ING'S
OPEN (5 ACCESS College
LONDON

King’s Research Portal

DOI:
10.1016/j.jorganchem.2018.10.018

Document Version
Peer reviewed version

Link to publication record in King's Research Portal

Citation for published version (APA):

Rahaman, A., Ghosh, S., Basak-Modi, S., Abdel-Magied, A. F., Kabir, S. E., Haukka, M., Richmond, M. G.,
Lisensky, G., Nordlander, E., & Hogarth, G. (2019). Chalcogenide-capped triiron clusters [Fe3(CO)9(u3-E)2],
[Fe3(CO)7(u3-CO)(u3-E)(u-dppm)] and [Fe3(CO)7(u3-E)2(u-dppm)] (E = S, Se) as proton-reduction catalysts.
JOURNAL OF ORGANOMETALLIC CHEMISTRY, 880, 213-222.
https://doi.org/10.1016/j.jorganchem.2018.10.018

Citing this paper

Please note that where the full-text provided on King's Research Portal is the Author Accepted Manuscript or Post-Print version this may
differ from the final Published version. If citing, it is advised that you check and use the publisher's definitive version for pagination,
volumel/issue, and date of publication details. And where the final published version is provided on the Research Portal, if citing you are
again advised to check the publisher's website for any subsequent corrections.

General rights
Copyright and moral rights for the publications made accessible in the Research Portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognize and abide by the legal requirements associated with these rights.

*Users may download and print one copy of any publication from the Research Portal for the purpose of private study or research.
*You may not further distribute the material or use it for any profit-making activity or commercial gain
*You may freely distribute the URL identifying the publication in the Research Portal

Take down policy
If you believe that this document breaches copyright please contact librarypure@kcl.ac.uk providing details, and we will remove access to
the work immediately and investigate your claim.

Download date: 20. Oct. 2023


https://doi.org/10.1016/j.jorganchem.2018.10.018
https://kclpure.kcl.ac.uk/portal/en/publications/e6bc83fe-5db2-4419-8a66-7bd142714672
https://doi.org/10.1016/j.jorganchem.2018.10.018

Accepted Manuscript

Organo
metallic
hemistry

A AL
Chalcogenide-capped triiron clusters [Fe3(CO)g(u3-E)2], [Fe3(CO)7(u3-CO)(u3-E)(u- fs—a’.
dppm)] and [Fe3(CO)7(u3-E)2(u-dppm)] (E = S, Se) as proton-reduction catalysts iiﬁt

L

Ahibur Rahaman, Shishir Ghosh, Sucharita Basak-Modi, Ahmed F. Abdel-Magied,
Shariff E. Kabir, Matti Haukka, Michael G. Richmond, George Lisensky, Ebbe
Nordlander, Graeme Hogarth

PII: S0022-328X(18)30673-9
DOI: https://doi.org/10.1016/j.jorganchem.2018.10.018
Reference: JOM 20603

To appear in:  Journal of Organometallic Chemistry

Received Date: 30 July 2018
Revised Date: 10 October 2018
Accepted Date: 22 October 2018

Please cite this article as: A. Rahaman, S. Ghosh, S. Basak-Modi, A.F. Abdel-Magied, S.E. Kabir, M.
Haukka, M.G. Richmond, G. Lisensky, E. Nordlander, G. Hogarth, Chalcogenide-capped triiron clusters
[Fe3(CO)g(u3-E)2], [Fe3(CO)7(u3-CO)(M3-E)(H-dppm)] and [Fe3(CO)7(u3-E)2(u-dppm)] (E = S, Se)

as proton-reduction catalysts, Journal of Organometallic Chemistry (2018), doi: https://doi.org/10.1016/
jjorganchem.2018.10.018.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.jorganchem.2018.10.018
https://doi.org/10.1016/j.jorganchem.2018.10.018
https://doi.org/10.1016/j.jorganchem.2018.10.018

Chalcogenide-capped triiron clusters [FgCO)o(Ms-E)2], [Fes(CO)-(s-

CO)(us-E)(H-dppm)] and [Fes(CO)7(us-E)(1-dppm)] (E = S, Sejas proton-
redcution catalysts

Ahibur Rahaman?®, Shishir Ghost®, Sucharita Basak-ModP, Ahmed F. Abdel-Magied,
Shariff E. Kabir¢, Matti Haukka® Michael G. Richmond, George Lisensk§, Ebbe
Nordlander* ®and Graeme Hogarth*

®norganic Chemistry Research Group, Chemical Plsysi€enter for Chemistry and
Chemical Engineering, Lund University, Box 124 ;228 00 Lund, Sweden

bDepartment of Chemistry, University College Lond28, Gordon Street, London WC1H
OAJ, UK

‘Department of Chemistry, King’s College Londondrhia House, 7 Trinity Street, London
SE1 1DB

dDepartment of Chemistry, Jahangirnagar Univers8gyvar, Dhaka 1342, Bangladesh
*Department of Chemistry, University of Jyveskylkix B11, FI-40014, Jyvaskyla, Finland
'Department of Chemistry, University of North Tex&$55 Union Circle, Box 305070,
Denton, Texas 76203, USA

9Department of Chemistry, Beloit College 700 Coll&ge Beloit, W1 53511, USA

N N\ (CO), . (CO),
// (7e(CO); //\fe'_”th // -ﬁe—‘P>th

/ { F /
\\//Fe(CO)3 \\/Fe——p P~ e —p

ABSTRACT - Chalcogenide-capped triiron clusters J&0);(u3-CO)(3-E)(u-dppm)] and
[Fes(CO)(us-E)(u-dppm)] (E= S, Se) have been examined as protorctieducatalysts.
Protonation studies show that [f&O)y(us-E),] are unaffected by strong acids, mono-capped
[Fes(CO)(us-CO)(s-E)(u-dppm)] react with HBEELO but changes in IR spectra are
attributed to BE binding to the face-capping carbonyl, while bicagpgFe(CO);(us-E)2(l-
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dppm)] are protonated but in a process that iscatlytically important. DFT calculations
are presented to support these protonation studisglic voltammetry shows that
[Fes(CO)(us-Se)] exhibits two reduction waves, and upon additiérstoong acids, proton-
reduction occurs at a range of potentials. Mondedgenide clusters [RECO);(z-CO)(s-
E)(u-dppm)] (E= S, Se) exhibit proton-reductiorcat-1.85 (E = S) andl1.62 V (E = Se) in
the presence op-toluene sulfonic acid pfTsOH). Bicapped [F€CO)/(us-E)(u-dppm)]
undergo quasi-reversible reductionsiabb (E = S) andl.45 V (E = Se) and redupeTsOH
to hydrogen but protonated species do not appedeteatalytically important. Current
uptake is seen at the first reduction potentiadéach case showing that fFeO);(us-E)(u-
dppm)] are catalytically active but a far greater respois seen ata. -1.9 V being
tentatively associated with reduction of,fréy(CO);(uz-E)(u-dppm)]. In general, selenide
clusters reduce at slightly lower potentials thatfide analogues and show slightly higher

current uptake under comparable conditions.

