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ABSTRACT: Cobalt-mimochrome VI*a (CoMC6%*a) is a synthetic mini-protein that catalyzes
aqueous proton reduction to hydrogen (H,). In buffered water, there are multiple possible proton
donors, complicating the elucidation of mechanism. We have found that buffer pK, and sterics
have significant effects on activity, evaluated through cyclic voltammetry (CV). Protonated buffer
is proposed to act as the primary proton donor to the catalyst, specifically through the protonated
amine of the buffers that were tested. At a constant pH of 6.5, catalytic H, evolution in the presence
of buffer acids of pK, ranging from 5.8 to 11.6 was investigated, giving rise to a potential-pK,
relationship that can be divided into two regions. For acids of pK, < 8.7, the half-wave catalytic
potential (E,) changes as a function of pK, with a slope of —128 mV/pK, unit, and for acids of pK,
> 8.7, E,changes as a function of pK, with a slope of -39 mV/pK, unit. In addition, a series of
buffer acids was synthesized to explore the influence of steric bulk around the acidic proton on
catalysis. The catalytic current in CV shows a significant decrease in the presence of the sterically
hindered buffer acids compared to their parent compounds, also consistent with the added buffer
acid acting as the primary proton donor to the catalyst and showing that acid structure in addition
to pK, impacts activity. These results demonstrate that buffer acidity and structure are important
considerations when optimizing and evaluating systems for proton-dependent catalysis in water.

Introduction

In the context of providing a sustainable and renewable energy carrier, hydrogen (H,)
would ideally be derived from water. Advancements in the development of H,-evolution catalysts
include synthetic catalysts that operate in 100% water'-” and/or the introduction of proton transfer
pathways that yield more efficient catalysts.®!!' Further developments in the field require
mechanistic investigations of proton transfer to the catalyst in water. There is precedent for the
role of buffer in mediating proton transfers in a heterogeneous polycrystalline Au electrode system
for proton reduction,'> homogenous electrocatalytic systems for water oxidation,'*!7 and a
homogenous electrocatalytic and photocatalytic system for CO, reduction using nickel cyclam.'
In the case of the heterogenous system for proton reduction, preassociation of the buffer in the
electrochemical double layer plays a role in interfacial proton transfer.”” In the homogenous
electrocatalytic systems for water oxidation, buffer is proposed to play multiple roles including
acting as a base in proton abstraction from water,'*!” inhibiting catalysis through anation,'*!¢
and/or facilitating a proton-coupled electron transfer step leading to O—O bond formation.!*!¢ In
the CO, reduction system, the activity and selectivity for CO, reduction is impacted by association
of the buffer with the catalyst."® A classic example in enzyme kinetics involves the buffer role in
proton abstraction to regenerate the basic form of the catalytically active zinc site in carbonic
anhydrase for interaction with CO,."” As demonstrated by these examples, it is evident that the
buffer is not always innocent when evaluating systems in water. Here, we report our findings that
buffer structure and pK, both play roles in determining H,-evolution activity and mechanism for
the mini-protein catalyst CoMC6*a.



The CoMC6*a scaffold consists of a cobalt deuteroporphyrin covalently bound to a distal
decapeptide chain and a proximal tetradecapeptide chain through peptide lysine chains condensed
with deuteroporphyrin propionic acid moieties, where the tetradecapeptide chain provides an axial
His to the cobalt ion (Figure 1). CoMC6*a was previously reported to electrocatalytically reduce
protons to H, in pH 6.5 buffered water with a turnover number (TON) of 230,000.> The
overpotential for H, evolution was observed to be lowered as a function of increased peptide
folding of CoMC6*a by up to 90 mV.? In addition, electrochemical characterization in
dimethylformamide (DMF) supports the hypothesis that a Co(I) species must be accessed for
catalysis to occur when using acetic acid as the proton source (pK, value of ~13.5 in DMF?) 2
Cobalt-catalyzed H, evolution by a single-site, metal-centered mechanism typically invokes the
formation of a cobalt-hydride by protonation of a low-valent cobalt species.?!>*

During the catalytic cycle, two electrons and two protons are assembled through proposed

Figure 1. A model of CoMC6%*a (ref. 2). CoMC6*a is a mini-protein consisting of a distal decapeptide and proximal
tetradecapeptide, each of which is covalently attached to a cobalt deuteroporphyrin through an amide bond between
a peptide lysine side chain and porphyrin propionic acid moiety. Selected labeled residues are represented as sticks.

pathways that involve protonation of Co(I) to form a Co(Ill)-hydride, which is protonated to yield
H, either directly or after a subsequent reduction step.?> Mechanistic studies of cobalt H,-evolution
catalysts conducted in organic solvent suggest that strong acids are required for H, evolution by
protonating the Co(IIl)-H species,?** whereas weak acids are competent to protonate the Co(II)-
H species. 22 Homolytic pathways involving H, formation by bimolecular reactions of Co(III)-
H or Co(II)-H also are possible?” but will not be invoked in this work, as concentrations of the
buffer conjugate acid used here are in excess relative to catalyst. Furthermore, the structure of
CoMC6%*a, in which the cobalt porphyrin is protected by peptides on both faces, is expected to
inhibit catalyst-catalyst interactions (Figure 1).

The solubility and reactivity of this mini-protein in water near neutral pH is particularly
notable, as the preponderance of known H,-evolution catalysts function in organic solvent with
added organic acids or in mixtures with water, while relatively few function in water?>?32
especially near neutral pH'2»-3! despite the significant interest in developing H,-evolution
catalysis in water.’>3* Here, we report potential-pK, relationships for H,-evolution catalysis by
CoMC6*a in the presence of various buffer acids in water, giving insight into the possible
mechanisms of H, evolution. The results indicate that the buffer dependency of electrocatalytic H,
evolution provides a tool for investigating catalytic pathways in water and also illustrates the
importance of buffer choice in optimizing H,-evolution catalysis.



Results

Cyclic voltammetry of CoMCé6*a in water in the presence of varied buffers. Cyclic
voltammograms (CVs) of CoMC6*a were collected in water or buffered water with added KC1
electrolyte at pH 6.5, a pH at which folding of this mimochrome is optimized.>*33 As previously
reported, an irreversible wave results at potentials below —1 V vs. Ag/AgCl (1 M KClI; all potentials
will be reported as vs. Ag/AgCl (1 M KCl) unless stated otherwise), corresponding to H, evolution
catalyzed by CoMC6*a.? Here, we note that the half-wave potential (E,) for the catalytic wave
varies significantly in the presence of different buffering agents, over arange of 0.57 V. For clarity,
representative data for CoMC6*a in the presence of five selected buffers (50 mM) and without
buffer are shown in Figure 2. Results for all 12 buffering agents used herein with pK, values
ranging from 5.8 to 11.6 (1-12, structures shown in Figure 3) are shown in Figures S1-S12.

