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Contents is predicted to increase at least 2-fold, from our current burn
. rate of 12.8 TW to 2835 TW by 2050-2°¢Proven reserves
1. Introduction _ 4022 of coal, oil, and gas suggest that this energy need can be
2. Hydrogen Production from RH Substrates 4024 met with conventional sourcéshowever, external factors
2.1. Alkane Dehydrogenation 4024 of economy, environment, and security dictate that this
2.1.1. Thermal Alkane Dehydrogenation Cycles 4024 energy need be supplemented by renewable and sustainable
2.1.2. Photochemical Alkane Dehydrogenation 4025 sources$ 1 If not, increases in energy intensity derived from
Cycles economic and population growth will be inextricably linked
2.2. Mercury Photosensitization 4026 to increased carbon emissions. While the precise response
2.3. Alcohol Photo-dehydrogenations 4027 of the climate to continued runaway @@®missions is not
2.3.1. Rhodium Phosphine Complexes 4027 definitively known, it is abundantly clear that the current
2.3.2. Binuclear Complexes 4028 atmospheric Colevels of 380 ppm are significantly higher
233, M-Sn Complexes 4029 than an}{thing seen in the last 650 000 ye&rd.A “wait
2:3.4. Rhodium Porphyrins 4029 and see” policy towa_rd the hu.man impact on glqbal climate
2.35. Polyoxometalates 4029 change amounts, disconcertingly, to an experiment on a
. - global scale with potentially profound consequences to life.
2A. Platinum Teer“d'”e Com_pl_exes _ 4030 Hydrogen presents itself as a potential alternative to
3. Hydrogen Production from Acidic Solutions 4031 carboniferous fossil fuels but only with consideration of an
3.1. Mononuclear Catalysts 4031 appropriate source. A near-terny source is methane and
3.2. Binuclear Catalysts 4032 other petroleum-based fuels. However, in the absence of
3.2.1. Biradical Excited States 4032 carbon capture and storatfethe use of H from methane
3.2.2. Two-Electron Mixed Valency 4032 results in only a marginal improvement in stemming carbon
4. Photochemical Water—Gas Shift 4034 emissions. Conversely, carbon intensity will be decreased
4.1. Homoleptic Metal Carbonyl Catalysts 4034 significantly if water, with solar light as an energy input, is
4.2. Ruthenium and Iridium Catalysts 4035 the primary (_:arbon-neutral Asource. i
5. Three Component Systems 4036 The benefit of solar energy conversion was recognized
5.1. Inorganic Sensitizers 4036 nearly a century ago as a means “to fix the solar_ energy
5.1.1. Metal Polypyridyl Photosensitizers 4036 through suitable photochemical reactions” by creating new
L . ” compounds to master “the photochemical processes that
5.1.2. Porphyrin Sensitizers 4038 hitherto have been the guarded secret of the plaftas
5.2. Organic Sensitizers 4039 the phosphate bond in ATP is the basic unit of energy in
5.3. CO; Reduction Systems 4039 biology, so can the HH bond in H become a basic unit of
6. Photobiological Approaches 4040 energy for a carbon-neutral society. For this to occur, H
6.1. Hydrogenase 4040 must be freed from its stable carrier, water. The design
6.2. Isolated Chloroplasts 4041 premise is to use the energy of solar photons to drive the
6.3. Other Photobiological Approaches 4041 th_ermodynamically uphill splitting of water to prod_ucq H
7. Concluding Remarks and Future Directions 4041 with oxygen as a byproduct. The;lhay be further “fixed”
8. Abbreviations 4043 to a liquid fuel via hydrogenation of small molecules such
9. Acknowledgments 4043 as CQ'% or used directly to power fuel cell$.Significant
' technological challenges remain, however, befosedh be
10. References 4043

used routinely as a fuel sourée!® Prominent among these
is its storage and, of concern to this review, the development
. of new photochemical mechanisms that lead to the efficient
1. Introduction production of H. For instance, kimay be produced along
. . one-electron pathways to produce However, this produc-

A great technological challenge facing our global future tion of H* requires 1.8 V, which is recovered upon the second
Is the de‘\llelcl)p.ment of a secure, clean, and renewable energy, o ojectron reduction. Thus though 2H 2e- — H; is
source’* Rising standards of living in a growing world oo oL o) e production along the one-electron pathway
population will cause global energy consumption to increase minimally confronts a 1.8 V barrier. This overpotential may
dramatically over the next half century. Energy consumption be obviated if efficienf two-electrbn redox pathways are

developed. Since an'Hs formally produced by two-electron
* Corresponding author. E-mail: nocera@mit.edu. reduction, the coupling of a proton to the two-electron path-
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way is a necessity if the energy barrier is to be minimized.
The creation of catalysts that perform multielectron photo-

chemistry® 22 and proton-coupled electron transfer (PCET}
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the foundation of the science needed for this reaction have
emerged over the past three decades. One of these important
building blocks comes from knowledge accrued from studies
concerning hydrogen production by photochemical means.
This review serves to collect and distill research efforts in
the area of molecular photocatalyti¢ production so that a
new generation of reaction chemists can make rapid progress
in this time of renewed interest in hydrogen photoproduc-
tion from carbon neutral sources. In the interests of brevity,
this review will not cover approaches to produce pho-
toelectrochemically, by biomass conversion, or by enzymatic
methods. Some discussion of photobiological mechanisms
will be presented but only in cases where the molecular
aspects of the pathway are known and for schemes in which
the biological cofactor is isolated from its native environ-
ment. The review will also be confined to homogeneous
systems; H production at solid or semiconductor surfaces
from direct band gap or sensitized photoexcitation will not
be considered. For molecular systems, the focus will be on
catalysis. Stoichiometric or thermal catalyti¢ production
schemes will not be specifically addressed unless the study
of those systems underpins the development of photocatalytic
cycles.

The treatment of molecular photocatalytig pfoduction
will follow the outline shown in Scheme 1. The discussion
is differentiated by the substrates from which the proton and
electron equivalents originate.

(a) Direct RH Substrates. Hydrogen production from RH
substrates derives electron and proton equivalents from either
the homo- or heterolysis of €4 or O—H bonds and
typically involves inner sphere mechanisms that invoke
intermediates with substrate directly bound to the catalyst.
Common substrates include alkanes and primary or second-
ary alcohols. The products of this photocatalysis agauht
the respective dehydrogenation product: alkenes, aldehydes,
or ketones.

(b) Acids. Acids can be the direct substrate fop H
production. The challenge to turnover is catalyst regeneration
by oxidation of the conjugate base.

(c) Carbon Monoxide. The wategas shift (WGS) reac-
tion couples the oxidation of CO to G@vith the reduction
of water to H.

(d) Indirect RH Substrates and Acids. The most prevalent
approach to kproducing photocatalysis is the construction

are at the frontier of inorganic chemistry. Of equal challenge of three-component systems comprising a sensitizer to absorb
is that these catalysts ultimately be robust, cheap, andlight, a proton reduction catalyst, and an electron relay to

constructed from sustainable elemental components.

shuttle reducing equivalents from the sensitizer to the

While the catalytic production of hydrogen and oxygen catalyst. In these systems, the electron equivalents are derived
from water splitting has yet to be effectively achieved in from sacrificial reducing agents that involve either the homo-
homogeneous solution, some of the basic building blocks in or heterolytic cleavage of €H or O—H bonds of RH
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Table 1. Representative Photocatalytic Alkane Dehydrogenation Catalysts

T Aexc time TOF

catalyst substrate product (°C) (nm) (h) TON (h™Y) ref
Ir'H,(CRCO,)(PCy)2 cyclooctane cyclooctene 25 254 168 7 a 53, 54
Rh(PMe3),(CO)CI n-heptane 1 and 2-heptene 92 <300 a 795 72
RH(PE&)(CO)CI n-heptane 1 and 2-heptene 92 <300 466 72
Rh(PPh),(CO)CI n-heptane 1 and 2-heptene 92 <300 136 72
RH(PMey),(CO)CI n-nonane 1 and 2-nonene 132 <300 1404 78
Rh(PMe3),(CO)CI cyclohexane cyclohexene 25 <300 16.5 138 76
RH(PMey),(CO)CI cyclooctane cyclooctene 100 <300 1 72 77
Rh(PMe3),(CO)CI benzene biphenyl 15 <300 189 13 84
RH(PMey),(CO)CI methyl propionate 4-propionyloxybutyrate 25 <300 6 20 85
Rh"(dppmp(CO)(u-S) cyclooctane cyclooctene 151 <400 2 27 93
Ir" ' (dppm}(COY(u-S) cyclooctane cyclooctene 151 <300 2 16 94

2 Not applicable.

substrates and acids. Unlike direct RH dehydrogenations,and thus the dehydrogenation of alkanes typically requires

substrate activation is coupled indirectly te production an external thermodynamic driving force. Many thermal

via the relay catalysts and cleavage of the substrate typicallysystems derive a thermodynamic advantage by coupling a

proceeds by an outer sphere mechanism. H, donor such as cyclooctane to the high heat of hydrogena-
We conclude by presenting new avenues for research intion of a sacrificial H acceptor such atert-butylethylene

an attempt to stimulate researchers to explore new reactiongTBE), eqs 3-5:

for H, production that may ultimately be coupled to water

oxidation. The latter reaction has been treated elsewfiere. .
+ Hy —> AH =—23.3 kcal/mol 3)

2. Hydrogen Production from RH Substrates

Photocatalytic H production from RH dehydrogenations )</ vt T )</ At =-se0kealimel @
refers to any system where the proton and electron equiva-
lents for H production originate from €H or O—H bonds. O + )</ ——»O + )</ AHryq = ~10.7 keal/mol ®
The mechanism of action, whether by-& activation, H
atom abstraction, or sequential electron and proton transfers Early studi d iridi | i del and isolat
from the RH substrate, is not distinguished as they all fall . arly studies used indium complexes to model and isolate

into this general category and may include elements of eaCh:];e(;rr:](f)?le?/tiiislnw?)I:(kai?ﬁ/(?lz%rg%?r?;élﬁgecglifﬁf?:t%v;gxes
reaction type in the overall +production mechanism. of iridium,** Crabtree and co-workers noted that thens

, Ir'(COE)L,™ complex (COE= cyclooctene, L= PPh)

2.1. Alkane Dehydrogenation converted to the cyclooctadiene (COD) compleXQ©D)-
Alkane dehydrogenations are among the most well-defined L2*, and free cyclooctane when heated to°@in CH,Cl..

schemes for photocatalyticigroduction. The reaction type  The product distribution indicated that a transfer hydrogena-

is characterized by the following: tion had occurred and suggested that iridium complexes could
serve as alkane dehydrogenation catalysts under appropriate
CH,=CH,,*+H, (1) conditions. Several reports followed where the substrate

scope was expanded to cyclohexene and cyclopentene to
Hydrogen production occurs generally by classical organo- generate arenes and cyclopentadienyls, respectiéfiBut
metallic mechanisms involving alkane-& bond activation these reactions were stoichiometric owing to the strength of
followed by S-hydride elimination. As a consequence many the iridium arene and cyclopentadienyl interactions that
of these reactions are catalyzed by group 9 transition metalresulted from dehydrogenation chemistry.
complexes (Table 1). The discovery and mechanistic under- Concurrently, rhenium polyhydrides, Rgt; (L = PPh,
standing of photochemical alkane dehydrogenation reactionsPEtPh), were observed to dehydrogenate cyclopentane to
have been derived largely from cycles constructed for the generate Rel(5>-CsHs)H, at 80°C in the presence of excess
thermal, as opposed to photochemical, dehydrogenation of TBE:*® The dehydrogenation reaction was found to be
alkanes. Accordingly, a presentation of thermal alkane catalytic when using alkane substrates that form weak
dehydrogenation will precede a discussion efgéneration interactions with the metal center upon dehydrogenation. As

promoted along photochemical pathways. a consequence, the rhenium polyhydrides, Re#PR (R
_ = Ph, p-F—CgH,, p-CHs;—CsH,4), were observed to dehy-
2.1.1. Thermal Alkane Dehydrogenation Cycles drogenate cyclohexane to cyclohexene with nine turnovers

The discovery of the hydrogenation of alkenes using at 800(? :jn th? p:egenclek of excebss T%El’hia catlalr)]/s(ijs_\(ljvas
Wilkinson’s celebrated catalyst, and the intensive study of €Xténded to include-alkane substratésand polyhydrides
group 9 complexes with alkenes ang Hrovided a backdrop of ruthenium and. |r|ﬁ|u|rﬁ.v Turrtl)overs for the rhgm;:m
for elucidating the reverse process, alkane dehydrogenation%Stems were ty%lc? y ovx1<(10), utJuLn%vers as high as
Generally the reaction of Hwith a coordinatively unsaturated were reported for cyclooctane aehycrogenation using

i i Ir(PRs).Hs and TBE after 5 days at 155!
metal complex Is thermadynamically favorable, A host of I dihydrides were developed as catalytic
M™ + H, = M™2(H), AG < 0 ) dehydrogenation catalysts. They all are believed to operate

by the general mechanism shown in Figure 1 (left) for the
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Thermal Photochemical 2.1.2. Photochemical Alkane Dehydrogenation Cycles
Dehydrogenation Dehydrogenation
In principle, the driving force for alkane dehydrogenation
he | OCOCFG.\H | _ococrs can .b_e.supplied by a photon instead of hyqlrogenation of a
- CH " |\ / / b | _0C0CF ( sacrificial alkene such as TBE.7! This reactivity mode was
'Hc ‘ R first reported by Crabtree for'liH,(CRCO,)(PRs), for R =
%// Cy 535 The cyclohexyl derivative gave only 2 equiv of COE
B L under thermal conditions, analogous to those used fer R
| SO0OGEs N >_CF . N °°°°Fa p-F—CeH4 (150_°C, neat cyclooctane, 2 days). The activi_ty
! T AP ? H; CHz of the system increases when room temperature solutions
are subject to photolysis conditions. In the presence of TBE,
(/‘\\ ZX 28 turnovers of COE were observed after prolonged pho-
R w. i ococr, . | o H I/OCOCFs tolysis with 254 nm light (25°C, 7 days). Activity was
,7'{( > s R H |\( maintained upon removal of TBE from the system, though
Ho Lo =" ! / at decreased turnover numbers. In the absence of the H
A R acceptor, 7 turnovers were obtained after 7 days, indicating

that the dehydrogenation reaction can be driven by the energy
Figure 1. Proposed mechanism for alkane dehydrogenation derived from photon absorption. The photocatalysis was
catalyzed by IWH,(CFCO,)(PRy), (R = p-F—CgH., Cy) by photo- proposed to proceed by a-El activations-hydride elimina-
chemical (right) and thermal transfer hydrogenation (left) pathways. tion mechanism similar to that of the thermal dehydrogena-

