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Table of Contents.  The outer coordination sphere, sometimes called Chicken Fat, is essential to 

achieving the best catalytic performance for energy transductions. 

 

Abstract 

In order to enable the widespread use of renewable energy from sources such as solar and wind, 

the energy needs to be stored for use when the renewable sources are not productive. Small 

molecules such as H2, O2, H2O, and CO2 for example, are excellent storage systems. Nature has 

evolved machinery, in the form of enzymes, to facilitate these interconversions, allowing the 

storage and release of electrons when the organism needs to store or release energy. Chemical 

conversion by metalloenzymes is completed with high selectivity, low energy input, and high 
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efficiency, all with earth abundant metals and under mild conditions. Although these catalytic 

properties seem advantageous for industrial use, there are inherent drawbacks to the use of 

metalloenzymes for industrial applications. However, they provide significant inspiration for 

developing synthetic complexes that could be implemented broadly. A recent approach in 

metalloenzyme design has been to focus not only on the atoms immediately attached to the metal, 

but also the protein scaffold around the active site which has a significant effect on enzymatic 

catalysis. By taking multiple approaches, the design principles of the protein scaffold are starting 

to be understood and the essential features required, as well as those not needed, are also being 

revealed. In this review, we will discuss the effect of organic/peptidic scaffolds, along with 

medium as an extension of the scaffold, and their varying impacts on catalytic reactivity of energy 

relevant transformations. 
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Introduction 

 Enzymes are homogeneous catalysts that generally operate with high rates and excellent 

efficiency under mild conditions, usually ambient temperature and atmospheric pressure. 

Metalloenzymes are a special class which use a non-precious metal to perform catalytic 

conversions.1-4 The efficiencies achieved by enzymes are seldom reproduced with homogeneous 

synthetic catalysts, even those using precious metals, providing ample evidence that the protein 

scaffold has a significant contribution to reactivity.5-7  

The high performance of metalloenzymes is attributed to the highly controlled reactivity 

achieved via the complex interplay of the metal in the active site, the metal-coordinating atoms, 

and the dynamics of the protein scaffold that immediately surrounds and extends beyond the active 

site.8-15 Bioinorganic research has focused on understanding the structure/functions relationships 

necessary to achieve this controlled reactivity and recent work has implicated the protein scaffold 

as having an extremely versatile role in influencing the chemistry of metalloenzymes. While the 

breadth of effects from the protein scaffold is not fully known, some of the roles of the protein 

scaffold to directly influence catalytic activity are proposed to include: 1) create favorable 

interactions between the protein scaffold and the metal/cofactor, 2) position residues and exclude 

solvent to control the electrostatic environment, 3) embed active sites within pockets to allow 

access of reactants and limit access of solvent or inhibitors; and 4) allow, or prohibit, 

conformational changes during the catalytic cycle.  

A classic example of the protein environment controlling reactivity through favorable 

interactions between scaffold and the metal active site is proton channel/relay sites.16-18 The protein 

scaffold can have a significant effect on reduction potentials of a metal center, clearly illustrated 

by the work of  Yi Lu’s group; the reduction potential of an active site was tuned over a two volt 

Page 5 of 44 Sustainable Energy & Fuels



 6 

range requiring only two metals and five mutations. For a given metal, the mutations contributed 

to approximately 1 V change in redox potential, where the mutations adjusted the hydrogen 

bonding of amino acid residues surrounding the metal center.14 The role of the scaffold in slowing 

O2 inhibition was demonstrate by Leger and coworkers for NiFe-hydrogenases by making 

mutations to the channel O2 uses to reach the active site.19 Many enzymes are proposed to cycle 

through an open state and a closed state where large conformational changes allow active site 

access to enable substrate binding and product removal in the open state, and position residues and 

substrate for catalysis in the closed state.20-21 These and other factors all contribute to the control 

of the enzymatic scaffold on catalytic reactions and enable enzymes to perform very difficult 

reactions with non-precious metals.  

While enzymes can be superior catalysts, because of the difficulty in making them in large 

quantities, their sensitivity to chemical conditions outside of a narrow range, their small active site 

to size ratio and in some cases, their instability, enzymes are not currently practical to use on a 

large scale. Therefore, capturing their features into more robust synthetic systems is ideal. 

Emphasis continues to be placed on the development of catalysts to store energy from renewable 

sources, such as solar and wind energies, in chemical bonds.  

Synthetically derived organometallic complexes typically rely only on the atoms directly 

chelating a metal and their substituents (primary coordination sphere; Figure 1) to tune electronic, 

steric, and in-turn, catalytic properties. We have learned an immense amount from these systems 

and have a very high level of understanding of how to control the reactivity of a metal by the atoms 

immediately bound to it. What has become very clear as we have tried to reproduce only the first 

coordination sphere of enzymes is that this simply is not adequate to reproduce enzymatic 
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behavior.6-7, 22-23 Only in the last decade or so have 

regions beyond the active site been actively 

pursued as possible components to implement in 

molecular catalyst design. Many enzymologists 

break down the enzymatic components relative to 

catalysis into two spheres: the active site and the 

second coordination sphere. They refer to the 

active site as ALL features in the vicinity of 

catalytic activity as being important to catalysis, 

independent of whether they are attached to the 

metal. For instance, in [FeFe]-hydrogenase, the 

pendant amine would be considered part of the 

active site while the rest of the protein scaffold is 

the second coordination sphere. Slightly different 

definitions have been developed in organometallic 

complexes to provide an additional level of 

distinction.  These definitions, which follow, will 

be used throughout this document. Second 

coordination sphere effects are defined as 

contributions from atoms near enough to the active 

site to influence catalysis but not bound to the active site (Figure 1 and 2). They have received 

much of this attention, inspired by functional groups observed near metal centers in enzyme crystal 

 

Figure 1. Definition of coordination 
spheres in this paper. The primary 
coordination sphere (blue) consists of the 
atoms bound directly to the metal. The 
second coordination sphere (orange) 
consists of residues close enough to the 
metal to directly interact with a bound 
intermediate, for instance by assisting in 
hydrogen addition, but not directly 
binding to the metal. The outer 
coordination sphere (green) is the rest of 
the scaffold and can have favorable 
interactions (dashed blue circle) which 
can have a variety of effects on catalysis, 
the topic of this review.  Notice that there 
isn’t always a clear delineation between 
spheres.  For instance, the phenyl groups 
on the phosphorous atoms are typically 
considered first coordination sphere, but 
pi-pi stacking, if present, would be an 
outer coordination sphere effect.  
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structures. Shown in Figure 2, the family of 

DuBois catalysts sporting a pendant amine24 are 

a well-known example, functionally mimicking 

the azadithiolate found near the active site of 

[FeFe]-hydrogenase (Figure 3) which positions a 

pendant amine next to the iron to aid in H2 

addition and formation.25-26 Also included in 

Figure 2, Nocera and coworkers hangman 

complexes27-28 and Fujita and coworkers 

iridium-based complexes,5, 29-31 which provide additional beautiful examples of the impact of the 

second coordination sphere.  