Keywords: triiron; chalcogenide; cluster; proton-reductietectrochemistry

1. Introduction

Hydrogen is a potentially clean and efficient emecgrrier = however, its current
synthesis is energy-intensive and uses fossilHfesburces, while the direct utilization of
solar energy for hydrogen production through phataigtic'* or photo-electrochemicéa ©
water-splitting is poorly developed. Algae can proel hydrogen and oxygen from walter
and hydrogenases then act as catalysts for thesieleoxidation of hydrogen to protons and
electrons. In the late 1990s, crystal structurggeFe]-hydrogenases revealed that the active
site consists of a diiron sub-unit with a bridgidghiolate ligand and ancillary CO/CN
ligands linked to an K&, ferredoxin subuni™. This generated enormous interest in the
development of synthetic analogues of the actiteevgith a wide range of diiron biomimetics
being tested as proton-reduction cataly&ts Key features of (electro)catalysts for proton
reduction include the abilities to bind a protorgs)ld undergo facile reduction, both being
well-established properties of low-valent trangitimetal cluster§™. Hence, clusters with

nuclearities of three or greater are promising whatds as catalysts for clean hydrogen
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formation via proton-reductiod*?”. Two groups have independently studipdoton-
reductionby the sulfide cluster [RECO)(Hz-S)] (19 ***°! In MeCN with acetic acid,
production takes place at the second reductionnpatg-1.75 V), establishing the dianion
[Fes(CO%(Hz-S)]* (1S) as the catalyst’. In the presence of the strong acid HE&O,
both mono and dianions are active proton-reduatetalysts at potentials of -1.03 V and -
1.30 V, respectivel{*®. Since [Fe(CO(Hs-S)] (1S does not readily protonate even with
strong acids, initial reduction is a prerequisite proton-reduction. Sun, Akermark and co-
workers!*® have explored the proton-reduction activity of tfighosphine-substituted cluster
[Fes(CO)(Hs-Sh(k’-dppv)y] [dppv = cis-1,2-bis(diphenylphosphino)ethylene] that, in
contrast, is readily protonated by trifluoromethauitonic (triflic) acid and catalyses proton-
reduction at-0.98 V in CHCl,, the first reduction potential of f{H)Fe;(CO)s(Hs-S)(K>-
dppv)]®. In seeking to extend and develop the proton-réolucchemistry of low-valent
triiron clusters, we turned our attention to thalcbgenide-capped clusters §fEeO)/(us-
CO)ps-E)(u-dppm)] @S 2Se) and [Fe(CO)(Hs-E)(u-dppm)] @S 3Sg with the
expectation that introduction of the diphosphing(diphenylphosphino)methane (dppm) may
serve to both to stabilise the relatively fragii@dn core, while also favouring protonation at
the triiron centre. Further, the ability to varyetbhalcogenide cap potentially allows redox-
tuning. Herein we report the electrocatalytic pmteduction properties &and3, as well as

[Fes(CO)(us-Se)] (1S9, the latter being studied in order to comparehvpitevious studies
of [Fey(CO(pa-S)] (19) 149

2. Experimental

2.1 General procedurestUnless otherwise stated, purification of solvemesactions, and
manipulation of compounds were carried out undetepgen atmosphere using standard
Schlenk techniques. Reagent grade solvents weeel dy standard procedures and were
freshly distilled prior to use. All chromatographseparations and ensuing workup were
carried out in air. Thin layer chromatography wasied out on glass plates pre-coated with
Merck 60 0.25 mm silica gel. Dppm was purchasethfAxros Organics Chemicals Inc. and
[Fe3(CO) 2], [Fe(CO})], elemental sulfur and selenium were purchasenh fBagma-Aldrich;
[Fes(COho(u-dppm)] 28 and [Fg(CO)(uz-S)] (1S ' were prepared as previously
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reported. Infrared spectra were recorded on Ni@&@i60 FT-IR or Nicolet Avatar 360 FT-IR-
spectrometers in a solution cell fitted with Gaif NaCl plates, subtraction of the solvent
absorptions being achieved by computation. Fash diombardment (FAB) mass spectra
were obtained on a JEOL SX-102 spectrometer usimi¢y@oenzyl alcohol as matrix and Csl
as calibrant. Proton armdP{*H} NMR spectra were recorded on Varian Unity 500 &iet
Bruker AMX400 instruments. Chemical shifts wereerehced to residual solvent or 85%

H3PO,. Elemental analyses were performed at UniversiiyeQe London.

2.2. Synthesis of [F£CO)(Hs-Se)] (1Se)E%: A benzene solution (20 mL) of [KEO)]
(200 mg, 0.198 mmol) and selenium (31 mg, 0.398 mmas refluxed for 20 h. The solvent
was removed under reduced pressure, and the selasntemovedn vacuoand the residue
extracted with hexane and filtered on Kieselgultre Taster moving band gave JEeO)y(s-
Se)] (1S8 (20 mg, 17%* (IR ((CO), n-hexane): 2071w, 2056vs, 2037vs, 2017s, 2002
1982sh crit) as black crystals after recrystallization fronxéwee/CHCI, at 4°C.

