
& Electrocatalysis | Hot Paper |

Electrocatalytic Proton Reduction by a Cobalt Complex Containing
a Proton-Responsive Bis(alkylimdazole)methane Ligand:
Involvement of a C@H Bond in H2 Formation

Pradip Ghosh,[a, d] Sander de Vos,[a] Martin Lutz,[b] Frederic Gloaguen,[c]

Philippe Schollhammer,[c] Marc-Etienne Moret,[a] and Robertus J. M. Klein Gebbink*[a]

Abstract: Homogeneous electrocatalytic proton reduction is

reported using cobalt complex [1](BF4)2. This complex com-
prises two bis(1-methyl-4,5-diphenyl-1H-imidazol-2-yl)me-

thane (HBMIMPh2 ) ligands that contain an acidic methylene

moiety in their backbone. Upon reduction of [1](BF4)2 by
either electrochemical or chemical means, one of its

HBMIMPh2 ligands undergoes deprotonation under the for-
mation of dihydrogen. Addition of a mild proton source

(acetic acid) to deprotonated complex [2](BF4) regenerates
protonated complex [1](BF4)2. In presence of acetic acid in

acetonitrile solvent [1](BF4)2 shows electrocatalytic proton re-

duction with a kobs of &200 s@1 at an overpotential of
590 mV. Mechanistic investigations supported by DFT (BP86)

suggest that dihydrogen formation takes place in an intra-

molecular fashion through the participation of a methylene
C@H bond of the HBMIMPh2 ligand and a CoII@H bond

through formal heterolytic splitting of the latter. These find-
ings are of interest to the development of responsive li-

gands for molecular (base)metal (electro)catalysis.

Introduction

The generation of dihydrogen (H2) from protons has been ex-

tensively investigated in recent times in view of the prospec-
tive use of H2 as a carbon-free energy carrier.[1, 2] Several classes

of molecular electrocatalysts have been designed to facilitate
the reduction of protons to hydrogen (hydrogen evolution re-

action, HER) and efforts have been sustained to develop more
efficient catalysts.[3–18] The use of first row, earth-abundant tran-

sition-metal ions in combination with a suitable cooperative/
proton- or electron-responsive ligand has found particular in-

terest in the development of homogeneous catalysts for HER

reactions.[19, 20] Dubois and Bullock et al. have developed Ni-cat-
alysts [Ni(PR

2NR’
2)2]2 + (Figure 1a), in which the catalytic activity

is facilitated by the incorporation of a pendant amine function-
ality that relays protons during catalysis.[8–10] The positioning of

pendant N@H protons in the ligand tunes the efficiency of
these catalysts. Eisenberg and Holland reported the use of the
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dithiolatecobalt complex [Co(bdt)2]@ (bdt = 1,2-benzenedithio-

late; Figure 1b) as photocatalyst and electrocatalyst for
HER.[11, 12] Later, mechanistic aspects of proton reduction by

substituted dithiolene cobalt complexes have been report-
ed.[21–23] The high activity of the [Co(bdt)2]@ catalyst was ration-

alized by the use of a redox-active dithiolate ligand that can

store/release electrons and participation of the sulfur donors in
proton relay during catalysis.

The development of efficient catalysts for HER relies on the
understanding of the fundamental steps involved in catalysis.

A commonly proposed mechanism is the formation of an inter-
mediate metal hydride (M@H) species that undergoes reduc-

tion, followed by protonation resulting in dihydrogen evolu-

tion.[20, 24, 25] In addition, examples of ligand-mediated HER have
been reported that do not rely on the formation of M@H inter-

mediates. Nocera and co-workers have reported nickel “hang-
man” porphyrin complexes (Figure 1c), in which the conjugat-

ed porphyrin system dearomatizes upon reduction.[26] The
meso-carbon atom in the dearomatized system accepts a
proton from either the hanging carboxylic acid group or from

an external proton source to produce a phlorin intermediate
which is the active species that stores electrons in the C@H
bond. In this example, proton-coupled electron-transfer pro-
cesses (PCET)[27–29] play a critical role to avoid high-energy in-
termediates in the catalytic cycle. Berben et al. have reported
on an aluminium-based HER catalyst derived from a phenyl-

substituted bis(imino)pyridine ligand in which both proton-
and electron transfer are mediated by the ligand backbone,
that is, without involvement of the Al center (Figure 1d).[16]

Grapperhaus et al. have synthesized a redox-active thiosemi-
carbazone ligand where the free ligand and its zinc complex

