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C O N S P E C T U S

The conversion of solar energy to fuels in both natural and artifi-
cial photosynthesis requires components for both light-harvesting

and catalysis. The light-harvesting component generates the electro-
chemical potentials required to drive fuel-generating reactions that
would otherwise be thermodynamically uphill. This Account focuses on
work from our laboratories on developing molecular electrocatalysts
for CO2 reduction and for hydrogen production.

A true analog of natural photosynthesis will require the ability to
capture CO2 from the atmosphere and reduce it to a useful fuel. Work
in our laboratories has focused on both aspects of this problem.
Organic compounds such as quinones and inorganic metal complexes
can serve as redox-active CO2 carriers for concentrating CO2. We have
developed catalysts for CO2 reduction to form CO based on a
[Pd(triphosphine)(solvent)]2+ platform. Catalytic activity requires the
presence of a weakly coordinating solvent molecule that can dissociate during the catalytic cycle and provide a vacant coor-
dination site for binding water and assisting C-O bond cleavage. Structures of [NiFe] CO dehydrogenase enzymes and the
results of studies on complexes containing two [Pd(triphosphine)(solvent)]2+ units suggest that participation of a second metal
in CO2 binding may also be required for achieving very active catalysts.

We also describe molecular electrocatalysts for H2 production and oxidation based on [Ni(diphosphine)2]2+ complexes.
Similar to palladium CO2 reduction catalysts, these species require the optimization of both first and second coordination
spheres. In this case, we use structural features of the first coordination sphere to optimize the hydride acceptor ability of
nickel needed to achieve heterolytic cleavage of H2. We use the second coordination sphere to incorporate pendant bases
that assist in a number of important functions including H2 binding, H2 cleavage, and the transfer of protons between nickel
and solution. These pendant bases, or proton relays, are likely to be important in the design of catalysts for a wide range
of fuel production and fuel utilization reactions involving multiple electron and proton transfer steps.

The generation of fuels from abundant substrates such as CO2 and water remains a daunting research challenge, requir-
ing significant advances in new inexpensive materials for light harvesting and the development of fast, stable, and effi-
cient electrocatalysts. Although we describe progress in the development of redox-active carriers capable of concentrating
CO2 and molecular electrocatalysts for CO2 reduction, hydrogen production, and hydrogen oxidation, much more remains
to be done.

Introduction

In photosynthesis, the energy of a photon is con-

verted into an electrochemical potential that is

used to drive the reduction of CO2 to a variety of

higher energy products. This reaction is useful

because it allows intermittent solar energy to be

stored in the form of chemical energy (sugars,

etc.), which can be released in the process of res-

piration to do useful work as required by the

organism. In addition, photosynthesis allows liv-

ing organisms to produce the materials that they

require for life in a broad range of environments.

In a similar manner, humans would like to be able
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to harvest and store solar energy for future use and to use

solar energy to produce many of the basic materials we need

for our survival and prosperity.

A number of potentially important reactions that could be

driven by solar energy to produce fuels and chemicals are

shown in Scheme 1. These reactions involve multiple elec-

tron and proton transfer steps, and they will require electro-

catalysts for efficient energy conversion. The two reactions

considered most often in the context of artificial photosynthe-

sis are CO2 reduction and water splitting. This Account focuses

on the efforts of our laboratories to develop molecular elec-

trocatalysts for CO2 reduction and the production of H2.

Electrochemical CO2 Concentration
Artificial photosynthesis using CO2 from the atmosphere will

require both CO2 recovery and CO2 reduction. Biological sys-

tems remove CO2 directly from the atmosphere during pho-

tosynthesis. In this process, potential energy gradients are

used to concentrate CO2 from atmospheric levels up to 1000-

fold in the presence of Rubisco, the enzyme responsible for

CO2 fixation.1 These biological systems provide inspiration for

using electrochemical gradients for CO2 concentration or

pumping.