2.3. Synthesis of [FKCO)(Hs-CO)(ks-S)(1-dppm)] (2S) and [FECO)(us-S)(u-dppm)]
(3S): A number of routes were used to access these rdug)eA CHCI, solution (20 mL) of

[Fes(CO)o(p-dppm)] (40 mg, 0.048 mmol) and sulfur (3.1 mg, 0.096 mma}s refluxed for
10 h. The solvent was removed under reduced pressand the residue was
chromatographed by TLC on silica gel. Elution wegitlohexane/CHCI; (9:1 v/v) developed
three bands. The faster moving band gave({F@),(us-Sk(u-dppm)] BS) (6 mg, 15%), the
second band was unreacteds[E®),o(1-dppm)](2 mg) and the third afforded [KEO);(s-
CO)(s-S)(u-dppm)] 2S (20 mg, 51 %) as red crystals after recrystdailma from
hexane/CHCI, at 4°C. (ii)) A benzeneolution (20 mL) of [FgCO)(us-S)] (1S (18 mg,
0.037 mmol) and dppm (15 mg, 0.037 mmol) was reitbfor 30 mins. Solvent was removed
under reduced pressure, and the residue was clographed by TLC on silica gel. Elution
with cyclohexane/CLKCl, (3:1 v/v) developed three bands. The faster mowagd was
unreacted [F€CO)(Us-S)] (1S (2.0 mg) the second band afforded ) (uz-S) (-
dppm)] @S (6.0 mg, 20%) and the third band afforded 3(E©)/(us-CO)(us-S)(L-dppm)]
(29 (9.0 mg, 33 %). (iii) A CHCI; solution (20 mL) of [FgCO)(u3-CO)(e-S)(-dppm)]
(29 (20 mg, 0.025 mmol) and sulfur (1.6 mg, 0.049 mmal} refluxed for 1 day. The solvent
was removed under reduced pressure, and the resakiehromatographed by TLC on silica
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gel. Elution with cyclohexane/GEl, (9:1 v/v) developed two bands. The faster moving
band gave3S (3.0 mg, 14%), the second band was unrea2&{@ 0 mg). (iv) A benzene
solution (20 mL) ofLS (18 mg, 0.037 mmol) and dppm (15 mg, 0.037 mmai vefluxed for
30 min. The solvent was removed under reduced pmessand the residue was
chromatographed by TLC on silica gel. Elution wagfitlohexane/CkCl, (3:1 v/v) developed
two bands. The faster moving band was unreat®@.0 mg) and the second band afforded
3S (8 mg, 34%). Characterising dags Anal. Calcd for GsHoFe;0sSP: C, 49.97; H, 2.72
Found: C, 49.1; H, 2.78. IR(CO), CHCl,): 2057s, 2006vs, 1962sh, 1666w tmH NMR
(CDCl): 6 7.6=7.1 (m, 20 H), 3.45 (brm, 2 H, @H**P{*H} NMR (CDCls): J 55.4 (s). ESI-
MS: m/z 808 .10 foundm/z807.85 calc for [M]. 3S. Anal. Calcd for GH,Fe;0;S,Ps: C,
47.29; H, 2.70 Found: C, 47.50; H, 2.71. IRGO), CHCI,): 2045s, 2000vs, 1961w, 1930br
cm™. *H NMR (CDCh): 6 7.757.33 (m, 20H), 2.98 (t, 2H, J 10 HZJP{*H} NMR (CDCls):

0 75.3 (8).

2.4. Synthesis of [F&CO)/(Hs-CO)(ks-Se)(u-dppm)] (2Se) and [RECO)(Us-Sep(u-dppm)]
(3Se): A number of routes were used to access these rdug)eA CH,CI, solution (20 mL) of
[Fex(CO)o(pu-dppm)] (30 mg, 0.036 mmol) and selenium (6.0 mg, 0.071 mmas refluxed
for 10 h. The solvent was removed under reducedsspre, and the residue was
chromatographed by TLC on silica gel. Elution wagitlohexane/CkCI, (9:1 v/v) developed
three bands. The faster moving band gave({Fe);(1s-Sep(u-dppm)] B8S9 (7.0 mg, 21%),
the second band was unreacted 3([E®)o(pu-dppm)] (1 mg) and the third afforded
[Fe3(CO)/(us-CO)(us-Se)(u-dppm)] 2Se (17 mg, 55%) as red crystals after recrystaliizat
from hexane/ChKLCl, at 4°C. (ii) A CHCI, solution (20 mL) of [F&CO);(us-CO)(s-Se)(u-
dppm)] €S9 (20 mg, 0.023 mmol) and selenium (4.0 mg, 0.047 hhmas refluxed for 1 day.
The solvent was removed under reduced pressurethanetsidue was chromatographed by
TLC on silica gel. Elution with cyclohexane/@El, (9:1 v/v) developed two bands. The
faster moving band gave [KEO);(1s-Sep(u-dppm)] BS9 (4.0 mg, 19%), the second band
was unreacted [BECO);(U3-CO)(us-Se)(u-dppm)] 2Se (9.0 mg). (iii) A benzensolution
(20 mL) of1Se(25 mg, 0.0432 mmol) and dppm (18 mg, 0.0432 mnvel refluxed for 2 h.
The solvent was removed under reduced pressurethangksidue was chromatographed by
TLC on silica gel. Elution with cyclohexane/@El, (7:3 v/v) developed two bands. The
faster moving band was unreactese(5.0 mg) and the second band affor@&Sk (6.0 mg,
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19%). Characterising dataSe Anal. Calcd for GzH2FesOsSeR: C, 46.31; H, 2.57. Found:
C, 46.35; H, 2.60. IR(CO), CHCl,): 2053s, 2003vs, 1957sh, 1659ttH NMR (CDCk):

5 7.557.38 (m, 15 H), 7.23.13 (m, 5 H), 3.68 (br, 1 H, G} 3.47 (br, 1H, Ch). *'P{*H}
NMR (CDChk): ¢ 55.3 (). ESI-MSm/z 855.12 foundm/z855.80 calc for [M]. 3Se Anal.
Calcd for GoH2oFesO/SeP.. C, 42.38; H, 2.42 Found: C, 42.75; H, 2.55. lRCQ),
CH,Cl,): 2050s, 2040s, 1991vs, 1942w tniH NMR (CDCk): 6 7.89 (m, 1H), 7.76 (br,
2H), 7.65 (m, 4H), 7.52 (t, 2H, J 10 HZ)38 - 7.33 (m, 11H), 4.02 (br, 2H, GHB), 3.16 (t,
2H, CH,, J 10 HzA). **P{*H} NMR (CDCls): 6 78.7 (sB), 53.0 (d, A), 42.6 (d,A) Jop 56
Hz,. RatioA:B ca. 2:3 (see text).

2.5. Protonation experimentsTo CHCI, solutions ¢a. 1 mL) of the triiron clusters (made
by dissolving 1x10° mmol of each complex) were added 2 molar equitaleiHBFR;- EtO.
The resultant acid-containing solution was immesdyattransferred to an IR cell and

monitored over time.

