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Abstract: Electrochemical investiga-
tions on a structural analogue of the
[2Fe]y subsite of [FeFe]H,ases, namely,
[Fe,(CO)4{u-SCH,N(CH,CH,-

OCH;)CH,S}] (1), were conducted in
MeCN/NBu,PF; in the presence of
HBF,/Et,O or HOTs. Two different
catalytic proton reduction processes
operate, depending on the strength and
the concentration of the acid used. The
first process, which takes place around

is limited by the slow release of H,
from the product of the {2H*/2¢} path-
way, 1-2H. The second catalytic pro-
cess, which occurs at higher acid con-
centrations, takes place at different po-
tentials depending on the acid present.
We propose that this second mecha-
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nism is initiated by protonation of 1-
2H when HBF,/Et,O is used, whereas
the reduction of 1-2H is the initial step
in the presence of the weaker acid
HOTs. The potential of the second pro-
cess, which occurs around —1.4V (re-
duction potential of 1-3H") or around
—1.6 V (the reduction potential of 1-
2H) is thus dependent on the strength
of the available proton source.

—1.2 V for both HBF,/Et,0 and HOTs,

Introduction

Since protein crystallography revealed the organometallic
nature of the active site of the [FeFe]hydrogenases"? there
has been such an explosion of chemical studies devoted to
structural, functional, and theoretical modelling of the
enzyme H-cluster that the most recent review articles®® have
rapidly become outdated. In the past three years or so, a
number of model complexes sharing the [Fe,(CO),_,L,(u-di-
thiolate)]* framework but featuring different terminal and/
or bridging ligands and/or oxidation states have been syn-
thesised, and the aptitude of most of them towards electro-
catalytic proton reduction has been tested.”! Of the diiron
dithiolate compounds known to date, two main families
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emerge based on whether they can be protonated or not.
The former category is rapidly growing, since most of the re-
cently synthesised compounds have either electron-donor li-
gands that make the diiron site sufficiently basic to undergo
protonation under appropriate conditions®™" or basic li-
gand(s) in the coordination sphere (terminal ligand!? or
azadithiolate bridge!™* ).

Whether or not the S—S link of the [2Fe]y subsite has a N
bridgehead atom has not been firmly established to date.l!
However, the prospect of a proton-hydride interaction!"”!
such as shown in Scheme 1 inspired a number of strategies
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Scheme 1. Possible intermediate!'” involved in reduction of protons and
oxidation of H, at the active site (H-cluster) of the [FeFe]H,ases (left)
and a synthetic diprotonated analogue (R=CH,Ph* or CH,CsH, X!,
right).
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aimed at promoting release or oxidation of H, in different
types of model compounds.”*? This possibility also makes
diiron azadithiolate-bridged species attractive models to
study in the context of hydrogen production or uptake. Up
to now, only two diiron dithiolate complexes that have both
a proton and a hydride are known,”*?! but their structure
(Scheme 1), clearly different from that of the H-cluster, pre-
vents direct proton-hydride interaction.

Proton reduction by transition-metal complexes may in-
volve various processes that are initiated by a proton- or
electron-transfer step (Scheme 2).2¢2
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Scheme 2. Mechanisms of proton reduction by transition metals.

Note that Scheme 2 presents an oversimplified picture of
the mechanisms involving diiron complexes, since the spe-
cies shown on the diagonal are not identical in both process-
es for [Fe,(CO),_,L,(u-dithiolate)] compounds. For example,
L,M(H) may either be a y-H complex (process G) or a spe-
cies protonated at a bridging or terminal ligand (process R).
Moreover, Scheme 2 does not feature structural changes,
such as Fe—S bond cleavage, that result from electron trans-
fer™” and generate new sites for protonation, and the pos-
sible occurrence of coupled proton- and electron-transfer
steps (CPET)™ is not considered. Nonetheless, it is appar-
ent from Scheme 2 that the pathway that is followed may
depend on the strength of the acid used.'” Switching from
the R to the G mechanism can be controlled by the acid
strength, either at the initial step of the process [logK;=
pK,[L,M(H")]-pK,(HA)] or at a later stage: L ,M(H), can
be accessed via a CECE process (R) or via a mixed (CEEC)
process if HA is not strong enough to protonate L,M(H) ef-
ficiently.