(Figure 1e) are used as electrocatalysts for proton reduction.[18]

Recently, we have reported on the synthesis of the diimine

ligand bis(1-methyl-4,5-diphenyl-1H-imidazol-2-yl)methane

(HBMIMPh2 ) in which the ligand framework is very similar to
well-known b-diketimine, or HNacNac, ligand systems

(Scheme 1).[30] The coordination and ligand-based oxidation
chemistry of the corresponding anionic ligand, BMIMPh2@, has

been studied for its cobalt and zinc complexes, [M(BMIMPh2@)2]
(M = Co and Zn). Through cyclic voltammetric analysis, it was

observed that these complexes undergo a total of four single-

electron oxidation events that are all ligand based. The first
two oxidations are at negative potentials vs. the ferrocene/fer-

rocinium couple, which has enabled us to isolate and charac-
terize the singly and doubly oxidized complexes, overall cover-

ing three different oxidation states.[30]

In this paper, we report the synthesis of cobalt complex
[Co(HBMIMPh2 )2](BF4)2, [1](BF4)2, based on the neutral diimine

ligand HBMIMPh2 , which is found to be an electrocatalyst for
the HER reaction. Our combined experimental and DFT studies

support that [1](BF4)2 undergoes H-atom loss upon reduction
(chemically or electrochemically) resulting in formal deprotona-

tion and generates cobalt complex [Co(HBMIMPh2 )-

(BMIMPh2@)](BF4), [2](BF4) containing one deprotonated
BMIMPh2@ligand. Protonation of the coordinated BMIMPh2@

ligand restores the original complex [1](BF4)2 and closes a cata-
lytic cycle. Isolation and characterization of [2](BF4) in combina-

tion with mechanistic investigations using DFT suggest that a
ligand C@H moiety and an intermediate Co–H moiety are in-
volved in the dihydrogen formation step, providing a unique

HER mechanism.

Results and Discussion

Synthesis and characterization: X-ray, electrochemistry and
electronic structure analysis

Cobalt complex [1](BF4)2 was synthesized by reacting
Co(BF4)2·6 H2O and bis(1-methyl-4,5-diphenyl-1H-imidazol-2-yl)-

methane (HBMIMPh2 ) in a 1:2 molar ratio in THF. The pink com-
plex of composition [Co(HBMIMPh2 )2](BF4)2 was isolated from

the reaction mixture in quantitative yield by precipitation
(Scheme 2).

ESI-MS analysis of this complex in acetonitrile shows intense

peaks at 509.6853 amu and 1106.3882 amu for [1]2 + (calcd:
509.6980 amu) and {[1](BF4)]}+ (calcd: 1106.4000 amu), respec-

tively (Figure S1). The 1H NMR spectrum of [1](BF4)2 in CD3CN
shows broad signals between @30 and 200 ppm, clearly indi-

cating its paramagnetic nature (Figure S2). Solution state mag-
netic susceptibility measurement by Evans method confirmed

Scheme 1. The HBMIMPh2 ligand (left) and ligand-centered redox events in [M(BMIMPh2@)2] complexes (right).
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that [1](BF4)2 is a high spin cobalt(II) complex (meff = 3.82 mB).

The complex has been characterized using single-crystal X-ray

structure determination. The molecular structure of [1](BF4)2 is
shown in Figure 2, while key bond distances and angles are

compiled in Table S1. The asymmetric unit of [1](BF4)2 contains
two independent molecules and the structure reveals a twisted

tetrahedral geometry of the complex with a twist angle in be-
tween the two nearly planar NCCCN chelators (N1-C2-C1-C18-

N3) of 65.68–71.238.

The redox behavior of [1](BF4)2 was examined by CV in
CH3CN using [Bu4N]PF6 as supporting electrolyte. [1](BF4)2 dis-

plays two reduction peaks at @1.96 V (R1) and @2.36 V (R2) vs.
Fc/Fc+ (Fc = ferrocene), while in the reverse scan (cathodic to

anodic) an oxidation peak (O1) was noted at @0.64 V (Fig-
ure 3a). The segmented cyclic voltammogram (black line) indi-

cates that the first chemically irreversible reduction is responsi-

ble for the appearance of the oxidation; this CV response is
consistent with an electrochemical step followed by a chemical

reaction (EC mechanism, vide infra).[27–29] Consecutive cathodic
scans confirm the accumulation in the vicinity of the electrode

of a stable product reversibly oxidized at ca. @0.7 V (see Fig-
ure S3). To gain insight in the second reduction process R2,

