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Abstract

The photoproduction of dihydrogendHy a low molecular weight analogue of the active dite o
[NiFe] hydrogenase has been investigated by thactieth of the [NiFg cluster,1, by a
photosensitier PS (PS = [ReCI(GM®py)] or [Ru(bpy)][PFe]2). Reductive quenching of the
3MLCT excited state of the photosensitiser by NEtN(CHCH,OH); (TEOA) generates PS
and subsequent intermolecular electron transfdr pooduces the reduced anionic formlof
Time-resolved infrared spectroscopy (TRIR) has beeth tasprobe the intermediates throughout
the reduction ofl and subsequent photocatalyti¢ pfoduction from [HTEOAJBF,], which was
monitored by gas chromatography. Two structurahis of the reduced form @f(1a™ and
1b™) were detected by Fourier transform infrared speams¢TIR) in both CHCN and DMF
(dimethylformamide), while onljta™ was detected in Gi&l,. Structures for these intermediates
are proposed from the results of density functidhebry calculations and FTIR spectroscopy
1a” is assigned to a similar structureltovith six terminal carbonyl ligands, while calcidets
suggest that idb™ two of the carbonyl groups bridge the Fe centressistent with the peak
observed at 1714 c¢hin the FTIR spectrum fatb™™ in CH,CN, assigned ta v(CO) stretching
vibration. The formation ofa™ and1b™ and the production of Hvas studied in C¥CN, DMF
and CHCI,. Although the more catalytically active speciesa’( or 1b™) could not be

determinegdphotocatalysis was observed only in4CNl and DMF.
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Introduction

The development of efficient catalysts for the tighven production of dihydrogen ¢His a
significant challenge in the development of therbgdn economy,and much attention has
focused on the development of efficient catalyststtie light-induced splitting of 40 into H
and Q.2 The conversion of 0 to H using solar energy can be a complex, multi-step and-mult
electron process involving charge separation anad boreaking and formatioh.Systems
containing light absorbing units, electron relaysl aedox catalysts have been targeted to
overcome these chemical challenges, and have léektdevelopment of the three component
systent: Traditionally, these systems consist of a photsiiser, an electron mediator (usually
methyl viologen [MV¥]) and a homogeneous or heterogeneous metal, #ialyses the
reduction of protons to HIn addition, a sacrificial electron donor, sucraasamine that may be
oxidised readily, injects electrons into the systernomplete the catalytic cycle. In recent years,
efforts have progressed towards the developmemntarige of homogeneous catalysts, containing
Co, Pt, PdRh, Fe and Ni****centres where the reaction mechanism of protarcties may be
investigated more readily than in heterogeneoyst.

The nature of the active sites of the [NiFe] andF# hydrogenasthave inspired the
synthesis of low molecular weight complexes thalicate the structural, spectroscopic, and
functional aspects of these cenftesid that may act as in vitro catalysts fepkbduction. While
the majority of these compounds have focused on theatph of the features of the active sites
of the [FeFe] hydrogenasbsie have focused our attention on the preparafianaogues of the
active sites of the [NiFe] hydrogenases (Schenfethd; [NiFe] hydrogenases are 10%times
less active towards Horoduction, but show a higher affinity for,,Hand are less sensitive to
dioxygen and to deactivation by carbon monoxide wivenpared to their [FeFe] counterpdts.
We have reported previously an electrocatalytieadiiive heteronuclear [Nijecluster as an

analogue of the active site of the [NiFe] hydrogesal, Scheme 1)° Upon electrochemical



reduction ofl to 1™ in acidic media, catalytic production of ih homogeneous solution occurs
with a turn-over frequency (TOF) estimated at cé. '6at a potential 0f1.31 Vvs Fc'/Fc in
CH,Cl,."* The catalytic activity o™ is comparable to those of first-generation anaegf the

active site of the [FeFe] hydrogenases but atengiat that is considerably more positive.
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Scheme 1. (a) Schematic representation of the inactive fofnthe [NiFe] hydrogenase (X =
HOO for Ni-A and HO for Ni-B).” (b) 1 ([Ni(L)Fex(CO)], L* = (CHCsH3S2)2(CH,)3)™ and
(c) a proposed mechanism for the light-driven etectransfer td using [R€I(CO)(bpy)] as a

photosensitiser and NEs a sacrificial electron donor.

Intermolecular electron transfer to analogues of the active sites of the [FeFe]
hydrogenases, [HEOLX(LY)(L?)], from photogenerated [Ru(bpy) has been investigated
using diethyldithiocarbamate (djcas an electron donor (for X z-8CH,).CH, or (u-
SCH),NCH,CgHs, L = L? = CO)* and the evolution of Hoccurs when ascorbic acid is
used as both electron donor and proton source (for %-SOH,):NCH,CeHs, L* = L? =
P(Pyr} or L' = CO L2 = P(Pyr}, Pyr = N-pyrroly).** Switching to NE as the electron donor
and cyclometallated iridium(ll) as the photosensitiser, leads to a turn-over number (TON) of
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466 in this systenr Ascorbic acid has also been employed as the electron donor and proton
source with [Ru(bpy]?* as the photosensitiser in a catalytic system (for %Glbdt, L* =

L2 = CO, Chbdt = 3,6-dichlorobenzene-1,2-dithiolate) that exhibits a TON of'200ater
soluble [Fe(COMX(LY)(L?)] (X = (u-SCHy)-CH,, L' = CO, ? = a functionalized isonitrile) is
catalytically active (TON = 505) when CdTe quantum dots are employed as the
photosensitiser and ascorbic acid as a combined electron and proton*Sdaraddition,
photocatalytic H evolution occurs for [F£CO)s(u-adt)CHCsHs] or [Fex(CO)s(u-adt)GHs)

[u-adt = N(CHS),] encapsulated in a dodecyl sulfate micelle in water with [ReBr{@(3)
dimethylbpy)] and [ReBr(CQj1,10-phenanthroline)] as photosensitisers. However, the TON

is low for these systems (TONO0.13)2 Ni-only catalysts that have been incorporated into

H,-evolving systems can demonstrate high T&GNBor exampleNi" salts with DHLA
(DHLA = dihydrolipoic acid) have been used with CdSe nanocrystals as the photosensitiser
to achieve a TON > 600,000 over 360 h of photol§is.

