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ABSTRACT: Two model compounds of the active site of
[NiFe]-hydrogenases with an unusual {S,Ni(u-S)(u-CO)Fe-
(CO),S}-coordination environment around the metals are
reported. The neutral compound [Ni(xbsms)(u-CO)(u-S)Fe-
(CO),(S")], (1) (H,xbsms = 1,2-bis(4-mercapto-3,3-dimeth-
yl-2-thiabutyl)benzene) is converted to [1H][BF,] by
reversible protonation using HBF,-Et,0. The protonation
takes place at the terminal thiolate sulfur atom that is
coordinated to nickel. Catalytic intermediates with a
protonated terminal cysteinate were suggested for the native
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protein but have not yet been confirmed experimentally. [1H][BF,] is the first dinuclear [NiFe] model compound for such a
species. Both complexes have been synthesized and characterized by X-ray crystallography, NMR-, FTIR-, and *’Fe-Mossbauer
spectroscopy as well as by electronic absorption and resonance Raman spectroscopy. The experimental results clearly show that
the protonation has a significant impact on the electronic structure of the iron center, although it takes place at the nickel site.
DEFT calculations support the interpretation of the spectroscopic data and indicate the presence of a bonding interaction between
the metal ions, which is relevant for the enzyme as well. Electrochemical experiments show that both 1 and [1H][BF,] are active

for electrocatalytic proton reduction in aprotic solvents.

B INTRODUCTION

Hydrogen is considered the ideal fuel of the future since its
combustion generates only water. However, in order to make a
hydrogen economy viable, new hydrogen-processing catalysts
are needed to replace the highly efficient but expensive
platinum.”” One promising alternative is to use biomimetic
models of hydrogenases, a class of metalloenzymes that
function in Nature to catalyze the conversmn of hydrogen to
protons and electrons and vice versa.” [NiFe]-hydrogenases are
the most abundant of the three major classes, namely, the
[NiFe], [FeFe], and [Fe]-hydrogenases, which are classified by
their active sites.*

Since the elucidation of the enzyme structure, [NiFe]-
hydrogenases have been investigated extensively in order to
better understand the catalytic mechanism.>”® The active site
contains a heterobimetallic [NiFe]-complex. The oxidation
state of the nickel atom changes while the iron atom is assumed
to remain low-spin Fe(II) throughout the catalytic cycle. The
nickel atom is ligated by four cysteine residues, two of which
are coordinated terminally; the other two are bridging between
nickel and the {Fe(CN),(CO)}-moiety (see box in Scheme 1).

In parallel to the spectroscopic, electrochemical, and
structural investigations of the enzyme, the design and synthesis
of model compounds that mimic the active site has been a
challenging task for bioinorganic chemists.”'* Some structural
models emulate the asymmetric active site of the enzyme
remarkably well.">'® Most of the other previously reported

-4 ACS Publications  © 2012 American Chemical Society

20745

dinuclear models reproduce certain structural features of the
active site and contain amine-thiolate ligands, phosphines or
nitric oxide at the Ni or Fe site."” > So far, only a few dinuclear
[NiFe]-compounds have been reported with electrocatalytic
activity toward proton reduction.”*”>® Recently, Rauchfuss et
al. reported on the protonation of a Ni(I)—Fe(I) compound
yielding a stable bridging hydride which was shown to be an
intermediate in the electrocatalytic hydrogen evolution from
trifluoroacetic acid (CF;CO,H) in dichloromethane (Scheme
S1 in the Supporting Information).>**” This model compound
contains a g-hydrido species, which is also present as an
intermediate in the catalytic cycle of the native system, as
shown by spectroscopy and by DFT calculations.”®>* Catalytic
intermediates with a protonated terminal cysteinate were also
suggested theoretically.”®**™*® The catalytically active form
Ni—C of the enzyme was suggested to exist as (SCys
H)(Scys)l\?(lll)(ﬂ H)(/’t scys)ZFe(Co)(CN)Z with a Scys
proton. Also for the EPR-silent Ni—SIa and Ni—R states,
the presence of a terminal S.,,—H proton was proposed by Hall
and De Gioia.?*¢ However, it is challenging to stabilize and
characterize such intermediates in the protein pocket, and
therefore, only indirect experimental evidence for the proposed
Cys—SH proton has been reported so far. For the Ni—SIa state,
two isoelectronic species at different pH-values within the pK,
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range of cysteine thiol groups have been reported, suggesting
that one of the cysteinate residues of the active site might be
protonated.®® Furthermore, a crystallographic study of the CO-
inhibited form of the [NiFe]-hydrogenase isolated from
Desulfovibrio vulgaris Miyazaki F indicates a possible proto-
nation of the terminal Cys 546 residue due to the high
temperature factor observed for this sulfur atom compared to
the other three sulfur atoms in the active site.*’

To model the nickel site of the protonated species, Liaw et al.
synthesized and characterized mononuclear Ni-compounds
containing an intramolecular SH proton.*'~** Henderson et
al. studied the mechanism of the protonation of thiolate ligands
bound to {Ni(tertiary phosphine)}** using stopped-flow
spectrophotometry.**™* To the best of our knowledge,
dinuclear [NiFe]-compounds of this type have not been
described so far.

In this work, we report the synthesis and characterization of a
dinuclear [NiFe]-model compound with the unusual {S,Ni(u-
S)(u-CO)Fe(CO),S}-coordination environment. Reversible
protonation of this compound occurs at the terminal sulfur
atom coordinated to nickel, giving rise to the first [NiFe]-
model compound for this proposed intermediate in the natural
catalytic cycle of [NiFe]-hydrogenases. The protonation
implicates a significant change of the electronic structure
which is observed spectroscopically and supported by DFT-
calculations. The electronic communication between the metal
atoms occurs through the metal—metal bond, which is also
discussed for the active site of the [NiFe]-hydrogenases.*®
Furthermore, both the unprotonated and protonated model
compounds are functional and reveal electrocatalytic activity
toward proton reduction in aprotic solvents.

B RESULTS

Synthesis. Reaction of [Ni(xbsms)] (H,xbsms = 1,2-bis(4-
mercapto-3,3-dimethyl-2-thiabutyl)benzene) with [Fe-
(CO);(BDA)] (BDA = benzylidene acetone) in dichloro-
methane under inert atmosphere at room temperature yields
compound 1 (Scheme 1).**° After purification via column
chromatography on silica gel, 1 can be isolated as a red solid,

Scheme 1. Synthesis of 1 and [1H][BF4]¢
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“Box: structure of the active site of the standard [NiFe]-hydrogenase
in the oxidized inactive ready state (Ni—B, X = OH™)*! or reduced
Ni—C active state (X = H™).

which is soluble in CH,Cl,, THF, and acetonitrile without
decomposition. It is stable in water but insoluble in this solvent.

