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Energy conversion cycles are aimed at driving unfavorable, small-molecule activation reactions with a photon
harnessed directly by a transition-metal catalyst or indirectly by a transition-metal catalyst at the surface of a
photovoltaic cell. The construction of such cycles confronts daunting challenges because they rely on chemical
transformations not understood at the most basic levels. These transformations include multielectron transfer, proton-
coupled electron transfer, and bond-breaking and -making reactions of energy-poor substrates. We have begun to
explore these poorly understood areas of molecular science with transition-metal complexes that promote hydrogen
production and oxygen bond-breaking and -making chemistry of consequence to water splitting.

1. Introduction water emerging prominently as the primary carbon-neutral

i i hydrogen source and light as an energy input. A response to
A great technological challenge facing our global future this “grand challenge” of chemistry, however, faces a

is the development of renewable energy. Rising standardsdwming hurdle: large expansesfohidamental molecular

of living in a growing world pOpU(;at'O” "_V'anause gLobaI scienceawait discovery if the sun and water are to be used
energy consumption to increase dramatically over the next as an energy source.

half century. Energy consumption is predicted to increase Unexplored basic science issues are immediately con-

at least twofold, from our current burn rate of 12.8 TW to fronted when the water-splitting problem is posed in the
28—35 TW by 2050'2 A short-term response to this . : P .g P P
glmplest chemistry framework:

challenge is the use of methane and other petroleum-base

fuels as hydrogen sourcéddowever, external factors of o
economy, environment, and security dictate that this energy 2H,0 5z 2H, + O,

need be met by renewable and sustainable sotntedth " -
4H" + 4e” — 2H,
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an important milestone of chemistry that it was worthy of
Nobel Prized%1*A similar understanding about multielectron
redox reactions has yet to be realized. Moreover, proton
transfer must accompany electron transfer [i.e., proton-
coupled electron transfer (PCETf]bothelectron and proton
inventoriesneed to be managééAlso, if these challenges
were not enough, water splitting confronts sizable thermo-
dynamic and kinetic barriers that must be overcome, thus
bringing another set of unexplored frontiers to the table. Over
the past 3 decades, practitioners at the forefront of chemistry
have catalytically made and broken energy-rich bonds in
downhill reactions. However, efficiebibnd-making/breaking

reactions on energy-poor substrateave yet to be realized Figure 1. (Top) Interna_l disproportionatiorj reaction of a bimetallic core
t | lar center or at a surface. This is especiall that needs to be exploited for the establishment of two-electron mixed
at a molecu : p y valency. (Bottom, left) Three-atom bridging ligand possessing an electron

pertinent to the water-splitting problem because the byprod- donor bridge (D) between two-accepting moieties (A), which can be used
uct of water activation at the photocatalyst (PC), whether t©° stabilize two-electron mixed-valence cores. The diphosphazane ligands

| | lid will i iably vield . ith st shown in Scheme 1 incorporate this-®—A stereoelectronic motif. The
molecule or solid, will invariably yi€ld Specie€s WIth Strong  gapjlization of a mixed-valence core results in differing bond orders

metal-oxygen bonds. These bonds need tcabsvatedto indicative of an asymmetric electronic distribution. (Bottom, right) Crystal
close a catalytic cycle. structure of REP!'(dfpma}Br, displaying the long-short bond alteration
: L . of the ligand backbone.
The photochemical water-splitting problem shares basic

chemical commonalities to the activation of other small Scheme 1

molecules of energy consequence as well, including,CO CHa OHs He

. . . N N C
N2, CHy, Hp, and Q. All involve bond-making and -breaking — rp” Spr,  (CFaCH0P” “P(OCH,CFs)s  (CFsCHaO0)P” > P(OCH,CFa)
processes that requiraultielectrontransfers often coupled dfpma tiepma tfepm

to proton-transferevents. Our research efforts have addressed

the foregoing italicized research themes by expanding the involves single-electron transfer, an ensuing redox event will
reactivity of metal complexes in ground and electronic be facile, thus driving net multielectron reactivity.

excited states beyond conventional one-electron transfer and The issue of two-electron mixed valency is controlled by

by developing new experimental methods that permit multi- the electronic properties of the coordinating ligand. As shown
electron, PCET, and atom-transfer reactions to be examinedn Figure 1, the two-electron mixed-valence state is attained
at a mechanistic level. Our recent contributions in these areasdy the disproportionation of a redox symmetric core. To

are summarized below with the inclusion of recent research @ccomplish this task, we have explored the two limiting

results in the area of dinuclear gold chemistry. Iigand-design approaches: tweaccepting mpietigs with a
s-donor bridge (A-D—A)20 and the antithetical, two

m-donating moieties with ar-accepting bridge (BA—
D).2"2 The stabilization of metals that differ by two in their
formal oxidation state is indicated by the arrows in Figure
1. We have found the AD—A maotif to exhibit a particular
proclivity for stabilizing formal M---M"*2 cores. Three
ligands that have been useful to the studies described here
are shown in Scheme 1. The bis(difluorophosphino)methyl-
amine (dfpma, CkBN(PF,);) and bis[bis(trifluoroethoxy)-

2. Hydrogen Photoproduction

2.1. Two-Electron Mixed-Valence ComplexesVe have
exploited two-electron mixed valency in managing the
multielectron chemistry of hydrogen activation and produc-
tion. The motivation for developing this line of research is
straightforward: as single-electron mixed-valencé-(N1™1)

compounds react in one-electron sté&ps, two-electron phosphino]methylamine (tfepma, GR[P(OCH.CF)]2)

i _ e N2 i _
mixed-valence (M--M""%) compounds can react in two igands incorporate an AD—A motif by placing an amine

: : i
clecton siepsai e onsiuen e sie, reqardess oo henuoa o lcton deen ospnes
not necessarily demand that each metal reacts in a concerteg hosphites (P(OR); in the bisfbis(trifluoroethoxy)phos-

two-electron step. Rather, it requires that the typical single- phn_’]o]methane .(tfepm’ CHP(OCHCR)2]) ligand, t_he
L - amine donor bridge is replaced by a methylene unit. The

electron redox products be kinetically and/or thermodynami-

cally unstable with respect to the two-electron redox (16) Heyduk, A. F.; Macintosh, A. M.; Nocera, D. G. Am. Chem. Soc.

products. In this manner, even if the primary photoevent 1999 121, 5023-5032. _
(17) Odom, A. L.; Heyduk, A. F.; Nocera, D. Gorg. Chim. Acta200Q

297, 330-337.
(10) Marcus, R. AAngew. Chem., Int. Ed. Engl993 32, 1111-1121. (18) Heyduk, A. F.; Nocera, D. Gl. Am. Chem. So200Q 122, 9415~
(11) Taube, HAngew. Chem., Int. Ed. Engl984 23, 329-339. 9426.
(12) Cukier, R. I.; Nocera, D. GAnnu. Re. Phys. Chem1998 49, 337— (19) Heyduk, A. F.; Nocera, D. @Chem. Commurl999 1519-1520.
369. (20) Veige, A. S.; Nocera, D. GChem. Commur2004 1958-1959.
(13) Chang, C. J.; Chang, M. C. Y.; Damrauer, N. H.; Nocera, D. G. (21) Manke, D. R.; Nocera, D. @norg. Chim. Acta2003 345 235-
Biophys. Biochim. Act2004 1655 13—28. 240.
(14) Vogler, A;; Osman, A. H.; Kunkely, HCoord. Chem. Re 1985 64, (22) Manke, D. R.; Nocera, D. Gnorg. Chem.2003 42, 4431-4436.
159-173. (23) Manke, D. R.; Loh, Z.-H.; Nocera, D. Gnorg. Chem.2004 43,
(15) Meyer, T. JProg. Inorg. Chem1983 30, 389-440. 3618-3624.