The rest of the protein scaffold is called the outer coordination sphere (Figure 1) and in 

principle can have the same contribution to molecular complexes that the protein scaffold of an 

enzyme has in enzymatic catalysis.  A number of synthetic approaches have been taken to capture 

the effects of the enzymatic scaffold on catalytic activity in synthetic systems (Figure 4). Three 

general approaches will be discussed in this review: 1) de novo “bottom-up” approach (i.e starting 

with a functional molecular complex and imposing a scaffold), 2) reprogramming non-metal 

binding protein scaffolds with a molecular complex in a “top-down” approach, and 3) 

reengineering metal binding proteins (Figure 4). Some excellent examples of mimicking proteins 

for selectivity have been demonstrated by the groups of Ball32-33 and Ward,34 of de novo design by 

the groups of Baker,35 DeGrado,36-37 and Pecoraro,38 and reengineering proteins by the groups of 

Lombardi and Lu.39-41 These systems have been covered recently in reviews38, 42-43 and won’t be 

considered here. In this review we focus primarily on outer coordination sphere effects on catalysts 

 
Figure 2. Second coordination sphere ligand 
design for small molecules employs both flexible 
and rigid functional groups. (A) DuBois-style 
Ni(P2N2)2 complexes are capable of catalyzing 
both hydrogen oxidation and hydrogen production. 
(B) hangman style catalyst (Nocera) position CO2 
favorably at the metal center. C) Ir-Cp* catalyst 
favors methanol production by employing a 
hydroxylated bpy ligand (Fujita).  
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relevant for clean energy applications, with large efforts in conversions of H2, growing efforts in 

conversions of CO2, and some work on conversions of O2 and SO4
2-.  

Developing Design Principles 

While implementing lessons from nature is an 

obvious strategy, understanding the contribution of the 

scaffold to the enzyme active site is an ongoing 

research activity.44-49 Therefore, it is not always clear 

which features of the enzyme scaffold are the most 

important and how much of the scaffold should be 

captured in a synthetic system. Some common 

elements that are generally agreed upon include: 

controlling dynamics to provide positioned functional 

groups and stabilize the active site, as well as 

controlling the environment around the active site to 

influence transition states. We will address complexes 

which have demonstrated advances in each of these 

areas.  

 

The role of structural dynamics 

 
Figure 3. Active site H cluster of [FeFe]-
hydrogenase (Clostridium pasteurianum) 
showing second coordination sphere 
stabilization effects, highlighted in orange. 
The dashed lines show hydrogen bonds 
indicating outer coordination sphere 
effects, while the pendant amine, indicated 
with an arrow, is a second coordination 
sphere residue and controls hydrogen 
addition and deprotonation.Reproduced 
from reference 26. Copyright 2014, 
Chemical Reviews.   
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Enzymes are known to use dynamics to control reactivity.50-51 For example, one proposed 

mechanism for formate dehydrogenase is the dissociation of a selenocysteine residue from the Mo 

metal center to allow selenium to deprotonate formate and facilitate interconversion of formate to 

CO2.52-53 Molecular dynamics studies of [FeFe]-hydrogenase suggest structural changes which 

open a second proton pathway to the active site.54 Nitrogenase has a large rocking motion 

connecting the Fe protein and the MoFe protein which triggers electron transfer.47 Beyond 

metalloenzymes, adenylate kinases have a hinge like motion which opens an active site to enable 

reactivity.55 Small scale motions are also thought to be important, from small vibrations to rocking 

motions. The later can be more difficult to characterize definitively experimentally, however, 

computational studies provide very important insight into their potential effects.47, 56-57 These are 

 
Figure 4. Three types of approaches to introducing an outer coordination sphere. The bottom-up 
approach (left) begins with a molecular complex core with primary and secondary coordination 
spheres and builds an outer coordination sphere onto that. The top-down approach (center) embeds 
a defined molecular complex within an ordered scaffold. The reengineering approach (right) 
replaces a native metal with a foreign metal or introduces a metal binding site. 
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just some of the many examples demonstrating the importance of controlled motions in enzymatic 

systems.  

Equally as important as having specific controlled motions is restricting or limiting motion 

resulting in an enforced structure. Restricted motion also exists broadly in biology. For example, 

in [FeFe]-hydrogenase, Figure 3, the proximal Fe is locked in an octahedral configuration while 

the distal Fe is maintained as a strict five-coordinate, square pyramidal configuration, where 

hydrogen bonding interactions of the coordinating ligands to the protein scaffold prevent 

rearrangement that inactivates the catalyst, best demonstrated by synthetic mimics lacking a 

protein scaffold which are not able to enforce the structure.6, 26, 58 Carbon monoxide dehydrogenase 

(CODH) contains a skewed [4Fe-4S] cubane, allowing the insertion of a Ni atom,4 while 

nitrogenase has an extremely rare active site that contains a carbon atom caged between a [4Fe-

4S] cluster and a [3Fe2SMo] cluster, better known as FeMo-co, Figure 5.46, 59-60 Raugei, Seefeldt, 

and Hoffman combined computational studies and experimentally derived structural and electronic 

data to show that the second coordination sphere interactions are necessary to stabilize important 

metal-hydride intermediates and also smoothly 

facilitate the expansion and contraction of the FeMo-

co clusters during the catalytic cycle.47 Specifically, 

they were able to show that the protein scaffold 

enforces an optimal geometry for FeMo-co throughout 

the entire catalytic cycle, which, contrary to what was 

previously shown, relies on maintaining metal-

hydrides while avoiding protonation of the central 

 
Figure 5. Active site of nitrogenase, called 
FeMo-co, showing second coordination 
sphere interactions (orange overlay) and 
outer coordination sphere interactions (blue 
overlay). Adapted from reference 47. 
Copyright 2018, Proceedings of the 
National Academy of Sciences.  
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carbide that would ultimately lead to CH4 production and destruction of the FeMo-co cluster.47, 61-

63 

Shaw, O’Hagan, and co-workers utilize the bottom-up approach to show that the DuBois 

style catalysts, those containing a pendant amine mimicking [FeFe]-hydrogenase,66-67 can be 

decorated with single amino acids, amino acid analogues, or non-biological functional groups to 

provide significant influence on catalytic performance by controlling structural mobility. 

