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ABSTRACT: Metalloenzymes play critical roles in the environment by catalyzing
redox reactions in biogeochemical cycles. The elucidation of structure—function
relationships in these biocatalysts has provided a foundation for the development
of bioinspired catalysts for fuel production and small-molecule activation. In this
Perspective, we highlight developments in engineered biomolecular and
bioinspired catalysts for the reduction of H*, O,, and CO, and for the oxidation
of H, and H,0. The roles of proton transfers and second-sphere interactions in
particular are highlighted.
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of the reactions shown in Table 1. For each reaction, we focus
on two different approaches. One is the modification or

etalloenzymes catalyze a number of energy-relevant

multielectron, multiproton reactions (Table 1). The

key bond-making and bond-breaking steps typically
occur at one or more active-site metal ions, but the protein
matrix is critical for providing second-sphere interactions and
pathways dedicated to transferring small-molecule substrates
and products, as well as electrons and protons. In many cases,
redox reactions carried out by metalloenzymes use proton-
coupled electron-transfer (PCET) steps, circumventing high-
energy intermediates. > Some limitations of metalloenzymes

Table 1. Examples of Metalloenzymes That Catalyze
Multielectron and Multiproton Reactions

enzyme reaction catalyzed

hydrogenase H" reduction/H, oxidation
2H' + 2¢” = H,

cytochrome ¢ oxidase O, reduction

hindering their use in energy conversion systems are that they
may be prone to degradation outside of their native
environment and that they have a low density of active sites.
However, introducing key active-site features of metal-
loenzymes in engineered biomolecular or bioinspired synthetic

photosystem 1T

carbon monoxide dehydrogenase

0, + 4e” + 4H" — 2H,0

H,O oxidation

2H,0 — O, + 4e” + 4H"

CO, reduction

CO, + 2H" + 2¢” - CO + H,0

catalysts may yield systems with enhanced efliciency and
activity. Furthermore, mimicking the function of metal-
loenzymes is a route to understanding structure—function
relationships and mechanisms of nature’s enzymes.

preparation of a biomolecule (typically a protein) that mimics
the activity of the natural enzyme. The second is the
preparation of a synthetic small-molecule complex that
incorporates features proposed to be important for the activity
of the enzyme, such as second-sphere interactions or a proton-
shuttle site. Finally, we provide remarks on the state of the field
and areas for future development.

H" Reduction/H, Oxidation. Hydrogenases catalyze the
hydrogen evolution reaction, in which protons (H*) are
reduced to hydrogen (H,) (Scheme 1). They also catalyze H,
oxidation, although the blas toward oxidation or reduction
varies among enzymes." ® Hydrogenases are remarkable for
catalyzing these reactions rapidly at low overpotential,””

The protein matrix is critical for
providing second-sphere interactions
and pathways dedicated to transferring
small-molecule substrates and prod-
ucts, as well as electrons and protons.

In this Perspective, we highlight developments in the
preparation and investigation of biomolecular and bioinspired
catalysts for energy-relevant multiproton, multielectron reac-
tions. The literature in this area is vast, and this Perspective is
not meant to be a comprehensive review. Rather, we select
illustrative examples of advances relevant to catalysis for each
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Scheme 1

H20 > %02 + 2H" + 2¢” (water oxidation)
2H*+ 2e¢” = Haz (proton reduction)

thermodynamic parameter that describes the additional
potential beyond the thermodynamic potential required to
drive a reaction at a specific rate.” The facile and efficient
interconversion of H'/H, by hydrogenases makes them
candidates for H, production and fuel cell catalysts. However,
these enzymes lack the needed robustness for such
applications, are typically oxygen-sensitive” (although success-
ful efforts to engineer oxygen-tolerant hydrogenases are well
underway'®'"), and have low active-site densities. An
alternative to using hydrogenases for H, production/oxidation
is conferring hydrogenase activity on a metalloprotein through
metal substitution or by incorporating a cofactor or synthetic
catalyst into a protein scaffold. Furthermore, synthetic catalysts
mimicking nature’s catalysts by incorporating second-sphere
interactions and/or by installing proton relays near the active
site are being actively pursued.'”

Engineered Protein Catalysts for H" Reduction. The effects that
a protein matrix can confer on catalyst overpotential and
robustness are illustrated by studies of a series of catalysts
consisting of a cobalt porphyrin covalently bound to one or
two peptides. The first and simplest of these is CoMP11-Ac,"?
which is prepared by cobalt substitution for iron in the
cytochrome c-derived heme-peptide complex known as
microperoxidase-11 (MP11), followed by acetylation of free
amines.'* CoMP11-Ac consists of cobalt protoporphyrin IX
covalently attached to an 11-amino acid chain through a Cys-
X..-X,,-Cys-His motif providing an axial histidine ligand on the
proximal side of the porphyrin (Figure la). Unlike many

porphyrin-based catalysts,”>~"7 CoMP11-Ac functions in

(a) CoMP11-Ac

(c) CoMC6*a

Figure 1. (a) CoMP11-Ac (PDB ID: 1CRC). (b) Ht-CoM61A
(PDB ID: 1AYG). (c) Model of CoMC6*a.
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water. CoMP11-Ac operates at an overpotential of 690 mV
(using the half-wave potential) at pH 7.0, and its electro-
catalytic activity drops significantly after only 15 min of
controlled potential electrolysis (CPE). Nevertheless, its high
activity contributes to its good turnover number (TON) of
25000."

