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A mechanistic study of proton reduction catalyzed by a
pentapyridine cobalt complex: evidence for
involvement of an anation-based pathwayt

Amanda E. King,® Yogesh Surendranath,® Nicholas A. Piro,® Julian P. Bigi,*¢
Jeffrey R. Long*®® and Christopher J. Chang*2><®

The pentapyridine cobalt complex [Co(PY5Me,)]?* and its congeners have been shown to catalyze proton
reduction to hydrogen in aqueous solution over a wide pH range using electrical or solar energy input.
Here, we employ electrochemical and spectroscopic studies to examine the mechanisms of proton
reduction by this parent complex under soluble, diffusion-limited conditions in acetonitrile with acetic
acid as the proton donor. Two pathways for proton reduction are identified via cyclic voltammetry: one
pathway occurring from an acetonitrile-bound Co'' couple and the other pathway operating from an
acetate-bound Co'' couple. Kinetics studies support protonation of a Co' species as the rate-
determining step for both processes, and additional electrochemical measurements further suggest that

the onset of catalysis from the acetonitrile-bound Co'""'

couple is highly affected by catalyst electronics.
Taken together, this work not only establishes the CoPY5Me, unit as a unique molecular platform that
catalyzes the reduction of protons under soluble, diffusion-limited conditions in both aqueous and

organic media, but also highlights the participation of anation processes that are likely relevant for a
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Introduction

The concomitant rise in global energy demands and growing
concerns over climate change have led to increased interest in
exploring alternative energy resources." In this context,
hydrogen has garnered considerable attention as a potential
molecular fuel whose use could result in a closed, carbon-
neutral energy production system.? In nature, both mono- and
bimetallic hydrogenase enzymes mediate the equilibrium
between H, and protons/electrons in aqueous media at the
thermodynamic overpotential and with turnover frequencies as
high as 10 000 per mole catalyst per second.® As such, the search
for robust synthetic H, production systems that match the
efficiency of hydrogenases has resulted in the design of a
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wide range of hydrogen-producing and related catalytic systems.

number of structural and functional mimics.>* In this regard,
inorganic model complexes of hydrogenase active sites have
greatly contributed to our mechanistic understanding of these
enzymes, but their common requirement for organic solvents,
instability to air, and the need for strong acids has precluded
their widespread use in functional device systems.? In addition,
many elegant abiotic monometallic H, production systems have
been developed; however, high reactivity at low overpotentials
in aqueous media is largely restricted to the use of low-abun-
dance and expensive precious metal centers,” whereas molec-
ular proton reduction catalysts based on earth-abundant metals
often require organic solvents or additives, strong acids, and/or
relatively high overpotentials.®” Notable elegant exceptions
include tethered molecular catalysts that show tolerance to
aqueous media,”#%* as well as hydrogenase mimics that operate
in aqueous media.’ Thus, the invention of water-stable molec-
ular catalysts for H, production using earth-abundant metals
remains a significant challenge.

To meet this need, we have initiated a broad-based program to
create earth-abundant metal catalyst platforms that can operate
in clean aqueous media.’ As part of these investigations, we
recently reported the reactivity of a family of hydrogen catalysts
supported by chelating polypyridine ligand frameworks
(Chart 1).** The molybdenum(wv)-oxo catalyst employing 2,6-
bis(1,1-bis(2-pyridyl)ethyl)pyridine (PY5Me,) was shown to
catalyze robust H, production in both seawater''* and acetoni-
trile solutions.* The related molybdenum(v) disulfide,
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Chart 1
reduction.