Specifically, O’Hagan and coworkers have shown that the catalytic activity of Ni-(bis)diphosphine 

 
Figure 6. Structural dynamics can control small molecular catalysts. In this case a similar 
restriction of motion benefited H2 oxidation as well as H2 production, thought to affect different 
steps in the catalytic cycle (Center). (Left) Adding amino acids to DuBois style catalysts allows 
interactions between the COOH groups and the pendant amines as well as between the side chains, 
which stabilizes the active site conformation. Complexes that have both COOH and side chain 
interactions such as arginine or phenylalanine have the fastest rates and lowest overpotentials for 
hydrogen oxidation. The small red arrow shows the Ni to N distance proposed to be altered by the 
outer coordination sphere to enhance H2 addition and result in fast rates and reversibility. (Right) 
Structural dynamics inherent in the DuBois-style catalysts, i.e. isomerization between the endo-
endo, endo-exo, and exo-exo conformations, are hindered with the addition of polymer chains 
attached to the pendant amine, and medium effects also slow this process. Increasing the length of 
the polymer chain and the viscosity of the solvent resulted in an increase in rate of five orders of 
magnitude. TOF = turnover frequency. Reproduced with permission from references 64-65. 
Copyright 2016, Angewandte Chemie International Edition. 
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derivatives, [Ni(PPh
2NC6H4R

2)2]2+, Figure 6, can be dramatically enhanced by controlling the ligand 

dynamics.64 Initial studies showed that adding alkyl chains of increasing length (n = 6 – 18) 

increased the turnover frequency (TOF) in acetonitrile-water mixtures of 2000-fold.68 The 

hypothesis was that the large groups slowed the boat to chair interconversion of the ring containing 

the pendant amine, the phosphorous atoms, and the metal (Figure 6), an interconversion 

demonstrated to result in alternate, inefficient catalytic cycle elements.65  

There is a correlation between the TOF of the complex and the chair to boat isomerization, 

suggesting that controlling this dynamic process was responsible for the phenomenal increases in 

TOF.64 To test this idea, the team increased the viscosity of the solvent by performing catalysis in 

acidic ionic liquids, an increase in viscosity of greater than 20-fold, with the assumption that 

increased viscosity would also slow the interconversion process.65 A similar trend was observed, 

where longer chain lengths resulted in faster TOFs, however, this time the TOFs were as fast as 

107 s-1,65 several orders of magnitude faster than in acetonitrile, due to the increased viscosity.65 

Further evidence of the role of controlled dynamics was demonstrated by undertaking catalytic 

experiments in adiponitrile as opposed to acetonitrile.69 Similar to the acidic ionic liquids, the 

increased viscosity of the solution had a direct effect on the boat/chair isomerization rate.  

Leveraging the controlled dynamics achieved by combining the ligand design and the medium 

viscosity resulted in a catalytic system with reduced overpotential and increased rate, a trend rarely 

seen in electrocatalytic design. This system illustrates that precise positioning of functional groups 

often requires complex cooperativity beyond the metal active site, cooperativity not necessarily 

restricted to interactions within the scaffold, but can be optimized using the medium as well.  

 Shaw and coworkers also used a bottom-up design with related complexes to result in 

enhanced catalytic activity in H2 oxidation catalysts. In this case, the [Ni(PCy
2NAmino Acid

2)2]2+
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derivatives (Figure 6) were used to result in H2 oxidation activity of up to 106 s-1 at 70 °C, the 

fastest H2 oxidation catalysts reported to date, including enzymes, albeit under different 

conditions.70 As with the H2 production catalysts, both attributes within the catalyst and solvent 

are thought to provide structural stability of the chair-to-boat isomerization (Figure 6).71 

Specifically, it was determined that the amino acid side chains capable of intramolecular 

interaction slowed chair-to-boat isomerization to enhance catalytic activity.72 The carboxylic acids 

also provide stabilization with intramolecular hydrogen bonding, but complexes that had both 

interacting side chain and COOH groups had slower interconversion and faster rates (Figure 6).72-

73 Polar solvents were also observed to stabilize the pendant amine in the boat position based on 

31P NMR spectroscopy, keeping the complex in the desired configuration for the most efficient 

catalytic turnover.74 

 In addition to stabilizing the chair-to-boat isomerization, these catalysts are also proposed 

to position the pendant amine more optimally for reactivity.75 This interpretation is based on the 

observation that the complex is linearly dependent upon H2 addition, suggesting that H2 addition 

is one of the rate determining steps.70 The addition of H2 depends upon the distance from the Ni to 

the N, for both the addition and the heterolytic cleavage steps. Together this data is consistent with 

the pendant amine being more favorably positioned.75-76 Crystal structures or more ideally, 

operando characterization with techniques such as XFELS or DTEM would allow direct 

observation during reactivity. As these methodologies develop, this may allow a more definitive 

evaluation of the mechanism.  
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Shafaat and 

coworkers redesigned a 

rubredoxin to contain a Ni 

instead of an Fe (Figure 7) to 

produce a minimized 

structural and functional 

model of [NiFe]-

hydrogenase.78 The resulting 

Ni-complex shows good 

activity for electrocatalytic 

H2 production, while the Fe 

complex does not. Further, 

the active site around the Ni 

structurally reproduces the geometry of the [NiFe]-hydrogenase.  