CVs were recorded at increasing scan rates (v) (Figure S4). The

peak current function ip,R2/v1/2 and the peak current ratio

ip,R2/ip,R1 are both independent of v (Figure S4, inset). It is there-
fore difficult to conclude whether or not R2 is related to R1

based on this CV analysis (vide infra). A spectroelectrochemis-
try experiment in CH3CN/[Bu4N]PF6 was performed to examine

the optical changes associated with the primary reduction of
[1](BF4)2 using an optically transparent thin layer electrochemi-
cal (OTTLE) cell. [1](BF4)2 shows weak d–d transitions at 555
and 510 nm, while the electro-generated, reduced complex ab-
sorbs strongly at 370 nm (Figure 3b). The HBMIMPh2 ligand
itself is not reduced in the potential range up to @2.6 V vs. Fc/
Fc+ in CH2Cl2/[Bu4N]PF6 (Figure S5).

Next, we treated [1](BF4)2 with one equivalent of KC8 in THF,
which resulted in the isolation of brown complex [2](BF4) in

72 % yield (Scheme 3). Immediate effervescence was observed
upon the addition of KC8 to the solution of [1](BF4)2 which indi-

cates the formation of a gaseous by-product. The UV-vis spec-

trum of isolated [2](BF4) in THF is identical to that of the com-
plex generated in the spectroelectrochemical experiment, viz.

the chemically reduced complex is in accordance with the
electrochemically reduced complex (Figure S6). [2](BF4) is para-

magnetic as shown by its 1H NMR spectrum (Figure S7). The
solution state magnetic moment measurement by Evans

method indicates the presence of three unpaired spins (meff =

3.7 mB). Hence, no change in the overall spin state has taken
place upon reduction of [1](BF4)2. The ESI-MS spectrum of

[2](BF4) in THF shows an intense peak at m/z 1018.3724 amu,
which matches with the chemical composition of

[Co(BMIMPh2@)(HBMIMPh2 )]+ , that is, a CoII center coordinated
by one anionic ligand and one neutral ligand. The simulated

isotope pattern for this composition (m/z 1018.3882 amu)

matches well with the experimental spectrum (Figure S8).
We have obtained suitable crystals of compound [2]BF4 for

single-crystal X-ray diffraction. Analysis of the diffraction data
resulted in a structure that cannot be distinguished from the

structure of [Co(BMIMPh2@)(BMIMPh2 C)](BF4) that we described
earlier.[30] Brown [2]BF4 and green [Co(BMIMPh2@)(BMIMPh2 C)](BF4)

have distinctly different physical properties and have been syn-

thesized in different ways. Yet, their structural difference (a
single hydrogen atom) cannot be ascertained through X-ray
analysis.

Overall, we conclude that formal deprotonation of one of

the HBMIMPh2 ligands takes place upon reduction of [1](BF4)2

via either chemical or electrochemical means. Initial reduction

is likely to reduce the CoII center in [1](BF4)2 to generate a CoI

intermediate. Subsequent electron-transfer from the reduced
metal center to one of the coordinated HBMIMPh2 ligands is en-

visioned to occur concomitantly with cleavage of a methylene
C@H bond and formation of hydrogen gas, resulting in a CoII

complex containing one neutral and one anionic ligand.
The CV of complex [2](BF4) shows two reversible oxidation

peaks at @0.66 V and 0.35 V, along with one irreversible reduc-

tion peak at @2.39 V (Figure 4). The small reduction peak ob-
served at @1.97 V originates from [1]2+ , formed via protonation

of [2]+ by the solvent (CH3CN or residual H2O). The oxidative
responses at @0.66 V and 0.35 V are due to oxidation of the

anionic ligand and generate p-radical and cationic forms of the
ligand, respectively. [30, 31] The reduction at @2.39 V is ascribed

Scheme 2. Synthesis of [1](BF4)2.

Figure 2. Displacement ellipsoid plot of [1]2+ (50 % probability). Phenyl
rings, methyl H-atoms, BF4 counter anions, and disordered solvent molecules
have been omitted for clarity. Only one of two independent molecules is
shown.
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to a Co(II/I) couple. A comparison of the peak positions on the

CV responses (reductive as well oxidative) shown in Figures 3
and 4 confirm that the primary reduction of [1]2 + gives [2]+

through an EC mechanism. For a clean ECE mechanism, R1 and
R2 should have approximately the same peak heights. The un-

equal peak heights of R1 and R2 in the CV of [1](BF4)2 are likely

caused by the occurrence of a parallel chemical step that also
consumes the reduced intermediate [1]+ .