2.6. X-ray structure determinationCrystals of2S 2Se 3S and 3Sesuitable for X-
ray structure analysis were grown by slow diffusadrhexane into a saturated T
solution at 4° C. Crystals were immersed in cryjp+oiounted on a Nylon loop, and
measured at a temperature of 120-170 K. The X-iffiaction data were collected on
a Bruker Kappa Apex Il Duo or an Agilent Supernaliiractometer using Mo K
radiation = 0.71073 A). The APEXPY or CrysAlisPrd®? program packages were
used for cell refinements and data reductions. cBiras were solved by direct
methods or by charge flipping using the SHELXS®70r SUPERFLIP** programs.
A multi-scan, numerical, or Gaussian absorptionrexion (SADABS % or
CrysAlisPro®?) was applied to all data. Structural refinemenésencarried out using
SHELXL-97 or SHELXL-2018%. The hydrogen atoms were positioned
geometrically and constrained to ride on their paegoms, with C-H = 0.95 — 0.99 A

and Us, = 1.2 Uq (parent atom). Crystallographic details are sunsedrin Table S1.

2.7. ElectrochemistryElectrochemistry was carried out under solventrsédd nitrogen in

deoxygenated MeCN and GEl, solutions with 0.1 M [NBg[PFs] as the supporting

electrolyte. The working electrode was a 3 mm dimmglassy carbon electrode that was
6



polished with 0.3um alumina slurry as needed, the counter electroake avplatinum wire,
and the reference electrode was either a silvee wir an Ag/AgCl electrode that was
separated from the working electrode by a glags Potentials are referenced versus the
ferrocenium/ferrocene couple (#ec). A Pine potentiostat (Pine Wave Now potentit)st
was used for all electrochemical measurements lyS&tastudies were carried out by adding
equivalents of TsSOH and HBFELO (Sigma-Aldrich).

2.8. Computational details and modellingill DFT calculations were carried out with the
Gaussian 09 package of prograffisusing the B3LYP hybrid functional. This functiorial
comprised of Becke's three-parameter hybrid exahdmctional (B3)*” and the correlation
functional of Lee, Yang, and Parr (LYIf)E’.] Each iron atom was described with the Stuttgart-
Dresden effective core potential and SDD basid*¥eand the 6-31G(d’) basis séf! was
employed for all remaining atoms. All reported getrnes were fully optimized, and
analytical second derivatives confirmed each stimeces an energy minimum (no negative
eigenvalues). Unscaled vibrational frequencies wexed to make zero-point and thermal
corrections to the electronic energies, and theltieg free energies are reported in kcal mol
! relative to the specified standard. The reporsanyl stretching bands for spect@svere
obtained from the harmonic frequencies and have sealed using a factor of 0.965. The
Natural Population Analysis (NPA) and Wiberg bondices (WBI) were computed using
Weinhold’s natural bond orbital (NBO) program, ae@uted by Gaussian 09>%? The
geometry-optimized structures have been drawn thigl)IMP2 molecular visualization and

manipulation prograr{®.

3. Results and discussion

3.1. Synthesis and characterisatiokor [F&(CO);(1s-CO)(s-E)(u-dppm)] @) (E = S, Se)
two pathways were considered; (i) addition of dpniFe(CO(Hs-CO)(s-E)] (1) ¥4
and (i) addition of group 16 elements to JEO)(p-dppm)] 8

[Fes(CO(Hs-CO)(s-S)] (1S has previously been reportéd but yields were low and

. Sulfide-capped

separation (from other sulfur-containing specie#fjcdlt. A brief report of [Fe(CO)(us-
CO)(us-Se)] (LSe@ has appeared; formed in low vyield upon additioh BiCl; to
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K,[Fes(COX(ps-Se)] . In line with the established increase in stabilsatof the
triruthenium centre in [RIYCO)o(u-dppm)]*® as compared to [R(CO)], it was expected
that the triiron core of [F€CO)o(1-dppm)] 22 will be less susceptible to fragmentation than
that of [Fg(CO)y. This was found to be the case and the isostraictalusters,
[Fes(CO)(us-CO)(us-E)(u-dppm)] (E = S, Se)2)), were prepared in moderate yields upon
heating CHCI; solutions of [Fg{CO)o(u-dppm)] with elemental sulfur or selenium. Minor
products were known bis(chalcogenide) clusters,s({5®@)/(Hs-E)(u-dppm)] @) 1“7
(Scheme 1), previously prepared by addition of dgfl or dppmSg*® to [Fe(CO)Jl. In
separate experimen®S and2Sereacted with excess chalcogenide over 10 h toch#s and
3Se respectively, indicating that chalcogenide-cagpiakes place in a stepwise fashion.
While 1Seis known% we have found that it may be prepared in a sirsgép from
elemental selenium and [i{€O),,]. Reactions oflS and1Sewith dppm in refluxing CHCl,

afford 3Sand3Se respectively, in moderate yields.

E
(CO)3 / \N
Fe—PPh 7€(CO)3
_— 2 (—\/
(CO);Fé
o] 5 o
(CO)3 Ph, E/
1
E, 40°C ‘ dppm, 80 °C
AN(CO): £
/ Fe——PPh, \(CO)2
O Y. //—Ee—Pth
(V7S o
C/(co)2 2 E, 40 °C \E//(CO)Q Ph,
X
2 3

Scheme 1

3.2. Structural studiesMolecular structures of [BECO),(us-CO)(s-S)(-dppm)] RS and
[Fes(CO)(us-CO)(us-Se)fu-dppm)] @S are depicted in Figure 1. Those of {f€&0)/(us-
Sh(p-dppm)] B9 B and [Fe(CO)(us-Sed(p-dppm)] BSe “® have been previosuly
reported but for comparison we have also colleafeth (see ESI). Important metric

parameters are summarised in Table S1 and selecteblengths and angles in Table S2.



CI12§

Figure 1. Molecular structures of (a) [HE€O)(Us-CO)(s-S)(U-dppm)] S and (b) [FeCO)(Hs-
CO)(Hs-Se)u-dppm)] @S9.

Spectroscopic data fad2 are consistent with the solid-state structure bemagntained in
solution. IR spectra contain an absorption betwEg80-1670 crif confirming the presence
of the triply-bridging carbonyl. Each displays wedsolved'H and*'P{*H} NMR spectra,
the latter consisting of a singleta. 55.5 ppm for the two equivalent phosphorus atdfos.