The concept of electrochemical CO2 pumping using redox-

active carrier molecules is illustrated in Scheme 2. In step 1,

the carrier molecule (a quinone in this example) is reduced to

its anionic form (a dianion). In step 2, the anionic carrier selec-

tively binds CO2 to form a “carbonate-like” adduct. In step 3,

the carrier-CO2 complex is oxidized to liberate pure CO2 at

high pressure. Because redox potentials reflect the electron

density on carrier molecules, systematic variations in redox

potentials can be used to control CO2 binding constants. With

2,6-di-tert-butylbenzoquinone as a redox active carrier, CO2

was concentrated from 0.5% in the feed stream to nearly

100% at 1 atm in the exit stream, and this carrier is capable

of binding CO2 at even lower pressures.2

Although quinone carriers are capable of pumping CO2

over significant pressure ranges, the reduced CO2-binding

forms react with oxygen in the air decreasing the pumping

efficiency or degrading the carrier. In addition, they require

organic solvents. To overcome these problems, we designed

new air-stable, water-soluble carriers based on dinuclear cop-

per complexes with pyridyl and amine donors that bind CO2

in the form of carbonate as shown in the dication, structure 1.3

Although these complexes are stable to oxygen in their CO2

binding form, their binding constants were too low to recover

atmospheric CO2. Pumping experiments demonstrated CO2

concentration changes from 10% to 75% in aqueous solu-

tions upon cycling the copper carrier between oxidized (CuII)

and reduced (CuI) forms.

The experiments using 2,6-di-tert-butylbenzoquinone and

other quinone carriers demonstrated the feasibility of pump-

ing CO2 over large ranges of concentrations and pressure, and

the bimetallic copper complexes demonstrated the feasibility

of using air-stable and water-soluble carriers for CO2 pump-

ing. However, combining all of the desirable features into a

single carrier molecule has not been achieved and must await

further advances in carrier design.

Development of Molecular Electrocatalysts
for CO2 Reduction
Following CO2 recovery, the next step in artificial photosyn-

thesis is CO2 reduction, and reviews of this area are

available.4,5 Our initial efforts to develop catalysts for CO2

reduction focused on iron, cobalt, and nickel complexes con-

taining polyphosphine ligands and weakly coordinating sol-

vent molecules, for example, [M(P)n(CH3CN)x]2+.6 Late transition

metal complexes should not form undesirably strong M-O

SCHEME 1

SCHEME 2. Reaction Scheme for Electrochemical CO2 Pumping
with Quinones
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bonds upon reduction that are common for early transition

metals, and polyphosphine ligands can control the number

and orientation of weakly bound solvent molecules. We

hypothesized that weakly bound solvent molecules would be

important for catalysis. For many catalytic processes, vacant

coordination sites are required. In particular, two adjacent

sites, one for coordination of a hydride ligand and the sec-

ond for coordination of CO2, could facilitate C-H bond for-

mation as shown in reaction 1 for formate production.

Alternatively, the production of CO from CO2 requires the

cleavage of a C-O bond, and this should be favored by the

presence of a vacant coordination site to form a M-O bond

as the migrating water molecule or hydroxide ion cleaves the

C-O bond, as shown in reaction 2.

Evaluation of [M(P)n(CH3CN)x]m+ complexes for M ) Fe, Co,

Ni, and Pd led to the discovery that [Pd(triphosphine)-

(CH3CN)]2+ complexes having structure 2 (see Scheme 3) are

active catalysts for the electrochemical reduction of CO2 to CO.

