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Hydrogen Produced from
Hydrohalic Acid Solutions by a
Two-Electron Mixed-Valence
Photocatalyst

Alan F. Heyduk and Daniel G. Nocera*

Energy conversion cycles are aimed at driving unfavorable, small-molecule
activation reactions with a photon harnessed by a transition metal complex. A
challenge that has occupied researchers for several decades is to create mo-
lecular photocatalysts to promote the production of hydrogen from homoge-
neous solution. We now report the use of a two-electron mixed-valence
dirhodium compound to photocatalyze the reduction of hydrohalic acid to
hydrogen. In this cycle, photons break two Rh"-X bonds of a LRh°-Rh"X, core
in the presence of a halogen trap to regenerate the active LRh°—Rh® catalyst,
which reacts with hydrohalic acid to produce hydrogen.

Light-driven energy conversion schemes
were suggested as an alternative energy
source to expendable fossil fuel reserves
nearly a century ago (). The target fuel of
schemes developed since this proposal has
been H,, generated from protic solutions. The
most successful approaches to date have used
a heterogeneous catalyst to couple the le~
equivalency provided by a photoexcited tran-
sition metal sensitizer [e.g., Ru(I) polypyri-
dine complexes] to the 2e~ equivalency re-
quired for H, production (2-5). Photoexcited
electrons in the conduction bands of semicon-
ducting electrodes and nanoparticles are es-
pecially effective in promoting the reduction
of H* to H, (6, 7). Utilization of the atten-
dant hole in the valence band to generate a
complementary oxidation product completes
the photocatalytic cycle. Sutin and co-work-
ers (8) showed that photocatalytic H, produc-
tion in homogeneous solution could also be
achieved when the heterogeneous mediator is
replaced by a molecule capable of mediating
the 2e™ reduction of 2 H* to H,.

Hydrogen production in the absence of
mediators has also been realized, but only
under stoichiometric conditions. The irradia-
tion of acidic solutions containing reduced
metal ions such as Ce** (9), Cr** (10), and
Fe?* (11) produces H, and the le~ oxidized
metal cation. In these schemes, excitation of a
charge-transfer-to—solvent (CTTS) absorp-
tion band effectively produces solvated elec-
trons that are trapped by protons to produce H
radicals, which combine to produce H,. The
seminal work of Gray and co-workers on the
photochemistry of dirhodium(I) isocyanides
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in hydrohalic acid (HX) solutions (12, 13)
established the viability of using a molecular
excited state to promote H, production in
homogeneous solution. Irradiation of the
binuclear Rh' complex, [Rh,(bridge),]**
(bridge = 1,3-diisocyanopropane), in aque-
ous HX solutions resulted in the stoichiomet-
ric production of 1 equivalent (equiv) of H,
and 1 equiv of [Rh,(bridge),Cl,]>*. The dif-
ficulty associated with the subsequent activa-
tion of the Rh"-X bonds of the [Rh,-
(bridge),CL,]** photoproduct prevented the
regeneration of the initial photoreagent, pre-
cluding catalytic turnover.

In view of the challenges posed by M—X
bond formation to designing HX-splitting cy-
cles, we sought to develop excited states that
can promote M—X photoactivation to regen-
erate active hydrogen-producing species. By
introducing the same do* excited state
within the electronic structure of LRh’-
Rh°L, LRh°-Rh"X,, and X,Rh"-Rh"X,
cores (X = Cl, Br; L = CO, PR,, CNR)
spanned by three bis(difluorophosphino)
methylamine [dfpma = MeN(PF,),] li-
gands (/4, 15), we could interconvert
among the series members by photoelimi-
nating halogen in 2e~ steps. We obtained
the mixed-valence LRh°-Rh"X, species,
Rh,(dfpma),X,(L), quantitatively when so-
lutions of Rh,(dfpma),X, containing ex-
cess L were photolyzed (300 nm = A\ =
480 nm) in the presence of a halogen-atom
trap such as tetrahydrofuran (THF), dihy-
droanthracene, or 2,3-dimethylbutadiene.
Irradiation with excitation wavelengths
(300 nm = A, = 400 nm) coincident with
the absorption manifold of the LRh%-
Rh"X, photoproduct resulted in a second
2e~ elimination reaction to give the LRh®-
RK°L dimer, Rh,(dfpma),L,, again in
quantitative yield. In the overall transfor-
mation, the two-electron mixed-valence

LRh°-Rh"X, compound sustains the mul-
tielectron photoreactivity of the system by
coupling the 2e~ M-X chemistry of the
individual Rh centers. We now show that
M-X photoactivation from this two-elec-
tron mixed-valence platform enables the
photocatalytic production of H, from ho-
mogeneous solutions of HX.