Water-compatible molecular polypyridine catalysts for proton

obtained by exposure of a molybdenum(i1) PY5Me, precursor to
elemental sulfur, is also capable of generating H, from acidic
aqueous or organic media, and provides a structural and func-
tional mimic for the triangular edge active sites of MoS,."*¢ In
first-row transition metal chemistry, we showed that a cobalt(u)
complex ligated by 2-bis(2-pyridyl)(methoxy)methyl-6-pyr-
idylpyridine (PY4) can effect catalytic proton reduction in 1: 1
H,O0 : MeCN mixtures,"*? where the onset of catalysis occurred at
the potential observed for the Co"/Co' redox couple. Finally, the
complex [Co(PY5Me,)]** (1) displayed catalytic H, production in
aqueous solutions at neutral pH with a turnover frequency of 300
mmol H, per mole catalyst per second at a 660 mV over-
potential.*¢ Introduction of various functional groups in the
para position of the central pyridine ring resulted in rational
shifts for both the Co"/Co" reduction potential and onset of
catalytic proton reduction; indeed, the least reducing derivative
bearing a CF; functionality was capable of mediating both elec-
tro- and photocatalytic hydrogen production under diffusion-
limited conditions in aqueous media at physiological pH."
During our initial investigations of the Co(PY5Me,) platform,
we noted that the catalytic activity of 1 in water is unusual
compared to the activity of the vast majority of other well-
studied cobalt(u) proton-reduction systems, in that the catalytic
onset potential is not at the Co"/Co" couple but rather from a
species with a more negative reduction potential.**'¢*
Intrigued by this result, we sought to obtain more insight into
the mechanisms of proton reduction by 1 by performing
experiments under homogenous, diffusion-limited conditions
that allow systematic control of acid strength and concentra-
tion. In this report, we present electrochemical and spectro-
photometric studies on 1 in acetonitrile solution with acetic
acid as the proton donor, showing that this platform is a
competent hydrogen-producing electrocatalyst under soluble,
diffusion-limited conditions in both organic and aqueous
media. Interestingly, we observe two mechanistic pathways: one
pathway occurring from an acetonitrile-bound Co™" couple and
the other pathway operating from an acetate-bound Co™"
couple. The identification of an anation-assisted pathway has
broader implications for proton reduction catalysts, particularly
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in the design of systems with minimized overpotential under
ionic aqueous media.

Results and discussion
Synthesis and characterization of [Co(PY5Me,)]"" complexes

In the absence of a proton source in acetonitrile, the cyclic vol-
tammogram of 1 exhibits two reversible redox processes (Fig. 1).
The one-electron oxidation of 1 to form a [Co™(PY5Me,)]**
species (2) occurs at E,, = 815 mV, while the one-electron
reduction of 1 to furnish a [Co'(PY5Me,)]" species (3) occurs at
E.,, = —830 mV (all potentials reported herein are referenced to
SHE).

The reversible nature of the redox processes observed for 1
suggested that the Co' and Co™ congeners could be indepen-
dently synthesized. Accordingly, exposure of 1 to NOBF, yields
[Co™(NCMe)(PY5Me,)]*" (2) (Scheme 1). The UV-visible spec-
trum of 2 shows a weak absorption at 490 nm and a shoulder at
360 (Fig. S1T), and the diamagnetic "H NMR spectrum indicates
a low-spin d°® complex (Fig. S1T). Compound 2 proved amenable
to structure determination using X-ray crystallographic tech-
niques and displayed the six-coordinate octahedral geometry
expected for a low-spin d® complex (Fig. 2). All Co-N bond
distances contract upon oxidation of 1, with the Co-N,;, bond
length showing the largest decrease from 2.09(6) A to 1.93(6) A
and the Co-Nequatoriai bond distances decreasing from an
average of 2.12(8) A to 1.98(2) A."* The 0.09(7) A out-of-plane
shift observed in 1 decreases to 0.00(1) A in 2.

Adding equimolar amounts of Co(PPh;);Cl to a benzene
solution containing PY5Me, yields [Co'(PY5Me,)]” (3).
Compound 3 also proved amenable to structure determination
using single-crystal X-ray diffraction analysis (Fig. 2). Here, the
complex adopts a square pyramidal geometry at the cobalt center,
with an empty coordination site due to the synthesis and recrys-
tallization in a weakly coordinating solvent. The contraction
of the Co—N,yia1 bond length in 3 to 1.96(8) A and two trans Co-
Nequatorial bonds to0 2.01(3) A and 2.02(8) A upon reduction results
in the cobalt center residing in a ‘saddle-shaped’ environment.
Additionally, 3 displayed a broad, paramagnetically shifted
'H-NMR spectrum consistent with a high-spin d® electronic
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Fig. 1 Cyclic voltammogram of 1 in acetonitrile. Conditions: [1] = 10 mM,
[NBu4PFg] = 100 mM, working/auxiliary/reference electrodes = glassy carbon
disk/Pt wire/silver wire, scan rate = 100 mV s~ ".