The short lifetime of CoMP11-Ac stimulated the production
of other biocatalysts with a similar cobalt porphyrin active site,
but with polypeptides on both sides of the porphyrin, which
were predicted to be more robust. One is a cobalt-substituted
mutant of Hydrogenobacter thermophilus cytochrome cs5, (Ht-
CoM61A, Figure lb).18 This catalyst is indeed more robust,
lasting for ~5 h of CPE and giving a 10-fold higher TON of
270 000. However, the 730 mV overpotential for Ht-CoM61A
(using the half-wave potential) at pH 7.0 is higher than that of
CoMP11-Ac. This problem was addressed in the third of these
cobalt-porphyrin-based catalysts, a synthetic cobalt-heme mini-
protein (CoMC6%*a, Figure 1c). Investigations of this protein
revealed that enhancing peptide folding in this case lowers
overpotential by up to 90 mV from 610 mV to 520 mV (using
the half-wave potential). Catalyst longevity is also enhanced
relative to that of CoMP11-Ac to 1.3 h in CPE, giving a TON
of 230000."” These examples demonstrate that a peptide
scaffold can impact robustness and efficiency of a cobalt-
porphyrin active site for H, evolution.'

Artificial hydrogenases also have been produced by
incorporating a synthetic small-molecule catalyst into a
polypeptide scaffold, with goals of enhancing water solubility
and stability and lowering overpotential. An early example is a
demonstration that attachment of a peptide bearing a
photoactive Ru complex to a diiron model of the [FeFe]-
hydrogenase active site yields a system that is active for light-
driven H, production from water in the presence of a
photosensitizer and electron donor, yielding a TON = 9.
Notably, the same system with the photosensitizer freely
diffusing shows no activity.”” The activity enhancement is
attributed to improved electron transfer in the integrated
system, mimicking intramolecular electron delivery seen in
nature. Another example incorporates “cobaloximes” (Figure
2), which are well-studied H,-evolution catalysts typically
employed in organic solvents or mixtures with water.”' Two
cobaloxime derivatives with difluoroboronyl-(1) and proton-
bridged (2) glyoxime ligands were incorporated into sperm-
whale myoglobin, yielding SwMb-1 and SwMb-2, respec-
tively.”” In studies via cyclic voltammetry (CV) in water at pH
7, the protein environment in SwMb-1 shifts the Co(1l/1)
potential 100 mV more negative than the free complex 1,
providing insight into factors that control the potential of this
catalytically relevant redox couple. In photocatalytic experi-
ments pairing these catalysts with photosensitizers and electron
donors, the highest TONs achieved for SwMb-1 and SwMb-2
are 3.8 and §, respectively. Although the TON values are low,
this work demonstrates the successful introduction of synthetic
catalysts into a protein scaffold to yield a water-compatible
system with H,-evolution activity.

An in-depth investigation of protein secondary-sphere effects
on H, evolution by a synthetic catalyst is reported for Co-
protoporphyrin IX encapsulated in myoglobin (CoMyo).* In
a photocatalytic system, CoMyo displays enhancement in
TON by a factor of up to 4 relative to free Co-protoporphyrin
IX (studied in acetonitrile), again demonstrating longevity
enhancement by placing a catalyst in a polypeptide matrix.
Furthermore, active-site mutations were found to impact TON
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Figure 2. Structures of 1 and 2 and model of apo-SwMb showing
HO93 of the binding pocket (PDB ID: IUFJ).

and pH dependence of catalysis, illustrating the importance of
the detailed active-site structure.”” A related study of
polypeptide effects on catalyst activity takes advantage of the
high affinity of the biotin ligand for streptavidin, incorporating
biotinylated aminopyridine cobalt complexes in streptavidin.”*
Similar to what was observed for CoMC6%*a, this construct has
a lowered overpotential (by 100 mV) relative to the catalyst
without protein. Molecular dynamics simulations reveal that
polar residues positioned near the active site may assist with
proton transfer to enhance activity.”* This study is a rare
example of successful enhancement of synthetic catalyst
efficiency by incorporation into a polypeptide.

Bioinspired Synthetic Catalysts for H* Reduction or H,
Oxidation. The study of coordination complexes that catalyze
H* reduction to H, goes back many decades.” Early studies
predated our current understanding of hydrogenase enzyme
structure and function. Now, chemists successfully draw on our

Now, chemists successfully draw on our
knowledge of enzyme structure and
mechanism in catalyst design.

knowledge of enzyme structure and mechanism in catalyst
design. A particularly successful example is seen in synthetic

nickel catalysts of the [Ni(P,*N,¥),]*"-type (Figure 3a).
These complexes have proton shuttles in the form of pendant
amines that participate in the formation and/or cleavage of the
H, bond,**~** modeling the role of the azadithiolate bridging
ligand in [FeFe]-hydrogenase.”””" Furthermore, appending
amino acids and peptides to the catalyst confers water
solubility and has a significant influence on H, production
and/or oxidation activity. In these systems, the R’ group is a
single amino acid or dipeptide, and the R group is a cyclohexyl
group. Derivatives that contain a single aspartic acid (Asp) or
arginine (Arg) in the R’ position catalyze reversible H,
oxidation in water. The Asp derivative performs reversible
H, oxidation at pH 0 with an overpotential of 150 mV (for the
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oxidation reaction using the half-wave potential) and turnover
frequency (TOF) of 10 s7'.*" Interestingly, the Arg derivative
catalyzes reversible H, oxidation in water over a broader pH
range (0—6) at a similarly low overpotential of 180 mV,
reaching a maximum TOF of 210 s~ at pH 0.1.°> These
studies are excellent examples of taking simple building blocks
from nature such as a pendant amino group and amino acids,
installing them on a synthetic catalyst, and varying them to
gain insight into effects of the secondary coordination sphere
on catalytic activity and efliciency.

While the above system models the role of the [FeFe]-
hydrogenase pendant amine ligand and proton relays, others
more closely resemble the full diiron cofactor. A recent
example for selective H, generation in the presence of O,
includes substituted arenes attached to the bridgehead
nitrogen in the sulfur-to-sulfur linker modeled after the
azadithiolate bridging ligand in [FeFe]-hydrogenaeses (Figure
3b).>® Electrochemical studies of the ortho-substituted
derivatives catalyzing H, generation in pH 5.5 water reveal
low overpotentials of 180—190 mV (using the onset potential)
and high TONs > 1000000. The high activity for H,
generation and tolerance to O, are attributed to control of
the orientation of bridgehead nitrogen lone pair and its
enhanced ability to act as a proton relay.