tion where photons were thought to generate the active

Ir'(CFsCO,)(PCys). intermediate by expulsion of Hrom
dehydrogenation of cyclooctane b Hx(CFCO,)(PRy)2.5>* I H,(CFsCOy,)(PCys)2 (Figure 1, right).
For PRy = P(p-F—CeHy)s, dehydrogenation proceeds from  photocatalytic alkane dehydrogenations were also reported
the dihydride II'Hy(CRCO)(PRy), via a proposed initial  ysing monomeric Rh complexes of the Vaska type!-Rh
conversion of tha*>CFRCO; to ax* binding mode to open  (PRy),(CO)CI. Saito and co-workers were the first to report
a coordination sitg,_ followed by c_oord|nat|on o_f TBE. catalysis using REPR:)(CO)CI (R= Me, Et, Ph) complexes
Presumably the ability of GEO,™ to interchange binding  in neat n-alkane solvent (heptane or octane) at elevated
modes is important, because the use ok,CE& " in place  temperatures (6692 °C) under constant irradiatio.The
of CRCO; " gave a catalytically inactive complex. The TBE  activity of these catalysts is high compared with the
is then hydrogenated to give 2,2-dimethylbutane, which binds dehydrogenation catalysts based on Ir or Re, with a maxi-
weakly to the If center and upon dissociation generates a mum turnover frequency observed of 795t tor PR; =
reactive three-coordinate, 14 electron Ir complex as a PMe; at 92°C. No appreciable rate differences were observed
proposed intermediate. Alkane binding and g activation for the dehydrogenation oEheptane ve-octane, suggesting
proceed to give a hydrido alkyl complex, which then that the rate-determining step is not particularly sensitive to
p-hydride eliminates to give a dihydrido olefin species. minor substrate modifications. Only moderate catalytic
Subsequent dissociation of alkene and conversion ofthe  selectivity was observed as both a mixture of 1- and
CRCO; to a «*binding mode regenerates the starting 2-heptene were obtained as the dehydrogenation products
Ir'"Hy(CFCO;)(PRs)2 complex and closes the catalytic cycle. of n-heptane. Catalyst activity increased with increasing
The overall determinant to the effectiveness of this catalysis temperature and also increased with the donating ability of
appears to involve removal of the dihydride ligands from the phosphine along the series RMePEt > PPh. Catalyst
the coordination sphere of the metal center. With the- P initiation proceeded by CO photodissociation from(RR).-
F—CsH.)s ligand, this is accomplished by the transfer (CO)Cl (max > 340 nm), suggesting that the active inter-
hydrogenation of TBE, which provides the thermodynamic mediate is the 14 electron, three-coordinate fragment
driving force for the overall reaction. A maximum of 16 Rh(PR;),Cl.”>"7> The substrate scope was subsequently
turnovers for cyclooctane dehydrogenation in the presenceexpanded to include cyclic alkanes such as cyclohexane and
of excess TBE at 150C was observed. Since this initial cylcooctan€ 82 Rh(PR;)(CO)Cl complexes also catalyze
work, thermal alkane dehydrogenation has progressed con-dehydrogenative dimerization reactions under irradiation
siderably with the application of Ir pincer complexes (pincer conditions of alkanes to dien&sarenes to biaryl& and
= 2,6-(RPCH)-CgHs, R = Bu, 'Pr, for exampley® A host methyl propionate to primarily 4-propionyloxybutyrgfe.
of derivatives has been report#&d®” all taking advantage = Thorough mechanistic studies were not undertaken, but the
of stability afforded by the pincer ligand, which allows evidence suggesting initiation from the 14 electron' Rh
catalysis to proceed at high temperatures without significant fragment led to the generally accepted proposition of an
decomposition. Most schemes employ TBE or norbornene oxidative addition-hydride elimination pathway, similar to
as sacrificial hydrogen acceptors in a similar fashion to that that for the Ir complexes reported by Crabtree.
shown in Figure 1, but some acceptorless systems have been Detailed mechanistic studies for the 'f#HVie;),(CO)CI
reporteck? ¢ Turnovers for cyclooctane dehydrogenation as catalyzed photodehydrogenation of alkanes were carried out
high as 3300 have been observed when using a ferroceneby Goldman and co-workeP&:88 In the proposed mechanism
derived pincer ligand’ This strategy has been applied to shown in Figure 2, photoinitiated dissociation of CO gener-
tandem catalysi® wherein lower alkanes are first dehydro- ates a reactive RiPMe;),Cl fragment as initially deduced
genated by an Ir pincer complex and then subsequentlyby Saito. This fragment then oxidatively adds alkanetC
converted to higher olefins by in situ olefin metathesis. In bonds (cyclooctane in Figure 2) to generate an alkyl hydride
this work, the alkenes generated by olefin metathesis servespecies, whicl$-hydride eliminates to generate the dihydrido
as sacrificial hydrogen acceptors to regenerate the activealkene complex. Alkene dissociation followed by ldss,
dehydrogenation catalyst. induced by CO coordination, regenerates the starting complex
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Hy hv
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Figure 2. Proposed mechanism for the photocatalytic cyclooctane R, 7 . R

dehydrogenation at RfPMes),(CO)CI as determined by Goldman

and co-workers. Figure 3. Generalized radical reactions of pertinence to the Hg

photocatalyzed dehydrogenation of alkanes.
and closes the catalytic cycle. Notably the initial photodis-
sociation of CO is the only photochemical step in the cycle, empty @ orbitals?:92 The sulfide-bridged rhodium and

contrasting the mechanism proposed by Crabtree foriridiumAframes M (d . -

t . S - , MM (dppm}(u-S)(CO), show mild activ-
g.hHé(%EQOZ)(Pﬁﬁ)Z \lxqvher.e :’”3 eln;gg%ted lflro”.‘ the t ity (<30 turnovers for cyclooctane dehydrogenation to
inydnide in a photochemical step. iionay, in nea cyclooctene) when irradiating bands centered at 475 and 418

cyclooctane and cyclohexane, dehydrogenation to give nm. respectivelv (doone bis(diphenvibhosphino)methane
cyclooctene and cyclohexene proceeds with identical quan'CH;[P(Csz)g]Z).%?SQ“QI'phe initigll trijrnoztfr freguenc)ies for M'

tum yields, consistent with a rate-determining step that does ~ Rh 1 ; ; .

. =S = were~32 h1, suggesting that the active catalyst is
not 'thOIVe alk?n?t. 'Jhtedotbs'(tarved %O mt:rl]b;tk:on r?ftthe rapidly decomposed under the conditions employed. Con-
nerated RPMe;Cl fragment, but rather to CO coordina.  /e1Sel; the face-to-face Rilimer, Rh'(dppm)CL(CO.

2 y - . .
tion to the alkyl hydride intermediate, thereby preventing showed no alkane dehydrogenation activity.
p-hydride elimination. Thus, even under the highest CO

pressures employed in the study (800 Torr), the back reac-2'2' Mercury Photosensitization

tion of CO with RK(PMe;).Cl cannot compete kinetically Mercury photosensitization of the dehydrodimerization of
with alkane G-H bond activation, which was found to be  alkanes offers another photocatalytic route to the generation
reversible. of H,. The method, which has been known since at least the

As a result of the foregoing mechanistic work on'Rh  1920s, was developed, however, not for d¢neration but
(PMey)x(CO)Cl, the following series of equilibrium reactions  rather for the synthesis of higher alkanes from low carbon
suggest that the photochemically generated fragment offeedstock$®9? A general reaction scheme for the overall
Figure 2, RHPMey).Cl, can also be accessed via the thermal process is shown in Figure 3.
equilibrium described by eqs 7 and8? Crabtree and co-workers revisited the method in attempts

to make the technique synthetically viable for the formation
Rh(PMe),(H),Cl + CO= Rh(PMg),(CO)CI+ H, (6) of C—C bonds®®-1% The electronic structure of Hg atoms

in the gas phase is well develop®dthe reaction proceeds
Rh(PMe),(H),Cl + alkene, .= by direct excitation (a 586 — 5d'%s'6p* transition) of

gas-phase Hg atoms with 254 nm photons to generate the
Rh(PMg).Cl + alkang,, (7) 3P, excited state. This triplet excited state abstracts a
. hydrogen atom (H atom) from the alkane substrate to
alkane+ Rh(PMg),Cl = generate a free H atom and an organic radical. The H atom
Rh(PMe),(H).Cl + alkene (8)  can go on to produce Hby undergoing a bimolecular

combination reaction with an H atom from another alkane.
A moderate pressure of Hnduces CO dissociation from  The alkyl radicals dimerize by the formation of aC bond
Rh(PMes),(CO)CI to generate the five-coordinate fragment or disproportionate to alkane and alkene products. Selectivity
Rh(PMe),(H),Cl, by shifting the equilibrium of eq 6 to the  for dimerization over higher oligomerization was achieved
left. Coordination of a sacrificial alkene to RRMe3)o(H)2- by carefully controlling the temperature so that the vessel
Cl followed by hydrogenation generates alkane and the sameheadspace was occupied by monomer precursors as opposed
catalytically active R{{PMe;),Cl fragment from photochemi- to C—C coupled products, which could effectively be
cal experiments, eq 7, where the thermodynamic driving removed from the headspace by condensation. The dimer-
force is provided by the exothermic hydrogenation of a sacri- ization reaction proceeds with quantum yields at 254 nm as
ficial alkene. In this way, the photochemical alkane dehy- high as 0.8 for competent H atom donors such as triethyl-
drogenation catalyst, RIPMe;),(CO)CI, may be changedto silane, whereas cyclohexane is dimerized with a quantum
one that is a thermal-based transfer dehydrogenation byyield of 0.42 with turnovers of 2% 10~ mol~* h~ under
clever manipulation of the reaction equilibria. reflux conditions®® The reaction may be extended to het-

In an attempt to shift the photon energy into the visible erodimerizations in certain cas€8Recycling of the alkenes
region, bimetallic analogs of RiPMe;),(CO)CI were ex- produced by radical disproportionation is achieved by H atom
amined. The bathochromic shift in the absorption bands of attack to regenerate alkyl radicals, which can then re-enter
bimetallic square-planar RHimers arises from acd — po the catalytic cycle. Consistent with a radical mechanism,
transition arising from the overlap of filledzdorbitals and preferential attack of the more substitutee-ig bonds, 3
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Table 2. Representative Photocatalysts for Alcohol Dehydrogenations

T Aexc time TOF

catalyst substrate product (°C) (nm) (h) TON (™3 ref
RH(PPh)CI isopropanol acetone 21 a 1 670 b 102
Rh(PPh)sCl isopropanol acetone 21 <300 5370 b 103
RH(P(OPh):Cl isopropanol acetone 21 <300 6410 b 103
Rh(PE&)2(CO)I isopropanol acetone 84 340420 b b 1110 105,106
RH(PE&)(CO)Br isopropanol acetone 84 340420 b b 750 105,106
Rh(PMe&),(CO)Br isopropanol acetone 84 340420 b b 810 105,106
cis-Rh,"'(dppm)(CO)Cl, methanol formaldehyde 64 130 111,112
P! (dppm}Cl, methanol formaldehyde 64 156 108,109
cis-Rh,"'(dppm)(CO)Cl, isopropanol acetone 20 312 6 15 108,109
Pt (P,0sH2) 44 isopropanol acetone b b b >400 b 110
I'"MH(SNCh)s>~ isopropanol acetone 82 254 109 119
RH"H(SNnCh)s*~ isopropanol acetone 82 254 88 2m4
RU"H(SNnCh)s*~ isopropanol acetone 82 254 48 2|4
RW'(TPP)CI isopropanol acetone >360 136-138
Rh"(TPP)CI cyclohexanol cyclohexanone >360 520 3430 136,139
H3PW;,040:6 HO ethanol b 27 >340 b b b 150

aNo filter. ® Not described.

> 2° > 1°, was noted. The requirement of high-energy UV coordinates the metal; the inability of the oxidized phosphine
photons (254 nm) is a fundamental limitation of the mercury to fill a coordination site could allow for more facile binding
photosensitization scheme that prohibits the overall ap- of substrate to a putative 14 electron, three-coordinate
plicability of the system for K generation. fragment, followed by reductive elimination of,;Hrom the
Rh center. The role of the photon in this case remains
2.3. Alcohol Photo-dehydrogenations undefined, but is likely involved in the photoextrusion of
) . H, from an octahedral RHPPh),X(H),Cl intermediate (X
The dehydrogenation of alcohols to either ketones or _ PPh, OPPh, or substrate) by analogy to the observations
e}ldehydes provides an avenue to photocatalytiptdduc- made E)y Ford’ et al. for RHPPh)s(H),Cl.10%
Conyiropensioor e o alonel o codum phospinecompleres o askals ypel P
ydrog y Y P (CO)X, have also been employed as alcohol dehydrogenation

dehydrogenations (Table 2). In addition to the typical nnsiocatalysts. Saito and co-workers examined the reactivity
oxidative addition-hydride elimination pathways for alkane ot several derivatives as catalysts for the dehydrogenation

dehydrogenation, alcohol dehydrogenations can involve H ¢ isopropanol, where PR= PPh, PPr, PEtPh, PEtPh
atom transfers, fast stepwise electron transfer followed by pe¢ “and PMe'and X = CI, Br, and 129519 The ’reactivity,/
proton transfer, or other radical pathways. As a result, unlike \, -<"tound to increase in the ’orderPR PPh < PPr, <
alkane dehydrogenation, these reactivity modes are NOtpEpR < PELPh < PEL < PMe; and also along the series
limited to late transition metal centers. A catalyst that can y — ] < gy < | suggesting that an electron-rich catalyst
open a coordination site and support a two-electron oxidation g more active for dehydrogenation with RPEE),(CO)!
state change can potentially generatebiyl alcohol dehy-  aaining turnover a frequency of 1110%at 82°C under
drogenation. irradiation. The corresponding activity of the '@PMe;).-
(CO)I complex was not reported, although'@Me;)(CO)-

Br was found to be more active than'RPE),(CO)Br with
Several Rhphosphine complexes of the Wilkinson type turnover frequencies of 810 and 750hrespectively. The
have been used as photocatalysts for alcohol dehydrogenarole of the photon in the dehydrogenation cycle is revealed
tions. Some of these are listed in Table 2. For the case ofby the action spectrum, that is, wavelength dependence, of

2.3.1. Rhodium Phosphine Complexes

Wilkinson’s complex, R{PPh);Cl, Sugi and co-workers
observed the photocatalytic production of flom isopro-
panol solution with a maximum turnover of 67011
Interestingly, the catalysis was more efficient when exposed
to air, although the role of oxygen in the reaction remains
unclear. Irradiation with UV light4ex < 300 nm) is required
for catalysis, which nevertheless exhibits a significant
induction period (+1.5 h) before Hevolution is observed.
Subsequent work by Smith and co-workers using(IRPh)s-

Cl, RH(P(OPh})sCl, and mixtures of [RCOD)CI], or
[Rh'(CO)CI], with PPk or OPPR reported increased
turnover numbers for isopropanol dehydrogenatf8ihe
most active catalyst was found to be'@{OPh))sCl, which
exhibited a turnover number ef6400 when irradiated with
UV light (Aexe < 300 nm) at 21°C. While a complete

the photocatalysis. Significant ;Hphotogeneration was
observed when irradiation wavelengths were co-incident with
that required for photoexpulsion of CO from the' @Rs),-
(CO)X coordination sphere (340 N Aexc < 420 nm).
Additionally the turnover frequencies were observed to drop
when conducted under a CO atmosphere. Based on these
results, the active species is surmised to be a three-coordinate,
14 electron RKPRs).X fragment, consistent with that
postulated for alkane dehydrogenations from similar Vaska-
type complexes.