Treatment of a dichloromethane solution of 1 with 1 equiv of
HBF,-Et,O at room temperature results in immediate color
change from red to the brown solution of the respective
protonated compound [1H]*. The tetrafluoroborate salt
[1H][BF,] was isolated in quantitative yield as a brown
microcrystalline solid, which is soluble in CH,Cl,, THF, and
acetonitrile. It is deprotonated by addition of water to restore 1.

Structural Characterization. Single-crystal X-ray structure
determinations have been performed for both 1-0.5 Et,O and
[1H][BF,]-0.5 1,2-difluorobenzene. The molecular structures
are given in Figure 1 and selected bond distances and angles are
listed in Table 1.

a) b)

Figure 1. Molecular structures of (a) compound 1 and (b) [1H][BF,].
Thermal ellipsoids are shown at the 50% probability level. Hydrogen
atoms and most carbon labels are omitted for clarity.

Table 1. Selected Bond Distances and Angles in 1 and
(1H][BE,]

distances [A] 1 [1H][BE,]
Ni—Fe 2.4262(2) 2.4332(8)
Ni—S1 2.1644(3) 2.2276(11)
Ni—S16 2.1749(3) 2.1545(10)
Ni—S4 2.1942(3) 2.1899(10)
Fe—S16 2.2567(3) 2.2376(10)
Fe—S13 2.3058(4) 2.2883(10)
Ni—C21 2.0348(11) 2.407(4)
Fe—C21 1.8231(12) 1.790(4)
C21-022 1.1654(14) 1.146(5)
S1-Hl1 - 1.25(4)
angles [deg] 1 [1H][BE,]
S1—-Ni—S(16) 99.201(11) 104.60(4)
S1—-Ni—S(4) 93.971(12) 93.38(4)
S1—-Ni—Fe 157.010(10) 162.5
Ni—S16—Fe 66.360(9) 67.25(3)
022—C21-Fe 161.97(9) 173.8(4)

In contrast to the [Ni(xbsms)Fe(CO,)] complex which was
reported by Bouwman et al,** the reaction of [Ni(xbsms)] with
[Fe(CO);(BDA)] yields the dinuclear [NiFe]-compound 1
with the unexpected {S,Ni(u-S)(u-CO)Fe(CO),S}-core which
differs from the active site of the [NiFe]-hydrogenase in some
features. The NiS, unit of the starting compound [Ni(xbsms)],
formed by the four sulfur atoms of the thioether and thiolate
functions of the chelating xbsms”~ ligand, is no longer intact in
1 or [1H][BE,]. Only three of the four sulfur atoms remain
coordinated to nickel and one of the thioether sulfur atoms,
S13, is coordinated terminally to iron. One thiolate sulfur atom,
S16, is in a bridging position between the metal ions and the
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other, S1, is coordinated terminally to nickel. Both compounds
reveal a short metal—metal distance of 2.43 A.

The coordination geometry at iron is quasi-trigonal
bipyramidal with two terminal and one bridging CO ligands
as well as one terminal and one bridging sulfur atom. The
nickel atom adopts a strongly distorted tetrahedral geometry
and is coordinated by three sulfur atoms and the bridging CO.
The {Ni(u-CO)(u-S)Fe}-core is V-shaped and the dihedral
angle, defined by the Ni—C21—Fe and the Ni—S16—Fe planes,
changes upon protonation from 69.7° in 1 to 77.8° in
[1H][BF,]. The CO ligand between the metals becomes less
bridging after protonation: the Fe—C21—022 angle changes
from 162.0° in 1 to 173.8° in [1H][BF,]. The position of the
proton H1 at the terminal sulfur S1 in [1H][BF,] was
identified from the difference map of electron density, for
which isotropic refinement was allowed. Furthermore, of all the
Ni—S distances, the Ni—S1 bond length changes most
significantly in the protonated compound which is also
indicative of protonation at S1. The counteranion [BF,]” is
oriented toward H1 owing to the formation of hydrogen bond
interactions.

Spectroscopic Characterization. Changes upon Proto-
nation Detected by FTIR-Spectroscopy. The infrared spectrum
of compound 1 in dichloromethane displays three CO-
stretching absorption bands in the carbonyl region at 2012,
1954, and 1854 cm™" (Figure SI, Supporting Information).
With the aid of DFT calculations, vibrations can be assigned to
the symmetric (2012 cm™) and the antisymmetric (1954
cm™") stretching frequency of the terminal CO ligands and the
stretching frequency of the bridging CO (1854 cm™),
respectively. The corresponding CO bands observed for
[1H][BF,] are shifted significantly to 2034 cm™ (+22 cm™),
1982 cm™ (+28 cm™!), and 1932 cm™ (+78 cm™) (Table 2).

Table 2. Calculated (RI-BP86/ZORA/def2-TZVP) and
Experimental IR Frequencies for Complexes 1 and [1H]*

1,7 [em™!] [1H]Y, 7 [em™]
mode calc. exp. calc. exp.
CO (sym.) 1995 2012 2040 2034
CO (asym.) 1949 1954 1999 1982
CO (bridge) 1850 1854 1939 1932
SH - - 2550 2512

The increase of the stretching frequency corresponding to the
bridging CO ligand and concomitant shortening of the C21—
022 bond is in line with the observed large elongation of the
Ni—C21 bond in the molecular structure, where the bridging
CO is mainly coordinated to Fe. The shift to higher
wavenumbers in [1H][BF,] observed for the terminal CO
ligands is due to the lower donor-ability of a thiol compared to
a thiolate which leads to a decreased electron density at iron
and thus less z-backdonation. De Lacey et al. reported two
isoelectronic Ni—SIa species in an acid—base-equilibrium in the
pK, range of cysteinate thiol groups, thus, suggesting a
protonation of the terminal cysteinate residue.>® The
protonated Ni-Sla species displayed a shift of +20 cm™ for
the observed CO frequency compared to the unprotonated
form. However, other protonation sites could not be excluded.
Our results are in good agreement with this study of the native
system and support the suggestion made by de Lacey et al. that
the terminal cysteinate is probably protonated.

Furthermore, in the FTIR spectrum (KBr pellet) of
[1H][BF,], an S—H stretching band is observed in the typical
region at 2512 cm™' (Figure 2). The presence of the S—H
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Figure 2. FTIR spectrum in the 9o and the 7y region of KBr pellets
of [1H][BF,] and [1D][BF,].

stretching frequency is confirmed by deuterium exchange
experiments (vide infra). The proton located on the terminal
sulfur atom is acidic as [1H][BF,] is deprotonated by water
and therefore exchangeable. The deuterated compound
[1D][BF,] could be isolated as a microcrystalline solid after
deuteration of the neutral compound 1 with DBF,-Et,O. In the
FTIR spectrum (KBr pellet), the signal of the S—H stretching
(2512 cm™") decreases significantly and a new shoulder at 1832
cm™" shows up (Figure 2). This shift to a lower wavenumber is
due to the higher atomic mass of the deuteron compared to the
proton. Assuming that the force constants do not differ
significantly for the S—H and the S—D bonds, the vibration for
S—D stretching is expected to be at 1809 cm™'. The observed
band at 1832 cm™' is in good agreement within this
approximation.