Chem. Sci., 2013, 4, 1578-1587 | 1579


http://dx.doi.org/10.1039/c3sc22239j

Downloaded by University of California- Berkeley on 05 March 2013
Published on 14 February 2013 on http://pubs.rsc.org | doi:10.1039/C3SC22239J

2+ CHj 3+
\|I
o 7N = T 7N = T 7N\
LN oo N LN LN LN LN
S i I [ N iv J i N
\ \ \
=4 N =N =N
N N N
| | |
3 1 2

Scheme 1 Synthesis of compounds 1, 2, and 3. Conditions: (i) metalation with
one equivalent of Co(PPh3)sClin toluene, followed by salt metathesis with NaBPh,
in acetonitrile. (i) Metalation with Co(OTf),(MeCN), in acetonitrile. (i) Reduction
with one equivalent of KCg in THF. (iv) Oxidation with one equivalent of NOBF, in
acetonitrile.

[Co(PY5Me,)]"

[Co(MeCN)(PY 5Mey)]** [Co(MeCN)(PY 5Mey)]**

Fig. 2 Crystal structures of the cobalt complexes in 3 (left), 1 (center), and 2
(right). Ellipsoids are drawn at the 50% probability level, with purple, blue, and
gray representing Co, N, and C atoms, respectively; H atoms are omitted for clarity.

structure; an S = 1 ground state was also indicated by DFT
calculations, with the singlet state lying 16.6 kcal mol " above the
triplet state. This difference in energy suggests that the singlet
excited state may be accessible in reactions of 5 at 20 °C (Fig. S27).
In analogy to other isolated Co" species in a tetragonal ligand
framework," 3 shows two broad absorption features centered at
650 and 825 nm in its UV-visible spectrum (Fig. S3t). Spec-
troelectrochemical measurements confirm that reduction of 1
yields 3 (Fig. S47).

Catalytic reduction of protons from acetic acid in acetonitrile

The use of water as both a solvent and proton source, although
desirable from a device compatibility and green chemistry
perspective, can hamper detailed mechanistic studies because
there is little control over proton delivery to the reduced cata-
lyst. To address this issue, all kinetic studies were performed
using acetonitrile as a solvent with acetic acid as a titratable
proton source. Addition of acetic acid results in a simultaneous
broadening and decrease in the current observed for the
Co"/Co" redox process and the appearance of a new catalytic
wave at —1100 mV, 270 mV more negative than the E., of the
Co"/Co’ couple (Fig. 3A). Furthermore, anodic scans reveal the
development of a wave at 400 mV (Fig. S57). The direct reduction
of acetic acid in the absence of 1 occurs at —1400 mV, with
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Fig. 3 Electrochemical behavior of 1 upon addition of catalytic amounts of
acetic acid. Conditions for all plots: [NBusPFg] = 100 mM, working/auxiliary/
reference electrodes = glassy carbon disk/Pt wire/silver wire, scan rate = 100 mV
s~'. (A) Cyclic voltammograms of 1 in the absence and presence of acetic acid in
acetonitrile. Conditions: [1] = 1 mM, [AcOH] = 0-28 mM. (B) Plot of maximum
current at versus [AcOH]. The red line reflects a fit to y = mx"’? + b, while the blue
line reflects a fit to y = mx + b.

negligible background current at the potentials where catalysis
occurs. Gas chromatography data collected for samples taken
from the bulk electrolysis cell headspace confirm that H, is
generated at 100% Faradaic efficiency.

