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ABSTRACT: The noninnocent coordinatively saturated
mononuclear metal−thiolate complex ReL3 (L = diphe-
nylphosphinobenzenethiolate) serves as an electrocatalyst
for hydrogen evolution or hydrogen oxidation dependent
on the presence of acid or base and the applied potential.
ReL3 reduces acids to H2 in dichloromethane with an
overpotential of 380 mV and a turnover frequency of 32 ±
3 s−1. The rate law displays a second-order dependence on
acid concentration and a first-order dependence on catalyst
concentration with an overall third-order rate constant (k)
of 184 ± 2 M−2 s−1. Reactions with deuterated acid display
a kinetic isotope effect of 9 ± 1. In the presence of base,
ReL3 oxidizes H2 with a turnover frequency of 4 ± 1 s−1.
The X-ray crystal structure of the monoprotonated species
[Re(LH)L2]

+, an intermediate in both catalytic H2
evolution and oxidation, has been determined. A ligand-
centered mechanism, which does not require metal
hydride intermediates, is suggested based on similarities
to the redox-regulated, ligand-centered binding of ethylene
to ReL3.

The potential use of hydrogen gas as a clean energy carrier
has initiated substantial interest in the development of

catalysts for hydrogen evolving reactions (HERs).1 The energy
stored within the H2 molecule can be recovered in a fuel cell
through the catalyzed oxidation of H2 to protons, which is the
reverse of a HER. This strategy of energy storage/recovery
occurs in nature with the assistance of hydrogenase enzymes with
H2 evolution and H2 oxidation generally favored by [FeFe]- and
[NiFe]-hydrogenases, respectively.2−5 A renaissance in the
development of small molecule catalysts for HERs was sparked
by Dubois and Bullock’s nickel catalysts including [Ni-
(PMe

2N
Ph

2)2](BF4)2 (PMe
2N

Ph
2 = 1,5-diphenyl-3,7-dimethyl-

1,5-diaza-3,7-diphosphacyclooctane), which incorporates a
proximal base to reduce protons with a high turnover frequency
(TOF = 6700 s−1) and a low overpotential (545 mV).6−9

Subsequently, numerous H2 evolution catalysts were reported
including a number of metal-dithiolene complexes with high
TOF.10−15 Despite these advances, fewH2 oxidation catalysts are
known and even fewer complexes catalyze the reaction in both
directions.16,17 In this Communication, we report electrocatalytic
H2 evolution and H2 oxidation using the noninnocent
mononuclear metal−thiolate complex ReL3 (L = diphenylphos-
phinobenzenethiolate). ReL3 catalytically oxidizes H2 in the
presence of base at potentials greater than 0.42 V, as well as

catalytically evolvingH2 from acid at potentials less than−1.60 V,
Scheme 1.

Our approach employs a coordinatively saturated metal
complex with a known redox-active ligand core.18,19 The
electrocatalyst ReL3 displays a reversible ReIII/II reduction at
−1.60 V and two reversible, noninnocent oxidations at −0.34
and +0.42 V (versus ferrocenium/ferrocene).19 The non-
innocence of the ligands is attributed to covalent metal−sulfur
interactions that result in frontier molecular orbitals with
significant metal-d and sulfur-p character as also observed for
ReL3 and RuL3.

19,20 As a result, while [ReL3]
+ contains a formal

ReIV, the complex has some ReIII-thiyl radical character and the
formal ReV of [ReL3]

2+ has ReIV-thiyl and ReIII-dithiyl radical
character. Further, the symmetry of the frontier molecular
orbitals inhibits disulfide bond formation, but favors ethylene
addition.19−21 Accordingly, oxidation of ReL3 in the presence of
ethylene results in ligand-centered ethylene addition generating
Re-dithioethers [ReL3·C2H4]

n (n = 0, 1, 2). Notably, ethylene
binding affinities span 20 orders of magnitude as a function of the
complex charge, n.18,19 Given their similarities in the frontier
molecular orbitals, we reasoned that H2 may display similar
reactivity with ReL3 as ethylene (see Supporting Information).
Upon addition of acetic acid to CH2Cl2 solutions of ReL3 the