Identification of the S—H Proton by NMR-Spectroscopy.
The highly resolved NMR-spectra obtained for both 1 and
[1H][BF,] clearly indicate that these formal 34e-systems are
diamagnetic.** As the xbsms”~ ligand loses its high symmetry in
both complexes, the protons of the methylene groups become
diasterotopic and the geminal ’J;;_y couplings become
observable in the '"H NMR spectrum in CD,Cl,. The observed
coupling constants of 10—12 Hz are in the typical range for
geminal coupling of aliphatic protons.> Using COSY-NMR, all
resonance signals for both 1 and [1H][BF,] can be assigned
(see Supporting Information). The '*C NMR spectra also
reflect the asymmetry of the xbsms®~ ligand as in both 1 and
[1H][BF,], all carbon atoms appear to be inequivalent.
However, only one weak CO signal is observed in the "“C
NMR spectra of both compounds which may be attributed to
the exchangeability of the CO groups in solution. In the 'H
NMR spectrum of [1H][BF,], the signal of the thiol proton has
been identified at 4.79 ppm. The '"H NMR spectrum of the free
H,xbsms ligand reveals a *J;;_j; coupling between the thiol and
the methylene protons,*” whereas in the case of [1H][BF,], no
coupling is observed for the thiol proton. This might be due to
fast intermolecular exchange in solution.

A CD,Cl,-solution of [1H][BF,] was treated with
CD;CO,D and the corresponding proton signal in the 'H
NMR spectrum disappeared after a few minutes. No
decomposition was observed in the spectrum. The methylene
region of 'H NMR spectra of 1, [IH][BF,], and [1D][BF,] are
compared in Figure 3 and the signal of the acidic hydrogen
atom is marked in the figure.
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Figure 3. The methylene region of '"H NMR spectra of 1, [1H][BF,],
and [1D][BF,]. The signal of the SH-proton is highlighted (*). Full
spectra are given in the Supporting Information.

Electronic Absorption Spectroscopy. Both compounds
exhibit strong absorption bands in the visible region, as
reflected by their apparent colors: 1 is red, while the protonated
[1H][BF,] appears brown (Figure 4). The spectrum of 1 has
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Figure 4. Absorption spectra of 1 and [1H][BF,] in dichloromethane.

broad bands extending through the visible range, while in
[1H][BF,], those features collapse into sharper bands. The
extinction coefficients of 1 are slightly higher than those
observed for [1H][BF,], and all features are shifted to higher
energies for [1H][BF,]. These differences reflect the significant
changes in the electronic structure of the metal core that occur
upon protonation of the thiolate ligand.

Resonance Raman Spectroscopy. The resonance Raman
(RR) spectra for 1, [1H][BF,], and the isotope-substituted
[1D][BF,] are shown in Figure S. These spectra are dominated
by high-intensity bands in the low-frequency region of the
spectrum (<650 cm™'); these frequencies are typical for
vibrations reflecting metal—ligand or metal-metal displace-
ment. The enhancement of these modes suggests an electronic
excitation that is dominantly metal-metal or metal—ligand
based, which is consistent with TD-DFT calculations (see
Supporting Information). Sharp bands are absent in the
midfrequency region of the spectrum; only one small, broad
band is seen for [1H][BF,] and [1D][BF,] around 950 cm™*
(Figure S9, Supporting Information). The high-frequency
region of the spectrum reveals moderately intense vibrational
bands from the carbonyl stretching modes. Two stretching
modes for each compound are observed at the same
frequencies as in the FTIR spectra. The third band, which is
seen in the FTIR spectra at lower frequencies and attributed to
the bridging CO ligand, is not observed in the RR spectra.
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Figure S. Resonance Raman (514 nm excitation, 77 K) of 1,
[1H][BF,], and [1D][BF,] in dichloromethane. Regions obscured by
large solvent peaks have been removed for clarity and indicated with
(**). Intensity for the high frequency region is multiplied by 1.5 for
clarity. The shift at 508 cm™ is indicated with the black line.

Resonance Raman spectra obtained for the deuterated
compound are nearly identical to the spectra of [1H][BF,]
(Figure S). Only one obvious frequency shift occurs; the band
at 508 cm™' in [1H][BF,] is decreased by approximately 4
cm™ in [1D][BF,]. The SH-vibration is not observed in the
RR spectra under these excitation conditions. This band is
expected to be broad>* and its absence may be due to
interference from the solvent in that spectral region.
Furthermore, if the electronic excitation is not delocalized
onto these atoms, which would result in a change in bonding
coordinate along the S—H vibrational mode, this band will not
undergo resonance enhancement upon excitation and therefore
will remain invisible in the RR spectra.

*’Fe—Mbssbauer Spectroscopy. Both compounds, 1 and
[1H][BF,], were studied by Mdssbauer spectroscopy. At 80 K
and zero field, 1 exhibits a quadrupole doublet with low isomer
shift and moderately large quadrupole splitting (6 = 0.06 mm/s,
AEq = 139 mm/s, Figure S7, Supporting Information). A
Mossbauer spectrum recorded with an applied field of 4.0 T at
4.2 K shows only weak magnetic splitting from the applied field
without a contribution from an internal field, which reveals the
presence of a ground state with spin S = 0 (Figure 6, left). A
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Figure 6. Mossbauer spectrum of 1 (left) and [1H][BF4] (right)
recorded with an applied field of 4.0 T at 4.2 K. The red line is a
simulation for S = 0 with the parameters given in Table 3.

simulation yields a positive sign for the main component V, of
the electric field gradient (EFG), but the asymmetry parameter
of the EFG was found to be large (7 = 0.92), which means that
the sign does not have much physical meaning. The Méssbauer
parameters for [1H][BF,] determined under the same
conditions are § = 0.05 mm/s, AEq = —1.20 mm/s, n = 0.20
(Figure 6, right and Figure S8). Here, the asymmetry parameter
is remarkably small, and hence, the negative sign of AEg is
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significant. The small difference of the isomer shifts for both
compounds (0.06 mm/s in 1 vs 0.0S mm/s in [1H][BF,]) is
experimentally significant and reproducible, as two independent
measurements of different samples of 1 and [1H][BF,]
provided the same values. Theoretical parameters which were
derived from DFT calculations are listed in Table 3 and are in
excellent agreement with the experimental data.*®

Table 3. Experimental and Calculated Mdssbauer
Parameters for 1 and [1H][BF,]

parameter 1, exp. 1, cale.  [1H][BF4], exp. [1H][BF4], calc.
8, [mm/s] 0.06 0.05 0.05 0.03
AEq [mm/s]  139%  —137° ~120 -123
n 0.92 0.92 0.20 0.18

“As in this case, the asymmetry parameter 7 is close to 1, the sign of
the electric field gradient (defined by the sign of the main component
V..) does not play a significant role.

