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 We report solvent and electrolyte effects on the 

electrocatalytic oxidation of H2 using Ni(PCy
2N

R'
2)2 (R = Bn, 

tBu) complexes. A turnover frequency of 46 s-1 for 

Ni(PCy
2N

Bn
2)2 was obtained using 0.2 M [nBu4N][BF4] in THF. 

A turnover frequency of 51 s-1 was observed for Ni(PCy
2N

tBu
2)2 

using 0.2 M [nBu4N][B(C6F5)4] in fluorobenzene. These 

observations, in conjunction with previous studies, indicate 

nitrile binding inhibits catalysis supported by Ni(PCy
2N

Bn
2)2. 

A current goal of chemists is the selective and efficient catalytic 

conversion of small molecules such as H2, O2, N2 and CO2, 

specifically for their use in energy applications.1-6 Considerable 

progress has been made toward this objective, including the use of 

transition metal complexes for catalytic transformations.5,7-13 In 

order to improve homogeneous catalysts, identification of factors 

that contribute to the overall observed rate is critical for 

implementing rational design modifications. Most transition metal 

mediated molecular catalysts have a single step in common, the 

binding of a reactant to the metal center, which leads to bond 

activation and subsequent transformations. While any step in the 

catalytic cycle can be rate determining, substrate binding typically 

requires an open coordination site on the transition metal center, 

making this process particularly susceptible to inhibition by solvents 

and other reagents. Understanding the limiting factors that slow 

catalysis during the substrate-binding step is important for the design 
of improved catalysts. 

 The electrocatalytic oxidation of H2 by [Ni(PCy
2N

R'
2)2]

2+ (e.g. R' 

= Bn, (CH2)2OMe, tBu) complexes in nitrile solvents (i.e. CH3CN, 

PhCN) has been extensively studied.14-17 The mechanism of H2 

oxidation (Fig. 1) consists of addition and heterolytic cleavage of H2 

followed by alternating proton transfer (PT) and electron transfer 

(ET) steps. Recent experimental and computational studies from our 

laboratories have indicated the largest barriers that contribute to 

limiting catalytic activity are the H2 addition and cleavage steps, as 

well as the first intermolecular deprotonation.18-20 In particular, the 

calculated barrier for H2 addition and heterolytic cleavage of the 

computationally studied [Ni(PCy
2N

Me
2)2(CH3CN)]2+ complex is ≈ 14 

kcal/mol and the barrier for the first intermolecular deprotonation by 

an aniline base is estimated to be ≈ 17 kcal/mol.15,20 A very recent 

report from our laboratories estimates the CH3CN binding energy to 

[Ni(PPh
2N

Ph
2)2]

2+ to be ≈ 2 kcal/mol with a free energy dissociation 

barrier of ≈ 6 kcal/mol.21 These barriers represent significant 

opportunities to improve rates through rational catalyst design and 

optimization of reaction conditions. Herein, we report the 

 

 

 

Figure 1.  Proposed catalytic cycle for the oxidation of H2 

(clockwise) by [Ni(PR
2N

R'
2)2]

2+ complexes. 
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Table 1. NiII/I and NiI/0 E1/2 and ∆Ep for Ni(PCy
2N

Bn
2)2 and  Ni(PCy

2N
Bn

2)2 in various solvent/electrolyte combinations 

  

  Redox Couple (∆Ep)a,b 

Catalyst Solvent [A–] = BF4
– [A–] = PF6

– [A–] = B(C6F5)4
– 

Ni(PCy
2N

Bn
2)2 

 NiII/I NiI/0 NiII/I NiI/0 NiII/I NiI/0 

THF 
-0.75 

(107 mV) 

-1.21 V 

(106 mV) 

-0.71 V 

(81 mV) 

-1.24 V 

(83 mV) 

-0.62 V 

(71 mV) 

-1.33 V 

(69 mV) 

PhF 
-0.78 V 

(119 mV) 

-1.27 V 

(129 mV) 

-0.74 V 

(101 mV) 

-1.29 V 

(102 mV) 

-0.65 V 

(78 mV) 

-1.43 V 

(73 mV) 

Ni(PCy
2N

tBu
2)2 

THF 
-0.76 V 

(145 mV) 

-1.29 V 

(103 mV) 

-0.74 V 

(160 mV) 

-1.33 V 

(87 mV) 

-0.69 V 

(179 mV) 

-1.44 V 

(74 mV) 

PhF 
-0.84 V 

(166 mV) 

-1.46 V 

(131 mV) 

-0.66 V 

(167 mV) 

-1.33 V 

(129 mV) 

-0.69 V 

(152 mV) 

-1.56 V 

(80 mV) 
a Potentials are referenced to the Cp2Fe+/0 couple. b Conditions: 0.8 mM [Ni], 0.2 M [nBu4N][A–] solution, 250 mV/s.  