There also are H,-evolution catalysts featuring second-
sphere interactions and/or proton shuttles that do not mimic
the hydrogenase active site structure. The cobalt complex of
the Gly-Gly-His tripeptide (CoGGH) is an electrocatalyst that
features a peptide moiety, but in this case as a ligand to the
metal ion (Figure 3¢).** This complex is a model of the amino-
terminal copper- and nickel-binding (ATCUN) motif found in
a number of copper-binding proteins.”> CoGGH functions in
water to produce H, in the presence of oxygen at an
overpotential of 600 mV (using the half-wave potential) at pH
8.0. The activity of CoGGH lasts up to 2.5 h in CPE, giving a
modest TON of 275. CoGGH represents a class of H,-
evolution catalyst that is straightforward to synthesize and that
features an amine positioned near the cobalt that may function
in proton-coupled electron transfer (PCET) during catalysis.

Other examples where PCET is observed in a synthetic
catalyst with a built-in proton relay are the “hangman
porphyrins” that feature a carboxylic acid on a xanthene ring
positioned over a metal ion (Figure 3d). Mechanistic studies of
H, production by the hangman porphyrin catalysts have
contributed much insight into mechanism involving the
porphyrin ligand.**™** These studies reveal the unexpected
reactivity from the porphyrin to form an organo hydride and
identify divergent mechanistic pathways in the presence of
weak and strong acids. For example, in the nickel analogue,
theoretical analyses reveal that under weak acid conditions, the
reduction of Ni(II) to Ni(I) is followed by a reduction of the
porphyrin. This leads to an intramolecular proton transfer from
the carboxylic acid to the meso carbon, accompanied by an
electron transfer from the Ni(I) center to the porphyrin.
Spectroelectrochemical studies further corroborate the for-
mation of a protonated porphyrin intermediate. Under strong
acid conditions, the Ni(I) species interacts directly with acid,
and a PCET step occurs where proton transfer from the acid
and electron transfer from the Ni(I) species yields the
protonated meso carbon.”” Not only does this well-charac-
terized system demonstrate that the porphyrin ligand can
transfer both electrons and protons in catalysis, but it uncovers
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from ref 33 (bottom) and the 2Fe active site in [FeFe]-hydrogenase (top); (c) CoGGH; (d) and the “hangman porphyrin,” where “M” is the

metal.

the surprising reactivity of a C—H intermediate that is involved
in H,-evolution steps usually invoked for the metal-hydride.*

Progress and Challenges in H, Production and Owidation. A
significant advance in the field of H,-evolution catalyst
development has been the demonstration that introducing
proton-transfer pathways can yield more efficient catalysts.
These results also enhance our broad understanding of natural
enzyme catalysis. Another advance has been the development
of synthetic H,-evolution catalysts that function in 100% water.
As water is our most abundant and sustainable proton source
and a desirable solvent, this has been a valuable direction.

Despite the great progress in the Hy-evolution catalysis field,
there remain exciting opportunities for future development.
There has been much more progress in H, production catalysis
than H, oxidation catalysis, and catalysts that perform the
reversible reaction are even more rare. Progress would be
supported by further mechanistic investigations of catalyst—H,
interaction and H, cleavage in the existing systems. In addition,
investigations of factors limiting activity and leading to catalyst
deactivation would help researchers design more robust
systems. Broadly speaking, our understanding of mechanism
requires further development, especially for systems that
function in water. Ultimately, integrating H,-evolution catalysts
with catalysts for water oxidation is needed to yield systems for
full water splitting, and this task brings with it additional
challenges of catalyst compatibility and the need to transfer
electrons and protons between the oxidation and reduction
sides of the reaction.

O, Reduction. Oxygen reduction is fundamental to aerobic
respiration and is a key reaction in some fuel cells and in
metal—air batteries. The desired reaction in fuel cells is the
4e”™/4H" reduction of dioxygen (O,) to water (H,0) (Table
1), which is challenging for a number of reasons. For one, there
is a high thermodynamic barrier to the initial le” reduction
step to form superoxide. Second, the four-electron reaction
tends to have slow overall kinetics.*”*" Finally, partial
reduction products are readily formed and can yield
deleterious side reactions and catalyst degradation (Scheme
2).” The catalysts for O, reduction in current fuel cell
technologies are mainly platinum-based,”> which is not
sustainable. In contrast, the enzyme cytochrome ¢ oxidase
(CcO) catalyzes O, reduction selectively to H,O with earth-
abundant metals iron and copper.**** CcO accepts electrons
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Scheme 2
O2+¢e = 02" (Superoxide)
02 +2¢™+ 2H" - H202 (Peroxide)
O2 +3e + 3H"+ - OH’+ H20 (Hydroxyl radical)

from cytochrome ¢ through a binuclear copper center and
transfers them to the heme a;-Cuy active site (Figure 4a), 44

H276

H93

(a) Heme a3-Cug (b)G65YCugMb
Figure 4. (a) Heme a;-Cuy site in cytochrome c oxidase (CcO,
PDB ID: 3EHB). Cu is shown as the brown sphere, and Fe is
shown as the red sphere. (b) Model of G65YCuzMb. Reprinted
with permission from ref 50. Copyright 2015 Springer Nature.

where second-sphere interactions play a role in controlling O,
binding and activation for reduction to H,0."” Akin to CcO,
many bioinspired catalysts feature a second metal site and
second-sphere interactions to activate the O—O bond, facilitate
multielectron/multiproton chemistry, and/or produce H,O
selectively.*®

