JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by UNIV OF YORK

Electron Transfer at a Dithiolate-Bridged Diiron

Assembly: Electrocatalytic Hydrogen Evolution
Stacey J. Borg, Thomas Behrsing, Stephen P. Best, Mathieu Razavet, Xiaoming Liu, and Christopher J. Pickett
J. Am. Chem. Soc., 2004, 126 (51), 16988-16999« DOI: 10.1021/ja045281f « Publication Date (Web): 03 December 2004
Downloaded from http://pubs.acs.org on April 5, 2009

Process |

Process Il

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 22 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja045281f

JIAICIS

ARTICLES

Published on Web 12/03/2004

Electron Transfer at a Dithiolate-Bridged Diiron Assembly:
Electrocatalytic Hydrogen Evolution
Stacey J. Borg," Thomas Behrsing,t Stephen P. Best,*! Mathieu Razavet,*
Xiaoming Liu,* and Christopher J. Pickett**

Contribution from the School of Chemistry, Wersity of Melbourne 3010, Victoria, Australia,
and Department of Biological Chemistry, The John Innes Centre, Research Park,
Colney, Norwich NR4 7UH, U.K.

Received August 5, 2004; E-mail: spbest@unimelb.edu.au (S.P.B.); chris.pickett@bbsrc.ac.uk (C.J.P.)

Abstract: Electrochemical reduction of Fe,(u-pdt)(CO)s 1 (pdt = propane-1,3-dithiolate) leads initially to a
short-lived species, 1, then subsequently to two-electron reduced products, including a CO-bridged diiron
compound, 1B. The assignment of the redox level of 1~ is based on EPR and UV—vis spectra together
with the observation that a CO-saturated solution of 1~ decays to give 1 and 1B. Hydride reduction of 1
also results in formation of 1B via a relatively long-lived formyl species, limy . Despite its involvement in
hydride transfer reactions, 1B is formulated as [Fe(u-S(CH2)3sSH)(u-CO)(CO)s]~ based on a range of
spectroscopic measurements together with the Fe—Fe separation of 2.527 A (EXAFS). Electrocatalytic
proton reduction in the presence of 1 in moderately strong acids has been examined by electrochemical
and spectroelectrochemical techniques. The acid concentration dependence of the voltammetry is modeled
by a mechanism with two electron/proton additions leading to 1H,, where dissociation of dihydrogen leads
to recovery of 1. Further reduction processes are evident at higher acid concentrations. Whereas free CO
improves the reversibility of the electrochemistry of 1, CO inhibits electrocatalytic proton reduction, and
this occurs through side reactions involving a dimeric species formed from 1.

Introduction the catalytic cycle. That such a biologically unprecedented
The structure and function of the metal complexes at the Oxidation state is involved is powerfully supported by concor-
active sites of the all-iron and nickeiron hydrogenasé€are ~ dant chemical modelingtheoretical calculation®? and*3CO/

receiving much attention because an understanding of the'’CO FTIR studie3® on the enzyme. Furthermore, in the
chemistry of their metallosulfur centers should lead to the design Paramagnetic resting state of the enzyme, a carbon monoxide
of artificial assemblies that provide inexpensive electrocatalytic ligand bridges th¢ Fe —Fe'} metal atoms,a structural feature
materials. Catalysis of proton reduction by the all-iron hydro- with biological precedence hitherto confined to a CO-inhibited
genases occurs at rates in the order of t®novers/s. The state of the irorrmolybdenum cofactor of nitrogena%e.
center at which this fast chemistry takes place, the H-cluster, is Biomimetic electrocatalytic proton reduction has been re-
comprised of a diiron subsite linked to{ dFe4$-cubane by a ported for dithiolate and bisthiolate-bridged diiron hexacarbonyl
cysteinyl bridge?4-6 The diiron subsite is extraordinary in that compounds} as well as for their phosphine/cyano-substitut-
both cyanide and carbon monoxide are essential structuraled®** or azadithiolate-bridged analogu¥s® The proposed

elements and that subvalent! Fedox states are involved in  eaction pathways involve protonation of the diiron bond, and
depending on the-donor properties of the ligands, this may

T University of Melbourne.
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occur either before or after one-electron reduction. Whereas the
bridging metal hydrides have been characterized crystallographi-
cally*?16and protonation of the cyano ligands confirmed by IR
spectroscopy? the mechanism of the electrocatalytic reaction
has not been subjected to quantitative analysis. FgufPh),-
(CO), the chemistry is dominated by two-electron reduction
where both the singly and doubly protonated forms of the
dianion give terminally bound iron hydridés}8 and electro-
catalytic proton reduction by the phosphido-bridged compounds
in THF proceeds only after further reductidflt is interesting

that this electrochemical response is similar to that ofde
SEtp(CO) in the presence of acetic aciiFrom the theoretical
investigations of the mechanism of action of the H-cluster, there
is no clear consensus as to whether terminally bound or bridging
hydrides are more likely to be involvéd? The previous
experimental studies show that electrocatalytic proton reduction
from diiron compounds with either terminal or bridging hydride
ligands is feasible.

In this paper, we examine the products formed following
reduction of the parent propanedithiolate-bridged diiron hexa-
carbonyl complex both in the presence and in the absence of
protons. The form of the products obtained in these reactions
will provide a basis for discussions of the mechanism of the
electrochemical proton reductions catalyzed by dithiolate-
bridged diiron compounds.

Results and Discussion

Electrochemistry of Fe(u-pdt)(CO)e, 1, (pdt = propane-
1,3-dithiolate). The thiolate-bridged diiron hexacarbonyl com-
pounds, Fgu-SR)(CO), have been reported to undergo a
single chemically reversible two-electron reduction at moder-
ately negative potentials (ca.1.2 V)2021[All potentials in this
paper are referenced to SQBhe chemical reversibility of the
system [pd/1,) has been found to depend on the identity of the
bridging ligands and is improved significantly by saturating the
solution with CO?! Reduction of carefully dried acetonitrile
solutions ofl is almost reversible at low temperatures46
°C) or at room temperature for solutions saturated with CO
(Supporting Information). The earlier two-electron assigndient
of the process is at odds with a more recent stiddyioreover,
equimolar mixtures ol and ferrocene (Fc) give similar values
of AE, andl . for the reduction ofl and the F¢/Fc couple. At
slower scan rates, the peak current functiggy/?, increases
toward that expected for a two-electron process, and this is
associated with the growth of additional daughter products
evident in the anodic scan of the voltammogram. Addition of
water to acetonitrile solutions of results in the loss of
reversibility of the reduction wave and the formation of daughter
products marked by the appearance of an anodic wav€® &5
V. Reduction of a CO-saturated acetonitrile solutionlodn

(15) (a) Li, H.; Rauchfuss, T. Bl. Am. Chem. So@002 124, 726-727. (b)
Lawrence, J. D.; Li, H.; Rauchfuss, T. Bhem. Commur2001, 1482-
1483. (c) Lawrence, J. D.; Li, H.; Rauchfuss, T. B/;riaed, M.; Rohmer,
M.-M. Angew Chem.nt. Ed. 2001, 40, 1768-1771.

(16) Zhao, X.; Georgakaki, I. P.; Miller, M. L.; Mejia-Rodriguez, R.; Chiang,
C.-Y.; Darensbourg, M. Ylnorg. Chem.2002 41, 3917-3928.

(17) Cheah, M. H.; Borg, S. J.; Bondin, M. I.; Best, S.IRorg. Chem.2004
43, 5635-5644.

(18) Shyu, S. G.; Wojcicki, AOrganometallics1985 4, 1457-1459.