We succeeded to oxidize complex [2](BF4) using one equiva-
lent of ferrocinium tetrafluoroborate (FcBF4) on a synthetic

scale and deep blue [3](BF4)2 was isolated. The isolated com-
plex [3](BF4)2 is also paramagnetic, as supported by its 1H NMR

spectrum (Figure S9). The solution-state magnetic measure-

ment by Evans method indicates the presence of two-unpaired
electrons (meff = 2.9 mB). [3](BF4)2 was also characterized by

single-crystal X-ray structure determination, which shows that
it has a distorted tetrahedral geometry with a twist angle be-

tween the two NCCCN chelators (N1-C2-C1-C18-N3) of 70.1(4)8
(Figure S10).

The electronic structures of the three isolated cobalt com-

plexes [1]2 + , [2]+ and [3]2 + were examined by DFT calculations
at the BP86 level as implemented in Gaussian 09.[32] The most

stable states for [1]2+ and [2]+ are spin quartets, in accordance
with the solution state magnetic data. Mulliken spin densities

of 2.59 and 2.51 on the Co centers in [1]2+ and [2]+ , respec-
tively, support a high-spin CoII configuration in both cases. The

experimental solution magnetic moment for [3]2 + indicates an
S = 1 ground state, which would be consistent with either of
the following two formulations: i) an intermediate spin CoIII

(SCo = 1) with one anionic ligand (SBMIMPh2
@ = 0) and one neutral

ligand (SHBMIMPh2
= 0), or ii) a high-spin CoII (SCo = 3/2) with one

neutral ligand (SHBMIMPh2
= 0) and one ligand p-radical

(SBMIMPh2C = 1/2) that is antiferromagnetically coupled with the

Co center. DFT calculations for [3]2 + favor the latter description.

The broken symmetry BS(3,1) and spin unrestricted (S = 1) cal-
culations for [3]2 + yield an identical solution, in which the S = 1

ground state is attained by antiferromagnetic coupling of the
single unpaired electron on the ligand with one of the three

unpaired spins in one of the t2 orbitals of the tetrahedral CoII

center (Figure 5). Accordingly, Mulliken analysis of the spin

Figure 3. (a) CV of complex [1]2 + in CH3CN/[Bu4N]PF6 (scan rate 100 mV s@1) (b) UV-vis spectral change upon reduction of [1]2 + in CH3CN/[Bu4N]PF6.

Scheme 3. Chemical changes associated with redox events operative in the coordinated HBMIMPh2 ligand. The color of the participating ligand represents the
color of the isolated cobalt complex.

Figure 4. CV of [2](BF4) in CH3CN/[Bu4N]PF6 (scan rate 100 mV s@1).
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density yields an a-spin density of &2.49 electron spin at the

CoII center and a net b-spin density of &@0.48 on the BMIMPh2 C
ligand (Figure 5, inset). Accordingly, the electronic structure of

complex [3]2 + is best described as [CoII(HBMIMPh2 )(BMIMPh2 C)]2+ .
Characterization of complex [3](BF4)2 by various spectroscop-

ic techniques as well as electronic structure analysis clearly in-

dicates that 1-electron oxidation of [2](BF4) happens at the de-
protonated ligand to produce a neutral p-radical ligand
(BMIMPh2·) in [3](BF4)2. The second oxidation at 0.35 V, as indi-
cated by CV (Figure 4), is likely to be ligand-based as well, in

line with our earlier analysis of the redox events in Co-com-
plexes featuring two anionic BMIMPh2@ ligands.[30] The above

(electro)chemical transformations converting [1](BF4)2 in

[2](BF4), and subsequently in [3](BF4)2 are compiled in
Scheme 3.

Our investigations reveal that [1](BF4)2 undergoes a formal
deprotonation upon (electro)chemical reduction. Additional ex-

periments show that addition of a mild proton source, for ex-
ample, acetic acid (AcOH), to singly deprotonated complex

[2](BF4) regenerates the starting, protonated complex [1](BF4)2.
Addition of CD3COOD (5 equivalents) to a THF solution of
[2](BF4) yields a pink-colored complex, in line with the color of
[1](BF4)2. Subsequent characterization by ESI-MS showed an ion
of 510.2099 amu, that is, an ion of mass (m + 1) with respect to
the ion [1]2 + indicating the incorporation of a deuterium atom
(Figure S12). Hence, the HBMIMPh2 ligand in [1](BF4)2 can act as

a proton as well as an electron reservoir (Scheme 3).
This notion is supported by the behavior of Co-complex