Engineered Proteins for O, Reduction. Myoglobin, a robust
and well-characterized O,-binding heme protein, is an ideal
template for modeling activity of heme enzymes.***” To mimic
the CcO heme a;-Cuy O, reduction site (Figure 4a) within a
myoglobin scaffold, the distal heme pocket residues leucine
(L29) and phenylalanine (F43) were both mutated to histidine
to yield a His; metal-binding site near the heme that includes
the native H64 (protein is termed CuzMb).>’ A glycine-to-
tyrosine (G65Y) mutation was also included (G65YCuzMb,
Figure 4b) to structurally mimic the CcO active-site tyrosine
(Y280; Figure 4a). Taking advantage of the solvent-exposed
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propionate groups of the native heme cofactor, the protein was
reconstituted with a “hemin-yne” group in place of the native
heme. The hemin-yne enabled functionalization of
G65YCugMb onto an electrode, allowing the authors to
engineer a molecular wire from an electrode to the active site
and facilitate characterization using rotating disc electrode
(RDE) and rotating ring disc electrode (RRDE) methods. This
approach revealed that O, is fully reduced by 4e™ to H,O by
G65YCugMb with a TON of 10 000 and TOF of 5000 s™" at
pH 7.0. Notably, only 6% of O, is converted to partially
reduced O, species (Scheme 2). This study demonstrates that
the introduction of a small number of mutations into an O,-
carrying heme protein can yield a catalyst for the full reduction
of O,. It also enhances our understanding of the role of the
Cug ion in CcO.

A subsequent study of a Mb derivative with a metal-binding
site installed near the heme (FegMb, modeling NO reductase)
focused on the role of the “Feg-site” metal ion in O, activation
and electron transfer by evaluating O, reduction activity when
Zn(11), Cu(1), or Fe(II) is in the Fey site.”’ The zinc variant
reduces 57% of O, to H,0, whereas the iron and copper
variants give near quantitative reduction to H,O. Furthermore,
the iron and copper variants have 11-fold and 30-fold higher
H,O production rates than the zinc variant, respectively. The
authors propose that the higher potential for the Cu(II/I)
couple (387 mV, vs 259 mV for Fe(Ill/II)) may drive faster
electron transfer to support the faster H,O production rate
observed for the copper variant relative to the iron variant.
Supporting spectroscopic and density functional theory (DFT)
analyses support the proposal that O, binds to and oxidizes
heme and Fe or Cu. It is evident that having a redox-active
metal in the Fey site facilitates the full four-electron reduction
of O,. These studies on myoglobin variants showcase how the

These studies on myoglobin variants
showcase how the protein modeling
approach yields detailed information
on the functional roles of key features
in the active site of a complex enzyme
like CcO.

protein modeling approach yields detailed information on the
functional roles of key features in the active site of a complex
enzyme like CcO.

Subtle differences in second-sphere interactions can
determine whether a metalloprotein binds O, reversibly or
activates O, for further chemistry. It has been noted that O,-
carrying heme proteins have at least one H-bond interacting
with the proximal oxygen atom (O,) in O, in the heme Fe—0,
adduct (Figure 5a),”” whereas O,-activating enzymes such as
peroxidases, oxidases, and cytochrome P450s involve one H-
bond with the distal oxygen atom (0g).37° H-bonding to the
O, atom is proposed to facilitate substrate C—H activation.””*
This hypothesis was tested by incorporating a biotinylated-
Cu(Il) complex into streptavidin (Sav).”” Crystallographic
data show that an aqua ligand from Cu(II) is H-bonded to one
of the structural water molecules (O1) that is stabilized
through H-bonding to a serine residue (S112) in Sav. Treating
this complex with hydrogen peroxide generates a Cu(I1I)-OOH
adduct that is stabilized by an H-bond from an arginine residue
(N49) to the Oy4 atom of Cu(II)-OOH as well as another H-
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(a) Heme Fe-0O, adduct

(b) Cu(ll)-OOH-Sav complex

Figure 5. (a) Representation of the proximal (O,) and distal (Oy)
oxygens of the heme Fe—O, adduct. (b) Cu(II)-OOH-Sav
complex. O4 and O3 represent the O4 and O, oxygen atoms,
respectively. O1 represents the structural water molecule H-
bonded to S112. Panel b is reprinted from ref 59. Copyright 2017
American Chemical Society.

bond from the O1 to the O, atom (Figure Sb). Interestingly, a
Sav S112A mutant removes the occupancy of Ol, thereby
breaking the H-bonding network between the O, atom of
Cu(1I)-OOH and S112, leaving one H-bond between the Oy
atom and N49. This variant catalyzes the oxidation of 4-
chlorobenzylamine, whereas the variant with S112 H-bonded
to the O, atom does not. This result supports the hypothesis
that H-bonding with Oy promotes O, activation. Although this
system does not perform the O, reduction reaction, it elegantly
demonstrates how an intimate network of H-bonding and
specific second-sphere interactions impact O, activation.

Bioinspired Synthetic Systems for O, Reduction. Inspired by
nature’s use of iron porphyrins for oxygen activation, a number
of iron porphyrin complexes incorporating features inspired by
the CcO heme pocket have been successfully employed for O,
reduction catalysis.”” One such system is notable for its
excellent performance in terms of high selectivity (>90%) and
high rate (>10" M™' s7') for O, reduction to H,O when
adsorbed on electrode surfaces.”” These models incorporate
basic distal moieties proposed to activate the O—O bond for
cleavage and promote proton transfer to the distal oxygen of
Fe-bound O,, inspired by the proton-transfer pathways and H-
bonding groups in CcO and related enzymes. Notably, by
varying the basicity of the pendant group as well as the number
of donors, the researchers demonstrated how both factors tune
reactivity. The availability of crystal structures of O, adducts of
the models is particularly valuable.