cathodic current at −1.70 V increases indicative of electro-
catalytic reduction (Figure 1A). At acid concentrations above 0.4
M, the current is acid-independent indicating the catalyst is acid
saturated.22−25 Under these pseudo-first order conditions, the
turnover frequency (TOF), which is also the observed rate
constant, is 30 ± 4 s−1. Hydrogen evolution using sulfuric acid as
the H+ source yields a statistically equivalent TOF of 32 ± 3 s−1.
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Scheme 1. Electrocatalysis with ReL3
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The overpotential for hydrogen evolution is 380 mV with either
acid source. Control experiments with acetic acid in the absence
of [ReL3] show no significant current in the potential window.
In addition to electrocatalytic hydrogen evolution, ReL3 also

catalyzes H2 oxidation. Addition of triethylamine to ReL3 under 1
atm of H2 (Figure 1B) increases anodic current near the formal
ReV/IV couple. At concentrations above 0.8 mM, the catalytic
current is base-independent and a TOF of 4 ± 1 s−1 was
determined at an overpotential of 670 mV.26,27 Control
experiments with triethylamine/H2, but no ReL3, show no
significant current.
The robustness of the catalyst was demonstrated in controlled

potential bulk electrolysis experiments. At an applied potential of
−1.8 V vs ferrocenium/ferrocene, ReL3 catalytically evolved H2
from CH2Cl2 containing 0.05 M acetic acid with turnover
numbers (TON) of 13.6 and 54.0 after 1.5 and 6 h, respectively.
Under these conditions, the TOF remains at ∼9 h−1 with no
significant decrease in HER activity over 6 h. The gas evolved
during electrolysis was confirmed as H2 by gas chromatography
analysis of headspace. After 6 h, the headspace consisted of 22%
H2 indicating aminimum Faradaic efficiency of 73%, although the
actual value may be higher as some H2 escaped during
electrolysis.
The complex ReL3 catalyzes H2 evolution approximately 8

times faster than it catalyzes H2 oxidation. The TOF for H2
evolution is statistically equivalent for weak and strong acids,
suggesting the two share a common rate-determining step. The
rate-determining step is assigned as H2 release based on a second-
order acid dependence under nonsaturating acid conditions,17

Figure 2A. Under nonsaturating conditions of acid, the catalytic
current (icat) is linearly dependent on acid concentration
indicating the current is limited by acid diffusion to the electrode
surface.25 Plots of icat/ip vs [H

+], where ip is the cathodic peak
current in the absence of acid, at multiple scan rates, Figure 2B,
confirm the second-order dependence on acid concentration.28

Additionally, varying ReL3 concentrations at a fixed [H+]
confirms a first-order dependence on the catalyst concentration,
see Supporting Information. Overall, the rate law for hydrogen
evolution is third-order with a rate constant k = 184M−2 s−1. The
rate constant is approximately 200 times lower than the
corresponding value for Dubois’ Mo−S dimer metal thiolate, k
= 3.7 × 104 M−2 s−1.29

Further mechanistic insights were obtained by reduction of
deuterated acid substrates. Our ReL3 catalyst exhibits a large
kinetic isotope effect (KIE) of 9 ± 1 for both CH3CO2H/
CD3CO2D and CF3SO3H/CF3SO3D. The similarities of the KIE
values for strong and weak acids further support a common rate-
determining step. The large value of the KIE suggests the rate-
determining step is H2 release with significant catalyst-hydrogen
bond breaking occurring at the transition state. Despite the
significant number of electrocatalysts reported for HERs,
relatively few studies have reported KIE data. Gray and co-
workers reported an inverse KIE with values ranging from 0.54−
0.57.30 A similar inverse value observed by Fukuzumi was
attributed to rate-determining metal hydride formation via
proton coupled electron transfer.31 The relatively high KIE
values for ReL3 as compared to the inverse KIE observed for
metal hydrides by Gray, indicate a clearly different mechanism
for H2 evolution. Markedly, Fukuzumi recently reported a KIE of
40 for H2 evolution with [IrIII(Cp*)(H2O)(bpm)RuII(bpy)2]-
(SO4)2{Cp* = η5-pentamethylcyclopentadienyl, bpm = 2,2′-
bipyrimidine, bpy = 2,2′-bipyridine} attributing the unusually
high KIE to large tunneling effects during catalytic H2 evolution
reactions.32 In lieu of this, further temperature-dependent studies
are underway to assess the possibility of tunneling with ReL3.
Based on the second-order acid dependence in the rate law and