Building on this simple but elegant model, recent studies have focused on implementing 

computational methods concomitantly with experimental methods to assign vibrational modes and 

a quantitative assessment of the excited state electronics.79 Further studies including molecular 

dynamic simulations, resonance Raman, and quantitative electrochemical analysis, provided a 

logical pathway to define a reaction mechanism, where a thiol inversion followed by hydride 

formation was believed to be the rate limiting step.77 Modulation of the second coordination 

sphere, by two independent valine to histidine variants, Figure 7, elegantly showed the differential 

role of the secondary coordination sphere. Here, the V8H construct showed an almost four-fold 

increase in catalytic activity as compared to the WT, while the V34H variant maintained 

 
Figure 7. Rubredoxin was reengineered by Shafaat and coworkers 
to reproduce the Ni geometry of [NiFe]-hydrogenase and is active 
for H2 production. Modifying valine 8 (left) increased the activity 
by controlling proton movement and sterics, while (right) the valine 
34 to histidine changes the rate limiting step due to the histidine 
being more solvent exposed, allowing direct protonation of the 
cysteine. Inset above each structure are the reported distances 
between the H atom of HisH2

+ and a coordinating sulfur atom 
indicating the level of solvent exposure of each histidine; data 
generated using molecular dynamics simulations. Reproduced with 
permission from reference 77. Copyright 2018, Journal of the 
American Chemical Society. 
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comparable activity to the WT. Additionally, the V8H mutant showed TOF’s that were 

independent of pH while the catalytic activity of the V34H mutant was dependent upon pH. The 

authors suggested that the difference in behavior was due to a change in the rate limiting step from 

intramolecular (WT and V8H) to intermolecular (V34H) proton transfer. Analysis of molecular 

dynamics simulations suggests that protonation of the histidine in V8H and V34H results in an 

opening of catalytic pocket due to a conformational rearrangement by orientation of the protonated 

histidine(s) away from the active site (Figure 7). In the case of the V34H mutant, solvent and buffer 

access to the thiolate is increased and allows direct protonation, thus providing a pH dependent 

mechanism. The increase in TOF for the V8H variant was suggested to be due either to reduced 

steric strain facilitating proton transfer, or the protonated histidine aiding in proton transfer. This 

is a great example of the sensitivity of the outer coordination sphere to subtle details of the 

environment.  Even though a single step in the catalytic pathway was the focus, protonation of a 

cysteine in the primary coordination sphere, similar modifications resulted in very distinct effects. 

There has also been a demonstrated impact of controlling dynamics in carbon-based 

conversions. Fujita and Himeda reported a catalytic system in which paraformaldehyde was 

converted to methanol in an aqueous medium by Cp*-Ir complexes bearing aromatic dinitrogen 

chelating groups.30 Nine complexes were investigated in this study and the catalyst to perform with 

the highest TOF and TON employed hydroxide functional groups in the secondary coordination 

sphere, Figure 8. Density functional theory (DFT) was used to show a direct interaction between 

the metal and the substrate with concomitant hydrogen bond interactions between the hydroxyl 

group and substrate. This synergistic interaction between the metal center and the second 

coordination sphere hydrogen bond interaction was only observed in the catalyst that operated with 

the highest TON and greatest specificity for methanol production.  
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 Koder and coworkers have demonstrated that the ability 

of de novo designed heme-containing proteins to bind oxygen is 

affected by the protein dynamics.80 Specifically, they evaluated 

two heme’s within one protein, one with a conformationally 

constrained opening due to the loops holding the helices 

together, and one with a structurally flexible opening away from 

the loops (Figure 9). The heme near the structurally flexible 

opening was better able to bind oxygen, even though the helices 

surrounding each heme are identical. This result was attributed 

to the increased structural flexibility of one of the histidines near 

the active site. Making it even more structurally flexible 

eliminated O2 binding, thought to be due to increased water 

accessibility. This data emphasizes the importance of 

considering the 

optimal flexibility of 

a given system. 

Understanding the 

right level of 

dynamics needed is 

essential for 

optimizing protein 

design. 

 
Figure 8. Methanol production 
from formaldehyde using a water-
soluble molecular catalyst 
decorated with hydroxyl groups in 
the second and outer-coordination 
sphere. Using DFT, Fujita and co-
workers showed that hydrogen 
bond stabilization of 
formaldehyde by the hydroxyl 
groups (dashed red lines) 
enhanced catalytic activity. 
Reproduced with permission from 
reference 30. Copyright 2018, 
ACS Catalysis. 

 
Figure 9. De novo designed metalloprotein by Koder and co-workers. Both 
hemes of this artificial metalloprotein have similar environments and binding 
sites yet display drastically different activity for binding O2. (A) The steric 
hindrance at the loop end and the rotational freedom at the open end are 
highlighted. (B-D) The rotation of the two helices due to incorporation of three 
glutamine residues is depicted.  The resulting slight conformational change 
increases solvent exposure and in turn open an O2 binding site at the heme at 
the open end. Binding differences were related to the larger degree of 
flexibility at the open end suggesting that truly rigid structures can be just as 
damaging to protein function or catalytic activity as too much flexibility. 
Reproduced with permission from reference 80. Copyright 2013, 
Biochemistry.  
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 Borovik and coworkers have recently 

taken the small molecule mimetic approach 

for which they are well known81 and adopted 

a “top-down” approach by adding these or 

related complexes into the streptavidin 

protein environment. In a recent example, 

they made artificial cupredoxins, using one 

sulfur atom, modified from the wildtype 

form, as a ligand. They found that this 

ligand, along with varying the linker length 

holding the complex into streptavidin 

allowed significant alteration of the 

structural properties of the active site. Using 

a similar approach, but focused on hydrogen bonds, this group was able to demonstrate that a 

single, well-placed hydrogen bond made the difference between an artificial enzyme that was 

functional and one that was not (Figure 10).82 This is an important step in a truly combined 

synthetic and natural approach where ligands that couldn’t be achieved in nature are used in 

concert with natural ligands.83  

 

Controlling the environment around the active site 

 Controlling the environment around the active site using the protein scaffold can take on 

many forms and we discuss some of that variety here. It could be controlling electrostatics, 

hydrogen bonding, excluding water, aiding in substrate addition, or potentially other effects. 

 

 
Figure 10. Using a top-down approach, biotin was 
employed as a ligand extension to immobilize a Cu 
complex within streptavidin. This system 
demonstrates the power of combining expressed 
protein scaffolds with synthetic ligand systems to 
affect chemical structure and reactivity. In this 
complex, a single hydrogen bond between N49 and a 
bound dioxygen molecule (shown circled in red) is 
critical in the oxidation of 4-chlorobenzylamine. 
Reproduced with permission from reference 82. 
Copyright 2017, Journal of the American Chemical 
Society. 
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Carbon monoxide dehydrogenase, CODH, 

has a positive charge (lysine) near the active 

site proposed to stabilize the transition state 

of CO2 to CO.4, 84-87 In nitrogenase, several 

residues around the active site, including 

70Val and α-195His, have been modified to 

control the product distribution for CO2 

reduction, in addition to many of the 

residues on both faces of the metal cluster 

enforcing structure with hydrogen bonding.47, 63, 88 Multiple metals are another mechanism by 

which the active site environment can be modulated.47 In some instances, such as CODH, both 

metals are actively involved in the transformation. However, in other cases, synergistic 

cooperation between multi-metallic components is demonstrated, where the conversion happens 

on only one metal, but the second metal contributes electronic influence on the other metal. 