Cole-Hamilton and co-workers proposed the mechanism
shown in Figure 4 for the dehydrogenation of primary and
secondary alcohols at related '@Prs)sH and RHW(PPr),-

HCO catalyst$%7:1%|n the case of the primary alcohol etha-
nol, irradiation in the presence of either 'B#Pr;);H and

mechanistic scheme remains undefined, it was suggested thaRh'(PPr),(CO)H gives H, CO, and CH as the primary
the rate enhancement was attendant to oxygen exposure angdroducts, though the turnover frequencies were low, with

the induction period is due to a slow oxidation of dissociated
PR; to OPR. As opposed to PR OPR; more weakly

6.2 hr* for Hz and 0.48 h' for CH, for photochemical dehy-
drogenation of ethanol using RRPr);H at 150 °C.19°
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refluxing 9:1 methanol/acetone solutions. Turnovers of 130

Hol L
/L J}\H ,\\<Ha and 155 hl were ob_tained for the_ _Rh and Pd catalysts,
L YH L respectlvely._Interestlngly, t_he ad_d!t|0n of acetone appears
R R P A to be a requisite for catalytic activity. The photolysis was
OCHR R performed under full spectrum irradiation conditions, prompt-
i ing the suggestion that direct excitation into the acetone n
AOR.OR 8~ sowent \\ — r* transition e < ~312 nm) photoinitiates the reaction.
H The nt* excited state was proposed to abstract a methyl H
Ho L +L Ho L Hol L .
R === A P |"\(° atom from methanql to generate the m_ethoxy radlcal._The
Co\ sl observed product distributions reflect this radical reactivity
/ because ethylene glycol and formaldehyde dimethyl acetal
N u L are observed, in addition to formaldehyde, which is the
PLUGHR o product expected from simple dehydrogenation. Control
Ve R experiments using only acetone and no transition metal
RH catalyst showed low catalytic activity and a markedly
Figure 4. Proposed mechanism for the photocatalytic decomposi- different product ratio. The major products in the liquid phase
tion of methanol by RYPR:)2(CO)H (R = iPr) to give H, CHy, were ethylene glycol and isopropanol; formaldehyde was
and CO. obtained in only small quantities. The gaseous products were

composed primarily of methane and only small quantities
of H, (methane/hydroges ~70:1). These results establish
that the bimetallic complex is needed to support high
turnovers. Accordingly, it was proposed that the initial

: : g ; thanol activation occurs by H atom abstraction from a
with the action spectrum for photocatalysis, form the basis me . >
for the photocycle of Figure 4. Initial photoexpulsion of CO C—H bond of methgnol by the directly excited acetone to
from RH(PR;)2(CO)H (R= PPr) furnishes the reactive tri- generate a ketyl rqd|cal and HOgHHydrogen generation
coordinate intermediate, RRR;).H, which oxidatively adds IS then .achlev.e'd in subsequent steps by reaction Qf the
across the ©H bond of methanol; the coordination sphere blmetalllc transition metal catalysts with .the organic radicals
is completed with a molecule of solvent to give'RPRs),- to give formaldehyde and acetone. This strategy was later
(H)o(OCH,CH,)(S). Dissociation of solvent followed by aPplied to isopropanol dehydrogenation usiiseRhy" (dppm)-

B-hydride elimination gives the trihydride, BEPR;)s(H)s- Clz(CO).*** An induction period was ascribed to an initial
(O=CHCHp). Elimination of h followed by anothep-hy- slov_v dehydrogenation of |sopr0pf_;1nol to generate acetone.
dride elimination and solvent coordination gives the acyl ~S In the methanol dehydrogenation case, the acetone was
complex RH (PRy);H(C=0CH)(S). Methane may be gener- proposed to act as a sensitizer once an appreciable concen-
ated by reductive elimination from RPR),(H)o(CHs)CO, tration accurr_]ulated. Consistent with this contention, the
which forms from the dissociation of the solvent followed nduction period was eliminated when acetone was added
by CO migration. The starting catalyst is regenerated with {© the solution.
this reductive elimination. Based on this mechanismahtl Arguably, the most extensively examined system for the
methane should be evolved in a 1:1 stoichiometry. It is photocatalytic dehydrogenation of alcohols by a dinuclear
perplexing then, that the reported turnover frequency for H complex is that of Bt!'(P,OsH.),*", better known as
is a factor of~13 greater than that for CHThis discrepancy ~ PtPOP!! First crystallized in 199¢;> PtPOP is a face-to-
suggests that the mechanism is not fully understood and thaface dimer of two square-planar® dPt' metal centers.
other pathways for FHgeneration may be operative. One Penetrating spectroscopic studi&s®reveal that the frontier
possibility is that the mechanism of Figure 4 represents a metal centered molecular orbitals (MOs) arise from the
minor pathway for methanol dehydrogenation and that the overlap of the ¢ orbitals in & and d* linear combina-
major pathway proceeds via a mechanism similar to the tions!'*In the 4-fold symmetry of thé®., ligand environ-
Vaska-type RI{PR;),(CO)CI complexes, that is, a pathway ment, an allowed@* — po electronic transition is assigned
that converts methanol directly into formaldehyde and H to an intense absorption feature at 367 (3 x 10*
without invoking Rh acyl intermediates. M~1 cm™1).120 Excitation into this band generates a long-
The photocatalyzed dehydrogenation of isopropanol by lived phosphoresceri{do*po) excited state with a nearly
RH(PRs)(CO)H is also proposed to proceed by oxidative 10 us lifetime and an emission maximum of 514 Ath.

addi.tion. of the alcoholic ©H b_ond flollowed byg-hydride The3(do*po) excited state exhibits diradical charactér,
elimination to generate a Rhdihydride and acetoné? In from which the photoreactivity of PtPOP is derived. Round-
this case however the photochemical step was presumed tqyj|| irradiated the d¢* — po absorption manifold in the
involve the reductive elimination Of;Hbecause the SyStem presence of isopropan0| to formp Mith a turnover of>400
was catalytic under irradiation but also in the dark when in after 3 h of irradiation at ambient temperatul@. The
the presence of the transfer hydrogenation acceptor 1-hexenephotoreaction mechanism shown in Figure 5 was deciphered
. by Gray and co-workers by undertaking a series of compre-
2.3.2. Binuclear Complexes hensive studies. Initial photon absorption generates thé Pt
Alcohol dehydrogenation accompanied by élolution 3(do*po) excited state, which abstracts a hydrogen atom from
may also be accomplished by bimetallic late transition metal isopropanol and forms the mixed valence hydride complex,
complexes. Methanol and isopropanol can be photocatalyti- Pt"'""H. The existence of this mixed valence complex was
cally dehydrogenated upon irradiatation of solutiongief verified directly in pulse radiolysis spectf&. This mixed-
R (dppm)Cl(CO), and Pd"'(dppm}Cl,.11 113 For metha-  valence intermediate abstracts a second H atom to form the
nol dehydrogenation, the photoreactions were performed invalence symmetric dihydride, "' (H), by analogy with

Though many mechanistic details remain unexplored, the
observation by Otsuka and co-workers that'(RFrs)sH
reacts with methanol to give RRPrs),(CO)H !0 together
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He Pt hv through the intermediacy of a RKTPP)H complex by the
. %/ following reaction cascade (for the example of isopropanol):

P = [Rh"(TPP)CI]4+ HOCH(CH,), —
Ptzm'”ng P'Q”'”(PZOSHZ)“' [Ptg”-“]' "
[Rh"(TPP)(OCHI[CH],)] + HCI (9)

(CH2),CO (CH3),CHOH

[Rh" (TPP)(OCHICH],)] —
[Rh(TPP)” + (CH,),CO+ H" (10)

(CH3)2COH > Pto""H = (CHg),COH

Figure 5. Proposed mechanism for the photocatalytic isopropanol

dehydrogenation at PtPOP (PGPP,0sH»%"). [RN(TPP)[ + H™ = [Rh" (TPP)H] (11)
. (CHe)oCHOH [RA" (TPP)H]l”» [Rh" (TPP)H]* (12)

-
Mol === MLy
+

[Rh"(TPP)H* + [Rh" (TPP)H]—
(CHa)2CO + Ha [Rh"(TPP)]" + [RN(TPP)] + H, (13)

Figure 6. Proposed mechanism for isopropanol dehydrogenation
by M"(SnCE),(Y)2 salts (Y=H, Cl;x=1o0r 2;z= 6 — X). [Rh"'(TPP)r + HOCH(CH;,), —

[Rh(TPP)] + (CH,),CO+ 2H" (14)
previous work concerning the thermal oxidation chemistry i )
of Pu" coresi?* This intermediate was independently No intermediates are observed along the pathway, but

synthesized, and a binuclear axial dihydride formulation was Précedent for a bimolecular reactivity mode was found in
confirmed?2s Hydrogen release from the dihydride requires the stoichiometric thermal generation of, ldbserved by

a photon, though the precise mechanism for this effective ©90shi et al. fE)m a reaction of a related 'RDEP)H
reductive elimination has eluded identificati#i The pho- ~ complex (OEP=octaethylporphyrin) with concomitant

tocycle of Figure 5 has been extended to numerous secondan{ormation of [RH(OEP)R.1** Wayland et al. later reported
alcohols and also tofet-d® complexes of [£26-128 hat the reaction is significantly enhanced under photolysis

conditions indicating the involvement of REOEP)H excited
2.3.3. M-Sn Complexes states along the reaction pathwdéyThe authors suggest that
N _ . the increased steric demands of TPP vs OEP prevent the

Transition metal complexes coordinated by tin-based fgrmation of the metatmetal bonded d” RH(TPP)
ligands also exhibit alcohol dehydrogenation activity. Saito dimer, and thus dimerization of a photoexcited [Rh
and co-workers initially reported that a mixture of'"RBl5- (TPP)H]* and a ground-state RKTPP)H are proposed to
(H20)s, SH'Cly(H20), and LiCl in a 1:2:3 ratio dehydroge-  give H, and the valence disproportionated products'[Rh
nated isopropanol with a quantum efficiency of 1.7 under (Tpp)}- and [RA(TPP)I. The [RH!(TPP)]" is then sug-
UV irradiation @exc = 254 nm) at 82C.12%1%The catalysis  gested to oxidize isopropanol by two electrons to generate
was later extended to WCl3(H.0); complexes with M= [Rh(TPP)]", acetone, and two proton equivalents. The
1317133 and Rul®*1% Quantum efficiencies as high as 12 authors at this point chose to invoke successive proton and
were reported for M= Ir, where the active catalyst was electron transfers, but the possibility of hydrogen atom

suggested to be eitheansIr' Cl(SnCh),>~ or I'"H(SnCk)s* transfers along the pathway, as seen for PtPOP, for example,
on the basis of**Sn NMR spectrd® Mechanistic details  cannot be ignored.

are incomplete, but greater than unity quantum yields were
rationalized by a general mechanism where irradiation into 2.3.5. Polyoxometalates

a M(dn)—»Sn(n_*) transitior_1 induces dissociatiqn of a SCl Polyoxometalates (POMSs) are typically composed of
ligand generating the active catalyst according to the Ste.psmolybdates and tungstates of the Keggin, [¥®q™ (X
shown in Figure 6. The coordinatively unsaturated species _ P. Si, Fe, H), or Dawson, [PW1s0¢]%, type. POMs have
is proposed to dehydroge.nate isopropanol for seyeral turn'bee’n v;/ide’ly ’studied, ana the rich ’electr.ochemical and
OVErs ‘hef”.‘a”y befo_re being trapped by Sg.TQh a ligand photochemical properties of these compounds have been
recombination reaction. Although the participation af'n |0 joyed elsewher8214 POMs are excellent oxidation
excited states of acetone for H atom abstraction could also ;5 st< and have been reported to photooxidize alcohols
play a role in the observed isopropanol dehydrogenation ;, acidic solutions#4-14¢ Upon one-electron reduction, the
catalysis. initially colorless or pale yellow solutions of POMs acquire
the bright blue huelgax = 500—-800 nm) of the heteropo-
lyblues (HPB). The low-energy electronic transitions are
Rhodium porphyrin complexes are active for the photo- attributed to intervalence charge transfer (IVCT) bands within
chemical dehydrogenation of alcohols. A chloro rhodium the lattice. The HPBs are ESR active and, at low tempera-
tetraphenyl porphyrin complex [Rh(TPP)CI] was found to tures, give signals with hyperfine couplings indicative of

2.3.4. Rhodium Porphyrins

dehydrogenate isopropaf®i 138 and cyclohexandt®13%to localization of the unpaired spin on a single metal center.
the corresponding ketones in neat alcohol at reflux temper- Upon warming, the observed signal broadens, suggesting
atures under visible light irradiationid, > 360 nm). extensive electron delocalization over the POM. The two-

Extended photolysis (520 h) gave 3430 turnovers with electron reduction products are ESR silent, indicating strong
exclusive formation of Kland ketone products as determined antiferromagnetic coupling of the unpaired spins within the
by GC analysis®® The reaction was proposed to proceed lattice, as is characteristic for species with oxo bridgés.
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Figure 8. Structure of a Pt terpyridine photocatalyst for H
production (top) and an example of the Hanztsch 1,4-dihydropy-
*OH, H* ridines used in that study as a dehydrogenation substrate (bottom).
Figure 7. Proposed mechanism for the polyoxometalate-catalyzed

anaerobic photocatalytic dehydrogenation of isopropanol to acetone.2 4. Platinum Terpyridine Complexes
Hydrogen production is accelerated in the presence of colloidal Pt,

but the Pt catalyst is not required. A Pt!(tpy)(acetylide) (tpy = terpyridine) complex has
recently been shown to catalytically dehydrogenate NADH
In anaerobic solution, photoexcitation of POMs in the analogs in anaerobic acetonitrile solution under irradigfién.
presence of oxidizable substrates such as alcohols gives th&he Pt (tpy)(acetylide) complex [(L)Pt(C=C—p-CeHs—
blue solution of HPB accompanied by Hroductiont4é-157 C=C—C¢Hs)|CIO, (L = 4'-(4-methoxyphenyl)-2,26,2'-
The rate of H production is faster in the presence of a terpyridyl) was used as a photocatalyst, Figure 8 (top), and
colloidal Pt catalyst, but Hproduction is inhibited in the  the substrate was diethyl-1,4-dihydro-2,6-dimethyl-3,5-py-
presence of oxygen, favoring the reduction of oxygen to ridinecarboxylate (DHP), a member of the Hanztsch 1,4-
water instead® Wavelength selection of the excitation light ~dihydropyridines, which have been used as models for
shows that the irradiation into the blue absorption bands givesNADH.*"*Irradiation into the Pt(d) — tpy(7*) MLCT band
no H,. Catalysis is induced when the excitation light is co- generates the long-livetMLCT excited state, which pos-
incident with the higher energy oxe metal, ligand to metal ~ S€SSes an emissive I_|fet|r_ne of 340 ns. In the presence of
charge transfer (LMCT) transition. Transient spectroscopic Substrate, the emission is quenched with Stafalmer
studies indicate that the active oxidant of a related POM, Kinetics at a rate constant of 8:710° M~*. Upon continued
[W 140324, forms within 30 ps of excitation into the & irradiation, B was produg:ed photocatalytlcally according to
W LMCT absorption band. This excited state has a relatively e sequence shown in Figure 8 (bottom), DHP was
long lifetime for a LMCT excited state of 15 ns, and it ~ cOmPpletely converted to the corresponding substituted py-
was found to possess significant radical character onfdine with a quantum yield of 0.38. NozHvas produced
oxygents® In the presence of an oxidizable substrate, the WNen N-:;]\Ikylatecﬂ] pyridines were fused. I_sotofplchlabellng
oxygen radical abstracts an H atom, which then gives the Sﬁﬂ'eez [Saog\i/:igﬂ gf?;:ugﬁgﬂggg ?]Odfhuatﬁggr;:] t?]re ggsrg?\/eeré
o lecon 16duce HPB A e lossof 1000 (041 uenchin e constan, bt cecrease e quantu i
the diffusion limit suggest that the initial event proceeds for H, produ_c_tlon from 0.38 to 0.32. Deuterium incorporation
through a preassociated complXThe preassociation of at the 1 position (pyridy! nitrogen) however gave a decreased