Diiron hexacarbonyls with a propanedithiolate (pdt, S-
(CH,);S) or a azadithiolate (adt, SCH,N(R)CH,S) bridge
have similar redox potentials,”*** but the former do not un-
dergo protonation,® while protonation of the latter at the
nitrogen atom produces a cation that is reducible at a less
negative potential than the parent. This may allow a gain of
several hundreds of millivolts (E°—E?; Scheme 2) in the po-
tential for proton reduction, the mechanisms of which have
been thoroughly investigated both experimentally and by
theoretical methods in the case of [Fe,(CO)4(u-pdt)] and
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[Fe,(CO)¢(u-edt)] (edt =ethanedithiolate, S(CH,),S), as well
as for diphosphido-bridged hexacarbonyl complexes.’-323¢37)
In contrast, very little is known about the intimate mecha-
nisms of catalysis by hexacarbonyl azadithiolate-bridged
complexes despite the number of reported examples of cata-
lytic proton reduction by these compounds.!'

We have now examined the electron-transfer chemistry of
[Fe,(CO);_, L. {n-SCH,N(R)CH,S}] complexes both in the
absence!®! and in the presence of acid, starting with an hexa-
carbonyl model that can initially be protonated only at the

nitrogen  bridgehead  atom.

Here we report an electrochem- T

ical study on [Fe,(CO)4fp- N

SCH,N(CH,CH,OMe)CH,S)] o 3 o
2038 c. S8 ¢

@ in the presence of N

HOTs and HBF, with the ob- c,,.--fe Fi.""'c

jective of shedding light on oc c ©

(o} (o}
some aspects of the mecha- 1

nisms by which they catalyse

proton reduction. R =CH,CH,0OMe

Results

The electrochemical behaviour of 1 was studied in MeCN/
NBu,PF; in the presence of HBF/Et,O and HOTs to assess
the impact of the acid strength®*! on the overall reduction
mechanism. Cyclic voltammetry (CV) of 1 was also briefly
studied in the presence of the weaker acid CF;CO,H (pK,=
12.65 in MeCN)™!I for comparison.

Monitoring by cyclic voltammetry of the addition of
HBF,/Et,O to a solution of [Fe,(CO)e{p-
SCH,N(CH,CH,0OMe)CH,S}] (1) in MeCN/NBu,PF,
(Figure 1) shows the characteristics of proton reduction cat-
alysed by a protonatable complex (Scheme 2, process R),
with an increasing reduction peak at —1.19 'V, that is, a po-
tential about 0.4 V less negative than the reduction of the

a) ¢ ] b)
504
J 04
O_
1 -1004
.50 ]
1 -200
-1004 J
' -300
-150-
] <
2004 = 7400—_
250 -500-
-300 -600-]
-350 700
-400- 800+
. T v ! . T T |
-2 -1 0 -2 -1 0
E/V E/IV

Figure 1. Cyclic voltammetry of 1 (3.6 mm) in MeCN/NBu,PF; in the ab-
sence (dashed line), and presence (solid lines) of HBF,/Et,0. a) 0.5, 1,
1.55, 2, 2.6, 3.1 equiv acid; b) 3.6, 4.1, 5.1, 6.1, 8.2, 10.2 equiv acid (vitre-

ous carbon electrode, v=02 Vs!; potentials are in volts versus Fc*/Fc).
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starting material. The CVs in Figure 1 also evidence that the
reduction current around —1.2 V increases markedly only
over the addition of the first three or so equivalents of acid,
but is scarcely affected when more acid is then added. A
new reduction wave (Ey‘~—1.4 V)l*“I then appears, and
its current increases linearly with the amount of acid added
(4-10 equiv), consistent with catalytic reduction of protons
at this potential. Analogous behaviour was reported for var-
ious azadithiolate analogues of 1 in the presence of strong
acids,™*fl and GC analyses of the gaseous contents demon-
strated that H, is produced during controlled-potential elec-
trolysis under these conditions.'***]

The CVs in Figure 2 show that the nature of the acid af-
fects the proton reduction processes, since the potential and
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Figure 2. Cyclic voltammetry of 1 (3.6 mm) in MeCN/NBu,PF; in the ab-
sence (dashed line) and presence (solid lines) of HOTs. a) 0.5, 1, 1.5, 2,
2.5, 3.1, 4.1 equiv HOTs; b) 4.1, 5.1, 6.1, 8.1, 10.2 equiv HOTs (vitreous

carbon electrode, v=0.2 Vs™'; potentials are in volts versus Fc*/Fc).

current of the peak around —1.2 V (E;"'=—124V) are dif-
ferent when HOTs is used in place of HBF,. Furthermore,
the process observed around —1.4 V for HBF, when [acid]/
[1] >3 is not present for HOTs. An acid-dependent reduc-
tion around —1.6 V is observed instead (Figure 2).