Examples of this include [FeFe]-hydrogenase and [NiFe]-hydrogenase, where the distal Fe, 

furthest from the cubane, is proposed to be the reaction site for [FeFe]-hydrogenase, while the Ni 

is proposed to be the reaction site for [NiFe]-hydrogenase.26, 89 Synergistic metal cooperativity is 

also seen in synthetic systems.90-91 Recently, CO2 hydrogenation was shown by a bi-metallic 

homogenous catalyst using nickel and gallium prepared by Connie Lu’s group.92 Catalytic activity 

was reduced by five orders of magnitude when the gallium was removed from the system, thereby 

providing evidence that electronic communication and cooperation between two metals during a 

catalytic cycle is pertinent to efficient chemical transformation. 

 
Figure 11. The simplest, and maybe most 
overlooked, “scaffold” or outer coordination sphere 
influence can be provided by the solvent. In this case 
the solvent alters the hydricity to either enable or 
disable CO2 activation. Adapted from reference 93. 
Copyright 2016, Dalton Transactions.  
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 The simplest way to modulate the environment around the active site is with solvent. Appel 

and coworkers demonstrate this for [HNi(dmpe)2]+, a complex which is able to activate CO2 in 

water but not in acetonitrile, a feature which is attributed to the expected change in hydricity in 

these two solvents (Figure 11).93 Similarly, Jenny Yang and co-workers provided one of only a 

handful of published examples of a metal-hydride ([HNi(TMEPE)2]+; Figure 12) that was shown 

to switch from an endergonic to an exergonic process for an identical chemical reaction, solely by 

changing the solvent of which the chemistry was completed.94 The measured hydricities for 

([HNi(TMEPE)2]+) in acetonitrile, dimethylsulfoxide, and water are 50.6, 47.1, and 22.8 kcal/mol, 

respectively. The hydricities for formate in acetonitrile, dimethylsulfoxide, and water are 44, 42, 

and 24.1 kcal/mol, respectively. The 

([HNi(TMEPE)2]+) complex operates at 

an almost thermoneutral energy level with 

respect to the hydricity of formate in 

water. The authors noted that to increase 

catalytic activity, a more hydritic species 

is not necessarily the best option as the 

process is already thermoneutral. An ideal 

approach would be to increase the 

kinetics of hydride transfer, presumably 

by lowering the transition state barrier.  

 
Figure 12. Nickel-hydride formed after oxidation of 
formate in water. Direct outer-coordination sphere 
effects are observed in this catalyst designed by 
Yang and co-workers, as the thermodynamic 
favorability is inverted upon moving from organic 
solvent to an aqueous medium. Adapted from 
reference 94. Copyright 2017, Chemical 
Communications.  
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 The Ni(PR
2NR

2)2 systems also provide examples of controlling reactivity via solvent. For 

instance, Utschig and her coworkers enabled H2 production reactivity in water by associating a 

Ni(P2N2)2 catalyst to photosystem I.96 The TOF of the Ni(PCy
2NArginine

2)2 H2 oxidation catalyst was 

negatively affected by using methanol 

instead of water as the solvent, where the 

rate at 70 °C and 100 atm H2 dropped by 

four orders of magnitude (Figure 13).70 

This effect was thought to be due to the 

significant change in the pKa of the 

COOH group in switching from water 

(pKa ~3-4) to methanol (pKa ~20), since 

this COOH group acts as a proton relay. 

Further, this catalyst was not reversible 

in methanol while it was in water, 

perhaps also related to the restricted 

proton transfer. In another study, a 

bidirectional/irreversible catalyst, 

Ni(PCy
2NPyridizine

2)2, was studied in three 

solvents: acetonitrile, methanol, or water. Both catalytic potentials lowered in overpotential as 

more polar solvents were used, moving the catalyst closer to a truly reversible system.74  

 
Figure 13. Hydrogen oxidation in water by 
[Ni(PCy

2NArginine
2)2], black squares, where H2 addition 

contributes to the rate limiting step for H2 oxidation. In 
methanol, the rate limiting step shifts to deprotonation, 
reducing the TOF by three orders of magnitude (shown 
in red squares in the main figure, and vertically 
expanded in the inset). Adapted with permission from 
reference 95. Copyright 2014, Angewandte Chemie 
International Edition. 
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Beyond solvent effects, the control of the active site by a carefully constructed control of 

the electrostatics is much more reminiscent of the specificity found in enzymes and there is a 

growing body of literature pointing to the benefit of these groups in synthetic systems. One 

enzyme-mimetic design strategy is to redesign a natural metal binding motif within a protein to 

enable specific chemistry, methodology 

used very successfully by Yi Lu.39, 98-99 An 

excellent example was shown recently, 

where Lu and coworkers, guided by 

computational analysis, introduced three 

cysteine point mutations to cytochrome c 

peroxidase to position an iron-sulfur cluster 

below a natively bound heme-cofactor, 

Figure 14.97 The computationally designed 

and experimentally tested artificial enzyme 

was shown to reduce sulfite, but at a rate of 

almost 350 times slower when compared to 

a native sulfite reductase.100 Further 

improvements to the scaffold were realized 

by three mutations, W51K/H52R/P145K, in the secondary coordination sphere of the heme group 

to facilitate substrate stabilization interactions, and one mutation, D235C, in the secondary 

coordination sphere of the [4Fe-4S] cluster. Activity from the W51K/H52R/P145K/D235C 

construct resulted in a >60-fold increase in catalytic activity, which is 1/5 the rate of the native 

system.  

 
Figure 14. Yeast cytochrome C peroxidase (CcP) 
redesigned as an artificial sulfite reductase (SiRCcP-
1) by Lu and co-workers. A) The active site of 
SiRCcP-1 was computationally designed to mimic the 
active site of a native sulfite reductase. B) Outer-
coordination sphere mutations were introduced that 
are important for catalytic activity. C) Activity of 
several mutants of the SiRCcP system compared to the 
activity of a native sulfite reductase. Reproduced with 
permission from reference 97. Copyright 2018, 
Science. 
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Using a structurally stable protein as a scaffold to introduce a metal has a great deal of 

precedent from the groups of Lu, Pecararo, and Ball.14, 33, 42-43. Using a structured protein to 

introduce a metallocomplex has been explored to some extent, particularly with porphyrins. 