Given the very limited studies of [NiFe] containing catalysts fepkbduction, we report
herein detailed studies, including in situ time-resolved spectroscopic analyses, on the
photoproduction of kifrom the [NiFg] complex,1. Our studies focus on the electron transfer
between the photosensitiser, [ReCl(@0Dy)],** and1 with NEt; or triethanolamine (TEOA)
as sacrificial electron donors in @EN, DMF and CHCI, solutions (Scheme 1). We chose
[ReCI(COX(bpy)] as the photosensitiser because of its favourable photophysical, electron
transfer and redox properties and because the v(CO) IR bands of the [ReCI(COX}(bpy)] unit
provide a valuable probe by which the electron transfer can be monitored using time resolved

IR spectroscopy.



Experimental

Acetonitrile (99.9%, Merck), CkCl, (99.9%, Merck) and NEt{(> 99.5%, Sigma-Aldrich)
were distilled under an inert atmosphere of Ar from calcium hydride. Dry DMF (99.8%, <
0.005% HO, Arcos) was used as supplied and stored in a glove box. TEOA (98%, Alfa
Aesar) was dried under reduced pressure (160 °C, I'xrit@r) for 24 h before being stored
under Ar. All stock solutions containing TEOA were stored over activated molecular sieves
4 A) in a glove box. CoCp, (Sigma-Aldrich) was sublimed three times and stored in a glove
box. ['BuN][BFs (Sigma-Aldrich) was used as received. [ReCl(ghpy)]*
[Ru(bpy)][PFs]2,?? [HTEOA][BF4]*® and1'® were prepared according to literature methods.
Fourier Transformed Infrared Spectroscopy (FTIR): FTIR spectra were recorded in
solution cells (Harrick Scientific Products, Inc.) with Gafindows using a Nicolet 6700
FTIR spectrometer, typically at 2 chresolution. A path length of 0.25, 0.39, 0.5 or 1 mm
was used and all solutions were prepared under an inert atmosphere of Ar and degassed by
three freeze-pump-thaw cycles.
Laser Flash Photolysis. Nanosecond and picosecond time-resolved infareRIRY
spectra were obtained using purpose-built equiprbased on a pump-probe approach.
Details of the equipment and methods used for tRéRTstudies have been described
previously?* a brief description of which is given here. Focqsecond experiments the
pump beam (400 nm, ca. 150 fs) and tunable probenb@80cm * spectral band width,
ca.150fs) were generated from a commercial Tpbkap  oscillator
(MaiTai)/regenerative amplifier system (SpitfireoPiSpectra Physics). For nanosecond
experiments the pump beam (355 nm, ca. 600 pspwasded bya Q-switched Nd:YVO
laser (Advanced Optical Technology ACE) and thebprbeam was the same as for the
picosecond experimentB both experiments the mid-IR probe was detectedgua 128-

element HgCdTe array detector (Infrared Associatggjcally with a resolution of



ca. 4cm *. A path length of 0.5 or 1 mm was used and allghletions for analysis were
prepared under inert atmosphere, degassed by fheeee-pumphaw cycles and put
under 1.5 atm of Ar.

Electrochemical measurements. Electrochemical measurements were made using an
Autolab PGSTAT20 potentiostat. Cyclic voltammogranfsl mM solutions (CHCN,
DMF and CHCI,) of each compound in solutions containid@®usN][BF4] (0.2 M in
CHsCN and DMF, 0.4 M in CKLCI,) as the supporting electrolyte were recorded using
glassy carbon working electrode, a Pt wire seconesectrode, and a saturated calomel
reference electrode at 293 K, in less stated otiserwPotentials were referenced to the
Fc*'/Fc* (Fc* = decamethylferrocene) couple used as ititernal standard but are
reported against the H&c couple, using an independent calibration unidentical
conditions. Under these conditions Fi#c* vs. F¢'/Fc was—0.498 V, —0.471 V and
—0.522 V in CH3CN, DMF and CHCI,, respectively. Coulometric studies, at a contiblle
potential, were carried out using a two-compartmeall. The Pt/Rh gauze basket
working electrode was separated from the wound lPgRuze secondary electrode by a
glass frit. A saturated calomel reference electnwds bridged to the test solution through

a vycor frit orientated at the centre of the wotkialectrode. The working electrode
compartment was fitted with a magnetic stirrer laad the test solution was stirred
rapidly during electrolysis.

H, detection: In a typical experiment [ReCl(Celbpy)] (0.25 mM),1 (0.05 mM) and TEOA

(2 M) in CH;CN were prepared from thoroughly degassed stock solutions and stored under
Ar. Stock solutions containing [ReClI(C&{Ypy)] and 1 were prepared prior to each
experiment and stored in the dark in a glove box. Ar was continually flowed through the
solution and into a 10 port 2 position switch (VICI) at a constant flow (typically 10 cm

min %), maintained using a mass flow controller (Bronkhorst, E-Flow series). The Ar flow



was saturated with the reaction solvent before it entered the photolysis cell. A 200 uL sample
was analyzed automatically every 4.5 min using a gas chromatograph (Shimadzu 2014) with
a thermal conductivity detector operating at 60 The sample was initially passed through a
pre-column (silica) to remove any condensable solvents, which were subsequently back
flushed away to vent prior to the next measurement. Ar was used as the carrier gas and H
was detected on an activated molecular sieve column (Shimadzu, CTR-1).