6880 Inorganic Chemistry, Vol. 44, No. 20, 2005



Molecular Chemistry of Consequence to Renewable Energy

Figure 2. Hydride and hydride-halo chemistry of two-electron mixed-valence diiridium complexes. Thermal ellipsoids are drawn at the 50% probability
level, and the N-Me and—CH,CF; groups of the tfepma ligand have been omitted for clarity.

dfpma and tfepma diphosphazane ligands are particularlyfor H, reactivity at M—M""2 cores?> Addition of H, to a
useful for driving the internal disproportionation of binuclear M°-M"(X), occurs at the M end of the bimetallic core,
M cores to M%!" coreg* for the metals rhodiuf§” and and addition is mediated by a bridging hydride.
iridium.®-20 X-ray crystal structures reveal a pronounced For addition to the A—Ir'"(X), cores of 1, the bridging
asymmetry in the diphosphazane framework upon ligation hydride must come from the reactant; a halogen must swing
to a bimetallic coré® The result is consistent with asym- from the equatorial position to allow the entering hydrogen
metricr donation of the amine bridge lone pair to the PR atom to access the bridge position:

bonded to M. With M" — PR, iz back-bonding diminished,

the PR, group acts more like a simpledonor, stabilizing \ : P

the high-valent M metal center. Correspond- |0 I — > O—jll—x R 1O —x — =
ingly, with the nitrogen lone pair electron density channeled

X X X H—Hy

away from the second neighboring BRyroup, its strong H X H HX
m-accepting properties are maintained, and hendeisv VN | n_ x M
stabilized. As shown in Figure 1, this electronic asymmetry Ir—= =X o

is reflected in an alternating bond length pattern for the-Rh

P—N—P—Rh' framework. As shown by eq 1, this Haddition pathway leads to thac

The benefit of designing authentic two-electron mixed- stereochemistry observed in Figure 2 for the addition of H
valence complexes is the ability to effect multielectron redox and HCI tol, yielding 2 and3, respectively. A similap-H
chemistry among discrete molecular species. With the metalsintermediate prevails for hydrogen atom migration atlr
working in concert, two- and four-electron transformations " (H)(X) cores?® which may be generated by the addition
are promoted along ground- and excited-state pathifaijg®  0f Hzto 4 (Figure 2). The terminal hydride ¢Hn eq 2) that

production at M—M"2 cores is now described. bridging position as hydrogen attacks the axial coordination

site to give producb (Figure 2) withmer stereochemistry

2.2. Hydrogen Management at Two-Electron
yarog g about the ¥ center.

Mixed-Valence Cores. The role of two-electron mixed
valency in hydrogen activation was examined using di- X X

iridium species because the increased stability of third- , %, 2 T A
- . . o—i — JO—p—\ —
row M—H bonds facilitates the isolation and study of \H \H H
such metal hydrido complexes, as evidenced by the results a a
shown in Figure 2. Experimental and computational studies X X
of these diiridium complexes provide a consistent picture Ir'\——"‘lr'ﬂ—H — Ir'\—:'lr'“—H )
AY
H: H Ha
(24) Gray, T. G.; Nocera, D. GChem. CommurR005 1540-1542. mer
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Scheme 2

In this case, the hydrogen atom is able to traverse the
diiridium core without the need for swinging a terminal
ligand from an equatorial site.

The microscopic reverse of the,Fddition process is
reductive elimination, and accordingly the bridging hydride
is expected to be a critical intermediate fop elolution.
The results presented in Scheme 2 support this contention.

A critical determinant for the reactivity of +at MP—Mn+2 Fi_gure 3. Photocycle_ for H production from homogenequs HX sqlutions

. LU with a two-electron mixed-valence B core as the key intermediate for

cores appears to be the ability to establish intermetal redoXgrp—x photoactivation. Only the formal oxidation states of the dirhodium
cooperation for hydrogen atom migration. As argued by core are shown; the bimetallic center is strapped by three dfpma ligands.
Bosnich?"28low-energy ligand flexing modes are important
requisites to cooperative reactivity between metal centers.
For H, reactivity at M---M""2 dimers, the diphosphazane
ligand accommodates the disparate coordination geometrie
of the metal centers during the course of the hydrogen atom
migration.

Hydrogen addition and elimination via a bridging hydride
transition state is akin to bimolecular binuclear elimination
pathways® Some metal hydrides, which exhibit sluggish
intramolecular elimination, are known to be extremely
unstable in the presence of a second complex capable o
attaining coordinative unsaturation. This enhanced reactivity
has been ascribed to the following transformatii!

row metal rhodium. By the incorporation of atlexcited
state within the electronic structure of dirhodium dfpma com-

lexes3?-35 the cycle shown in Figure 3 may be constructed
for the photoproduction of hydrogen from homogeneous
solutions® In brief, a photon removes an axial CO from
the Rh° complex, opening a coordination site for HX attack
(the axial site may also be opened thermally). Disappearance
of the Rh?° complex is accompanied by the formation of 1
equiv of H,, and the appearance of a blue intermediate, which
Auickly converts to the RRk-Rh'X, complex. The Rh—X
bond may be photoactivated in the presence of a halogen
trap, thus closing the photocycle. In this phototransformation,
H; elimination is facile and neither hydridenor hydrido—-
halide intermediates are observed.

Models of the intermediates of the photocycle may be

revealed by tuning the electronic structure of the bridging

in which R is a hydride, alkyl, or acyl. Dinuclear elimination ligand. Figure 4 emphasizes the relation between the bridging
of this type is only possible when at least one of the ligands ligand’s electronic structure and the formal oxidation state
is a hydride, which must migrate to the bridging position ©Of the binuclear core. The AD—A motif (vide supra)
for elimination to occur. For the case of the mixed-valence Stabilizes M---M""2 cores. Conversely, the typical chemistry
compounds, the coordinative unsaturation and hydride are©f dirhodiun?’"%2shows that a valence-symmetric bimetallic
already present. With the neighboring metals of a-At"™2 core is obtained for “electronically neutral” ligands such as
core working in concert, the hydrogen atom migrates to and Pridging phosphines. By tuning of the donating properties
from the critical bridging position to promote facile,H Of the bridgehead and the electron-withdrawing properties
addition and eliminatioR? respectively. of the phosphine, the formal oxidation state of the bimetallic
2.3. Hydrido—Halide Photochemistry of Two-Electron
Mixed-Valence Cores of Dirhodium.Hydrogen elimination
becomes facile when the metdlydride bond is weakened  (33) zH(?gSiki /23Zi§£%del, D. J.; Meyer, E. E.; Nocera, D.I@rg. Chem.
by moving to a bimetallic core composed of the second- (34) Dulebohn, J. 1.: Ward, D. L.: Nocera, D. G.Am. Chem. S0d99Q

112 2969-2977.

(35) Dulebohn, J. I.; Nocera, D. G. Am. Chem. S0d.988 110, 4054~
4056.
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Figure 4. Schematic demonstrating the relation of the electronic structure
of a bridging bidentate ligand on the formal oxidation state of a dirhodium
binuclear core.

shapshot of the intermetal chloride migration that takes the
symmetric (ClI)M---M!(CI) core to an internally dispropor-
tionated M—M"(CI), core; its existence also highlights the
proclivity of phosphorus nitrogen—phosphorus (PNP) ligand
systems (dfpma and tfepma) to stabilize asymmetric two-
electron mixed-valence cores.