Hydrohalic acid reacted at the Rh,%°-
(dfpma),(L) core to produce the two-elec-
tron mixed-valence species Rh,%"(dfpma),-
X,(L) (1) and H, upon removal of a single axial
ligand from the coordinatively saturated
Rh,%(dfpma),LL’ (2) complex (Scheme 1).
The vacant coordination site can be generated
photochemically when one axial ligand is CO.
We prepared the asymmetric complex,
Rh,*(dfpma),(PPh,)(CO) (I6), which has one
photoinert axial ligand, PPh,, and one photo-
labile axial ligand, CO. Whereas CH,Cl, solu-
tions of Rh,*%(dfpma),(PPh,)(CO) did not re-
act with HX (X = Cl or Br), a rapid reaction
was observed when the CO was removed by
ultraviolet-visible (UV-Vis) irradiation (excita-
tion wavelength N\__ = 338 nm) (/7). The
spectral changes for the HCI reaction are dis-
played in Fig. 1. The final absorption profile is
identical to that of Rh,*"(dfpma),CL,(PPh,),
which was obtained in quantitative yield. Ex-
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Fig. 1. Changes in the electronic absorption
spectrum during photolysis. UV-Vis photolysis
(Aexc = 338 nm) of Rh,(dfpma),(CO)(PPh,) in
0.1 M HCI/CH,CL, solution at 20°C. The sample
was irradiated for a total of 25 min. Arrows
denote the evolution of the absorption spec-
trum with time.
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periments in which a Toepler pump was used to
collect H, show the formation of 0.87 * 0.14
equiv of H, gas per 1.0 equiv of metal complex
(18, 19), establishing the overall stoichiometry
of the reaction to be

Rh,**(dfpma);(CO)(PPh;)
hv (A = 338 nm)
-CO
Rh,""!(dfpma);X,(PPh;) + H, (1

Wavelength selection of the excitation light
reveals that H, is produced in a stepwise
reaction sequence. Irradiation of Rh,*°-
(dfpma),(CO)(PPh;) in a 0.1 M HCVTHF
solution with A_ . = 335 nm led to changes in
the UV-Vis absorption spectrum (Fig. 2A).
Disappearance of the Rh,%°(dfpma),(PPh,)-
(CO) absorption features was accompanied
by the growth of an absorption band centered
at 580 nm. The reaction proceeds smoothly
with isosbestic points maintained at 296 and
338 nm. After 90 min of irradiation, no fur-
ther changes were observed in the 580-nm
absorption band; 0.35 * 0.07 equiv of H,
was produced during this photoconversion.
The 580-nm absorption profile did not
change with continued irradiation, nor did its
intensity change for solutions stored in the
dark. Although the 580-nm intermediate has
not been isolated and characterized, its spec-
tral profile is a signature of a tetranuclear Rh
cluster with mixed-valence character (20—
23). As observed by Gray and co-workers in
their studies of [Rh, bridge),]** (20), a tet-
ranuclear Rh species can result from the bi-
molecular reaction of two hydrido-halo
dirhodium cores to produce 1 equiv of H, and
a tetranuclear species (0.5 equiv of H, per
equiv of Rh, complex). When the excitation
wavelength is changed to frequencies within
the spectral envelope of the 580-nm band, the
absorbance decreases with the concomitant
appearance of the two-electron mixed-va-
lence dihalide, Rh,*"(dfpma),Cl,(PPh,)
(Fig. 2B). Consistent with the overall stoichi-
ometry of Eq. 1, Toepler pumping revealed
that the remaining 0.38 % 0.07 equiv of H,
was produced upon conversion to the final
LRh°-Rh"X, photoproduct.

Because the LRh-Rh® species can be
regenerated by photolysis of Rh,%!-
(dfpma), X,(PPh,) in the presence of halo-
gen-atom traps (/4, 15), the reaction of Eq. 1
can be turned over and H, can be photocata-
lytically generated. A 50-ml THF solution
containing Rh,%"(dfpma),C1,(PPh;) (0.95
pmol) and 0.1 M HCI was irradiated with
Aexe = 338 nm, after which the photolysis
was halted and H, was collected by Toepler
pumping (24). Figure 3 displays the plot of
total H, production versus time; an initial rate
of 27 turnovers per hour was observed during
the initial 3 hours of irradiation. The decrease
in rate of H, production with continued pho-
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Fig. 2. Changes in the electronic absorption
spectrum during photolysis. (A) Monochromat-
ic UV photolysis (\,. = 335 nm) of
Rh,(dfpma);(CO)(PPh,) in 0.1 M HC/THF solu-
tion at 20°C. The sample was irradiated for a
total of 90 min. (B) Continued visible photolysis
of the solution of (A) with long-pass filtered
excitation light (A, . = 338 nm). Arrows de-
note the evolution of the absorption spectrum
with time.

tolysis was accompanied by a steady decrease
in the Rh,%"(dfpma),CL,(PPh,) absorbance,
indicating the decomposition of the two-elec-
tron mixed-valence dimer. Preliminary inves-
tigations indicate that this decomposition
product is a Rh monomer. When the photo-
reaction was performed with monochromatic
excitation at 335 nm, the foregoing 580-nm
intermediate was observed. Under these con-
ditions, subsequent irradiation into the 580-
nm absorption band was needed to turn the
reaction over.