Both, the diamagnetism (S = 0) and the unusual short Ni—Fe
distance of 1 and [1H][BF,] can be explained by the presence
of a o-bond between nickel and iron, as discussed in the DFT
section (vide infra). Therefore, based on the total number of
electrons, the metal ions are formally best described as Ni(I)
and low-spin Fe(I). The low isomer shift observed for both
complexes is suggestive of the postulated low-valence and low-
spin state of the iron site,*® but the actual oxidation state cannot
be corroborated because the key parameter, which is the
Mossbauer isomer shift, does not properly correlate with the
formal number of the valence electrons in this situation. The
isomer shifts of 1 and [1H][BF,] are at the lower limit of the
isomer shift range observed for [NiFe]-hydrogenases (0.05—
0.15 mm/s) in which the iron has been described as low-spin
Fe(I1).>” The Mossbauer isomer shifts of octahedral Fe(II)
carbonyl complexes studied by Darensbourg et al. are in the
range of 0.01—0.09 mm/s.>® The similarity of values for Fe(T)
and Fe(II) with covalent ligands like CO arises from the strong
m-backbonding observed for low-valent iron compounds, the
changes of which compensate for the effect arising from the
change in the number of valence 3d electrons of the iron atom.
We note in passing that the isomer shifts found for 1 and
[1H][BF,] are consistent with the value & = 0.04 mm/s
determined for another synthetic Ni(I)Fe(I)-compound
[(dppe)Ni(pdt)Fe(CO);] (2) (Scheme S1 in the Supporting
Information), which also contains a Ni—Fe bond and is
therefore readily comparable to 1 and [1H][BF,].>>*

The difference of Mdossbauer isomer shifts of 1 and
[1H][BF,] (0.06 vs 0.0S mm/s) is interesting, considering
the small range of observed isomer shifts for low-valent low-
spin iron compounds in general,56 since it indicates that the
protonation at the terminal sulfur coordinated to nickel in
[1H][BF,] can be sensed by the electron density of the iron
site. This can be explained by a change in the bridging mode of
the y-CO ligand (C21 and O22 in Figure 1) in [1H][BF,]: the
decrease of the bridging character, seen by the elongation of the
Ni—C21 bond and the shortening of the Fe—C21 bond,
increases the 7-backdonation from iron to this CO ligand and
thus decreases the isomer shift. Calculated isomer shifts reveal
the same tendency though the values are underestimated in
both cases (Table 3).>°

The quadrupole splitting provides information about the
local charge asymmetry of the iron site. For 1 its absolute value
is significantly higher than for [1H][BF,] 11.39! vs 11.20| mm/

s). The same trend is found also in the obtained asymmetry
parameters (17 = 0.92 vs 0.20). This is not surprising, since the
iron atom in 1 appears to be embedded in a more asymmetric
surrounding whereas through the adjustment of the electronic
properties of all three CO ligands the iron environment in
[1H][BF,] is less asymmetric. Such a significant change in the
geometry is remarkable taking into account that the
protonation itself does not involve the iron site directly. This
observation underlines the electronic communication between
the metals in these dinuclear complexes supported by the
bridging CO ligand which participates in the bonding
interaction between nickel and iron (see DFT calculations).

Electrochemical Characterization. Redox Properties of 1
and [TH][BF,]. Cyclic voltammetry of 1 in CH,Cl, at a scan
rate of 500 mV/s indicates that the complex 1 undergoes a
reversible reduction (AE, = 160 mV, i, /i, & 1) at =1.75 V vs
Fc/Fct (Figure S12, Supporting Information). The cathodic
wave shows a less reversible character at smaller scan rates. The
oxidation is completely irreversible (E,, = 0.21 V vs Fc/Fc"). In
acetonitrile, the reduction is irreversible even at higher scan
rates (up to 1600 mV/s) at room temperature but appears at
nearly the same potential (E,. = —=1.81 V vs Fc/Fc?, i, /i, <
0.1). This might be due to different diffusion coefficients in
these two solvents. At —30 °C, the reduction is reversible at a
scan rate of 500 mV/s.

The cyclic voltammogram of [1H][BF,] displays only
irreversible redox behavior in both acetonitrile and dichloro-
methane (EPC = —1.73 V vs Fc/Fc") even at the scan rate of
1600 mV/s.

Electrocatalytic Evolution of Hydrogen in the Presence of
CF;CO,H. Eftective electrocatalysts show enhanced current in
cyclic voltammograms in the presence of acid nearly at the
potential where the catalyst is reduced.°>®" Upon addition of
increasing amounts of up to 100 equiv of CF;CO,H to
acetonitrile or dichloromethane solutions of 1, cyclic
voltammograms display increased cathodic current thus
indicating electrocatalytic proton reduction (Figure 7).
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Figure 7. Cyclic voltammograms of 1 in MeCN (2 mmol L™") in the
presence of various amounts of CF;CO,H recorded at glassy carbon
working and counter electrodes (d = 2 mm) and Ag-wire as a
pseudoreference at a scan rate of 100 mV/s with NBu,PF4 (0.2 M) as
the supporting electrolyte.

Since both the pK, and the standard redox potential are
known for acetonitrile solutions of CF;CO,H (pKMN =
12.65,%% EOMeCN(CF,CO,H/H,) = —0.89 V vs Fc/Fc*
calculated using Evans’ relationship,60 homoconjugation not
taken into account), and not dichloromethane, the interpreta-
tion of the cyclic voltammograms recorded in acetonitrile is
more meaningful despite the irreversibility of the initial
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cathodic wave in this solvent. The reported overpotential of
540 mV for the electrocatalytic proton reduction is estimated
from the potential at 0.5(i,.), where i, is the cathodic peak
current in the cyclic voltammogram recorded after addition of
100 equivalents of the acid (Figure 7). As was recently
mentioned by Artero et al,, this definition of the overpotential
allows a more reliable comparison of different molecular
catalysts.®"

A catalytic current is also observed under the same
conditions using [1H][BF,] as the catalyst (Figure 8). The
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Figure 8. Cyclic voltammograms of [1H][BF,] in MeCN (2 mmol
L™") in the presence of various amounts of CF;CO,H recorded at
glassy carbon working and counter electrodes (d = 2 mm) and Ag-wire
as a pseudoreference at a scan rate of 100 mV/s with NBu,PF4 (0.2
M) as the supporting electrolyte.

catalytic peak current is observed at slightly lower potentials
than for 1. An overpotential of 570 mV is calculated as
described above. However, we estimate that the errors of the
overpotentials are +50 mV which means that the difference of
30 mV between 1 and [1H][BF,] is within the experimental
error.