 

electrocatalyzed oxidation of H2 facilitated by Ni(PCy
2N

R'
2)2 (R' = 

Bn, tBu) complexes and discuss the effects of the solvent and 

electrolyte on the catalytic turnover frequencies (TOFs).14,16 These 

two complexes possess different solvent binding affinities for 

coordinating solvents and have significantly different steric profiles 

around the proton relay. Additionally, these two catalysts exhibit a 

substantial difference in their activity in nitrile solvents, 10 s–1 

compared to 58 s–1 for Ni(PCy
2N

Bn
2)2 and Ni(PCy

2N
tBu

2)2, 

respectively, making them ideal for studying the relative effects of 

solvent and anion binding on catalytic rate.14,16 

 Electrochemical studies were performed using Ni(0) solutions of 

the Ni(PCy
2N

R'
2)2 (R' = Bn, tBu) complexes. Solutions of the Ni(0) 

catalysts were used due to their superior solubility in the solvents 

studied, and to avoid the introduction of anions associated with the 

Ni(II) complexes. For each complex, the solvent and electrolyte 

were systematically varied to gain insight into both their 

electrochemical and electrocatalytic behavior. 

 Cyclic voltammograms (CVs) of 0.8 mM Ni(PCy
2N

R'
2)2 (R = Bn, 

tBu) in 0.2 M [nBu4N][A–] (A– = BF4
–, PF6

–, B(C6F5)4
–) solutions of 

THF (e.g. Fig. 2 and ESI Fig. S2.b) and fluorobenzene (PhF, ESI 

Fig. S1.a and S2.a) were collected, and the data is reported in Table 

1. For both complexes, the peak current (ip) of the Ni(I/0) couple 

linearly correlates with the square root of the scan rate (ESI Fig. S3–

7), indicative of a diffusion-controlled electrochemical event. The ip 

values of the Ni(II/I) couple show non-linear behavior in the plots of 

ip versus the square root of scan rate, particularly in the case of 

Ni(PCy
2N

tBu
2)2 (ESI Fig. S6–7). The difference in the cathodic and 

anodic peak potentials (∆Ep) at scan rates of 0.25 V/s-1 range from 

69–167 mV, whereas the ∆Ep of the internal standard (either 

[Cp2Co][PF6] or [Cp*2Co][PF6]) ranges from 65 to 105 mV. This 

CV data, combined with previous results, indicate that less 

coordinating environments (i.e. RCN > THF > PhF and BF4
– > PF6

– 

> B(C6F5)4
–) result in a decreased peak-to-peak separation (∆Ep) 

with a simultaneous increase in the separation of the Ni(II/I) and 

Ni(I/0) peak potentials (∆E1/2).
14-16 The solubility of Ni(PCy

2N
tBu

2)2 

in the Ni(II-0) oxidation states is too low in CH3CN to allow for 

comparison, however, electrochemical data for Ni(PCy
2N

Bn
2)2 is 

available.14-16 Comparing the ∆E1/2 of the Ni(II/I) and Ni(I/0) peak 

potentials of Ni(PCy
2N

Bn
2)2 from the most coordinating environment 

(i.e. CH3CN, A– = BF4
–, ∆E1/2 = 480 mV) to the least (i.e. PhF, A– = 

B(C6F5)4
–, ∆E1/2 = 780 mV) results in an increase in their separation 

by 300 mV. This increased separation between the redox couples is 

consistent with a report by Geiger that attributes the difference 

directly to the ion-pairing ability of the electrolyte anion with the 

oxidized species.22,23 

 
Figure 2. Cyclic voltammograms of 0.8 mM Ni(PCy

2N
Bn

2)2 in 

0.2 M [nBu4N][A–], A– = BF4
– (red), PF6

– (green), B(C6F5)4
– 

(blue) solutions of THF. Conditions: scan rate 0.250 V s–1 at 25 

°C. 