The CV of CoMC6*a in the presence of only water and KCI (Figure 2 and Figure S13),
yields a wave at E, = —1.82 V, which is significantly lower than waves observed in the presence
of buffer acids 1-12 (Figures S1-12). Table S1 lists the buffer acids 1-12 and their corresponding
abbreviations, pK, values, and E, values obtained from CV data of CoMC6*a at pH 6.5. CV
experiments were also performed at pH 5.0, a pH value below the pK, of the most acidic buffer
acid used here, to achieve conditions where each buffer is >86% in the conjugate acid form
(Figures S14-S26). Table S2 summarizes the E;, values from CV data of CoMC6*a in the presence
of 1-12 at a constant pH of 5.0, however, the E, values are within 0.04 V of those measured at pH
6.5.
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Figure 2. Overlay of CVs of CoMC6*a in the presence of selected buffering agents. The CV data were collected
under nitrogen at a 100 mV/s scan rate with 1.0 uM CoMC6%*a, 50 mM buffer (when present), 100 mM KCI, pH
6.5. A glassy carbon counter electrode, Ag/AgCl (1 M KCl) reference electrode, and HMDE working electrode
were used. Third scan data are shown. For plot of peak currents as a function of pK, at a constant concentration of
the conjugate acid form of the buffers 1-12, see Figs. S45-S46.

Figure 3 shows a plot of the E), values (Table S1) as a function of buffer acid pK, at pH 6.5.
A potential-pK,, relationship results that can be divided into two regions. For buffer acids of pK, <
8.7, E, changes as a function of pK, with a slope of —128 mV/pK,, unit (region 1), and for buffer
acids of pK, > 8.7, E, changes as a function of pK, with a slope of -39 mV/pK, unit (region 2). The
results obtained at pH 6.5 do not deviate significantly from those at pH 5.0, which is a pH value
that is below the pK, value of the most acidic buffer acid. At pH 5.0, region 1 exhibits a slope of



—123 mV/pK, unit, and region 2 exhibits a slope of -41 mV/pK,, unit (Figure S27). Equations 1
and 2 outline relationships for a redox-coupled proton transfer process involving complex C, n
electrons, and m protons, where the proton is donated to C from an acid HA ¥’ Equation 2 predicts
that the E, depends on the acid pK, if the first three terms are constant, where the first term
describes the reduction potential of the species C in the absence of protons, the second term
describes the pK, of the protonated and reduced C product, and the third term describes the
logarithm of concentration of the base (A-) over the concentration of the conjugate acid (HA).3®
Comparison of the slopes from data obtained at pH 6.5 and at pH 5.0 indicate that the log(A~/HA)
term must be constant, which is expected under conditions where [HA]>>[A-],or the concentration
of the conjugate acid is much greater than the concentration of the complex of interest, C.3® Thus,
the plot of E, as a function of the pK, of the added acid HA is expected to yield a pK,-dependent
region with a slope of 0.059(m/n) at 25 °C (Equation 2). As shown in Figure 3, the slope in region
1 is consistent with a 2H*/1e-process (theoretical value of —118 mV/pK,, unit), and the magnitude
of the slope in region 2 is consistent with a 1H*/1e- process (theoretical value of =59 mV/pK, unit).
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Figure 3. Buffer dependence of catalytic half-wave potential. On the right is a plot of E;, values measured by CV for
H, evolution at pH 6.5 by CoMC6*a as a function of buffer acid pK,. Region 1 (solid red line) has a slope of —128
mV/pK, unit, and region 2 (solid blue line) has a slope of —39 mV/pK, unit. The red line (region 1) was fitted using
E, values from buffer acids 1-8, and the blue line (region 2) was fitted using Ej, values from buffer acids 8-12
(structures on the left). The CV data were collected under nitrogen at 100 mV/s scan rate with 1.0 uM CoMC6%*a, 50
mM of the buffer, 100 mM KClI, and a pH of 6.5. A glassy carbon counter electrode, Ag/AgCl (1 M KCl) reference
electrode, and HMDE working electrode were used. The Ej, values are an average of three separate trials with standard
deviation bars shown in the plot. The potential-pK, plots at pH 5.0 are shown in the Figure S27, and the slopes do not
deviate significantly from those at pH 6.5.

At pH 6.5, buffers 1-4 are 17-80% in the conjugate acid form. Cyclic voltammetry
experiments of CoMC6*a were also performed in the presence of 1-4 at pH values at least one unit
below the pK, values of buffer acids 1-4 (Figures S28-S31). No significant differences were
observed between the E), values at a pH of 6.5 compared to the E;, values from the CVs performed
at a pH that is one unit below the pK, values of 1-4. The potential-pK, relationship observed in
region 1 for a 2H*/1e reduction at pH 6.5 (Figure 3) does not change significantly when the data



are plotted using E), values from these CV data (—105 mV/pK, unitfor region 1, Figure S32). Buffer
acid titrations of 1-12 were also performed for CV experiments of CoMC6*a at pH 6.5, and the
peak current (7,) increases as a function of increasing buffer acid concentration but no significant
shifts in the E}, value as a function of concentration is seen (Figures S33-S44). The conditions used
for the titration experiments yield ~1-50 mM of the conjugate acid species at pH 6.5.

The peak currents in the CVs of CoMC6*a in the presence of 50 mM buffer 1-12 at pH 5.0
are comparable to each other with no apparent trends as a function of pK, (Figure S45). In addition,
the peak currents as a function of pK, at a constant pH of 6.5 and constant concentration of the
conjugate acid species (50 mM) are also comparable across buffer acids 1-12 (Figure S46). The
data indicate that the magnitude of the peak current is primarily affected by the availability of the
conjugate acid form of the buffers 1-12, regardless of pK,. The data also indicate that the position
of the catalytic half-wave is maintained for a particular buffer acid, despite the changes in the
availability of the conjugate acid form of the buffer as a function of buffer concentration at constant
pH or as a function of changing pH, indicating that the catalytic half-wave potential is primarily
dependent on buffer acid pK,.