Plotting the current obtained at —1100 mV as a function of
[1] suggests first- and zero-order dependences*® at low and high
acid concentrations, respectively (Fig. 3B). However, it is
important to note that the peak-shaped nature of both new
features indicate the involvement of competing processes,
including substrate depletion (vide infra).

Deconvoluting the redox processes of 3 upon addition of
acetic acid and identification of the catalyst resting state

The electrochemical behavior of 1 at low acid : catalyst ratios
was examined to study further the catalytic processes observed
upon addition acetic acid (Fig. 4A). Titration of stoichiometric
amounts of acetic acid into an acetonitrile solution of 1
decreases the current observed at —830 mV and gives rise to a
new process at —1100 mV. Scanning to potentials less negative
than onset of the process at —1100 mV does not restore the
reversibility of the Co"/Co' redox couple (Fig. S61). Furthermore,

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 Cyclic voltammograms of 1 upon addition of stoichiometric amounts of
acetic acid and tetrabutylammonium acetate. Conditions for all plots: [NBusPFg] =
100 mM. Working/auxiliary/reference electrodes = glassy carbon disk/Pt wire/
silver wire. Scan rate of 100 mV s~ . (A) Cyclic voltammograms of 1 in the absence
and presence of acetic acid in acetonitrile. The second scan is shown. Conditions:
[1]1= 10 mM, [AcOH] = 0-10 mM. (B) Cyclic voltammograms of 3 in the absence
and presence of tetrabutylammonium acetate in acetonitrile. Conditions: [1] = 10
mM, [NBuzOAc] = 0 (black), 5 (red), or 10 (blue) mM.

the redox process that develops at E:, = 400 mV is once again
only observed after a cathodic scan.

We hypothesized that a possible chemical origin for the wave
observed at E,, = 400 mV is the anation of acetate to form an
acetate-bound [Co(PY5Me,)(OAc)]" species. To test this idea,
titration a solution of 1 with tetrabutylammonium acetate
results in not only the formation of a wave at E., = 400 mV but
also the formation of the wave at E;, = —1180 mV (Fig. 4B). The
independent synthesis of [Co(PY5Me,)(OAc)]>" (4) and its
subsequent examination by cyclic voltammetry further
confirmed that the new processes at 400 mV and —1100 mV
observed in Fig. 4A are indeed due to the Co™(OAc)/Co"(OAc)
and Co"™(OAc)/Co'(OAc) couples, respectively (Fig. 5). The
observed shifts in the oxidation and reduction potentials upon
coordination of acetate can be understood in terms of the
change of the overall charge on the cobalt complex, with the
more negatively charged cobalt center being more difficult to
reduce and easier to oxidize. Additionally, acetate binds readily
to 1, with no evidence for the acetonitrile-bound cation
observed in the cyclic voltammogram of a 1:1 1-NBuyOAc
mixture.

The observation of a Co"(OAc)/Co"(OAc) couple only after a
reductive scan is performed in the presence of acetic acid
suggests that the equilibrium shown in eqn (1) favors the

This journal is © The Royal Society of Chemistry 2013
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Fig. 5 Structure and electrochemical behavior of 4. Conditions for cyclic vol-
tammetry: [NBusPFg] = 100 mM, working/auxiliary/reference electrodes = glassy
carbon disk/Pt wire/silver wire.

reactants. This behavior can be rationalized by the relatively
high pK, of acetic acid in acetonitrile, which favors the forma-
tion of acetic acid over an acetate-bound cobalt species and a
free proton in solution.

+H* + MeCN

M

To verify this hypothesis, the titration of 1 with both acetic
acid and tetrabutylammonium acetate was observed spectro-
photometrically. Whereas addition of catalytically relevant
concentrations of acetic acid does not lead to spectral changes,
addition of tetrabutylammonium acetate results in the
appearance of a new charge-transfer band at 550 nm (Fig. 6).
The observation of redox processes due to both the Co™/Co' and
Co"(0Ac)/Co'(OAc) couples indicates that the resting state of
the catalyst is highly dependent on the presence of acetate. The
UV-visible spectra shown in Fig. 6 indicate that the resting state
of the catalyst with acetic acid is an acetonitrile-bound cobalt
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Fig. 6 Spectrophotometric characterization of 1 in acetonitrile (5 mM) with
various acetate sources. (A) UV-visible spectrum of 1 (black), 1 with 40 equivalents
of acetic acid (red), and 1 with one equivalent of BusNOACc (blue).

center. However, both UV-visible spectra and cyclic voltammetry
data indicate that, upon the addition of acetate as either
intentionally or as the result of acetic acid reduction, the
identity of the catalyst is best described as an acetate-ligated
species.