Based on the chemistry of tfepma and tfepm dirhodium
analogues, we propose that the dirhodium dfpma photocata-
lyst produces kifrom HX by the photocycle shown in Figure
6. HX addition to the R}° core produces the RH!
dihydride—dihalide, which photoeliminates 1 equiv of;H
and generates the blue (X)RBARK(X) complex. This
valence-symmetric, primary photoproduct is unstable with
respect to internal disproportionation to RiRh'(X),; the
disproportionation proceeds by folding a terminal halide into
the bridging position of the dirhodium core. Photoexcitation
of RiP—Rh'(X), leads to halogen elimination and regenera-
tion of the RBRK° complex, for re-entry into the photocycle.

core can be adjusted between valence symmetry and asym- 1he overall photoefficiency for fHproduction is~1%.

metry (middle panel), thus allowing us to unveil the relevant
intermediates of the photocycle shown in Figure 3.

The proposed dihydride products of HX addition to a

This photoefficiency is the same as that measured indepen-
dently for the photoconversion of BH(dfpma)Cl.L to
RhO(dfpmajL, (¢p = 7 x 1073). Together these results

dirhodium core are obtained when the electronic accepting indicate that the activation of the RIX bond is determinant

properties of the ligand are changed fref®RF, of dfpma to
the slightly less accepting and more bulky?(OCHCF;),

to the overall photocatalytic activity. An increase in the
guantum efficiency for hydrogen photocatalysis is, therefore,

groups of tiepma. We have synthesized and isolated the threg¢quated to increasing the photoefficiency for halogen elimi-
d|hydr|de isomers of Figure 5. These Compounds are mode]snatlon from the binuclear metal core. Toward this end, we

of the primary products of HX addition to the R core.
The syn isomers, slowly (~24 h) converts t@ and8, which
conversely interconvert rapidly on the NMR time scale.
Because conversion 6fto 7 and8 is slow, its photochem-
istry may be examined without the complicating participation
of the other isomers.

Photolysis of 6 promptly yields 1 equiv of Kl as

have begun to explore alternative strategies for the multi-
electron photoactivation of MX bonds. We were initially
attracted to porphyrins of high-valent and early transition
metals because (1) theis-halide arrangement of early-
transition-metal porphyrii&#” might be conducive to XX
coupling and (2) metalloporphyrin systems may be expected
to react smoothly with HX to produce hydrogen and the

determined by Toepler pump measurements, and a Compoun(ﬂneta| dihalide based on the results of early-transition-metal

with an absorption profile that is nearly identical with that
of the elusive blue compound of Figure 3. Photolyzed
solutions of6 and 6-d; give only H, and D, respectively,

indicating that H photoelimination proceeds via an intra-

molecular pathway. We suspect that the elimination pro-

cyclopentadienyl complexé&/® which are surrogates of
group IV metalloporphyrins. However, we discovered that
photoexcitation otis-dihalide metalloporphyrins results in
photoreduction of the porphyrin macrocycle, thereby cir-
cumventing M-X photoactivatior?® We have also explored

ceeds via the bridging hydride intermediate discussed inthe prospects of using ligand-based two-electron mixed
section 2.2. We have independently prepared and isolated avalency of porphyrinogens:>2 The goal here is to use the

blue-purple compound by replacing the—Nle bridge-
head of tfepma with the methylene unit of tfepm;CH
[P(OCHCR;),]2. An X-ray crystal structure of the compound
shows it to be the RH(CI), complex,9 (Figure 5), where

macrocycle to provide the multielectron equivalents needed
for M—X activation. Most recently, we have turned our
attention to using the more oxidizing bimetallic centers of

three phosphite ligands and a chloride assume the ap-(43) Rice, S. F.; Gray, H. BJ. Am. Chem. Sod.981 103 1593-1595.

proximately square-planar geometry of a face-to-faced?

bimetallic complex. Spectroscopic experiments establish that 45,

the low-energy absorption band is due to & d— po
transition, which is the signature transition of face-to-face
d8---d® transition-metal complexed.#* We have also pre-
pared the &--d® dimer of iridium,10 (Figure 5). In this case,

we are on the razor’'s edge of mixed valency as symmetric

10 converts tall, the structure of which is shown in Figure
5. Compoundll is a fascinating complex with a chloride
ion folded over into a bridging position. The compound is a

(44) Fordyce, W. A.; Brummer, J. G.; Croshy, G. A.Am. Chem. Soc.

1981, 103 7061-7064.

Brand, H.; Arnold, JJ. Am. Chem. S0d.992 114 2266-2267.

(46) Kim, H.-J.; Whang, D.; Kim, K.; Do, YIlnorg. Chem1993 32, 360—
362.

(47) Brand, H.; Arnold, JOrganometallics1993 12, 3655-3665.

(48) Shibata, K.; Aida, T.; Inoue, £hem. Lett1992 1171-1176.

(49) Wailes, P. C.; Weigold, Hl. Organomet. Chenl97Q 2, 405-411.

(50) Pistorio, B. J.; Nocera, D. G. Photochem. Photobiol. 2004 162,
563-567.

(51) Bachmann, J.; Nocera, D. G. Am. Chem. SoQ004 126, 2829
2837.

(52) Bachmann, J.; Nocera, D. G. Am. Chem. So@Q005 127, 4730~
4743,
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Figure 5. Model compounds relevant to the dirhodium dfpma photocycle fopidduction from a homogeneous HX solution employing a two-electron
mixed-valence R core. Thermal ellipsoids are drawn at the 50% probability level, and-BE,CF; groups and the bridgehead-We and hydrogens

of the tfepma and tfepm ligands have been omitted for clarity.

Figure 6. Complete photocycle for Fheneration by the dirhodium dfpma
photocatalyst. Identification of the intermediates in the cycle is based on
the chemistry of dirhodium and diiridium tfepma and tfepm synthetic
analogues.

gold for M—X activation. Initial results in this area are
described below.

6884 Inorganic Chemistry, Vol. 44, No. 20, 2005

2.4. Bimetallic Gold Complexes for the Photoactivation
of M—X Bonds. Gold complexes possess a number of
promising properties for the purposes oM bond photo-
activation. First, dimers of gold are available with the metal
in the 14, 2+, and 3+ oxidation states. The Alioxidation
state is quite oxidizing with a textbook Al reduction
potential (1.36 V vs SHE in acidic soluticd)that is
commensurate with halogen oxidation. Although the reduc-
tion potential is highly dependent on its ligand environment,
as well as the solvent used, it is clear that"Ais a very
oxidizing metal center. Second, the coordination geometries
of an Au" couple are well suited for halogen elimination:
Au' adopts a linear geometry, whereas"Atypically is
square planar. This decrease in the coordination number by
2 with the attendant two-electron reduction of the gold center
is well matched to the desired two-electron oxidative
addition/reductive elimination chemistry required for halogen
photoactivation. Third, two-electron mixed valency of di-
gold centers already has been observed by Faékderd

(53) Schmid, G. M. InStandard Potentials in Aqueous SolutipiBard,
A.J., Parsons, R., Jordan, J., Eds.; IUPAC, Marcel Dekker: New York,
1985; pp 313-320.