The H detection was calibrated by dosing the system with known concentrations of H
using a 6 port 2 position switch (VICI)..HAIir Products, Premier Plus) at 29.5 psi was used
to fill a 5 pL loop and subsequently switched into the Ar flow (18 orim %) at 14.5 psi.

Using the difference in Hdensity between the sample loop and the Ar flow at 293 K, and the
switching repeat time (2-30 s), the molar dosing rate ptéuld be calculated. For low
dosing rates (< 2.5 x I®mol min?) 5% H, in Ar (BOC, Special Gases) was used, the extra

Ar was accounted for by a reduction of the Ar flow at the mass flow controller. Wheadd

dosed at a constant rate this gave a constant peak area in the chromatogram, varying this flow
gave linear fits with the peak area. At a constanfiéw rate (2.2 x 10 mol min %) the peak

area also varied linearly with the Ar flow. Integration of a plot of the production rate versus
time yields the total amount of;Hhroduced.

Irradiation was performed using a Xe arc lamp (Oriel Instruments) operated at 250 W that
illuminates an area of 817. The emitted light collimated and filtered using a 2.5 cm water
filter and a A < 420 nm Pyrex cut-off filter before it illuminates the custom built cuvette
(Helma Analytics, 221-BF).

DFT Calculations: Optimised geometries and frequencies were caledlasing the Q-
Chem quantum-chemical software pack&y@he PBEO exchange-correlation functional
was useff together with the triplé- quality Stuttgart relativistic small core

pseudopotential and basis set combination for eNiratoms?’ and the 6-311G(d) basis



set for atoms H, C, O and®$The default SG-1 numerical integration grid wasdifor
evaluation of the exchange-correlation energy ideorto make the calculations more
computationally tractabl& [NiFe,] ([Ni(L)Fe2(CO)]) modek were constructed using the
unmethylated [NiFg analogue E = (CeHsS:)2(CH.)s, as opposed to L =
(CH3C6H3S,)2(CHy)3, in order to reduce the computational time. Thiéiah molecular
structures for the neutral and anionic species h&f model [NiFg] complex were
optimised to minimum energy geometries using tighteenergy convergence criteria of
1x107 E,, and a gradient convergence of 1¥1@&na '. Harmonic frequencies were
obtained by adding numerical second derivativeshef nuclear energy with respect to
displacement, calculated by finite difference oé thnalyti@al gradient (0.00189 pastep
size) to analytical second derivatives of the eteut energy. The resulting harmonic
frequencies were scaled by a uniform factor of 1.6&termined by least squares fittitfg.
Calculations involving the neutral and anionic specwere performed using restricted

and unrestricted DFT, respectively.



Results and Discusion
Photoinduced electron transfer between NEt3, [ReCI(CO)3(bpy)] and 1in CH3CN
TRIR spectroscopy: We have used fast time-resolved infrared spectms¢TRIR), a
combination of flash photolysis with fast IR deieat®! to monitor the proposed transient
species involved in the generation1f in Scheme 1 in CECN. The photophysics df (1
mM) was investigated using TRIR in GEN. Irradiation at 355 nm produces a short-
lived transient observed at time delays < 1 ns \WRlbands that are red-shifted relative to
the parent (2025, BB, 1942 and 1906 cr)) and these bands rapidly recombine to form
those ofl with a lifetime of ca. 90 ps (Figure S1). Thessutes are similar to recently
reported TRIR results fdfe3(CO)» which show a similar short lived transient assteza
with the homolysis of at least one of the FeFe IsdAd ollowing the reformation ol
there are no more observable photoproducts on theosecond timescale. Thus,
subsequent TRIR investigations are not complichtethe intrinsic photochemistry df

To investigate whether the addition of [ReCl(G@py)] and NEj affects the
photochemistry of 1, the TRIR experiment was repeated in the presente o
[ReCI(CO)(bpy)] and NE$. The FTIR spectrum of (0.76 mM) and [ReCI(CQjbpy)]
(0.75 mM) in a solution of NEt (1 M) and CHCN [Figure 18)] possesses 6 carbonyl
bands, the bands at 2035, 1994 and 1955 are assigned td and the bandat 2023,
1917 and P00cm ' are associated with [ReCI(C§Dpy)]. The IR spectrum takenSLns
after photolysis at 355 nm only shows bleaching thie bands assigned to
[ReCI(CO)(bpy)] and transient(CO) peaks are observed at 2068, 1989 and 1954 cm

[Figure 1p)]. These new bands are shifted to higher energativel to those of the
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Fig. 1. FTIR and TRIR spectra of (0.76 mM) and [ReCI(CQlbpy)] (0.75 mM) in a
solution of CHCN and NE§(1 M). (a) FTIR ground state spectrum. TRIR difference spectra
(b) 1.5 ns, (c) 20 ns and (d) 500 ns after flash photolysis at 355 nm. (e) FTIR difference
spectrum obtained 5 seconds after 30 seconds irradiation of an identical solution using a LED

white light source and a A < 420 nm cut-off filter.

parent [ReCI(CO)bpy)] complex, consistent with the formation oet"MLCT excited
state, [ReCl(CQ)bpy)]*.** At this early time there is no change in the isignand
energies of the bands associated with the [Nifeduster, 1. In the presence of NEt
[ReCI(CO)(bpy)]* is reductively quenched to form the oneetfen reduced
photosensitiser [ReCI(C@ppy)]~ (1997, 1880 and 1864m ') such that the TRIR
spectrum obtained at 20 ns is dominated by this-elaetron reduced species [Figure
1(c)].** [ReCI(COX(bpy)] is stable for > 1 s in the absence of an oxidarsalutionbut

in the presence df [ReCI(CO}(bpy)]” reacts rapidly on the nanosecond timescale with

the concomitant bleaching of th€é CO) bands ofl and the formation of a new species
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with bands at 1968, 1921 ad®90cm ' [Figure 1(d)]. This new species can be assigned
to the formation of the one-electron reduced forimlpla™, by comparison with IR
spectra derived from spectroelectrochemical expemisy in addition, the electrochemical
experiments show a broad band at 1779'cassociated witlia™™ but which falls outside
the spectral window of the TRIR studyAnother isomer of the reduced form hf1b™,
can be detected under certain conditions. Propetedtures for botla™ and1b™ are
discussed later in the text.

