (Acetone): m/z 238.5966 [Co(PN)2]2+, calcd for [C24H40CoN2P2]2+ m/z 238.5971. 

Magnetic moment in solution: 1.640.08 B 

Anal. Calcd for C24H40B2CoF8N2P2: C, 44.27; H, 6.19; N, 4.30; Found: C, 43.45; H, 6.12; N, 5.60. 

[CoIII(PN)2(H)(MeCN)][PF6]2 2. Method A. [CoII(PN)2(MeCN)][BF4]2 (1) (56.7 mg, 0.082 mmol) 

was dissolved in MeOH (1.0 mL) with 1.3 equiv of NaBH4 (3.8 mg, 0.10 mmol) and left to stir for 1 

h. NH4PF6 (2.0 equiv., 25.6 mg, 0.157 mmol) was added as a solid resulting in precipitation of 2 as a 

yellow powder (25 mg, 0.031 mmol, 38% yield) which was separated from a deep brown solution 

by filtration, washed with a small amount of MeOH and dried with hexane and residual volatiles 

removed under vacuum. Atoms are numbered as in Figure 1. 

Method B. A solution of [CoIII(PN)2(H)(Cl)][PF6] (3) (21.2 mg, 0.032 mmol) (see below) in 

MeOH (5.0 mL) was charged with 10.0 equiv of trifluoroacetic acid (25 l, 0.32 mmol). This 

solution was heated to 45 °C and was left to stir under N2 for 6 h to obtain a greenish solution. All 

volatiles and excess CF3COOH were removed under vacuum. A greenish powder was obtained and 

subsequently washed three times with a small amount of MeOH followed by hexane to afford a 

dry yellow solid as product (6 mg, 0.007 mmol 23% yield).  

1H NMR ( 500 MHz, CD3CN):  8.42 (d, 3JH,H = 5.8 Hz, 2H, Py-H1), 7.83 (td, 3JH,H = 7.8, 4JH,H 1.2 

Hz, 2H, H3), 7.47 (d, 3JH,H = 7.8 Hz, 2H, H4), 7.30 (t, 3JH,H = 7.0 Hz, 2H, H2), 3.71 (d (br), 2JH,H = 17.6 Hz, 

2H, H6a or 6b), 3.50 (d (br), 2JH,H = 17.5 Hz, 2H, H6a or 6b), 2.74 (broad m, simplifies to septet on 

decoupling 31P, 3JH,H = 7.1, 3JH,P  7.3 Hz, 2H, H7a or 7b), 2.54 (s, 3H, H9), 2.33 (broad m, simplifies 

to septet on decoupling 31P 3JH,H = 7.0, 3JH,P  6.9 Hz, 2H, H7a or 7b), 1.48 (virtual q, 3JH,H = 7.2, 3JH,P + 

5JH,P = 7.4 Hz, 6H, H8), 1.26 (virtual q, 3JH,H = 7.0, 3JH,P + 5JH,P = 7.0 Hz, 6H, H8), 0.88 (virtual q, 3JH,H = 

7.0, 3JH,P + 5JH,P = 7.0 Hz, 6H, H8), 0.68 (virtual q, 3JH,H = 7.2, 3JH,P + 5JH,P = 7.4 Hz, 6H, H8), –17.12 (t, 

3JH,P = 54.3 Hz, 1H, Co-H). 
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13C{1H} NMR (125.7 MHz,in CD3CN):  164. 6 (t, 2JC,P + 
4JC,P = 3.2 Hz, C5), 157.7 (t, 4JC,P + 

6JC,P = 

4.7 Hz, C1), 141.1 (s, C3), 126.2 (t, 3JC,P + 
5JC,P = 3.8 Hz, C4), 125.6 (s, C2), 35.4 (virtual t, 1JC,P + 

3JC,P =  

15.4 Hz, C6), 27.6 (virtual t, 1JC,P + 
3JC,P = 6.7 Hz, C7a or 7b), 23.0 (s, C7a or 7b), 18.6 (s, C8), 18.3 (s, 

C8), 18.0 (s, C8), 17.6 (s, C8). 

31P{1H} NMR (202.4 MHz, in CD3CN):  72.4, (s, 2P), –144.6, (sep, 1P, PF6
–) 

ESI-MS (MeCN m/z +): 477.1994 [Co(PN)2]+, calcd for [C24H40CoN2P2]+ 477.1993.  

Anal. Calcd for C24H41CoF12N2P4: C, 37.51; H, 5.38; N, 3.65; Found: C, 37.14; H, 5.27; N, 4.08. 