(19) Zhou, T.; Mo, Y.; Liu, A.; Zhou, Z.; Tsai, K. Rinorg. Chem.2004 43,
923-930.

(20) Mathieu, R.; Poilblanc, R.; Lemoine, P.; Gross, MOrganomet. Chem.
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Figure 1. Cyclic voltammograms ofl (1 mM) in 0—10 mM HOTs (2

mm diameter vitreous carbon working electrosdes= 100 mV/s, 0.3 M
TBA[CIO4)/THF). The voltammograms are corrected for the effects of
solution resistance. Solutions were saturated with eithg@Nor CO (b).
Simulations of the voltammetry using Scheme 1 are given below the
experimental data. Apart from the rate of dimerizatiod ofidentical values

of the equilibrium and rate constants were used for both sets of simulations.

the time scale of preparative electrolysis (30 min) is ac-
companied by a change in the color of the solution from orange-
red to green and the passage ofl.9 electrons/complex,
consistent with its assignment to an overall two-electron process.
The IR spectrum of the reduction proddd is relatively simple

and matches closely to that obtained in thin-layer spectroelec-
trochemical experiments dfconducted under elevated pressures
of CO described in the following section. Treatment of the
catholyte, mainly containind.B, with 2 equiv of p-toluene-
sulfonic acid (HOTS) results in the partial recoveryldf~40%;

IR, Supporting Information) together with formation of dihy-
drogen (detected by gas chromatography) in yields ef20o
based on the parent complex.

Electrocatalytic Proton Reduction. In the presence of the
moderately strong acid HOTs Kp = 8 in CH;CN),2? the
reduction ofl is electrocatalytic with respect to proton reduction,
and this is reflected both by the voltammetry (Figure 1) and by
the identification of dihydrogen as a reduction product. The
leading edge of the reduction wave béhifts to more positive

(22) lzutsu, K Acid—Base Dissociation Constants in Dipolar Aprotic Sents
Blackwell Scientific Publications: Oxford, 1990.
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Scheme 1 . Reaction Scheme Used for Digital Simulations of
Electrocatalytic Proton Reduction in the Presence of 1 (Figure 1)@

1
=10 k=10 K=10%, k=4
K=10" k=10 “EF-I.Z v kg
._H" , 1 . H* H
+ DH 1 1H 2"\
18 K=10* K=10* K=10
E=-0.1V “ h,:m/ k=10° “E;].l v Process |
1B = .
1H _H 1H,
[ k= 3x107 (CO) or 5x10° ()| H K=10
2 k=107 -
r E=-145V
Process Il . .\
K=1.7«10° (TSR), k=10
{1}

and the series of steps involving dimerizationlof followed

by protonation and fragmentation, provides a close match of
the details of the voltammetry undep Bnd CO. While the CO
concentration is not explicitly included in this path, the different
values for the forward rate constant of the first step in this
reaction sequence are intended to reflect the effect of CO on
the relative importance of this path. Whereas rearrangement of
1H~ to 1B would provide a simpler route to the loss of catalyst,
simulations based on a pathway that is first ordedinand
protons neither give as close agreement between the form of
the calculated and observed voltammograms nor reflect the

a|n all cases, the rate constants for heterogeneous electron transfer andnsensitivity ofEpc for process Il to the rate of loss of catalyst.

the diffusion coefficients were set at 1 cmtsind 10°° cn? s™1, respectively.
The values of the equilibrium constant§) (and forward rate constantk)
are those used for the simulations in Figure 1 (FSEhermodynamically
superfluous reaction).

Simulations of the electrochemistry based on Scheme 1
involve four redox couples, seven homogeneous reactions, and
a total of 13 chemical species. Since the numerical values of
the equilibrium and rate constants are not of primary concern,

potentials, and at faster scan speeds and/or higher HOTsthe values of the diffusion coefficients akd(het) for the redox
concentrations, two electrocatalytic waves are evident, one processes have been sette 10°°cnm? s™*and 1 cm s?, and

associated with the reduction df(E,c ~ —1.12 V, process I)
and a secondHy. ~ —1.34 V, process Il) which does not have
a counterpart in the voltammetry dfin the absence of protons

the ks values for the protonation reactions have been set near 1
x 10°. Notwithstanding the large number of variables remaining,
the acid concentration dependence of the voltammetry consti-

(Figure 1). Whereas the reduction process is more reversible intutes a complex data set that can be used to assess the validity
the presence of additional CO, the peak catalytic current is of the mechanism. It is noted that an alternate reaction scheme
lowered for solutions saturated with CO. Either additional CO has recently been proposed for,feSEth(CO)s in which a
impedes formation of the catalytically active species or CO weak electrocatalytic wave at potentials similar to that of process

reacts with the catalyst to effectively remove it from the cycle.
The changes in the voltammetry @fwith a variation of

Il is attributed to a net two-electron reductidhin light of this
report, the possibility that process | involves a net one-electron

proton concentration may be understood in terms of Scheme 1,reduction ofl needs to be considered. While a mechanism based

as is shown by the digital simulations (Digisifnin Figure 1.
The one-electron reduction produdt,, reacts rapidly with

on this proposition may give a satisfactory model of the
electrochemistry for higher concentrationslpsuch a scheme

protons, and this accounts for the shift of the reduction wave requires a bimolecular step and is upable to account for the
to more positive potentials. Since the addition of water (a weak observed electrochemical response with changes to the concen-
acid) converts the reduction from a one- to a two-electron tration of 1.

process, the reduction &H occurs at potentials similar, or more
positive, to that ofl. Hydrogen evolution following protonation
of 1H~ would lead to recovery of (process I). A reduction

Spectroelectrochemical (SEC) Investigation of the Reduc-
tion of 1. Under elevated CO pressuresQ.2 MPa; 1 MPax
10 atm), electrochemical reduction bfesults in near quantita-

wave occurring at potentials similar to those of process Il has tive production of a single productB. When monitored using
previously been attributed to proton reduction at the vitreous faster time scale SEC techniques, the reduction reaction can be

carbon electrode—<1.4 V)12 Under the conditions of these
experiments, background proton reduction in the absende of
is slow and gives a broad current respons&0% of that
obtained atEyc in the presence ot (1 mM). Moreover, the

seen to proceed with the initial formation and decay of an
intermediate specieslA (Figure 2a). The reasonably well-
defined spectral changes obtained during reductidhsafggest
that 1A cleanly converts td.B. The final spectrum obtained

observation that the current associated with both process | andfollowing reduction appears to have no contribution fra,
process Il is lowered when the catalytic species is more rapidly and the differences in the IR spectraloénd 1B suggest that

lost from the solution (Figure 1b) is consistent with process II
being attributed to an electrocatalytic reaction involving a
species derived frorh. This step may be assigned to either the
reduction oflH, or 1H™. The latter alternative is unlikely since
the reduction potentials dH and1H™ are not easily reconciled

if process Il involves reduction afH~. Moreover, reduction

significant structural change accompanies reduction, consistent
with the observation that only a small quantityloi recovered

by reoxidation at—400 mV (Supporting Information). The
application of more strongly oxidizing potential$-§00 mV)
results in the recovery 0f80% of1 (Figure 2d) together with
broad ill-defined residual(CO) bands attributed to iron-

of 1H~ is not observed at the required potentials in experiments containing decomposition products.

conducted with acids of intermediate strength ¢gCBOH).
Reduction of1H, is arbitrarily assigned to a one-electron
process, and elimination of dihydrogen frdril,~ would lead
to formation of1™ and account for the electrocatalytic wave