Catalysis under conditions with added acetate

To further investigate the catalytic behavior observed from the
Co"(OAc)/Co'(OAc) couple, two different conditions were
examined. In the first modification, a 1 : 1 mixture of acetic
acid-tetrabutylammonium acetate was titrated into a solution
of 1 (Fig. 7A). A single catalytic wave develops at the potential
associated with the Co"(OAc)/Co'(OAc) couple. Kinetic studies
revealed a first-order dependence on [AcOH/Bu,NOAc]| under
these conditions (Fig. 7B). As observed for conditions in which
only acetic acid is used, gas chromatographic analysis of the
bulk electrolysis cell headspace confirms that H, is generated at
100% Faradaic efficiency.

In the second set of conditions, the effect of acetic acid on a
solution of 1 : 1 mixture of 1-tetrabutylammonium acetate was
examined. A single catalytic wave develops at the potential
associated with the Co"(OAc)/Co'(OAc) couple, with the peak
current moving to more positive potentials with increasing acid
concentration (Fig. 8A). Additionally, a first-order dependence is
observed in [AcOH] (Fig. 8B). As predicted by the UV-visible
spectra shown in Fig. 6B, the catalyst remains ligated by acetate;
catalysis from an acetonitrile-bound Co™ couple is not
observed. Additionally, titration of tetrabutylammonium
acetate into a solution of [Co(PY5Me,)(OAc)]" with catalytic
amounts of acetic acid results in not only the shift of the
observed peak current to more negative potentials (Fig. 9A) but
also the decrease of the observed peak current (Fig. 9B), thus
suggesting an inhibitory effect of acetate on catalysis.

Taking all collective data into account, the initial mechanism
for proton reduction with acetic acid as the proton source likely
involves the protonation of the acetonitrile-bound Co' species, as
evidenced in the broadening of the feature at —830 mV shown in
Fig. 3 (eqn (2)). This feature does not grow appreciably, however,
because the acetate that is necessarily formed during this initial

1582 | Chem. Sci,, 2013, 4, 1578-1587
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Fig. 7 Cyclic voltammograms of 1 upon addition of catalytic amounts ofa 1: 1
acetic acid-NBu4OAc mixture. Conditions for all plots: [NBusPFg] = 100 mM,
working/auxiliary/reference electrodes = glassy carbon disk/Pt wire/silver wire,
scanrate=100mVs~'.(A) Cyclicvoltammograms of 1inthe absence and presence
of acetic acid in acetonitrile. Conditions: [1] = 1.0 mM, [AcOH] = 0-15 mM. (B) Plot
of current at —1200 mV versus [AcOH].

catalysis will result in the formation of an acetate-ligated species
that displays both redox and catalytic activity at more negative
potentials than the parent complex (eqn (3)). The build-up and
coordination of acetate to 1 during catalysis results in both the
decrease in current observed for the acetonitrile-bound Co"/Co"
during the initial portions of the cyclic voltammetry scan and the
development of the feature observed at E,, = —1180 mV.

Co' + HOAc — Co™ + 5 H, + OAc™ )
Co" + OAc™ — Co"OAc 3)

In this context, a common feature amongst the majority of
reported cobalt catalysts for aqueous or aqueous-compatible
proton reduction is the development of a catalytic current at the
Co™" couple."4'*'5 The notable exceptions to this observation
include the PY5Me, systems discussed in this study, a tetraa-
zacyclotetradecadiene and two diglyoximate cobalt species
reported by Peters,* and a cobalt bis(iminopyridine) catalyst by
Gray and Peters."” The cyclic voltammograms of these systems
retain the redox feature associated with proton reduction, albeit
with development of some catalytic activity at the Co™" couple
and subsequent loss of reversibility. Furthermore, a second,
much larger catalytic wave develops at more negative potentials.