[CoII(PN)2Cl2]. Anhydrous CoCl2 (16.3 mg, 0.125 mmol) was dissolved in dry and degassed n-

BuOH (2.0 mL) and then added to a solution of PN ligand (0.0523 g, 0.25 mmol) in n-BuOH (3.0 

mL). The solution was left to stir under N2 for 3 h resulting in a dark red solution. This solution was 

then filtered via cannula to remove remaining CoCl2. All volatiles were evaporated under vacuum 

to obtain a purple solid which was subsequently washed with diethyl ether and dried under 

vacuum to give the dichloro cobalt(II) complex, [CoII(PN)2Cl2], as a purple solid (67 mg, 0.122 

mmol, 97% yield). This complex was characterized by CHN analysis. 

Anal. Calcd for C24H40Cl2CoN2P2: C, 52.57; H, 7.35; N, 5.11. Found: C, 52.56; H, 7.42; N, 4.95. 

[CoIII(PN)2(H)(Cl)][PF6] 3. Freshly prepared [CoII(PN)2Cl2] (67 mg, 0.12 mmol) was dissolved in 

MeOH (5 mL) and degassed by bubbling with N2 for 10 min before adding NaBH4 (5 mg, 0.132 

mmol) as a solid. The mixture was stirred under N2 for 1 h prior to adding solid NH4PF6 (20.4 mg, 

0.125 mmol). After stirring for another hour at room temperature, [CoIII(PN)2(H)(Cl)][PF6] 3 

precipitated as an orange solid. This solid was washed with a small amount of MeOH and dried 

under vacuum to obtain an orange solid (39 mg, 0.059 mmol 49% yield). A single crystal of 3 

suitable for X-ray crystallographic determination was obtained by recrystallization in acetone 

layered with hexane to give orange-red crystals.  

1H NMR ( 500 MHz, CD3CN):  8.89 (d, 3JH,H = 5.7 Hz, 2H, H1), 7.71 (td, 3JH,H = 7.8, 4JH,H 1.4 Hz, 

2H, H3), 7.35 (d, 3JH,H = 7.8 Hz, 2H, H4), 7.18 (t br), 3JH,H = 6.7 Hz, 2H, H2), 3.58 (d br), 2JH,H = 17.2 Hz, 

2H, H6a or 6b), 3.36 (d br), 2JH,H = 17.0 Hz, 2H, H6a or 6b), 2.59 (sep br), 3JH,H = 7.1, 3JH,P = 7.0 Hz, 

2H, H7a or 7b), 2.25 (sep br), 3JH,H = 7.1, 3JH,P = 7.0 Hz, 2H, H7a or 7b), 1.62 (virtual q, 3JH,H = 7.1, 3JH,P 

+ 5JH,P = 7.3 Hz, 6H, H8), 1.26 (virtual q, 3JH,H = 7.0, 3JH,P + 5JH,P = 6.8 Hz, 6H, H8), 0.94 (virtual q, 3JH,H = 

7.0, 3JH,P + 5JH,P = 7.1 Hz, 6H, H8), 0.67 (virtual q, 3JH,H = 7.1, 3JH,P + 5JH,P = 7.3 Hz, 6H H8), –19.05 (t, 

3JH,P = 59.7 Hz, 1H, Co-H). 

13C{1H} NMR (125.7 MHz, CD3CN):  164.9 (vt, 2JC,P + 4JC,P = 3.7 Hz, C5), 159.7 (t, 4JC,P + 
6JC,P = 4.3 

Hz, C1), 140.1 (s, C3), 125.0 (broad s, C4), 124.2 (s, C2), 36.0 (vt, 1JC,P + 
3

C,P = 15.5 Hz, C6), 28.9 (vt, 1JC,P 



 

9 
 

+ 
3

C,P = 6.3 Hz, C7a or 7b), 22.9 (vt, 1JC,P + 
3

C,P = 12.0 Hz, C7a or 7b), 19.1 (s, C8), 18.3 (s, C8), 18.2 (s, 

C8), 18.0 (s, C8).  

31P{1H} NMR (202.4 MHz, in CD3CN):  66.4, (s, 2P), –144.6, (sep, 1P, PF6
–) 

15N-1H HMBC (50.66 MHz, in CD3CN):  –96.5 (s). 

ESI-MS (MeCN): m/z 513.1763 [Co(PN)2(H)(Cl))]+ (100 %), 477.1989 (M+ - HCl, 70%) calcd for 

[C24H41ClCoN2P2]+ 513.1760, [C24H40CoN2P2]+ 477.1993. 

Anal. Calcd for C24H41ClCoF6N2P3: C, 43.75; H, 6.27; N, 4.25; found: C, 43.37; H, 6.03; N, 4.01 

Reactivity of 1, 2 and 3 with TFA. Reactions were carried out in NMR tubes in CD3CN solution 

under argon, typically with concentrations of complex of 5.4 mM or 9.9 mM and 10.0 equiv TFA. The 

UV-Vis titration experiments with TFA were performed by adding TFA to a solution of each complex 

in a UV-Vis cuvette fitted with a J. Young’s stopcock and were measured by micropipette. 