Investigation of buffer structure effects. Several amines with structures related to standard
buffers were synthesized in order to explore the influence of steric bulk around the acidic proton
on catalysis (Scheme 1). The pK, values of the sterically hindered buffer acids were expected to
be similar to those of the parent buffer acids (confirmed by potentiometric titrations, Figures S47-
S50), allowing for systematic evaluation of steric bulk on activity. The derivatives are N-N-tert-
butyl-piperazine (DTBP, 1a), N-iso-propyl-morpholine (IPM, 8a), N-fert-butyl-morpholine
(TBM, 8b), and N-tert-butyl-piperidine (TBP, 12a) (Synthetic details are in the Materials and
Methods section). To synthesize this series of amines, we devised a new method using a unified
approach with relatively high yields compared to those in the literature.** We describe a succinct
method in the Materials and Methods section, summarized in Schemes S1 and S2.
Characterization through 'H-NMR, *C-NMR, and potentiometric titration is included in the SI
(Figures S47-S60). Potentiometric titrations were also performed for NMM (4) and MES (2), and
the estimated pK, values were compared to literature values to confirm the accuracy of the
potentiometric titration method (Figures S51-S52).
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Scheme 1

Table S3 summarizes the pK, values of 1a,8a,8b, and 12a, and the average £, and i, values
from CV of CoMC6*a in 1a, 8a, 8b, and 12a compared to CV in the presence of the respective
parent buffer acids 1,8, and 12 (Table S3). Cyclic voltammetry of CoMC6*a in DTBP (1a) shows
diminished current compared to CoMC6%*a in piperazine (1), evaluated through the peak current



(Figure 4a). Compared to results obtained in the presence of morpholine (8), IPM (8a) and TBM
(8b) also have significantly diminished peak current for the catalytic waves (Figure 4b). Compared
to piperidine (12), TBP (12a) shows diminished current at the same potential for the catalytic wave
for CoMC6%*a in piperidine, in addition to a catalytic wave that is apparently cathodically shifted
relative to CV in the presence of piperidine (Figure 4c). However, at these low potentials, it is
possible that this feature corresponds to the catalytic wave for CoMC6%*a in only water and KCl
electrolyte (Figure S13), as the faradaic current in water and electrolyte begins at an onset of ~—
1.70 V. Regardless, the average E;, value is estimated to be —1.80 V. These results indicate that the
increased steric bulk at the proton donation site significantly lowers the peak current, which
possibly reflects a lower rate of catalysis by CoMC6*a. As the pK, values of the sterically hindered
proton donors are similar to those of the parent proton donors, the effect of increasing bulk near
the acidic proton on catalytic current relates to buffer acid structure rather than pK,. Furthermore,
the potential-pK, relationships noted above are maintained when the E, values obtained from CV
of CoMC6%*a in the presence of the sterically hindered buffer acid derivatives are included in the
potential-pK, plot (-114 mV/pK, unit for region 1 and —-33 mV/pK, unit for region 2, Figure S61).
CVs of 1a, 8a, 8b, and 12a without CoMC6*a are shown in the SI (Figures S62-S64).
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Figure 4. Overlay of CVs of CoMC6*a in the presence of sterically hindered buffer acid compared to the parent
buffer acid. The CV data were collected under nitrogen at 100 mV/s scan rate with 1.0 yM CoMC6*a, 50 mM
buffer, 100 mM KCl, and a pH of 6.5. A glassy carbon counter electrode, Ag/AgCl (1 M KCl) reference electrode,
and HMDE working electrode were used.

Discussion

The most commonly invoked pathways for cobalt-catalyzed electrocatalytic H, evolution
are denoted the ECCE or ECEC *'*’# where E is an electrochemical step, and C is a chemical step
(Scheme 2). A third pathway, EECC, is also possible involving the protonation of a formally Co(0)
species, although such a pathway is unlikely in water as the EECC mechanism is typically invoked
in systems where the acid is significantly weaker than water.!0224546 It is challenging to distinguish
between the ECCE and ECEC pathways,"-* although this has been possible in a few cases where
the Co(III)-H reduction to Co(II)-H is cathodic of the Co(II/I) reduction.>!?
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In a previous report, CV of CoMC6*a in DMF revealed quasi-reversible Co(III/II) and
Co(II/T) couples and the assignment of the Co(I) species as the catalytically active species.
Although working in water obscures the Co(Il/I) couple due to the presence of protons as a
substrate, it is likely that Co(I) is the catalytically active species in water, consistent with the
appearance of a catalytic wave at low potentials. It is tempting to relate the cobalt-centered
mechanisms (Scheme 2) to the reduction events extrapolated from the observed potential-pK,
relationships (Figure 2), but the potential-pK, relationships can only provide a qualitative
evaluation of mechanism, especially when the analyses of electrochemical responses of systems
working in water are less straightforward than those that operate in aprotic solvent where
electrochemical responses can be directly attributed to a single acid source. Adding to these
challenges, multiple mechanisms can coexist.?!*” However, these relationships can give insight to
the predominant mechanisms under certain conditions.

The observed change in slope from —128 mV/pK,, unit (region 1) to -39 mV/pK, (region 2)
we propose to reflect a change from a 2H*/le-event to a 1H*/1e-event (Figure 3) as pK, of the
buffer acid increases. The difference in slope suggests different mechanisms, and the ECCE and
the ECEC mechanisms (Scheme 2) may be considered for region 1 and region 2, respectively, if
these potential-pK, relationships are assumed to be related to metal-centered steps. An additional
supposition is that the protonation events in the 2H*/1e- and 1H*/1e" cases are related to the Co(Il/I)
reduction that initiates catalysis. If the observed reduction events are indeed related to the steps
that are strictly cobalt-centered, the effects of the proton donor pK, on mechanism correlate well
with the trends observed in other systems, where strong acids can protonate both the Co(I) and
Co(IIT)-H species,??* but use of weak acids requires that the Co(II)-H intermediate must be
accessed for H, evolution.?*2¢ In that case, the stronger buffer acids (pK, < 8.7) can protonate the
Co(I) and Co(IIl)-H intermediates to yield H, via the ECCE mechanism. The buffer acids that are
weaker acids (pK, = 8.7) can protonate Co(I) to yield Co(III)-H, but further reduction of the
Co(III)-H to the more nucleophilic Co(II)-H species is required to yield H,. Published work in
aprotic solvent provides a useful comparison. In the case of a cobaloxime -catalyst,
[Co(dmgBF,),L], CV experiments revealed that H, is evolved via the ECCE pathway with
trifluoroacetic acid as a proton source (pK, = 12.7 in acetonitrile).>® A later study revealed that
[Co(dmgBF,),L] also evolves H, via the ECEC pathway in addition to ECCE.?* In the same study,
[Co(dmgBF,),L] is reported to produce H, via ECCE as the predominant pathway using the
stronger acid, p-cyanoanilinium tetrafluoroborate (pK, = 7.6 in acetonitrile).>* These studies



demonstrate that it is plausible that a change in the predominant mechanism can occur for
CoMC6%*a as a function of buffer acid pK, value.