. . uenching rate constant of 6.4 10° M~! and also a
substrate with the POM in ground state has been supportedyecreased quantum yield of 0.31. With limited mechanistic
by X-ray structural evidence and shifted substrate NMR

p B V% detalls, the authors proposed a pathway where the excited
signals:**~* In the absence of water, H atom abstraction 3| CT state effects successive H atom abstractions from
from the alcohol occurs directhf1® but in aqueous  pHp 1o give the dehydrogenated DHP angl No attempts
solutions, water preferentially binds to the surface of the \yere made to identify intermediates along the reaction
POM over alcohol, disposing the initial H atom abstraction pathway.

process to proceed from water to yield hydroxyl radiééfls. ; | =C-p-

The hydroxyl radicals react with alcoholic substrates at a CGLTSI)]I:’Ct'I(égy()r(T;’:I&et:y If%%%?ﬁ;gﬂen[)%%og (Zg-tecrp?/-
diffusion-controlied rate, eventually givingzind acetone  yigy|) has been examined by transient absorption spectros-
for the case of isopropanol dehydrogenations as shown incopy in an effort to further elucidate the operational
Figure 75" The selectivity for acetone is under kinetic rather ' mechanisni’® Electron donors such as triethylamine and
than thermodynamic control because POMs are known to triphenylamine produce the same transient intermediates as
fully degrade alcohols to #0 and CQ.1%*"*"* The complete  ohserved when using the putative H atom donor, DHP. These
oxidation pathway is circumvented by much slower reaction results suggest that tHLCT excited state formed upon
kinetics (100 times slower) as compared with the kinetics jrradiation is quenched by electron transfer and not H atom
for the oxidation of isopropanol to acetone. The generation abstraction. Accordingly, an electron-transfer mechanism
of hydroxyl radicals is further supported by the observation may support Hgeneration where the primary photochemical
of identical kinetics and product distributions for the dehy- process is one-electron reduction of the @y ) SMLCT
drogenation of isopropanol bYOH generated usin§’Co- state to generate [Rtpy*)] . Subsequent reaction steps are
y-radiation!”? presumed to involve proton loss from the DHPfollowed
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Figure 9. Proposed mechanism for platinum-catalyzed photocata-
lytic H, production from aqueous 430, solutions.

by a net hydrogen atom loss from the 4 position of the

substrate to aromatize the resulting pyridine. As of yet, no figyre 10.
concrete evidence has been presented for the formation ofroduction
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Proton Reduction Chlorine Oxidation

s e

H* + IMCI> === HIr"'Cl¢> IVCl2- Vo VeI
HIfCl2- —Y e [HIFCI2 ] cr + IVCIg ) — Irficl> + CI
[HIMClg2 " —— IMVClg?™ + H 20 —> Ch
H + H* — Hy* Cr + CI° ——> Cly”
2H —> H Cly + IMCle®™ — IMVClgZ + Cly™
H + HIFCleZ ——= H, + IMVClg> Cly + IMCl> — I'VClg> + 2CI
He' + IMCl™ — Hp + IPVCI™ | J
N J
Overall

hv =254 nm

IV 3-/2-

+ CF

[ H* 12Hy, + 12 Clz]

Proposed reactions involved in the photocatalytic
of H from aqueous HCI solutions using ar'€lg3~

an intermediate Pt hydride, but by analogy with other systems catalyst.

(vide infra) this type of electron transfer/proton-transfer
pathway is plausible. The driving force for the reaction is
likely to stem from the aromatization of the DHP upon
removal of two hydrogen atoms.

3. Hydrogen Production from Acidic Solutions

Unlike the schemes of section 2, which rely on high-energy
substrates, Hgeneration directly from low-energy substrates
such as acids are relatively uncommon. Owing to the lower
energy content of the substrate; photogeneration from

a reductive elimination of persulfuric acid,,80s, and
regenerate the starting [PPE)sH]" species. The authors
report H production and a 50% recovery of [PRPE)sH]*
after 48 h of photolysis. The recovery of [IFPEt)sH]* is
given as evidence of catalysis, but no turnover data for H
generation is reported and the propose Ritermediates
as well as the persulfuric acid were not directly observed.
Photocatalytic H production using a simple metal salt,
Ir'"Clg3~, from aqueous HCI has been proposed to proceed
by the reaction sequence shown in Figuré®@84Irradiation

inorganic acids heretofore generally requires high-energy into the Cl— Ir'" LMCT bands with 254 nm light led to the

photons to drive the reaction. Moreover, simple mineral acids
like HCIl and HBr have conjugate bases that form very strong
M—X bonds (X= ClI, Br) with many transition metal centers.

disappearance of "'Cl>~ and produced the one-electron
oxidized species fCls>~ with the concomitant production
of half an equivalent of molecularHThe steps leading to

Hence if one is to achieve turnover, a potential catalyst mustthis reactivity may involve a pre-equilibrium between

be able to activate the thermodynamically challenging>¥

Ir"Cls®~ and HIMClg?~ followed by photoexcitation of

bond. Few systems have been able to achieve this type ofH|r'"'Cls2- to generate the excited state [MEls2]* (pos-

reactivity to date.

3.1. Mononuclear Catalysts

Some of the earliest reports of Hhotogeneration involve

sessing significant Ir CI* character), which is then proposed
to decomposeota H atom and IYClg>~. Possible reactions
for the resulting H atoms include dimerization to generate
H,, reaction with another equivalent of MI€ls?>~ to generate
H, and IVClg?~, and the more unlikely reaction of the H

acidic solutions of simple metal salts. Whereas most reducedatom with a proton to generate;Hwhich is subsequently

metal ions produce Hpromptly upon their addition to

reduced to H by another equivalent of Clg*>~. Catalysis

mineral acids, some are thermally stable toward acid. In theseis accomplished by secondary photolysis of th¥éQk2-

cases, photoexcitation leads to the generation astbichi-
ometrically: EG@",176 Cr2+ 177 Fe?t,178 Ce*™,17% and Cu 180
are all active under photolysis conditions.

generated during the course of hydrogen production. In a
similar fashion to proton reduction, Ck Ir'V LMCT
excitation generates a charge-transfer complex with-Ir

Photocatalysis may be achieved upon complexation of CI* character, and this intermediate is capable of oxidizing

metal ions with appropriate ligand sets. For instance, H
production from a mononuclear platinum phosphine complex
in aqueous KSO, solutions was reported by Cole-Hamil-
ton®1In this scheme, a solution of'RPE%).Cl,, PE%, and
AgzSO, in aqueous K5O, adjusted to pH 2.5 was irradiated
with light from the full spectrum. Mechanistic details are
not reported, but the authors propose that initial halide
abstraction followed by phosphine coordination and two-
electron reduction initially generates the reactive fragment
PO(PE&)s, which is known to rapidly convert to [IRt
(PEg)3H]™ in aqueous solutiotf? The catalytically active
[Pt (PE®)sH] species is proposed to enter the cycle shown
in Figure 9. In brief, protonation of [PtPEg)sH] ™ followed

by coordination with HS@Q generates the [P{PE&)sH,-
(HSQy)]™ cation. Photoinduced tElimination is proposed

to give the [Pt(PE)s(HSQs)]* species, which activates
another equivalent of ¥3O, to generate [P{(PEg)sH-
(HSQy),]". A second photoinduced step is proposed to effect

a free Ct ion from the aqueous mineral acid solution to
furnish unbound chlorine radicals and €ls>~. The chlorine
radicals are then proposed to undergo radical-based reactivity
similar to that of the hydrogen atoms to eventually generate
chlorine and the startingYiClg>~ photoreactant. The catalytic
cycle is closed with the recovery of'I€l3~ by the secondary
photolysis reaction of I¥Cls>~ and provides the net conver-
sion of HCI to%/>,H, and/,Cl,. The quantum efficiency of
the overall conversion is 0.28 in 12 M HCI using 254 nm
irradiation. This quantum efficiency is observed to drop off
sharply with decreasing photon energy and turns off com-
pletely when using wavelengths longer than 366 nm,
consistent with photoreactivity derived from high-energy Cl
— Ir charge-transfer excited states. Although the system
carries out the photocatalytic splitting of HCI t6H, and
,Cl, while under constant irradiation, the produced il
observed to reoxidize the"lClg®~ to IMVClg2~ when the
photolysis is ceased.
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3.2. Binuclear Catalysts Rh,""" (bridge)CL* 2"
The mononuclear systems outlined above suffer either 2Rh,"" (bridge),CL,2" + H, (16)

from single-electron steps or the need for high-energy

irradiation for catalytic reactivity or both. More ideal catalysts to generate 2 equiv of RH'(bridge)Cl,2* and H in an
woulld. absqrb visible photons and .h.ave the ability t0 | ndefined mannei?2223The visible-light-promoted bipro-
participate in the two-electron reactivity needed fog H §yction is stoichiometric and not catalytic. The strond Rh
generation. To this end, bimetallic complexes with strongly | ponds of the oxidized R (bridge)XCl,2* cannot be
interacting metal centers possess a number of attractiveggtivated to regenerate the active;Rfbridge)?* for reentry
features for the development of photocatalysts. Low-lying, into a catalytic cycle.

allowed transitions with parentage from the bimetallic core  1he two-electron photoreactivity of the Ribridge)?+
can give rise to reactive electronic excited states accessedsystem is derived from coupling the one-electron reactivity

with visible photons. Additionally bimetallic reactivit$*®® ot the individual Rh centers of the bimetallic core. Spec-
is based on the tenet that two metals combined might enableyoscopic studies show that the’d— po excited state of

transformations inaccessible to single metal i814%0One the ---d® excited state is metal-based with two electrons
commonly encounters dinuclear and higher nuclearity metal jn g triplet configuratior?24225 each localized on a metal
sites in Nature: in the diiron enzynié$soluble methane  center of a singly bonded binuclear core. The excited states
monooxygenasé®** and class | ribonucleotide reduc- of binuclear &--d® complexes, and%--d'® complexes as
tase}>1%2in the dicopper and ironcopper sites of cyto-  ell, may therefore be described chemically as a diradical

chromec oxidase'®*1%4in the dinickel center of ureas®, tethered by a metaimetal bond ([&-+df]* = ["M—M]*). 226
in the Ox-transport proteins hemerythtf#**and hemocya-  Not surprisingly, these types of excited states drive primary
nin,*” in the photosystem Il oxygen-evolving complEX,  one-electron photoevents, as observed in the hydrogen atom

in the enzymes nitrogena8® 2t and nicket-carbon mon-  chemistry of PtPOP (section 2.3.2) and the Rh bridge
oxide dehydrogenase/acetyl coenzyme A syntR&s&®in chemistry of egs 15 and 16.

at least a dozen zinc enzyni®&2°7in certain iron-sulfur

clusters2%82%inter alia,210211and of course the iron-only and ~ 3.2.2. Two-Electron Mixed Valency

Ni—Fe active sites of hydrogenadé.?l” Most of these
enzymes activate small molecules by multielectron trans- bi
formations. Though the precise mechanistic details of
substrate activation in many such systems await elucidation,
reactivity and' speqtroscopic studies indicqte that the metalsthe binuclear core, as opposed to the triplet coupling of
of the bioactive site may work cooperatively to activate praqical states. The design is predicated on electrons that
substrates one electron at a tiffThe protein environment,  re weakly coupled such that the multielectron excited state

among other functions, ensures th_at one—el_ectron interme_di—may be prepared by exciting a metal-to-metal charge transfer
ates are channeled along the desired multielectron reaction\\cT). Here, electrons originally localized on the indi-

course and not diverted to nonproductive and uncontrollable yigyal metal centers of a bimetallic core in the ground state
case for a coordination compound. When removed from the excited state that is zwitterionic, -M:~, in nature. Two-
protected environment of the protein, an exposed polynuclearejectron reductions of substrate may be promoted at the
metal core is subject to a variety of one-electron redox \:- sjte, whereas substrates susceptible to two-electron
pathways that can subvert multielectron reactivity; however gxidation may react at the Msite.

intermetal redox cooperation in polynuclear metal coordina-  The electronic configuration formalism for a zwitterionic
tion compounds can potentially be achieved by judicious excited state was established with a detailed laser-induced

Using the connection between one-electron chemistry and
radical excited states, Nocera and co-workers sought to
emphasize the multielectron chemistry of binuclear com-
plexes by singlet coupling of two electrons on one metal of

ligand design. two-photon spectroscopic investigation of thebonding
L , manifold of quadruple metalmetal bond complexes. The
3.2.1. Biradical Excited States two electrons residing in the.gorbitals of thed bond are

weakly coupled owing to the parallel disposition of the
orbitals on each metal center to one another. By spectro-
scopically determining the energies of the four states of the
0/6* manifold bond, the ionic and covalent natures of the
excited state can be determined. The challenge confronting
this longstanding identification of the two-electron bond has

Ligation of binuclear Ri' centers by 1,3-diisocyanopro-
pane (bridge) gives rise to atl — po transition that falls
in the visible spectral regiom{a.x = 546 nm). Irradiation
into this absorption manifold of the?d-d® Rh,"!(bridge)?*
complex in hydrochloric acid causes the generation of one
I 7
ngvaleFr;t o hg/ c_i(;oge;\( 22‘1122‘32[“;“‘;@&' bon]fiedq td been the identification of the two-electron state; in the case
imer, R (bri 49+e)1 2z Imer of dIMers, — of the quadruple-bonded complexes, this state arises from
Rh4|;~ (bridgejCl;™, results from a thermal reaction of the ;5 15 5« configuration. Laser-induced two-photon spec-
Rh'! core with HCl as depicted in eq 15. The photon is 55c0py allowed this elusive excited state to be identi-

fied 227228 The discovery of the'd*o6* excited state was
important on several fronts: (1) Though discussed since the
inception of valenc®® and molecular orbitat® bonding
theories, this was the first time that the four states of a two-
electron bond had been spectroscopically characterized in a
needed to cleave the putative 'RIRh' bond in the discrete molecular specié¥.(2) The ionic contribution of
Rh," (bridge}Cl,*" tetranuclear complex followed by the  the wavefunction to théd* excited state was ascertained
reaction of the resultant dimers with HCI, eq 16, from the state energies of thiemanifold and found to be

2Rh," (bridge)”" 51—

Rh,"""" (bridge)Cl,*" + H, (15)
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Figure 11. Stepwise two-electron halogen elimination photochem-
istry of binuclear rhodium cores ligated by dfpma initiated by the
population of a d* excited state.
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80%. Indeed, the M—M:~ zwitterion mediates both two-
electron photochemical oxidative additfé#r234 and reduc-
tive elimination reaction$® However, it has not been
observed to drive hydrogen production directly. Quadruple
bonds can photogenerate hydrogen but by a one-electro
reaction in the case of MB0Q,)*236270or by coupling two
one-electron reactions in the case of P Oy)4*.2%8 The
two-electron chemistry of the zwitterionic state is prevented
by the rigid tetrakis ligation geometry of tiy;, complexes.