SincelA and 1B are the only products evident in the early
stages of reduction of CO-saturated solutiondl @nd reoxi-
dation of these solutions at0.4 V gives a simple mixture of
1 and1B, the IR spectrum of can be used to extract the spectra

designated process Il. Scheme 1 is completed by inclusion of aof 1A and1B. A critical first step in the analysis of the chemistry
reaction channel that accounts for the loss of the catalytic is the identification of the redox states of the reduction products
species. We have chosen to model this by a single pathway,1A and1B. SincelB is moderately stable, conventioffaand

(23) Rudolph, M.; Reddy, D. P.; Feldberg, S. hal. Chem1994 66, 589A—
600A.
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Figure 2. IR spectra recorded during the reductior-( and reoxidation Figure 3. IR spectra in the/(CO) region of1 and the electrochemically
(d) of a 10 mM solution oflL in THF (0.3 M TBA[CIOy]) in the SEC cell or chemically reduced products thereof.

under 0.3 MPa of CO. ThA absorbance spectra were calculated using as
reference a spectrum recorded immediately before the application of a
reducing potential (time between spectral.4 s, 3 mm vitreous carbon

working electrode~25 um layer of solution). accompanied by an increase in the concentratioh®tf1 and

1B. Moreover, the lifetime oflA is longer for lower initial
thin-layeP® coulometric techniques can be employed, and these concentrations ofl, suggesting that loss dfA occurs by a
show that two electrons are required for the conversiod of bimolecular reaction. Since the recoverylofs central to the
into 1B. The assignment of the redox state of the transiently assignment of the oxidation stateId, it is important to ensure
stable speciedA presents greater difficulties. Whereas the that the recovery of the starting material includes a component
voltammetric response obtained for reductionlafuggests a  due to chemical reaction. Owing to concentration gradients
one-electron process, it is not necessary that this productdeveloped during the experiment, recoverylofill include a
correspond tolA. In the thin-layer SEC experiments, it is component due to diffusion df into the thin layer, and this is
possible to correlate the time evolution of the products with expected to have a linetlf? dependencé! At short times €10
the coulometry, and the results of those experiments lend supports), diffusion clearly makes a minor contribution to the overall

to the proposition that the formations @A from 1 and 1B change in concentrations (inset of Figure 4). Therefore, the rapid

from 1A both involve one-electron reduction. increase in concentration dfis due to chemical reaction, and
Characterization of the One-Electron-Reduced Product, consequently1A is in a redox state intermediate betwekn

1A. Confirmation of the assignment dfA to a redox state and1B.

intermediate betweehand1B would follow from the observa- The »(CO) bands of metal carbonyls are sensitive to the

tion of disproportionation or comproportionation-type reactions. charge state and geometry of the comg&and thev(CO)
Thus, the decay dfA under open-circuit conditions is expected bands ofLA have a similar profile to those df although shifted

to be accompanied by an increase in the concentrations of bothby ~70 cnt! to a lower wavenumber. The magnitude of the
1 and 1B. A significant transient concentration @A can be shift of the »(CO) bands is in keeping with a one-electron
generated in thin-layer SEC experiments in the early stages ofreduction delocalized over the two iron cent&r§he conversion

the reduction of carefully dried CO-saturated solutiond af of 1A to 1B is accompanied by a smaller20 cnt?) shift of
acetonitrile. If during this period the potentiostat is switched to the »(CO) bandgo a higher waenumber suggesting thatA

an open circuit, the time evolution of the products can be and1B share common charge and/or oxidation states. If addition
monitored using IR spectroscopy. The results of such an of the second electron is accompanied by either protonation or
experiment are shown in Figure 4. After the cell is switched to
an open circuit (time= 0), the rapid depletion oflA is

(26) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coordination
CompoundsPart B: Applications in Coordination, Organometallic, and
Bioinorganic Chemistry5th ed.; John Wiley & Sons: New York, 1997;

(25) (a) Fleischmann, M.; Pletcher, D.; Rafinski,JAElectroanal. Cheml972 pp 126-148.
38, 329-336. (b) Hinman, A. S.; Pons, S.; CassidyElectrochim. Acta (27) (a) Hsu, H.-F.; Koch, S. A.; Popescu, C. V. Mk, E.J. Am. Chem. Soc.
1985 30, 95-99. (c) Salbeck, 4. Electroanal. Chem1992 340, 169~ 1997 119 8371-8372. (b) Jiang, J.; Acunzo, A.; Koch, S. A.Am. Chem.
195. Soc.2001 123 12109-12110.
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Figure 4. Time evolution ofl, 1A, and1B following the reduction ofl

(10 mM) for 7.5 s 1.6 V, CHCN, 0.2 M TBA[CIO4], p(CO) = 0.3 MPa)
then switching the cell to an open circuit. An offset of 2.1 mM has been
added to the concentration changelofConcentrations were obtained by
multicomponent analysis of the IR spectra with error bars drawn at the 3
esd confidence level. The inset shows the (tiAejependence of the
concentration ofl.

dissociation of an anionic ligand from the diiron centiek, and
1B would share a common charge state.

The open-shell electronic structure proposedifarshould
be reflected by distinctive UVMvis and EPR spectra. UWis
SEC spectra recorded during the reductiori eéveal intense

absorption bands at 580 and 700 nm, which may be attributed

to 1A (Figure 5). The conversion dfA into 1B (with small
amounts of1C) is associated with the decay of the longer
wavelength bands and the appearance of a baré420 nm.

These spectral changes may be easily understood in terms o

the reported FenskeHall calculations of Fgu-SMel(CO)s,
which indicate that the frontier orbitals are predominantly metal
based, being FeFe bonding and antibonding in character.
The calculated HOMGLUMO separation of~5—6 eV is

consistent with the energy of the absorption bands [335 (s) and

460 (sh, w) nm] ofl. The phosphido-bridged analogueslof
[Fex(u-PHp)2(CO)|™ (n = 0—2), are calculated to have
similarly large HOMG-LUMO separations for the neutral and
dianion complexes, whereas a much smaller HOMS®MO
separation is calculated for the ani??

Solutions containing steady-state concentrationd/fcan

be generated by reduction of carefully dried CO-saturated

solutions ofl during continuous-flow electrosynthesis experi-

ments. If the solution flow is interrupted, the concentration of
1A decays in a manner analogous to that observed in the thin-
layer SEC experiments (Figure 4). The lifetimeldf is greatest
at lowest solute concentrations, consistent with the decay of
1A through a second-order reaction. Solutions containing
significant concentrations dfA generated in this fashion, when
rapidly frozen at 80 K, give a strong EPR signal witk= 2.00
(120 K, Supporting Information). The EPR signal is almost
extinguished when these solutions are warmed to room tem-
perature and quickly refrozen. Solutionsi® are EPR silent.
Both the chemical and spectroscopic evidence strongly support
the assignment ofA to speciesl.

Formulation of the CO-Bridged Two-Electron-Reduced
Product, 1B. The IR spectrum ofB has a profile closely related
to that of a phosphido-bridged diiron compound previously
formulated with a bridging CO group and a terminal hydride
#igand, [Fe(u-PPh)2(u-CO)H(COY]~, Pc.29 More recently, this
product has been reformulated asfrePPh)(u-CO)(CO)] -,
Pr.1” The more recent formulation would appear to be at odds
with the observed hydridic chemistry of batB andP¢c where
reactions with CG PhCOCI, and H yield CHCk, PhCHO,
and H, respectively, together with the respective parent
compound. The structure and reactions of the 7-CO sulfur
analogue ofPgr, [NHEts][Fex(u-2,4,6-(CH)3CsH2S)(u-CO)-
(CO)], [NHEt3]Sr, have been reported by Seyferth and co-
workers®! The IR spectrum reported f@ is more complex
than that obtained frorhB; moreover, unlikel B, Sy is reported
to be unreactive with benzoyl chloride even in refluxing THF.
In view of these differences in the chemistry and spectroscopy,
an assignment of the structure DB to one analogous to that
of Sk requires strong supporting evidence.