 

RESULTS AND DISCUSSION 

Synthesis and characterization of cobalt complexes with bidentate P,N phosphinopyridine 

ligands. Reaction between 2-(diisopropylphosphinomethyl)pyridine (PN) and [Co(MeCN)6][BF4]2 

(Scheme 1) gave the Co(II) acetonitrile complex, [CoII(PN)2(MeCN)][BF4]2 (1) in high yield. 

Subsequent reaction between 1 and NaBH4 followed by addition of NH4PF6 gave the cobalt(III) 

hydride complex [CoIII(PN)2(H)(MeCN)][PF6]2 (2) which is soluble and stable in common solvents 

including MeOH, CH3CN, THF and acetone under an Ar or N2 atmosphere. The mechanism of 

conversion of 1 to 2 with NaBH4 may proceed by reduction to Co(I), ([Co(PN)2]+) followed by 

protonation by NH4PF6 to obtain the monohydride complex. This pathway is analogous to  the 

protonation of [CpCo(phosphine)2] with NH4PF6 yielding isolable Co(III)-H complexes.33  The orange 

monohydride complex [CoIII(PN)2(H)(Cl)][PF6]2 (3) was prepared in 49% yield from reaction 

between Co(PN)2Cl2 and NaBH4 using a similar method to that employed for 2. 55  Complex 3 could 

be converted to 2 by reaction with trifluoroacetic acid in MeCN, providing an alternative, though 

lower yielding route to 2. 
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Scheme 1. Preparation of cobalt complexes 1-3.  

 

 

CoII(PN)2(MeCN)][BF4]2 (1). The red-orange acetonitrile cobalt(II) complex with PN ligands 

was identified as [CoII(PN)2(MeCN)][BF4]2 by crystallography (see below). (Paramagnetism 

prevented acquisition of NMR data for characterization.) Elemental analysis determined after 

drying under vacuum for 3 days yielded experimental values corresponding to partial loss of 

MeCN. Similarly, the ESI mass spectrum (m/z 238.5966) corresponded to [Co(PN)2]2+. The magnetic 

moment in CD3CN solution was determined by the Evans method between 298 and 330 K as 1.64  

0.08 B using THF as a reference. This value is consistent with one unpaired electron in a low spin 

d7 complex as found for some CoIIP4 complexes (Figure S2).56 By using the temperature 

dependence of the magnetic susceptibility, contributions from diamagnetism and temperature 

dependent paramagnetism were eliminated. The solid state magnetic susceptibility of 1 varied 

almost linearly with T-1 yielding values of the magnetic moment of 2.07 B at 30 K and 1.93 B at 
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300 K, consistent with a low spin electronic state (Figure S2).  The low spin electron configuration 

may moderate the lability of the PN ligands. 

A deep red single crystal grown from CH3CN/THF proved suitable for X-ray crystallographic 

determination. The crystal structure (Figure 2) showed five-coordinate cobalt(II) with the two PN 

ligands and one nitrogen atom from an acetonitrile ligand forming a distorted square pyramid. The 

two phosphinopyridine ligands lie in the equatorial plane with acetonitrile in an axial position. The 

structure exhibits crystallographic C2 symmetry such that the two phosphorus atoms of the PN 

ligands lie trans to each other and the two N atoms are also mutually trans to one another. The 

majority of literature complexes with two phosphinopyridine ligands adopt a configuration with 

mutually cis phosphorus atoms and cis N atoms,57,58,59 while one ruthenium complex exhibits cis P 

and trans N atoms.58 Specifically for cobalt, the structurally related phosphinoamino ligands such 

as Ph2PC2H4NH2, Me2PC2H4NH2, and Me2PC3H6NH2 also exhibit mutually cis configurations.60-62 We 

have found no literature examples of phosphinopyridine complexes of cobalt with mutually trans 

phosphorus and trans nitrogen ligand configurations. 

 

   

Figure 2. Molecular structure of the cation of [CoII(PN)2(MeCN)][BF4]2 (1). All hydrogen atoms and BF4
- are 

omitted for clarity. Thermal ellipsoids are shown at the 50% probability level. Co-N1 1.967(6), Co-N2 
2.034(9), Co-P1 2.2621(18) Å, N1-Co-N1´ 166.8(4), P1-Co-P1´ 160.67(12), N1-Co-N2 96.58(19), N1-Co-P1 
81.53(17), N1-Co-P1´ 96.25(17), N2-Co-P1 99.67(6)°.  

 
[CoIII(PN)2(H)(MeCN)][PF6]2 (2). The cobalt(III) monohydride (2) was identified by NMR 

spectroscopy, elemental analysis and ESI mass spectrometry. NMR techniques included 1H, 1H{31P}, 

13C{1H}, 13C-DEPT, 31P{1H} spectroscopy and 2D NMR correlation experiments. The signals in the 1H 

and 31P{1H} NMR spectra of 2 are sharp and well-resolved, consistent with a low spin d6 complex. 