(54) Fackler, J. P., Jinorg. Chem.2002 41, 6959-6972.
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Figure 7. Solid-state structure of Atfepm)Cl, (12). Thermal ellipsoids
are drawn at the 50% probability level, ardCH,CF; groups and bridge

hydrogens of the tfepm ligand have been omitted for clarity. ] )
Figure 8. Solid-state structure of ARH('BUNC)(dppm}Cl (13). Thermal

Grohmann and Schmidbaﬁrwho have prepared a AuAu', ellipsoids are drawn at the 40% probability level.
Au'—Au", Ad'---Au", and Ad"'---Au" series bridged by
anionic phosphorus ylide ligands. Conversion between thes
complexes proceeds exclusively in two-electron steps. Fi-
nally, although Alr--Au" does not possess a formal metal

metal bond, the compound has an allowed, low-energy d e ) r )
— po transition®® Thus, as with the dirhodium mixed-valence Pis(diphenylphosphino)methane), which has been previously

complexes, an electronic transition related to a metatal prepared with other aniofisbut not structurally character-

bond is retained as a potential chromophore, from which ized. The structure of the hetero-bimetallic compound shown

M—X photoactivation may be initiated. in Figure 8 displays a nearly square-planat Bamter, with
We have sought to elaborate a coordination chemistry of WO trans-disposetért-butyl isocyanide groups and bridging

digold centers akin to that observed for the rhodium and dPPM ligands (P—Rh—P = 173.0T) comprising the
iridium bimetallics. A digold core bridged by three tfepm Primary coordination sphere. The other ends of the dppm

ligands, Au(tfepm)Cl, (12), may be assembled according ligands coordinate the Agenter iln_a linear g_eometrjﬂp—
to the following reaction: Au—P = 174.99). The Ad---Rh interatomic distance of

2.9214(9) A is slightly longer than the 2.854 A average
2AUCI(THT) (THT = tetrahydrothiophene} 3 tfepm— distance reported for the only other structurally characterized
Au,(tfepm)Cl, (4) Au'---RH species, AuRh(PNRBF:NOs) (here PNP=
2-[bis(diphenylphosphino)methyl]pyridine}).For the case

As shown in Figure 7, a three-coordinate planar geometry, of 13, the chloride anions are not associated with the metal
similar to that observed for RW dfpma and tfepma  centers. Current efforts are focused on reducing this complex
complexes, is obtained as opposed to the linear geometryto a Rif-+-Au' core, the formation of which should be driven
more typical of Al. The trigonal geometry for Auhas by partial metatmetal bond formation. We believe that the
been observed in only one other structurally characterizedresulting RR-+-Au' species will provide an entry point into
bis(phosphino)methane-bridged complex, namely, that HX photocatalysis because @#Rh'—Au''(X), species are
of Auy(dmpm}y(BF4), [dmpm = bis(dimethylphosphino)-  available, in principle, by the oxidative addition of 2 equiv
methanef” The Au--Au distance of 3.5295(7) A id2 is of HX. We are currently examining the feasibility of forming
markedly longer than the 3.045 A AwAu distance observed  such a species, which will allow MX photoactivation to
in Aux(dmpm)(BF4). and likely arises from the association occur from a highly oxidizing Ali center and klelimination
of the chloride anions in the former. Digold complExwill to proceed, as observed previously, from d Rénter.
allow for the examination of M-X photoactivation pending
the outcome of its oxidation reactivity, which is currently 3. Oxygen Photoproduction
under investigation.

We ultimately would like to couple the hydrogen produc-
tion properties of dirhodium centers with the halogen

celimination that we are developing for digold complexes.
Toward this end, we have begun exploring mixed-metal
gold—rhodium complexes. We have synthesized the mixed-
metal complex [AIRK('BUNC)(dppm}]Cl, (13) (dppm=

The oxidation half of the water-splitting problem presents
an even greater challenge than the reduction side because
the basic chemical principles that drive-@ bond coupling
(55) Grohmann, A.; Schmidbauer, H. omprehensie Organometallic are extremely complex (vide infra). The need to understand

Chemistry, 1] Abel, E. W., Stone, F. G. A., Wilkinson, G., Eds.; a number of essential science issues is underscored with the

Pergamon: New York, 1995; Vol. 3, B6. ;
(56) Foral A, 1. Mo Fackier. 3. P Jr.;p/i’; sefa, Z. Gptoelectronic recently reported structure of the oxygen-evolving complex

Properties of Inorganic CompoungRoundhill, D. M., Fackler, J. P.,

Jr., Eds.; Plenum Press: New York, 1999; Chapter 6, pp-229. (58) Langrick, C. R.; Shaw, B. LDalton Trans.1985 511-516.
(57) Bensch, W.; Prelati, M.; Ludwig, W.. Chem. Soc., Chem. Commun. (59) McNair, R. J.; Nilsson, P. V.; Pignolet, L. thorg. Chem1985 24,
1986 1762-1763. 1935-1939.
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1. Architectures must be defined that permit control of
the secondary coordination environment to preassemble two
water molecules prior to coupling.

2. Water must be activated by coupling proton-transfer
reactions to multielectron redox chemistry. Hence, new
experiments must be designed that permit such PCET
reactions to be defined. At the cluster active site, the two
waters are activated to generate the critical oxo/hydroxo
intermediate by a series of PCET events. The removal of
electrons and protons from the OEC is assuredly related to
the Kok cycle for water activation by PS#./*74 The

Figure 9. Structure (3.4 A resolution) of the OEC adapted from ref 62 ele_Ctron. and proton In\_/entory is managed away. iromsine
and a proposed oxidation state model forO bond coupling. The  active site by the protein environment. Models prior to the
numbering indicates challenges overcome by PSIl in performing the water- crystal structure proposed congruent PCET channels in which
splitting reaction: (1) the use of the protein structure to control the active- ha gctivation of the infamous sz(Y161)75‘79 occurred by
site primary and secondary coordination spheres to bring two water . . .
molecules fogether; (2) the divergent PCET pathway, indicating the exit Proton transfer away from the OEC active site were mediated
channels for electrons and protons; and (3) thedtbond-forming reaction, by H1908° However, the crystal structliehas refined this
which involves an extensive reaction chemistry beyond simple electron picture as Figure 9 indicates. The proton output channel
transfer (see text). : - . ) . .
identified in the crystal structure to begin at D61, is

(OEC) and accompanying protein environment of photo- orthogonal to the electron output channel, which procoeds
system Il (PSII). As researchers continue their drive toward through Tyg. The crystal structure shows that tyrosine
obtaining higher resolution structuré$!a working model oxidation most likely proceeds by a proton transfer between

for the mechanism of water splitting at the OEC is beginning 1Yz @hd H190, which is isolated and not part of a proton-
to emerge. transfer exit channel.

Figure 9 shows the results of the highest resolution 3. Developm.ent of rational and prediotab_le methodologies
structure of PSII to daté A cubane-like MaCaQ, cluster ~ [of the formation of G-O bonds, which involves basic
is proposed in which metals are held together ibpxo reaction types that are not yet controllable or predictable, at
bridges®263 The X-ray structure is consistent with the 43 least not to the extent that Marcus theory has provided to
1" configuration of Mn centers deduced from EXA®@nd our understanding of one-electron redox reactions. ThH®O
ENDORS56experiments. The key intermediate in the critical 20nd-forming step involves multielectronprocess andtom
bond-forming step of water oxidation is a preorganized oxo/ ransferof oxygen from a strong metabxo bond. Moreover,
hydroxyl intermediate. The ©0 bond-making reaction ~the multielectron process is likefyroton-coupledThe O-O
effectively involves a nucleophilic attack of hydroxide on Pond-forming step thus embodies a reactivity suite that steps

an electrophilic oxygen, a transformation now incorporated Well beyond single-electron transfer.
in most current mechanisms for ,Qgeneration at the Described below are our systematic efforts to address

OECS™70The C&* ion is thought to decrease th&pof an challenges +3 in the contextual framework of the water-

unbound water to produce a noncoordinated and nucleophilicSPIitting reaction. _
hydroxide that attacks the electrophilic oxo of a high-valent ~3-1. Water Assembly by Controlling Secondary Coor-
manganes®#:%7°The chemical challenges confronting the dination Spheres.Our first generation approach to the water

development of a functional model for water splitting are assembly, challenge 1, focused on bisporphyrins arranged
labeled in Figure 9: in a cofacial orientation by a single rigid pillar. The approach

builds on the designs of Collman and Chang, who utilized

(60) Barber, JBiochim. Biophys. Act2004 1655 123-132.