Bulk Electrolysis Experiments. To definitively assign the
above electrocatalytic process to hydrogen evolution, 4 h bulk
electrolysis experiments of CF;CO,H in MeCN were carried
out on a glassy carbon electrode at —1.60 V versus Fc/Fc' in
the presence of catalytic amounts of 1 and [1H][BF,],
respectively. Hydrogen evolution was monitored by GC
analysis. From the amount of the electric charge flowed
through the electrode, for 1 an average turnover frequency
(TOF) of 5 h™" and an overage turnover number (TON) of 20
were calculated as described in the Supporting Information. For
[1H][BF,], the observed TOF is 8 h™! and the TON is 32.
Traces of CO gas as a product of decomposition were detected
by GC in both experiments.

DFT calculations. Both the diamagnetism and the
unusually short Ni—Fe bond length (2.426 A) found for 1
show a striking resemblance to the dinuclear complex
[(dppe)Ni(pdt)Fe(CO);] (2) (Scheme S1, Supporting In-
formation). The diamagnetism of the latter has been linked to
the formation of a o-bond between Ni(I) and Fe(I) that
involves a d_, orbital on each metal center.>®

Density functional theory has been used in order to explore
the nature of the bonding in 1 in more detail. The most stable
structure (Figure S13 left, Supporting Information) was found
to be a closed-shell singlet state (S = 0) with optimized
structural parameters fully consistent with those obtained
crystallographically (Table S2, Supporting Information) and
deviations that are well within the error expected for the chosen
method. The structural features of the coordination sphere

around the metal centers are well reproduced, with the
calculated Ni—Fe bond distance being close to the experimental
value (2.437 vs 2.426 A).

The triplet state (S = 1) was found to be considerably higher
in energy (13 kcal mol™!, B3LYP/def2-TZVP) compared to the
closed-shell singlet. Not surprisingly, higher spin states were
even more energetically disfavored. Furthermore, the broken-
symmetry singlet state (M, = 0) was analyzed. A detailed
analysis of the electronic structure of 1 is described in the
Supporting Information. Based on the fact that the diradical
state is energetically unfavorable, combined with the excellent
match between optimized and experimental bond metric data
in the closed-shell singlet ground state, we are confident to rule
out an open-shell diradical electronic structure of the ground
state, consistent with all experimental data presented above.

A localized orbital analysis provides a convenient tool to
investigate the bonding situation in the ground state structure
of 1. In analogy to complex 2, the localization procedure yields
three doubly occupied MOs centered on Fe (~80%) with
dominant 3d character corresponding to a (l‘zg)6 configuration
in ideal local Oy, symmetry, with strong backbonding toward the
CO ligands (Table S5, Supporting Information). Likewise, four
doubly occupied MOs with 3d character are strongly localized
(>90%) on the Ni center. In addition, we find one bonding MO
that is delocalized over the two metal centers (44% Fe, 29% Ni)
and the bridging carbon atom (20% C). Its occupation number
also is 2, and hence, this interaction can be regarded as a three-
center-two-electron (3c-2e) bond formally involving Ni(I), C21
and Fe(I) centers.

Turning to the protonated species [1H], different sulfur-
protonated isomers have been explored (Figure S14) in order
to further support the experimental assignment that the proton
is bound to S1 of the terminal thiolate group. As stated by
others,%’37 this terminal sulfur atom should be most basic
compared to the remaining sulfur-functional groups in the
complex, two of which are thioethers and one is a thiolate in a
bridging position. The calculations are fully consistent with this
suggestion, most evidently seen from the marked energetic
preference (>20 kcal mol™") of the S1—H isomer over the other
isomers.%® Inclusion of the counteranion [BF,]” adds further
stabilization of the S1—H geometry, due to formation of
hydrogen bonds. The higher basicity of S1 is also reflected by
the more negative charge on this sulfur atom in the
unprotonated compound 1, with a Mulliken atomic charge of
—0.282 compared to 0.062, 0.086, and —0.024 for S4, S13, and
S16, respectively. The structural changes induced by proto-
nation of 1 to form [1H]* are also captured in the optimized
geometry of the S1—H isomer. The Ni—S1 bond length is
elongated by about 0.02 A in the optimized structure of [1H]",
which is somewhat less compared to the crystal structure (0.06
A).** Finally, the observed increase of the Fe—C21—022 angle
(158° in 1 vs 170° in [1H]*) as well as the Ni—C21 bond
length (2.01 A'in 1 vs 2.24 A in [1H]") upon protonation of 1,
indicative of a decrease in the bridging character of CO, is also
nicely reproduced by the calculations. As a result, the
contribution of C21 to the 3c-2e interaction of the Fe—Ni—
C21 core via m-bonding becomes negligibly small and the
resulting localized orbital (Figure 9) approaches the bond
situation reported for complex 2.>> The polarity of the Ni—Fe
bond in [1H]* is very similar to the one in 2, with the negative
pole on Ni (48% contribution) and the positive pole on Fe
(33% contribution).
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Figure 9. Localized orbitals (B3LYP/def2-TZVP) displaying the 3c-
2e-interaction for complex 1 (left) and for [1H]" (right).

The behavior toward protonation revealed by 1 to form
[1H]" is remarkably different from that of 2 (and derivatives
thereof), where the coordination sphere does not offer a strong
basic center for proton attack. Therefore, protonation of the
metal—metal bond is the only viable alternative in this type of
complex (Scheme S1, Supporting Information).***’

We have also considered this latter possibility, and therefore
optimized an alternative structure with a closed-shell singlet
ground state (S = 0) featuring a hydride bridge between the
metal atoms. The optimized structure of this complex,
[Ni(xbsms)(u-H)(u-S)Fe(CO),]*, is shown in Figure S16 of
the Supporting Information. Protonation of the Ni—Fe bond
forces the two metal ions further apart (2.51 A) compared to 1,
due to formal one-electron oxidation of each metal center. The
formerly bridging carbonyl ligand moves into a more terminal
position, remaining coordinated to Fe. Both metal atoms reveal
coordination geometries characteristic for divalent low-spin
ions (i.e., approximately octahedral and square-planar for low-
spin Fe(II) and Ni(II), respectively). The hydride bridges both
metal jons, and serves as an equatorial ligand in both
coordination units. Importantly, this structure lies energetically
above (~5 kcal mol™!) the most stable S1—H isomer, further
corroborating the higher basicity of the S1 thiolate sulfur atom.
The ligand environment in 1 may also impose some shielding
on the Ni—Fe bond, therefore, somewhat hindering proto-
nation. However, the energetic separation is not large, and
hence, a Fe(u-H)Ni intermediate species should be accessible
during the electrocatalytic cycle.