the large KIE, we assign the rate-determining step of our HER to
H2 release from theH2 evolving intermediate [ReL3·H2], Scheme
2 (top). The cyclic voltammetry studies clearly demonstrate that
both electrons must be delivered prior to the H2 evolution step.
We can discount a catalytic route involving a single reduction
prior to H2 release (via [ReL3·H2]

+) since this route proceeds
through the monothiol complex [Re(LH)L2]

+, which is reduced
at potentials significantly more positive than the catalytic event.
As shown in Figure 1A, under catalytic conditions the cyclic
voltammogram contains redox events associated with [ReL3]

n

and [Re(LH)L2]
n, in addition to the catalytic event. Potentials

associated with [Re(LH)L2]
2+/+ and [Re(LH)L2]

+/0 are
observed at 0.18 and −0.84 V, respectively. These values are
shifted by +0.52 and +0.76 V relative to [ReL3]

+/0 and [ReL3]
0/‑,

respectively, consistent with protonation of a single thiolate
donor.33,34

Whereas reduction of [ReL3·H2]
+ is the final step of hydrogen

evolution, hydrogen oxidation proceeds through sequential

Figure 1. Cyclic voltammograms of 0.3 mM ReL3 in CH2Cl2 (0.1 M
Bu4NPF6) at a glassy carbon electrode showing (A) H2 evolution upon
successive addition of acetic acid (0.30 M max.) and (B) H2 oxidation
upon successive addition of Et3N (0.80 mM max).

Figure 2. (A) Plot of catalytic current (μA) versus acetic acid
concentration (M) for 3 mM ReL3 at a scan rate of 200 mV/s in
CH2Cl2 (0.1 M Bu4NPF6). (B) Plot of relative catalytic current versus
acetic acid concentration (mM) for 3 mM ReL3 at a scan rates of 200,
500, and 1000 mV/s.
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oxidations followed by H2 addition. Oxidation of ReL3 by two
electrons in the presence of H2 generates the hydrogen addition
complex, [ReL3·H2]

2+. Stepwise deprotonation with two
equivalents of triethylamine regenerates ReL3 via [Re(LH)L2]

+,
Scheme 2 (bottom).
The thiolate complexes [ReL3]

n in Scheme 2 are known
including the structural determination of ReL3.

35 The monop-
rotonated complex [Re(LH)L2]

+, which acts as an intermediate
in both the H2 evolution and H2 oxidation cycles, has been
unequivocally determined via X-ray crystallography, Figure 3.36

Its reduced derivative [Re(LH)L2] has been observed as a pink
species in solution but has not yet been isolated. High quality
single crystals of [Re(LH)L2]PF6, obtained as a degradation
product of [ReL3·C2H4]PF6 in methanol, reveal S3 as thiol
through the location and subsequent refinement of the proton
H55. The S3−H55 bond distance is 1.077(18) Å with a Re1−
S3−H55 bond angle of 105.8(18)°. The structure was confirmed
by X-ray analysis of [Re(LH)L2]

+ as the triflate salt prepared
upon protonation of ReL3 with triflic acid, see Supporting
Information. A comparison of metric parameters for ReL3,
[Re(LH)L2]

+, and [ReL3·C2H4]
2+ is provided in the Supporting

Information.18,35 Addition of strong acids to solutions of
[Re(LH)L2]

+ results in a color change from purple to yellow-
brown, although we have not yet been able to isolate [ReL3·
H2]