There are four aromatic resonances and two resonances for the CH2 group of the ligand. The four 
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methyl and two CH resonances of the isopropyl group all exhibit virtual coupling to phosphorus 

(Figures S10-S21).63 The number of resonances and the virtual coupling indicate a chiral complex 

with C2 symmetry and mutually trans phosphorus ligands. The hydride ligand appears as a triplet 

at  –17.12 (3JH,P = 54.3 Hz). Comparison with 1H{31P} NMR spectra confirmed the identification of 

H-P couplings. To identify a coordinated MeCN peak of this complex in the 1H NMR spectrum, the 

1H NMR spectrum was recorded in CD2Cl2 revealing a peak at  2.68 with integral of 3.0 that was 

assigned to the coordinated acetonitrile (free acetonitrile appears at  1.99). The 31P{1H} NMR 

spectrum showed the coordinated ligand resonance at  72.44 and an additional small signal 

which corresponded to the phosphorus signal of [CoIII(PN)2(H)(Cl)]+ suggesting chlorination by the 

solvent (Figure S16, see below). Comparative data for the free PN ligand are provided in the 

experimental section. The PH coupling constant of the hydride resonance is consistent with those 

of [CoIII(2,2’-bipy)(PEt2Ph)2H2]+ with  –21.7 Jcis-H-P = 64 Hz (Table S1, Figure S1) and 

[CoIII(triphos)(H)(MeCN)2][PF6] (triphos = 1,1,1-tris(diphenylphosphinomethyl)ethane) which shows 

 –7.64 Jcis-H-P = 65 Hz.64 

[CoIII(PN)2(H)(Cl)][PF6] (3). The cobalt(III) monohydride chloride (3) was identified by NMR 

spectroscopy, elemental analysis, ESI mass spectrometry and X-ray crystallography. The 1H, 13C{1H} 

and 31P{1H} NMR spectra of 3 in solution showed sharp and well-resolved peaks with a similar 

pattern to that of 2, consistent with mutually trans P atoms and C2 symmetry (Figures S23-S31). A 

hydride signal appeared at  –19.04 as a well-resolved triplet (Jcis-H-P = 58.4 Hz). The 15N chemical 

shift was determined by 1H-15N correlation as  –96.5 compared to  –1.6 for the free ligand.  

The crystal structure of 3 (Figure 3) revealed a distorted octahedral geometry with the 

chloride ligand trans to a hydride and the two PN ligands arranged with mutually trans phosphorus 

atoms and mutually trans nitrogen atoms. The hydride was located by difference map and allowed 

to refine. 
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Figure 3. X-ray crystal structure of the cation of [CoIII(PN)2(H)(Cl)][PF6] 3. Selected hydrogen atoms and PF6
– 

counter anion were removed for clarity. Thermal ellipsoids are shown with 50% probability. Co1-N1  
1.9528(15), Co1-P1 2.2425(5), Co1-Cl1 2.3391(7), Co1-H1 1.54(7) Å, N1-Co1-P1 82.73(5), N1’-Co1-P1 
96.43(5), N1-Co1-N1’ 175.35(10), P1-Co1-P1’ 159.32(3),Cl1-Co1-P1 100.339(15), Cl1-Co1-N1 92.32(5)°.  

 

Reactivity of PN, 1, 2 and 3 towards CF3CO2H and H2. Protonation of the PN ligand with 

trifluoroacetic acid (TFA, 10 equiv) resulted in a downfield shift of all the 1H resonances; the 

largest shift of almost 1.0 ppm was recorded for the CH2 resonance. The 31P resonance moved 

from  12.4 to 32.1. This product is assigned as [PNH][O2CCF3] resulting from protonation of the 

pyridine nitrogen of PN. Reaction of 1 with TFA (10 equiv) in CD3CN was followed by 1H and 31P 

NMR (Figures S33-S34). The product exhibited resonances with marginally different chemical shifts 

and almost identical coupling constants to those of [PNH]+ (Figure S9). The resonances were 

broadened by the paramagnetism of 1 and its products; the slight changes in chemical shift are 

also consistent with the paramagnetism. Thus we conclude that one (or less likely both) of the PN 

ligands of 1 has been protonated and dissociated as [PNH]+.   