Terminal ligands are needed to allow the excited-state

complex to relax into a bioctahedral geometry, which has
been shown to trap the zwitterionic nature of fde¢ excited
state?®® The inability of the zwitterionic M—M:~ excited

state of quadruple bond complexes to drive hydrogen
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halogen ligands. Excitation into this absorption manifold
leads to Rh-X bond homolysis and eventually the generation
of the reduced complexes in discrete two-electron steps. The
related ligand tfepma can also achieve this—Xhbond
photoactivation chemistry (tfepnra CH;N[P(OCHCF)j],).2*
When a photolabile ligand such as CO is coordinated to the
RK center, proton reduction is observed upon excitation. The
ambidextrous ability of these compounds to not only reduce
protons but also photochemically regenerate reduced metal
centers suggested that a photocatalytigkbduction cycle

can be closed. In keeping with this, solutions of the reduced
complex, RE*%dfpmay(PPh)(CO), in THF were observed

to photocatalytically reduce HCI toHipon light excitation
(Aexc > 338 Nm)?*?In this case, the Cl radicals generated in

"the photochemical MX bond activation were trapped by

hydrogen atom abstraction from THF. At 2C in 0.1 M
HCl in THF, the catalyst Ri3%(dfpma)(PPh)(CO) was able

to achieve~80 turnovers of H with (lexc > 338 nm).
Monitoring the solution during the course of the photoca-
talysis by UV-vis spectroscopy showed a new band at 580
nm that quickly converted into the isolable two-electron
mixed-valence R§?"(dfpma}X,L complex.

The pathway for the observed photocatalysis was probed

production called for consideration of a re-engineered Py modifying the phosphorus ligands bridging the bimetallic
binuclear core. Unfortunately, preparation of zwitterionic COre in order to directly identify the pertinent intermediates
excited states by pairing two electrons within the binuclear involved in the H photocatalysis. Hydride or hydrido halide
core is largely unique to quadruple bond metal compounds, |ntermed|at_es were not observed for_ Rh dimers Ilgated with
with some notable exceptioR¥. Most excited states are the dfpma ligand used in the authentic photocatalytic system
derived from the population of molecular orbitals that are but could be isolated when using the more sterically
delocalized over the entire bimetallic core, and consequently, demanding and less electron-withdrawing ligand tfejgtha.
in such cases it is not appropriate to think about electron In this case, addition of #to the coordinatively unsaturated
pair localization. For this reason, multielectron schemes basedspecies Ri?'(tfepma)Cl, gave three isomeric hydrido halide
on zwitterionic excited states are difficult to generalize to Products, from which theynRhy"! (tfepma)(H)2(Cl). could
most other classes of binuclear complexes, and new ap-be separated. Photolysis of this isomer in THF gave prompt
proaches must be developed. expulsion of 1 equiv of K and regenerated the starting
The challenge presented by orbital delocalization may be Rh*!'(tfepma)Cl. complex. Additional photolysis reactions
overcome, however, if one realizes that the zwitterionic in THF-ds and with 1:1 mixtures osynRh,"" (tfepmaj(H).-
excited state, at a more general level, is a two-electron mixed(Cl)2 andsynRR " (tfepma}(D)-(Cl), gave H and H and
valence, M—M"2, complex. Under this formalism, a D, respectively, indicating that4elimination proceeds by
promising line of research is the synthesis of complexes with an intramolecular mechanism. Exposure sfnRh,""-
the two-electron mixed valency already present in the ground (tfepmaj(H)2(Cl). to excess HCl gave no reaction suggesting
state. This two-electron mixed valency may be ligand- that H production does not proceed by the protonation of a
based'! 24 or metal-base@2!With regard to the latter, Rh  hydride. Monitoring the photolysis reaction by UVis
bimetallics, when ligated by three dfpma ligands (dfpma  showed the growth of a short-lived intermediate with a blue
bis(difluorophosphino)methylamine, GN[PF,],), evidence  absorption feature centered at 600 nm, analogous to that
an unusual two-electron mixed-valence ground state®Rh  observed in the dfpma photocatalysis, and suggested that the
(dfpma}X,L (X = Cl, Br; L = PR;, CN'Bu, CO) containing blue intermediate results from a reductive elimination gf H
a formal RhR-Rh bond?*> The metat-metal single bond can ~ from the bimetallic core. Replacement of the bridgehead
be envisioned as arising from the pairing of odd electrons amine of the diphosphazane ligand backbone with a meth-

in the out of plane d orbitals on the @-d® (or [df]d*—d'-
[d®]) bimetallic core?®24¢ The two-electron mixed-valence

ground state is thought to be stabilized relative to a valence-

symmetric redox congener by asymmetriclonation of the
bridgehead amine lone pair allowing the ligand to concomi-

ylene unit gave the ligand tfepm (tfepm H,C[P(OCH-
CFs)2)2 (bis[bis(trifluoroethoxyphosphino)]methane)) and
allowed for the stabilization of valence-symmetric products
by eliminating the asymmetria-donation that engenders
two-electron mixed valency. Rh complexes ligated by tfepm

tantly accommodate metals both in low and in moderate exhibit a face-to-face %--d® geometry and display a

oxidation states.

pronounced low-energy absorption feature consistent with a

These cores are capable of facilitating four-electron redox do* — po electronic transition analogous to PtPOP ang'Rh
chemistry in discrete two-electron steps along the series(bridge)?". The stabilization of such species allowed for the

Rh2(dfpmayl,, R !(dfpma)yX,L, and RR"! (dfpma)X 4
(Figure 11)?*” Moreover the oxidized cores are capable of
Rh'—X bond photoactivations with the expulsion of halogen
radicals by excitation into a RFRh dz—d2 do* combination.
Population of this excited state formally nullifies the metal
metal bond and is simultaneousty with respect to the axial

assignment of the blue intermediate observed in the H
photocatalysis as a valence-symmetrig'Rttimer that results
from the intramolecular elimination of Hfrom two Rh
hydrides. Although the tfepm complexes exhibit a valence-
symmetric ground state, upon addition @&BuNC the
Rh! (tfepm)Cl, valence disproportionation proceeds quan-
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Figure 12. Proposed photocycle for Hproduction from HCl  the P —Au" core is robust. Steady-state photolysis of
solutions in THF as determined from the thermal and photochemical [Pt" Au"(dppm}PhCE]* in the presence of 1,3-dimethyl-2,3-
chemistry of model complexes. butadiene as a radical trap evidences a linear increase in
L ) ) guantum yield with trap concentration, with a maximum of
titatively to give a two-electron mixed-valent complex, g5 7o with visible light excitationAex = 405 nm), represen-
Rhp?!!(tfepmlCl(CN'Bu). _ tative an nearly a 10-fold increase over,Riomobimetallic

Taken together the reaction chemistry of the tfepma and complexeg5? The high quantum yields and well-defined
tfepm complexes allows for the proposal of a photocycle photoreactivity of the Pt—Au'' core should provide an
for H, production from homogeneous acidic solutions, Figure excellent platform from which to examine %X bond
12. In brief, from a reduced Rh’ complex an equivalent of  photoactivation by transient absorption in penetrating detail.
HX can oxidatively add at each metal center to generate a
hydrido halide complex analogous to the isolasgdRh,""' - : _ :

(tfepma}(H)(Cl),. Hydrogen elimination is achieved from 4. Photochemical Water —Gas Shift

this species by a photoinduced process giving the blue The water-gas shift reaction (WGS),

intermediate with a valence-symmetric &Rhcore. Subse-

quent coordination of a two-electron ligand gives the two- CO+H,0=CO,+H, (17)
electron mixed-valent RR" core by analogy with the Rh
tfepm complexes. Once formed, the mixed-valen®®Ricore
undergoes photoinduced RIX bond activation with the
assistance of a halogen radical trap to regenerate the re
duced RK° core, closing the catalytic cycle. The overall
reaction converts HX td/,H, and X; however the re-
quirement of a halogen radical trapping reagent (in most
cases THF) precludes solar energy storage that would
accompany the splitting of HCI into its constituent elemental
forms and introduces ambiguity into the nature of the organic
products.

Although considerable mechanistic insight has been gleane
from the model studies, many details require further clari-
fication before a complete picture can be presented. Of thes
unknowns, perhaps the greatest is the nature of the photo- :
initiated R —X bond activation that regenerates the reduced 4.1 Homoleptic Metal Carbonyl Catalysts
Rh,%0 cores from the RiS"X,. In the cycle presented in King and Ford employed M(CQ@)omplexes (M= Cr,
Figure 12, this reduction is presumed to occur by the initial Mo, W) for homogeneous WGS catalysis initially under
formation of RR®" followed by a net two-electron reduction  thermal condition®7:2%¢ according to the cycle shown in
accompanied by two RR-X bond activations to give a  Figure 13. Thermal expulsion of a CO ligand from M(GO)
d°—d® Rh,%0 core. Elucidation of short-lived intermediates generates an open coordination site at the metal center, which
by transient absorption spectroscopy has been hampered bys rapidly coordinated by a formate ion that is produced in
low quantum yields for the primary photoproducts. Efforts situ by the reaction of OH and CO. Dissociation of an
to enhance these quantum yields have centered around thadditional CO opens a coordination site fg@rhydride
incorporation of electronegative metals into a heterobimetallic elimination from the formaf&® accompanied by C£elimi-
construct. In this way, the redox and photochemistry of nation. Uptake of an equivalent of CO generates the
RK---Au' and Pt---Au' heterobimetallics have been explored, M(CO)sH~ complex, which is proposed to abstract a proton
wherein two-electron oxidation of [RAu'(tfepma)(CN- from H,O to regenerate OHand the M(COy(H,) dihydro-
Bu),]?" and [PYAu'(dppm}PhCI]" gives the singly bonded  gen complex. Thermal dissociation of, Hegenerates the
d°—d” Rh'—AuU" and P{'—Au" complexes, [RhAU'"- active M(COy species for catalytic turnové$?2%1 This
(tfepma)(CNBu),Cl;]2t and [P Au'(dppm}PhCE]*. Whereas  catalytic cycle involving homogeneous reagents operates at
the bimetallic RH—Au" core is thermally unstable significantly reduced temperatures (30070 °C) as com-

is widely employed in industry to enrich the hydrogen content
in water gas (synthesis gas) after the steam reforming of
methane. The WGS reaction is typically performed at high
temperatures over heterogeneous iron oxide or copper oxide
catalysts. Interest in the WGS shift reaction under mild,
homogeneous conditions has been long-standitt§*Many
soluble transition metal carbonyl complexes show activity
for thermal WGS catalysi®® usually in basic media and
rarely in acidic medi&® In some cases, WGS activity is
romoted photocatalytically, where the photons are typically
sed to open coordination sites by the expulsion of CO or
ephotoextrusion of BHfrom the transition metal center.
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pared with the heterogeneous systems using iron or copper HZ e

oxide catalysts (200 and 3®0°C). The highest turnover Hl A cr

frequencies were observed for W(GQWYith 900 molecules }/( cl \‘<‘

of H, produced per day. %\—IP e+
The initiation step of the WGS cycle in Figure 13 is the > >

thermal dissociation of CO from M(C@Yo generate the H N co

active M(CO); for reaction with formate ion (M= Cr, Mo, Y o

W). In principle, the active WGS catalyst may be accessed Lo ) :

by the photochemical elimination of CO at even milder v ~

temperatures. Indeed, the benefit of the photon for WGS was :%:‘* %j*

recognized shortly after reports of M(C{atalyzed WGS > G

appeared. Using W(C@)King reported sluggish thermal . 7o

WGS chemistry at 78C with a turnover frequency for H \ . / ©

of ~5 day!; exposure to sunlight enhanced this turnover " S o

frequency to 83 day.?%? The mechanism was proposed to
largely follow that outlined in Figure 13 with the notable Figure 14. Proposed mechanism for photocatalytic water gas shift
distinction of the introduction of the photon to remove CO chemistry using an ¥(;°-CsMes)(bpy)CI* complex.
from the hexacarbonyl starting complex. King reports that ] ] ]
irradiated solutions retain catalytic activity for hours after Decarboxylation of the metallocarboxylic acid complex
the cessation of illumination. This observation is entirely generates Rigopy)HCI followed by its protonation to yield
consistent with the mechanism of Figure 13 since the photon RU' (0py)(H2)CI*. Hydrogen elimination is rate-determining
is needed only once to extrude CO. and propo.sed_ to be photomdluce.d. Th_e product of this
Detailed kinetic analysis of the photochemical WGS reac- Photoreaction is Ri(bpy),CI*, which is available to re-enter
tion using HO/methanol solvent mixtures under pseudo-first- the catalytic cycle. Turnover frequencies as high as 20 h
order conditions with respect to substrate allowed for an Were reported, and the catalysis was observed to proceed at
analysis of the post-formate binding stép&*“Dissociation ~ relatively low pressures of CO and in moderately acidic
of an additional CO and replacement by solvent gives active solutions. These experimental conditions d|sfavp( prodqctlon
intermediates of the general formula M(GQYS)OCOH" of formate from free CO. As expected for reactivity derlv_ed
(S = H,O or methanol). Additionally, in the absence of a from both H" and OH" induced trans_formanons, a compli-
rate-determining CO dissociation from M(CQp activate ~ cated dependence of the, iroduction rate on pH was
the catalyst, a second rate-determining step was reported t@bserved, with significant rate enhancement observed at both
result from decarboxylation of M(CQ)(SXOCOH" to give slightly basic (pH 8.9) and slightly acidic (pH 6.88) condi-
M(CO)a_x(S)xH~ and CQ. This was determined on the basis tions. The role of photons in the c_ata}ly5|s is unclear, however,.
of the observed normal kinetic isotope effect of 3:40.9 because subsequent reports indicated that the catalysis
for Cr and 4.4+ 0.2 for W upon deuterium substitution. An procztzge%so at nearly the same efficiency without irradia-
enhanced rate of this secondary reaction with photolysis wast!on- =" s
attributed to photoinduced dissociation of another CO ligand _ Ziessel reported that "i(7>-CsMes)(bpy)CI™ catalyzes
to open a coordination site for th@thydride elimination. ~ WGS at room temperature, 1 atm CO, and neutral pH with
Hydrogen production was postulated to proceed by subse-& high quantum yield using visible light irradiatiéft.
quent protonation of the M(CQ)(SKH~ by HO in a T_he bpy_= 4,4-COO_H—2,_2—b|pyr|d|ne catalyst was espe-
thermal stefs cially active, proceeding with a 12.7% photoreaction quantum