In the aforementioned [Co(dmgBF,),L] system in acetonitrile, the proposed Co(Ill) +
H,/Co(II)-H pK, of 10.5 is slightly lower than the Co(III)-H/Co(I) pK, of 13.3, and the Co(Il) +
H,/Co(Il)-H pK,is 36.3.2* If the pK, of the added acid is greater than that of Co(III) + H,/Co(III)-
H but less than that of Co(III)-H/Co(I), the acid can protonate Co(I) in the first chemical step but
not Co(IIl)-H in the second chemical step. Thus, Co(II)-H must be accessed for the second
protonation by the acid to generate H,. A similar scenario may be invoked for CoMC6%*a, where
the Co(Ill) + H,/Co(Ill)-H pK, is proposed to be lower than the pK, of Co(Ill)-H/Co(I). If the
observed change in slope of the E, vs. pK, plot indicates a change in mechanism from ECCE to
ECEC, then the Co(III) + H,/Co(II)-H pK, can be estimated from the point at which the two slopes
intersect (Figure 3), which is ~8.7. Specifically, buffer acids with pK, < 8.7 can protonate both
Co(I) and Co(III)-H in the ECC steps in the ECCE pathway, and proton donors with pK, values
beyond 8.7 can only protonate Co(I) in the first EC step of ECEC, and Co(II)-H must be accessed
to yield H; in this case.

For the more basic buffer acids (pK, =8.7), the slope of the E, vs. pK, plot is indicative of
a 1H*/1e reduction and is seen for all of the buffers tested here (up to a pK, of 11.6 and E, of —
1.73 V). If the 1H*/1e reduction is related to the Co(1I/I) reduction, the continued change in E as
a function of pK, beyond 8.7 implies that the Co(III)-H/Co(I) pK, is greater than that of Co(IIl) +
H,/Co(II)-H. In theory, the pK, of Co(III)-H/Co(I) species could be found by testing buffer acids
with greater pK, values, but the leveling effect of water as a solvent sets a maximum pK, at 14.0.
54 In addition, the fact that an onset potential of —1.70 V and a half-wave potential of —1.82 V at
pH 6.5 are observed in the CV of CoMC6*a in water and electrolyte (no buffer) makes analysis of
catalytic peaks difficult if there are catalytic waves much beyond —1.70 V. However, we speculate
that it is possible that the Co(Il/I) reduction potential can be more cathodic than —1.73 V based on
the end point of pK, 11.6 in region 2. Activity is observed for CoMC6%*a even in water and no
buffer acid with a E, value of —1.82 V (Figure 2). A potential of —1.82 V is surprisingly low, but
the Co(II/I) potential of CoMC6*a was observed to be —2.64 V vs. Fc/Fct in DMF,? which is
significantly more negative than the Co(II/I) potential for the [Co(dmgBF,),L] catalyst (~-2 V vs.
Fc/Fct in DMF) .4

One case implicating a pK, for Co(Ill)-H/Co(I) in water involves a cobalt
bis(iminopyridine) complex.> At pH values > 7, the primary route for H, generation begins with
protonation by H;O* when the Co(I) species is further reduced at the ligand to yield a Co-H species
that the authors describe as [Co(I1I)-H(L4-)]'*. Below pH 6, direct protonation of Co(I) occurs to
generate [Co(II)-H(L,)]**, implying that the Co(IlI)-H/Co(I) pK, may be between 6 and 7.
Although it is not evident mechanistically from this work how H, is evolved after the first
protonation event occurs, it sheds light on the pK, of Co(IlI)-H/Co(I) for a cobalt catalyst working
in water. This pK, for the cobalt bis(iminopyridine) complex is lower than what is implicated for
the Co(Il)-H/Co(I) pK, for CoMC6*a, but the Co(Il/I) reduction potential for the cobalt
bis(iminopyridine) complex is observed at —1.05 V vs. SCE (~-1.0 V vs. Ag/AgCl (1 M KCl)) at
pH 7.0 (overpotential of 0.39 V). For CoMC6%*a, the Co(II/I) potential may be as low as —-1.82 V
vs. Ag/AgCl (1 M KCl) at pH 6.5 (overpotential of 1.2 V). It has been reported that the Co(II/T)
reduction potential is directly correlated with the pK, for Co(III)-H/Co(I), where lower potentials
correspond to higher pK, values.* Thus, it is plausible that the Co(III)-H/Co(I) pK, for CoMC6*a
is greater than that of the cobalt bis(iminopyridine) complex.



In the presence of the buffer acids, 1a, 8a, 8b, and 11a with steric bulk at the acidic proton
of the amine, CoMC6*a displayed lower activity as reflected by peak current in CV when
compared to CV in the presence of the parent buffer acids. The lower peak current in the presence
of sterically hindered buffer acids provides further evidence that the buffer acid acts as a proton
donor to CoMC6*a. As demonstrated most clearly for derivatives of piperazine and morpholine,
the peak current of the catalytic waves is diminished in the sterically hindered derivatives (Figures
4a-4b), but the position of the catalytic half-wave is broadly maintained with respect to the pK,
(Figure S61). These results indicate that the driving force for catalysis is dependent on the pK, of
the proton donor, and that the structure of the proton donor may impact the rate.

The invariant nature of the E, as a function of the buffer acid concentration for a given
buffer acid (Figures S33-S44) in conjunction with the fact that the peak currents show no trend
across proton donors 1-12 when the concentration of the conjugate acid form of the proton donors
is held constant, indicates that the protonation steps may not be rate-limiting despite the strong
evidence that the rate-limiting steps in H-evolution catalysis often involve the protonation
steps.*>” This surprising outcome may be attributed to the CoMC6*a peptide scaffold having a
role in catalysis by possibly positioning the proton donors for favorable interaction with the active
site such that proton transfer would not be rate-limiting. A conformational change of CoMC6%*a
may be necessary for this to occur. The effect of the sterically hindered proton donors on lowering
the peak current as a function of steric bulk at the proton donation site supports the idea that the
peptide scaffold has a role in positioning the buffer acid for proton transfer. As shown previously,
it is clear that the peptide scaffold plays a role in catalysis, evidenced by the effect of CoMC6%*a
folding on catalytic potential .