B DISCUSSION

Our results classify 1 and [1H][BF,] as low molecular weight
mimics of the active site of [NiFe]-hydrogenases with respect
to certain structural features and with respect to functionality
for electrocatalytic proton reduction. The coordination
environment of the metal centers is partly reproduced in the
reported model compounds: the nickel center is coordinated by
three sulfur atoms and one thiolate is bridging between nickel
and iron. Most importantly, the thiol group in [1H][BF,]
mimics proposed catalytic intermediates of [NiFe]-hydro-
genases with a Cys—SH bond, which have been prog)osed
theoretically but not yet confirmed experimentally.****~** One
difference between 1 and the active site of the [NiFe]-
hydrogenases is the bridging CO ligand in the former, which
becomes significantly less bridging after protonation and is
mainly coordinated to Fe in [1H][BF,]. Interestingly, this
structural feature resembles the active site of the [FeFe]-
hydrogenases, where a similar dichotomy of the binding mode
is observed for the bridging CO.%%

The here reported model compounds reproduce the short
Ni—Fe distance (2.43 A), which is observed in the reduced
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forms of the enzyme (2.5—2.6 A) compared to the more
oxidized states (2.9 A).*97%® The DFT analysis of the
electronic structure of 1 and [1H][BF,] is in line with the
short bond length and the diamagnetism of these compounds
corroborates the presence of a Ni—Fe o-bond so that the metal
valences are formally assigned as Ni(I) and Fe(I). The formal
low-spin Fe(I) state assigned for 1 and [1H][BF,] deviates
from the low-spin Fe(Il) state postulated for [NiFe]-hydro-
genases but is observed for the active site of [FeFe]-
hydrogenases.”®%°

The model compound [(dppe)Ni(pdt)Fe(CO);] (2)
(Scheme S1), which has been synthesized and characterized
by Schréder and co-workers, displays similar electronic
properties and is supposed to be an intermediate in the
catalytic cycle for proton reduction as shown by Rauchfuss et
al.®” The metal—metal bond in 2 can be protonated and the
resulting bridging hydride [(dppe)Ni(pdt)(u-H)Fe(CO);]
[2H][BF,] (Scheme S1) was shown to be electrocatalytically
active.?*?” We assume, therefore, that the metal-metal bond
might also participate in the catalytic cycle of the proton
reduction observed for compounds 1 and [1H][BF,]. However,
all attempts to isolate a [Ni(u-H)Fe]-species have failed so far.
The possibility of a [NiFe]-bond relevant for the catalytic
process is also considered for the native system.*® Possible
intermediates of the catalytic reversible dihydrogen activation
by [NiFe]-hydrogenases were investigated in extensive DFT
studies and heterolytic cleavage of dihydrogen into a hydride,
stabilized in the bridge between the metals, and a proton,
stabilized on a terminal sulfur atom, was proposed.>**®”°
Intermediates containing a protonated terminal sulfur within
the protein are hard to prove experimentally and only indirect
experimental evidence is reported in the literature so far.*>*
The synthesis of small molecule model compounds is therefore
a useful tool to probe the possibility of proposed intermediates
from theoretical investigations.

The detailed spectroscopic investigation of 1 and [1H][BF,],
supported by DFT calculations, illustrates impressively the
electronic communication between nickel and iron in these
dinuclear compounds. As revealed by FTIR-, absorption,
resonance Raman and Mossbauer spectroscopy, a significant
change of the electronic structure takes place upon protonation.
The iron atom is involved in this change although the
protonation takes place at the sulfur atom coordinated to
nickel. It is reasonable to assume that this communication takes
place via the Ni—Fe o-bond which was identified by detailed
DEFT analysis. Both the experimental and the theoretical results
highlight the impact of the u-CO ligand on the electronic
changes induced by the protonation of the thiolate.

These results accentuate the importance of the {Fe-
(CN),(CO)}-moiety in the active site of the [NiFe]-hydro-
genases. The finely tuned electronic impact of the strong-field
ligands CO (#-backbonding) and CN~ (o-donating) at iron
allows to partly compensate the electronic changes on nickel via
electronic interaction between the metals.

The electrochemical experiments show that both 1 and
[1H][BF,] are suitable catalysts for electrocatalytic proton
reduction at overpotentials in the range observed for other
catalytically active dinuclear [NiFe]-model compounds (300—
700 mV).>*7*% The observed turnover number and turnover
frequencies are low as well as the stability of the catalysts. As
was highlighted by DuBois et al., the incorporation of pendant
bases in the coordination sphere of molecular catalysts has a
critical effect on their catalytic activity.”'~”®> The basic terminal
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sulfur in compound 1 might display this role in the catalytic
cycle, promoting the transfer of incoming protons to the metal
centers where the electron transfer occurs. Therefore,
compound 1 is able to provide pathways for both—the acid/
base-reactivity and the redox-activity needed for catalysis.
Compound 1 is not protonated by CF;CO,H (pKMN =
12.65)® and the strong acid HBF,-OEt, (pK, = —10.3 in 1,2-
dichloroethane)” is needed to isolate the protonated species
[1H]*. Therefore, the protonated species can be excluded as a
catalytic intermediate. Further experiments are needed for
trapping intermediates of the catalytic cycle to provide
information about the mechanism and are the aim of ongoing
work.

B CONCLUSION

The reported results indicate that both 1 and [1H][BF,] are
functional and structural mimics of the [NiFe]-hydrogenases.
To the best of our knowledge, the protonated complex
[1H][BF,] is the first dinuclear [NiFe]-model compound
mimicking the postulated catalytic intermediates of [NiFe]-
hydrogenases with a Cys—SH protonation. The electronic
interaction between the nickel and iron is conclusively shown
by the direct comparison of experimental data and the DFT
results obtained for 1 and [1H]][BF,]. Some features also
resemble the active site of the [FeFe]-hydrogenases: (1) the
dichotomy of bridging versus the (almost) terminal CO ligation
at iron, and (2) the formal Fe(I) oxidation state which is not
observed in the active site of [NiFe]-hydrogenases. The use of
elements of basic design principles from both of Nature’s best
catalysts for hydrogen production in functional model
compounds is promising. The communication between the
metals facilitates the electron transfer processes throughout the
catalytic cycle. Further modifications of the nickel coordination
sphere are likely to improve the catalytic performance and the
stability of the catalyst. By tuning the electronic structure of the
catalyst, the thermodynamic properties of the reaction
intermediates may be fine-tuned and the activity of the catalyst
toward electrochemical proton reduction may be optimized.
Furthermore, mechanistic studies supported by DFT might
shed light on the catalytic process and help to better
understand the structural and electronic requirements for
more active and more stable catalysts.