 Catalytic electrochemical measurements were conducted 

under identical conditions at 1 atm of H2 with subsequent 

additions of nBuNH2 (pKa [nBuNH3]
+ = 18.26 in CH3CN) to 

remove protons.24,25 The sterically small nBuNH2 was chosen as 

the exogeneous base for its ability to more readily access the 

endo protons in the Ni(0) endo/endo isomer (Fig. 1) relative to 

more sterically demanding amines (i.e. NEt3), thereby leading 

to greater TOFs.16,17 An increase in the anodic peak current, icat 

(determined at the point where the wave first plateaus Fig. S8 in 

the ESI) clearly establishes catalytic H2 oxidation (Fig. 3 and 

Fig. S9–14 in the ESI). The peak current for the catalytic 

waves, icat, as a function of scan rate was measured to 

determine when steady state conditions were reached; catalytic 

wave shapes and scan rate independent icat values were best 

defined at a scan rate of 0.25 V/s, with the exception of 

Ni(P2
CyN2

Bn)2 in THF with A = BF4
–, which showed steady 

state behavior at scan rates ≥ 0.50 V/s (ESI Fig. S12). Turnover 

frequencies (kobs) were determined from the ratio of icat/ip using 

equation 1 and reported with the corresponding half-peak 

potential of the catalytic wave (Ecat/2) in Table 2 (see the ESI for 

detailed information).26-30 In all cases ip values obtained from 

the Ni(I/0) couple were used to calculate the TOFs. 

 

Page 2 of 4ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name COMMUNICATION 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3  

                kobs � 1.94 V–1 ∙ �	 ����	�
 �
2

                                     

(1) 
 

 The TOF and Ecat/2 values shown in Table 2 were analyzed 

as a function of the coordinating ability of the solvent and 

electrolyte anion, and compared to previously reported studies 

in nitrile solvents. For reference, nitrile solutions with BF4
– 

anion represent the most coordinating environment, whereas 

fluorobenzene solutions of [nBu4N][B(C6F5)4] represent the least 

coordinating environment. 

 The Ecat/2 values shifted to more positive values when 

moving to less coordinating environments. Specifically, Ecat/2 

for both Ni(PCy
2N

Bn
2)2 and Ni(PCy

2N
tBu

2)2 shift to more 

oxidizing potentials by ≥ 300 mV. This positive shift in 

oxidation potential is likely a result of the decreased 

stabilization of the oxidized species in the less coordinating 

environments.22,23 One notable outlier in this trend is the Ecat/2 

observed for Ni(PCy
2N

tBu
2)2 in PhF/[nBu4N][B(C6F5)4], which 

occurs 820 mV more positive than in PhCN. This large shift in 

catalytic potential is indicative of a change in the catalytic 

mechanism from the deprotonation/oxidation mechanism (PT-ET) 

shown in Figure 1, to an oxidation/deprotonation mechanism (ET-

PT) as previously observed.16,17 This suggests that the rate of 

deprotonation of the Ni(0) endo/endo species under these 

conditions is significantly hindered, resulting in the mechanistic 

change. These combined data clearly illustrate that the potential at 

which catalysis occurs and the mechanism are highly sensitive to the 

coordinating ability of the environment. 

 In [Ni(PR
2N

R'
2)2]

2+ complexes, the binding affinity for a 

fifth ligand (e.g. solvent) depends on the tetrahedral distortion 

around the nickel center and the electron donating ability of the 

substituents on the P and N atoms.21,31 The Ni(PCy
2N

Bn
2)2 

complex is more susceptible to nitrile binding upon oxidation to 

Ni(II) compared to Ni(PCy
2N

tBu
2)2 and the TOF data in less-

coordinating environments supports this conclusion. In the case 

of Ni(PCy
2N

Bn
2)2, the TOF in MeCN (15 s-1) was significantly 

enhanced in less-coordinating environments (28–42 s-1). The 

same trend is not observed for Ni(PCy
2N

tBu
2)2 (with an 

exception in PhF/[nBu4N][B(C6F5)4], where a different 

mechanism is operating).16,17 The calculated TOF of 

Ni(PCy
2N

tBu
2)2 in PhCN using the Ni(I/0) couple for the ip value 

was found to be 38 s-1 compared to less-coordinating solvents 

with observed TOFs of 29–38 s-1 (Table 2). In the absence of 

solvent binding, which inhibits catalysis with Ni(PCy
2N

Bn
2)2, the 

TOFs often exceed those observed for Ni(PCy
2N

tBu
2)2 under 

identical conditions. This observed trend in TOFs in less-

coordinating solvents indicates that formation of the Ni(II)-H2 

adduct is a contributing factor to the overall observed rates. 