A similar study of the reaction of 2 with TFA (10 equiv) in CD3CN generated a small amount 

of the same [PNH]+ product, but this did not increase with time and was attributed to the reaction 

of complex 1 present as an impurity in samples of 2. Similar issues of Co(II) impurities in a Co(III) 

complex have been reported elsewhere.56  

On leaving 3 in CD3CN solution for 4 h at room temperature, the 1H and 31P-1H NMR 

correlation spectra showed ca. 10% conversion of 3 to 2. In a separate experiment, 3 was reacted 

with trifluoroacetic acid (10 equiv) in CD3CN for 2 days at room temperature resulting in complete 
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conversion to 2. The same result was achieved after 6 h with heating to 45 °C. The overall evidence 

indicates therefore, that 2 does not react with TFA under these conditions. 

A reaction of 2 with H2 (4 bar in CD3CN) was performed anticipating formation of a 

dihydrogen complex. No such evidence was found but after 7.5 h at room temperature, the 

growth of broad resonances in the 1H NMR spectrum and the decrease of the 31P resonance 

relative to that of PF6
– signaled reduction to 1. Further formation of 1 ensued over the next 15 h.   

Absorption properties. [CoII(PN)2(MeCN)]2+ 1 shows one UV-vis absorption band in MeCN 

solution in the visible region centered at max 448 nm ( = 902 M -1 cm -1) (Table 1, Figure 4). For 

comparison, [CoII(MeCN)6][BF4]2 exhibits a d-d transition at 490 nm ( = 14 M-1 cm-1) and the free 

PN ligand exhibits no absorption band above 300 nm. The molar absorptivity of 

[CoII(PN)2(MeCN)]2+ is much larger than that of d-d transitions in Co(II) complexes with six- (< 50 

M-1 cm-1) or five-coordination (ranges from 50-300 M-1 cm-1).65, 66 The band at 450 nm of 1 is 

therefore assigned to a transition involving charge transfer to/from the PN ligand. 

The UV-Vis absorption band of 2 in MeCN appears at max = 413 nm ( = 1640 M-1 cm-1) and is 

assigned as a CT transition involving the Co(III) and pyridine ligands (Figure 4). A similar 

characteristic band was also observed in the visible absorption band of a family of [CoIII(N4Py)X)]n+ 

complexes (see Chart SI for structure).67 The corresponding band of 3 is found at 450 nm, a red 

shift of 37 nm with respect to 2. None of these Co complexes showed significant emission at room 

temperature. 

The reaction of 1 with 2.0 eq of TFA resulted in a decrease of absorbance at 450 nm 

consistent with ligand loss (see above). Subsequent addition of NEt3 (2.0 eq) resulted in partial 

recovery of absorption (Figure S39).  

 

Table 1. UV-Vis spectroscopic data of PN ligand and Co complexes in MeCN solutiona 

Compound max (nm)  (M-1 cm -1) Assignment   

PN ligand 260 4270 π-π* (L) This work 
[CoII(MeCN)6][BF4]2 490 14 d-d  This work 
1 448 902 CT This work 
2 413 1640 CT This work 
3 450 2200 CT This work 
[CoIII(N4Py)(N3)]2+  496  877 CT 67 
[CoIII(N4Py)(NCS)]2+ 504 1140 CT 67 

a The structures of the literature complexes are shown in Chart S1 
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Figure 4. UV-vis absorption spectra of [CoII(PN)2MeCN][BF4] (1) and [CoIII(PN)2(H)(MeCN)][PF6]2 (2), 5.75x10-

4 M in CH3CN. 

 
Electrochemical properties. Data from cyclic voltammetry (CV) studies of complexes 1 – 3 

are summarized in Table 2. The CV of 1 showed two reduction processes with a reversible wave at 

E1/2 = –1.08 V (Ep = 70 mV) and an irreversible wave at Epc = –2.28 V (Table 2, Figure 5a). The first 

reversible redox wave was assigned to the Co(II/I) couple; the second wave is tentatively assigned 

to the Co(I/0) couple or possibly a ligand-centered reduction of Co(I)L–. Moreover, the Co(II/I) 

redox couple was fully reversible upon scanning through a narrow potential window. The cathodic 

and anodic peak currents for the Co(II/I) redox wave of 1 increased linearly with the scan rate 1/2 

consistent with diffusion-controlled current (Figure S41). These data indicate that no ligand loss 

from 1 occurs following one electron reduction. On scanning to more positive potential, an 

irreversible process, assumed to be Co(III/II) was observed with oxidation at 0.65 V and a reductive 

peak at 0.0 V (Figure 5c). 