Kinetic studies of this class of catalysts using cyclic voltamme-

try revealed the following general features. At low acid con-

centrations, the catalytic rates are first-order in catalyst, first-

order in CO2, and second-order in acid. At higher acid

concentrations, the catalytic rates become independent of the

acid concentration, but remain first-order in catalyst and

CO2.7-9 In addition, it was found that monodentate phosphine

ligands strongly inhibited the catalytic reaction, as did strongly

coordinating solvents such as dimethylsulfoxide. The latter

results supported our initial hypothesis on the requirement for

dissociation of a weakly coordinating solvent molecule, aceto-

nitrile in structure 2, during the catalytic cycle. Finally, elec-

tron-donating substituents on the triphosphine ligand resulted

in increased catalytic rates. The more active catalysts of this

class exhibited second-order rate constants between 5 and

300 M-1 s-1.

Based on these results, we proposed the catalytic mecha-

nism shown in Scheme 3.6 The rate-determining reaction at

high acid concentrations is the binding of CO2 to a PdI inter-

mediate, 3, to form 4. It is this step that determines the selec-

tivity of these catalysts. Because H2 production is ther-

modynamically favored over CO2 reduction, it is important

that the PdI intermediate preferentially reacts with CO2 rather

than protons. In fact selectivities for CO production as high as

97% can be observed for some catalysts even with very

strong acids, such as HBF4.9 The rate-determining step at low

acid concentrations is the cleavage of the C-O bond in which

species 8 is converted to 9. If the solvent molecule (acetoni-

trile in Scheme 3) is not lost, cleavage of the C-O bond

requires much more reducing potentials. The incipient vacant

coordination site in complexes with structure 6 leads to sol-

vent loss to form 7 and facile C-O bond cleavage in which 8
is converted to 9. This results in high catalytic rates and rela-

tively low overpotentials. It is this C-O bond cleavage reac-

tion that is rate-determining or that requires large

overpotentials for most other classes of catalysts for CO2

reduction to CO.4

Catalysts such as 2 typically degrade to form bimetallic pal-

ladium complexes having structure 10.7 As expected, the incor-

poration of sterically bulky substituents on the terminal

phosphorus atoms of the triphosphine ligands results in

increased turnover numbers for these catalysts. For example,

[Pd(etpE)(CH3CN)]2+, (where etpE is PhP(CH2CH2PEt2)2) has a

turnover number of 10, [Pd(etpC)(CH3CN)]2+ (where etpC is

PhP(CH2CH2PCy2)2) has a turnover number of 130,7 and com-

plex 11 has a turnover number greater than 200 with less than

20% degradation and a rate constant of ∼50 M-1 s-1 under nor-

mal operating conditions.10

The most active catalysts for CO2 reduction to CO are car-

bon monoxide dehydrogenase enzymes. The [NiFe] CO dehy-

drogenase enzymes catalyze the rapid reduction of CO2 to CO

SCHEME 3. Catalytic Cycle for CO2 Reduction to COa

a L ) triphosphine ligand.
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with turnover rates of 31 000 s-1, and they use inexpensive

metals.11 Structural studies provide important insights into

those features of the active site that contribute to high cata-

lytic activity. The active site of Carboxydothermus hydrogeno-
formans in the reduced form is depicted in structure 12, and

the reduced form plus CO2 is shown by structure 13. In both

structures, three sulfur atoms surround a Ni atom. Water or a

bridging hydroxide occupies a fourth coordination site in 12.

In structure 13, CO2 is bound to Ni through the carbon atom

and to iron via an oxygen ligand. There are also additional

hydrogen-bonding interactions between the oxygen atoms in

structures 12 and 13 and nitrogen-containing histidine and

lysine residues (not shown). The presence of the Fe-O bond

suggests that a vacant coordination site on Fe assists both the

binding of CO2 and the cleavage of a C-O bond. This Fe atom

is positioned so that it forms a seven-membered ring upon

binding CO2. The positioning of the Ni and Fe atoms is

achieved by a S-Fe-S linkage.

In studies that preceded the structural studies of the [NiFe]

CO dehydrogenase enzymes, we observed very high catalytic

rates (k > 104 M-1 s-1) for CO2 reduction using the bimetallic

palladium complex 14 in which two triphosphine units were

bridged by a methylene group.12 Although this catalyst was

prepared and studied before the structure of the CO dehydro-

genase active site was known, it shares some interesting struc-

tural features with the enzyme. Complex 14 was designed to

interact with CO2 in much the same way as the enzyme, as

shown in structure 15. In particular, it has a binding site for the

carbon atom of CO2 on one Pd, and the other Pd atom is

thought to bind an oxygen atom of the substrate. In addition,

both the enzyme and the bimetallic palladium complex form

seven-membered rings upon binding CO2. It is these struc-

tural features that are thought to contribute to the remark-

ably high activity observed for 14 for electrocatalytic reduction

of CO2 to CO. On the negative side, the turnover number for

14 is low, approximately 10. The structure of the CO dehy-

drogenase active site suggests that a more rigid ring system

for separating the two metals may be important in prevent-

ing Ni-Fe bond formation, and complex 11 was an attempt

to design a complex in which catalyst-inhibiting Pd-Pd bond

formation was suppressed by the intervening arene ring.10

However, complex 11 appears to function as two indepen-

dent catalytic sites with no evidence for cooperative interac-

tions between the two metal centers, and the rates are typical

of mononuclear [Pd(triphosphine)(CH3CN)]2+ catalysts. A sec-

ond approach to preventing M-M bond formation that is sug-

gested by structures 12 and 13 of the enzyme active site is

the use of two different metals with significantly different

redox potentials. This would prevent the generation of two

metal radicals in close proximity at the same potential.