3 in the solid-state the diphosphine spans the naldd iron-iron edge, but NMR
spectroscopy indicates that in soluti®Beexists as a mixture of isomers. This is most gfear
seen in thé'P{*H} NMR spectrum which consists of a pair of doubland a singlet that are
attributed to isomeA andB (Chart 1)respectively ¢f. Experimental Section). All resonances

are well-resolved showing that interconversionhef isomers is slow on the NMR time scale.

Se Se
0y \pe(co)s //\_égg)ipphz
PP N reco), e
Phy 4 sé/(co)z o2
A B
Chart 1

3.3. Reactions with Bronsted and Lewis aci®sotonation of the metal core is a key feature
of proton-reduction catalysis; we thus investigatieel behaviour of these clusters towards
strong acids. The addition of-2 equivalents of HBFEL,O to CHCI, solutions of
[Fes(CO)(us-Se)] (1Se did not result in any significant changes in tl® spectrum



consistent with the triiron centre not being suéiitly basic to be protonated under these
conditions. Addition of two equivalents of HRELO to [Fg(CO)/(us-CO)(us-S)-dppm)]
(29 and [Fe(CO)/(ps-CO)(us-Se)fu-dppm)] €S9 led to an immediate change in both cases
with all bands being shifted to higher wavenumbeysca. 20-30 cmi* (Scheme 2). Thus,
absorptions at 2057, 2006, 1962 and 1666 ¢on 2S were replaced by new peaks at 2086,
2047, 2029 and 2008 ¢mThe magnitude of this change suggests no sigmifichange in
electron-density at the triiron centre; metal-cedtprotonation is expected to result in a ~50-
70 cm* positive shift*?. The relatively symmetric IR spectrum suggestgaction site at
one of the face-capping ligands, with theQO group being implicated on the basis of the
absence of the face-cappingCO) band. Monitoring reactions & with HBF;.Et,O (in
CDCl;) by *H NMR spectroscopy revealed no evidence of hydfitenation. Noting that
HBF, is a complex of BFand HF, we added BELO to CHCI; solutions of botl2S and
2Se and observed IR spectra identical to those geswbrapon addition of HBFELO.
Addition of piperidine led to regeneration of tharting clusters, indicating that the so-called
“protonation reaction” simply reflects the revetsiladdition of BE to the face-cappingsgt
CO ligand (Scheme 2).

®
E._(CO), \(CO)2 EL(CO),
/ \Fe——PPh, igF, or BF, / N\pe——PPh, Fe—PPh2
(CO)3Fe\\ R (CO)3Fe\ / . __ (CO),F€
//(CO) Ph, piperidine //(CO) Ph, HTos \/CO)Z Ph,
O\
BF 5
3 2|:eH+
2.BF, 2
Scheme 2

We thus conclude that addition of both HEF,O to 2 leads to formation of [RECO);(Us-
COBRs)(4s-E)(u-dppm)] @.BFs). This was investigated by DFT calculations empigy
optimized structures &S (species”A) and BFE (both of which are not shown) for the ensuing
stability calculations. Interestingly, coordinatioh the chalcogenide iA by BF; does not
afford a stable species, this adduct spontanedibb&yating 2S and free Bk A stable Bl
complex is, however, obtained when the oxygen abbrthe ps-CO ligand functions as a
Lewis base, and the geometry-optimized structuréhisf adduct (specieB) is depicted in
Figure S1. Table S3 summarises the natural changgd/VNiberg bond indices f& andB,
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and the data confirm that the coordinated Bfolecule inB does not adversely perturb the
charges or bond orders within the;Eere relative to the parent cluster Scaled frequencies
of the majorv(CO) bands irB are 2074, 2041, 2028, and 1998 rim good agreement with
IR solution data. This led us to discard HEFft,O as a proton source for catalytic studies.
Addition of two equivalents op-TsOH to a CHCI, solution of2S did not lead to major
changes in the IR spectrum; a small (< 5%) new ritism appeared at 2085 &mthe
intensity of which did not change with time. Wegt#fore, elected to use this acid for

electrocatalytic protomeduction studiesv{de infra).

We also probed reactions 8fwith two equivalents of HBFELO. For3S peaks at 2045s,
2000vs, 1961w, 1930br chwere very slowly (over 24 h) replaced by new apsons at
2102m, 2065sh, 2046s and 2004mcwhich we associate with [FE€O)/(1-H)(Hs-S (-
dppm)][BF4] (3SH"), while for 3Sethe analogous species is associated with ped39aim,
2055wsh, 2039vs and 1996m ¢nbeing generated at a similar rate (Scheme 3gmyits to
observe hydride species by NMR spectroscopy weselagessful in both cases. We also
protonated3Swith 2 equivalents op-TsOH and again there was some evidence of formation
of small amounts c3SH" after 3 h (ca. 10% as estimated by band intensifiser and Knor
have published details of a protonation stud@®by CRCO,H and provide evidence from
differential IR spectroscopy of both mono- and htpnated complexes 8. ! The latter

is apparently characterised by an absorption a# 23", but we have not been able to
observe any absorption in this region. It seemslyjlikhat our results differ from those of
Kaiser and Knor as a result of the different com@ions of acids added and the quality of
IR equipment used. What is clear is that protomatib3S and3Seis slow (especially when
compared to the time scale for the cyclic voltanmnekperiments), and thus, whig™ are

chemically accessible, we conclude that they ateaialytically relevant.

E
\ (CO), \ (CO),
-Fe PPh2 HBF -Fe PPh
(CO)Jeé{: . |4 (00)3%&{: ; ?
_ Lo
E// (co), Phpy VeSOV H=X//(co), Ph:
3 3H*

Scheme 3
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In order to better understand the reactivity ofstdus2S and 3S in the presence of strong
acids, we carried DFT calculations on the prefesiégs of protonation. Optimized structures
for [Fes(CO)(Hs-CO)(s-S)(u-dppm)] @A) and [Fe(CO)(us-Sk(u-dppm)] O) accord with
reported solid-state structures. The DFT data atdithat the preferred site of protonation in
A coincides with the dppm-substituted iron-iron wecto give 2-H* (speciesC1l), as
depicted in Scheme 2. The HOMOAn(not shown) is a metal-based orbital whose pagenta
is not unlike that computed by earlier by Schilliagd Hoffmann in related tetrahedral
clusterd®®, with the largest concentration of electron danisicated between the iron centres
ligated by the dppm ligand. Figure 3 shows the geoyroptimized structure of the
thermodynamically favoured produ€tl. Protonation of the non-dppm ligated metal-metal
bond inA affordsC2, which is 3.8 kcal mdl less stable tha@1. Protonation of the oxygen
and sulfur sites associated with fieCO andps-S moieties furnishes speci€8 and C4,
respectively. In comparison with tl@&l andC2 hydride species, these latter two species are
not energetically favoured in the protonationfofProtonation of theis-S group is the least

stable of the protonated species computed, lyin§ 8€al mof* aboveA.