[4](BF4)2 supported by two bis-methylated Me2BMIMPh2 ligands,

that do not contain a methylene moiety in their backbone
(Figure 6, left). Details on the synthesis and characterization of

[4](BF4)2, including single crystal X-ray structural determination,
are provided in the Supporting Information. The CV of [4](BF4)2

features an irreversible reduction peak at @1.70 V vs. Fc/Fc+ in
CH3CN/[Bu4N]PF6. This potential is ca. 0.26 V more positive

than that of the first reduction of [1](BF4)2 and is assigned to a

CoII/I couple (Figure 3a). The CV of [4](BF4)2 does not show the
typical second reduction peak observed for [1](BF4)2, and

shows an oxidation peak in the reverse cathodic to anodic
scan at a potential ca. 0.75 V more positive than observed for

[1](BF4)2. These results corroborate the importance of an acidic
methylene unit in the HBMIMPh2 ligand in the redox chemistry

observed for [1](BF4)2 (vide infra). Yet, the irreversible nature of

the reduction of [4](BF4)2 is currently not understood.

Electrocatalytic studies

The reversibility of the (reduction-induced) deprotonation of

[1](BF4)2 led us to examine this complex as an electrocatalyst

for HER. Accordingly, electrocatalytic proton-reduction experi-
ments were carried out in CH3CN/[Bu4N]PF6 using acetic acid

(AcOH, pKa = 22.3) as a proton source. Upon addition of AcOH
to CH3CN/[Bu4N]PF6 solutions of [1](BF4)2 (0.5 mm), the cathodic

current at @1.96 V increases, indicating an electrocatalytic re-
duction process (Figure 7a). At AcOH concentrations above

80 mm, the current associated with this process is no longer

dependent on the acid concentration, but the electrocatalytic

Figure 5. Qualitative MO diagram for complex [3]2 + derived from BS(3,1) cal-
culations (Inset : spin density plot). Active molecular orbitals are shown; the
full diagram is provided in the Supporting Information (Figure S11).

Figure 6. Complex [4](BF4)2 (left) and its CV in CH3CN/[Bu4N]PF6 (scan rate 100 mV s@1; right).
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wave remains peak shaped indicating a limitation by acid diffu-
sion to the electrode surface (Figure 7b). Under saturating acid

conditions, the observed catalytic rate constant gives the
upper limit of the turnover frequency, which is TOFmax&200 s@1

(Figure S13). The overpotential for hydrogen evolution under
these conditions is 590 mV, after considering the homoconju-

gation effect of AcOH.[33, 34] Under non-saturating acid condi-

tions, the catalytic current (icat) is linearly dependent on acid
concentration indicating that the acid is involved in the rate-

determining step (Figure S14). Plots of icat/ip vs. [AcOH], in
which ip is the cathodic peak current in the absence of acid,

confirm the second-order dependence on acid concentration
(Figure S14).[7b] Additionally, varying [1](BF4)2 concentrations at

a fixed [AcOH] confirms a first-order dependence on the cata-

lyst concentration (Figure S15). The overall rate of the reaction
is, therefore, second order with respect to acid concentration

and first order with respect to the concentration of Co-com-
plex [1](BF4)2. Control experiments with acetic acid in the ab-

sence of [1](BF4)2 show no significant current in the potential
window (Figure S16).

Initial robustness tests of the catalyst were carried out

through controlled bulk electrolysis experiments using a mer-
cury electrode, which showed that the complex is not stable
for longer times (2 h) at an applied potential of @1.9 V. We
also compared the charge consumed in the presence and ab-

sence of [1](BF4)2 and noted a higher consumption of charge
(Coulomb) when acetic acid (10 and 50 equivalents with re-

spect to catalyst) was electrolyzed in the presence of [1](BF4)2.
The electrolysis experiments were performed for 30 minutes
and the charge was 252 and 333 miliCoulomb (mC) in pres-

ence of 10 and 50 equivalent acetic acid, while without catalyst
the charges were 155 and 230 mC, respectively (Figures S17–

S18). The catalytic TON for [1](BF4)2 calculated from this initial
bulk electrolysis experiment amounts to 0.25, clearly showing

that [1](BF4)2 is not stable under experimental conditions using

a Hg electrode. The dimethyl-substituted complex [4](BF4)2 was
also tested in presence of 50 equiv of AcOH. In this case,

charge consumption in the presence and absence of the
cobalt complex is very similar (Figure S18). This once more

points out the importance of the acidic methylene unit in the
ligand backbone for the reduction chemistry of [1](BF4). Ongo-

ing bulk chronoamperometric experiments using a rotating
glassy carbon electrode in combination with in-line H2-detec-

tion via GC target a more detailed picture on the durability of
[1](BF4)2 during electrocatalysis and aim to optimize its overall

performance.