(61) Barber, J.; Ferreira, K.; Maghlaoui, K.; Iwata,Pys. Chem. Chem.
Phys.2004 6, 4737-4742.

(62) Ferreira, K. N.; lverson, T. M.; Maghlaoui, K.; Barber, J.; lwata, S.

Science2004 303 1831-1838.
(63) Iwata, S.; Barber, urr. Opin. Struct. Biol2004 14, 447—453.

(64) Robblee, J. H.; Messinger, J.; Cinco, R. M.; McFarlane, K. L.; Carmen

Fernandez, C.; Pizarro, S. A.; Sauer, K.; Yachandra, VJKAm.
Chem. Soc2002 124, 7459-7471.

(65) Peloquin, J. M.; Campbell, K. A.; Randall, D. W.; Evanchik, M. A;;
Pecoraro, V. L.; Armstrong, W. H.; Britt, R. Dl. Am. Chem. Soc.
200Q 122 10926-10942.

(66) Britt, R. D.; Campbell, K. A.; Peloquin, J. M.; Gilchrist, M. L.; Aznar,
C. P.; Dicus, M. M.; Robblee, J.; Messinger,Biochim. Biophys.
Acta 2004 1655 158-171.

(67) Vrettos, J. S.; Limburg, J.; Brudvig, G. VBiochim. Biophys. Acta
2001, 1503 229-245.

(68) Tommos, C.; Babcock, G. Acc. Chem. Red.998 31, 18-25.

(69) Pecoraro, V. L.; Baldwin, M. J.; Caudle, M. T.; Hsieh, W. Y.; Law,
N. A. Pure Appl. Chem1998 70, 925-929.

(70) Messinger, J.; Badger, M.; Wydrzynski,Aroc. Natl. Acad. Sci. U.S.A.
1995 92, 3209-3213.
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(71) Hoganson, C. W.; Babcock, G. Bciencel997 277, 1953-1956.
(72) Babcock, G. T.; Barry, B. A.; Debus, R. J.; Hoganson, C. W.; Atamian,
M.; Mclintosh, L.; Sithole, I.; Yocum, C. FBiochemistry1989 28,

9557-9565.

(73) Westphal, K. L.; Tommos, C.; Cukier, R. I.; Babcock, G.Curr.
Opin. Plant Biol.200Q 3, 236-242.

(74) Tommos, CPhilos. Trans. R. Soc. London, Ser2802 357, 1383~
1394.

(75) Barry, B. A.; Babcock, G. TRProc. Natl. Acad. Sci. U.S.A987, 84,
7099-7103.

(76) Debus, R. J.; Barry, B. A.; Babcock, G. T.; McIntosh,Aroc. Natl.
Acad. Sci. U.S.A1988 85, 427—430.

(77) Debus, R. J.; Barry, B. A.; Sithole, I.; Babcock, G. T.; MclIntosh, L.
Biochemistry1988 27, 9071-9074.

(78) Diner, B.; Schlodder, E.; Nixon, P. J.; Coleman, W. J.; Rappaport,
F.; Vermaas, W. F. J.; Chisholm, D. Biochemistry2001, 40, 9265—
9281.

(79) Vermaas, W. F. J.; Rutherford, A. W.; Hansson, O.Rxbc. Natl.
Acad. Sci. U.S.A1988 85, 8477-8481.

(80) Hoganson, C. W.; Pressler, M. A.; Proshlyakov, D. A.; Babcock, G.
T. Biochim. Biophys. Actd998 1365 170-174.
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anthracene (DPA) and biphenylene (DPB) pillars to juxtapose
cofacial bisporphyring:=8* These systems, designated “Pac-
man” porphyrins, have been prominent electrocatalysts for
the reduction of oxygen to water (the microscopic reverse
of O, formation) when the porphyrin contains late transition
metals (e.g., Cd}* However, the cofacial motif poses a
problem for porphyrins containing earlier transition metals

such as Fe and Mn, which are best-suited for oxygen atom

coupling. The high thermodynamic driving force for,M
u-oxo formation is a significant impediment to the water

assembly problem. We therefore engineered new cofacial

bisporphyrins displaying expanded pockets with the goal of
hinderingu-oxo formation. In the DPX (diporphyrin xan-
thene) and DPD (diporphyrin dibenzofuran) cofacial con-
structs of Figure 162 neighboring porphyrins display an

extensive range of vertical pocket size dimensions and

flexibilities with minimal lateral displacement between
macrocycle subunits. By employment of the appropriate

substituents along the periphery of the macrocycle super-

structure, it is possible to tune the pocket sizes of the Pacman

motif in increments of 0.5 A over a series of metatetal
distances ranging from 3.5 to over 8.3A8 Similar to DPA
and DPB Pacman porphyrins, the dicobalt(ll) complexes of
both DPX and DPD are effective electrocatalysts for the
direct four-electron, four-proton reduction of oxygen to water
over the more common two-electron, two-proton reduction
to hydrogen peroxid®.®* However, comparative structuriél,
steady-state reactivifif;**and time-resolved spectroscépy

(81) Chang, C. K.; Abdalmuhdi, . Org. Chem1983 48, 5388-5390.

(82) Chang, C. K.; Abdalmuhdi, Angew. Chem., Int. Ed. Endl984 23,
164-165.

(83) Collman, J. P.; Hutchison, J. E.; Lopez, M. A.; Tabard, A.; Guilard,
R.; Seok, W. K.; Ibers, J. A.; L'Her, MJ. Am. Chem. Sod992
114, 9869-9877.

(84) Collman, J. P.; Wagenknecht, P. S.; Hutchison, Arigew. Chem.,
Int. Ed. Engl.1994 33, 15371554.

(85) Chang, C. J.; Deng, Y.; Heyduk, A. F.; Chang, C. K.; Nocera, D. G.
Inorg. Chem.200Q 39, 959-966.

(86) Chang, C. J.; Baker, E. A.; Pistorio, B. J.; Deng, Y.; Loh, Z.-H.; Miller,
S. E.; Carpenter, S. D.; Nocera, D. lBorg. Chem2002 41, 3102-
3109.

(87) Chang, C. J.; Deng, Y.; Peng, S. M.; Lee, G. H.; Yeh, C. Y.; Nocera,
D. G. Inorg. Chem.2002 41, 3008-3016.

(88) Chng, L. L.; Chang, C. J.; Nocera, D. G. Org. Chem2003 68,
4075-4078.

(89) Chang, C. J.; Loh, Z.-H.; Deng, Y.; Nocera, D.IBorg. Chem2003
42, 8262-8269.