A feature characteristic of CcO is the covalent His-Tyr cross-
link involving one of the histidine ligands bound to Cug. This
motif is proposed to play a role in donating a proton and an
electron for O, reduction to H,0.°" The hypothesis is that a
heme-peroxo-copper intermediate is cleaved by a net H-atom
transfer from tyrosine (Figure 6a).°"°> However, there is not
strong evidence for either the peroxo intermediate or the
involvement of the tyrosine in the net H-atom transfer for O—
O bond cleavage in CcO.”~** To probe the role of H-atom
transfer from phenols in O, activation, a biomimetic heme-
peroxo-copper complex, {[DCHIm)(F;)-Fe™]—(0,*") -
[Cu"(AN)]}*(1, Figure 6b) was prepared.”® This complex is
reactive as an H-atom-acceptor in the presence of exogenous 4-
OMe-PhOH to generate a phenoxyl radical, providing support
that a heme-peroxo-copper intermediate may exist before the
O-0 bond is cleaved to generate the FeV=0/Cu"-OH/Y*
species (Figure 6a). The choice of an exogenous phenol to
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Society.

provide a H" and an e” provided a well-defined system for
detailed DFT calculations. Two different transition states are
proposed, described as “proton-initiated” and “H-bond-
assisted” (Figure 6b), and in both cases, the authors suggest
that O—O bond cleavage in CcO is likely to be facilitated by
the tyrosine. Kinetic isotope effect studies reveal that the H-
bond-assisted pathway occurs rather than the proton-initiated
pathway. This elegant study reveals in detail ways in which an
active-site tyrosine or related group may facilitate O,
reduction.

Some systems for probing roles of second-sphere inter-
actions in O, reduction do not resemble enzyme active sites
but nevertheless provide valuable insights into factors
important in biocatalyst activity. One example is a Mn(II)
catalyst for O, reduction to H,O featuring a tripodal ligand
with two urea groups and one carboxyamidopyridyl group
forming an N,O Mn coordination site ([Mn(II)H, bupa]~)
(Figure 7).°> This system is notable for illustrating how the
relative acidities of second-sphere H-bond donors play a role in
reactivity.”* The authors propose that the less acidic urea
groups (pK, values >27 in DMSO) provide H-bonds to
stabilize O, adducts, while the more acidic carboxyamido
group (pK, = 22 in DMSO) donates a proton to facilitate O—
O bond cleavage. The carboxyamido group enhances the
release of the first equivalent of water by proton donation to
one of the hydroxo ligands. In contrast, no water is formed in
the case where all three ligands of the complex are urea ligands.
This study demonstrates that the relative acidities of groups in
the secondary coordination sphere can be tuned to enhance
both O, binding and H,0O product release.

Progress and Challenges in O, Reduction. Significant advances
have been made toward understanding how second-sphere
interactions with O, and related species impact O,-reduction
pathways. Toward elucidating structure—activity relationships
in the complex enzyme CcO, artificial metalloenzyme catalysts
and bioinspired synthetic catalysts that incorporate key

2173

urea groups 'B“\NH Bu -
tBu o:( o~ N carboxyamido group
~
H,0
&

H*, e

tBu\ tBu
NH

tBu_ OR/_...'-’O"H"N
I
(o) N/

2H*, 2¢e

H,0

Figure 7. Proposed catalytic cycle for O, reduction to H,O by
[Mn(II)H, bupa]™. Reprinted from ref 65. Copyright 2011
American Chemical Society.

features such as a second metal site, an H-bonding network,
proton donors, and redox-active organic moieties have
advanced our understanding of the requirements for O,
activation and O—O bond cleavage. An ongoing challenge in
O, reduction catalysis is the formation of partially reduced O,
intermediates (Scheme 2), reducing efficiency and initiating
side reactions, although systems have now been developed that
limit the formation of partial O, reduction products. In
particular, managing protons and tuning second-sphere
interactions are critical to meeting this goal. Alternatively,
including systems for the removal or diversion of partially
reduced O, species may be considered, but these strategies
decrease efficiency and add to the complexity of the overall
system. The development of O,-reduction catalysts using
abundant elements with robustness and efficiency sufficient to
substitute for platinum in fuel cells is a challenging ultimate
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goal. While it is unlikely that catalysts consisting of
biomolecules will serve this purpose, we expect that lessons
learned from mimicking biology will enable major steps toward
this objective.

H,0 Oxidation. In oxygenic photosynthesis, H,O oxidation
(Table 1) generates O, and liberates electrons and protons for
generating NADPH and contributing to the transmembrane
pH gradient necessary for ATP synthesis.”” This reaction is
remarkable in that it is a light-driven reaction of a selective
4e”/4H' process. From a broader energy perspective, H,O
oxidation can yield electrons and protons for synthesis of
chemical fuels, giving a benign byproduct. In natural
photosynthesis, H,O oxidation is carried out by the oxygen-
evolving complex (OEC) of photosystem II (PSII), consisting
of a Mn,CaOg cluster.”® The flow of electrons from H,0O
oxidation at the OEC is to the P680** radical that is generated
through electron transfer from a photoexcited state. One of the
ways that efficient electron transfer is achieved is through
mediators such as the tyrosine (Y;) that accepts an electron
from the Mn,CaOj cluster (Figure 8). Bioinspired catalysts for
H,O oxidation often incorporate multinuclear centers, electron
mediators, and multiple sites for water binding, akin to the

OEC in PSIL
h Yz P680

o

Mn4CaOs cluster

N\

2H,0  4H'+0,

Figure 8. Electron transfer from the Mn,CaO; cluster to P680
mediated by tyrosine (Y;). PDB ID: 4UB6.

Engineered Protein Model of Water-Oxidizing OEC. The
complexity of the OEC active site structure makes it a
challenging target to mimic within a protein environment. A
rare successful approach to this problem was demonstrated
through the incorporation of a synthetic biotinylated-Co,O,
cubane complex (Figure 9a) into streptavidin (Sav) (Figure
9b,c).”” The biotinylated-Co,0,~Sav complexes are able to
capture the essential structural elements of the OEC. They
exhibit an ordered H-bonding network that connects the
Co,0, cluster to the protein, and the asymmetry of the cubane
Co40, complex evokes the asymmetry of the Mn,CaOjy cluster
that makes H,O oxidation possible.”””" In the variant, biot-4-
Ala-1C2xm-Sav, the aqua ligand (O1) of Col is H-bonded to a
structural water molecule (O3), and that O3 is H-bonded to a
serine residue (S112) (Figure 9b). Another variant was made
to mimic the Y, in PSII by mutating S112 to tyrosine (biot-f-
Ala-1C2xm-S;,,Y-Sav), giving rise to a new H-bonding
network where the O1 is directly H-bonded to the Y112
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Figure 9. (a) Biotinylated-Co,0, complex (biot-f-Ala-1), (b) biot-
f-Ala-1 incorporated into Sav (PDB ID: 6AUC), and (c) a S112Y
mutation in Sav results in direct H-bonding of O1 to the Y112
(PDB ID: 6AUE). Panels a and b are reprinted from ref 69.
Copyright 2018 American Chemical Society.