(28) Hall, M. B.; Fenske, R. F.; Dahl, L. Anorg. Chem.1975 14, 3103—
3117

(29) Baik,' M.-H.; Ziegler, T.; Schauer, C. Kl. Am. Chem. So200Q 122,
9143-9154.

16992 J. AM. CHEM. SOC. = VOL. 126, NO. 51, 2004

(30) Collman, J. P.; Rothrock, R. K.; Finke, R. G.; Moore, E. J.; Rose-Munch,
F. Inorg. Chem.1982 21, 146-156.

(31) Seyferth, D.; Womack, G. B.; Archer, C. M.; Dewan, J38ganometallics
1989 8, 430-442.
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The incorporation of a bridging CO group in the structure of
1B is suggested by the appearance of a band at 17421 cm
(Figure 3c) and, on the basis 8ICO isotopic substitution, is
assigned to a CO vibration. The wavenumbers of bridging
v(CO) bands are known to be highly sensitive to solvent polarity
and ion pairing* Solutions oflB contain an equilibrium mixture
of ion-paired and non-ion-paired forms; this is most evident
with highly polarizing cations, such as™,iwhere in THF, the
bridging »(CO) band shifts from 1741 to 1670 ct At high
concentrations, weakly ion-pairing ions, such as [BBucan

Ny

’,a.._._...a-f

perturb the spectrum, and this is reflected by the appearance of

two more closely spaced bridging modes fbBB generated
electrochemically in THF (Figure 2). The solvent and counterion
dependence of the IR spectra DB is given as Supporting
Information.

The incorporation of a hydridic hydrogen atom in the
formulation of 1B is suggested by the evolution of dihydrogen
following the addition of acid to electrochemical preparations

|
2.0

|
1.8

24 2.2

ppm
Figure 6. 'H NMR spectra of a freshly prepared sample of [15-crown-5

of 1B. This would also appear to be supported by ESI-MS of Li] 1B (¢8-THF) together with spectra obtained after proton decoupling at

chemically generated samplesld obtained at low to moderate
cone voltages (1630 V). The spectra are dominated by
molecular ions withm/z = 415, 387, and 359 amu that have
isotope patterns matching that expected for  (kgdt)H-
(CO)6,1~. Significantly, there was no evidence for dimers or
nonprotonated anions, [H@a-pdt)(CO) ¢ 1%". The presence of
an additional hydrogen atom is supported by H/D exchange.
Reaction of a sample dfB with D,O immediately prior to the
collection of the mass spectrum results in a mixture ok{Fe
(u-pdt)H(CO} 674~ and [Fe(u-pdt)D(CO)e671~ (Supporting
Information). In terms of the CO composition BB, the relative
abundance of [F€u-pdt)H(CO)]~ is greater at lower cone
voltages. The relative abundance of this ion does not appear to
change upon saturation of the solution with dinitrogen or CO,
suggesting thalB does not increase its CO/Fe stoichiometry
during the measurement. However, in view of the possibility
of CO addition or loss in the solvent desorption phases of the
measurement, the CO stoichiometrylds is not considered to
be determined unambiguously in these experiments.

The proposition thatlB results from the addition of two
electrons and one proton fowould suggest its formation by
reaction with a hydride source (e.g., Li[HBBt Reactions of

1.96, 2.17, and 2.31 ppm.

CO saturated

0.15

Intermediate [CO]

Absorbance at 1922 cm’™’

1
50

|
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| | 1 |
150 200 250 300
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Figure 7. Rate of conversion ol,my into 1B from solutions that are
Nz-saturated, CO-saturated, or contain an intermediate concentration of CO.

2.29 1), where decoupling experiments confirm their assignment

this sort, conducted in CO-saturated acetonitrile, yield spectro- g g single pdt unit (Figure 6). The inequivalence of the three

scopically clean (IR) solutions dfB, which are relatively stable

in the absence of dioxygen. Solid samplesl®& have been
prepared by reduction df using NaBH in CO-saturated THF

in the presence of an excess of 18-crown-6-ether. While these
preparations have failed to yield crystalline samples, they
provide a well-defined source @B for spectroscopic investiga-
tions.

The appearance of a weak resonance with —8.84 in the
IH NMR spectra oflB in THF is consistent with a terminal

methylene groups requires asymmetric binding of the pdt group

to the diiron core.

The ESI-MS results provide qualified support for an increase
in the CO/Fe ratio on conversion df into 1B, and this is
confirmed by the [CO]-dependence of its formation, as described
below. The initial product of reactions betwetand Li[HBE],
on the basis of its IR spectrum (Figure 3e), can be formulated
as [Fe(u-pdt)(CHO)(COY] ~, Liomy- The IR spectrum ofsomyi
is closely related to that obtained from a related formyl species

hydride; however, the relative intensity of this feature varies formed by reaction between Li[HBfand Fe(u-PPh),(CO).1
between samples, and its integration relative to the protons of Well-defined solutions containintyand 1tmy may be formed
the pdt bridge in all cases suggests a hydride/pdt stoichiometryin rapid-mixing experiments, and its decay irB is followed
<1:2. An alternate structure, compatible with the ESI-MS by IR spectroscopy. The rate of conversiorlgfmy into 1B is
results, would involve protonation and displacement of one of highly dependent on the concentration of free CO in solution,
the bridging sulfur atoms of the pdt bridge. While no clearly as shown in Figure 7. In the absence of free CO, the half-life
definedH thiol resonances were identified, freshly prepared of limy is ~250 s, whereas in CO-saturated solutions, the
samples oflB give distinct’H resonances for each of the three reaction is complete within 30 s. Importantly, for solutions
methylene groups of the pdt bridgé € 1.98 m, 2.16 t, and having an intermediate concentration of free CO, the reaction
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change in the structure accompanies formatiod®fand the
markedly different radial distribution function (Figure 8)
indicates a significantly different coordination geometry of the
iron atoms.

The information content of the EXAFS data may be expressed

in terms of the number of independent poiniyf); this has
been defined by Stern in terms of thendR range of the data
used for analysi& Within this definition, models with the
number of refined parameters larger thg, give refinements
that are considered to be overdetermined. For the current data,
Nigp is in the range of 2622, and in all models considered, the
number of refined parameters has been restricted so as to give
a ratio of Nigp to the number of refined parameterd.5. The
models used in the data analysis are summarized in Table 1. A
satisfactory fit of the EXAFS data df can be obtained using
modelM1, and this analysis yields structural parameters in close
agreement with the crystal structure (Table 1). Eginyi, the
two iron atoms are inequivalent, and an ideal refinement would
treat the two iron atoms as separate absorbers; however, this
would increase the number of variables required in the model.
Model M2 is based on an average iron coordination environment
where the increase in the number of refined parameters from
10 to 13 is needed to account for the formyl group identified
through its absorption in the IR spectrum (Figure 3e). Since
the formyl group makes a small relative contribution to the
EXAFS, the Fe-C—0 bond angle and €0 bond length were
fixed at 120 and 1.18 A, respectively, with the latter value
being 0.02 A longer than that of the terminal CO groups.
Elimination of the formyl group from the model results in a

1

formyl

4 significant deterioration in the refinement statistics; application
kIA R of modelML1 to the formyl data resulted in an increase of the
Figure 8. IronK edge EXAFS and radial distribution functions:ofltomyi, R value from 8.43 to 9.26%.