Mechanistic investigation

A number of reaction pathways for the electrocatalytic HER by

[1](BF4)2 have been examined by means of DFT calculations (for
details see the Supporting Information). Based on the potential

at which electrocatalysis takes place and the electrochemical

properties of the Co-complexes discussed here, we considered
that cobalt-centered reduction of [1]2 + is the initial step in the

mechanism for H2 evolution (Scheme 4). Next, complex A,
formed upon 1-electron reduction of [1]2 + , could undergo a 2-

electron oxidation upon reaction with a proton to give rise to
an intermediate CoIII–H complex, [HCoIII(HBMIMPh2 )2]2 + (B).

The generation of H2 from B could then proceed in two

ways: i) complex B undergoes an electrochemical reduction to
form an CoII–H intermediate, [HCoII(HBMIMPh2 )2]+ (C), and the

CoII@H bond subsequently combines with one of the methyl-
ene protons of a HBMIMPh2 ligand to form H2 and [2]+ (formal

heterolytic cleavage of the CoII@H bond; pathway 1), or (ii) the
CoIII@H bond and one of the methylene protons complex B
combine through homolytic cleavage of the cobalt hydride
bond to form H2 and complex [3]2 + , followed by electrochemi-

cal reduction of [3]2 + to form complex [2]+ (pathway 2). In the
final step, complex [2]+ would be protonated to regenerate
starting complex [1]2 + . In the overall reaction, two protons and

two electrons (2 H+ + 2 e@) are then involved for the genera-
tion of H2.

Several other possible pathways without involvement of the
ligand C@H bond have been ruled out based on the experi-

mental rate equation for the HER by [1](BF4)2 and bulk electrol-

ysis experiments of complex [4](BF4)2. The overall rate of the
electrocatalysis by [1](BF4)2 in the presence of acid is first order

with respect to catalyst, which indicates that the reaction goes
through a mono-metallic pathway and discards bimolecular

pathways such as the bimetallic homolytic cleavage of CoIII–H
or CoII–H complexes to generate CoII and CoI complexes, re-

Figure 7. (a) Red line: CV of [1](BF4)2 (0.5 mm) ; black line: addition of 10–240 equivalents of AcOH in CH3CN/[Bu4N]PF6 (scan rate = 0.2 V s@1). (b) plot of current
(icat) vs. [AcOH].
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spectively, along with dihydrogen. Complex [4](BF4)2 does not

show any activity in bulk electrolysis experiments, which rules
out the possibility of heterolytic cleavage of CoIII–H or CoII–H
species in the presence of the external proton source (acetic

acid).
At the start of our DFT study we have optimized the geome-

tries of the isolated complexes ([1]2+ , [2]+ and [3]2+), proposed
intermediates (A, B and C), and the possible transition states

(TS1 and TS2) to understand the full catalytic cycle for electro-
catalytic hydrogen production using [1](BF4)2. The DFT calculat-

ed spin density plot for [1]2+ supports the high spin configura-
tion of the CoII center. The 1-electron reduced intermediate A
shows a Mulliken spin value of 1.9 localized on the Co center

(Figure S20), suggesting that the first reduction indeed takes
place at the cobalt(II) center and that A is a CoI species. Upon

reduction of [1]2+ , a structural change from distorted tetrahe-
dral for CoII to distorted trigonal bipyramidal for CoI is induced

(Figure S21), which provides space for a fifth ligand to bind to

cobalt. The calculated reduction potential for the CoII/I couple
is @1.81 VFc=Fcþ, which is very close to the experimentally ob-

served reduction potential (Ep =@1.96 VFc=Fcþ ). The formation of
intermediate B from intermediate A via oxidative addition of a

proton to the CoI center was computed to be favorable by
8.8 kcal mol@1. To compute this value, the literature value of