As shown in Figure 3, the current of the peak at —1.2V
increases steadily with increasing amount of acid at low acid
concentrations, and then levels off when more acid is added.
In the initial (linear) part of the curves where pseudo-first-
order conditions are not met, the slope of the plot of current
versus [acid] is independent of the concentration of the
complex and is about 1.3 times larger for HBF, than for
HOTSs. At higher acid concentrations, the current is inde-
pendent of acid concentration, and for a given concentration
of complex, the limiting current at high acid concentration is
essentially the same for HBF, as for HOTs (Figure 4), which
suggests rate-limiting hydrogen elimination under pseudo-
first-order conditions.

The occurrence of two reduction processes that depend
on both the nature and the amount of added acid prompted
us to investigate the different steps of proton reduction cata-
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Figure 3. Dependence of the first reduction peak current of 1 upon the
concentration of a) HBF,/Et,0 (top), and b) HOTs (bottom) (MeCN/
NBu,PF;; the current was measured at about —1.2 V by CV, v=0.2 Vs,
vitreous carbon electrode; the concentration of complex 1 is shown in
the diagrams).
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Figure 4. Plots of the normalised reduction peak current [i;"d(l—i-acid)]/
i;ed(l)] of 1 against the number of added equivalents of acid (HOTs or
HBF,; MeCN/NBu,PFy; currents measured at about —1.2V by CV, v=
02 Vs [1]:3.6 (¢, 0), 1.8 (), 1.9 mm (m).

lysed by azadithiolate complex 1, focusing on the less nega-
tive process.

The first proton reduction process

Protonation of 1: Treatment of 1 with acid resulted in a shift
of 18 cm™! (average) in the v(CO) bands (Experimental Sec-

tion), characteristic of ligand-based protonation.”
b12.13.142.624.231 Although the protonation site could not be as-
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Figure 5. Cyclic voltammetry of the oxidation of 1 in MeCN/NBu,PF in the presence of a) HOTs (2.85 mm 1) and b) HBF,/Et,0 (2.5 mm 1); vitreous

1

carbon electrode, v=0.2 Vs™'; potentials are in volts versus Fc*/Fc.

certained in the present case since 1-H™ could not be isolat-
ed, N-protonation has been evidenced in several analogues
of 1 in which the R substituent of the N atom allows stabili-
sation of the NH proton by interaction with a neighbouring
heteroatom.!"**?*! Furthermore, the X-ray crystal structure
of a protonated phosphido-bridged analogue of 1 estab-
lished that protonation occurred at the nitrogen atom."!
The addition of HOTs or HBF,/Et,0 to a solution of 1 in
MeCN/NBu,PF; affects the oxidation peak of the complex
differently (Figure 5). The peak current is halved upon addi-
tion of 0.5 equivalents of HBF, to the solution, while the de-
crease is much less pronounced when 0.5 equivalents or
more of HOTs is added. This is consistent with the fact that
the acid-base equilibrium in Scheme 3 lies farther to the
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Scheme 3. Acid-base equilibrium involving 1 and 1-H*.

right when HBF,/Et,0 is used, because it is a much stronger
acid than HOTs in MeCN.?*#!

During the CV scan, oxidation of 1 at a potential less pos-
itive than that of 1-H™ shifts the equilibrium to the left, and
this is responsible for the S-shaped oxidation peak of 1 in

Chem. Eur. J. 2008, 14, 1954-1964
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the presence of acid (Figure 5), typical of a CE process
when the current is under kinetic control.**! The addition
of 1 equiv of acid to a solution of 1 in MeCN/NBu,PF; also
produces a new reduction peak assigned to 1-H' around
—1.2 V (Figure 6). The difference between the reduction po-
tentials of 1 and 1-H* (ca. 0.4 V) is quite similar to that
found for other azadithiolate complexes and is consistent
with protonation occurring at the nitrogen atom rather than
at the Fe—Fe bond; the latter generally results in larger po-
tential shifts."?**Y) The peak shape for the reduction of 1-
H* (Figure 6) is not strongly affected by the equilibrium
that lies in favour of the protonated complex, particularly
when HA is HBF,. However, the current and the potential
of the reduction peak of 1-H" are dependent on the nature
of the acid [for [HA]/[1]=1: E]‘fd: -1.19V (HBF,), -1.24V
(HOTs)].