d1B. - L
an The IR spectrum olB indicates the presence of a bridging

CO group (Figure 3c), and mod®I3 has this group aligned
proceeds in two steps with rates comparable to those obtained,grmal to the FeFe bond and equidistant from the two iron
for CO- and N-saturated solutions. This observation requires aioms, The bridging CO bond distance is fixed at a value 0.02
that the concentration of free CO decreasg@sy is converted & jonger than those of the terminal CO groups. In keeping with
into 1B (i.e., that CO is consumed in the course of the reaction). he jncrease in CO stoichiometry on conversion frpiny! to

EXAFS Investigations.A remaining structural characteristic  1p three terminal CO groups are associated with each iron
important to the deduction of the structureld is the nature atom; the average coordination environment of which will
of the metat-metal bonding interaction. In terms of electron  comprise three terminal and one bridging CO group with the
counting, retention of the Fere bond of1 following two- population of the bridging sulfur set at either one or two. Fits
electron reduction and CO addition would require the formal conqucted using an average terminal CO populatidiafave
loss of four electrons from the diiron core, and this may occur gimilar refinement statistics. Although the refinement statistics
through dissociation of one of the sulfur atoms of the pdt ligand. {5; model M3 are somewhat better when the S population is
Partial dissociation to give a pdt ligand with bridging and get to two, the fitting of the bridging CO group becomes
terminally bound S atoms would leave the methylene groups proplematic. Without restraints, the F€, distance refines to
inequivalent (as required by the NMR results), but this would 51 ynreasonably large value of 2.426 A, and the Detwaller
give a structure without a formal Fé~e bond. In the absence  factor for the S atom of 5.86 is markedly larger than those found
of a crystalline sample of the Fé=e, a good estimate of the o the related compounds. While the corresponding fit with
distance may be obtained from the solute species by analysishe S population set to one gives pooReand 2 values, the
of the X-ray absorption fine structure (EXAF%?)Squt_ion .iron unrestrained refinement of the bridging CO group gives a
K'edge EXAFS spectra df liomy, and1B are shownin Figure  satisfactory FeC, distance, although there is a substantial
8. In broad terms, the similarity of the EXAFS and radial jncrease in the DebyeWaller values. Unlike the sulfur atom,
distribution functions ofl and lomy is readily understood in - \yhich is more rigidly bound to the diiron core, the bridging
terms of a hydride attack at a ligand remote from the diiron ¢ group may take a range of conformations depending on
core leaving the nearest neighbor Fe distances largely unalteredyhether there is ion pairing to the lithium cation, and this may
As is evident from the IR spectra (Figure 3c), a more substantial reasonably account for the large Deby&aller factor. It would
appear that there is no significant statistical distinction between

(32) Zhang, H. H.; Hedman, B.; Hodgson, K. O. Inorganic Electronic
Structure and Spectroscapgolomon, E. I., Lever, A. B. P., Eds.; Wiley:
New York, 1999; Vol. 1, pp 513554, (33) Stern, E. APhys. Re. B: Condens. Matte993 48, 9825-9827.
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Table 1. Summary of the Refinements of the Solution EXAFS Data for 1, 1tormy , and 1B
data 1 lfuvmyl 1B
model? M1 M2 M3 (n=2) M3 (n=1)
Distance(A)
Fe—Fe 2.485 [2.508] 2.504 2.529 2.527 [2.494]
Fe-S 2.241[2.251] 2.258 2.270 2.253[2.304]
Fe-C 1.786 [1.795] 1.781 1.774 1.772 [1:784]
c-0 1.157[1.135] 1.160 1.162 1.162 [1.1362]
Fe—Cip 1.790 2.426 2.086 [1.926]
C—0Oxp 1.18C¢ 1.18C¢ 1.18®[1.208]
DW x 1000

c 0.95 2.98 (46) 0.90 (4) 0.96 (4)
o} 1.93 2.26 (21) 1.69 (13) 1.92 (13)
Ciip 0.973 (6) 1.12(3) 20.2 (7)
Ot 18.8 (28) 2.3 (47) 11.8 (35)
Fe 1.64 1.31 (25) 2.44 (19) 2.19 (15)
S 1.005 1.39 (25) 5.86 (38) 2.01 (33)
Eo —10.8 (21) —7.53 (17) —8.81 (14) -8.85 (14)
? 0.744 (94) 0.706 (12) 0.699 (10) 0.699 (10)
N-refined 10 13 13 13
Rxars (1) 8.39% (1.46) 8.43% (0.91) 7.28% (0.60) 8.80% (0.87)
k range 0.513.2 0.5-12.2 0.5-13.3 0.5-13.3

M2

“M1 /{S}N

A

{OC}~ Fe Fe
3 i Z

7/2

{oc} i ‘
{7,

o
C oaet

V4

{ZZ} N

3
L z \ﬁb/
5 % |

b Unless otherwise stated the error in the bond lengths is the typical systematic error of 024y data from ref. 349 From X-ray structure of [NHE}S:
ref 31.e C—O distance constrained to be 0.02 A longer than the termirgd @istance! y2 = fk=o_ «[W(%obdK)—¥caidK))]? Rxars = fk=0.s0 [¥2/ycai=0] V2,

xobdK) andycadk) are the observed and calculated EXAFS anid a weightin

fits conducted using one or two sulfur atoms, and this appears
to be due to correlations involving the parameters of the bridging
CO group.

While the analysis of the EXAFS data reveals the general

g factois5

(QS) of 1.684(7) mm st (Supporting Information), which
implies a highly asymmetrical electron distribution about the
diiron core. A large value of the QS (1.53 mmsis also
observed for [F&u-PMe)>(CO)]?~.36 Whereas the half-widths

features of the structures, the differences in refinement statisticsof the resonances dfB are relatively large [0.157(6) mnT¥,

of themselves, do not give a clear distinction between the
alternate structures fdB. Whereas the internuclear separations
will generally be sensitive to the model, the estimate of the
Fe—Fe distance is relatively model independent owing to the
difference in atomic number of the iron atom and the other
backscatters. The Fére separation of 2.527 A is in a range
compatible with the presence of an-Hee bond, with this being
slightly longer than the value of 2.494 A obtained &rwhere

the bridging thiolate ligand is 2,4,6-(GHCsH.S.31 The
diphenylphosphido-bridged analogue 8k has an FeFe
distance of 2.601 A. Therefore, the shortfee distance, when
taken together with the redox state and CO stoichiometry,
strongly supports the structure faB shown below.

1B

Mossbauer spectra obtained from frozen acetonitrile solutions(

of 1B (80 K) are dominated by a single doublet having an isomer
shift of 0.001(3) mm st with a rather large quadrupole splitting

the observation of a single doublet implies that the environment
about the two iron atoms is similar. Clearly, the proposed
structure forlB satisfies this requirement.

Intermediates Formed during Electrocatalytic Proton
Reduction. The current and spectral response obtained during
the reduction ofL in a thin-layer SEC experiment is shown in
Figure 9a. With the application of a reducing current (time
to), there is rapid depletion of the starting material within the
thin layer, and this may be monitored by the depletion of the
2032 cnt?! band ofl. Exhaustive electrolysis of the 2&n layer
requires~40 s and is complete di. At longer times, the
composition of the solution trapped between the working
electrode and the CaRvindow reaches a steady state, as is
evident by the absence of spectral change; the lower rate of
charge flow reflects the rate of diffusion of fresh solution into
the thin layer. The charge transferred betwegsndt; will be
related to the volume of solution in the thin layer, the solute
concentration, and the number of electrons involved in the redox
process. As expected from the analysis of the electrochemistry,
the formation of1B requires the passage o2 F moi™ of 1.