Figure 3. Ground-state energy ordering of the different tgmated speciesC{(-C4) from
[Fes(CO),(Us-CO)(Us-S)(dppm)] ). Energy values/AG) are in kcal mét relative toC1.
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The protonation of the iron-iron bond @1 andC2 leads to slight changes in the charge at
the iron centres but more significant are the stmat changes in the face-capping carbonyl
group. Protonation is accompanied by lengtheningwaf of the three Fes-CO bonds to
afford a pseudo-terminal CO ligand. The slippag¢hefus-CO ligand in bothC1 andC2 is
visually verified in the optimized structures, ahés feature is reflected by the Wiberg bond
indices that reveal a CO group that is asymmetyidadund to the three iron atoms. In the
case ofC1, the computed Wiberg bond indices for the origifaale-capping CO group are
0.33 (Fe-CO), 0.16 (FeCO), and 0.93 (ReCO). These indices suggest that this particular
CO group is best viewed as a pseudo-terminal ligainéfe and that this particular CO
exhibits semi-bridging interactions with the ;Fand Fe centres.C2 displays similar
behaviour for the face-capping CO upon protonataord here the kecentre serves as the
site of coordination for the pseudlerminal CO ligand. The Wiberg bond indices of Ol
0.19 for the FeCO and FgCO vectors irC2 underscore this assertion.

The site of protonation iBS was also examined by DFT. Clus83 was optimized (species
D, not shown) and subsequently employed in the padion studies. Figure 4 shows the
optimized structures and energy ordering Edrand E2, which correspond to the products
from FeFe bond and sulfur protonation, respectively. Rration of the Fe-Fe bond D is
clearly favoured over protonation of one of theef@apping sulfide ligands. The computed
HOMO in D (not shown) is best described as a metaled bonding orbital where the
electron density is localized about the two forfRatFe bonds in theido polyhedral core.
Examination of the Wiberg bond indices for thg-Fe; (0.30) and FeFe; (0.18) bonds in
E1 provides insight into the structural changes twatur upon protonation. The Wiberg bond
index for the protonation of an Fe-Fe bond charigis relative to the parent clusté,
whose mean index for the pairwise equivalent Fédrfels is 0.35. The non-bonding, B&e,
centres in specied, E1, andE2 all display negligible Wiberg bond indices consigtwith
the absence of a significant orbital overlap betw#gese metal centres. In response to
protonation of the ReFe; bond inE1, the Fe-Fe; bond undergoes an elongation (ca. 0.18 A
relative to the mean 2.636 A bond distance compfbedhe FeFe bonds inD) and a

weakening of the metahetal bond.
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Figure 4. Ground-state energy ordering for the differenbt@nated specie€l and E2 from
[Fes(CO)/(Us-S)(dppm)] O). Energy valuesAG) are in kcal mét relative toE1L.

3.4 Electrochemical StudiesThe sulfide cluster [R€CO)(Us-S)] (1S is reported to
undergo two one-electron reduction processes-0#84 V (reversible) and-1.75 V
(irreversible) in MeCN and an irreversible oxidatioas also observed at +0.80%#. In
MeCN, [Fe(CO)(us-Se)] (1S9 (Figure 5) also shows three reduction waves;at#0.96

V (reversible,AE = 70 mV),-1.70 V (quasi-reversible) and -2.5 V (irreversib)d an
irreversible oxidation aE, = +0.80 V. The second reduction shows some rehiétgiat
0.025 V§', this quasi-reversibility being the main differeria the electrochemical behaviour
of 1Sand1Se

50—.
40—.
30—-
20—-

10 A

Current/ pA

-10

-204

-30

T T — T T T T T T T
-30 -25 -20 -15 -10 -05 00 05 10 15
Potential/ V vs Fc'/Fc

Figure 5. CVs of [Fg(CO)(us-Se)}] (1S9 in MeCN (1 mM solution, supporting electrolyte
[NBu,][PF¢], scan rate 0.1 Vs glassy carbon electrode, potential v§/Fc).
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Figure 6. CVs of (a) [Fe(CO)(Hs-CO)(ke-S)(i-dppm)] RS (red) and (b) [FECO)(Ha-CO)(ke-
Se)(ndppm)] €S8 (blue) in CHCI, (1 mM solution, supporting electrolyte [NBIPF¢], scan rate
0.250Vs' glassy carbon electrode, potential v&/Fc).

Mono-capped [F£CO)(us-CO)(1s-S)(i-dppm)] RS and [Fg(CO)(ps-CO)(ts-Se) (1
dppm)] @Se were also studied in MeCN (Figure S3) and for parison withl and in
CH,CI, (Figure 6 and Figure S2) as proton-reduction gaisiwas carried out in this solvent
(vide infra). In CHCI,, 2S and 2Sedisplay similar reductive behaviour, showing a sfua
reversible reduction d&;,=-1.29 V AE = 230 mV) for2Sand atE;,,=-1.30 V (AE = 308
mV) for 2Se A second peak is seen for both on the return @&an -0.58 for2Sand-0.64 V
for 2S¢, but this was not further investigated. The tvesters display somewhat different
oxidation behaviour, but for both all oxidative pesses are irreversible. FB8% a single
oxidation process is seen at +0.81 V, whileZ8etwo separate oxidation waves are seen at
+0.55 and +1.00 V. As the first oxidation wave &8 occurs at more positive potential than
for 2Se we deem it likely that a second oxidation waveZ8is out of the solvent window.
In MeCN, the first reduction of each cluster occatdower potentials than in GBI, and
becomes reversible; f&S E;,=-1.16 V AE = 80 mV) for2SeE;,=-1.15 V AE = 90
mV), and the small additional oxidation on the mseescan remains. F@S an irreversible

oxidation feature is again observed (at +0.20 \Wid@tion of 2Seis complicated, the main
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oxidation at +0.28 V being followed by poorly dedth further oxidative features, all
irreversible. The electrochemical behaviour B8 contrasts with that reported for
[Fes(CO)(Mz-CO)(1s-S)] ®Y, where both reduction and oxidation (@26 and +0.43 V
respectively) are irreversible. Thus, coordinatainthe diphosphine stabilises the reduced

product while shifting it more negative bg. 1 V.