(Figure 9¢). This construct is shown to exhibit multiproton/
multielectron reactivity. Although it is not a catalyst, it
represents an important step toward constructing biomolecular
systems modeling the OEC.

Bioinspired Synthetic Catalysts for Water Owxidation. In
contrast with biomolecular systems, there are many examples
of synthetic models of the OEC. This has been a tempting area
for inorganic chemists attracted by the novel inorganic cluster
active site.”> There are synthetic clusters that structurally
mimic the Mn,CaOjs cluster in the OEC, but catalytic H,O
oxidation activity to yield primarily O, from these systems has
not been reported yet.”””* However, there is progress toward
the development of related metal clusters incorporating H-
bonding moieties to facilitate proton transfers. For example, a
tetranuclear manganese OEC model with H-bonding sub-
stituents electrocatalytically forms hydrogen peroxide (H,O,)
with 15% faradic efficiency (FE).”> A larger cluster consisting
of 12 manganese ions, Mn;,DH (Figure 10), electrocatalyti-
cally oxidizes H,O to O, at a modest overpotential of 334 mV
(using the onset potential) and high (78%) FE.”° Mn,,DH
mimics the Mn(IV)—O—Mn(III1)—H,O motif in native OEC,
and the hydroxyl groups on the 3,5-dihydroxybenzoic acid
ligands of Mn;,DH complex enable the catalyst to work in
water, while also providing proton shuttles through H-bonding.
The efficiency of this catalyst is attributed to the multiple H,O
binding sites in the cluster and the 12 manganese ions that
facilitate multielectron redox chemistry.

While many approaches to water oxidation catalysis have
utilized multimetallic species inspired by the OEC, others have
shown that one redox-active metal may be active for this
reaction, in particular when paired with other features inspired
by the OEC. For example, a copper complex was designed to
possess redox-accessible ligands containing hydroxyl groups to
provide a strategy for PCET processes and lower over-
potentials for water oxidation.”” This complex contains a
bipyridine ligand with pendant hydroxyl groups meant to
mimic Y, (Cu-L, Figure 1lab). Electrochemical studies
demonstrate H,O oxidation at modest overpotentials of
510—560 mV (using the half-wave potentials) at pH 12—14
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Figure 10. Precursor to Mn,;,DH, MnAc. Mn;,DH was made
from treating Mn;,Ac with 3,5-dihydroxybenzoic acid. A
representative carboxylate is circled in orange, and the water
molecules are shown in blue. Reprinted with permission from ref
76. Copyright 2017 Springer Nature.

and O, evolution with a FE of 85 + 5% and a TON of ~400.
Attempts to deduce any PCET process with electrocatalysis
proved to be difficult, but the authors found that the copper
catalyst containing the pendant hydroxyl groups (Cu-L) has a
200 mV lower overpotential compared to the copper catalyst
without the pendant hydroxyl groups. Another approach has
been to pair a redox-inactive metal ion with a redox-active
species to mimic the manganese and calcium in the OEC.
Investigation of a mononuclear manganese complex associated
with a series of redox-inactive ions including Ca** through an
oxo bridge revealed that the Lewis acidity of the redox-inactive
ion has significant but divergent influences on electron-
transfer, oxygen atom-transfer, and hydrogen atom-transfer
reactions, all of which are relevant to water oxidation.”® These
two studies of relatively simple complexes elegantly illustrate
successes in drawing on individual components of the intricate
structure of the OEC to enhance reactivity of a mononuclear
coordination complex toward water oxidation.

Progress and Challenges in Water Oxidation. Recent years
have seen improved structural data on PSII as well as details
about PSII activity gained through spectroscopy.””*’ This
knowledge provides a crucial guide to biomimetic approaches
to water oxidation catalysis. Currently, there are many

These studies of relatively simple
complexes elegantly illustrate suc-
cesses in drawing on individual com-
ponents of the intricate structure of the
OEC to enhance reactivity of a mono-
nuclear coordination complex toward
water oxidation.

structural mimics of the OEC, but few that are catalytically
active. However, bioinspired complexes incorporating H-
bonding interactions and redox-active moieties to direct
reactivity have successfully yielded catalysts for the four-
electron oxidation of water. Finally, some progress in the
construction of biomolecular scaffolds incorporating features of
the OEC has been reported recently; this approach provides
insight into how biomolecules bind and activate water
molecules in a polypeptide environment.

Achieving H,O oxidation selectively to O, in biomimetic
catalysts remains a tall order. The high potential required for
this reaction leads to damage to organic moieties, whether they
be synthetic ligands or a protein scaffold. Developing new
approaches to avoid or “heal” catalyst damage is particularly
important in this area. These efforts may benefit from advances
in understanding this process in biology; however, the PSII
repair process is complex.®’ While materials-based catalysts for
H,O oxidation suffer less from these problems, and feature
self-healing activity in some cases,”” the pursuit of molecular
systems remains a valuable approach to developing our
fundamental mechanistic understanding of how nature
achieves this remarkable reactivity.