Toward Molecular Electrocatalysts for CO
Reduction
Although the development of electrocatalysts for the reduc-

tion of CO2 to CO is an important first step, further reduction

of CO to methanol or methane is desirable, because it would

produce fuels with higher energy densities. In a series of stud-

ies by the groups of Casey,13 Gladysz,14 and Graham,15 it was

demonstrated that CO ligands bound to cationic rhenium com-

plexes could be reduced to formyl, hydroxymethyl, and

methyl ligands. These reactions were intriguing and led us to

study the reactions of a number of [HM(diphosphine)2]+ com-

plexes (where M ) Ni or Pt) with [CpRe(NO)(CO)(PR3)]+ and

other cationic carbonyl complexes (e.g., reaction 3).16 It was

found that a number of these complexes could indeed trans-

fer a hydride ion to the coordinated CO ligand to form formyl

complexes as desired. We were particularly interested in

[HM(diphosphine)2]+ complexes, because they can be gen-

erated in an electrochemical cycle by reduction to M0-

(diphosphine)2 complexes (at approximately -1.1 ( 0.2 V vs

the ferrocenium/ferrocene couple) followed by protonation. As

a result, one could envision electrocatalytic cycles in which

such hydrides were generated at an electrode followed by

hydride transfer to CO coordinated to rhenium. Whether this

hydride transfer will occur depends on the correct matching of
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the hydride donor ability of the metal hydride and the hydride

acceptor ability of the metal-carbonyl complex.