(90) Chang, C. J.; Deng, Y.; Shi, C.; Chang, C. K.; Anson, F. C.; Nocera,
D. G. Chem. Commur200Q 1355-1356.

(91) Chang, C. J.; Loh, Z.-H.; Shi, C.; Anson, F. C.; Nocera, DJG\m.
Chem. Soc2004 126, 10013-10020.

(92) Deng, Y.; Chang, C. J.; Nocera, D. &.Am. Chem. So200Q 122,
410-411.

(93) Pistorio, B. J.; Chang, C. J.; Nocera, D.lGAm. Chem. So2002
124, 7884-7885.

(94) Rosenthal, J.; Pistorio, B. J.; Chng, L. L.; Nocera, DJ@rg. Chem.
2005 70, 1885-1888.

(95) Hodgkiss, J. M.; Chang, C. J.; Pistorio, B. J.; Nocera, DInGrg.
Chem.2003 42, 8270-8277.

Figure 10. (Top) Molecular structures of the DPX and DPD cofacial
bisporphyrins. Crystal structures of open Zn (left) and closed/&~exo
(right) forms of the DPD (middle) and DPXM (bottom) Pacman bispor-
phyrins.

studies reveal that neither large vertical pocket sizes nor
substituents around the porphyrin periphery impge@xo
formation. As shown in Figure 10, the Fe-oxo core may
form either by the unprecedented flexibility of the DPD
system to open and close its binding pocket by a vertical
distance of ove4 A or by distortion of the macrocycle ring

of the sterically encumbered DPXM system (methoxyaryl
groups at meso positions trans to the xanthene spacer).

In the absence of a metal to coordinate water, the challenge
for this step is to control the secondary coordination sphere
so that a water (and accordingly incipient hydroxide) is
present for nucleophilic attack. We have addressed the
challenging task of secondary sphere organization of water
above a redox platform by designing Hangman porphyrins
in which a “hanging” acie-base group poises a water
molecule above a redox platforthiln the absence of the
second metaly-oxo formation is prevented.

The crystal structure of the xanthene Hangman (HPX) iron
porphyrin is shown in Figure 1%¥.The complex represents
the first structurally characterized monomeric iron(lll)
hydroxide porphyrin. As intended in its original design, a
water molecule is suspended between the xanthene carboxylic

(96) Chang, C. J.; Yeh, C. Y.; Nocera, D. G. Org. Chem.2002 67,
1403-1406.

(97) Yeh, C. Y.; Chang, C. J.; Nocera, D. G. Am. Chem. SoQ001,
123 1513-1514.
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Figure 11. (Top) Schematic for the introduction of two waters into the cleft of the Hangman architecture. (Bottom) Crystal structure of Hangman porphyrin
showing a molecule of water suspended over a metal-bound hydroxide (formally from the addition of a second molecule of water).

acid hanging group and the hydroxide ligand. This is the
first synthetic redox-active site displaying an assembled water
molecule as part of a structurally well-defined proton-transfer
network. Spectroscopic data for (HPX)FeH indicate that
the water molecule remains bound in solution as well as in
the solid state and that this binding is chemically reversible.
The measured binding energy of the water molecule within
the Hangman cleft is 5.8 kcal/m#l The HPX platform thus
provides a microcavity for examination of -€D bond
formation by juxtaposing two oxygen atoms between proton-
and electron-transfer sites.
3.2. PCET: Mechanism and Oxygen Activation.A

Figure 12. PCET assemblies used for mechanistic investigations of PCET

CrUCi_aI element to the success of water splitting at OEC \yhere the electron and proton transport occur along (a) collinear and (b)
entails the coupling of electron and proton transport to orthogonal pathways.

activate OEC and, in turn, water. An understanding of
PCET was launched at a mechanistic level by our studies of
D---[H*]---A (D = donor, A= acceptor, and [H =
proton-transfer interface) systeffsinitial systems were
designed to emphasize the collinear geometry shown in
Figure 12&% A hydrogen-bond interface is used to preor-
ganize electron donor/acceptor (D/A) pairs. Electron transfer

between D/A pairs is necessarily modulated by the presence ;g

of a proton. These systems have provided tangible kinetics
benchmarks for PCET reactidfs1°” and stimulated the

(98) Chang, C. J.; Chng, L. L.; Nocera, D. G. Am. Chem. So003
125 1866-1876.

(99) Turrg C.; Chang, C. K.; Leroi, G. E.; Cukier, R. |.; Nocera, D. &.
Am. Chem. Sod 992 114 4013-4015.

(100) Chang, C. J.; Brown, J. D. K.; Chang, M. C. Y.; Baker, E. A.; Nocera,
D. G. In Electron Transfer in ChemistryBalzani, V., Ed.; Wiley-
VCH: Weinheim, Germany, 2001; Vol. 3.2.4, pp 40961.

(101) Yeh, C. Y.; Miller, S. E.; Carpenter, S. D.; Nocera, D. I6org.
Chem.2001, 40, 3643-3646.
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developmentof theories to describe PCET%®19The key

ingredients that determine the rate of any charge-transfer
reaction, the activation energy, and the electronic coupling,
depend on both the proton and electron coordinates in a

(102) Damrauer, N. H.; Hodgkiss, J. M.; Rosenthal, J.; Nocera, DOl. G.

Phys. Chem. 2004 108 6315-6321.

Roberts, J. A.; Kirby, J. P.; Nocera, D. &.Am. Chem. S0d.995

117, 8051-8052.

(104) Deng, Y.; Roberts, J. A.; Peng, S. M.; Chang, C. K.; Nocera, D. G.
Angew. Chem., Int. Ed. Endl997, 36, 2124-2127.

(105) Roberts, J. A.; Kirby, J. P.; Wall, S. T.; Nocera, D.I@org. Chim.
Acta 1997 263 395-405.

(106) Kirby, J. P.; van Dantzig, N. A.; Chang, C. K.; Nocera, D. G.
Tetrahedron Lett1995 36, 3477—-3480.

(107) Kirby, J. P.; Roberts, J. A.; Nocera, D. &.Am. Chem. S0d.997,
119, 9230-9236.

(108) Hammes-Schiffer, S. Blectron Transfer in Chemistryalzani, V.,
Ed.; Wiley-VCH: Weinheim, Germany, 2001; Vol. 1.1.5, pp 189
237.

(109) Hammes-Schiffer, S\cc. Chem. Re001, 34, 273-281.
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Figure 13. Schematic representation of the dipole rearrangement of the external environment after a PCET event.

PCET reaction. This coupling of the charge shift resulting
from electron and proton motion to the polarization of the
surrounding environment, schematically represented in Figure
13, is a distinguishing characteristic of a PCET reaction. This
mechanism lies at the heart of biological energy conver-
sion1%especially those deriving their function from radical
transportt-115

The relation of PCET to substrate activation, including
oxygen, is under investigation by developing the construct
shown in Figure 12b. The overall architecture is embodied
by the Hangman platform, which is a nexus for electron-
and proton-transfer events. The approach is powerful because
it separates electron- and proton-transfer coordinates, thus
allowing for the independent study of energetics and distance
dependences of the electron- and proton-transfer events. For
instance, by simply interposing a water molecule near the
HPX spacer, we can switch from a configuration requiring
one long-distance proton-transfer event3(5 A) coupled
to electron transfer to one requiring two short-distance
proton-transfer events (1.8 A, proton hopping along a water
chain). This orthogonalization of electron- and proton-transfer
pathways captures a key feature of PCET in nature. Because
the proton is a heavy particle, its tunneling rate drops off
quickly with distance as compared to an electf¥nAc-
cordingly, the redox cofactors of many enzymes are hard-
wired to a proton network that is derived from a structured Figure 14. (a) High-resolution structure of cytochrome P450, displaying

. . . . a water channel above the heme. (b) Peroxo shunt mechanism of mono-
water channel or from secondary amino acid side Chalns'oxygenases producing compound I*((fFF€V=0), which oxidizes substrates
Protons can hop over short distances, and thus rates of protomy their nucleophilic attack on the electrophilic oxo of the'(fFéV=0
transfer can be commensurate with longer-distance electron<ore-
transfer events. In this way, coupling between the electron
and proton can be achieved.