This journal is © The Royal Society of Chemistry 2013
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catalytic amounts of acetic acid. Conditions: [NBusPFg] = 100 mM, working/
auxiliary/reference electrodes = glassy carbon disk/Pt wire/silver wire, scan rate =
100 mV s~ (A) Cyclic voltammograms of 3 in the absence and presence of acetic
acid in acetonitrile. Conditions: [1] = 1.0 mM, [AcOH] = 0-12 mM. (B) Plot of
current at —1050 mV versus [AcOH].

In the cobalt bis(iminopyridine) system, this second feature is
ascribed as occurring from a ligand-based reduction. In
contrast, the second feature in the [Co(PY5Me,)]*" systems is
due to catalysis from an anion-ligated species. The observation
of catalytic activity at the Co"(OAc)/Co'(OAc) redox couple
suggests that catalysis can occur from a six-coordinate Co'
species. Homogeneous catalysis from a six-coordinate tris-
(glyoximato) Co™ chlathrochelate species had been proposed
previously;'® however Saveant demonstrated that both the
propagation of a peak-shaped wave and the asymptotic rise to a
limiting current even at high acid concentrations indicated that
catalysis was occurring from cobalt nanoparticles deposited on
the electrode surface during catalysis.” The cyclic voltammo-
grams shown in Fig. 7A and 8A do not display the behavior
reported for the six-coordinate tris(glyoximato) Co" chla-
throchelate species upon the addition acid, specifically with
regards to the continued rise in current at increasing acid
concentrations and the linear dependence between of the
current vs. square root of scan rate (Fig. S77). A likely mecha-
nism for catalysis from an acetate-bound cobalt species is the
protonation and subsequent dissociation of the acetate moiety
from a cobalt(1) center, followed by rapid formation of a Co™-
hydride. Thus, the mechanism operative in H, evolution would

This journal is © The Royal Society of Chemistry 2013

View Article Online

Current (uA)

800  -1000 1200 -1400

Potential vs SHE (mV)

-600

Current at -1050 mV (uA)

10 °

é 8I 1I0 1I2 1'4 1I6 1'8 2lD 2I2 2:4
[NBu,OAc] (mM)

0 2 4

Fig. 9 Cyclic voltammetry of a 1:1:12 mixture of 1-NBusOAc-AcOH upon
addition of additional BusNOAc. Initial conditions: [NBusPFg] = 100 mM, [1] =
[NBusOAC] = 1.0 mM, [AcOH] = 12 mM. Working/auxiliary/reference electrodes =
glassy carbon disk/Pt wire/silver wire. Scan rate = 100 mV s~ . (A) Cyclic voltam-
mograms of 1 obtained upon the addition of additional NBusOAc. Conditions:
[NBu,sOACc] = 0-24 mM. (B) Plot of current at —1050 mV versus [NBusOACc].

then be expected to mirror the mechanism operative when
anation is not a contributing factor (vide infra).