 

Table 2. Electrochemical characterization data of 1-3a  

Com-

plex 
E1/2

b/V (Ep, mV) Epc 
b/V Epa

b
 /V 

CoIII/II CoII/I CoIII/II CoII/I CoI/0or CoI (L–) CoIII/II CoII/I 

1 see text –1.08 (70) 0.0 –1.43 –2.28  –0.73 
2 –1.10 

(110) 
- –1.14 –1.95 - –1.03 –1.65 

3 see text see text –1.48 –2.02  –1.10 –1.65 
a [complex] = 1 mM, solvent MeCN, electrolyte 0.1 M TBAPF6, scan speed 100 mV s-1; 
b referenced internally to ferrocene. 
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Figure 5. Cyclic voltammograms (a) reductive scan of 1, (b) reductive scan of 2, (c) initial oxidative scan of 1 
followed by reductive scan. Conditions 1 mM complex in CH3CN with 0.1 M TBAPF6. All CVs in this paper are 
drawn with the IUPAC convention showing potentials increasing from negative to positive. 
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The dicationic complex 2 shows two reduction processes at –1.15 (Co(III/II)) and –1.95 V 

(Co(II/I)), where the Co(III/II) couple was quasi-reversible (Ep 110 mV at 100 mV s-1 (Figure 5b). 

Plots of ipc and ipa of this couple as a function of 1/2 again showed a linear dependence indicating 

diffusion-controlled current (Figure S41). For an ideal reversible one-electron transfer followed by 

a rapid irreversible chemical step (ErCi mechanism), a plot of Epa or Epc vs log  gives a 

characteristic slope of Ep /log() of ±30 mV, respectively (Savéant’s zone KP, moving to zone KO 

with increasing scan rate). 52,47,56, 68,69 For 2, slopes of –31 mV and +29 mV, respectively, were 

obtained for the cathodic and anodic peak potentials of the Co(III)/(II) couple, respectively, with 

scan rates from 0.5 to 10 V s-1 (Figure S42). These data indicate the reversible reduction of 2 to 

[CoII(PN)2(H)(MeCN)]+ followed by an irreversible chemical reaction (ErCi mechanism), consistent 

with dissociation of the MeCN ligand from the reduced Co(II)-H species. There has been much 

discussion in the literature about whether hydrogen is formed from metal hydrides by 

monometallic or bimetallic mechanisms.20,70 A theoretical slope (Ep/log ) of 20 mV is expected 

for an ideal bimolecular reaction from plotting Epc versus log ,14, 68 whereas our measured values 

are ca. 30 mV. Hydrogen can potentially be evolved by a bimetallic mechanism from reaction 

between two Co(II) hydride species giving a theoretical slope of 20 mV. Our data suggests that this 

mechanism is not operating under these conditions. This observation leads us to propose that 

hydrogen production follows the monometallic heterolytic pathway (see below). 

The cyclic voltammogram of 3 exhibited two irreversible reduction peaks at Epc –1.48 V and –

2.02 V during the cathodic scan, tentatively assigned to the stepwise reduction of metal-centered 

Co(III)/(II) and Co(II)/(I) couples, respectively. The cathodic peak currents at the Co(III)/(II) 

potential increased linearly with the scan rate 1/2, again indicating diffusion-controlled current 

(Figure S43). A plot of experimental values of Epc versus log  gave a slope of –49 mV (Figure S44). 

Therefore, the electron transfer to the Co(III/II) couple was assigned as a quasi-reversible electron 

transfer followed by irreversible Cl–  dissociation (EqCi mechanism).30,56,47 

UV-vis spectroelectrochemistry of 2 and 3. Following CV studies, complexes 2 and 3 were 

investigated by UV-Vis spectroelectrochemistry (UV-Vis SEC) in MeCN containing 0.1 M TBAPF6. 

One-electron reduction of [CoIII(PN)2(H)(MeCN)]2+ at –0.78 V relative to the pseudo reference 

electrode resulted in a slight change in absorption of the peak at 425 nm upon exhaustive 

electrolysis (Figure 6a).  
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Figure 6. UV-Vis spectroscopic changes recorded during electrolysis of (a) 2 at Eapp = –0.78 V relative to the 

pseudo reference electrode; (b) 3 at Eapp = –1.10 V. (1 mM solutions in MeCN under an Ar atmosphere). 
 

UV-Vis SEC of the monocation [CoIII(PN)2(H)(Cl)]+ of 3 in MeCN solution resulted in a blue 

shift of 25 nm during electrolysis at Eapp = –1.10 V relative to the pseudo reference electrode 

(Figure 6b) generating a band in a similar, but not identical, position to that observed for 2. 

Considering that reduction may not be complete and there may be equilibria with chloride, we 

tentatively deduce that reduction of either 2 or 3 leads to [CoII(PN)2H]+ and that the latter may 

have MeCN as an additional ligand (Scheme 2).  
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Scheme 2. Mechanisms of reduction of 2 and 3 in CH3CN from electrochemical studies 

 

 
5 

Electrocatalytic proton reduction to dihydrogen. On addition of trifluoroacetic acid (TFA) to 

1, the fully reversible Co(II/I) couple at –1.08 V became irreversible and catalytic enhancement of 

the current near to the Co(II/I) couple was observed (Figure 7a). An increase in current with [TFA] is 

consistent with catalytic proton reduction to form H2, as was confirmed in bulk electrolysis 

experiments (see below). The potential at which the current reaches a maximum shifts linearly to 

more negative potential, indicating deviation from perfect Nernstian behavior.48 The maximum 

catalytic current normalized to the non-catalytic peak current icat/ip increases linearly with [TFA]1/2 

(Figure S48). 