34) Lyon, E. J.; Georgakaki, I. P.; Reibenspies, J. H.; Darensbourg, M. Y.
Angew. Chemlnt. Ed. 1999 38, 3178-3180.

(35) Ellis, P. J.; Freeman, H. Q. Synchrotron Radiatl995 2, 190-195.

(36) Dessy, R. E.; Rheingold, A. L.; Howard, G. D. Am. Chem. Sod.972

94, 746-752.
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Figure 9. Time evolution of the depletion df (as given byA absorbance
at 2032 cml) and charge passed during thin-layer (26) SEC experiments
for solutions containing (a) (10 mM, THF, 0.2 M TBA[CIQ]) and (b) a
solution as above- 7 equiv of HOTSs.

The addition of acid to the solution results in a marked increase
in the charge passed into the layer with a lower apparent rate
of reduction ofl. During the 190 s required for reduction of a
mixture of 1 and 7 equiv of HOTs;10 F mol? of 1 is passed
into the solution (Figure 9), in agreement with the expected
value (9 F motY). It is evident that a net reduction @foccurs
only as the proton concentration is depleted within the thin layer
(Figure 9b). Experiments conducted using different acid con-
centrations give a current response similarly related to the
concentrations ofl and HOTSs, and analogous experiments
conducted on acid solutions in the absence lofgive a
significantly smaller current response. These observations
require thatl be recovered during the electrocatalytic cycle and
that formation ofLB predominantly occurs in the final stage of
the reaction. Both aspects of the chemistry are well modeled
by Scheme 1.

During the latter stages of the reduction ¥HOTSs, an
additional species can be identified that featur@0O) bands
at 2062, 2016, 1985, 1964, and 1789 ¢nfFigure 10), the
wavenumbers of which are consistent with assignment to a
neutral dithiolate-bridged diiron carbonyl compound having a
bridging carbonyl group. If the potentiostat is switched to open
circuit in the time interval when these bands are present in the
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Figure 10. IR spectrum of the transiently stable species formed during

electrocatalytic proton reduction in the presence.of

Scheme 2 . Proposed Reaction Path for Formation of 1B and 1
from 1A
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apparent stability oflH would contrast with that of the other
one-electron-reduced produdt, (Figure 4). The stabilization

of the one-electron reduced product by protonation is understood
in terms of the expected shift in its reduction potential to more
positive values. In the presence of a reducing potential, this will
lead to further reduction (Scheme 1), but in the absence of a
reducing potential, the protonated species will be a less strong
reducing agent.

Whereasl™ reacts to givel and1B in the absence of acids,
protonation of1~ may permit trapping of the one-electron-
reduced species. Thermodynamic considerations preclude the
disproportionation ol ~ to give1 and1B, and this is consistent
with the formulation ofLB. Instead, it is proposed that electron
and CO transfer occur through a CO-bridged intermediate that

spectra, they are found to decay at a slow rate, suggesting thatearranges to give the pdt-bridged specl€s,shown in Scheme
in the absence of a reducing potential, this species is stable to2. Chemical and electrochemical reductionlainder an inert

further reaction. The two neutral compounds proposed in
Scheme 11H and1H,, are candidates for assignment to this

atmosphere leads to a series of products that are more complex
than the corresponding reactions conducted under an atmosphere

species. Since electrocatalysis associated with process | isof CO (Supporting Information). After subtraction of the bands

attributed to dihydrogen elimination froftH,, the intermediate
species is more likely to be attributed i#1. In this event, the

16996 J. AM. CHEM. SOC. = VOL. 126, NO. 51, 2004

due tol, 1A (17), and1B, a set ofy(CO) bands attributed to
1C remains in the spectrum (Figure 3d). Since the proposed
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structure ofLC consists of dB-like fragment linked to a 2Fe3S  structure with a single sulfur atom of the pdt ligand bridging
fragment, the subtraction process will yield thgCO) bands the diiron center. Whered® reacts with acid to recovdr, the

of the 2Fe3S fragment dfC. Thev(CO) bands of this fragment  reaction is slow andB is a kinetically unreactive side product
have a profile closely matching that of :-SCH,),CHSR)- in Scheme 1. The slow hydride transfer chemistryl Bfmust
(CO), Fe2S3% although shifted by~30—40 cnt? to a lower therefore be associated with an equilibrium involving rearrange-
wavenumber. A shift of this magnitude may readily be explained ment of the pendant thiol to give a hydridic species. Equilibria
in terms of the differing donor properties of the thioether and of this sort are the subject of further investigation and have
thiolate sulfur atoms. It is noted that the path for loss of the been proposed for the diphenylphosphido-bridged analogue of
catalyst shown in Scheme 1 includes a step that is bimolecular1B.17

in terms of1”. The more effective loss of catalyst under CO  Ejectrocatalytic proton reduction ki is similarly rapid as
may be understood in terms of the final step of Scheme 2. The the cyano/phosphine-substitutédomplex and somewhat slower
reversibility of the electrochemistry in the presence of CO, han the azadithiolate-bridg¥nalogues. The electrochemical

without protons, requires that protonation of the terminally regponse is comparatively well defined in THF and is amenable
bound sulfur atom of the pdt ligand is necessary for fragmenta- 1 gigital simulation. Process | involves the elimination of

tion of the dimer (intdlB and1) to perturb the current response dihydrogen following 2e/2H* reaction of1, where a second

in cyclic voltammetric experiments. process becomes important at higher acid concentrations. The
Conclusion differences in the voltammetry for acid solutions saturated with
either N or CO are best modeled in terms of the loss of catalyst
by a reaction that is second order in termslof and this is
consistent with the formation of a dimer en route to formation
of 1B (Scheme 2). This species is formed more rapidly in the
presence of excess CO, and under these conditions the electro-
catalytic current is reduced. Paradoxically, the presence of
additional CO leads both to more reversible electrochemistry
of 1 and to poorer electrocatalysis. While poisoning of the
catalyst by CO is a feature of the chemistry of batand the

The application of a range of electrochemical and SEC
techniques has permitted the elucidation of the chemistry
following reduction ofl. Reduction proceeds in one-electron
steps, with the lifetime of the initial product;, sufficient to
permit spectroscopic (IR, UVvis, and EPR) characterization.
Whereas the addition of two electrons to the-Fe bond would
give an electron-precise product, there is no clear evidence for
formation of such a species. These observations contrast with
those from the phosphido-bridged diiron analogues where two- . o L
electron reduction leads to formation of a well-defined dianion H-cluster_, the m_echamsm of inhibition of proton reduction is
having a planar 2Fe2P coté3® Clearly, a planar 2Fe2S core clearly different in the two cases.
is not possible for the pdt-bridged compounds, and this structural  The mode of hydride binding during electrocatalytic proton
constraint may be responsible for the reduced relative stability "eduction would appear to be different for the phosphido- and
of the dianion. While this proposition is superficially attractive, thiolato-bridged diiron carbonyl compounds. Since reduction
it has previously been reported thabfEeSR)(CO)s compounds of the phosphido-bridged compounds leads to cleavage of the
also undergo separate one-electron reducﬂbmd our pre- Fe—Fe bond, prOtonation must |n|t|a"y give terminally bound
liminary experiments suggest that the reductions of these hydrides. There is strong evidence for the formationePR)--
compounds give products analogous to those obtainedl. for ~ [FeH(CO}] following protonation of the corresponding dian-