When the weaker acid CF;CO,H is used as proton source,
no reduction peak is detected around —1.2V (Figure S2),
that is, the amino group is not protonated. This is consistent
with the relative pK, values of the acid (pK,=12.65 in
MeCN)™ and of the protonated N bridgehead atom of
closely related complexes (7.6 < pK, < 10.6).l% The acid-de-
pendent increase in the reduction current around —1.55 V in
the presence of CF;CO,H suggests that proton reduction
under these conditions first requires an electron-transfer
step (see process G in Scheme 2). It is therefore likely that,
in acetonitrile, [Fe,(CO){u-SCH,N(R)CH,S}] complexes
cannot be protonated at the N atom by acetic acid (pK,=
223 in MeCN)." As a consequence, for [Fe,(CO)sfu-
SCH,N(R)CH,S}] complexes in which the R substituent car-
ries a NO, group,F>* the enhanced current observed in the
presence of CH;CO,H at a potential substantially less nega-
tive than the reduction of the complex most probably arises
from a proton-dependent reduction of the nitro group
rather than from an initial N-protonation of the complex.

Electrochemical reduction of 1-H™: The CV of 1 in the pres-
ence of about one equivalent of HBF, recorded at scan
rates up to 60 Vs~ demonstrates that reduction of 1-H™ is a
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Figure 6. Cyclic voltammetry of the reduction of 1 in MeCN/NBu,PF; in the presence of a) HOTs (2.85 mm 1) and b) HBF,/Et,0 (2.5 mM 1); vitreous

1

carbon electrode, v=0.2 Vs™'; potentials are in volts versus Fc*/Fc.

chemically irreversible process that regenerates parent com-
plex 1 by a fast follow-up reaction (see Figure S3a in the
Supporting Information). The redox features observed at
potentials more negative than the reduction of 1-H* are
due to wave splitting®™ of the overall two-electron reduction
of 1 that occurs at this scan rate®! (see Figure S3a in the
Supporting Information, broken line). As expected from the
CV experiments, controlled-potential reduction of 1 in the
presence of 1equiv of HBF,/Et,0O regenerated the starting
material after the passage of about 1 Fmol™' 1. Therefore,
the reduction of 1-H* follows an ECI**! mechanism in
which the follow-up reaction is either first-order loss of the
H atom from 1-H or a bimolecular reaction between two 1-
H entities that leads to the release of H, (Scheme 4).

1+H, 'H

Scheme 4. Loss of H atom from 1-H and bimolecular reaction between
two 1-H entities with release of H,

Digital simulations (see Figure S3b in the Supporting In-
formation) of the EC processes in Scheme 4 using DigiElch
30 allow one to assign lower limits to the rate constant of
the following step of k>8x10%s ' and k> 3x10°mM~'s™!, re-
spectively.

Protonation of 1-H and reduction of 1-2H": Extended
Hiickel MO calculations®” show that the LUMO of 1-H*
has substantial Fe—Fe character, like the LUMO of parent
complex 1. Therefore, metal-centred reduction of 1-H* is
likely to increase the pK, of the diiron site significantly, so
that both HOTs and HBF, are able to protonate 1-H at the
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Fe—Fe bond. This fast reaction produces a cationic complex
with a bridging hydride ligand, namely, 1-2H*, as proposed
for various analogues of 1.'**>] However, our conclusions
diverge from those of previously reported studies. Indeed,
the current function i,/v"**/ associated with the reduction at
—1.2 V deviates from linearity at slow scan rates after addi-
tion of one equivalent of HBF,/Et,O to the solution of 1-H™*
(i.e., 142 equiv HBF,, see Figure S4 in the Supporting In-
formation), while i/v"> was essentially independent of v
before this addition (i.e., 1+1 equiv HBF,). Therefore, the
reduction of 1-H* follows an ECE mechanism in the pres-
ence of protons, which signifies that 1-2H" is reducible at a
potential less negative than, or close to, that of 1-H*, and
not at the more negative potential of —1.4 V, as was report-
ed previously for the analogue with R=CH,Ph.[**+*! Con-
trolled-potential electrolysis (E,=—1.25V, graphite cath-
ode) of a solution of 1 in MeCN/NBu,PF; in the presence of
two equivalents of HBF,/Et,0 was complete after consump-
tion of 1.7 Fmol™' 1, and the FTIR spectrum of the catho-
lyte was identical to that of a solution made with an authen-
tic sample of 1. '"H NMR and FTIR spectra, as well as the
CV of the solid isolated from the solution after controlled-
potential reduction, confirmed unambiguously that the start-
ing material had been recovered. This is consistent with
ECE reduction of 1-H* at —1.2 V in acidic media. The re-
duction of [Fe,(CO)4(pu-H)(p-pdt)] also occurred at a poten-
tial less negative than that of [Fe,(CO)¢(u-pdt)].*>