The quenching of th8MLCT state of [ReCI(CO)bpy)]* can be clearly evaluated in
the TRIR kinetics of the electron transfer processtained via multiple band fitting of

the TRIR spectra (Figure 2).

ot ¢ o *
= [Re(CO);Cl(bpy)l*
4 [Re(CO)5Cl(bpy)l~
+ 1a-
HER ] : :

& &
L 4 L

« [Re(CO);Cl(bpy)]
o1

A Concentration / uM
o

]

o o ° o °

A
N

100 200 300 400 500 600

Time/ ns
Fig. 2. TRIR kinetic traces for the decay of tARILCT excited state [R@I(CO)(bpy)]*
(blue squares); the growth and decay of [ReCl¢dy)] (red triangles), the growth a&™
(green diamonds), the regeneration of [ReCl{#apy)] (black dots) and the loss df
(circles) recorded in C¥N following flash photolysis (355 nm) aof (0.76 mM) and
[ReCI(COX(bpy)] (0.75 mM) in a solution of Ng(1 M) and CHCN.

Assuming that the formation of [ReCI(C{)py)]* and the subsequent growthlaf ~ are the
only significant processes that occur, and that these are represented by the loss of
[ReCI(COX)(bpy)] and 1, respectively, then the band areas can be used to estimate the

concentrations of each species in solution. TMeCT state in [ReCI(CQ)bpy)]* is formed
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within the timescale of these experiments and decays with a lifetime of 17 (x 0.3) ns (Figure
2 and Figure S2, blue squares) and is accompanied by the reformation of [Re@It&)P)
(Figure 2, black dots). This parent re-growth occurs through two processes, the first of which
(representing ca. 70% of the re-growth) is associated with the relaxation of
[ReCI(CO}(bpy)]* = [ReCI(COX(bpy)]. The growth of [ReCI(CQbpy)] is observed
(Figure 2, red triangles) simultaneously and on longer timescales (50-500 ns).
[ReCI(CO}(bpy)]” reducesl and the remaining [ReCIl(Cé&ibpy)] is recovered, which
accounts for the remaining 30% of the re-growth of [ReCl¢QPY)]. 1 is lost (Figure 2,
circles) andla™ is formed (Figure 2, green diamonds) such that the IR spectrum obétined
500 ns is dominated bja". The sigmoidal growth ofa™ is consistent with its formation
from an intermediate species, namely [ReCI(&py)]” (Scheme 1). Thus, electron transfer
from [ReCl(CO}(bpy)]” to 1 forms 1a”, which remains stable on the timescale of this
experiment (up to 0.1 ms). On the basis of our TRIR spectroscopilistese estimate

that the second order rate constante-kfor electron transfer between [ReCl(GMpy)]

and1 askiner = 6.7 x 10 M' s (FigureS2). Control experiments involving the irradiation

of a solution ofl and [ReCI(COy)bpy)] in CHCN show no direct interaction betwegmand

the excited state of the photosensitiser; under these conditions the presgéacemas not
observed.

The upper limits of the concentration td”™ and [ReCI(CO)bpy)] are estimated as ca.

11 and ca. 5 pM, respectively (Figure &)ggesting that the concentrationlaf reaches

a value ca. double of that of [ReCI(G(py)] . However, according to Scheme 1, the
maximum concentration fota™ and [ReCI(CO)bpy)]” would be expected to have a
value that was approximately equivalent. The reigeoquenching of théMLCT excited

state of [ReCI(CQybpy)] by NEg results in the formation of a N-centered radician,

‘NEt;" and this species could generate a second redegjniyalent through a thermal

13



dark process. Thus, the extraction of ftbom another molecule of NEby ‘NEt;* may
result in the formation of HNEt and a strongly reducing C-centered radical,
CHsC'HNE®,.*® By analogy with the chemistry of radical catiomsrfied from TEOA®
CH3C'HNETt; could reduce either [ReCIl(Celbpy)] or 1 and ultimately generate a second
equivalent ofla™.*>*” Similar decomposition reactions have been propqmediously
for TEOA and NEj on oxidation®® Indeed, the decomposition of TEGAhas been
proposed to reduce [ReX(C&hpy)] (X = Cl, Br) in DMF2®*°|n addition, alkyl radicals
of NEt; have also been identified by spin trapping follogvihe continuous irradiation of

NEt; and Ru(ll) polypyridyl complexes in DM¥.

Photoinduced electron transfer between NEt;, [ReClI(CO)s(bpy)] and 1 in CH3CN,
DMF and CHCl;

FTIR spectroscopy: The formation ofla™ was probed by FTIR spectroscopy using
white light irradiation from a visible LED light soce (2030 s with a A > 420 nm Pyrex
glass filter) under Ar. The FTIR spectrunh 1 (1 mM) and [ReCI(CO)bpy)] (1 mM) in

a solution of NE4 (1 M) and CHCN obtained 5 s after photolysis [Figure 3(a) armguFe
1(e), green lines] clearly shows the presence afibassigned ttha , and is identical to
the TRIR spectra obtained after 10 ps [Figure 1{¥)]here are no significant changes in
the bands associated with the photosensitiser,istem$é with its regeneration in the
catalytic cycle (Scheme 1). Control experiments, which either NE{ or
[ReCI(CO)(bpy)] were absent from the test solution, leadacsignificant changes in the
IR spectrum after photolysis. Thus [ReCI(GDpy)], 1 and NE% are all necessary for the

complete electron transfer cycle.
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Fig. 3. FTIR spectra comparing the photochemical [top row, (a), (b) and (c)] and
electrochemical [bottom row, (d), (e) and (f)] reductiori @b 1a™ and1b™. Top row; FTIR

ground state spectra @f(1 mM) and [ReCI(CQJbpy)] (1 mM) in a solution of NEt(1M)

and CHCN (a), DMF (b) and CkCI; (c) (black lines). FTIR difference spectralaf” 5s

after photochemical reduction (between 20 and 30 s photolysis time) according to Scheme 1
(green lines). FTIR difference spectraltif™ 40 min after photolysis in GI&N, 2 h after
photolysis in DMF and 30 min after photolysis in £H (brown lines in (a), (b) and (c),
respectively). Bottom row; FTIR ground state spectrd ¢f mM) in a solution in CECN