Whereas they(CO) bands of1~ and 1B are similar in ion.1740 In this case, further reduction is needed to obtain
wavenumber, the latter is a two-electron-reduced product wheredihydrogen evolution. On the other hand, it is well established
charge is lost from the diiron core by dissociation of one of the that protonation of the electron-rich dithiolato-bridged diiron
sulfur atoms of the pdt group. Consistent with the assignment compounds gives bridged hydrid€s'¢41it would be expected
of the redox levels of the compound3COA?CO exchange only  that protonation of the one-electron-reduced products would
occurs at a significant rate whdrn is present in the solution;  follow a similar course. This propaosition is not yet proven and
when presented witF?CO, solutions ofl and1B are similarly may need re-evaluation in light of calculations examining the
inert to CO exchange. It is well-known that 17- or 19-electron influence of electronic effects on the geometry of a series of
metal carbonyl complexes undergo rapid ligand exch&hge. complexes, [L(CO)(CN)Rg#u-pdt)Fe(CO)(CN)].*?> From a
Reduction ofl carried out using solutions saturated with either starting point in which the two edge-shared square pyramidal
CO or N, results in the formation of a product) that, on units are aligned with the apical positions trans to the-IFe
the basis of its IR spectrum, includes a diiron fragment in which bond, there are varying degrees of rotation of thg(€@),-
one of the CO groups is replaced by a terminally bound thiolate (CN) group to give a bridging fse-CO interaction according
ligand. This product is most likely dimeric where a pdt ligand to the reduction level of the complex and the electron richness
bridges two diiron centers, with one sulfur bridging two iron of the ligand, L, bound to R Basal/axial CO exchanéfeand
atoms and the other bound terminally to one of the iron atoms CN~ substitution of CO for bothl and Fe2S3744 proceed
of a second diiron fragment. This species may then rearrangethrough intermediates in which one of the CO groups is rotated
to give 1B.

The structure ofLB has been considered in light of a range (40) Dobbie, R. C.; Whittaker, DChem. Commurl97Q 796-797.
of spectroscopic and EXAFS results, and these suggest a 7-C3*Y i%)y,A{SB&z“Sg_S(L)“"é‘ESSSf, R anc: . Sgﬁgg?"y’e}mgrg?”gﬁg_

1976 15, 976-978.
(37) Razavet, M.; Davies, S. C.; Hughes, D. L.; Barclay, J. E.; Evans, D. J.; (42) Bruschi, M.; Fantucci, P.; De Gioia, llnorg. Chem.2004 43, 3733~

Fairhurst, S. A.; Liu, X.; Pickett, C. Dalton Trans.2003 586—595. 3741.

(38) Ginsburg, R. E.; Rothrock, R. K.; Finke, R. G.; Collman, J. P.; Dahl, L. F.  (43) Lyon, E. J.; Georgakaki, I. P.; Reibenspies, J. H.; Darensbourg, M. Y.
J. Am. Chem. S0d.979 101, 6550-6562. Am. Chem. So001, 123 3268-3278.

(39) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistrth ed.; Wiley- (44) George, S. J.; Cui, Z.; Razavet, M.; Pickett, CCHem—Eur. J.2002 8,
Interscience: New York, 1988; p 1305. 4037-4046.
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into a bridging position. In the latter case, the rotation of the potentiostat with GPES software and were carried out in a one-
Fe(CO} group, in such a way, opens a coordination site for compartment glass cell ugira 2 mmdiameter vitreous carbon working,
the entering ligand. An intermediate with a similar geometry, platinu_m counter, and jacketed silver wire refe_rence e_Iectrodes. The
but with a bridging hydride, has been proposed as the active p_otentlal of the reference electrode was dete_rmlned using the fer_roce-
species during photocatalytic H/D exchange aHDO mixtures nium/ferrocene (Fo'Fc) couple, and.all pqtentlals are quoted relative
by [Fex(-pdt)(u-H)(COM(PMey)s] 16 In terms of the mecha- to the SCE reference electrode. Against this reference, th&écouple

; . S . . . occurs at+0.38 V in acetonitrile and-0.53 V in THF#” Voltammo-
?AS:EeOfHegﬁg%iatmg EL‘;&Z{:S;;;‘;’S gﬁ?}?};‘eﬁla;zr;gp grams were corrected for the effectsRfdrop using a positive feedback

- =weh - - approach implemented within the GPES software. Digital simulation
(1H) is of critical importance. While the transient appearance
of a CO-bridged species during proton reduction is tantalizing,
further work is needed in order to confirm its assignment to

of the voltammograms was conducted using Digisim (Version 3.03,
Bioanalytical Systems} The uncompensated voltammograms and
simulation model parameters are included in the Supporting Information.

1H. A PAR model 362 scanning potentiostat was used for the SEC
experiments, and these were conducted using a purpose-built reftection

absorption cell capable of operating at moderate gas pressures (1 MPa).

General Procedures Samples of Fgu-pdt)(CO}, 1, were prepared The design and operation of the high-pressure SEC cell has previously
by literature methoddand confirmed to be pure by spectroscopic and been describetf. The current response of the SEC cell was monitored
electrochemical analyses. Solvents were purified and dried by standardiSing & Powerlab 4/20 interface and recorded with Chart 4 software
method4® and distilled under an atmosphere of dinitrogen immediately (ADInstruments). The solution under spectroscopic interrogation
prior to use. Solutions used for electrochemical or spectroscopic COMPrised a 1630 um layer of solution trapped between the
analyses were prepared under an atmosphere of dinitrogen or argorinultielectrode and a CaFwindow. The thickness of the layer was
using either standard Schlenk techniques or with the aid of a vacuum adjusted under micrometer control and its value estimated using the
atmospheres glovebox. High purity ArNind CO were obtained from extinction coefficients of absorptions due to the solént.

BOC gases. The tetna-butylammonium perchlorate (TBA[CL]) or The IR-SEC spectra were collected in single beam mode, and
tetran-butylammonium tetrafluoroborate (TBA[BJ, used as sup- differential absorbance spectra were calculated from these using the
porting electrolyte, was prepared and purified using standard proce- SPectrum recorded immediately prior to the application of the potential
dures® step as the reference. Spectra for the individual reduced species were

CAUTION! Perchlorate salts are potentially explosi Solutions obtained by spectral subtraction using Grams/32 Al software (Galactic).
containing TBA[CIQ] as supporting electrolyte should not be allowed In cases where the band profiles of the component species were
to evaporate to dryness. overlapping, their relative concentrations were obtained by multicom-

Preparation of 1B. To a solution ofL (143 mg, 0.37 mmol) in CO- ponent analysis using routines available within the Igor Pro program
saturated THF (10 mL) were added 18-crown-6 ether (98 mg, 0.37 (Wavemetrics).
mmol) and, finally, NaBH (28 mg, 0.74 mmol). The reaction mixture Continuous-flow electrosynthesis experiments were carried out using
was stirred at room temperature overnight to give a dark-green solution. @ purpose-built cell that incorporates a reticulated carbon working
The solvent was removed in a vacuum to give an olive-green oily €lectrode. The design of the cell has previously been repétted.
residue which was washed with diethyl ether and then toluene three  Instrumentation. Infrared spectra were collected using a Biorad
times. The washed residue was dried in vacuo to yield a greenish- FT175C FTIR spectrometer utilizing a Ge/KBr beam splitter and a
yellow solid. Found: C, 36.27; H, 4.93; N 0.3. Calcd for [18-crown- narrow-band MCT detector. A Bruker ECS 106 X-band spectrometer
6-Na][Fe(u-S(CH)sSH)(CO)] (CoHz101:5:NaFe): C, 37.63; H, 4.45. was used to collect EPR spectra, and a Varian Unity Plus 400 MHz
IR {»(CO), THR: 2022, 1968, 1935, 1920, and 1740 dm instrument was used to record NMR spectra.