Lombardi did some early work with horse radish peroxidase mimics40, 102 and more recently, 

Roelfes103-106 has introduced porphyrins into scaffolds to perform chemistries such as 

cyclopropanation, while Lewis107-108 used strained cyclo-alkynes to covalently attach a bi-metallic 

Rh center for olefin cyclopropanation. However, using structured proteins to introduce a functional 

molecular catalyst is still in its infancy, yet is an approach that holds a lot of promise in developing 

a mechanistic understanding of the role of the protein scaffold on catalytic activity. In one of the 

seminal efforts in this areas, O’Hagan and co-

workers used the small, homodimeric protein 

scaffold (lactococcal multi-drug resistance 

repressor protein, LmrR from Lactococcus 

lactis) that naturally encodes a pocket that 

promiscuously binds aromatic and cationic 

molecules.101 They introduced a [Rh(PNP)2]+ 

complex, covalently attached via two 

maleimide functional groups in the ligand and 

two cysteines in the scaffold (Figure 15). The 

resulting Rh-LmrR complex is the first 

artificial metalloenzyme created from the top 

down capable of transforming CO2 to formate. The complex without the scaffold is not catalytic, 

demonstrating an important role of the scaffold. Mechanistic studies point to the scaffold aiding 

 
Figure 15. Artificial metalloenzyme (PDBID = 
6DO0), created using a top down approach, with 
the molecular complex covalently bound within 
the cavity created by the homodimeric assembly. 
This artificial metalloenzyme converts CO2 to 
formate at room temperature, yet the complex 
diffusing alone in solution does not, 
demonstrating the critical role of the scaffold in 
activating catalytic activity. Reproduced with 
permission from reference 101. Copyright 2018, 
ACS Catalysis. 
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the CO2 to formate step. Mutagenesis and structural studies are ongoing to understand that role, 

but there are nearby phenylalanine and tryptophan residues that could be stabilizing CO2 near the 

binding site, or a nearby arginine could be stabilizing the CO2 to formate transition state. An 

interesting observation with this system is the apparent rearrangement of the catalytic cycle by 

moving from organic solvent to water, confirmed by 31P NMR. Similar systems that are active in 

THF add H2 to the Rh(I) cation, lose a proton to base, and then convert CO2 to formate. In water, 

the mechanism begins similarly via oxidative addition of H2 to the Rh(I) cation, but in this case it 

is followed by outer sphere hydride transfer to CO2, with deprotonation of the Rh(III)-H as the 

final step in the catalytic cycle. This example clearly shows the power of a protein scaffold to 

modulate catalytic activity as only the artificial metalloenzyme was capable of catalytic CO2 

hydrogenation.  

In another recent example, Onoda 

and coworkers demonstrated that 

nitrobindin (a beta-barrel protein), can be 

amended to increase the pore size and 

thereby better accommodate a defined 

molecular complex (Figure 16).109 

Investigation of the linker length of the 

ligand framework showed a general trend 

towards an optimal distance between the 

metal and the side chain interactions. 

Specifically, a short one-linker chain which 

positioned the complex closely within the 

 
Figure 16. Cavity pore size engineering completed 
by Onoda and co-workers to achieve an optimal 
positioning of the molecular catalyst within the pore. 
(Top) Complexes that were investigated are shown, 
where n = 1, 2, or 3. (Bottom) Protein structures show 
the native strands in blue and the engineered portions 
in orange that accommodated the different 
complexes. Reproduced with permission from 
reference 109. Copyright 2018, ACS Catalysis.  
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cavity was slower than a two-linker chain which positioned it just outside the cavity. However, 

there was still an impact of the scaffold on olefin metathesis as a three-linker chain, which put the 

active site away from the cavity, was less active.  Specific outer coordination sphere effects are 

still being identified.  

Complexes with a bottom-up style outer coordination sphere have also had an impact on 

catalysts for CO2 conversion. Shaw and coworkers investigated a series of Rh(PNP)2 catalysts with 

amino acids or dipeptides attached with either Et or Ph on the phosphorous atom (Figure 17). In 

the case of the Ph-substituted complexes, rates ranging two orders of magnitude were observed 

depending upon the 

presence of a pendant amine 

and what was attached to the 

pendant amine. For the Et-

substituted complexes, only 

a factor of 5 in rate was 

observed.  

The difference in 

impact of the second and 

outer coordination spheres is 

not easy to explain, 

particularly when 

considering the direct 

comparison of the three 

complexes studied as either 

 
Figure 17. Comparison of molecular Rh-bis(diphosphine) 
catalysts for CO2 hydrogenation, with ethyl and phenyl 
substituents shown in blue and orange, respectively. The 
differences in the relative rates of pairs of CO2 hydrogenation 
complexes points to a role of the outer coordination sphere.  If the 
effects where just the primary coordination sphere, i.e. changing 
from Et to Ph on the phosphorous groups, similar trends would be 
expected for all three complexes, regardless of presence or absence 
of an outer coordination sphere. Reproduced with permission from 
reference 110. Copyright 2018, Faraday Discussions. 
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the Ph- or Et-substituted. One of the Et-substituted complexes is an order of magnitude faster than 

the Ph-substituted, one is the same, and one is two times slower (Figure 17). If the difference in 

the complexes were associated only with the first coordination sphere, each of these would have 

the same relative trends. That they are different indicates a clear role of the outer coordination 

sphere. We are currently using advanced computational methods to identify the mechanistic 

contribution of the outer coordination sphere to this family of catalysts.  

Perhaps equally potentially informative in understanding mechanistic implications are 

cases in which the outer coordination sphere has a minimal impact. For instance, a series of 

Ni(P2N2)2 complexes for electrochemical 

oxidation from formate to CO2 were 

substituted with a series of aromatic, aliphatic, 

and protic dipeptides.112 The resulting TOF 

ranged from 2-8 s-1, with the majority being 

near 8 s-1. While it is still not clear why there 

was so little impact from this series, as we 

understand the mechanism of the formate 

oxidation reaction, we will be able to extract 

the design principles needed for 

understanding. 

Ghirlanda and co-workers reconstituted myoglobin and derivatized it with a cobalt loaded 

protoporphyrin-IX instead of the native iron system (Figure 18). This re-engineered system was 

capable of photocatalytic hydrogen production using Ru(bpy)3 as a photosensitizer and ascorbate 

as a sacrificial reductant. Electrocatalytic hydrogen production was also shown at neutral pH. 