Conclusions

We have shown that the potential required for H, evolution by the synthetic mini-enzyme
CoMC6*a is dramatically changed by the addition of an exogenous proton donor in water.
Furthermore, the dependence of the catalytic half-wave potential on proton donor pK, falls into
two different regimes consistent with different H,-evolution pathways. In addition, the steric bulk
of the proton donor has an impact on the catalytic current. These results indicate that the pK, and
structure of the buffer used should be considered when developing and evaluating systems in water
for proton-requiring catalysis. As demonstrated by a water-stable iron tetraphenylporphyrin
system for CO, reduction, buffer choice can even tune selectivity between CO or H, formation.?®
In the case evaluated herein, the buffer can also provide a handle into probing HER mechanism,
as demonstrated by the strong dependence of the catalytic half-wave potential on proton donor pK,
and the differing potential-pK, relationships that arise.

Materials and Methods

Synthesis and characterization CoMCé6*a. Synthesis and characterization of CoMC6*a are
previously described.>*

Cyclic voltammetry. Cyclic voltammetry experiments in water were performed with a hanging
mercury drop working electrode (HMDE) from BASi Instruments. The counter electrode used was
a 3 mm glassy carbon electrode from CH Instruments, Inc. The counter electrode was polished
with 0.05 micron Gamma alumina paste before each experiment. The reference electrode used is
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a Ag/AgCl (1 M KCl) from CH Instruments, Inc. The general procedure for CV is as follows: 5.0
mL of 1.0 uM CoMC6%*a in 100 mM KCl and 50 mM buffer at pH 6.5 was used unless stated
otherwise. The CV scan rate was 100 mV/s. Each measurement used a fresh mercury drop with an
average mass of 5.6 = 1.3 mg. Before each experiment, the solution was purged for 5 minutes with
nitrogen, and the measurements were performed under a blanket of nitrogen. The pH was
monitored using a VWR SB70P pH meter and a Mettler Toledo InLab semimicro pH probe. All
E, and i, values from CV data with CoMC6*a were determined after subtraction of the CV without
CoMC6*a.

Synthesis of N-substituted morpholine and piperidine. A sealed pressure tube was charged with
a stirring bar, dihaloalkane S (1 equiv.) and primary amine (4 equiv.) (Scheme S1). The tube was
sealed and heated to 95 °C (R = rBu) or 85 °C (R = iPr) under vigorous stirring behind a blast
shield. The reaction was monitored by 'H-NMR until full consumption of dihaloalkane S had
occurred, upon which the reaction was cooled. Hexanes (roughly equal to five times the initial
reaction volume) was added, along with a similar volume of aqueous 1.0 M HCI. The organic layer
was separated and then extracted twice more with aqueous 1.0 M HCl, each with the same volume
as the initial extraction. The pH of the combined aqueous layer was adjusted with solid NaOH
until a pH of roughly 14. The basic aqueous layer was extracted three times with dichloromethane
(DCM) and the combined organic layer was dried over MgSO,, filtered over a fritted funnel, and
the filtrate was concentrated by rotary evaporation to remove solvent and the volatile excess
primary amine. The amine liquor that was obtained was sufficiently pure tertiary amine N-tert-
butyl-morpholine (TBM, 8b), N-tert-butyl-piperidine (TBP, 12a) or N-iso-propyl-morpholine
(IPM, 8a). The dihaloalkanes S, primary amine starting materials, and tertiary amines are not UV
active, thus they were visualized by phosphomolybdic acid (PMA) or KMnO, staining on TLC.
All products matched literature 'H-NMR and *C-NMR data (Figures S53-58).

Synthesis of N-N-tert-butyl-piperazine. N,N-tert-butylethylenediamine (1 equiv.) and 1,2-
dibromoethane (4 equiv.) were combined in a round-bottom flask fitted with a reflux condenser
and heated to 100 °C while magnetically stirring for 18 h (Scheme S2). The reaction was monitored
by 'H-NMR until full consumption of N,N-tert-butylethylenediamine had occurred, upon which
the reaction was cooled. Hexanes (roughly equal to five times the initial reaction volume) was
added, along with a similar volume of aqueous 1.0 M HCI. The organic layer was separated and
then extracted twice more with aqueous 1.0 M HCI, each with the same volume as the initial
extraction. The pH of the combined aqueous layer was adjusted with solid NaOH until a pH of
roughly 14. The basic aqueous layer was extracted three times with dichloromethane, and the
combined organic layer was dried over MgSOy, filtered over a fritted funnel, and concentrated by
rotary evaporation to remove solvent. The resulting waxy residue was loaded onto a fritted funnel
containing a pad of SiO, (15 x crude material mass by dry weight, packed as a gel with EtOAc),
and a dry column vacuum chromatography separation was conducted in 50 mL EtOAc fractions.
The first four fractions contained pure product by TLC visualized with KMnO, stain. These
fractions were combined and concentrated by rotary evaporation to yield N,N-tert-butyl-piperazine
(DTBP, 1a) as a powdery white solid (49% yield). The dibromoethane, amine starting material,
and tertiary diamine product are not UV active, thus they were visualized by PMA or KMnO,
staining on TLC. The product matched literature 'H-NMR and *C-NMR data (Figures S59-S60).
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pK, estimation of TBM, IPM, TBP, and DTBP. The pK, values of buffer acids TBM (8b), IPM
(8a), TBP (12a), and DTBP (1a) were estimated by potentiometric titration using HCl titrated into
the buffer (concentrations and volumes for each material are mentioned in Figures S47-S50). In
order to assess the accuracy of this method, the pK, values of NMM (5) and MES (2) were also
determined and compared to literature values (Figures S51-52). The pH was monitored using a
VWR SB70P pH meter and a Mettler Toledo InL.ab semimicro pH probe. The equivalence points
were determined by plotting the pH as a function of volume of acid or base added and taking the
first derivative of the plot.
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General Experimental Details

Cyclic voltammetry data were collected under nitrogen at a 100 mV/s scan rate
with 1.0 yM CoMC6*a and 100 mM KCI. A glassy carbon counter electrode, Ag/AgCI (1
M KCI) reference electrode, and HMDE working electrode were used. The plots display
third scan data. Cyclic voltammetry experiments of buffer acid titrations were also
performed with these conditions with varying buffer acid concentrations. All reported En
values are an average of three separate trials.