Addition of TFA to 2 resulted in a current increase at more negative potentials than the 

Co(III/II) couple at –1.14 V (Figure 7b). Once again, the potential of maximum current became more 

negative and icat/ip increases linearly with [TFA]1/2 (Figure S49). Comparison of 1 and 2 under 

catalytic conditions with 10 mM TFA showed overlap between the catalytic wave near to the 

Co(III/II) couple of 2 and the catalytic wave near to the Co(II/I) couple of 1 (Figure 8). This observation 

indicates that reduction of Co(III) to Co(II) is essential before H2 can be generated. 
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Figure 7. Effect of addition of TFA, (a) CVs of 1; (b) CVs of 2. Conditions: complex 1 mM in CH3CN, with 0.1 
M TBAPF6 at scan rate of 100 mV s-1.  
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Figure 8. CVs of 2 (1 mM) in the absence and presence of 10 mM TFA in CH3CN containing 0.1 M TBAPF6 at 
a scan rate of 100 mV s-1, compared to the CV of 1 under the same conditions.  

 

Control experiments were also carried out using solutions of the Co(II) precursor 

[Co(CH3CN)6][BF4]2 and the PN ligand in the presence of 170 mM TFA in separate experiments, 

which showed negligible increases of current around –1.4 V confirming that electrocatalysis 

originates from 1 and 2. A control experiment under bulk electrolysis conditions with TBAPF6 (0.1 

M) and TFA (60 mM) showed no catalytic current (Figure S54). However, free PN ligand was able 

to catalyze proton reduction at a more negative potential of –1.8 V (Figure S40). 

The production of H2 by bulk electrolysis. To confirm that the catalytic wave at ca. –1.4 V 

originated from H2 evolution catalysis, bulk electrolysis experiments were performed for 1-3 in 

acetonitrile (Table 3). The amount of H2 produced in the head space of the electrochemical cell after 

bulk electrolysis over 2 h was analyzed quantitatively by GC to obtain the Faradaic efficiency for 

hydrogen evolution, FE(H2) (Figure S51). All three complexes gave efficiencies close to 100%. We 

used the value of E0
H+/H2 = –0.028 V vs. Fc0/+ in acetonitrile71 in conjunction with TFA’s pKa = 8.60 to 

determine the value of E0
TFA/H2 = –0.77 V vs. E(Fc0/+). The overpotential () of each catalyst was 

determined using this value and the potential at the half-maximum current of the catalytic wave 

(Ecat/2) (Table 3).  

The catalytic current was measured for 2 h during controlled potential electrolysis for 

complexes 1-3 (Figure S52, S55, S56). For 1, the catalytic current decreased slightly over the period. 

For 2, the current increases slightly over the first hour before stabilizing, while for 3 the 

corresponding increase in the first hour is more significant, consistent with initial loss of chloride. 

UV/vis spectra were measured before and after electrolysis with 3 (0.55 mM in 0.1 M TBAPF6, 30 
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mM TFA CH3CN). The spectra showed that 3 is stable in electrolyte with added acid for at least 1 h. 

During electrolysis, the color changed from bright orange to pale yellow, the absorption maximum 

shifted from 450 to 430 nm, and the absorbance decreased by 80% (Figure S57). This change is 

consistent with conversion of 3 to a mixture of different complexes, rather than simply conversion 

to 2.  

 

Table 3. Conditions for bulk electrolysis acidified with TFA.a 

Complex [TFA] mM Ecat (V) Ecat/2 (V) Eapp (V)  (mV)  FE(H2) 

1 60 –1.47 –1.21 –1.33 440 100 

2 60 –1.46 –1.22 –1.40 450 91 

3 30 –1.55 –1.34 –1.50 570 101 

a Concentration of complex 0.9 mM in CH3CN, 0.1 M TBAPF6 electrolyte,  = Ecat/2-E0
HA/H2, 

E0
HA/H2 for TFA in MeCN = –0.77 V. Eapp is the voltage applied during electrolysis 

 

Furthermore, a dipping test was performed to prove that there is no deposition of 

catalytically active particles at the surface of the carbon plate used as the working electrode 

during bulk electrolysis. After bulk catalytic electrolysis, the working electrode was rinsed with 