A description of the preparation of the tetrabutylammonium and UV —vis spectra were collected using an Instaspec Il PDA detector
lithium salts, together with a tabulation of their IR actiM&€O) bands coupled to a MS125 spectrograph (Oriel Instruments) that was fitted
in a range of solvents, is given in the Supporting Information. When with a 300 g/mm grating. This combination permits the collection of
Li[HBEt3] is used as the reducing agent, the reactions proceed muchspectra between 400 and 1050 nm in a single exposure. A 50 W
more rapidly. The corresponding reactions when completed on solutionstungsten lamp (Wotan HLX 64610) served as the source, and the optical
saturated with dinitrogen give a complicated mixture of products that path was constructed using off-axis parabolic mirrors (Melles Griot

Experimental Section

include 1B.

Exhaustive electrolysis of (88 mg, 0.023 mmol) at-1.5 V (vs
Ag/AgCl) in 3 mL of a CO-saturated acetonitrile/TBA[ER0.1 M)
solution with an excess of degassed water consumett 0.2 F mot?
of 1 (mean of five experiments). The olive-green catholyte gave an IR
spectrum identical to that dfB prepared chemically. The electrochemi-
cal preparation o1B was performed in a gastight H-type electrochemi-

POAO017).

Electrospray mass spectra were recorded using a Micromass Quattro
Il mass spectrometer in negative ion mode. Deoxygenated acetonitrile
was used as the mobile phase andalthe drying and nebulizing gas.
Sample concentrations were approximately @O\

Mdéssbauer spectra were recorded using an ES-Technology MS-105
spectrometer with a 200 MBYCo source in a rhodium matrix at room

cal cell at both room temperature and ice-cold temperature using atemperature. Spectra were referenced to a@5iron foil at 298 K.

vitreous carbon working electrode. The addition of 4 equiv of HOTs
to the catholyte resulted in the evolution of dihydrogen. The yield of
dihydrogen evolution ranged from 20 to 40%, basedlB8nand this

Parameters were obtained by fitting the data to Lorentzian band profiles.
Hydrogen evolution was quantified by gas chromatography measure-
ments using a Shimadzu GC-14B equipped with a thermal conductivity

was measured by gas chromatography. The IR spectrum of the reactiordetector (TCD). A standard containing 281079 M H, in argon (at

mixture indicated partial recovery Gf(20—40%), with there being no
other metal carbonyl product.

Electrochemistry and Spectroelectrochemistry (SEC).Cyclic
voltammetry experiments were controlled using an Autolab PGSTAT30

(45) Errington, R. J.Guide to Practical Inorganic and Organo-Metallic
Chemistry Blackie Academic & Professional: London, 1997.

(46) Sawyer, D. T.; Sobkowiak, A.; Roberts, J. J. Electrochemistry for
Chemists2nd ed.; Wiley-Interscience: New York, 1995; p 336.
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0.1 MPa) was used for calibration.

(47) (a) Chang, D.; Malinski, T.; Uiman, A.; Kadish, K. Mhorg. Chem1984
23, 817-824. (b) Connelly, N. G.; Geiger, W. EEhem. Re. 1996 96,
877-910.

(48) Borg, S. J.; Best, S. B. Electroanal. Chen2002 535, 57—64.

(49) (a) Christensen, P. A.; Hamnett, A.; Higgins, S. J.; Timney, JJA.
Electroanal. Chem1995 395 195-209. (b) Goplen, T. G.; Cameron, D.
G.; Jones, R. NAppl. Spectrosc198Q 34, 657—691.

(50) Bondin, M. I.; Foran, G.; Best, S. Rust. J. Chem2001, 54, 705-709.
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EXAFS. X-ray fluorescence measurements were made at a temper-(statistical) errorsd) in the Fe-L bond lengths due to noise in the
ature of~10 K using beamline 20B (bending magnet) at the KEK EXAFS data were estimated by Monte Carlo calculati®®s.In all
Photon Factory (Tskuba, Japan). A channel-cut Si(111) monochromatorcases, the values of were much less than the typical systematic errors
provided an energy resolutioME/E) of ~2.4 x 1074, and higher- (0s) and were assigned a conservative consensus value of 0502 A.
order harmonics of the selected wavelength were rejected by detuningpetails of the symmetry constraints and restraintsEgnS?, and o2
the monochromator by a factor éf,. EXAFS measurements were  gre available as Supporting Information.
conducted at the FK edge (7111.2 eV). Solutions were measured in
fluorescence mode using a 10-element Ge detector and were prepared Acknowledgment. We thank the Australian Research Council
S0 as o give a concentration of-8 mM (i.e., 6-10 mM in iron) in and BBSRC for funding this work, the ARC International
THF. | .

Samples Oflomy were generated by reaction with Li[HBEin a Research Exchange Program (IREX) for providing travel funds
continuous-flow experiment in which the product solution could be t© S.P.B., S.J.B., C.J.P., and M.R., the ARC for the award of
monitored in line by IR spectroscopy prior to collection in the EXAFS ~an Australian Postgraduate Research Studentship to S.J.B., and
fluorescence cell. A Shimadzu Prestige FTIR was available at the the John Innes Foundation for the award of a studentship to
beamline for spectroscopic characterization of the sample. Once aM.R. The EXAFS experiments were performed at the Australian
suitable sample was obtained, the solution was rapidly frozen and storedygtional Beamline Facility with support from the Australian
at 80 K prior to transfer to the 10 K cryostat. Samplesl8fwere Synchrotron Research Program, which is funded by the Com-

prepared by either chemical reaction in THF (as describedsf@as;) . . .
or electrochemically in CECN using a continuous-flow electrosynthesis monwealth of Australia under the Major National Research

cell 17 EXAFS spectra were indistinguishable for samples prepared by Facilities Program. Mr. Mark I. Bo.ndin (EPR and EXAFS), Dr.
either method. Garry Foran (EXAFS), Dr. David Evans (Msbauer), and

Data reduction of experimental X-ray absorption spectra was Professor Stephen Feldberg (Digisim) are thanked for technical
performed using the program XFFlPtusing a protocol that has recently  assistance and/or advice.
been describetl. The model structures were refined using the X¥#fF
software package, which incorporates ab initio FEFF8.BI5 curved- Supporting Information Available: Electrochemistry and IR
wave calculations. The calculations included MS paths With, = _ spectroelectrochemistry EPR @A: ESI-MS and Mssbauer
3.5 A and up to four legs. The plane wave and curved wave path filter . . .

spectra oflB; IR spectra recorded during conversionl@fmyi

thresholds were set at 2 and 3% of the strongest MS path, respectively. ) df | hemical simulati d
A nonlinear least-squares fitting was used to vary the model and '© 1B: parameters used for electrochemical simulations accord-

concurrently optimize the fit of the calculated to the observed EX&FS. Ing to Scheme 1; description of chemical and electrochemical
The goodness of fit parametdars) has been defined where Bars modes of preparation dfB; acid quenching of chemically and
value around 20% is considered a good fit to the non-Fourier electrochemically generateiB; and constraints and restraints
transformed data, while aRxars value >40%, is poof! The random on EXAFS modeling ofl, limy, and 1B. This material is

(51) Gurman, S. 1. Synchrotron Radiatl995 2, 56-63. available free of charge via the Internet at http://pubs.acs.org.
(52) Zabinsky, S. I.; Rehr, J. J.; Ankudinov, A.; Albers, R. C.; Eller, MPHys.
Rev. B: Condens. Mattel995 52, 2995-3009. JA045281F
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