CVs of CoMC6*a in the presence of buffer acids 1-12 and water at pH 6.5
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Figure S1. Cyclic voltammogram of CoMC6*a in 50 mM piperazine (1) at pH 6.5.
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Figure S2. Cyclic voltammogram of CoMC6*a in 50 mM MES (2) at pH 6.5.
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Figure S4. Cyclic voltammogram of CoMC6*a in 50 mM MOPS (4) at pH 6.5.
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Figure S5. Cyclic voltammogram of CoMC6*a in 50 mM NMM (5) at pH 6.5.
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Figure S6. Cyclic voltammogram of CoMC6*a in 50 mM MOBS (6) at pH 6.5.
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Figure S8. Cyclic voltammogram of CoMC6*a in 50 mM morpholine (8) at pH 6.5.
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Figure S9. Cyclic voltammogram of CoMC6*a in 50 mM 4FP (9) at pH 6.5.
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Figure $10. Cyclic voltammogram of CoMC6*a in 50 mM 1MP (10) at pH 6.5.
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Figure S11. Cyclic voltammogram of CoMC6*a in 50 mM pyrrolidine (11) at pH 6.5.
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Figure S12. Cyclic voltammogram of CoMC6*a in 50 mM piperidine (12) at pH 6.5.
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Figure $13. Cyclic voltammogram of CoMC6*a in water (13) at pH 6.5.
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Table S1. Buffer acids and their corresponding abbreviations used in this work, pKa, and average Envalues.
All Ex data are from CVs that were collected under nitrogen at 100 mV/s scan rate with 1.0 yM CoMC6*a,
50 mM buffer, 100 mM KCI, and a pH of 6.5. A glassy carbon counter electrode, Ag/AgCl (1 M KCI)
reference electrode, and HMDE working electrode were used. The Ej values are an average of three
separate runs.

En (V vs. Ag/AgCI (1 M

Buffer acids Abbreviation pKs KCI)) + STD DEV
1. Piperazine - 5.8* -1.23 £ 0.01
2. 2-(N-morpholino)ethanesulfonic acid MES 6.1 -1.29 + 0.01
3. 3-morpholino-2-hydroxypropanesulfonic acid MOPSO 6.9 -1.39 + 0.01
4. 3-morpholinopropane-1-sulfonic acid MOPS 7.1 -1.41+0.03
5. N-methylmorpholine NMM 7.4 —1.44 + 0.01
6. 4-(N-morpholino)butanesulfonic acid MOBS 7.5 -1.48 + 0.01
7. N-ethylmorpholine NEM 7.7 -1.49+ 0.01
8. Morpholine - 8.7 -1.61+ 0.01
9. 4-fluoropiperidine 4FP 94 -1.64 + 0.00
10. 1-methylpyrrolidine 1MP 10.3 -1.69+ 0.01
11. Pyrrolidine - 11.5 -1.71 + 0.01
12. Piperidine - 11.6 -1.73 £ 0.01
13. Water - 14.0 ~1.82 + 0.03
*pKa 1

CVs of CoMC6*a in buffer acids 1-12 and water at pH 5.0

250+ - — piperazine (1)/pH 5.0
—Piperazine (1)/pH 5.0/CoMC6*a
200-
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2 150
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00 -02 04 -06 -08 -1.0 -12 -1.4
V vs. Ag/AgCI (1 M KCI)

Figure S$14. Cyclic voltammogram of CoMC6*a in 50 mM piperazine (1) at pH 5.0.
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Figure $15. Cyclic voltammogram of CoMC6*a in 50 mM MES (2) at pH 5.0
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Figure $16. Cyclic voltammogram of CoMC6*a in 50 mM MOPSO (3) at pH 5.0
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Figure S$17. Cyclic voltammogram of CoMC6*a in 50 mM MOPS (4) at pH 5.0.
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Figure $18. Cyclic voltammogram of CoMC6*a in 50 mM NMM (5) at pH 5.0.
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Figure $19. Cyclic voltammogram of CoMC6*a in 50 mM MOBS (6) at pH 5.0
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Figure $20. Cyclic voltammogram of CoMC6*a in 50 mM NEM (7) at pH 5.0.
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Figure S$21. Cyclic voltammogram of CoMC6*a in 50 mM morpholine (8) at pH 5.0.

250

200

150

100

Current (pA)

50

0
0

Figure $22. Cyclic voltammogram
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Figure $23. Cyclic voltammogram
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V vs. Ag/AgCI (1 M KCI)

of CoMC6*a in 50 mM 4FP (9) at pH 5.0.
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V vs. Ag/AgCI (1 M KCI)

of CoMC6*a in 50 mM 1MP (10) at pH 5.0.
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Figure S24. Cyclic voltammogram of CoMC6*a in 50 mM pyrrolidine (11) at pH 5.0.
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Figure $25. Cyclic voltammogram of CoMC6*a in 50 mM piperidine (12) at pH 5.0.
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Figure $26. Cyclic voltammogram of CoMC6*a in water (13) at pH 5.0.
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Table S2. En data from CVs that were collected under nitrogen at 100 mV/s scan rate with 1.0 yM CoMC6*a,
50 mM buffer, 100 mM KCI, and a pH of 5.0. A glassy carbon counter electrode, Ag/AgCl (1 M KCI)
reference electrode, and HMDE working electrode were used. The En values are an average of three

separate runs.

En (V vs. Ag/AgCI (1 M

Buffer pKa KCl)) + STD DEV
acid
1 5.8 -1.25 + 0.03
2 6.1 -1.31 + 0.01
3 6.9 -1.40 + 0.01
4 7.1 -1.43 4+ 0.01
5 7.4 -1.44 4+ 0.01
6 7.5 -1.52 + 0.02
7 7.7 -1.53+0.02
8 8.7 -1.60 + 0.04
9 9.4 —1.64 + 0.01
10 10.3 -1.69 + 0.02
11 11.5 -1.71 + 0.01
12 11.6 -1.73 + 0.01
13 14.0 -1.82 + 0.01

E_(V vs. Ag/AgCI (1 M KCl))

h

*pKa 1 is 5.8 for piperazine

-1.2 - 1
-1.34
-1.44 '
Region 2’
-1.5 41 mV/pK, unit
R2=0.95
-1.64 Region 1"
1.7 123 n;VIpKa unit 3 .
R®=0.95 10 11
-1.8 T T T T T T 1
50 60 70 80 90 100 11.0 12.0

PK,

Figure S27. Plot of En values measured by CV for Hz evolution by CoMC6*a as a function of proton donor
pKa for data collected at pH 5.0. Region 1 (solid red line) has a slope of —123 mV/pKa unit, and region 2
(solid blue line) has a slope of <41 mV/pKa unit. The red line (region 1) was fitted using Ex values from
buffer acids 1-8, and the blue line (region 2) was fitted using En values from buffer acids 8-12. The CV
data were collected under nitrogen at 100 mV/s scan rate with 1.0 yM CoMC6*a, 50 mM buffer, 100 mM
KCI, and a pH of 5.0. A glassy carbon counter electrode, Ag/AgCI (1 M KCI) reference electrode, and
HMDE working electrode were used. The En values are an average of three separate trials with standard
deviation bars shown in the plot.
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CVs of CoMC6*a in 1-4 at pH values one unit below the pK, of 1-4