CO, Reduction. In biological CO, fixation, a variety of carbon
molecules are shuttled into different pathways, generating
metabolites required by organisms.”® From a broader energy
perspective, sequestering atmospheric CO, and efficiently
converting it to useful hydrocarbons including fuels is an
alternative to burning fossil fuels. CO, reduction is challenging
because of the thermodynamic barrier to the first le™
reduction to form the CO,°” radical anion and the slow
kinetics associated with the chemical inertness of CO,.
Another major challenge with CO, reduction is achieving
product selectivity, as multiple reduced carbon products are
possible and H, evolution is necessarily a competing reaction.
On the other hand, the range of possible products offers

(a) PSII
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Figure 11. (a) Illustration of PCET process in PSIL (b) Proposed ligand-assisted process in Cu-L. (c) Structure of manganese-oxo complex

binding redox-active metal ions.
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opportunities to direct reactivity toward diverse desired
outcomes.”

Bioinspired complexes and biomolecular catalysts for CO,
reduction often draw on features of the Ni-containing CO
dehydrogenase (Ni-CODH) enzyme, which catalyzes the
reversible, proton-coupled reduction of CO, to CO.*
Achieving this transformation can potentially pave the pathway
for generating CO for use as a chemical feedstock for more
energy-dense, carbon-based fuels. For bioinspired catalytic
reduction of CO, to more reduced hydrocarbons, there is no
enzyme known to perform a multielectron (>2) transformation
of CO, in nature. However, it has been shown that
nitrogenase, which has native activity in catalyzing the 6e™/
6H" reduction of N, to NH;, is also able to reduce CO, to
hydrocarbons. Finally, the development of catalysts for CO,
reduction benefits broadly from mimicking strategies used by
metalloenzymes to tackle the challenge of directing multiple
protons and electrons to achieve catalytic efficiency and
product selectivity.

Engineered Protein Catalysts for CO, Reduction. Early work on
catalysts for CO, reduction included the use of nickel- and
cobalt-cyclam electrocatalysts (cyclam = 1,4,8,11-tetraazacyclo-
tetradecane) that yield CO.* Inspired by the CO, reduction
activity of the metal-cyclam catalysts, [Ni(II)-cyclam]** was
coordinated to a solvent-exposed His (H83 or H107) on the
copper protein azurin (Figure 12).%° In addition to conferring

(a) WT CuAz (b) H83Q/Q107H CuAz  (€) Ni(cyclam)?*

Figure 12. (a) Structure of WT azurin (PDB ID: 4AZU) showing
the H83 [Ni(II)-cyclam]**-binding position. (b) Structure of
H83Q/Q107H CuAz (PDB ID: 4AZU) showing the H107 [Ni(II)-
cyclam]**-binding position. (c) Drawing of Ni(II)-cyclam.

water solubility on the catalyst, using azurin also provides a
possible electron-transfer site in its native copper, mimickin
the function of the iron—sulfur clusters in native Ni-CODH.®
Azurin variants were made where the [Ni(II)-cyclam]**
complex is coordinated to one of two surface His residues
(H83 or H107; Figure 12).%° Another set of mutants was made
where the copper is replaced with zinc to test the role of a
redox-active site for electron transfer. A notable result in
electrochemical studies is that copper azurin derivative with
[Ni(II)-cyclam]** bound to H107 (Figure 12b) displays the
lowest overpotential and highest current (reflecting rate)
observed in cyclic voltammetry in the presence of CO, among
these variants. An explanation provided for the enhancement in
activity is that the engineered H107 site is more solvent-
exposed than H83, enabling the H107-coordinated [Ni(II)-
cyclam]** to better interact with substrates CO, and H'.
Furthermore, the enhanced activity of the Cu derivative is
attributed to the role of the Cu site in transferring electrons to
the catalyst. In terms of the effects of the native metal site,
electrochemical data for the copper variants show higher
catalytic currents and increased onset potentials for catalysis
(by 130—200 mV, reflecting a lower overpotential and greater
efficiency). The TONs with respect to protein catalyst are low
(up to ~37), but this study showcases improvement in
selectivity for CO, reduction using a protein scaffold and the
implications for enhancing catalytic activity through an
intramolecular electron transfer between the redox-active
copper site and the [Ni(II)-cyclam]** complex.

Nitrogenases are known to catalyze the reduction of CO, to
hydrocarbons®”*® and thus have been developed as bio-
catalysts for CO, reduction.”” Nitrogenase is a multimetallic
enzyme, consisting of the electron-delivery Fe protein and the
catalytic protein (FeMo-, V-, or Fe only nitrogenase) that
interact through ATP hydrolysis. The catalytic protein contains
the P cluster that accepts electrons from the Fe protein and
transfers them to the M cluster, which performs N,-binding
and reduction to NH;.”" In order to circumvent the energy
requirement of ATP hydrolysis for electron donation by the Fe
protein, [FeFe]- and [FeMo]-nitrogenases were immobilized
onto electrodes with cobaltocene as an electron mediator to
provide the electrons to the nitrogenase catalysts.”' Both
[FeFe]- and [FeMo]-nitrogenases were found to produce
formate from CO, and H, from H". In Fe protein-ATP driven
CO, reduction by the nitrogenases, the [FeFe]-nitrogenase

o(l; co
R = H; Solv! = Solv? = acetone (1)
R = Me; Solv! = MeCN; Solv2 = none (2)
R = allyl; Solv! = H,0; Solv2 = none (3)

(a) Cobalt aminopyridine
macrocycle

/
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(b) Four-iron, butterfly-shaped cluster
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Figure 13. (a) Cobalt aminopyridine macrocycle containing different R substituents on the pendant amine. Complexes 1—3 also feature a
solvent molecule coordinated in the axial position. Panel a is reprinted from ref 94. Copyright 2016 American Chemical Society. (b) Four-
iron, butterfly-shaped cluster where L contains either the hydroxyl proton relay (2) or just a phosphine ligand (1). Panel b is reprinted with
permission from ref 96. Copyright 2016 The Royal Society of Chemistry. (c) Drawing of FeTDHPP.
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produces formate with a FE of 31.0 + 0.29%, and the [FeMo]-
nitrogenase produces formate with a FE of 9.0 + 1.4%, with
the rest of the electrons going toward making H,. In
electrocatalysis, [FeFe]-nitrogenase and [FeMo]-nitrogenase
produce formate with a FE of 32.0 + 1.8% and 8.0 + 1.6%,
respectively. The basis for enhanced CO, reduction by [FeFe]-
nitrogenase remains to be determined. Few systems catalyze
the full 8¢7/8H"* reduction of CO, to CH,; thus, further
development of this system is of interest.