Inasmuch as the activation of oxygen and water in biology
inexorably involves PCET events, proton-transfer networks
orthogonalized to redox cofactors are an especially prevalent
structural motif for enzymes that derive their function from
oxygen activation. The structures of cytochrome P450 and

mono-oxygenases are exemplary in this respect. Figure 14a
shows the structure of the formEf.Protons are managed

by the water channel, which is directed along the coordina-
tion axis of oxygen activation. The highly activated ferryl
oxygen of the redox cofactor,”AF€V=0 (compound I-type
intermediate in which an Be=0O center resides in a
porphyrin cation radical, P), is produced by proton transfer

(110) Stubbe, J.; Nocera, D. G.; Yee, C. S.: Chang, M. CCNem. Re. from the water channel to a ferric peroxy intermediate, as
( )2COr?3 103 2é67—2201. C S Subb e | shown in Figure 14b. Formation of the high-valent metal
111 ang, M. C. Y.; Yee, C. S.; Stubbe, J.; Nocera, DPf&c. Natl. : : :
Acad. Sci. U.S.A2004 101 68826887, 0X0 fragment.|s thus accomplished by coupling proton
(112) Yee, C. S.; Chang, M. C. Y.; Ge, J.; Nocera, D. G.; Stubbd, J.  transfer to an internal Zeredox event.
Am. Chem. So@003 125 10506-10507. i i
(113) Reece, S.Y.; Stubbe, J.; Nocera, DB@phys. Biochim. Acta005 We have found that.the protonic pendant acid group of
1706 232-238. the Hangman porphyrin plays the same role as the water

(114) Chang, M. C. Y.; Yee, C. S.; Nocera, D. G.; Stubbd, Am. Chem. channels of natural enzymes. Proton transfer from the-acid
S0c.2004 126, 16702-16703. b h - in (HPXO1t id | ield

(115) Yee, C. S.; Seyedsayamdost, M. R.; Chang, M. C. Y.; Nocera, D. ase hanging group in ( )Eeperoxide complexes yields
G.; Stubbe, JBiochemistry2003 42, 14541-14542.

(116) Krishtalik, L. I. Charge-transfer reactions in electrochemical and (117) Poulos, T. L.; Finzel, B. C.; Howard, A. Biochemistry1986 25,
chemical processe®lenum: New York, 1979. 5314-5322.
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Figure 15. Selected stopped-flow data for the disappearance (red) of (HPXaEgl peroxide {max= 416 nnt18 and the concomitant appearance (blue)
of (HP**X)FEV=0 (Amax = 678 nni1¥. Global analysis of the full spectral window (46@00 nm) for the disappearance and appearance traces using a
first-order kinetic model give&ops = (1.9 4+ 0.1) x 1072 s~ for O—O bond heterolysis.

Scheme 3

(HPtX)FeV=0. Figure 15 shows the stopped-flow kinetics presentation of the oxo in a Hangman cleft possesses some
for a reaction of (HPX)P&(OH) andm-chloroperoxybenzoic  of the salient features of the OEC in PSII.
acid (m-CPBA) in CHCI, at —40 °C. Substitution of a 3.3. O—0 Bond Formation. The electrophilic oxo of the
perbenzoate for hydroxide first affords a ferric acylperoxo Hangman platform exhibits reactivity patterns essential for
species in seconds. The absorption spectrum of the acylwater activation. The oxo reacts with peroxide in a dismu-
peroxide fmax = 416 and 506 nAtd) smoothly disappears tation reaction to produce oxygen and watérUnder
with the concomitant growth of the absorption spectrum for electrocatalytic reducing conditions, the Hangman porphyrin
(HP**X)FE€V=0 (Amax = 678 nnt9. No intermediates are  reacts with oxygen to produce water by the mechanism
observed in the process, thereby indicating exclusiveDO  proposed in Scheme 3, which is consistent with the stopped-
bond heterolysis, a 2aedox event coupled to intramolecular  flow results of Figure 15. Scheme 3 is important to the goals
proton transfer, as is the case for cytochrome P450 and otheof water splitting because the conversion is the microscopic
mono-oxygenases. A properly positioned adidse residue,  reverse of the ©0 bond-forming chemistry that is needed
in fact, works to facilitate such internal multielectron for water oxidation. We have initially addressed the reverse
chemistry while inhibiting single-electron processes. Ho- bond-formation step by examining the nucleophilic attack
molytic O—O bond cleavagea le, 1H" transformation- of olefins on the electrophilic oxo of PFEV=0 (Scheme
is suppressed by the pillared acid unit in reactions that 4)- The production of an epoxide entails a two-electron
otherwise afford O homolysis on porphryin scaffolds that ~ transfer of an oxygen atom from the porphyrin platform to
cannot support proton transfer. This result is of pertinence an olefin!*2n the presence of an external peroxide source,
to the water-splitting reaction because it shows that a highly the reaction is catalytic and proceeds with high turnover
electrophilic oxo can be supported on a Hangman platform. numbers.
It additionally provides direct mechanistic insights into the

. . . (119) Chng, L. L.; Chang, C. J.; Nocera, D. Grg. Lett.2003 5, 2421~
effects of a controlled secondary coordination sphere in 2424,

multielectron PCETeactions toward challenges 2 and 3. The (120) Kaizer, J.; Klinker, E. J.; Oh, N. Y.; Rohde, J.-U.; Song, W. J.; Stubna,

A.; Kim, J.; Munck, E.; Nam, W.; Que, L., Jd. Am. Chem. Soc.

2004 126, 472-473.

(118) Groves, J. T.; Watanabe, ¥. Am. Chem. S0d.988 110, 8443— (121) Groves, J. T.; Gross, A.; Stern, M. Korg. Chem1994 33, 5065—
8452. 5072.
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Scheme 4

To effect water splitting, as indicated in Scheme 4, the
olefinic nucleophile needs to be replaced by hydroxide.
Practically, OH is thermodynamically more difficult to
oxidize than olefins, and hence the electrophilicity of the
oxo of (HP"X)FeV=0 needs to be maximized. Moreover,
the proton inventory of the current HPX platform is
incompatible for the formation and stabilization of nucleo-
philic hydroxide from a suspended water molecule. The

by electrochemical techniqués?*We have also turned our
attention to introducing photooxidants onto the macrocycle.
This approach provides us with a handle to photogenerate
the critical high-valent oxo electrophile by flash quench
photochemical metho#¥ and, in doing so, opens the way
to photochemically drive ©0 bond formation. Toward this
end, we have developed rhenium(l) polypyridyl complexes
that contain an ancillary phosphine ligand through which
electron transfer is directééf Metal-to-ligand charge-transfer
excitation promotes an electron from the' Renter onto the
polypyridine ligand. With the metal-to-ligand charge-transfer
excited-state electron directed away from the phosphine, the
highly oxidizing Ré¢ center can oxidize redox centers
connected to the phosphine via a unidirectional electron
cascade. In this way, an efficient and direct photooxidation
of pendant redox centers may be achiet®@dwe are
currently exploiting this strategy by attaching the phosphine
of the rhenium(l) polypyridyl center to the meso position of
the Hangman platform.

carboxylic acid hanging group of the Hangman architecture 4. Concluding Remarks

needs to be replaced with a Brgnstédwry base to
generate the required hydroxide nucleophile.