Current (PA)

350+
300+
250
200+
150+
100

50
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71
11
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(24
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4
V vs. Ag/AgCI (1 M KCI)

Figure $28. Cyclic voltammogram of CoMC6*a in 50 mM piperazine (1) at pH 4.5.
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Figure $29. Cyclic voltammogram of CoMC6*a in 50 mM MES (2) at pH 5.0
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Figure S30. Cyclic voltammogram of CoMC6*a in 50 mM MOPSO (3) at pH 6.0.
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MOPS (4)/pH 6.0/CoMC6*a

Current (pA)
>
2

50

O T T T T T T T 1
0.0 02 -04 -06 -0.8 -1.0 -1.2 -1.4 -16
V vs. Ag/AgCI (1 M KCl)

Figure S31. Cyclic voltammogram of CoMC6*a in 50 mM MOPS (4) at pH 6.0.
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Figure S32. Plot of En values measured by CV for Hz evolution by CoMC6*a as a function of buffer
acid pKa for data collected at a pH value 1 unit below each buffer pKa. Region 1 (solid red line) has a
slope of —105 mV/pKa unit. CV data were collected under nitrogen at 100 mV/s scan rate with 1.0 uM
CoMC6*a, 50 mM buffer acid, 100 mM KCI, and a pH of 4.5 for 1, a pH of 5.0 for 2, and pH values of
6.0 for 3 and 4. A glassy carbon counter electrode, Ag/AgCI (1 M KCI) reference electrode, and HMDE
working electrode were used. The Ex values are an average of three separate trials with standard
deviation bars shown in the plot.
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CVs of buffer acid titrations for 1-12
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250 10 mM Piperazine 300
1 25 mM Piperazine 250
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Figure S33. Left: Control CVs of varying piperazine concentration without CoMC6*a. Right: CVs of
varying piperazine concentration from 5.0 to 300 mM with a constant concentration of 1.0 yM

CoMC6*a.
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Figure S34. Left: Control CVs of varying MES concentration without CoMC6*a. Right: CVs of varying
piperazine concentration from 5.0 to 200 mM with a constant concentration of 1.0 yM CoMC6*a.
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Figure S35. Left: Control CVs of varying MOPSO concentration without CoMC6*a. Right: CVs of
varying MOPSO concentration from 5.0 to 75 mM with a constant concentration of 1.0 yM CoMC6*a.
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Figure S36. Left: Control CVs of varying MOPS concentration without CoMC6*a. Right: CVs of varying
MOPS concentration from 5.0 to 75 mM with a constant concentration of 1.0 yM CoMC6*a.
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Figure S37. Left: Control CVs of varying NMM concentration without CoMC6*a. Right: CVs of varying
NMM concentration from 1.0 to 50 mM with a constant concentration of 1.0 uM CoMC6*a.
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Figure S38. Left: Control CVs of varying MOBS concentration without CoMC6*a. Right: CVs of varying
MOBS concentration from 1.0 to 50 mM with a constant concentration of 1.0 uM CoMC6*a.
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Figure S39. Left: Control CVs of varying NEM concentration without CoMC6*a. Right: CVs of varying
NEM concentration from 1.0 to 50 mM with a constant concentration of 1.0 yM CoMC6*a.
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Figure S40. Left: Control CVs of varying morpholine concentration without CoMC6*a. Right: CVs of
varying morpholine concentration from 1.0 to 50 mM with a constant concentration of 1.0 yM CoMC6*a.
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Figure S41. Left: Control CVs of varying 4FP concentration without CoMC6*a. Right: CVs of varying
4FP concentration from 1.0 to 50 mM with a constant concentration of 1.0 uM CoMC6*a.
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Figure S42. Left: Control CVs of varying 1MP concentration without CoMC6*a. Right: CVs of varying
1MP concentration from 1.0 to 50 mM with a constant concentration of 1.0 uM CoMC6*a.
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Figure S43. Left: Control CVs of varying pyrrolidine concentration without CoMC6*a. Right: CVs of
varying pyrrolidine concentration from 1.0 to 50 mM with a constant concentration of 1.0 yM CoMC6*a.
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Figure S44. Left: Control CVs of varying piperidine concentration without CoMC6*a. Right: CVs of
varying piperidine concentration from 1.0 to 50 mM with a constant concentration of 1.0 yM CoMC6*a.
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Figure S45. Plot of iy vs. pKa from CV data from Figs. S14-S26 of CoMC6*a in the presence of proton
donors 1-13 at a constant pH of 5.0.
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Figure S46. Plot of iy vs. pKa from CV data from Figs. S33-S44 of CoMC6*a in the presence of buffer
acids 1-12 at a constant pH of 6.5 and constant concentration of the conjugate acid species at pH 6.5.
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pK, estimation of sterically hindered buffer acids by potentiometric titration

12

104 e

TBM ...."..ooo
00 0050 010 015 020 025
vol. of 0.50 M HCI

Figure S47. pKs estimation of TBM by potentiometric titration. A concentration of 0.50 M HCI was titrated
into 10 mL of 10 mM of TBM in increments of 10 uL. The solution was kept constantly stirring, and the
pH was measured after reaching a steady pH reading. The estimated pKa was 8.7.
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Figure S48. pK, estimation of IPM by potentiometric titration. A concentration of 0.50 M HCI was titrated
into 10 mL of 10 mM of IPM in increments of 10 pL. The solution was kept constantly stirring, and the
pH was measured after reaching a steady pH reading. The estimated pKa was 8.3.
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Figure S49. pK; estimation of TBP by potentiometric titration. A concentration of 0.50 M HCI was titrated
into 10 mL of 10 mM of TBP in increments of 10 uL. The solution was kept constantly stirring, and the
pH was measured after reaching a steady pH reading. The estimated pKa was 11.6.
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Figure S50. pKs estimation of DTBP by potentiometric titration. A concentration of 1.0 M HCI was titrated
into 10 mL of 25 mM of DTBP in increments of 10 uL. The solution was kept constantly stirring, and the
pH was measured after reaching a steady pH reading. The estimated pKa values were 5.3 (pKa 1) and
9.6 (pKa 2)
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Figure S51. pK, estimation of NMM by potentiometric titration. A concentration of 0.5 M HCI was titrated
into 10 mL of 25 mM of NMM in increments of 20 uL. The solution was kept constantly stirring, and the
pH was measured after reaching a steady pH reading. The estimated pKa was 7.4, in agreement with
literature value.?
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Figure S52. pKa estimation of MES by potentiometric titration. A concentration of 1.0 M NaOH was
titrated into 10 mL of 25 mM of MES in increments of 10 pL. The solution was kept constantly stirring,
and the pH was measured after reaching a steady pH reading. The estimated pKz was 6.1, in agreement
with literature value.?
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TH-NMR and "*C-NMR spectra
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Figure $53. '"H-NMR spectrum of TBM. 'H-NMR of TBM in CDCIz was taken with a 400 MHz Bruker