 
Figure 18. Artificial metalloenzyme serving as 
a functional mimic of hydrogenase by showing 
electrocatalytic hydrogen production activity. 
Histidine residues in the second and outer-
coordination spheres have a significant impact 
on catalytic reactivity. Reproduced with 
permission from reference 111. Copyright 
2014, Chemical Communications 
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Modulation of the second and outer coordination spheres was completed by targeting two histidine 

residues above and below the ring that were exchanged for an alanine, either independently or 

simultaneously. Substitution of one histidine (His97, Figure 20) led to destabilization of the 

position of the porphyrin within the pocket and in turn resulted in the lowest catalytic performance 

in both photo-driven and electrocatalytic-driven system. Conversely, substitution of the second 

histidine (His64, Figure 18) resulted in the best performing electrocatalytic system. This is likely 

due to the increased space within the pocket, thereby increasing the access of substrate to the active 

site. The double mutant performed best under photocatalytic conditions. The specificity and 

selectivity of the effect of different residues in the outer coordination sphere indicates this was not 

merely overall charge but that the location of the residues is important and can result in different 

effects.  

The role of specifically positioned functional groups or solvent molecules 

 In enzymes, specifically placed functional groups, such as the pendant amine in [FeFe]-

hydrogenase or the lysine in CODH, serve a critical role in affecting catalytic activity.26, 85  

Although water is often excluded from the active site, or allowed in only very prescribed ways, 

waters that are thought to play a specific role are often observed in crystal structures. In [FeFe]-

hydrogenase, there is a crystallographic water in the proton pathway. In other proteins, such as 

cytochrome C oxidase, the waters are thought to compose most of the proton pathway, or water 

wire.17  

Dutta and coworkers have just recently showed that positioning a carboxylate group of 

either phenylalanine or tyrosine near the active site of a Co-Salen complex using a bottom up 

approach both enables catalysis and provides reversible control of catalysis.113 In these complexes 

for H2 production, at pH values above 4, the carboxylate groups bind the open coordination sites 
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in the axial positions on 

the porphyrin, inhibiting 

catalysis (Figure 19). 

Lowering the solution 

pH to result in a COOH 

activates catalysis. 

Importantly, a complex 

without the COOH 

groups is not functional 

for catalysis, providing 

another example of the 

scaffold enabling catalysis. The authors suggest that the COOH groups are facilitating proton 

movement. An analogous catalyst with a non-natural amino acid, tyramine which lacks the COOH 

group of tyrosine, but contains the phenolic OH group has similar rates and overpotentials. This 

surprising result is also interpreted as enhancing proton exchange, possibly by building a strong 

hydrogen bonding network. The similar activity of all three complexes suggests some flexibility 

in the mechanism of proton transport for this family of complexes. 

Using a bottom-up approach, Jones and co-workers used non-canonical amino acids 

containing a phosphine handle to install four biomimetic diiron clusters in a tripeptide (Figure 20) 

to produce structural and functional mimics of the [FeFe]-hydrogenase active site.114 Each 

construct was shown to be capable of electrocatalytic hydrogen evolution using acetic acid as the 

proton source, in both neat acetonitrile and a binary solvent of water and acetonitrile. Importantly, 

in the presence of water, a dramatic increase in catalytic activity was observed, reminiscent of the 

 
Figure 19. Bottom-up approach by Dutta and co-workers where 
Co-Salen complexes with -COOH or -OH groups were shown to 
activate catalysis. Specific second coordination sphere interactions 
were shown to either enable or disable catalytic activity, proposedto 
be due to protonation of the carboxylic acids facilitating proton 
transport. Reproduced with permission from reference 113. 
Copyright 2019, ACS Catalysis. 
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effect of DuBois style catalysts described above, 

with a concomitant shift to more positive 

reduction potentials for the FeIFeI/FeIFe0 

transitions. Here, the peptide provided an 

increased overall polarity to complex, allowing 

electrocatalytic investigation in partially 

aqueous medium. The presence of water resulted 

in an anodic shift in the first reduction event, and 

a dramatic increase in the observed 

electrocatalytic current. It should also be noted 

that the most active species was one that 

contained both a phenyl bridge between the 

diiron clusters, as well as a phenyl phosphine 

species (Figure 20). It is possible that the phenyl 

dithiolate bridge was positioning the Fe-Fe cluster, via  π-π stacking, to favorably interact with the 

second and outer coordination sphere of the peptide scaffold. They are still identifying the specific 

interactions that are contributing from the outer coordination sphere, but the observation of activity 

is a significant advance over previous models.115   

Artero and coworkers have compared the effect of the scaffold of two different heme 

oxygenase proteins on a cobaloxime (Figure 21). Inserting cobaloxime into these oxegenase’s 

results in up to five-fold increases relative to cobaloxime alone or myoglobin. A serine residue and 

a lysine residue are attributed to providing an open and closed active site and are the topic of 

further studies to investigate the role of the scaffold.116 

 
Figure 20. Structural and functional biomimetic 
diiron clusters, designed by Jones and co-
workers to mimick [FeFe] hydrogenase, are 
installed directly on solid phase synthesized 
peptides containing phosphine based non-
canonical amino acids. Complex B proved to be 
the most catalytically competent construct. 
Interestingly, B is the only construct to have an 
obvious outer coordination sphere interaction 
between the aryl-bridging dithiolate and the aryl 
rings of the phenyl-phosphine, while A, C, D do 
not. Reproduced with permission from reference 
114. Copyright 2015, Dalton Transactions.  
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Using an iron complex, Figure 22, 

controlling proton movement with an 

outer coordination sphere pendant amine 

in a bottom-up approach resulted in faster 

rates with no increase in overpotential for 

H2 oxidation.117 

(CpC5F4N)Fe(PEtN(CH2)3NMe2PEt)(Cl) 

showed that an outer coordination sphere 

amine enhanced catalysis by as much as 

an order of magnitude relative to the 

complex without the outer coordination 

sphere amine.117 The flexible nature of 

this amine would be interesting to test to 

see if better (or possibly worse) impacts 

on catalytic performance could be 

achieved. 

 In molecular catalysts, solvent 

molecules can play a specific role 

beyond just changing thermodynamic 

properties as discussed above. In an O2 

reduction catalyst, the Fe-porphyrin 

with a pendant pyridyl groups was 

proposed to have a series of ordered 

 
Figure 21. Using a reengineering approach Artero and 
co-workers inserted one of two cobaloximes in place of 
heme in the binding site of heme oxygenase and 
myoglobin to produce functional mimics of hydrogen 
producing hydrogenase enzymes. Reproduced with 
permission from reference 116. Copyright 2016, 
ChemPlusChem. 