These results indicate that the conditions for catalytic re-
duction of protons at —1.2 V are met, since reduction, the
current of which increases with increasing concentration of
acid, regenerates parent complex 1. However, this is limited
to low acid concentrations when HA is HBF,. The fact that
the maximum current is similar for both acids when [HA]/
[1] > 6 (Figure 4) suggests that the limiting step is independ-
ent of the acid, and may consist of the loss of H, from the
1-2H complex (Scheme 5, process A). For an E.C' mecha-
nism,*! the catalytic current is given by Equation (1), where
n is the number of electrons involved in the catalytic pro-
cess, I' the Faraday constant, A the electrode area, D the

Chem. Eur. J. 2008, 14, 1954—1964


www.chemeurj.org

Proton Reduction by Fe Complexes

1
(&) w
+H* | -H* -H
sSLOW
+1e
1-H* — > 1-H
A 12V
T
Hy )
1-2H* _*1e 1 o4 _*le, 44
(<-12V) (-1.6V)
+ H*|| — H* —H*| + H* HOTs
130+ —*1°_ 43K
(-1.4V)

Scheme 5. Catalytic proton reduction processes A and B.

diffusion coefficient of the catalyst, £ the rate constant of
the catalytic process, and y the order of the reaction with re-
spect to the substrate (HA).[*)

I = nFA[Cat](Dk[Substrate]*)"” (1)

At high acid concentrations, the current is independent of
[HA] (y=0). The rate constant for the release of H, from 1-
2H was derived from the slope of the plot of the limiting
current at high acid concentrations against the concentration
of complex (k=3.0+£0.5s""). The diffusion coefficient of 1
used in the calculations was obtained from CV at fast scan
rates (v>20 Vs™) in the absence of acid. Under these con-
ditions, the overall two-electron reduction of 1 is resolved
into two one-electron steps, the first of which is quasi-rever-
sible.?’)

The reactions in Scheme 5 (process A) are thus proposed
to account for the mechanism of the proton reduction path
observed at —1.2'V for both HBF,/Et,0O and HOTs. Fig-
ures 1 and 2 show that when the reduction current at this
potential ceases to increase, a new acid-dependent process
emerges around —1.4V when HA =HBF, (Figure 1) and
around —1.6 V when HA =HOTs (Figure 2, [HOTs]/[1] >5).

FULL PAPER

Switching to the second catalytic process

The fact that the peak around —1.4V appears only after
about four molar equivalents of the strongest acid HBF,/
Et,0 have been added suggests that the difference between
the processes when HOTs or HBF, is used as a proton
source (Figure 7) arises from a protonation step that only
the latter is able to achieve efficiently. This is supported by
the observation that the peak around —1.4V diminishes
while the reduction current at —1.6 V increases when OTs™
is added to a solution of 1 and an excess of HBF, (Figure 8).
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Figure 8. Cyclic voltammetry of 1 (3.6 mm) in the presence of 10 equiv
HBF,/Et,0 before (broken line) and after successive additions of TsO~
(MeCN/NBu,PF,; vitreous carbon electrode, v=0.2 Vs™'; potentials are
in volts versus Fc*/Fc)

The second catalytic process thus emerges when the proto-
nation rate of 1-2H by HBF, exceeds the rate of H, loss
from this complex. The reduction of the resulting 1-3H™" at
—1.4V generates 1-H via release of H, from 1-3H
(Scheme 5, process B), which is expected to be faster (see
Discussion) than H, loss from 1-3H*P (dashed arrow in
Scheme 5). We tentatively propose that the catalytic reduc-
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Figure 7. Cyclic voltammetry of 1 (3.6 mm) in MeCN/NBu,PF; in the presence of a) 3.1, b) 6.2 and c¢) 8.2 equiv acid (HOTs or HBF,; vitreous carbon

1

electrode, v=0.2 Vs™'; potentials are in volts versus Fc*/Fc.
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Figure 9. Simulated CV (v=0.2 Vs™') of 1 (3.6 mm) in the presence of different acids (pK,=3 or 8.3) showing the transition between the catalytic proces-
ses A (ca. —1.2 V) and B (ca. —1.4 V or —1.6 V); simulation parameters are given as Supporting Information.

tion at —1.6 V. (HA =HOTs) arises from the reduction of 1-
2H followed by protonation of the anion by HOTs to give
1-3H. Regeneration of 1-H would thus account for catalytic
process B (Scheme5) at —14V (HA=HBF/Et,0) or
—-1.6 V (HA=HOTs).