60

40

3S , 3Se
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o

\
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N
(=}

-40

-60
2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
Potential, V vs Fc*/Fc, in dichloromethane

Figure 7. CVs of [Fe(CO)/(us-S)(u-dppm)] B9 (blue) and [FECO)(us-Sep(u-dppm)] @S9
(black) in CHCI, (1 mM solution, supporting electrolyte [NB[PFg], scan rate 0.25 Vs glassy
carbon electrode, potential vs'Fec).

CVs of [Fg(CO)(uz-Sk(u-dppm)] @S and [Fg(CO),(us-Sep(u-dppm)] BSe were carried
out in CHCI, (Figure 7) and MeCN (Figure S4). In gEl,, 3S displays a quasi-reversible
reduction (g, = -1.55 V, AE = 215 mV) together with twoxidation waves at +0.36 and
+0.57 V. The second is almost completely irrevéesibut the first has a small degree of
guasi-reversibility AE = 205 mV).The selenium analogu&Se shows two reduction waves
within the potential window of C¥Cl,, the first reduction becoming reversible and appat
ca. 0.1 V lower potential ¢z =-1.45 V,AE = 81 mV) and a second irreversible reduction
appears at2.13 V. The oxidation behaviour wiSeis very similar to that 08S, showing
two processes at +0.38 and +0.63 V, the secondjlwempletely irreversible, while the first
has a hint of quasi-reversibilitAE = 174 mV). When the scan rate was varied betwe@h 0
0.50 Vs! for 3Sand 0.0252.0 Vs for 3Se no additional features were observed (Figure S4).
In MeCN, slightly different behaviour is noted footh clusters (Figure S5). Most notably a
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second reduction process is seen38rand thesecond reduction dSewhich appears at
1.94 V becomes quasi-reversible. Thus, it is cteat the cluster anions are stabilised in
MeCN with respect to C¥l,. Both clusters now show a single irreversible akwmh wave

at +0.36 and +0.45 V fo8Seand 3S respectively. In summary, for all three clustereyp
oxidation occurs at relatively low potentials bt irreversible. The first reduction is
reversible or quasi-reversible, suggesting thatréftkcal anions have some stability, which
bears well for their proposed proton-reduction ciséntynm Redox potentials are not
particularly sensitive to the nature of the chatrude and, as expected, the introduction of
the diphosphine results in a shift of oxidation guitals to less positive and reduction

potentials to more negative values.

3.5 Electrocatalytic studieswWith weak acids [F€CO)(us-S)] (19 ! is catalytically
active only at the second reduction potential,weith strong acids, it is catalytic at both the
first and second reduction potentigl. We studied the catalytic proton-reduction behawio
of [Fe3(CO)(us-Se}] (1S in both CHCI, (Figure S6) and MeCN (Figure 8) but only
discuss the latter as it allows a direct comparisith 1S. IR studieside supra showed that
1Sedoes not protonate upon addition of HEF,O and thus the first step in any catalytic
proton-reduction is reduction. On addition of onelan equivalent of HBEE$LO to 1Se a
series of complex CVs result with up to five sustes peaks being observed in the reductive
region. However, three of these peaks are quiteniment and well separated, their height
increasing with sequential addition of acid, indicg that they originate due to sequential
reduction and protonation dfSe We assume thdiSeis somewhat unstable in the presence
of HBF,.EtO and its partial degradation results in formatairedox-active species in
solution possibly accounting for the additional keaeen in the CV dfSein the presence of
HBF4.ELO. Overall, a relatively large total current resufta. 800 pA after addition of 10
equivalents of acid. Given the complex nature ef $pectra, it is difficult to fully interpret
likely mechanistic steps but it is assumed ttaeis first reduced ata. -0.9 V followed by
likely protonation to give [HFR£CO)(Us-Se)] (1SeH. Currents are relatively low at this
potential, suggesting that while;lgeneration is possible, it is not favourable. Ather
reduction of1SeH appears to occur af. -1.5 V leading to formation of [HREECO)(ls-
Se)]” (1SeH) and if this binds a proton to yield jFe;(CO)(us-Se)] (1SeH), which

regenerate$Seafter H loss. The current at this second potentiabis350 pA but atca.-2.3
17



V, further B generation ensues possibly associated with remutd [HFe(CO)(Us-Se)]
(1SeH) and either Hloss (to generat&Se€) or rapid protonation andHoss to givelSeH
However, direct reduction of HBELO by the electrode becomes prominent and this
potential that also contributes to the catalyticrents. Liu and cavorkers™ previously
studied the proton-reduction ability of FE€O)(Us-S)] (1S in CHCI,, finding that peak
current of the first catalytic wave levels off upaddition of over three equivalents of acid,
characteristic of a kinetically-controlled procelsshaviour similar to that observed here.
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-30 -25 -20 -15 -10 -05 0.0 0.5 1.0

Potential/ V vs Fc'/Fc

Figure 8. CVs of 1Sein MeCN in the absence and presence of 1-10 reglaivalents of HBEEL,O

(1 mM solution, supporting electrolyte [NBIPF¢], scan rate 0.1 Vs glassy carbon electrode,
potential vs. F@Fc).
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Figure 9. CVs of (a) [Fg(CO)(ks-CO)(ke-S)(k-dppm)] €9 and (b) [FCO)(Hs-CO)(s-Se)(1x
dppm)] €S9 in CHCl, in the absence and presence of 1-50 molar equisatéip-TsOH (1 mM

solution, supporting electrolyte [NB{PF¢], scan rate 0.25 Vs glassy carbon electrode, potential vs.
Fc'/Fc).