2+or its reduced derivatives.
At this time, the electronic structures of the hydrogen evolving

complex [ReL3·H2] and the hydrogen addition complex [ReL3·

H2]
2+ remain unresolved. The hydrogen evolving complex

[ReL3·H2] may contain a Re(I)-dithiol [ReI(LH)2L] or a
Re(III)-hydride [HReIII(LH)L2] depending on whether the
addition of the second proton occurs at the ligand or metal
center. While Re(III)-hydrides have been reported in the
literature,37,38 we tentatively favor the Re(I)-dithiol representa-
tion as our complex is sterically crowded, kinetically inert, and
coordinatively saturated with documented ligand-centered
reactivity consistent with redox noninnocence. Likewise, our
tentative assignment of the hydrogen addition complex [ReL3·
H2]

2+ is a Re(III)-dithiol [ReIII(LH)2L]
2+, although a Re(V)-

hydride description cannot be completely excluded at this time.
Despite the uncertainty regarding the nature of [ReL3·H2] and

[ReL3·H2]
2+, the isoelectronic dithioether derivatives [ReL3·

C2H4] and [ReL3· C2H4]
2+ have been studied in more

detail.18,19,39 As we previously reported, [ReL3·C2H4]
2+ is a

structurally characterized dithioether complex formed upon the
two electron oxidation of ReL3 in the presence of ethylene.
Notably, while [ReL3·C2H4]

2+ strongly binds ethylene (K = 2.5×
109 M−1), reduction by one electron to [ReL3·C2H4]

+

dramatically reduces the binding affinity (K = 4.0 M−1) resulting
in dynamic, reversible ethylene binding.19 Further reduction to
the neutral complex [ReL3·C2H4] results in full release of
ethylene (K = 1.9 × 10−11 M−1). The latter complex is
isoelectronic with the hydrogen evolving complex [ReL3·H2].
Similar to the low ethylene binding affinity of the neutral

[ReL3·C2H4],
18,19 the H2 evolving complex [ReL3·H2] would be

expected to have a relatively low H2 binding affinity based on the
[ReL3·H2]

+/0 reduction potential (see Supporting Information).
Release of ethylene from [ReL3·C2H4] occurs via heterolytic
(Scheme 3) or homolytic (not shown) C−S bond cleavage with a

net 2-electron oxidation of the metal complex and a 2-electron
reduction of the ligand.18,19 A similar route could be envisaged
for [ReL3·H2] assuming a Re(I)-dithiol [Re

I(LH)2L] electronic
structure, Scheme 3. Likewise, ligand-centered H2 addition to
[ReL3·H2]

2+ would generate [ReL3·H2]
2+ as the Re(III)-dithiol

[ReIII(LH)2L]
2+, analogous to formation of the stable [ReL3·

C2H4]
2+ complex.18

In summary, ReL3 catalytically evolves H2 upon reduction
under acidic conditions and catalytically oxidizes H2 upon
oxidation under basic conditions. While the exact nature of the
H2 evolving complex [ReL3·H2] and the H2 addition complex
[ReL3·H2]

2+ remain unresolved, the species are isoelectronic
with derivatives prepared from the redox-regulated addition of
ethylene to ReL3, suggesting ligand-centered reactivity. While
unprecedented in homogeneous mononuclear systems, Xu et al.

Scheme 2. Electrocatalytic H2 Evolution/Oxidation Cycles

Figure 3.ORTEP representation of [Re(LH)L2]
+. Full crystallographic

details available in Supporting Information.

Scheme 3. Analogy between Ethylene Release from [ReL3·
C2H4] and Hydrogen Release from [ReL3·H2]
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recently reported heterogeneous H2 evolution from MoS2
proposing exposed unsaturated S edge atoms as reaction
sites.40 The unique reactivity of ReL3 could be attributed to a
sterically crowded, kinetically inert, and coordinatively saturated
metal center that prevents facile formation of metal hydride,
which is proposed for other active metal−sulfur catalysts. While
this would normally be expected to render a complex inactive, the
noninnocent ligands in ReL3 are known to react with small
molecule substrates, which opens the possibility of a ligand-
centered pathway. This could explain the unusual KIE and
bifunctional (H2 evolution and H2 oxidation) activity of ReL3,
although further experimental and computational investigations
are necessary to confirm if catalysis with ReL3 is indeed ligand-
centered.
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