Digital simulations

Digital simulations® (see Supporting Information for full
details of the procedure) based on the reactions in Scheme 5
were performed to check whether the transition from the
process at —1.2'V to that at —1.4V that is experimentally
observed in the presence of HBF, could be reproduced by
adjusting the equilibrium and rate constants of the protona-
tion steps (K.,=K,(HA)/K,(1-nH"); n=1-3). The CV of 1
was first simulated in the absence of acid, and then in the
presence of acids with different pK, (pK,=3 and 8.3)
with k=3 s™! as the rate constant for the release of H, from
1-2H (key,=3.0+0.557"). Owing to the large number of var-
iables, in particular the pK, values of the different protonat-
ed metal complexes used in the simulations are at best
rough estimates, the simulations in the presence of acid are
only a qualitative test of the validity of the mechanism in
Scheme 5. The results of the simulations obtained with the
set of constants used are shown in Figure 9 and Figure S6 in
the Supporting Information. Comparison with the experi-
mental results (Figure 7 and Figure S6 in the Supporting In-
formation) indicates that the mechanisms proposed in
Scheme 5 are consistent with the experimentally observed
profiles of the reduction current around —1.2 V as a function
of [HA]/[1] for HA=HOTs or HBF, ([1]=3.6 mm).

Discussion

Comparison of the mechanisms of proton reduction by
[Fe,(CO)4(n-pdt)] and by azadithiolate complex 1: Detailed
investigations of the mechanisms of proton reduction by
[Fe,(CO)g(u-pdt)] in THF identified two different catalytic
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processes at —1.12 V and —1.34V versus SCE [i.e., —1.62
and —1.84 V versus ferrocene (Fc)].””! The mechanisms in
Scheme 5 display some similarities with those reported for
[Fe,(CO)4(pn-pdt)] and also a major difference, that is, initial
protonation of the azadithiolate bridge of 1. As a conse-
quence, process A has no counterpart in the catalytic reduc-
tion of protons by [Fe,(CO)q(u-pdt)], and the energy gain in
the catalytic processes supported by the p-adt complex com-
pared to the p-pdt analogue (ca. 0.3 V) actually arises
from the initial protonation of 1.

In contrast, process B in which the NH proton is probably
not used, exhibits some analogies to process II®" character-
ised for the p-pdt complex. The counterparts of 1-3H* and
1-3H in the p-pdt series regenerate the starting material
(process 1) and its one-electron reduced product (proces-
s I, respectively, upon loss of H,. The latter is similar to
the regeneration of 1-H from 1-3H (process B, Scheme 5),
which takes place at a potential ca 0.4 V less negative than
process II for [Fe,(CO)q(u-pdt)].*” However, when HOTSs is
the proton source for azadithiolate complex 1, the second
catalytic reduction at high acid concentrations occurs
around —1.6 V (instead of —1.4 V with HBF,/Et,0). There-
fore, the difference to the process that occurs at high acid
concentration in the case of [Fe,(CO)4(p-pdt)] is only about
0.2V when HOTs is used. This arises from the fact that
[HFe,(CO),(u-pdt)]~ can be protonated by HOTs in THFE,*"!
while 1-2H appears not to be protonated by this acid in
MeCN. This observation suggests that 1-2H, that is,
[HFe,(CO)s{u-SCH,NH(R)CH,S}], is less basic than
[HFe,(CO)4(p-pdt)]~, although the difference may arise
from the different acid-base properties in THF compared to
MeCN (the pK, of HOTs is not known in THF).

Another possible analogy between proton reduction cata-
lysed by [Fe,(CO)4(u-pdt)] and by complex 1 is the nature
of the product preceding release of H, in the most negative
process. DFT calculations on the products generated by the
overall two-electron reduction of 1 identified different iso-
mers of dianion 1>~ (Scheme 6), where B is more stable than
A by 31 kJmol 1!
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Since the diiron core in 1-2H also accumulated two elec-
trons, one can consider the possibility that 1-2H and the
products derived from it, 1-3H* and 1-3H, also have either
the Fe—Fe bond (A) or a Fe—S bond cleaved (B; Scheme 7,
X=NH(R)").
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Scheme 7. Possible intermediates involved in proton reduction by com-
plex 1 (X=N(R)H™*, 1-3H*") and by [Fe,(CO)4(u-pdt)] (X =CH,).