This line of inquiry led us to study those factors control-

ling the hydride donor abilities of [HM(diphosphine)2]+ com-

plexes17 and the hydride acceptor abilities of [CpRe(NO)(CO)-

(PR3)]+ complexes.18 The hydride donor abilities of [HM-

(diphosphine)2]+ complexes were shown to depend on three

factors: the substituents on the diphosphine ligands,19 the nat-

ural bite angles of the diphosphine ligands,20 and the nature

of the metal.21 Increasing the electron donor abilities of the

substituents on the diphosphine ligands correlated with bet-

ter hydride donor abilities, as expected. For example, ∆GH-° for

[HNi(Me2PCH2CH2PMe2)2]+ is 51 kcal/mol, while that of

[HNi(Ph2PCHdCHPPh2)2]+ is 66 kcal/mol. ∆GH-° corresponds to

the free energy for the cleavage of a MH bond to form M+ and

H- in acetonitrile solution. A more positive value of ∆GH-° indi-

cates a poorer hydride donor.19 A somewhat unanticipated

discovery was that the hydride donor ability correlated

strongly with the natural bite angle (NBA) of the diphosphine

ligand (defined as the P-M-P bond angle preferred by the

backbone of the diphosphine ligand). Small NBAs corre-

sponded with increased hydride donor abilities and large

NBAs correlated with poor hydride donor abilities. For exam-

ple, in a series of [HPd(diphosphine)2]+ complexes, the hydride

donor ability increases by 20 kcal/mol as the NBA decreases

from 111° to 78°.20 Also surprising is the fact that the pKa val-

ues and homolytic solution bond dissociation free energies are

unaffected by the NBA. This means that the NBA provides a

“knob” for tuning the hydride donor ability of [HM(diphos-

phine)2]+ complexes without changing their pKa values or

homolytic bond dissociation free energies. Regarding the influ-

ence of the metal, for the same diphosphine ligand, palladium

hydrides are equal or slightly better hydride donors than plat-

inum, and both are much better hydride donors than nickel

complexes. For example, for the series of [HM(PNP)2]+ com-

plexes (where PNP is Et2PCH2NMeCH2PEt2), ∆GH-° is 66 kcal/

mol for Ni, 55 kcal/mol for Pt, and 51 kcal/mol for Pd.21

Once the hydride donor abilities of [HM(diphosphine)2]+

complexes had been determined, it was possible to use

hydride transfer reactions to establish the relative hydride

donor abilities of a series of rhenium formyl complexes.18 For

example, the equilibrium constant for the reaction of

[HPt(dmpe)2]+ (∆GH-° ) 42.5 kcal/mol) with [CpRe(NO)-

(PMe3)(CO)]+ to form CpRe(NO)(CHO)(PMe3) and [Pt(dmpe)2]2+

was used to determine a hydride donor ability of 44 kcal/

mol for CpRe(NO)(CHO)(PMe3) (reaction 3). Using these hydride

donor abilities, one could predict that [HPt(dmpp)2]+ (∆GH-° )
51 kcal/mol) should transfer a hydride ligand to [CpRe-

(NO)(CO)2]+ to form CpRe(NO)(CHO)(CO) (∆GH-° ) 53 kcal/mol)

as shown in reaction 4. In addition, the hydride donor ability

of [HPt(dmpp)2]+ determines the pKa value of the protonated

base (18.2 or greater) required for reaction 5 to occur.22 Pro-

ton sponge, 1,8-bis(dimethylamino)naphthalene, has a pKa of

18.2, and the equilibrium shown in reaction 5 is observed.

The sum of reactions 4 and 5 is reaction 6, which is a simple

and predictable example of heterolytic activation of H2 to form

a formyl complex at room temperature and 1.0 atm of H2.

Although the overall yield is low (10-20%) due to the insta-

bility of the product formyl complex and the time required for

both reactions, these results clearly demonstrate the utility of

hydride donor abilities in developing new strategies for

achieving CO reduction under mild conditions. As discussed in

the next section, knowledge of hydride donor abilities is also

useful in the development of catalysts for H2 oxidation and

production.

Development of Catalysts for Hydrogen
Oxidation and Production
Another important energy storage reaction is the reduction of

protons to form H2. Platinum metal is an excellent catalyst for

this reaction and its reverse, and this is the reason for its long

use in hydrogen fuel cells. However, the hydrogenase

enzymes use cheaper and more abundant metals to catalyze

these reactions at very high rates. Structural studies have

revealed dinuclear iron or nickel-iron complexes at the ac-

tive sites of the enzymes.23 A proposed structure of the active

site of the [FeFe] hydrogenase enzyme is shown by structure

16. The ligand set of the dinuclear iron unit contains unusual

CO and CN- ligands as well as a dithiolate ligand in which the

two sulfur atoms are connected by three light atoms. It has

been proposed that the central atom is nitrogen, and this

would provide a natural pathway for achieving the known het-

erolytic cleavage of H2 and the transfer of the resulting pro-

ton to a proton conduction channel of the enzyme.23

[HPt(dmpp)2]
+ + [(C5Me5)Re(NO)(CO)2]

+f

(C5Me5)Re(NO)(CHO)(CO) + [Pt(dmpp)2]
2+ (4)

[Pt(dmpp)2]
2+ + H2 + BaseT [HPt(dmpp)2]

+ + HBase+

(5)

[(C5Me5)Re(NO)(CO)2]
+ + H2 + Basef

(C5Me5)Re(NO)(CHO)(CO) + HBase+ (6)
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For the [FeFe] hydrogenase enzymes, the overall catalytic