The above results are consistent with the
catalytic cycle shown in Scheme 2. Per Toepler
pump experiments, HX reacts with a coordina-
tively unsaturated LRh®—Rh core to produce H,
(0.5 equiv per Rh, complex) and the blue inter-
mediate, which we tentatively ascribe to a tet-
ranuclear Rh species. This intermediate species
is photochemically stable in the absence of vis-
ible-light irradiation, but a 580-nm photon
prompts reaction to give 2 equiv of the LRh’-
Rh"X, mixed-valence complex with the gener-
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Fig. 3. The plot of total H, collected as a
function of time for the UV-Vis white-light
irradiation (A, = 338 nm) of
Rh,(dfpma),CL,(PPh,) in 0.1 M HCU/THF solu-
tion at 20°C.

ation of an additional equivalent of H,. The
near-UV irradiation of the two-electron mixed-
valence photoproduct in the presence of a halo-
gen-atom trap regenerates LRh-Rh°, which is
available to react with HX to turn the cycle over.

We believe that the two-electron mixed-
valence character of the dihalide species is cru-
cial to the overall reactivity. Reductive elimina-
tion from Rh, cores is facile when a Rh-Rh
bond is preserved (25, 26). In Scheme 2, the
LRh°-Rh°L species contains a metal-metal
bond that is characteristic of the pairing of elec-
trons within the d 20 orbital of a d°~d° core
(27). As we have established computationally
and spectroscopically (/4), the same Rh—Rh
bond interaction arises from the pairing of
electrons in the d 2 orbitals of a d’—d° core of
a LRh°-Rh"X, complex. Consequently, a
Rh-Rh bond is maintained upon X elimina-
tion, a situation that does not arise for va-
lence-symmetric binuclear Rh cores, includ-
ing that of [Rh,(bridge),Cl,]>*. This distin-
guishing trait of the two-electron mixed-va-
lence core may be crucial to the smooth
conversion of Rh,%"(dfpma),X,(L) to
Rh,*(dfpma),L, thus enabling turnover to
be achieved.

Scheme 2 constitutes a photocatalytic HX-
splitting cycle that is driven by halogen-atom
trapping. An authentic energy-storing cycle de-
mands the isolation of X, in the absence of a
halogen-trapping reagent. The key to achieving
this objective is intimately tied to the M-X
photoelimination step. That the activation of the
Rh-X bond is determinant to overall photocat-
alytic activity of Scheme 2 is established by the
rate of H, production, which is commensurate
with the quantum efficiency for the stoichio-
metric conversion of Rh,*"(dfpma),CL,(L) to
Rh,%%(dfpma),L, [b, = 6 X 107° (15)]. This
result highlights that an increased understand-
ing of M—X photoactivation processes is imper-
ative to the development of an energy con-
version photocatalyst at the molecular level.
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Design of Bioelectronic
Interfaces by Exploiting
Hinge-Bending Motions in
Proteins

David E. Benson,* David W. Conrad,? Robert M. de Lorimier,’
Scott A. Trammell,2 Homme W. Hellinga'}

We report a flexible strategy for transducing ligand-binding events into
electrochemical responses for a wide variety of proteins. The method ex-
ploits ligand-mediated hinge-bending motions, intrinsic to the bacterial
periplasmic binding protein superfamily, to establish allosterically con-
trolled interactions between electrode surfaces and redox-active, Ru(ll)-
labeled proteins. This approach allows the development of protein-based
bioelectronic interfaces that respond to a diverse set of analytes. Families
of these interfaces can be generated either by exploiting natural binding
diversity within the superfamily or by reengineering the specificity of in-
dividual proteins. These proteins may have numerous medical, environmen-

tal, and defense applications.

Hybrid devices consisting of biological and
abiotic components combine the exquisite
molecular recognition properties and com-
plex activities of biomolecules with the
power of existing electrochemical (/-6),
optical (7-12), magnetic (I3, 14), or me-
chanical (/5) technologies. Central to the
development of such devices is the con-

struction of interfaces that transduce bio-
molecular events such as ligand binding
into abiotic signals (6, /6) or actions (17,
18). Ideally, it should be possible to build
families of biomolecular interfaces that re-
spond to a wide variety of chemical stimuli
(19). A biomolecular interface comprises
three different functions: molecular recog-
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