Density functional calculations on the mechanisms of
proton reduction by [Fe,(CO)4(p-pdt)] identified both iso-
mers in Scheme 7 (X=CH,) as probable products of the pre-
ceding electron- and proton-transfer steps, and showed that
release of H, was kinetically more favourable from the
anion than from the neutral complex, in agreement with
the experimental results.*” It is likely that this also applies
to the N-protonated azadithiolate complexes, that is, faster
release of H, from 1-3H (Scheme 5, process B) than from 1-
3H™*. Two catalytic proton reduction processes were also ob-
served for [Fe,(CO)q(u-PhP(CH,);PPh)],P*! that is, a phos-
phido-bridged analogue of [Fe,(CO)4(p-pdt)]. They arise

FULL PAPER

from the release of H, by the neutral (slow) and anionic
(fast) phosphido counterparts of isomer A (Scheme 7). In
this case, isomer B was not involved, which is consistent
with stronger Fe—P than Fe—S bonding, illustrated by the
fact that the two-electron reduction of [Fe,(CO)4(u-PhP-
(CH,);PPh)]®®! is chemically more reversible than that of
1™ at moderate scan rates.

Release of H, from 1-2H: The experimental results and si-
mulated CVs are consistent with limitation of the proton re-
duction process at —1.2 V by the slow release of H, from 1-
2H. This requires either a reaction between two 1-2H enti-
ties, or a rearrangement to allow intramolecular proton-hy-
dride coupling. In the first case, the coupling of the NH
proton of one 1-2H species with the bridging hydride of an-
other would first produce H, and two metal species, that is,
1-H* and a p-H complex (1-uH"). A second bimolecular re-
action would then lead to release of a second H, molecule
and regenerate the starting material 1. This may understand-
ably be an overall slow process.

A second possibility is a structural change producing a
transient species with a terminally bound hydride ligand
that precedes the release of H, (Scheme 8). If one assumes
that 1-2H retains the same geometry as 1-2H* (however,
see above), the rearranged intermediate would resemble the
putative intermediate involved in H, production and uptake
catalysed by the H-cluster''” (see Scheme 1).

The release of H, from 1-2H should be accelerated in
order to favour the lower energy process (A in Scheme 5).
From their studies of the thermodynamic properties of Ni
and Fe complexes with diphosphine ligands containing inter-
nal nitrogen bases, DuBois, Rakowski DuBois et al. elegant-
ly demonstrated that the catalytic efficiency of the com-
plexes towards H, production or uptake is greatly improved
when the proton relays are positioned so as to ensure an op-
timal interaction of both the metal and the base with a hy-
drogen molecule.” On the other hand, DFT calculations on
diiron models showed that the “rotated” structure in which
one of the {(CO);S,} pyramids is inverted with respect to the
other, which is less stable than the “eclipsed” geometry,*®!
could be favoured by introducing electron-donor ligands at
one of the Fe centres.®! Consistent with this, we recently
found that the protonation of unsymmetrically disubstituted
diiron complexes with a pdt bridge proceeds via initial for-

R R R
® ll e ® 'L ~ 'L
H,
H/ * H/ \\' ﬁ\‘
(o] (o] (]
S S C S S C S S C
0 { < H ¢ e 0 ¢
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Scheme 8. H, release from 1-2H via a transient species with a terminal hydride ligand.
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mation of terminal hydride ligands."™? The possibility to
generate a rotated intermediate upon electrochemical reduc-
tion, which would facilitate the release of H, from a species
such as 1-2H (Scheme 8), might also be critical at an earlier
stage of the process (see below).

Irreversible reduction of 1-H*: The fast chemical step fol-
lowing reduction of 1-H™ regenerates the starting material
and thus does not damage the metal catalyst. Although our
results demonstrate that it does not prevent protonation of
1-H ecither, it may set up a futile loop on the {2H*/2¢} path
producing H, (process A, Scheme 5). A different type of
follow-up reaction may occur in the case of a rotated geom-
etry (Scheme 9).

R R
o] ¢

(" 11 11
e‘.-Fe/ZS—\Fe/.,“ H\sF(e/{S—\Fe/",,

e / \C " c / \C AN !
) ° ) °

Scheme 9. Hypothetical tautomerisation in a rotated intermediate

Recently, we showed that electrochemical reduction of
[Fe,(CO),(1*-dppe)(p-dithiolate)] complexes triggers an
ETC-catalysed isomerisation to the symmetrical isomer, a
process that may involve an anionic intermediate with a ro-
tated geometry.[”! Therefore, the electrochemical reduction
of unsymmetrically disubstituted complexes with an azadi-
thiolate bridge in acidic medium might give rise to a proton
migration such as that shown in Scheme 9. In contrast to
loss of the NH proton, this reaction ensuing the reduction of
the N-protonated intermediate (or coupled with it in a
CPET process) would lie on the {2H"/2e} path since it pro-
duces a terminal hydride and restores a protonation site at
the N atom. We have launched a study on proton reduction
by [Fe,(CO),(x*dppe){u-SCH,N(R)CH,S}] complexes to in-
vestigate this possibility.