Avance instrument. Spectrum processed with MestReNova software. The spectrum matches with
literature data.?
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Figure S54. 3C-NMR spectrum of TBM. *C-NMR of TBM in CDCIz was taken with a 400 MHz Bruker
Avance instrument. Spectrum processed with MestReNova software. The spectrum matches with
literature data.*
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Figure S55. 'H-NMR spectrum of IPM. "H-NMR of IPM in CDCIs was taken with a 400 MHz Bruker
Avance instrument. Spectrum processed with MestReNova software. The spectrum matches with
literature data.b
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Figure S$56. '*C-NMR spectrum of IPM. "*C-NMR of IPM in CDCI3 was taken with a 400 MHz Bruker
Avance instrument. Spectrum processed with MestReNova software. The spectrum matches with
literature data.b
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Figure S57. 'H-NMR spectrum of TBP. "H-NMR of TBP in CDCI3 was taken with a 400 MHz Bruker
Avance instrument. Spectrum processed with MestReNova software. The spectrum matches with
literature data.®
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Figure S58. 3C-NMR spectrum of TBP. '*C-NMR of TBP in CDCls was taken with a 400 MHz Bruker
Avance instrument. Spectrum processed with MestReNova software. The spectrum matches with
literature data.”
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Figure S$59. "H-NMR spectrum of DTBP. 'H-NMR of DTBP in CDCIz was taken with a 500 MHz Bruker
Avance instrument. Spectrum processed with MestReNova software. The spectrum matches with
literature data.®
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Figure S60. >*C-NMR spectrum of DTBP. '*C-NMR of DTBP in CDCIs was taken with a 500 MHz Bruker
Avance instrument. Spectrum processed with MestReNova software. The spectrum matches with
literature data.®

Table S3. Sterically hindered proton donors compared to their non-hindered derivatives. All En and jp values
are from CVs that were collected under nitrogen at 100 mV/s scan rate with 1.0 yM CoMC6*a, 50 mM buffer
acid, 100 mM KCI, and a pH of 6.5. A glassy carbon counter electrode, Ag/AgCI (1 M KCI) reference
electrode, and HMDE working electrode were used. The Ex values are an average of three separate runs
with standard deviation values.

Proton donor pKa Avg En (V vs. Ag/AgCI Avg ip (MA)
(1 M KCI)) + STD DEV

1. Piperazine 5.8 -1.23 + 0.01 43 + 12
1a. DTBP 5.3 -1.27 £+ 0.01 14 £ 6
8.  Morpholine 8.7 -1.61 £+ 0.01 213 +8
8a. IPM 8.3 -1.62 £ 0.00 72 +10
8b. TBM 8.7 -1.63 + 0.00 28+4
12. Piperidine 11.6 -1.73 £ 0.01 158 £ 17
12a. TBP 11.6 —1.80 + 0.02 81+20
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Figure S61. The plot of E values measured by CV for Hz evolution by CoMC6*a as a function of buffer
acid pKa including sterically hindered proton donors (green squares). Region 1 (solid red line) has a
slope of —122 mV/pKa unit, and region 2 has a slope of —37 mV/pKa unit. The red line (region 1) was
fitted using Enx values from proton donors 1-8 and 8a-b. The blue line (region 2) was fitted using Ex
values from proton donors 8-12, 8a-b, and 12a. CV data were collected under nitrogen at 100 mV/s
scan rate with 1.0 yM CoMC6*a, 50 mM proton donor, 100 mM KCI, and a pH of 6.5. A glassy carbon
counter electrode, Ag/AgCl (1 M KCI) reference electrode, and HMDE working electrode were used.
The En values are an average of three separate trials with standard deviation bars shown in the plot.

CVs of sterically hindered proton donors without CoMC6*a at pH 6.5
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Figure S62. Control CVs of 50 mM piperazine (1, black) and 50 mM DTBP (1a, blue) without CoMC6*a.
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Figure S63. Control CVs of 50 mM morpholine (8, black), 50 mM IPM (8a, blue), and 50 mM TBM (8b,
light blue) without CoMC6*a.
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Figure S64. Control CVs of 50 mM piperidine (12, black) and 50 mM TBP (12a, blue) without CoMC6*a.

The following equation was used to calculate the overpotential for the Co(ll/lI) reduction
potential of the cobalt bis(aminopyridine complex),! where 244 mV is the conversion from
the SCE reference electrode to the SHE reference electrode, and the 414 mV is the
oxidation potential vs. SHE of the H+/H2 couple at pH 7.0:

Overpotential = |Co(ll/l) reduction potential reported in ref. 8 + 244 mV + 414 mV| [S1]
The following equation was used to calculate overpotential for the possible Co(ll/l)
potential of CoMC6*a based on the E; value of —1.82 V, where 235 mV is the conversion
from the Ag/AgCl (1 M KCI) reference electrode to the SHE reference electrode, and 385
mV is the oxidation potential vs. SHE of the H+/H> couple at pH 6.5:

Overpotential = |half-wave potential + 235 mV + 385 mV| [S2]
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Syntheses of sterically hindered proton donors

A Y.
x\/\Y/\/X + RNH, —— Ej

N

|

R

(1 equiv.) (4 equiv.)

S1(X=Cl,LY=0)

S2 (X=Br,Y=CH,) 8b(Y=0,R=1Bu), 120 h, 81%

8a (Y = O, R = iPr), 24 h, 88%
12a (Y = CH,, R = Bu), 6 h,
65%

Scheme S1. Synthesis of TBM (8b), IPM (8a), TBP (12a).

{_

H
Br/\/Br + >|\N/\/Nj< A
H

__/

(1 equiv.) (4 equiv.)

S3

é_

1a, 18h, 49%

Scheme S2. Synthesis of DTBP (1a).
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