@266.5 kcal mol@1 was used for the free energy of a proton in

CH3CN solvent (vide infra).[35] Intermediate B was optimized in
two spin states viz. intermediate spin CoIII with S = 1 and low
spin CoIII with S = 0. The former spin state is energetically fa-

vored by 12.9 kcal mol@1. The optimized geometry of B indi-
cates that one of the six-membered Co(NCCCN) chelate rings
adopts a boat-like configuration, which preorganizes the meth-
ylene C1@H2 bond in the corresponding HBMIMPh2 ligand and
the Co1@H3 bond with respect to each other (Figure 8a). The
computed Co1@H3 distance in B is 1.456 a, which is compara-

ble with reported CoIII–H distances.[23]

Scheme 4. Proposed mechanistic pathways of H+ reduction by [1]2 + derived from a combination of experimental and theoretical (BP86) results, including cal-
culated reduction potentials (E8 in V vs. Fc/Fc+) and free energy changes (DG0

298K in kcal mol@1) (R = Ph).

Figure 8. Optimized geometries of (a) complex B and (b) TS1d (phenyl
groups are omitted for clarity).
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Next, dihydrogen evolution may proceed via either pathway
1 or 2, as indicated above. The first step in pathway 1 is the re-

duction of the intermediate CoIII@H complex (B) to form a CoII–
H intermediate (C). The calculated reduction potential for this

transformation is @0.93 VFc=Fcþ, which is energetically favorable
with respect to the experimentally applied potential. Inter-

mediate C was also optimized in two spin states, viz. a low
spin CoII (S = 1/2) and a high spin CoII (S = 3/2) state. The low
spin CoII state is energetically more favorable than the high
spin state by 16.3 kcal mol@1, likely a consequence of the
strong-field hydride ligand. Subsequent generation of dihydro-
gen via heterolytic cleavage of the CoII@H bond is energetically
favored by 21.03 kcal mol@1. The transition state (TS1) for this

transformation was also optimized in two different spin states,
viz. a doublet (TS1 d, Figure 8b) and quartet (TS1 q) state. The

doublet state is 3.8 kcal mol@1 lower in energy than the quartet

state and the activation barrier towards TS1 d is 20.8 kcal
mol@1. Comparison of the metrical parameters of these two

transition states reveals that TS1 d has the more product-like
geometry (Table S2). For example, the dH@H and the sum of the

angles around the central carbon atom (aC3-C1-C2 +aH1-
C1-C3 +aH1-C1-C2) in the participating HBMIMPh2 ligand in

TS1 d are 0.863 a and 3538, respectively, while these values are

1.115 a and 3468 in TS1 q. The intraligand bond distances and
angles in the participating HBMIMPh2 ligand are different from

those in the spectator ligand: dC1–C2 and dC1–C3 distances in the
participating ligand are contracted by &0.05 a compared to

the spectator ligand (dC4–C5 and dC4–C6 ; Table S2).
The first step in pathway 2 is the generation of dihydrogen

from intermediate B via homolytic cleavage of the C1@H2

bond and Co1@H3 bond, which is energetically favored by
17.6 kcal mol@1 and has an activation energy towards TS2 of

25.0 kcal mol@1. The optimized structure of TS2 is shown in Fig-
ure S22. The resulting complex [3]2 + undergoes electrochemi-

cal reduction to form complex [2]+ in the subsequent step.
The calculated reduction potential for this step is @0.78 VFc=Fcþ,

which is comparable with the experimentally observed first ox-

idation potential of [2]+ (@0.66 VFc=Fcþ ). The final step for both
pathways is the regeneration of [1]2 + from [2]+ upon accept-

ance of a proton from solution, which is energetically favorable
by 23.9 kcal mol@1.

An alternative pathway that was also considered
proceeds via H-atom transfer from the ligand

(homolytic cleavage of C@H bond) to CoI in molecule
A to generate a CoII@H intermediate,
[CoIIH(HBMIMPh2 )(BMIMPh2 C)]+ (B’) with a radical ligand

(Figure S22). The overall H-atom transfer to form this
CoII@H intermediate (A!B’) is energetically favorable

by 14.5 kcal mol@1. The energy barrier (TS’) for this
transformation is 27.5 kcal mol@1 (SI, Figure S22A). The

optimized geometry of TS’ is shown in Figure 9.

The next step along this reaction trajectory is the
reduction of the radical ligand in B’ to form CoII@H

species C’ with an anionic ligand. The calculated re-
duction potential for this step is @2.66 VFc=Fcþ, which

is energetically unfavorable with respect to the ex-
perimentally applied potential. The subsequent pro-

tonation of the anionic ligand in C’ to generate complex C is

energetically favorable (DG0
298K =@34.07 kcal mol@1). This reac-

tion trajectory via H-atom transfer is also shown in Figure 10.