process is rapid and reversible. As a result, the hydride accep-

tor ability of the iron atom and the proton acceptor ability of

the nitrogen atom in structure 16 must be matched so that the

free energy associated with the heterolytic cleavage of H2 is

near 0 kcal/mol in order to avoid a high energy barrier in

either direction. This energy matching can be achieved in syn-

thetic catalysts if the hydride acceptor abilities of metal com-

plexes are known. Based on the studies of the hydride donor

abilities of [HM(diphosphine)2]2+ complexes, we realized that

the hydride acceptor abilities of the corresponding [Ni(diphos-

phine)2]2+ complexes could be matched to the proton accep-

tor ability of appropriate nitrogen bases. For example, the

complex [Ni(depp)2]2+, 17, reversibly cleaves H2 in the pres-

ence of 2,4-dichloroaniline (pKa ) 8.0 for 2,4-dichloroa-

nilinium in acetonitrile) to form 18 and the protonated base,

as shown in reaction 7.22

These thermodynamic studies and the proposed structure

of the [FeFe] hydrogenase active site led us to incorporate a

nitrogen atom in the backbone of the depp ligand to form

[Ni(PNP)2]2+, 19, where PNP is Et2PCH2NMeCH2PEt2.24 Reac-

tion of H2 with [Ni(PNP)2]2+ resulted in a very rapid bleaching

of the solution and the formation of the corresponding het-

erolytic cleavage product [HNi(PNHP)(PNP)]2+, 20, in which a

hydride ligand was bound to nickel and a proton was bound

to a nitrogen atom of one PNP ligand (reaction 8). The role of

the pendant base in this heterolytic cleavage reaction is of

course the same as that proposed for the pendant amine

of the azadithiolate ligand of the [FeFe] hydrogenase active

site.23 Further studies of [HNi(PNHP)(PNP)]2+ revealed that the

nickel hydride and the proton attached to the pendant nitro-

gen base were exchanging with each other at rates of at least

104 s-1 at room temperature. This intramolecular exchange

process likely involves either a nickel dihydrogen or dihydride

complex as an intermediate that results from proton transfer

from the amine to Ni. Intermolecular exchange rates for the

hydride ligand with protons of water added to acetonitrile

solutions of [HNi(PNHP)(PNP)]2+ and [HNi(PNP)2]+ are greater

than 106 times faster than that observed for [HNi(depp)2]+.

These results demonstrate that the pendant bases of

[Ni(PNP)2]2+ play an important role in the heterolytic activa-

tion of H2 and in the inter- and intramolecular exchange pro-

cesses of the hydride ligand of the product, 20.

In addition to rapid intra- and intermolecular proton

transfer, the pendant base also facilitates the coupling of

proton and electron transfer processes for [HNi(PNP)2]+.24

The oxidation of [HNi(depp)2]+ in the presence of an exog-

enous base, such as NEt3, occurs at 0.0 V versus the ferro-

cenium/ferrocene couple, while that of [HNi(PNP)2]+ is

observed at -0.65 V. This very large shift in potential

(-0.65 V) is attributed to the presence of the pendant

amine. The base provides a physical pathway for coupling

of the electron and proton transfer events. This may occur

by one of three conceptually distinct sequences: proton

transfer followed by electron transfer, electron transfer fol-

lowed by proton transfer, or a concerted process in which

both proton and electron transfer simultaneously.

Although the incorporation of an amine in the backbone of

the depp ligand resulted in dramatic improvements in the

overpotential for hydrogen oxidation for the resulting

[Ni(PNP)2]2+ complex, the rate of H2 oxidation remained low,

less than 0.2 s-1. The structure of the active site of the [FeFe]

hydrogenase enzyme suggested a plausible way to improve

the catalytic rate of these synthetic complexes. In structure 16,

the six-membered ring formed by the azadithiolate ligand

adopts a boat conformation, which positions the pendant

amine nitrogen so that it can easily interact with a coordinated

H2 ligand. This interaction should stabilize the H2 adduct, and

lead to more efficient catalysis. To test this hypothesis, we pre-

pared a series of three nickel complexes containing cyclic

diphosphine ligands as shown in structure 21.25 The pres-

ence of a second chelate ring system results in a boat confor-

mation for at least one ring in each diphosphine ligand. In

addition to achieving the positioning of a pendant amine, we

wanted to vary its basicity so that the reaction could be biased
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toward either H2 production or oxidation. Similarly, phenyl

and cyclohexyl groups on phosphorus would allow us to

probe the influence of electronic and steric properties at this

position.