Figure 16 shows a reconstructed Hangman platform for

the water-splitting reaction. To boost the oxidation potential

of the porphyrin subunit, we have added electron-withdraw-

ing groups to the periphery of the porphyrin macrocycle.
Introduction of ancillary fluorinated phenyl groups onto the

meso positions of the porphyrin framework increases the

oxidizing power of the porphyrin macrocycle by more than
0.4 V122123\\e are currently also exploring the fluorination
of the 8 positions of the porphyrin ring to further augment
the electron-withdrawing properties of the redox platform.

f-Fluorine substitution of the porphyrin macrocycle has been

Hydrogen and oxygen production from energy-poor sub-
strates such as water involvesultielectronprocesses that
areproton-coupledor the activation of kinetically inert and
thermodynamically stable bondsVe have made modest
inroads to the foregoing italicized research areas by develop-
ing new types of excited-state molecules that connect to
ground-state partners in multielectron steps and by develop-
ing a comprehensive approach to the investigation of PCET.
With frameworks of multielectron chemistry and PCET in
place, we have described a photocycle for hydrogen produc-
tion from acidic solutions and developed new redox platforms
that combine both electron and proton transfer for oxygen
activation by atom transfer. We continue to expand on these

shown to increase the oxidizing power of the redox subunit basic reaction types with the aim of devising general

by roughly 0.5-0.6 V!?* We have also developed a
successful methodology for the incorporation of a wide
variety of functional acig-base groups including amidirié.

This hanging group has the same bond number connectivity

principles that can be used in the design of transition-metal
complexes for the activation of small molecules of energy
consequence.

as carboxylate, so it is geometrically matched to bind a water 5. Experimental Section

molecule in the Hangman cleft and is basic enough to
generate the hydroxide nucleophile. Other electron-deficient

5.1. General ProceduresAll manipulations were carried out
using modified Schlenk techniques under an atmosphere, of N

platforms for the Hangman scaffold are also under examina-in 3 vacuum Atmospheres HE-553-2 glovebox. Solvents for
tion. We have elaborated the Hangman strategy to salen andynthesis were of reagent grade or better and were purified and

salophen ligand&> These platforms uniquely enrich our
ability to explore the multielectron chemistry associated with

water activation because their construction is highly modular,

dried using a Braun solvent purification system or according to
standard methodg? Bis[bis(trifluoroethoxy)phosphino]metha@!30
and chloro(tetrahydrothiophene)gold¢hwere prepared according

allowing two crucial components of the Hangman strategy to literature methods. All other materials were used as received.

as it pertains to water splittingacid—base properties of the
hanging group and redox properties of the platfettm be
tuned with great synthetic facility.

We are currently evaluating the capacity of the Hangman

platform shown in Figure 16 to promote-@® bond coupling
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Figure 16. Redesign of the Hangman porphyrin platform from that of an@bond-breaking catalyst, Scheme 3, to one more suited for the investigation

of O—0 bond formation.

5.2. Synthesis of Dichlorotrig§u-{ bis[bis(trifluoroethoxy)-
phosphinojmethané}digold(l), Au(tfepm)sCl, (12). Chloro-
(tetrahydrothiophene)gold(l) (0.284 g, 0.883 mmol) was treated with
1.5 equiv of bis[bis(trifluoroethoxy)phosphino]methane (0.625 g,
1.324 mmol) in dichloromethane (8 mL) in a 20-mL scintillation
vial, wrapped in foil to shield the contained solution from light.
Though a white precipitate formed within 20 min, the reaction
solution was left to stir for 2 h. The white precipitate was collected
by filtration, yielding 0.549 g ofl2 (66%).'H NMR (300 MHz,
CD4CN, 25°C): 6 3.264 (s, 6 H), 4.835 (m, 24 HJ'P{H} NMR
(121.4 MHz, CRCN, 25°C): 0 174.5.

5.3. Rhodium(l) Gold(l) Bis(tert-butylisonitrile)bis[ u-bis-
(diphenylphosphino)methane] Dichloride (13).In a reaction
vessel wrapped in foil to shield light, cyclooctadienerhodium(l)
chloride dimer (0.100 g, 0.203 mmol) was treated with bis-

Department of Chemistry Instrumentation Facility at the Mas-
sachusetts Institute of Technology. Chemical shifts are reported
using the standar@d notation in ppm.*H NMR spectra were
referenced to residual solvent peakd? NMR spectra were
referenced to an externakPiO, standard at O ppm.

X-ray diffraction experiments were performed on single crystals
grown by diffusion of pentane into a concentrated tetrahydrofuran
solution (L2) or diethyl ether into a concentrated methylene chloride
solution (L3). Crystals were removed from the supernatant liquid
and transferred onto a microscope slide coated with Paratone N
oil. Selected crystals were affixed to a glass fiber in Paratone N
oil and cooled to—173°C (12) or —123°C (13). Data collection
was performed by shining Mod (1 = 0.710 73 A) radiation onto
crystals mounted onto a Bruker CCD diffractometer. The data were
processed and refined by using the program SAINT supplied by

(diphenylphosphino)methane (0.340 g, 0.885 mmol) in methylene Siemens Industrial Automation, Inc. The structures were solved

chloride (5 mL), producing a red solution. A 2-mL methylene
chloride solution oftert-butyl isocyanide (0.075 g, 0.903 mmol)

by direct methods (SHELXTL v6.10, Sheldrick, G. M., and Siemens
Industrial Automation, Inc., 2000) in conjunction with standard

was then added dropwise to produce a deep purple-red solution.difference Fourier techniques. All non-hydrogen atoms were refined

Dropwise addition of chloro(triethylphosphine)gold(l) (0.158 g,
0.451 mmol) in methylene chloride (2 mL) was performed. The
resulting red-orange solution was left to stir fh shielded from
light. The addition of diethyl ether (30 mL) yielded an orange
precipitate. The precipitate was isolated by filtration, washed with
diethyl ether (3x 20 mL), and dried in vacuo, affordint@ as an
orange powder, 0.398 g (75%H NMR (500 MHz, CDCN, 25
°C): 0 8.052 (bs, 8 H), 7.829 (bs, 8 H), #3.6 (m, 24 H), 4.375
(t, Jpn = 4.2 Hz, 4 H), 0.693 (s, 18HJ!P{H} NMR (202.5 MHz,
CDsCN, 25°C): ¢ 27.834 (dd,Jpp = 34.6 Hz,Jpp = 34.6 Hz),
16.800 (ddd,Jrnp = 118.6 Hz,Jpp = 34.6 Hz,Jpp = 34.6 Hz).
Anal. Calcd for GeHg2AUCIN.P,RN: C, 55.19; H, 4.79, N, 2.15.
Found: C, 55.11; H, 4.65; N, 2.05.

5.4. Physical Methods.'H and 3'P{H} NMR spectra were
recorded on solutions at 2& within the magnetic field of a Varian

anisotropically unless otherwise noted. Hydrogen atoms were placed
in calculated positions. Details regarding the refined data and cell
parameters are provided in the Supporting Information.
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Mercury 300 or Inova 500 spectrometer, which was located in the 1C0509276
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