Iron pentacarbonyl can also support WGS upon the in situ Yi€ld (37 turnovers after 2 h) at 410 nm. The proposed
treatment of the complex with three equivalents of NaOH photoinduced mechanism for WGS catalysis is outlined in

to furnish Fe(COH 2% Photolysis of 9:1 THF/KD solu-  Figuré 14. The chloride ligand of the starting complex is
tions of Fe(C(OQaA)‘_lfurnishes aylzl ratio of Mcgzo at~g liberated by CO coordination to give a dicationit (7> Cs-
turnovers after~60 h of irradiation. Interestingly, the H 'Y'le5)lgﬁ’p39002 sptc)ames. Attack of CO b)r/]_wr?Fer generages
production step was not proposed to stem from deprotonationt® I'. (7°-CsMes)(bpy)(COOHY cation, which is proposed.
of water by the hydride, as is the case for M(GD) (M = to undergo a rate-determining decarboxylation accompanied
Cr, Mo, or W), but rather from reaction of Fe(C@l)- with by proton loss. TheI O\Qerall transformation! (1°>-CsMes)-
photochemically generated Fe(GB) via the dinuclear ~ (PPY)(COOH) = Ir'(>-CsMes)(bpy), amounts to a two-
elimination mechanis#” In this mechanism, KHevolution electron reduction of the Ir center. Subsequent protonation

proceeds from a bridging hydride intermediate formed by 0 generate the hydride,"(°>-CsMes)(bpy)H", offers the
the association of Fe(C@)~ and Fe(COH. intermediate needed foriproduction. The electronic excited

state of the hydride, [lt(15-CsMes)(bpy)H']*, is proposed
; o to be protonated by HCI to give and return the starting
4.2. Ruthenium and Iridium Catalysts complex, 11 (75-CsMex)(bpy)CF'.

The M(CO} precatalysts (M= Cr, Mo, or W) perform It is interesting to note that Ziessel chooses a stepwise
WGS by acting on HC® that results from the reaction of  path for the decarboxylation and protonation steps as opposed
free CO with hydroxide in solution as opposed to a direct to the concerte@-hydride elimination as proposed in other
reaction with coordinated CO. In the casecRU' (bpy)- WGS systems. This appears to be based on the fact that
Cl, (bpy = 2,2-bipyridine), CO is proposed to trap the metal Ir'(5>-CsMes)(bpy) is an isolable compound and not a high-
center upon dissociation of Cand a metallocarboxylic acid  energy intermediate. Hydride protonation of the excited state
is formed by attack of OH on the coordinated CO. The is also unusual. This reactivity mode is supported'by
WGS with these systems operates at-2080 °C in water NMR studies where the 'I(55-CsMes)(bpy)H" hydride
under 3 atm of CO and under white light irradiatiéf® signal at—11.45 ppm is stable in the dark but rapidly
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Figure 15. A generalized three component photocatalytic system
for H, production where S= sensitizer, D= sacrificial electron EE;TA Oxidation

donor, M= electron mediator or relay, and Gatproton reduction RoN—CH,—COH —2 RoN—CHp—CO,~ -€ Roi=CH,
catalyst. —H* ~co,

RN=CH, 295 R,NH + RCOH + H*

vanishes upon exposure of the solution to visible light. This

suggests that visible light irradiation of'if;;°>-CsMes)(bpy)- | P=CHCOM
H* c_o_mplex pumps a transition that engenders significant Thiol Oxidation
hydridic character. P —
RSH — 7> 2RSSR
5. Three Component Systems RSH = 2-mecaptoethanol or cysteine
e

Oxidation—reduction reactions of electronically excited Figure 16. Decomposition pathways for TEA, TEOA, EDTA, and
transition metal complexes customarily proceed by single- thiol-derived sacrificial electron donors. ' ' '

electron mechanisms. The molecule in its excited state is
simultaneously a more potent oxidant and reductant than inbeyond simple proton reduction has been investigated
its ground state. By itself, single-electron transfer is confining including the simultaneous photocatalytic reduction of,CO
inasmuch as the reduction of protons to evolve molecular to CO and H to H,. These schemes employ photosensitizers
H, is a two-electron process. It follows that in order to for light harvesting and sacrificial electron donors for
employ a traditional one-electron excited state, the primary reducing equivalents but differ from the three component
photoredox event must be coupled tg tdduction, remote  system of Figure 15 inasmuch as no redox mediator or
to the excited state. Current strategies for proton reduction colloidal catalyst is employed. Table 3 compiles the sensitiz-
emphasize the development of systems that directly engageers, redox shuttles, and catalysts discussed below.
in a multielectron redox event such as that described in
section 3.2.2. In the absence of such novel excited statesb.1. Inorganic Sensitizers
the one-electron excited state must be conveyed to a . ..
homogeneous or heterogeneous site capable of storing?-1-1- Metal Polypyridyl Photosensitizers
multiple redox equivalents. Such constructs are achieved with  Classical three component systems commonly empldy Ru
the so-called “three component system”. (bpy)?* as a light-harvesting complex. Ribpy)?* and
The most prevalent design of three component schemesderivatives thereof have a long and rich history in inorganic
is shown in Figure 15. The scheme comprises a one-electronchemistry and photochemistry. The parent compound, first
photosensitizer, a redox mediator, and the redox-storing prepared in 1938/ was later obtained by a more practical
catalyst. The sensitizer, S, functions as both a light-harvestingsynthesig/® thus opening the way for Adamson'’s first use
complex for photon absorption and the primary photoreduc- of the RU(bpy)®™ excited state as a photochemical
tant and may be a metal complex or an organic compound.reductant in 19727° The potential of this excited state for
Most metal-based sensitizers are metal polypyridyl com- water splitting was quickly noted by other auth&ts?8'and
plexes or metalloporphyrins. Organic photosensitizers arethe numerous attempts to realize this reactivity directly grew
typically conjugated organic molecules with accessitte into the field of three component catalysis. The first reports
excited states. The mediator, M, is any molecule that can beusing RU(bpy)?" for “water splitting” focused on the
reversibly reduced by one or two electrons. In most cases,hydrogen half-reaction, using a modified photosensitizer that
the mediator serves as a bimolecular quencher of thecan be cast into film%22%5 Though the H-generating
photosensitizer by outer sphere electron transfer. Diffusion properties of the systems were ill-defined, this work was the
of the reduced mediator from the oxidized sensitizer aids in predecessor of three component systems composed dfa Ru
the prevention of energy-wasting back electron transfer. The (bpy)?* sensitizer, colloidal Pt as a;Hbroduction catalyst,
catalyst is any species that carries out the reduction of protonsand methylviologen (M¥") as a mediatot®® The primary
to Hx. These are typically chosen for low proton reduction photoprocess occurs by fast oxidative quenching of tHe Ru
overpotentials and most commonly are colloidal noble metals (bpy)?*™ excited state by electron transfer to MV to
such as Pt, biological constructs such as hydrogenase, ogenerate Rli(bpy)®" and the cation radical M¥V. Hydrogen
small-molecule catalysts. The photooxidized sensitizéy, S production is catalyzed at the surface of colloidal Pt, which
must be re-reduced to effect catalysis. The reducing equiva-efficiently couples the one-electron MVoxidation to two-
lents for this process are typically derived from a sacrificial electron proton reductiot{#27>28528 The photoreactant is
donor, D, such as triethylamine (TEAY triethanolamine  returned to its resting state by reduction of'Rlopy)s®* with
(TEOA) 27> ascorbic acid (bA), NADH, EDTA,? or a sacrificial donor. Although M% serves as a paradigm,
cysteine, which decompose upon oxidation. The decomposi-other alkylated bipyridine derivatives have been employed
tion pathways for some of the more common sacrificial as redox shuttles including tetramethyl- or hexamethylvi-
electron donors are outlined in Figure 16. ologen and diquats of various substitution patterns (Table
Alternative three component systems are designed to3). Functionally these derivatives are largely the same, and
reduce the system complexity by eliminating or combining in all cases, the efficiency of the MV- or diquat-based
the roles of one or more components, wherein chemistry systems are gradually attenuated by the irreversible hydro-
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Table 3. Representative Constituents of Three Component Photocatalytic Hydrogen Production Systems

Photosensitizer Redox Shuttle Sacrificial Donor Catalyst

@@@J@fﬁ

CaHs CoHs HOCzHan, _CoHOH
Rz R R, R, N N
CH’ e o EatyOH
(EHOHg Y R, cats i
CH,OH g triethylamine triethanolamine
proflavin deazariboflavin Ry Rx Ry R, HO WS cotodalP
Ry = CHy, CH,CgH: X C)
C’“’ Ry =H, én, ot O =0 " o] L\-\Eg.\ /év—slra.sq
Hc/C%H ; ive Vilogen Derivati HOT ocrFo Feen
S~c? HO OH NH OH ne” e’ Yco
" Ry Ry
(CHZ): (Hzc)a Q M ascorbic acid cysteine ocsys;gcy;/(siys
HosS s0y° =N_ % Hn O or o “.‘.35"“: ;M\S\C
9-anthracenecarboxylate 3.3-sulfonic-propyl-5.5"-dichioro-9-ethylenecarbocyanine A -\:EH NH, i ys
n=2.3 d - HO' N/\/NTOH L=H0.0H :o‘;:z 1. Ha. CO. or notting
o Representative Diquat Derivatives Sugar B'i:ckbone HO /ko le} :M ;:: :O
N\ NADH EDTA
N l/ SH NazS [ a )
p-terphenyl benzophenone H/u\H
2-mercaptoethanol Sodium Sulfide et Cof
N I cycla;n
= N -
| CoHs CS;
N N r'q
CoHs
M= CO". CDI", Rh"’
N diethyldithiocarbamate
N
|
9-mesityl-10-methylacridinium
N\ c'\
| N
(r:‘—ﬂu"—N QNc——lrl"‘—/c
Ru'(bpy)?* "ppy)s
M=2ZnR= plolyl M = 8n R = N*(CoHs)(CHg)a L = OH-
R = CsHN*CH; M = Ru R = N*{C;HsHCHa); L = pyridine
R = CeH(SO4
M=2Zn, SnR =CgHs
genation of the redox shuttle catalyzed by the Pt suif&c&? proposal was subsequently modified by Cruetz and Su-
The protonated cation radical is proposed to be an activetin?®®2%9using a Rti(bpy)?"/Rh" (bpy):**/TEOA system at
intermediate for the direct production of; lt low pH. At neutral pH (78) in the absence of Pt. The one-electron

higher pH, B production is believed to be dominated by reduction product Ri{bpy)?" was found to be unstable with
electron transfer from reduced MV to the Pt sur- respect to disproportionation driven by the loss of bpy to
face?76291.292The efficiency of the system is observed to yield RH"(bpy)®" and Ri(bpy)*, which reacts with a proton
increase with more reducing viologen or diquat derivatives to yield the hydride RH(bpy)(H.O)H?*" at low pH. RH-
and is typically attributed to the increased driving force for (bpy)?"™ may serve as a one-electron reductant to generate
electron transfer from the cation radicals of more reducing Rh'(bpy)(H-O)H", which was thought to produceldither
shuttles to the Pt surfa@e® 2% by protonation of the hydride or by the bimolecular reaction
Sauvage and co-workéf&2°"modified the three compo-  of two hydride species. The same mechanism is believed to
nent approach by using a Rh polypyridyl complex as the be operative if RM(bpy)®" is replaced by Cb(bpy)®+.300-304
redox mediator. The advantage of this approach is that theThe foregoing mechanism does not require Pt as a catalyst
mediator is both a proton carrier and a two-electron shuttle. for H, generation. Indeed, the systems are operative in the
Initial mechanistic proposals invoked a dihydride of the absence of the noble metal. If present, the Rh bpy complex
formula RH'(bpy)(H)," as the critical shuttlé?®:2%7 This functions simply as a redox reservoir, similar to &ty
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Figure 17. Heterobimetallic constructs of Sakai (left) and Rau
(right) for photocatalytic H production.

because the electron transfer from'"fipy)?" to the Pt
surface is faster than disproportionation and bpy loss that
gives Ri(bpy),*.29

Iridium coordination complexes have also been employed
as sensitizers for Hproduction in three component sys-
tems395:3% Anionic donors derived from 2-phenylpyridine
(ppy) replace the ubiquitous bpy ligands of Ru-based
photosensitizers. The electronic properties of the Ir excited
state may be modulated by the functionalization of ppy, as
has routinely been performed for the development of OLED
devices?” With use of high-throughput techniques to screen
a library of ppy-modified complexes, it was found that the
heteroleptic [l (dF[DRs]ppy)2(dtbbpy)]PFk (where dF[DR]-
ppy = 2-(2,4-difluoromethyl)-5-trifluoromethyl-pyridine and
dtbbpy = 4,4-di-tert-butyl-2,2-bipyridine) was the most
active photocatalyst (Ci¢bpy)Cl, = electron relay and
TEOA = sacrificial electron donor), achieving 430 equiv of
H, with quantum yields-37 times greater than that of Ru

Esswein and Nocera

proceeds through a palladium hydride species. Another
strategy to eliminate bimolecular electron relays such as
MV 2" is to adsorb the photosensitizer and proton reduction
catalyst directly to the surface of a semiconductor particle.

In this way, a P(4,4-dicarboxyl-2,2-bipyridine)(SS) com-
plex (SS= cis-1,2-dicarbomethoxyethylene-1,2-dithiolate or
1,2-benzenedithiolate) chromophore adsorbed on & TiO
nanoparticle catalyzes the generation of hydrogen using
TEOA as a sacrificial donor. In this case, MVis not
required because the'Rixcited state injects an electron into
the conduction band of the Ti@anoparticle. The conduction
band electrons initially reduce,RtYCls in solution to form

a Pt colloid on the nanopatrticle surface that subsequently
serves as a catalyst for proton reduction.