Bioinspired Synthetic Catalysts for CO, Reduction. In CODH,
CO, binding to the nickel center is stabilized by the interaction
of the oxygen atoms with lysine and histidine residues, serving
as proton relays and participatin% in H-bonding networks to
assist in substrate activation.”””> Modeling these kinds of
interactions, a cobalt aminopyridine macrocycle containing
amine proton relays (complex 1, Figure 13a) was developed to
catalyze the reduction of CO, to CO with a FE of 98 + 2%, a
TON of 1000 000, and a TOF of 107 s™".”* This high activity
is attributed to the pendant amines on the ligand backbone
that shuttle protons to the active site (Figure 13a). In the
derivative where the amine is methylated (complex 2, Figure
13a), performance is greatly diminished; the FE is 23 + 2%,
TON is 3600, and TOF is 0.5 s™. In subsequent work, it was
demonstrated that the proton-shuttling mechanism relies on
the association of acid molecules from solution to the amine
groups, reminiscent of how proteins position internal water
molecules for proton transfer.”> Another insight gained
through investigation of derivatives of this complex is that
the reaction overpotential can be tuned by shifting the Co(I)/
Co(0) couple observed in cyclic voltammetry.”*

Incorporating proton relays into a catalyst for CO, reduction
may in some cases enhance the competing reaction of H,
production. For example, the “four-iron, butterfly-shaped”
cluster shown in Figure 13b (1) selectively reduces CO, to
formate, also yielding H, byproduct.”® However, installing a
proton shuttle (2) leads to selective reduction of H" to H, at
high FE.”*”” The TONSs achieved are low (formate TON of
54 + 3 and H, TON of 3.3 + 2 for 1 and H, TON of 40 + 5
for 2), but this work demonstrates how selectivity for CO, vs
H" reduction may be tuned with proton relays. The examples
discussed show striking and contrasting differences in
selectivity for CO, reduction when a proton relay is involved,
but they give insight into ways that proton delivery may be
controlled to impact product selectivity.

Iron porphyrin derivatives have proven to be excellent CO,
reduction catalysts, in particular when proton-shuttling
mechanisms are featured. In an iron-tetraphenylporphyrin
(FeTPP) complex, installation of hydroxyl groups at the ortho
and ortho’ positions (FeTDHPP, Figure 13c) gives rise to an
efficient catalyst for CO, reduction to CO.” FeTDHPP
catalyzes CO, reduction to CO with a FE of 96% and TON of
50 X 105 and the efficiency is attributed to the hydroxyl
groups of FeTDHPP providing a local proton source, as
determined by comparison to a derivative with methoxy groups
in place of the hydroxyl groups (FeTDMPP). FeTDHPP
operates at overpotentials of 410—560 mV (based on
potentials from foot-of-the-wave-analysis), giving logTOFs of
2.3—4.2, whereas FeTDMPP displays similar logTOFs of 1.3—
2.5 but at the cost of much greater overpotentials of 890—1040
mV. In follow-up studies, the authors propose that the
hydroxyl groups in the ortho/ortho’ positions provide H-
bonding to stabilize the Fe—CO, adduct and glay a role in
PCET to break a C—O bond to generate CO.’
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Progress and Challenges in CO, Reduction. Catalysts for
reduction of CO, to a single product in the absence of H,
evolution remain rare. However, the use of protein scaffolds
and biomimetic proton relays in synthetic catalysts has yielded
promising results in which substrate and product selectivity
have been substantially improved. Predicting the effects of H-
bonding groups and proton relays on reactivity, however,
remains difficult. Furthermore, the preponderance of studies
has yielded two-electron reduced products (CO and formate);
the development of systems that can selectively produce more
reduced products, especially liquid fuels and products with C—
C bonds, remains an important and ambitious goal.

This Perspective highlights creative ways in which
developing catalysts for energy conversion is approached,
using inspiration from natural systems. Metalloenzymes and
the ways that they coordinate metal ions and transfer protons
provide much of the framework for the design of the
complexes and engineered biomolecules discussed. In partic-
ular, the introduction of second-sphere interactions, proton-
transfer relays, and/or an active-site microenvironment has led
to notable improvements in catalyst properties and activity,
whether this is through utilizing an existing protein scaffold or
building bioinspired features into a synthetic ligand framework.
These approaches have yielded successes in (1) conferring
water-solubility on catalysts, (2) lowering reaction over-
potential (increasing efficiency), (3) increasing catalytic rate,
and (4) changing product selectivity. Ultimately, these
methods consider the intimate ways in which protons,
electrons, and substrates are transferred or activated in nature’s
catalysts. These considerations guide us toward better design
and enable us to better understand the natural world.

While engineered biomolecular and bioinspired catalysts
bring promise to the field of sustainable and renewable energy
conversion, many broad challenges remain. For one, the
engineering and scaling up of viable systems containing robust
molecular or biomolecular catalysts for practical use are
difficult, as (bio)molecular catalysts tend to be fragile.
However, heterogenizing these catalysts and/or incorporating
features determined to be important for reactivity into
heterogeneous catalysts are approaches to this problem.
Using living systems that have in place nature’s pathways for
protection and regeneration of catalysts is an alternative
approach. Assisting these efforts would be analyses of catalyst
deactivation and degradation pathways. Finally, more detailed
mechanistic studies of engineered biomolecular catalysts and of
synthetic molecular catalysts that function in water are needed.
These studies will help researchers face future challenges,
including enhancing catalyst durability and tuning substrate
and product selectivity.
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