(@), DMF (b) and CKClI, (c) containing TBusN][BF4] (0.2 M in CH,CN and DMF, 0.4 M in
CH.Cl,) as supporting electrolyte (black lines). FTIR difference spectrdadf after
electrochemical reduction in GBN (d), DMF (e) and CkCl, (f) (green lines). FTIR
difference spectra dfb™ 45 min after reduction i€HsCN, 3 h after reduction in DMF and

1.5 h after reduction in Gi&l, (brown lines in (d), (e) and (f), respectively). To facilitate
comparison with the photochemical experiments, the spectra for electrochemically generated
1b™ in CH;CN and DMF are generated through the partial spectral subtractida™of

Solvent bands of DMF are omitted for clarity.

The photocatalytic production d&™ from 1 also occurs in DMF an@H,Cl, solutions

[Figure 3(b) and Figure 3(c), green lines]. Oncerfed, howeverjla™ is not stable but
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undergoes subsequent transformations over timescadHlaip to 3 h depending on the
nature of the solvent. In G&N and DMF solutions the bands associated withptrent
bleach remain constant whilst thoselaf decrease in intensity. The formation of a new
product with v(CO) bands at 1992, 1939, 1901, 1880 and 1A cm ! in CHsCN and 1989,
1936, 1898 and 1878m ' in DMF is observed [Figure 3(a) and Figure 3(lpa#0 min
and 2 h, respectively, brown lines]. The red shiti. 50 cm') of the band positions of
this new product relative to those bf together with electrochemical data (see below),
have led to the assignment of this new specibs, as an overall one-electron reduced
product ofl at the same oxidation state levelis . The band at 174 cm ' in CH;CN
solution suggests the formation of a bridging mettbonyl species; this band is not
observed in DMF due to strong solvent absorbancthis region [Figure 3(b), brown
line]. In CH,CI, solution the bands associated with™ decrease in intensity and are
accompanied by the re-growth of bands fosuch that the difference spectrum [Figure
3(c), brown line] 1.5 h after photolysis shows onlgak negative features associated with
1 and weak positive features at ca. 1898, 1941 ®&&D tm '. The bands at 1941 and
1980cm ' could indicate the formation of a small quantifyld™ in CH,Cl,. However,
due to the weak intensity of these bands furtheestigation is requiretb unequivocally
determine their origin.

We have probed the formation db™ from 1la™ by electrochemical and chemical
reduction ofl in CHsCN, DMF and CHCI, solutions. The cyclic voltammetry dfshows
a reduction process at,E= —1.20, —1.19 and —1.29 V vs. F¢'/Fc in CHCN, DMF and
CH,CI,, respectively (Figure S4), which is electrochertycaeversible in all three
solvents and consistent with reported value€iyCl, (Ey, = —1.31 V vs. Fc'/Fc)° The
reduction process in GEN, DMF and CHCI; solutions was investigated by monitoring

the FTIR spectrum ofl after electrochemical reduction. In @El, solution, the
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electrochemical reduction dfat-1.54 V vs F¢'/Fc results in the formation dfa™, which
is oxidised back tdl over 1.5 h, presumably by the ingress of dioxyfigure 3(f)
brown line]. In CHCN and DMF solutions electrochemical reductionladt-1.42 and-
1.49V vs Fc'/Fc, repectively, also results in the formationlaf~ which subsequently
converts to1lb™ [Figure 3(d) and Figure 3(e), brown lines] as abed in the
photochemical reactions [Figure 3(a) and Figure ),3(forown lines]. Cyclic
voltammograms recorded on the solutions after redad45 min in CHCN and 3 h in
DMF) show an oxidation process a}*E —0.59 and —0.52 V vs. Fc¢'/Fc in CHCN and
DMF, respectively, associated with the presencdlof (Figure 4). This new process,
assigned to the oxidation @b", has a small associated reduction process,at E0.73
V vs. F¢'/Fc in CHCN. In DMF no associated reduction process was rebse[Figure
4(b)]; however, the cathodic current associated whl tonversion ofl to la™ is

increased (¥ =—1.23V vs. Fc'/Fc), suggesting that oxidation db™ has reformed.

(a) CH,CN
& b) DMF
3
€
]
S
(&) 0.2 uA[

¢) CH,Cl,

’\/ﬁ_ﬂ .