5.1.2. Porphyrin Sensitizers

Porphyrins are widely employed for their light-harvesting
properties. Natural photosynthetic systems contain rings of
porphyrin macrocycles to collect the light and funnel that
energy to the reaction centers from which the photochemical
energy conversion pathway originatéThe attractive light-
harvesting properties have not been overlooked for schemes
aimed at driving photocatalytic Hproductiorf’®and a large
body of work has centered about porphyrin photosensitizers.

5.1.2.1. Zinc Porphyrins.Zinc porphyrins (PZn) may be
used in place of Ru polypyridyl complexes as light harvesters
in a three component system. In a parallel function td8-Ru
(bpy)?t, photon absorption initially forms a PZn singlet
excited state that relaxes to the long-lived triplet from which
electron transfer to M% occurs. As is generally the case
for a three component system, a sacrificial electron donor
reduces the oxidized porphyrin macrocycle and MV

(bpy)?t-sensitized systems. The authors suggest that theoxidation is attendant to Hgeneration at a Pt surface.

enhanced efficiencies are a result of the long lifetime and
increased reducing strength of thé' lexcited state.
The MLCT excited states of group 10 coordination

McClendon et al. were the first to report such a strategy using
both Zn(Il) tetralN-methylpyridyl)porphyrin (ZKTMPP) and
Zn(ll) tetra(sulfonato-phenyl)porphyrin (ZMPPS) with

complexes can also be exploited for charge transfer leadingEDTA and a Pt catalyst in agueous solutiétfssing Zri'-
to their use as photosensitizers. Photocatalytic hydrogenTMPP, a maximum rate of 175 equiv of;Hper hour was
generation has been observed recently using terpyridineattained. The Hwas derived from the protons of water as

arylacetelide complexes of 'Ptsimilar to those of section

evidenced by the production 6f95% D, when the pho-

2.4, in a three component system composed a Pt(terpyridine).tdySiS was conducted in f®. Similar results are obtained

(arylacetalide) photosensitizer, TEOA as a sacrificial reduc-
tant, MV?" as a redox shuttle, and colloidal Pt as the
catalyst3®® The most successful system for hydrogen produc-
tion uses a Pt(4p-tolylterpyridine)(G=CCsHs)t photosen-
sitizer, 4,4-dimethyl-1,1-trimethylene-2,2bipyridinium as
a redox shuttle, TEOA as a sacrificial electron donor, and a
Pt colloid as a hydrogen evolution catalyst achieving 800
turnovers for H after 20 h of photolysis witih > 410 nm
excitation light30®

Recent efforts have sought to eliminate the electron relay
and colloidal Pt catalyst by appendind' @ipy)Ck to Ru'-
(bpyk(phen) (phen= 1,10-phenanthroline), Figure 17
(left).319311 This complex was active for photocatalytic H
production in the presence of EDTA, however at low
turnover and quantum yield-6 and 0.01). At about the same
time, Rau and co-workers presented a similar construct
linking a RU' polypyridyl complex to a Pt center via a

for other PZn photosensitizets 32!

Zn"TMPP can also function as a photosensitizer when
adsorbed onto the exterior of a zeofité Photocatalytic H
was produced from acidic aqueous solutions pH) when
the zeolite channel was platinized and the sodium cations
were replaced with M¥%". Interestingly, electron transfer
from the ZATMPP sensitizer originates from the singlet
excited state as the normally facile intersystem crossing to
the triplet is circumvented by an adsorption-induced 200 mV
shift of the ZA TMPP redox potential.

5.1.2.2. Tin, Ruthenium, and Free-Base Porphyrins.
Tetraphenylporphyrin (TPP) complexes of'"Sohotocata-
lytically generate H in micellar and PVC films using
2-mecaptoethanol in the presence of colloidal?P£2> The
mechanism for kigeneration is initiated from the [TPP'§n
anion, which is formed by reductive quenching of the triplet
excited state of TPP8nby mercaptoethanol. Subsequent

tetrapyridophenazine unit as a conjugated and reducibleelectron transfer to the surface of Pt and proton reduction

bridge, Figure 17 (rightj*2 Hydrogen production proceeded
with TEA as a sacrificial electron donor giving 56 turnovers
after ~30 h of irradiation. This assembly was also active
for the hydrogenation of tolane tis-stilbene without added
hydrogen, leading the authors to suggest thaptdduction

closes the cycle. Catalytic turnover in this system is low,
with a maximum of 30 turnovers observed after 30 h of
photolysis. A water-soluble tetga{N-ethyl-N,N-dimethyl)-
ammoniumporphyrin of S (TEAPSH(OH),) has also been
reported to photocatalytically generate Fihe H, reduction
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cycle is distinguished by the sequential two-electron reduc- by energy transfer from photoexcited 'Ropy)?™ or Cu'-

tion of the porphyrin macrocycle followed by the uptake of (dpp:™ (dpp = 2,9-diphenylphenanthrolinéy’33¢Krasna
two protons to generate first the chlorin congener, TEAGSn  first reported the use of proflavin to photocatalytically
(OH),, and finally the bacteriochlorin, TEABS{OH),.32¢ generate kKl from a variety of sacrificial electron donors,
Hydrogen photogeneration is believed to occur from the using MV?" and either platinum or isolated hydrogenase
bacteriochlorin excited state via a two-electron two-proton (vide infra) as a catalyst® The triplet excited state of
process to give the chlorin and Ht the colloidal Pt surface.  proflavin is reduced by EDTA (for example), and in turn,
The chlorins and bacteriochlorins, though difficult to observe the reduced proflavin reduces MVfollowed by electron
under photocatalytic conditions, are spectroscopically char- transfer from MV* to the colloidal Pt or hydrogenase that
acterized upon photolysis of TEAPS(OH), in the absence  effects B production®*° The efficiencies for MV?* reduction

of electron shuttle and colloidal Pt. The identical porphyrin using proflavin sensitizers were approximately twice as high
macrocycle metalated with Ru, TEAPRpyridine), does as those using Rbpy)?". The maximum quantum yields
not form the corresponding chlorins and bacteriochlorins, for MV** generation were observed at pH-8. Although
though H photogeneration is observed. Instead a mechanismthe reductive quenching reaction is more efficient at higher
similar to that of PZh photosensitizers is proposed, involving pH, the B production reactions were slow, presumably due
oxidative quenching of the TEAPR(pyridine), excited state ~ to the low concentrations of protons. The rate of MV

by a redox shuttle, which produces Ht the Pt surfacé?® reduction may be accelerated if the proflavin sensitizer is
The photocycle is closed by re-reduction of the photooxidized substituted with deazariboflavin; a fivefold increase in the
porphyrin sensitizer by EDTA. rate of MV** formation was observed in some ca%édn

Platinized LangmuirBlodgett (LB) films containing free-  these systems, the scope of the sacrificial reagent was
base porphyrins produce;iinder continuous irradiation in  expanded to include amino acids and also simple sugars such
aqueous solutions of EDT#’ Hydrogen production is stable ~ as glucose and fructose. In an interesting application, flavin-
and lasts over extended reaction times (350 h). The long-sensitized K production has been elaborated in a photogal-
term stability is postulated to stem from the inability of the vanic cell. Excitation of the flavin followed by one-electron
colloidal Pt catalyst to coagulate owing to immobilization reduction by EDTA furnishes the reduced flavin, which is
in the LB film. Increased efficiencies foriproduction were  rapidly oxidized at a Pt disk anode. The circuit may be
observed upon covalently linking a MV electron carrier completed by proton reduction at the cathode in a separate

to the porphyrin macrocycf&8 330 compartment linked via a salt bridg&.
Recently 9-mesityl-10-methylacridium (AcrMes) has
5.2. Organic Sensitizers been employed as an organic photosensitizer in a three

component systert? In this case, the M%-based electron
acceptor is directly attached to a Pt nanocluster via a thiol-
terminated alkyl chain, and NADH is used as a sacrificial

Photosensitization is not a perquisite of metal polypyridyls
and porphyrins: organic excited states may function as

sensitizers of kproduction as well. Benzophenone has seen goctron donor. The mechanism proceeds by reductive

SF’”?Ie use f;‘Jr photolcatalyt:czfﬂ)rodfuction in g rolfe th"’llt ish | quenching of the initially formed Acr-Mes excited state
similar to the metal complexes of section 2.3 for alcohol ,, NADH to give Acr—Mes, which then reduces the M

dehyq_roger;atl)tion c;;]cles. uv eXCitaﬂO?} of theﬂ"dﬁ* g Imodified Pt cluster where fevolution occurs. The authors
transition of benzophenone generates the reactive diradicalygnort an order of magnitude improvement in étolution

¥VhiCh hasbllonkg b(laen dkréc;\l/vsr;#)hrapidly_abstractt) H d{:\toms dto efficiency over traditional systems using unbound M\The
orm %Stﬁ € et;q radic d ne re%ctlon can be al_e_rte system was later modified by eliminating the ¥\electron
toward photocatalytic pproduction under certain conditions. - gj,,je and using alcohol dehydrogenase to regenerate the

For instance, irradiation of isopropanol solutions of ben- \apH used as a sacrificial donor by the enzymatic
zophenone in the presence of colloidal Pt under anaembicdecomposition of ethandt*

conditions favors photocatalytic ;Hproduction over the
formation of pinacol$33334The mechanism is proposed to :
proceed by direct i~ x* excitation of benzophenone to 5.3. CO, Reduction Systems
generate a ketyl radical after H atom abstraction from  Sacrificial electron donors may be employed to simulta-
isopropanol. A second H atom abstraction from the organic neously reduce protons toldnd CQ to CO. Photocatalytic
radical intermediate by another benzophenone excited stateH, production linked to carbon dioxide reduction has been
generates acetone. Colloidal Pt reoxidizes the ketyl radicalsobserved using Co(ll) and Ni(ll) complexes of macrocyclic
to regenerate benzophenone, ang isl evolved by the  tetradentate nitrogen donors ligands for which cyclam (L)
coupling of two hydrogen atoms at the heterogeneous surfaceis the prototyp&45-348 The [LM"]2* (M = Co, Ni) complex
The isopropanol dehydrogenation is similar to those reported serves as both the redox shuttle and catalyst in the presence
using late metal phosphine complexes of section 2.3.1, of a RU'(bpy)?" photosensitizer and an ascorbate sacrificial
excepting the requirement of the heterogeneous noble metaklectron donor. Figure 18 shows the reaction sequence that
catalyst. The benzophenone excited state is also capable ofeads to H and CO production. The reaction cascade is
dehydrogenating cyclohexane to cyclohex&figdowever initiated by reductive quenching of the Rbpy)?"* excited
in this case the cyclohexane dehydrogenation is performedstate by ascorbate to generate(Bpy)s*, which goes on to
aerobically so HO is obtained as the terminal reduction reduce [LM]?" to [LM']*. The reduced macrocyclic complex
product as opposed toH is proposed to either react with either €& H* to generate
Hydrogen generation may be promoted by a host of other [LM(CO,)]" or [LM""H]?*. Hydrogen may then evolve from
organic photosensitizers. 9-Anthracenecarboxylate, in thethe hydride directly by net H atom transfer to regenerate
presence of M¥" and Pt, produces Haccording to the  [LM"]?", or [LM'""H]?" can insert C@to generate a metal
scheme shown in Figure 15. The triplet form of 9-anthracen- formate complex (a metal carboxylic acid complex however
ecarboxylate can either be formed by direct excité&fibor cannot be ruled out because the precise nature of the CO



4040 Chemical Reviews, 2007, Vol. 107, No. 10

Initiation

4 hy A
Rul(bpy)s®* ———>=  Ru'(bpy)s®**
Ru'(bpy)s>** + HA-~ ——> Ru'(bpy)s* + HA"
Rubpy)st + MUL* —— Ru'(bpy)s®* + ML)
HA® =—= H* + A~
M = Ni, Co; L = cyclam; HA™ = ascorbate

- J

Hydrogen Production

e
MI(L)+ + H* _— MIII(L)H2+

\M"'(L)HZ" + H + & —— ML + H,

CO, Reduction

e
M(L)* + CO, —>  MY(L)(COm)*
MU LHZ* + CO, —>  M'(L)(CO,HY?*
M(L)(CO)* + H* + & —> MI(L>* + CO + OH-
MML)(COsHZY + ¢ ——> ML) + HCOO-

&

Figure 18. Reactions of nickel or cobalt cyclams (or cyclam
derivatives) leading to the simultaneous photocatalytic reduction
of protons to H and CQ to CO.

insertion product is not known). The formate species can
react either by H atom transfer to generate the [l
complex along with hydroxide and carbon monoxide or by
a one-electron reduction to generate [LJ& and free
formate ion. A critical feature of this catalytic scheme is that
the [LM']* intermediate is reactive toward both protons and
CO,. As a result of the catalyst's promiscuity, the CO and
H, yields are not stoichiometrically defined as in the
photochemical WGS chemistry of section 4. Additionally,
the CO/H ratios appear to be very sensitive to the experi-

mental conditions because differing ratios are reported by

different investigators, even when the same catalyst (e.qg.

Ni'cyclam) is employed. For the case where the reducing

equivalents are provided electrochemically rather than in
homogeneous solution, ;Horoduction is completely shut
down349:3%0Strategies for enhancing selectivity fog biver

CO include the use gf-terphenyl as a sensitizer and TEA

as a sacrificial electron donor, although the reasons for this

enhancement in selectivity are not clé&35? Attempts to

Esswein and Nocera

constructs outside of the natural systems will be discussed
here.

6.1. Hydrogenase

The active site of hydrogenase is composed of either a
diiron or nicketk-iron core that is capable of proton reduction
to generate molecularat low overpotentials. Consensus
structured'2-214 for the primary coordination sphere of the
iron only and Ni-Fe hydrogenase active sites are shown in
Table 3. An unusual characteristic of these cofactors is that
the metal centers are ligated with stramgicceptor ligands
such as CO and CN consistent with the low formal
oxidation states of the cofactor. The mechanism for H
production occurs by transporting protons into the active site
along pathways distinct from those traversed by the electron
equivalents. Electrons are putatively injected into the active
site via a chain of [FeS] clusters, while proton channels and
acidic/basic residues at the active site manage the substrate
inventory?'5-217though the details of the mechanism remain
to be deciphered.

Outside of the biological milieu, the isolated hydrogenase
enzyme may be incorporated into three component systems.
In this context, the enzyme serves to replace colloidal Pt in
the microheterogeneous systems of section 5. TheRdi
enzyme isolated frorDesulfaibrio vulgaris (Miyazaki type)
by the method of Yag#’ is a prevalent hydrogenase cofactor
employed with a TPPZh photosensitizer, M¥" as the
electron relay and a variety of sacrificial electron donors
including TEOA83%NADH,36° 2-mercaptoethandt 26+ 364
NaS2% and lysine®®® These systems share significant
mechanistic commonalities with the PZn/NIVPt systems
of section 5.1.2.1. Activities for jHevolution for PZn/M\#*/

Pt and PZn/MV/hydrogenase systems are generally in
accord, excepting the system employing the®sacrificial
reagent, which showed minimal hydrogen evolution for the
colloidal Pt catalyst owing most likely to fouling of Pt by
the sulfur-containing reaction products. A second pathway

'for suppressed fyeneration activity for Pt-catalyzed systems

was uncovered with a side by side comparison between
water-soluble ZnTPRSMV 2", and 2-mercaptoethanol sys-
tems. Whereas fEvolution from hydrogenase catalysis was
linear with irradiation time, a marked reduction in the H
evolution rate was observed when using a Pt colloid. This
was attributed to coagulation of the colloidal Pt and the Pt-
assisted hydrogenation of MV under the reaction condi-

increase the efficiency of the process has led to the covalent[i ons 321,367

tethering of the nickel macrocycle to the Ru polypyridyl
sensitize?>33>*Nonetheless, no significant gains in efficiency
or selectivity were observed over bimolecular constructs.