B EXPERIMENTAL SECTION

Materials. All reactions were carried out under an inert atmosphere
of argon using standard Schlenk-techniques or a dry argon glovebox
(MBraun LabMaster130). The solvents used for chemical reactions
were purified by the solvent purification system MBraun MB SPS-800
Auto. CD,Cl, used for NMR-spectroscopy was deoxygenated by three
freeze—pump—thaw cycles and stored over molecular sieves in the
glovebox. [Ni(xbsms)] and [Fe(CO);(BDA)] were synthesized
according to the literature procedures.*”® The supporting electrolyte
NBu,PF, used for electrochemistry was purchased from Sigma-Aldrich
and dried overnight at 100 °C under vacuum before use. Dichloro-
methane and acetonitrile used for electrochemistry were HPLC-grade
and stabilizer-free, dried over CaH, and distilled under argon.

Elemental analysis was performed on an Elementar Vario CHN-
analyzer.

Spectroscopy. FTIR-spectra were recorded at room temperature
on a Perkin-Elmer 2000 NIR FT-Raman spectrometer. For measure-
ments in solution a KBr-cell with a 0.5 mm pathway was used.
Measurements in solid state were carried out in KBr pellets (3 mg
sample in 300 mg KBr).

NMR-spectra were recorded at room temperature using a Bruker
DRX 400 spectrometer operating at 400.13 MHz for 'H and 100.61

MHz for *C. Solvent peaks are used as internal references relative to
Me,Si for 'H and *C chemical shifts (listed in ppm). NMR-samples
were prepared in the glovebox using J. Young NMR tubes.

Absorption spectra were obtained using a diode-array UV—vis
spectrometer (HP 8453). Absorption spectra of samples prepared in
an anaerobic chamber were measured in 1 cm path length cuvettes
sealed with a silicon stopper to retain anaerobic conditions, and
spectra were measured quickly (<2 min.) after removing from the
anaerobic chamber to avoid decomposition. No changes in the
absorption spectra were observed over the time scale of these
measurements. Averages of 3 dilutions were considered to obtain
accurate extinction coeflicients considering only points within the
linear range of the instrument (0.005—1 AU).

Resonance Raman spectra were obtained using the 514.5 nm
excitation line from a Kr*/Ar" ion laser (Spectra Physics BeamLok
2060 6S) as described previously.* The sample was contained in a
quartz EPR tube within an EPR quartz finger dewar and cooled using
liquid nitrogen. Power at the sample was ~50 mW. Spectra were
collected for ~4—35 cycles of 30 min each for a given wavelength and
spectral window; corresponding spectral windows were stitched
together. Because of the absence of peaks in the midfrequency
range, normalization of the two spectral windows was not possible, so
the relative intensities of the high-frequency peaks cannot be
compared to the relative intensities of the low-frequency bands.
Raman shifts were calibrated to an accuracy of 1 cm™ using Na,SO,
and CCl, for the low-frequency spectral region and acetone and
acetonitrile for the high-frequency spectral region.”>”®

Maossbauer spectra were recorded on a conventional spectrometer
with alternating constant acceleration of the y-source. The minimum
experimental line width was 0.24 mm/s (full width at half-height). The
sample temperature was maintained constant in an Oxford Instru-
ments Variox or in an Oxford Instruments MGJssbauer-Spectromag
cryostat with split-pair magnet system; the latter was used for
measurements with applied field with the field at the sample being
oriented perpendicular to the y-beam. The y-source (*’Co/Rh, 1.8
GBq) was kept at room temperature. By using a re-entrant bore tube
the y-source could be positioned inside the gap of the magnet coils at a
position with zero field. Isomer shifts are quoted relative to iron metal
at 300 K. Mssbauer spectra at zero field were collected for powder
samples (ca. S0 mg) at 80 K. The Méssbauer spectra recorded at zero
field were fitted using the program MFIT (by E.B.) with Lorentzian
doublets. Magnetic MGossbauer spectra were simulated with the
program MX (by E.B.).

Electrochemistry. All electrochemical measurements were carried
out under argon atmosphere at room temperature using an EG&G
PAR 273A instrument. All solutions contained the supporting
electrolyte NBu,PF¢ (0.2 M in dichloromethane or acetonitrile). For
cyclic voltammetry, a standard three-electrode configuration was used
consisting of a glassy carbon (d = 2 mm) working and counter-
electrodes and a Ag-wire placed in a AgNO; (0.01 M in MeCN)/
NBu,PF, (0.2 M in MeCN)-solution as a pseudoreference electrode.
The system was systematically calibrated against ferrocene after each
experiment and all the potentials are therefore given versus the Fc/Fc*
redox potential. Additions of CF;CO,H were made by syringe as a 2
mol L™! solution in dichloromethane or acetonitrile respectively. After
each addition of acid, the cyclic voltammogram was recorded
immediately after a few seconds of stirring and once again after
additional stirring for approximately two minutes. No significant
changes were observed.

For the bulk electrolysis experiments, a glassy carbon stick electrode
(d =4.1 mm, I = 25 mm, A ~3.4 cm?®) was used and the solutions were
stirred during the electrolysis experiment to achieve better
homogeneity. Electrolysis was performed on solutions of the catalyst
(2 mmol L™") and CF;CO,H (0.1 mol L™) in acetonitrile (7 mL) at
the constant potential of —1.60 V versus Fc/Fc*. A blank experiment
with a duration of 1000 s was performed to make sure that no
significant amount of charge is consumed by the system without the
catalyst (<1%). The evolving gas was identified as hydrogen
throughout the whole electrolysis experiment using an Agilent 6890
gaschromatograph equipped with a 30 m Restek RT-Msieve 5 A
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column and a thermal conductivity detector (TCD) thermostatted at
200 °C. Argon was used as a carrier gas and the oven was
thermostatted at 30 °C. Under these conditions, pure hydrogen has
an evolution time of 110 s and pure CO gas of 480 s.

Crystal-Structure Analysis. A dark red single crystal of 1-0.5
Et,0 and a brown crystal of [1H][BF,]-0.5 1,2-difluorobenzene were
mounted on a Bruker-AXS Kappa Mach3 APEX-II diffractometer
equipped with an Incoatec Helios mirror monochromator (Mo Ka 4 =
0.71073 A) and a nitrogen cold stream adjusted to 100 K. Data were
integrated and averaged with the program SAINT.”” Final cell
constants were obtained from least-squares fits of all measured
reflections. An empirical absorption correction was performed using
the Gaussian procedure embedded in SADABS.”® The structures were
readily solved by Patterson methods and subsequent difference Fourier
techniques. The Siemens ShelXTL software package was used for
solution and artwork of the structures; ShelX197 was used for the
refinement.””*® All non-hydrogen atoms were anisotropically refined.
Hydrogen atoms bound to carbon were placed at calculated positions
and refined as riding atoms with isotropic displacement parameters.

The protonation of a sulfur atom (S1) in [1H]-0.5 1,2-
difluorobenzene could be detected from the difference map. The
hydrogen atom position was isotropically refined without geometrical
constraints but its thermal displacement parameter was restrained to
be 1.2 times the U, value of the sulfur atom to which it is bound.
Crystal data and structural refinement details are available in the
Supporting Information.