MeCN prior to reuse in an electrolyte solution without catalyst (Figure S54). The absence of a 

catalytic current was consistent with homogeneous electrocatalytic H2 evolution and the lack of Co 

nanoparticle deposition.72, 73  

Catalytic mechanism. In the preceding sections, we have reported a series of observations 

that carry implications for the catalytic mechanism. The UV-Vis and NMR spectroscopic 

measurements indicated that 1 loses PN ligand(s) in the presence of TFA while 2 is stable. There is 

strong evidence that ligands such as PN are hemilabile.77 We therefore postulate that 1 can be 

protonated at a nitrogen atom of a PN ligand prior to one-electron reduction under 

electrocatalytic conditions to give a tricationic species opening up the chelate ring. We conclude 

that 1 lies outside the catalytic cycle whereas 2 may lie within the cycle. By comparison of 1 (Co(II)) 

and 2 (Co(III)) under catalytic conditions, we also showed that reduction of Co(III) to Co(II) is 

essential before H2 can be generated.  

The resulting ECEC cycle, taken as a working hypothesis (Scheme 3), is labeled starting with 

protonation of 1 to form a pendant pyridinium ion. The E1 step reduces Co(II) to a Co(I) species 

still containing protonated pyridinium. This step is followed by a ligand-assisted proton transfer 

from pyridinium to Co resulting in generation of the Co-H bond of 2 and formal oxidation to Co(III), 
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the C1 step. Complex 2 is now reduced in the E2 step  from Co(III) to Co(II). Finally, protonation by 

2H+ generates H2 in the C2 step and regenerates the initial ring-opened species. It is important to 

note that the cycle is complicated by equilibria between species with and without coordinated 

MeCN (see Scheme 2). The opening of the PN chelate to form a pyridinium plays an analogous role 

to the pendant amine in the [Ni(P2N2)2]2+ electrocatalysts.17 The proton for the formation of 2 in 

the C1 step may be derived from the pyridinium or from the bulk solution.  

 

Scheme 3. Proposed mechanism for electrocatalytic hydrogen evolution catalyzed by 1. 

 

 

Further information testing this ECEC mechanism should be obtainable by Foot of the Wave 

Analysis (FOWA). Data from FOWA for 1 and 2 (Supporting Information) allow derivation of rate 

constants as a function of acid concentration and scan rate provided appropriate conditions are 

met. These nominal rate constants show a marked curvature with acid concentration indicative of 

the presence of two or more mechanisms. We associate this change in mechanism with change in 

speciation of the catalyst as [TFA] is increased. While Scheme 3 should be regarded as one likely 

mechanism, there is evidence that additional mechanisms occur. 
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CONCLUSION 

 
The use of 2-(diisopropylphosphinomethyl)pyridine, PN, as a ligand enabled the synthesis of 

a group of cobalt complexes in +II and +III oxidation states with two PN ligands. The resulting 

[CoII(PN)2(MeCN)][BF4]2 1, [CoIII(PN)2(H)(MeCN)][PF6]2 2 and [CoIII(PN)2(H)(Cl)][PF6] 3 all exhibit 

structures with mutually trans phosphorus and mutually trans nitrogen atoms, a geometry which 

we have not identified for Co complexes of neutral 2 P-N ligands in the CSD. The Co(II) salt 1 

forms a square pyramidal geometry with axial MeCN in a low-spin electronic state, typical for a 17-

e complex. At least one PN ligand of 1 is protonated and displaced in the presence of 10 equiv TFA. 

Although 2 is stable under these conditions, the chloride ligand of 3 is displaced by MeCN solvent 

in the presence of acid (or more slowly in MeCN alone) as a consequence of the trans influence of 

hydride. The Co(II/I) couple of 1 exhibits fully reversible electrochemistry in MeCN solution, while 

the Co(III/II) couple of 2 is quasi-reversible.  Variable scan rate analysis and 

spectroelectrochemistry suggest that 2 loses MeCN on reduction. Complexes 1 and 2 catalyze 

proton reduction to hydrogen in the presence of TFA (solvent MeCN) with high Faradaic efficiency 

with an overpotential of ca. 450 mV and a peak catalytic current at ca. –1.3 V vs E(Fc+/Fc) 

corresponding to the Co(II/I) couple. A provisional catalytic cycle is proposed involving opening of 

the PN chelate ring on protonation of Co(II) allowing the resulting pyridinium to act as a pendant 

amine. However, Foot of the Wave Analysis indicates that more than one mechanism occurs, 

probably as a consequence of change in speciation with acid concentration. Complex 2 provides an 

example of a well-characterized cobalt hydride complex that is active in electrocatalysis of proton 

reduction. It points the way toward improved catalyst designs for catalysis. 
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For Table of Contents Only 
Reactions of simple cobalt salts with phosphinopyridine ligands generate a square pyramidal, low 

spin Co(II) complex and two cobalt(III) hydride complexes that all catalyze reduction of protons 

from trifluoroacetic acid. The methodology allows direct association of the hydride complexes 

with the catalytic mechanism.  

 
 

 