In a somewhat remarkable reaction, the reduction of CO
to H, and CH in aqueous solution is reported to be promoted
by a RU (bpy)?" sensitizer, TEOA as a sacrificial electron
donor, a series of alkylated bipyridines as electron relays,
and Ru or Os colloids as cataly$$The observed quantum
yields are low (ca 10*-10%), and the complex mechanism
is not understood.

6. Photobiological Approaches

Photobiological approaches to; igroduction are almost

Hydrogenase has been employed in micellar systems of
varying compositions in attempts to increase cage escape
yields of the primary charge-transfer products as had been
observed for the photoreaction of Rbpy)?" and MV?* in
micelles3%836°The observation of little to no fproduction
from mixtures of ZnTPPS TEOA, MV?*, and hydrogenase
in the presence of anionic surfactants such as sodium dodecyl
sulfate (SDS) was attributed to denaturation of hydrogenase
by the surfactant’®3"Neutral surfactants appear to induce
a 4-fold increase in the rate of MV formation3"? which
translates directly into an increased rate of ploduction
from 0.17 x 10" mol h™* to 0.78 x 107 mol h™*. In a
system of analogous compositions, Okura and co-workers
investigated the affect of the cationic surfactant cetyltrim-

exclusively based on the activity of photosynthetic organisms ethylammonium bromide (CTAB) on the rate of Evolu-

or the enzymatic activity of hydrogenase. While this review
does not venture into the domain of biological or photobio-
logical H, production per sé&f studies that utilize biological

tion.373 A 50-fold increase in the rate of Hvas observed
for “optimized” systems composed of 18 ZnTPPS, 0.1
mM MV?2t, 0.5 M TEOA, and 25 mM CTAB over a
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“conventional” solution (0.1xM ZnTPPS, 0.22 mM MV, in the initial rate of H evolution and also a 3-fold increase
0.25 M TEOA). Langmuir-Blodgett films’ also show in the total yield of H where peak K evolution rates of
effects on H production rates. ~90 nmol hr* were achieved® Photocatalytic kHproduction

In parallel approaches to those of of section 5.1 with Pt has also been reported using hydrogenase in conjunction with
colloid catalyst, the M¥* redox shuttle has been covalently PSI in both untetheréef and tethered construct®.
linked to a variety of PZn photosensitizef§.38¢ A distinct
dependence of the alkyl chain length was observed on the6.3. Other Photobiological Approaches
formation of MV** as compared with the free components
at similar concentrations. In particular, methylene linkers of
4—5 carbons in length gave the most favorable yield of
MV**t. When NADH was used as the sacrificial electron
donor, a reductive quenching mechanism was proposed,
where the triplet porphyrin excited state is initially reduced
by NADH prior to charge transfer to the tethered KtV

A complex of human serum albumin and Zn protopor-
phyrin IX has been reported to give 57 turnovers feiudder
photolysis conditions in the presence of EDTA as a sacrificial
electron donor, M¥" as a relay, and colloidal platinum as
a catalyst? The Zn protoporphyrin ligated to albumin
sensitizer was~25% more efficient than ZnTMPP as a

Hydrogen was produced photocatalytically when hydroge- traditional sen_sitizer under similar conditions, although the
nase was added to the solutions. Electron relays can'€@sons for this are unclear. _ _ o
potentially be eliminated if the photosensitizer is directly Efforts have bee_n dlrecte_d to repl_ace |rrever5|ble_ sacrificial
attached to the proton reduction catalyst. Some inroads into€l€ctron donors with reducing equivalents reversibly gener-
this chemistry have been made by tethering 3R or ated via blocataly5|s. Amao and co-workers employed this
porphyrin-base33% photosensitizers to diiron cores of strategy In systems composed of a PZn sensﬂaer?ﬂ\/_lV
synthetic hydrogenase mimics. These supramolecular con-glectron carrier, NADH as an electron donor, and c_oIIO|daI
structs, however, fail to generate, Wia photochemical Pt as a catalys£**®In this case, the NADH that typically
mechanisms. The excited-state dynamics of the systemiS used as a sacrificial electron dqnor was regeneratgd in
engender reductive quenching of the MLCT excited state situ from_ sucrose. The _tran_sformanon was achieved via an
by the diiron core, instead of the desired photoreduction of €nzymatic pathway using invertase to convert sucrose to
the diiron core by the Ru excited state, precluding hydrogen glucose followed by gluconic acid formation by glucose
production catalysis. Despite this limitation, some constructs dehydrogenase coupled to NADH formation.

serve as functional proton reduction catalysts under electro-

chemical conditiong® Recently diethyldithiocarbamate has 7. Concluding Remarks and Future Directions

been employed as a sacrificial electron donor to reductively
quench the Ru MLCT state and thereby engender electron
transfer to proceed to the diiron core as necessary for proton
reduction3®2 although the Hproduction activity has not been
presented using this system as of yet.

Hydrogen production mediated by hydrogenase may also
be effected from organic photosensitizers. The alcohol
photodehydrogenation induced by benzophenone utilizes
hydrogenase as a catalytAlso, hydrogenase evolves,H
at the terminus of a system comprising the carbocyanine
derivative (3,3-sulfonic-propyl-5,5-dichloro-9-ethylene-car-
bocyanine) shown in Table 3, as an organic light-harvesting
complex along with M\?* as an electron relay and 2-mer-
captoethanol as a sacrificial electron doff§fTurnovers as
high as 70 h* were reported though we note that analysis
of the data provided seems to suggest turnovers frequencie
for H, of 6 h™2.,

The formation of H-H bonds is not expressly targeted in
many of the H photogeneration cycles presented in section
2. Rather H is generated as a side product. Accordingly,
the proton and electron equivalents fop production are
often derived from high-energy substrates such as alkanes
and alcohols. In systems in which;lis the object of the
photochemistry, like the three component systems of sections
5 and 6, H generation is driven by a sacrificial donor.
Because the photoevent leading te gkeneration is not
predicated on excited states capable of participating directly
in the two-electron chemistry required for, idroduction,
redox shuttles are needed that can couple the one-electron
reactions of the photosensitizer to a-tfenerating catalyst,
usually Pt or hydrogenase. The challenge confronting this
éapproach is that the relay catalyst, upon its one-electron
reduction by the photosensitizer, often participates in an
energy-wasting recombination reaction. This back reaction

can be circumvented by appropriate photocatalyst design as
6.2. Isolated Chloroplasts demonstrated by the systems of section 3.

The complex biological machinery of photosystems | and  The limitations of photocatalytic Hproducing schemes
Il (PSI and PSII) work in concert within the thylakoid sends a clear message. In order for significant progress to
membranes of chloroplasts to carry out the four-electron be made for the solar production of,+bn a globally
oxidation of water to generate oxygen. The reducing significant scale, new systems and design strategies must be
equivalents are utilized to generate NADPH, which is pursued that allow Kto be photogenerated at low electro-
subsequently used as a reductant to fix. @ carbohydrate ~ chemical overpotentials using photons that match the solar
synthesis. A goal has been to divert the transmembranespectrum. But this is not enough. If the tie of gleneration
potential of the protons directly into Hproduction by to a carbon-based fuel supply is to be severed, then the
isolating PSI from chloroplasts. Some of the earliest reports oxidative half of the Hgenerating cycle must also be solved,
of such systems used sodium ascorbate as a sacrificialpreferably using sunlight to drive the reaction. In response
electron donor, and Pt was precipitated on the reducing endto this challenge, two logical sources for Emerge, HO
of PSI397:3% Spinach plastocyanin was used as an electron and HX. If X = Cl, both HX and HO splitting store
relay to shuttle reducing equivalents derived from sodium approximately the same amount of energy, which may be
ascorbate to the oxidized PSI. The system retained activityreleased by an appropriately designed fuel cell. Regardless
when immobilized in a borosilicate glag®.Cross-linking of the source, significant fundamental challenges confront
the spinach plastocyanin to the PSI gave a 3-fold increasesuch H generation schemes that become immediately
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Scheme 2 Direct Water Splitting
5 H
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apparent when parsed into their constituent redox half- Water Gas Shift with CO Catalysis
reactions, Scheme 2. Not only is the reductive generation of CO + HO — H, + CO,

H, from HX and HO splitting a multielectron event, but so 1 |
is the oxidative half reaction. In this regard, HX is more s
attractive than KO splitting because it only requires the
coupling of a two-electron oxidation to,Hjeneration. The
water oxidation half-reaction requires four electrons and %0,
necessarily involves the intimate coupling of electrons to Figure 19. Three potential mechanisms fop Heneration by water
proton transfer. Nonetheless, from an environmental and splitting.
sustainability viewpoint, kD splitting, though more chal-
lenging, is the most desirable. X), as opposed to C or N, need to be managed. To highlight
In driving any closed K photogeneration cycle, new this contention, consider the;lgeneration schemes of Figure
approaches should be considered that diverge from the typicall9. The most straightforward scheme employs catalysts that
photochemical strategy of the last 30 years, namely, the directly act on the half-reactions of water splitting (Figure
design of an excited state that efficiently performs both solar 19, top). The spatial separation of the catalysts requires that
capture and catalysis. Not only are the issues of multielectronthe charge-separation function be imbedded in some type of
redox chemistry coupled to proton transport daunting catalystmembrane, so that the protons generated on the anodic side
design problems in their own right, but this chemistry must of the cell are transported to the cathodic side of the cell for
simultaneously be performed within an absorption manifold reduction. In effect, the system must be run in the opposite
that matches the solar spectrum. Dyad and triad strategieglirection of a fuel cell, with sunlight providing the thermo-
seek to address this challenge by coupling a light-harvestingdynamic impetus to drive the cell in the desired fuel-forming
center to donors, acceptors, or béthin this way, solar direction. But other K generation approaches may also be
capture and conversion might be more easily realized, sinceconstructed: two of several possibilities that can be envi-
the additional requirement of catalysis is not an element of sioned are shown in Figure 19. Oxidative cleavage et
the design. Yet, only the separation of a single electron has(X = C, N) bonds is a basic reaction of organometallic
been achieved with a dyad or triad to date, and in no casechemistry but is not yet well-established for wat€r12 If
has the donor or acceptor been interfaced to a multielectronthis reaction can be achieved cleanly, hydrogen may be
catalytic site. An alternative strategy is to borrow the design generated by-H abstraction (Figure 19, middle), which is
of nature in an artificial photosynthetic process. In natural a common reaction in organometallic chemistry and is used
photosynthesis, the anodic charge of the wireless current fromto generate metalligand multiple bonds. For instance;H
the solar capture and conversion apparatus is used at thebstraction of metal-alkylidenes produces alkylidyfté&ut
oxygen-evolving complex (OEC) to oxidize water to oxygen, a-H abstraction to produce metal-oxo species andiH
with the concomitant release of four protons. The cathodic uncommon for well-defined hydoxo-hydrido complexes.
charge of the wireless current is captured by photosystem | Alternatively, the WGS reaction (Figure 19, bottom) may
to reduce the protons to “hydrogen”; the reduced hydrogen be augmented with a catalyst capable of the conversion of
equivalents are stored through the conversion of NADP to CO, to CO. On this front, little is known. Some inroads to
NADPH. Outside the leaf, an artificial photosynthetic system CO, reduction have been achieved by (or via) phBtai>
may be realized by spatially separating independent solid-and electrocatalysi8®4!® but generally the precise GO
state or molecular reduction and oxidation catalysts con- reduction mechanism is ill-defined, making it difficult to
nected via a photon capture and charge separation apparatusnprove these systems by design. A recent report of CO
in an arrangement reminiscent of an electrochemical cell. reduction by a well-defined homogeneous metal complex
In one such construct, the spatially separated electhohe operating at high turnover number and frequéftys a
pairs provided by a photovoltaic cell are efficiently utilized harbinger of the promise that basic science holds for the
by the tailored catalysts, and the energy is stored in the bonddesign of efficient C@ reduction catalysts. Of course, for
rearrangement of water (or HX) to,tnd Q (or X;). From all schemes, the cycle must be finally closed with an oxygen-
this standpoint, the challenge for molecule makers centeredgenerating catalyst. The point here is that the approach of
on H, generation now begins to takes shape. When catalysisFigure 19 opens the field of Hphotogeneration to the entire
is isolated from solar capture and conversion, the basic toolscommunity; it is not necessarily the exclusive domain of the
common to the expansive organometallic precedence of thephotochemist. In elucidating new reaction chemistries such
past three decades come into play with the caveat that O (oras those shown in Figure 19, the chemical community as a

o=[M"  [M]
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whole can contribute to the scientific toolbox necessary for
society to utilize H directly or indirectly as the primary
energy carrier of the future.

8. Abbreviations

bpy 2,2-bipyridine

COD 1,5-cyclooctadiene

COE cyclooctene

CTAB cetyltrimethylammonium bromide

DHP diethyl-1,4-dihydro-2,6-dimethyl-3,5-pyridinecarbox-
ylate

EDTA ethylenediaminetetracetatic acid or the sodium salt
thereof

ESR electron spin resonance

H atom  hydrogen atom

HoA ascorbic acid

HPB heteropolyblue

IVCT intervalence charge transfer

LB Langmuir—Blodgett

LMCT ligand to metal charge transfer

mpt 4(-4-methylphenyl)-2,26,2'-terpyridyl

MV 2+ 1,2'-dimethyl-4,4-bipyridinium dication

NADH nicotinamide adenine dinucleotide

NADPH nicotinamide adenine dinucleotide phosphate

OEP octaethylporphyrin

OLED organic light-emitting device

phen 1,10-phenanthroline

POM polyoxometalate

ppy 2-phenylpyridine

PSI photosystem |

PSII photosystem I

PV photovoltaic

PVC polyvinylcarbonate

SDS sodium dodecyl sulfate

TBE tert-butylethylene

TEA triethylamine

TEAB tetrap-(N-ethyl-N,N-dimethyl)ammoniumbacteriochlo-
rin

TEAC tetrap-(N-ethyl-N,N-dimethyl)ammoniumchlorin

TEAP tetrap-(N-ethyl-N,N-dimethyl)ammoniumporphyrin

TEOA triethanolamine

TPP tetraphenylporphyrin

tpy terpyridine

WGS watef-gas shift

TMPP tetralN-methyl-pyridyl)porphyrin

TPPS tetra(sulfonatophenyl)porphyrin
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