-1.6 -1, -0.8 -0. 0.0

E IV (vs. Fc*/Fc)

Fig. 4. Cyclic voltammograms following bulk reduction dfin (a) CHCN (1a™ and1b™ in
solution after ca. 45 min), (b) DMAZ ™ and1b™ in solution after ca. 3 h) and (c) gEl
(1a” and1 in solution) at 298 K, containind'BusN][BF4] (0.2 M in CHCN and DMF,
0.4 M in CHCl,) as a supporting electrolyte at a scan rate ofml0Gs .
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The chemical reduction of by CoCp (Cp = cyclopentadienyl) generatdsa™ in
CH:CN and DMF solutions which then convertsiio™. The growth oflb™ in CH;CN
and DMF solution follows a first order process wiifetimes of 516 (+ 6) and 6360 (x
100 s[kap = 19.4 (= 0.2) and 1.57 (+ 0.02) x‘i‘Os‘l] in CH3CN and DMF, respectively
[Figure Hd), brown dots]. These results, and the first omiure of the process, suggest
that the speciedb™ is not formed from a dimer produced from t#a™ molecules, a
process that has been observed following the rémtuaif (u-pdt)[Fe(CO}], (pdf ="
S(CH)3S).*° In CH:CN solution, unassigned bands at 1977, 1932 an8 261" are also
observed as a secondary product, consistent wighdiéhcay ofla™ fitting to a bi-
exponential fit with time constant420 (+x 5) and 2520 (#50) s and pre-exponential
factors 0.543 (+ 0.005) and 0.453 (£ 0.004) [Fig6b(d)], respectively, where the time
constant 420 (+ 53 is associated with the formation dih™. The formation oflb™ is not
accompanied by the growth of any other peaks in the v(CO) region of the IR spectrum in

DMF solution.
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Fig. 5. FTIR spectra ofla™ and1b™ generated after chemical reductionlofvith CoCp in
CHsCN (left) and DMF (right). (a) FTIR ground state spectrd ¢2 mM). (b) FTIR spectra
of 1a™ 5 s following chemical reduction with Cogf2 and 2.1 mM in CkCN and DMF,
respectively) (b) FTIR spectra after the thermal formationltwf in CH;CN (ca. 150
minutes) and DMF (ca. 5 h). (d) single point kinetic trace following the conversitai db
1b™, 1967 (green dots) and 1991 (brown dots)'cim CHsCN, 1964 (green dots) and 1988
(brown dots) cm in DMF.* Solvent bands of DMF are omitted for clarity.

After the chemical generation db™ from 1 using CoCp in CH;CN, the removal of
CHsCN under reduced pressure followed by the additb@H,Cl, results inl being the
only species that is observed in the FTIR spectrlihus, 1 appears to form via back-
electron transfer to [CoGp in CH,Cl, solution. This would suggest thab™ is not a
decomposition product fromla™ and must be closely linked structurally o Once
formedlb™ slowly decomposes over ca. 8 h without the grosftany clearly observable
new metal carbonyl bands.

DFT Calculations. We have performed density functional theory (DFJgometry
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optimisations and harmonic frequency calculatiomptovide theoretical models fak
and its reduced formgla™ and1b™. We were able to determine two minimum energy
geometries for the one-electron reduced state ams for the neutral species. The
geometries for the experimental and calculatedueegies and the experimental FTIR
spectra ofl, 1a™ and1b™ are shown in Table 1 and FigureThe atom labelling schemes

for 1, 1a™ and1b™ are shown in Figures SS8.

Table 1. Photochemical FTIR v(CO) data in CH3CN, CHCIl, and DMF and scaled
harmonic frequencies, of species relatind.to

v(CO) /cm!
1 1a~ 1b™ Reference
CHsCN 2035, 1994, 1955 1968, 1921, 1890 1992, 189, 1901, 1880, 1714 This work
1936 (w, sh) 1779 (w, br)
DMF 2031, 1991, 1952 1965, 1919, 1887 1989, 1936, 1898, 1878 This work
1936 (w, sh) 1773 (w, br)
CH,Cl, 2036, 1996, 1956 1967, 1923, 181, Not observed Ref. 10
1936(w, sh) 1758 (w, br) This work

Calculated 2029 198, 1973, 1956 1921, 183, 1976 1938, 1911 1906, 168 This work
1971, 1891, 187 189Q 1805, 1757 (w), 1702

The DFT calculations of reproduce the principal features of the experimental geometry
of 1 including the non-planarity of the NjSunit; the dihedral angle between the planes
defined by atoms S(IW-S(2) and S(3Ni-S(4) (85.3°) is in close agreement with the
dihedral angle reported for the crystal structure (85%The Ni-S(thiolate), Ni-S(thioether)
and Fe-S bonds are ca. 0.05, 0.1 and 0.05 A longer, respectively, than the corresponding
experimental distances In A comparison of the experimental and calculated Fe-C distances
for the CO ligands defined by C(3) and C(4) (Table 1) predicts a greater degree of semi-
bridging character in the gas phase structuresdtigferences between the calculated gas
phase geometry and X-ray crystal structurd afre similar to those reported previously for

DFT calculations forl that employed the BP86 functiortlThus, while the calculations
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reproduce the principal features of the bonding, we note that differences between the
calculated and expenental v(CO) (see below) may reflect the greater semi-bridging
character of the CO ligands defined by atoms C(3) and C(4) in the calculated gas phase
structure relative to the experimental geometry.

The calculated geometry @& is very similar to that calculated fdr and is, therefore,
entirely consistent with previous assignments of the one-electron reduced| Bfi€eies?
The changes to the overall structure include the lowering of the approximaten@etry
brought about by an elongation of the Ni-S(2) bond by 0.15 A compared with 0.04 A for the
Ni-S(4) bond, a 0.20 A elongation of both Ni-Fe bonds, and minor increase in the asymmetry
and apparent semi-bridging character predicted for the C(3)O(3) and C(4)O(4) carbonyl
groups [Fe(1)-C(3) = 1.83 A, Fe(2)-C(4) = 1.80 A, Fe(1)-C(4) = 2.25 A and Fe(2)-C(3) =
2.14 A for 1a”]. In contrast, on moving fronla™ to 1b™, there is a dramatic
rearrangement from semi-bridging to almost completdging character for the C(3)O(3)
and C(4)O(4) ligands. The Fe-C bond lengths fortthe ligands elongate by 0.08 A and
0.11 A for the Fe(1)-C(3) and Fe(2)-C(4) bonds, respelgtivas they move to a more
symmetric bridging mode. The distance between e e centres also decreases by
0.05 A, and the dihedral angle between the plaeéised by C(3)-Fe(1)-Fe(2) and C(4)-
Fe(1)-Fe(2) reduces from 51 to 31°, increasing planarity of the two bridging CO
groups.