We next considered the ability 865 and2Seto act as proton reduction catalysts (Figures 9
and S7) in CHCI; using tosylic acid@-TsOH) as the proton source. 28, until addition of
ca. 20 equivalents of acid there is no currentkeptt the first reduction potential and even
with 50 equivalents there is barely any catalysistlas potential. This shows that
[Fe3s(CO)(us-CO)(us-S)(U-dppm)] (29 is not catalytically active. After addition of c20
equivalents of acid a new reduction peak appearsaatl.85 V, which we attribute to
reduction of [HFgCO);(u3-CO)(e-S)(L-dppm)] 2SH) formed in-situ. The peak height
increases upon addition of further acid, suggestjageration of [HFe;(CO)/(us-CO)(s-
S)(k-dppm)] @SH,), formed upon reduction &#SH followed by proton addition. At ca. 20
equivalents of acid, a third peak develops at24.0 V that continues to grow upon further
addition of acid. We associate this with reducta@nH.Fe}(CO)/(us-CO)(s-S)(-dppm)]
(2SH,) becoming competitive with Hoss. Thus, at higher acid concentrations the rhHiain
generating pathway(s) is likely to occur from erthieFe;(CO)(us-CO)(us-S)(-dppm)]
(2SH;) or [H3Fe(CO)(us-CO)(us-S)(-dppm)] @SHs), the latter being formed upon
protonation of the anion. Behaviour 2%eis similar to that oRS. Even after addition of ca.
50 equivalents of acid there is virtually no elentuptake at the first reduction potential but
after addition of ca. 20 equivalents, electron kptdegins at-1.85 V associated with
reduction of [HFgCO)/(us-CO)(-Se)(rdppm)] @SeH. Soon after this da 15
equivalents of acid) a further reduction wave appest ca. -2.0 V associated with the
formation of [HFe;(CO)/(us-CO)(s-Se)(dppm)[(2Seh).

19



100 ~

-100 -

N

o

o
1

w

o

o
L

o
o
L

N
o
o
Current (uA)
o A b N
o
o

-600 -
=700 - '\/
-600 - -800 -

-900 T ‘ T T ‘ ‘ T ‘
-24 -20 -16 -1.2 -08 -04 00 04 038

Current (uA)

al
o
o

-700 T T ‘ ‘ T T T ‘ ‘
-26 -22 -18 -14 -10 -06 -02 02 06 10

Figure 10.CVs of complex (a) [FECO)(1s-Sk(u-dppm)] BS and (b) [Fe(CO)(us-Sel(p-dppm)]
(3S9 in CH,CI, in the absence and presence of up to 1-3® and up to 1-5038€ molar
equivalents of TsOH (1 mM solution, supporting &lelyte [NBu][PFg], scan rate 0.25 Vs glassy

carbon electrode, potential vs."Fec).

We next performed electrocatalytic studiegrd;(CO),(4s-E)(1-dppm)] @) under the same
conditions as the studies @n(Figure 10). Kaiser and Knér have previously régdrthe
electrocatalytic behaviour &S in CH,Cl, using CECO:H as the proton souré¥!. Unlike 1
and2, bicapped3 are protonated to some extent by strong acidsHgOG which means that
a mixture of [F(CO)(us-E)(u-dppm)] @) and [HFe(CO)(us-Ex(u-dppm) (3) is
present, the relative amounts of which depend @h @ncentration, howvere except for at
high acid concentrations the predominant speciesolation is the neutral cluste8, As
generation of [F€CO);(us-Sk(u-dppm)] (3S) leads to H formation, this suggests that it
can react with two equivalents of acid to afforcbfes(CO),(Hs-S)(u-dppm)] (3SH:)). A
new reduction wave of approximately equal intensil§o appears at cal.88 V and we
associate this with reduction 88H," to afford [HFex(CO);(Uz-S)(u-dppm)] BSH,) which
also releases A After addition of ca. 10 equivalents of acid,uatlier new reduction peak
appears at cal.48 V, which we associate with reduction of [REO),(1s-Sh(u-dppm)[
(3S), formed as a result of protonation28. After addition of ca. 20 acid equivalents, this
peak does not change in size suggesting thdb$$ is rate-determining from this species, a
conclusion also made by Kaiser and KH8k After addition of ca. 6 equivalents of acid a

new reduction peak appears at-€al V, and this grows with increasing acid concaidn.
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This is possibly associated with reduction or iateting loss of hydrogen from
[HoFes(CO)(us-Sk(u-dppm)] @SH;) leading to competitive reduction to afford
[H2oFe3(CO)(us-Sh(u-dppm)] (3SHy) that further protonates to give JFH;(CO)/(Us-S)(u-
dppm)] BSHs) and releases hydrogen to generate BE®);(Us-S):(H-dppm)] GSH).

Selenide-cappe@Sebehaves differently t8S. Even after addition of ca. 50 equivalents of
acid no new reduction peaks are seen at less megaitentials than that for the formation of
[Fe3s(CO)(us-Sedr(u-dppm)] (3), suggesting that a protonated species does nst Bx
solution. The peak current of the first reductiootgmtial increases gradually with the
concentration of acid from the begining, and thiswgs steadily upon further acid addition
until around ca. 30 acid equivalents when it reachsteady state, being associated with rate
limiting H, loss. After addition of ca. 10 equivalents of aeichew broad reduction peak
appears at aroun@.1 V and upon further acid addition, this growd ahifts to slightly more
negative potentials but is always clearly positofethe direct reduction of acid by the

electrode.

4. Summary and conclusions

We have reported comparative electrochemical andlyti@ proton-reduction activity of
three types of chalcogenide-capped clusters;;((&o(Us-E),] (1), [Fes(CO)(us-CO)(us-
E)(u-dppm)] @) and [Fe(CO)(us-E)(u-dppm)] B) (E=S, Se). In general, the nature of the
chalcogenide has little effect on the triiron ce@med consequent protemduction ability.
Sulfide-capped clusters appear to be slightly more elegiotnthan their selenide analogues,
protonating to a greater extent in the presencstroing acids but being reduced at more
negative reduction potentials. As expected, sultitit of two carbonyls for the dppm ligand
in 3 leads to shifts of the reduction potential to moegative values, but this is not mitigated
by cluster core protonation (which lowers the reuucpotential). More strongly electron-
donating diphosphine ligands will need to be introebl in order to achieve the desired effect,
and the introduction of dialkyl-substituted diphbspes such as GRCHCy, into this type

of cluster is currently under investigation. Howeviatroduction of the diphosphine does
stabilise the triiron centre towards CO loss, whias been shown to lead to complicated

protonreduction catalysis by [FE€O0»(Hs-S)] (1S ! and probably also accounts for the
21



complex nature of the protereduction catalysis observed fbein the present study. While
monao-chalcogenide cluster® are reduced at relatively low potentials (as comgato
bicapped3), the corresponding 49-electron anions generatednat catalytically active,
rendering2 unattractive as proton-reduction catalysts. AHertcomplication noted with
these clusters was the Lewis basicity of the faggmg carbonyl, which ruled out using
HBF4.ELO as a proton source. DFT calculations support éion of BF; adducts and also
allow us to probe likely sites of protonation ewelmen clusters do not protonate significantly
with strong acids. Thus, protonation 8% is shown to occur across an iron-iron bonded

vector and not across the open edge or at oneadapping sulfide ligands.
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