While these DFT studies are not conclusive for the overall re-
action pathway of the HER reaction catalyzed by [1](BF4)2, they

do indicate the common involvement in the three pathways
discussed above of a C@H bond of the HBMIMPh2 ligand back-

bone in the H@H bond forming step. Dihydrogen formation in

these pathways seems to proceed via a formal heterolytic
cleavage of a CoII@H bond in intermediate C and through tran-

sition state TS1 d. On the other hand, the calculations are not
conclusive on each individual reaction step that precedes dihy-

drogen formation, in particular on steps related to the forma-
tion of intermediates B/B’ and C/C’. A reason for this may be

that our calculations may overestimate the difference in reduc-

tion potential between species of different charge. In addition,
one could scrutinize the free energy that was used for the sol-

vated proton with respect to the conditions of catalysis.
Lastly, another pathway proceeding via direct elimination of

H2 from CoIIH intermediate B’, [CoIIH(HBMIMPh2 )(BMIMPh2 C)] via
participation of a methylene proton of the other, neutral
ligand was found to be energetically unfavorable (DG0

298K = +

7.7 kcal mol@1), with an activation barrier of 49.7 kcal mol@1 (Fig-
ure S23). While the alternative, mononuclear pathways seems
unfavorable with respect to the pathway depicted in

Figure 9. Optimized geometry of TS’ (phenyl groups are omitted for clarity).

Figure 10. Overall reaction energy diagram for catalytic proton reduction by [1](BF4)2 de-
rived from DFT calculations. Spin state (s) of isolated complexes, proposed intermediates
and TSs are mentioned.
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Scheme 4, we can at the moment not rule out a rapid, non-
rate limiting bimetallic pathway involving two complexes.

Conclusions

We have reported on the tetrahedral cobalt complex [1](BF4)2,

derived from the bidentate imidazole ligand HBMIMPh2 , that
can act as an electrocatalyst for the HER reaction using a weak

proton source. Isolation and characterization of the corre-
sponding 1-electron reduced complex [2](BF4) have established

that upon reduction of [1](BF4)2 a methylene C@H proton from

the ligand backbone expels an H-atom, presumably as dihy-
drogen. Formally deprotonated complex [2](BF4) regenerates

the starting complex [1](BF4)2 in the presence of a proton
source. Subsequent experiments have shown that [1](BF4)2 is

able to act as a catalyst in the electrocatalytic HER reaction.
DFT calculations in combination with electrochemical studies

suggest that the coordinated HBMIMPh2 ligand acts as a reversi-

ble proton-shuttle in the HER by [1](BF4)2. H@H bond formation
in the proposed mechanism takes place in an intramolecular

fashion through transition state TS1 d, in which a Co@H bond
and a methylene C@H bond of the ligand backbone approach

each other. While our DFT calculations do suggest the involve-
ment of a ligand C@H bond in hydrogen formation, these cal-

culations are less conclusive on the reaction steps preceding

the actual H@H bond formation step, that is, the steps that are
involved in the formal reduction and protonation steps preced-

ing H2 formation.
Notably, participation of pendant proton donors (or proton

shuttles) like N@H or COOH moieties in HER catalysis is well
documented, as pointed out in the introduction. The use of a
C@H bond in combination with a metal hydride to form dihy-

drogen in an electrocatalytic manner has to the best of our
knowledge not been noted before. On the other hand, reversi-

ble splitting/generation of dihydrogen via participation of a
ligand backbone and a metal hydride has been noted for tran-

sition metal-pincer complexes. In these pincer complexes, the
ligands undergo aromatization/dearomatization via deprotona-

tion of a methylene unit and these complexes are commonly

used in catalytic hydrogen transfer and hydrofunctionalization
reactions.[4, 36–39]

Accordingly, our observations on the electrochemical behav-
ior of complex [1](BF4)2 and on its use in electrocatalytic HER

may be of relevance to the design of responsive ligands[40] and
their use in HER and other reactions. Efforts towards a further

development of ligands related to HBMIMPh2 and their use in

HER catalysis are ongoing in our laboratories and, amongst
other, are focused on improving TON and overpotential values

in HER catalysis and on a further mechanistic understanding.

Experimental Section

Experimental details, synthesis and characterization of the relevant
complexes, and DFT calculation results are available in the Support-
ing Information.

CCDC 1877825, 1877826, and 1877827 contain the supplementary
crystallographic data for this paper. These data are provided free
of charge by The Cambridge Crystallographic Data Centre.
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