Catalytic studies of complexes 21a-21c showed that com-

plexes 21a and 21b are catalysts for H2 production with turn-

over rates of 350 s-1 (overpotential ≈ 300 mV using

protonated dimethylformamide as the acid) and 5 s-1 (over-

potential ≈ 200 mV using bromoanilinium as the acid),

respectively, in acetonitrile at 22 °C.25,26 In contrast to 21a
and 21b, 21c is a catalyst for H2 oxidation with a turnover fre-

quency of 10 s-1 under 1.0 atm of H2. These experiments

clearly demonstrate that two positioned pendant bases are

superior to complexes having two bases that are not posi-

tioned near the metal center. Computational studies also sup-

ported the importance of two positioned bases for the nickel

complexes.26 However, in concurrent studies of related cobalt

complexes, we discovered that [Co(PPh
2NPh

2)(CH3CN)3]2+ (23) is

also an efficient catalyst for H2 production with a turnover fre-

quency of 90 s-1 and an overpotential of 285 mV using bro-

moanilinium as the acid.27 Because this cobalt complex

contains a single positioned pendant base, this raised the

question, “For nickel complexes, are two positioned bases

required for high catalytic activity, or is one positioned base

sufficient?”

To address this question, we synthesized the mixed ligand

complex [Ni(PPh2NBz
2)(dppp)]2+ (22, where dppp ) bis(diphe-

nylphosphino)propane), which contains only one amine posi-

tioned near the nickel center.28 Complex 22 has a turnover

frequency for H2 oxidation in the presence of 1.0 atm of H2

and excess base of 0.4 s-1. This value is greater than that of

19 but less than that of 21c. Table 1 lists both the experimen-

tally determined free energy for H2 addition to catalysts 19,24

21c,25 and 2228 to form the corresponding heterolytic cleav-

age products and their catalytic rates for H2 oxidation. It is

clear from these data that the thermodynamic driving force for

H2 addition for these complexes does not correlate with the

observed catalytic rates. Instead, for these nickel complexes,

the catalytic rates correlate with the number of positioned pen-

dant bases present in these catalysts, with the complex con-

taining two positioned amines exhibiting the highest catalytic

activity. For nickel, two positioned bases appear to be opti-

mal, while for cobalt only one positioned base results in a very

active catalyst.

Mechanistic Studies
The high activity exhibited by the nickel catalysts containing

the cyclic PR
2NR′

2 ligands led us to investigate the mechanism

of H2 oxidation and production in more detail.25,26,28 The H2

oxidation catalysts were particularly enlightening, because

several of the products of H2 addition and sequential depro-

tonation could be observed by NMR spectroscopy. Perhaps the

most revealing of these studies were those for the H2 oxida-

tion catalyst [Ni(PPh
2NBz

2)(dppp)]2+, 22.28 Addition of H2 to 22
is thought to involve the experimentally undetected dihydro-

gen intermediate [(H2)Ni(PPh
2NBz

2)(dppp)]2+ (24), based on the-

oretical calculations of similar complexes.25,26 This undetected

intermediate evolves to form the unusual NiIV dihydride com-

plex [H2Ni(PPh
2NBz

2)(dppp)]2+ (25) identified by NMR at low

temperature. The oxidative addition of the coordinated H2

molecule appears to be the rate-determining step in the over-

all catalytic cycle for the oxidation of H2.28 Spectroscopic stud-

ies indicate that the resulting NiIV dihydride is in rapid

equilibrium with a Ni0 complex (26), in which both of the N

atoms of the pendant amines are protonated. This remark-

able transformation, which involves a change in the formal

oxidation state by four and the transfer of two protons, occurs

at a rate of 10-100 s-1 at -20 °C. These studies have led us

to propose the catalytic mechanism shown in Scheme 4 for

the more active catalysts, 21a-c. The cleavage of H2 by these

more symmetric complexes with two cyclic PR
2NR′

2 ligands

(steps 1-3) is thought to occur in a manner strictly analogous

to that observed for [Ni(PPh
2NBz

2)(dppp)]2+, 22.

TABLE 1. Free Energy of H2 Addition and Turnover Frequencies of
[Ni(diphosphine)2](BF4)2 Complexes with Pendant Amines

complex ∆G(H2)° (kcal/mol) turnover frequency (s-1)a

21c -3.1 10
22 -4.0 0.4
19 -6.0 <0.2

a Turnover frequency for oxidation of H2 under 1.0 atm H2 at 22 °C.
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Because the pendant nitrogen atoms can shuttle the pro-

tons from the Ni center to the exterior of the catalytic mole-

cule, access of exogenous bases to the protons bound to these

nitrogen relays result in kinetically facile deprotonation as

shown in step 4. As a result of this deprotonation, the oxida-

tion shown in step 5 becomes much easier. It can be esti-

mated that the oxidation potential associated with step 5 is

0.8 V more negative than would be observed for the corre-

sponding hydride complex in which the nitrogen atoms of the

pendant bases are replaced with methylene (CH2) groups.28

This is comparable to the difference in oxidation potentials

observed for [HNi(depp)2]+ and [HNi(PNP)2]+ discussed above.