 

Table 2.  Turnover frequencies (s-1) as a function of 

solvent/supporting electrolyte combination. 

 

  TOFmax 
a,b 

(Ecat/2)
c 

Catalyst Solvent [A–] = 

BF4
–
 

[A–] = 

PF6
– 

[A–] = 

B(C6F5)4
– 

Ni(PCy
2N

Bn
2)2 

MeCN 
15 s-1 

(-0.73 V) 
- - 

PhCNd - 
22 s-1 

(-0.68 V) 
- 

THF 
42 s-1 e 

(-0.69 V) 

41 s-1 

(-0.66 V) 

28 s-1 

(-0.53 V) 

PhF 
38 s-1 

(-0.69 V) 

40 s-1 

(-0.65 V) 

28 s-1 

(-0.42 V) 

Ni(PCy
2N

tBu
2)2 

PhCN - 
38 s-1 f 

-0.77 V 
- 

THF 
38 s-1 

(-0.67 V) 

35 s-1 

(-0.58 V) 

33 s-1 

(-0.47 V) 

PhF 
29 s-1 

(-0.65 V) 

33 s-1 

(-0.54 V) 

51 s-1 

(+0.05 V) 
aConditions: 0.8 mM [Ni], 40-60 mM nBuNH2, 0.2 M 

[Bu4N
+][A-], scan rate: 250 mV/s, glassy carbon working 

electrode, Cp*CoPF6 as an internal standard. bip from NiI/0 

couple. cReferenced to Fc+/Fc couple. d[Ni] = 

[Ni(P2
CyN2

Bn)2](BF4)2. 
eA TOFmax of 46 s-1 was calculated at 500 

mV/s. fCalculated from original reported data using ip from 

NiI/0.15,16 
 

 Surprisingly, higher TOFs were observed for Ni(PCy
2N

Bn
2)2 

compared to Ni(PCy
2N

tBu
2)2 in non-nitrile solvents in nearly all cases. 

The differences are likely due to the steric environment around the 

pendant amine and the resulting effect on intermolecular 

deprotonation. This hypothesis is supported by the catalytic behavior 

of Ni(PCy
2N

tBu
2)2 in PhF with [nBu4N][B(C6F5)4] as the supporting 

electrolyte. In addition to the substantial increase in Ecat/2, these 

conditions yielded the highest TOF observed in this study, although 

catalysis occurs through a different mechanism. We have previously 

shown that oxidation of the Ni(0) endo/endo species weakens the 

Ni•••HN hydrogen bonds, allowing facile chair/boat isomerization 

and subsequent deprotonation.16,17,32,33 The combination of high 

TOF and shift of mechanism demonstrates strong evidence that 

deprotonation continues to contribute to the overall rate of catalysis 

and is a critical issue in mechanism of Ni(PCy
2N

R'
2)2-catalyzed H2-

oxidation. 

 In conclusion, we have shown that the coordinating 

environment induced by the solvent and electrolyte has a 

significant impact the oxidation of H2 by Ni(PCy
2N

R'
2)2 (R = Bn, 

tBu) electrocatalysts. In particular, more coordinating 

environments lead to stabilization of reactive intermediates 

resulting in lowering the potential at which electrocatalysis 

occurs. In contrast, binding of a solvent molecule (e.g. nitriles) can 

limit turnover frequencies through competitive binding during the H2 

addition steps. Work continues in our laboratories to explore and 

elucidate the effects of the medium on the electrocatalytic 

production and oxidation of H2. 

 This research was supported as part of the Center for 

Molecular Electrocatalysis, an Energy Frontier Research Center 

funded by the U.S. Department of Energy, Office of Science, 

 
Figure 3. Cyclic voltammograms of 0.8 mM Ni(PCy

2N
Bn

2)2 

in 0.2 M [nBu4N][BF4] in PhF with subsequent additions of 
nBuNH2. Conditions: scan rate 0.250 V s–1 at 25 °C. 
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