Effect of catalyst electronics and acid strength

Because the current enhancement at potentials slightly positive
of the Co"/Co' redox couple results from the protonation of
a non-acetate bound Co' species, we sought to determine
the effect of electron-withdrawing and -donating groups on
the ancillary PY5Me, ligand on the observed catalysis. The
cyclic voltammograms of 1, [Co(CF;PY5Me,)](OTf), (5), and
[Co(NMe,PY5Me,)|(OTf), (6) in the presence of 10-fold excesses
of various acids having pK, values® ranging from 15.3 to 27.2
are shown in Fig. 10. A number of general trends become
apparent. All acids give rise to enhanced currents at the Co™/Co’
couple, with the strongest acids resulting in the greatest current
enhancements; while not competent acids for efficient H,
production, even the phenolic acids give slight current
enhancements at the Co"/Co' couple. Furthermore, redox
events attributable to the anation of all conjugate bases are
observable at potentials more negative than the Co™/Co' couple,
and current enhancements from the anated Co"/Co" couple are
apparent, especially when stronger acids are utilized; anation
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Fig. 10 Cyclic voltammograms of [Co(X-PY5Me,)1** (X = H, CF3, NMe,)
complexes upon addition of various acids. General conditions for all plots:
[Co(X-PY5Me,)]** = 1 mM, [acid] = 10 mM, [BusNPFg] = 100 mM, working/
auxiliary/reference electrodes = glassy carbon disk/Pt wire/silver wire, scan rate =
100 mV s~ Acids used are phenol (black), 2-bromophenol (red), 4-bromophenol
(green), acetic acid (blue), benzoic acid (aqua), chloroacetic acid (pink), and
cyanoacetic acid (yellow). (A) Compound 5. (B) Compound 1. (C) Compound 6.

events are also observed when the phenolic acids are used
(Fig. S8T). Catalyst electronics also attenuate the onset of
catalysis: the trifluoromethyl derivative requires stronger acids
to affect catalysis while catalysis occurs more easily from the
dimethylamino derivative.

Reactivity of 3 with tosic acid

Finally, direct protonation studies were undertaken in order to
evaluate the competency of 3 with regards to proton reduction
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in the absence of additional reducing agent. Addition of
1 equivalent of 3 to a large excess of tosic acid results in
an extremely rapid color change from dark blue to brown,
followed by bleaching over several hours (Fig. S9%).
Compound 1 can be recovered from the protonation reaction
mixtures; gas chromatography experiments indicate that
the protonolysis of 3 with a large excess of tosic acid results in
the formation of 0.6 equivalents of H, for every two equiva-
lents of 3 used.

Mechanistic considerations

Several mechanisms for the electrocatalytic reduction of
protons by Co'" species have been proposed in the litera-
ture.'>** The initial step involves reduction of Co™ to Co'; under
most experimental conditions the Co' undergoes protonation
to yield a Co™(H). In the heterolytic pathway, protonation of
the resulting Co™(H) yields H, and a Co™ species that is
readily reduced to a lower oxidation state under the reaction
conditions. In the homolytic pathway, a bimolecular reaction
involving the Co™(H) species results in H, release. In the
reduction-protonation pathway, the Co™(H) is further reduced
to a Co"(H) species that is subsequently protonated to generate
H,. Finally, a fourth postulated mechanism involves further
reduction to a Co° species that reacts rapidly with acid to
form a Co"(H) intermediate that immediately precedes H,
extrusion.

Scheme 2 shows the pathways implicated in electrocatalytic
proton reduction using compound 1. In analogy to previously
reported cobalt proton-reduction catalysts, [Co(PY5Me,)]*" is
first reduced to a Co' species as either the solvent- or acetate-
bound complex. It is important to note that, while compound 3
was crystallized as a pentacoordinate species from non-coordi-
nating solvent, the formation of an acetonitrile-bound complex
of 3 under catalytic conditions cannot be excluded. In both the
solvent-bound and anation pathways, protonation of the Co'
species is the rate-determining step. The processes occurring
after the presumed formation of the Co™-hydride with the
pentapyridyl ligand system remain unclear, however, because
the system yielded very little information regarding the subse-
quent steps involved in H, evolution. The isolation of a Co"
species instead of a Co™ species from the protonation of 3 with
excess strong acids argues against a heterolytic pathway, and
the observation of catalysis at potentials slightly positive of the
respective Co™" couples eliminates a double reduction to Co®
under the conditions examined in this study.?**® Distinguishing
between a bimolecular decay of a Co""-hydride or the reduction
of a Co™-hydride followed by protonation is difficult, however,
because the presumed Co™-hydride could not be isolated and
subjected to spectroscopic and kinetic studies akin to those
recently reported for the [Co'triphos]" system.?*s

The demonstration that anation is a major factor in proton
reduction by the [Co(PY5Me,)]*" systems has potential impli-
cations for other cobalt proton reduction catalysts, most notably
in the interpretation of cyclic voltammograms under catalytic
conditions that result in the formation of coordinating conju-
gate bases such as acetate. To the best of our knowledge, only
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Scheme 2 Mechanistic pathways for proton reduction with compound 3.