Conclusion

The results of the present work led us to propose two mech-
anisms for reduction of protons by hexacarbonyl azadithio-
late-bridged diiron compounds. Our study confirms that dif-
ferent pathway can be followed, at different stages of the re-
duction process, depending on the pK, of the acid employed.
The use of acids that are too weak to protonate the nitrogen
bridgehead atom (CF;CO,H) does not allow the intrinsic
properties of azadithiolate complexes to be exploited. In
this case, the proton reduction process initiated by an elec-
tron-transfer step occurs at a potential very similar to that
of the propanedithiolate analogue, because both types of
compounds are reduced at comparable potentials. As ex-
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pected, initial protonation of the nitrogen atom is thus cen-
tral to lowering the potential of the electrocatalytic proton
reduction process. This has no counterpart in the case of the
p-pdt complex.

We also showed that acid strength is again critical at a
later stage of the process to drive the reduction towards a
lower energy pathway. Interestingly the second catalytic pro-
cess also occurs at a less negative potential for the azadithio-
late complex than for the propanedithiolate analogue.
Therefore, the energy gain resulting from initial protonation
at the N atom of the bridge is essentially maintained for the
second catalytic process, although the NH proton may not
be used in this case. For the azadithiolate complexes, both
the initial step and the switch between the two catalytic pro-
cesses are protonation equilibria, while they are both elec-
tron-transfer steps in the case of the propanedithiolate ana-
logue.

We proposed that the less negative proton reduction pro-
cess catalysed by the azadithiolate complexes is limited by
slow loss of H, from the product formed along the {2H*/
2e} path. This is likely due to incorrect positioning of the
hydride with respect to the NH proton. To speed up the re-
lease of H, from the azadithiolate complexes along the
{2H™*/2¢} path, it would be important to favour a rotated
geometry by substitution of two CO ligands at a single iron
centre by a chelating donor ligand. This might also be criti-
cal to avoid a futile reduction loop that goes back to the
starting material at an early stage of the reduction process.
The reduction of a [Fe,(CO),(x*LL){u-SCH,N(R)CH,S}]
complex in the presence of acid may give access (possibly
by concerted proton and electron transfer) to a terminal hy-
dride ligand and restore a protonation site at the bridgehead
N atom. However, the increased electron density at the
diiron core that would inevitably result from the substitution
of donor ligands for CO might also facilitate Fe—S bond
cleavage upon reduction. The search for a compromise thus
appears to be a key objective for improving the efficiency of
azadithiolate complexes as electrocatalysts for proton reduc-
tion.

Experimental Section

Methods and materials: All experiments were carried out under an inert
atmosphere by using Schlenk techniques for the syntheses. Acetonitrile
(Merck, HPLC grade), p-toluenesulfonic acid monohydrate (Janssen), tri-
fluoroacetic acid (Aldrich) and fluoroboric acid (diethyl ether complex,
Aldrich) were used as received. The diiron complex [Fe,(CO)q{p-
SCH,N(CH,CH,0Me)CH,S}] (1) and its iPr analogue were prepared ac-
cording to reported methods.?”

The preparation and purification of the supporting electrolyte NBu,PF,
and the electrochemical equipment were as described previously.”! All
the potentials are quoted against the ferrocene/ferrocenium couple; fer-
rocene was added as an internal standard at the end of the experiments.
"H NMR spectra were recorded on a Bruker AC300 spectrophotometer.
The infrared spectra were recorded on a Nicolet Nexus Fourier transform
spectrometer.

Protonation of 1: An orange solution of 1 (0.030 g, 0.0675 mmol) in
CH;CN (5 mL) turned yellow upon acidification with an excess of HBF,/
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Et,0. The solution was evaporated to dryness and the residue washed
with diethyl ether. Only the unprotonated complex 1 was recovered, as
confirmed by FTIR and 'HNMR spectroscopy. Protonation of 1 oc-
curred in solution, as demonstrated by the FTIR solution spectrum (IR
(CH,CN): 1: #=2073, 2034, 1996 (v(CO))cm™; 1-H*: #=2089, 2052,
2015, 1992 (v(CO)) cm™"), but it was not possible to isolate the protonat-
ed compound.

Digital simulations: All the simulations were performed with DigiElch
Special Build Version 3 (Build SB3.600)." Details of the procedure are
given as Supporting Information.
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