 
Figure 22. Helm and co-workers included an amine in 
the outer coordination sphere of an Fe-diphosphine 
complex that provided a 10-fold increase in TOF for 
hydrogen oxidation, with only a 10 mV increase in 
overpotential. The different barriers show the 
contribution of each step relative to the overall catalytic 
reaction.  Reproduced with permission from reference 
117. Copyright 2015, Chemical Science. 
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waters around the pyridinium ions and around the O2 ligand, helping to facilitate proton 

delivery.118 Further related studies demonstrated that medium effects affected catalytic 

performance more significantly than intentional modifications in the second coordination sphere 

of the catalyst.119  

In the Ni(PR
2NR

2)2 H2 production and oxidation catalysts, a very significant, and different 

role of water was observed. For H2 production catalysts, small amounts of water enhanced the rate 

by up to 50 fold.120-123 This was shown to be a contribution of several factors. The first was 

assisting proton delivery or removal to the nickel through the pendant amine from the bulk 

solvent.124 It was also predicted to limit the exo pinched structure (Figure 6), preventing inefficient 

catalytic cycles.64 Also, as indicated above, water stabilized the endo structure preferentially over 

the exo structure, positioning the pendant amine in the desired position throughout the cycle.74 

Therefore the water had influence in the second and outer coordination spheres. 

 For Ni(PR
2NR

2)2 H2 oxidation catalysts, the effect was equally as impressive, but this time, 

water affected the overpotential, rather than the TOF. This was proposed to be due to changing the 

ability of the complex to deprotonate before the first oxidation in the presence of water, shifting 

the onset potential by as much as 300 mV.125-127 

 While placing pendant amines in the second coordination sphere has been well-established 

to have a positive impact on catalysis, the effect of additional relays has been less studied.  

Ni(PR
2NR

2)2 complexes with additional functional groups including amides, esters, amines, ethers, 

and COOH acid groups showed enhanced proton transport and enhanced catalytic properties with 

these added groups.72-73, 75, 95, 125, 128-130 Reduction of overpotential was the most significant effect, 

although under the right conditions, rates were also enhanced. In some cases, these functional 

groups enabled reversibility, though more work is needed to understand the details of why some 
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of the groups resulted in reversibility and some did not. We predict that it was more than just the 

pKa, including additional features such as proper positioning of the pendant amine and rate of H2 

addition.72-73 

 Pecoraro and coworkers recently showed the first direct demonstration of water being 

exchanged at the nanosecond scale using perturbed angular correlation.132 Exchange of water to 

and from the cysteine coordinated Cd2+ metal site was observed with a triple-helix de novo 

designed protein, Figure 23, observing the CdS3 and CdS3OH2 species. The observation of this 

process has broad implications for catalysis in general, but particularly relevant to the topic of this 

review is the effect of a leucine to alanine substitution ~10 Å away. Each of the peptide chains in 

the triple helix has the sequence Ac-G(LKALEEK)4. Replacing this leucine did not measurably 

affect the structure of the 

CdS3 active site, 

however, the 

equilibrium constant 

shifted to favor the 

complex with water 

disassociated, and the 

residence time of the 

water on the Cd2+ metal 

center decreased by as 

much as 20% and may 

point to a destabilized structure with water associated. This exciting direct measurement of the 

 
Figure 23. Pecararo and co-workers designed an artificial 
metalloprotein consisting of a triple-helix that binds Cd2+. The metal 
binding site is depicted in A). B) Model of the apo-protein with leucine 
residues shown as white spheres. C) Substitution of an outer-
coordination sphere residue, alanine for leucine at position 23 10 Å 
away, produces a change in exchange rate and equilibrium constant of 
a water ligand, possibly due to a destabilized, water-bound structure. 
Reproduced with permission from reference 131. Copyright 2016, 
Journal of the American Chemical Society.  
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impact of a distant residue on active site ligand disassociation is strong evidence of how important 

it is to consider the outer coordination sphere. 

 Artero and coworkers showed that installation of a DuBois style P2N2 to a molecular cobalt 

complex produces catalysts capable of electrocatalytic transformation of carbon dioxide to formate 

in a binary solvent of DMF and water at room temperature and atmospheric pressure (Figure 24).133 

Removing water and replacing it with a soluble 

base, redirected the faradaic yield to favor 

hydrogen evolution by an order of magnitude (5% 

to 50%), and a two-fold decrease in faradaic yield 

for formic acid production. The complexes were 

equally stable in the presence and absence of water, 

however, the activity in the presence of base is < 1 

s-1, dramatically reduced from the rate of 150 s-1 in 

the presence of water. Computational analysis 

provided the hypothesis that the amine group in the 

P2N2 ligand is responsible for promoting hydrogen 

bonding interactions between the ligand, water, 

and CO2, highlighting a potential beneficial interplay between precisely positioned second 

coordination sphere ligand interactions, the surrounding solvent, and a specific substrate.  

 

 

  

 
Figure 24. A molecular cobalt complex 
capable of electrocatalytic conversion of CO2 
to formate showing a favorable interaction 
between the second coordination sphere of 
the amine of a P2N2 ligand, water, and carbon 
dioxide facilitating the conversion of CO2 to 
formate under ambient conditions. 
Reproduced with permission from reference 
133. Copyright 2017, Journal of the American 
Chemical Society.  
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Conclusions 

 Over the past decade, many researchers have contributed to arrive at a clear conclusion: 

the second and outer coordination spheres of molecular complexes can be as important to synthetic 

complexes as they are to enzymes. There are many different forms of influence. Here we identified 

key roles that include: controlled structural motions, an influence of the electrostatic environment, 

controlling hydrogen bonding, and precisely placed water or other functional groups to move 

protons. It is likely that the mechanisms of at least some of these systems are much more complex 

than our current interpretations, and the effect may ultimately be entirely different as our 

understanding of the mechanistic impact of the outer coordination sphere becomes more 

sophisticated. One thing is clear: because the outer coordination spheres of enzymes are not 

completely understood, the natural result is that the synthetic systems sometimes inform the 

enzymatic systems, although as highlighted here, in many cases, we do not completely understand 

the effect of the outer coordination sphere. The effects of the outer coordination sphere are 

necessarily coupled to those of the active site, often creating a challenge in proposing and testing 

a mechanism. Yet as we continue to push the forefront using both enzymes and synthetic catalysts 

and developing new experimental and computational technologies, we will continue to enhance 

our understanding of the basic components needed to achieve fast, efficient, selective and specific 

catalysis that will enable a clean energy future.  
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