Peters and Hu have identified anation processes operative in
cobalt-catalyzed proton reduction systems, with the specific
example of proton reduction of hydrochloric acid using a cobalt-
diglyoximate catalyst.” While the anation of chloride anions is
not surprising, the observation of tosylate anation recently
reported by Gray**¢ suggests that anation from more weakly-
coordinating anions may also occur under catalytic conditions.
Surprisingly, the observation of anation processes resulting
from the use of carboxylate and phenolic acids in cobalt-cata-
lyzed proton reduction systems has not been explicitly docu-
mented. The use of such common acids has important
implications for the mechanism of cobalt-catalyzed proton
reductions, and subsequently for the interpretation of cyclic
voltammograms. First, use of acetic acid provides an acetate
source that is capable of producing a [Co(PY5Me,)(OAc)]"
species that displays proton reduction at more negative poten-
tials than an acetonitrile-bound complex. After each turnover
occurring from the Co™" couple, one equivalent of acetate is
produced. The larger acetate concentration in turn leads not
only to a greater concentration of [Co(PY5Me,)(OAc)]" but also a
larger concentration of free acetate that effectively decreases the
concentration of available protons in solution (eqn (4)), thus
leading to the slower catalytic turnover that manifests itself as
the apparent ‘zero-order’ dependence in Fig. 3B. The second
implication is that anation must be considered in attempting to
assign processes in cyclic voltammograms. While computa-
tional evidence suggests that the Co™"(H) redox couple occurs at
potentials more negative than the Co™" couple,” experimental
assignment of a process as a Co"'(H) couple requires that
anation is eliminated as the potential origin of the new feature.

AcOH + AcO™ — [AcO-H-OAc]™ 4)

A final implication is that the tuning of overpotentials for
hydrogen production and other electrocatalytic processes
should consider anation in addition to ancillary ligand elec-
tronics in order to match appropriate these synergistic redox
couples to bond-making and bond-breaking reactions at a given
substrate or intermediate. Indeed, the PY5Me, example in this
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present study shows that such couples can vary by substantial
amounts.

Concluding remarks

The electrochemical and synthetic studies presented here
provide additional insight into the mechanisms of proton
reduction by the [Co(PY5Me,)]** platform. This system repre-
sents a rare molecular hydrogen-evolving platform that has
been characterized under soluble, diffusion-limited conditions
in both organic and aqueous media. In analogy to previously
reported mechanisms for proton reduction, the major pathway
for H, evolution appears to proceed through either the bimo-
lecular decay of the presumed Co™(H) intermediate or further
reduction of the Co™(H) to a Co"(H) followed by protonation. A
key unique observation made during the course of these studies
concerns the extent that anation affects the cyclic voltammo-
gram obtained upon addition of an acid. The coordination of
acetate to 1 results in a modulation of the Co™" redox potential,
ultimately resulting in a more electron-rich and thus a more
reactive Co' complex. These data suggest a major mechanistic
pathway for aqueous proton reduction by 1 involves a
hydroxide- or phosphate-bound catalyst. Indeed, we have
previously demonstrated the ability of an aqua ligand to bind to
CoPY5 system and that similar cyclic voltammograms are
obtained in both aqueous and acetonitrile solvents, suggesting
that the observed catalysis after the Co(u)/Co(i) couple in
aqueous solution is due to a more negatively charged (ie.,
anated) species.'®> More generally, the findings of these
studies are expected to have direct implications in the inter-
pretation of other metal-catalyzed proton reduction cycles in the
presence of acids with weakly coordinating conjugate bases, but
also highlight the broader importance of anation in catalytic
processes occurring in aqueous solution. This situation is
particularly relevant to proton-coupled electron transfer reac-
tions that lie at the heart of energy-conversion reactions such
as proton/water reduction, water oxidation, carbon dioxide
fixation, and nitrogen cycling.
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