Theoretical infrared spectra and frequencies (1.011 scaling factor, Figure 6 and Table 1)
for 1, 1a” and1b™, provide a qualitatively match for the experimental spectrh d&™ and
1b™ in CHCN solution, and importantly reproduces the key features in each spectrum
including the frequency downshift on reductionlab 1a™ observed for all three CO bands.
Similarly, the frequency increase in the CO band$bdf relative tola™ is reproduced with

scaled harmonic bands moving to 1976, 1938 and 1911fomlb™.
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Fig. 6. Calculated scaled harmonic vibrational frequencies above the experimental v(CO)
data as observed by FTIR in @EN (left). Predicted geometries of the,Feordination
sphere (right) for models of the [Nifecluster in the neutral and two separate reduced
forms,1 (a),1a” (b) andlb™ (c).

The most significant spectral feature in the experimental IR spectruib”ofin
CH5CN solution is the presence of a single infrared band at &é#l4(Figure 3(a), Figure
6(c) and Table 1) which is absent from the spectrh afid1a™. DFT calculations ofl and
1a” show semi-bridging CO stretches at 1867 and 189%,@nd at 1757 and 1805 chm
respectively. These bands reflect a potential overestimation of CO bridging charactautin
match the broad experimental peak seen at 1779 fon 1a~ in CHCN solution. The
calculated spectrum dfb™ shows a single intense infrared peak in the carbonyl bridging
region at 1702 cni (Figure 6(c), Table 1). Thus, the presence of a single low-energy intense
infrared band in the experimental and calculated IR spectth”ofind the qualitative match
between the calculated and experimental infrared band$ &rd 1a™, together with the
similarities between the calculated structure forand the experimentally determined
structure, support the assignment of i€ calculated structure as a model of the second

one-electron reduction product bf
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Photoinduced electron transfer between NEt3, [Ru(bpy)s][PFe]2 and 1in CH3CN

TRIR and FTIR spectroscopies: [Ru(bpyk]®* has been used extensively as a
photosensitiser for photoinduced- troduction and chemical reactiofis? Although
[Ru(bpy)]?* does not possess a convenient IR probe [e.g. v(CO) bands], electron transfer to 1

can be monitored in the v(CO) region of the IR spectrum via the growth ofla™. The FTIR
spectrum ofL (1 mM) and [Ru(bpy)[PFe]2 (1 mM) in a solution of CECN and NE$ (1.5

M) possesses three bands originating fib[Rigure S3a)]. At 1.5 ns following excitation of

the sample, there is no significant change in the v(CO) bands of 1 in the TRIR spectrum
[Figure S3b)]. Over the subsequent 500 ns, the parent peaksad observed to deplete as
new bands grow in that are associated with the formatida’ofFigure S3c)]. Single point
kinetic traces recorded fdr and1a™ at 1955 and 1926m*, respectively, [Figur&3e)]
show a sigmoidal growth and decay that are similar to that recorded in the experiments
described above using [ReCl(G(py)] as the photosensitiser (Figure 2). This suggests that
the mechanism of reduction is comparable to that of Scheme 1 and praeetbesrgductive
quenching of *[Ru(bpyj** to form [Ru(bpy}]*. The formation ofla” occurs on a timescale
comparable to that of [ReCI(Cé&bpy)], up to 500 ns [Figure 2 and FiguB8&(e)] suggesting

that kqer is comparable in each case.
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H, production: Our TRIR, photochemical, chemical and electroctuamnstudies clearly
identify the species involved in the photochemigeheration ofla™ and 1b™ from 1
using [ReCI(COy(bpy)] as a photosensitiser and NEs a sacrificial electron donom |
order to investigate the photochemical productibidg, we used a mixture of TEOA (1
M) and [HTEOA][BF] (0.1 M) as a combined sacrificial electron dorsord proton
source in place of NEtH, production was monitored during the continuouadration d

1 (0.05 mM), [ReCI(COxbpy)] (0.25 mM), TEOA (1 M) and [HTEOA][BH (0.1 M) in
degassed C{CN, [Figure 7(a)]. After an initial induction pedo(ca. 5 min), the rate of
H, production is linear over ca. 22 min (13.0 pmokes TOF = 52 h'), before H
production decreases to reach a plateau after bg13.8 umoles, TON = 55, Figure 7(a)
red dots). The removal of the proton source, [HTHBEK,4], from the reaction mixture
results in an almost complete loss in activity reag a plateau after c&0 min [0.8
pmoles, TON = 3, Figure &}, black squares], the removal bresults in the evolution of
only trace amounts of H[Figure S9, green squares], and ne déuld be detected on

removal of either TEOA, [ReCI(C@ppy)] or the irradiation sourc¥.
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Fig. 7. (a) Time dependent photoinduced Evolution from a 5 mL degassed solution
containingl (0.05 mM), [ReCI(COy)(bpy)] (0.25 mM), TEOA (1 M) and [HTEOA][BH
(0.1 M) in CHCN at 293 K (red dots). Control experiment in the absence of [HTEOA]|[BF
from the reaction mixture (black squares). (b) Time dependent photoindycedokdtion
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carried out at the same concentration as in (a) igBHred dots), DMF (black squares) and
CH.CI, (green squares) solutions. Irradiation was performed using a Xe lamp (250 W) and a
A <420 nm cut-off filter.