The oxidation in step 5 results in an increase in acidity of the

protonated pendant base, which reacts with base in solution

to form the NiI species, step 6. A final oxidation step, 7, com-

pletes the catalytic cycle. In Scheme 4, the pendant bases play

multiple roles. They assist in the binding of H2 (step 1), the

cleavage of H2 (step 2), and the transfer of protons between

the metal center and solution (steps 3, 4, and 6).

Summary and Prospects
The generation of fuels from abundant substrates such as CO2

and water remain daunting challenges for future research. It

will require significant advances in new inexpensive materi-

als for light harvesting and the development of fast, stable,

and efficient electrocatalysts. In this Account, we have

described efforts by our research groups to develop redox-

active carriers capable of concentrating CO2 and molecular

electrocatalysts for CO2 reduction, hydrogen production, and

hydrogen oxidation. Progress has been made in each of these

areas, but much more remains to be done.

Studies of quinones as redox-active CO2 carriers have dem-

onstrated the feasibility of selectively pumping CO2 over sig-

nificant concentration ranges. This offers promise for the

ultimate development of redox-active CO2 carriers for recov-

ering CO2 directly from the atmosphere as is done in natural

photosynthesis. However, the sensitivity of the quinone carri-

ers to oxygen in the CO2 binding form is problematic for CO2

recovery from the atmosphere. Copper-based carriers for elec-

trochemical CO2 pumping can overcome the problems of oxy-

gen sensitivity in the CO2 binding form (in this case CO2 is

bound as carbonate) and are water-soluble. However, this first

generation of metal complexes is only capable of pumping

over a very limited pressure range and cannot bind CO2 at

atmospheric concentrations. Future studies need to develop

carriers that have the best features of both of the previously

studied systems. This represents an interesting and scientifi-

cally challenging goal.

Electrocatalysts of the general formula [Pd(triphosphine)-

(solvent)]2+ have been developed for the reduction of CO2 to

CO. A key structural feature of these catalysts is the weakly

bound solvent molecule, which provides an incipient vacant

coordination site for the water molecule formed during C-O

bond cleavage. Under sufficiently acidic conditions, the cata-

lytic rates are first order in catalyst and CO2 with second-or-

der rate constants of 5 to 200 M-1 s-1. An even more active

catalyst is observed if a second metal is introduced into the

second coordination sphere as shown in structure 15 and as

observed in the structure of the [NiFe] CO dehydrogenase

enzyme, 13. These results suggest the inclusion of vacant

coordination sites (to assist C-O bond cleavage) and a metal

in the second coordination sphere to assist CO2 binding (one

metal through C and the other through O) are important con-

siderations for the design of future CO2 reduction catalysts.

The development of new nickel-based catalysts for H2 pro-

duction and oxidation has built on fundamental thermody-

namic studies of the hydride donor/acceptor ability of metal

complexes. By combining structural features of the first coor-

dination sphere suggested by these thermodynamic studies

with appropriately matched pendant bases in the second coor-

dination sphere, nickel-based catalysts have been developed

with catalytic rates for H2 production approaching those of

[NiFe] hydrogenase enzymes and that are not inhibited by CO.

These studies have demonstrated the important roles of the

pendant bases in these molecules: stabilizing H2 binding, pro-

moting H2 cleavage, and providing a low-energy pathway for

the transfer of protons from the metal center to solution. Struc-

SCHEME 4. Proposed Mechanism for H2 Oxidation and Production
by 21a-c
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tural and mechanistic studies have demonstrated that the

number and positioning of relays present in these catalysts are

critical factors in the catalytic activity. These studies suggest

that understanding M-H bond energetics and the function of

pendant bases in the second coordination sphere will play an

important role in the rational development of electrocatalysts

for a number of multiproton/multielecton reactions of impor-

tance to the generation of solar fuels.
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