Synthesis of [Ni(xbsms)(u-CO)(u-S)Fe(CO),('S’)] 1. A solution of
[Ni(xbsms)] (0.28 g, 0.70 mmol, 1.0 equiv) and [Fe(CO);(BDA)]
(0.20 g, 0.70 mmol, 1.0 equiv) in CH,Cl, (10 mL) was stirred at room
temperature. The solution turned red after a couple of minutes. The
reaction was monitored by FTIR-spectroscopy, and when the carbonyl
absorption bands at 2065, 2005, and 1985 cm™' assigned to
[Fe(CO);(BDA)] had disappeared, the reaction mixture was filtered
to remove insoluble precipitate, and the solvent removed under
reduced pressure. The residue was subjected to preparative column
chromatography separation using CH,CL,/Et,0 (1:S) as eluent on
silica. After the free benzylideneacetone (BDA) was removed in the
first fraction, only CH,Cl, was used as eluent. The solvent was
removed under reduced pressure and the product was isolated as a red
microcrystalline solid (0.24 g, 0.44 mmol, 63%). '"H NMR (400 MHz,
CD,Cl,, 300 K): §/ppm = 7.52 (m, 1H, Ar), 7.37 (m, 3H, Ar), 4.90
(d, 1H, ¥J = 10.7 Hz, ArCH,), 4.28 (d, 1H, %] = 10.6 Hz, ArCH,), 3.98
(d, 1H, *J = 11.7 Hz, ArCH,), 3.81 (d, 1H, *] = 11.3 Hz, ArCH,), 2.96
(s, 2H, CH,), 2.78 (d, 1H, ] = 13.2 Hz, CH,), 2.50 (d, 1H, *] = 13.2
Hz, CH,), 1.82—1.80 (ss, 6H, CHj,), 1.6S (s, 3H, CH;), 1.45 (s, 3H,
CH;). BC{'H}-NMR (100 MHz, CD,Cl,, 300 K): §/ppm = 217.7
(CO), 1344 (Ar, Cy), 1337 (Ar, C,), 1329 (Ar), 131.4 (Ar), 129.3
(Ar), 1292 (Ar), 67.1 (ArCH,), 62.2 (ArCH,), 48.5 (CH,), 40.7
(CH,), 35.5 (C(CH,);), 35.4 (C(CHj;),), 27.6 (CH,), 26.7 (CH,),
25.7 (CH,), 25.6 (CH;). Elemental analysis calculated for
CyoH,4FeNiO,S,: C 42,01, H 4.45. Found: C 42.45, H 3.82. YFe—
Méssbauer (4.2 K, 40 T): 6 = 0.06 mm/s, AEq = 1.39 mm/s, 7 =
0.92. FTIR(CH,CL): 2012 (s, CO), 1954 (s, CO), 1854 (m, br, CO)
em™!. Xray suitable crystals of 1-0.5 Et,0 were grown by the
overlaying technique from dichloromethane and diethylether at —40°.

Synthesis of [(‘'S’H)Ni(xbsms)(u-CO)(u-S)Fe(CO),(‘S’)I[BF,]
[TH][BF,]. A solution of 1 (54 mg, 0.10 mmol, 1.0 equiv) in CH,CL,
(7 mL) was treated with HBF,-OEt, (14 uL, 0.10 mmol, 1.0 equiv) at
room temperature. The solution turned immediately from red to
brown. It was overlaid with n-pentane (7 mL) and stored for 12 h at
—35 °C. Dark-brown microcrystals of [1H][BF,] (67 mg, 0.094 mmol,
94%) were isolated after filtration and dried under vacuum. Both the
"H NMR spectrum and the elemental analysis reveal that one solvate
molecule of dichloromethane per molecule of [1H][BF,] has to be
taken into account so that the molecular mass to be used is 715.93 g/
mol. "H NMR (400 MHz, CD,Cl,, 300 K): §/ppm = 7.40 (m, 4H,
Ar), 494 (d, 1H, ¥J = 11.6 Hz, ArCH,), 4.79 (s, 1H, SH), 4.71 (d, 1H,
%] = 11.8 Hz, ArCH,), 449 (d, 1H, %] = 11.6 Hz, ArCH,), 3.80 (d, 1H,
?J = 11.8 Hz, ArCH,), 3.23 (d, 1H, %] = 12.7 Hz, CH,), 3.00 (m, 2H,
CH,), 2.86 (d, 1H, *] = 12.8 Hz, CH,), 1.92—1.89 (ss, 6H, CH,), 1.48

(s, 3H, CH;), 1.42 (s, 3H, CH,). “C{'H}-NMR (100 MHz, CD,Cl,
300 K): 6/ppm =208.1 (CO), 133.9 (Ar, C,), 133.3 (Ar), 133.1 (Ar,
C,), 131.8 (Ar), 130.0 (Ar), 129.8 (Ar), 63.1 (ArCH,), 59.9 (ArCH,),
458 (CH,), 39.4 (CH,), 37.6 (C(CH,);), 33.0 (C(CH,);), 27.4
(CH,), 26.6 (CH,), 25.0 (CH,), 249 (CH,). Elemental analysis
calculated for C,oH,,BCl,F,FeNiO;S, (one solvate molecule of
CH,Cl, included): C 33.55, H 3.80. Found: C 33.92, H 3.87. Fe—
Mossbauer (4.2 K, 4.0 T): 6 = 0.05 mm/s, AEq = —1.20 mm/s, =
0.20. FTIR(KBr): 2512 (m, br, SH), 2034 (s, CO), 1982 (s, CO),
1932 (s, CO). X-ray suitable crystals of [1H][BF,]-0.5 1,2-
difluorobenzene were grown by the vapor diffusion method from
1,2-difluorobenzene and n-pentane at —40°.

Computational Methods. All electronic structure calculations
presented in this paper were carried out using the ORCA program
package.®' Scalar relativistic effects were incorporated by the all-
electron zeroth-order regular approximation (ZORA).**** Uncon-
strained geometry optimizations and frequency calculations of the
model complexes were carried out at DFT level, using the BP86 GGA
functional in conjunction with the RIJ approximation.**”®° Initial
atomic coordinates were taken from single-crystal X-ray diffraction
experiments. The recontracted scalar-relativistic def2-TZVP basis set
was used on all atoms, combined with the corresponding def2-TZVP/]J
auxiliary basis.”®~®* Dispersion effects were accounted for by the use of
Grimme’s most recent empirical van der Waals correction
(VDW10).** Stationary points were confirmed to be minima by the
absence of imaginary frequencies. Final single point energies were
computed using the B3LYP hybrid functional in conjunction with the
def2-TZVP basis set.”>>” The electronic structure was analyzed by
means of localized molecular orbitals using the Pipek-Mezey
population-localization scheme.”® Details for the computation of the
Mbossbauer parameters are given in the Supporting Information.
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