H, production was observed in @EN and DMF. However, in Cil, no H evolution
was detected [Figure 7(b) and Figure S10]. In DMFE ekblution ceased after 1.5 h with a
total of 4.8 umoles detected (TON = 19). The removal of [HTEOA{JIBF 1 from mixtures
in DMF leads to solutions that can generatgpfioducing after 45 min 2.4 and 1.2 pmoles of
H,, respectively (TON = 10 and 5, respectively, Figure S11). Thus, it appears that in DMF
solution [ReCI(CO)bpy)] can photochemically catalyse the production efwith a lower
TON relative tol. No H; evolution was detected in any experiment performed inGGH
solution. Thus, back-electron transfer fram™ to the electron donor rather than being
available for catalysismay be occurring in C¥Cl, solution, consistent with the FTIR
spectroscopic results [Figure 3(c)] for reactions carried out iBCGHsolution. Although
photocatalysis is only observed in solutions that fdih (CH;CN and DMF), we were
unable to determine the more catalytically active species from thes@rddluction
experiments.

The rate of H production was also investigated using [Ru(bl¥Fes]. as the
photosensitiser [Figur&12] in CHsCN. Mixtures containing [Ru(bpy[PFs]. demonstrate
slower rates of kproduction compared to [ReCI(C{Bpy)], TOF = 23 H over ca. 17 min
using [Ru(bpy)][PFe]., TOF = 52 H over ca. 22 min using [ReCl(C§Bpy)]. In total,
[Ru(bpy)][PFe]. produces 3.6 umoles of,HTON = 14) over 1.5 h of photolysis whereas
[ReCI(CO)(bpy)] was able to sustainldvolution for ca.3 h producing 13.8 umoles of;H
(TON = 55) before cessation. No, Hould be detected on removal of either TEOA,
[Ru(bpy)][PFe]. or the irradiation source. The control experiment in which [HTEOA][BF

was not added produced a similar total amountof22 pumoles, TON = 9) when compared
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to the complete component system, and whewas not added the total amount of H
detected was 0.7 umoles (TON = 3) (Figure S12). For both control experiments, a fine black
precipitate was observed after photolysis. It appears that the decomposition of
[Ru(bpy)][PFe]. to produce small amounts ofldeems to dominateslgroduction in these
systems. This contrasts with the use of [ReCl@py)] as the photosensitiser, where a
large difference between the complete component system and the controls was observed
[Figure 7(a)]. This, together with the lower rate ofptoduction and lower total volumes of

H, evolved indicates that [ReCl(C&Mpy)] is more suited as a photosensitiser than
[Ru(bpy)][PFe]2 in the photochemical production of;Hatalysed byl. This is consistent

with published results comparing [ReBr(G®py)] and [Ru(bpy][PFs]. as chromophores

for a hydrogen evolving catalyst in DMF in which [R€CO);(bpy)] was able to sustain
catalytic activity from a cobalt containing catalyst for longer than [RugHp¥]2.

producing over double the amount of &fter 9 h or irradiatioft®

Conclusions

We have confirmed that the [Niffjecomplex, 1, can be reduced to its catalytically
competent anion form using [RECO)(bpy)] or [Ru(bpy)}][PFe]. as photosensitiseirs the
presence of a sacrificial electron donor, N&t TEOA. Time-resolved infrared spectroscopy
has probed the intermediates throughout the photochemical reductloffFiglure 8). Once
reduced, FTIR spectroscopy has proved a valuable method in studying the Ifate ®#vo
structural isomers of the one-electron reduced product have also been oldsenasjlb™ .
Density functional theory supports this observation revealingltlaaid 1a™ are structurally
similar with each cluster possessing all terminal CO groups. In cofibagbossesses two
fully bridging carbonyl ligands. In a system containing a combination 1pf

[ReCI(COX)(bpy)], TEOA and [HTEOA][BR] in CH;CN a maximum turn-over number of
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55 has been achieved basedlomith a maximum turn-over frequency of 52 bver the first

ca. 0.4 h of photolysis. This represents the first example of light-driveprdduction
involving a low molecular weight analogue of the active site of the [NiFe] hydrogenase.
However, we were not able to determine whetteér or 1b™ is responsible for the observed
catalytic activity. In CHCN and DMF the formation ofa™ is followed by the thermal
conversion tolb™. In CHCIl, the thermal formation ofib™ is not observed after the
formation of 1a™. Instead the parent complexis reformed whilstla™ is lost from the
solution. Studies are currently in progress to optimise reaction conditions and to develop

further new generations of catalysts to increase the efficiency pifdduction.

[NiFe,]b""
kab
[Re'(CO),Cl(bpy)]”~ . [NiFe,]a"]
k, o 1/2 H,
ELN [Et N]—T — +CHSC|-{\1Et2
3
[Re"(CO),Cl(bpy"")* Qp
\ } Decomp.
H"“ﬂ’ [Re'(CO),Cl(bpy)] [NiFe,] H’
ﬁﬁl Ikcar
hy
[NiFe,]*

Fig. 8. Proposed schematic and rate constants for the dominant pathways involved in
photochemical reduction df ([NiFe;]) by [Re(CO}Cl(bpy)], including the decomposition of

the electron donor (NBt and the formation ofib™ ([NiFey]b™). These mechanisms are
proposed from TRIR, FTIR and hydrogen evolution experiments igC8Hk.;: = ca 1 x

%5 Kohos= 3.3 x 16 s 5% k; = 8 x 10 Mt st (for TEOA)®® kpter = 6.7 x 1 M st

Kdecomp.= ca 6.7 x 10 M~* s similar rate to ker, kap = 19.4 (£ 0.2) x 10 s (in CH3CN),

1.57 (+0.02) x 10 s* (in DMF). Rate constants were measured in the absence of any proton
source (see text) and it was not possible to confirm whégiemnr 1b™ was the source of

catalytic activity in these experiments.
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Light-driven electron transfer to [Nike
(INi(L)Fex(CO)], L*” = (CHCeH3S,)2(CH)s)
using [ReCI(COXbpy)] as a photosensitiser and
NEt; as a sacrificial electron donor forms the
basis of photocatalytic Horoduction using a

low molecular weight [NiFe] hydrogenase
mimic.



