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Abstract: Dioxygen-tolerant [NiFe] hydrogenases catalyze not
only the conversion of H, into 2H" and 2e~ but also the
reduction of O, to H,O. Chemists have sought to mimic such
bifunctional catalysts with structurally simpler compounds to
facilitate analysis and improvement. Herein, we report a new
[NiFe]-based catalyst for O, reduction via an O, adduct.
Structural investigations reveal the first example of a side-on
iron(IV) peroxo complex.

Dioxygen-tolerant [NiFe] hydrogenases are bifunctional
enzymes that act as both oxidases and hydrogenases.”) We
have previously reported a bifunctional model compound,
based on a [NiRu] core, that is capable of switching from H,
oxidation to O, reduction by replacing an 1°-C,Me, ligand
with an 1’-CsMe;s ligand.®”! Although we previously reported
an H,-oxidizing [NiFe] complex,!! it was not capable of also
reducing O,. We have now developed this catalyst into
a mimic of O,-tolerant [NiFe] hydrogenases with the ability to
reduce O, depending on the ligands. The previously reported
H,-oxidizing catalyst bears three electron-withdrawing
P(OEt); ligands, but replacing these ligands with an even
stronger electron-donating 1’-CsMes ligand results in O,
reduction. We have confirmed that the reaction proceeds
via a side-on Fe' peroxo species [Ni"LFe'(n>-0,)(n’*
CsMes)]* (2, L = N,N'-diethyl-3,7-diazanonane-1,9-dithiolato;
Figure 1), which accepts four electrons and four protons to
generate two molecules of H,O.

The solvent-coordinated complexes [Ni"LFe"(RCN)(n’-
CsMes)]* (1a: R=Et, 1b: R=Me; see the Supporting
Information, Figure S1) were synthesized from the reaction
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Figure 1. ORTEP drawing of 2-BPh, with ellipsoids set at the 50%
probability level. The counteranion (BPh,), solvent (diethyl ether), and
hydrogen atoms are omitted for clarity. Selected interatomic distances
[A] and angles [°]: Nil--Fel 3.0354(7), Fe1-O1 1.904(2), Fe1-02
1.890(2), 01-02 1.381(3); Ni1-S1-Fel 85.84(3), Ni1-S2-Fel 85.16(3),
Fe1-O1-0O2 68.11(14), Fe1-02-O1 69.22(13), O1-Fe1-02 42.67(10).

of the nickel complex [Ni'L] and the iron complex [Fe'-
(MeCN)(CO),(1’-CsMes)]". X-ray analysis of 1a and 1b
revealed that the Ni and Fe atoms are tethered by the thiolato
units of L, which results in the butterfly NiFe cores (Figure S2,
Table S1). The interatomic distance between the Ni and Fe
atoms [3.2325(6) A] and the Ni-S-Fe angles [92.93(2)° and
93.25(2)°] of 1a are comparable to those of 1b [Ni-Fe:
3.2407(7) A, Ni-S-Fe: 93.35(3)° and 93.40(2)°]. The Moss-
bauer spectrum of 1a at 5 K in the absence of a magnetic field
shows an isomer shift (6) of 0.55 mms' and a quadrupole
splitting (AEg) of 2.1 mms ™! (Figure S3), which is typical of
the low-spin d° state found in ferrocene derivatives.’! Com-
plexes 1a and 1b are diamagnetic as confirmed by their
"H NMR spectra (Figure S4) and the ESR silence at 128 K.
Complexes 1a and 1b were then characterized by IR
spectroscopy (Figure S5) and positive-ion electrospray ion-
ization (ESI) mass spectrometry (Figure S6).

Complexes 1a and 1b are unreactive towards H, but
reactive towards O, to form an O, adduct 2 (Figure S1).
Bubbling O, through a propionitrile solution of 1a at —80°C
or an acetonitrile solution of 1b at —40°C induced color
changes from purple to brown, indicative of the formation of
2. The UV/Vis spectrum of 2 shows charge-transfer bands at
410 nm (£=3000M 'cm ') and 520nm (¢=1500M 'cm '
Figure S7, Table S1). Formation of the O, adduct 2 is
irreversible, which is not perturbed by an N, or H, purge.

The O, adduct 2 was recrystallized from an acetonitrile/
diethyl ether solution to afford dark brown crystals suitable
for X-ray analysis. The resulting diffraction pattern conclu-
sively demonstrated the formation of an Fe-O, complex,
where the O, ligand is bound to the Fe center in an n*-
fashion.”'”] Notably, the O—O bond length of 1.381(3) A is
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within the region typical for side-on metal peroxo complexes
(metal = Cu'™ or Ni"")'"®2 and similar to that of biological
side-on Fe™ peroxo species found in naphthalene dioxyge-
nase (1.4 A).'"”! The bond is longer, however, than those in
synthetic side-on Fe™ superoxo complexes [1.306(7)-
1.323(3) A]"™ or biological side-on superoxo Fe!' species,
found, for example, in homoprotocatechuate 2,3-dioxygenase
(1.34 A)!" and homogentisate 1,2-dioxygenase (1.35 A).l In
the O, adduct, the distance between the Ni and Fe atoms
[3.0354(7) A] is significantly shorter than in the free com-
plexes 1a and 1b.

Complex 1a was then exposed to O, at —80°C to perform
kinetic studies. The reaction was carried out in O,-saturated
propionitrile and obeyed pseudo-first-order kinetics with
respect to la over five half-lives, as monitored by UV/Vis
spectroscopy. The rate constant (k) was determined to be
6.0x107*s™! (Figure S7).

The positive-ion ESI mass spectrum of 2 in propionitrile
shows a prominent signal at m/z 529.1 (relative intensity =
100 % in the range of m/z 100-2000), which corresponds to
[2]%, and a characteristic isotopic distribution that matches
well with the calculated one (Figure S8). To establish the
origin of the peroxo ligand in 2, [Ni"LFe"(n*'"*0,)(n’-
CsMe;)]* (**O-labeled 2) was synthesized by the reaction of
1a with **O, in propionitrile. The ESI-MS results show that
the signal at m/z 529.1 was shifted to 533.1, which demon-
strates that the peroxo ligand was derived from dioxygen.

The IR spectrum of 2 in the solid state at —100°C shows
an isotope-sensitive band at 940 cm ™', which was assigned to
the O—O stretching vibration (Figure 2). Isotopic substitution
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Figure 2. IR spectra of a) 2-BPh, and b) '®O-labeled 2-BPh, in the solid
state at —100°C.

of '°0, by 0, in the peroxo ligand (**O-labeled 2) resulted in
a band shift to 887 cm . The magnitude of the shift (53 cm ™)
agrees well with that expected by a calculation for a pure O,
stretching mode according to Hooke’s law. The wavenumber
of the O—O stretching vibration is typical for side-on metal
peroxo complexes (metal = Cu'™ or Ni'!).'* 2 Alternatively,
80-labeled 2 could be synthesized from '*O-labeled 2 with
500 equivalents of H,"®0, in CH;CN at —40°C [Eq. (1)] and
vice versa (Figure S9).

Angew. Chem. 2016, 128, 734737

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Zuschriften

H2'%@2

18
\/ﬁ o-“‘o \/ﬁ - o

H21602

60-labeled 2 80-labeled 2

The *Fe Mossbauer spectrum of 2 at 30 K in the absence
of a magnetic field shows an isomer shift (6) of 0.42 mms!
and a quadrupole doublet (AE,) of 0.33 mms™" (Figure S10),
suggesting an Fe'v state. These values are close to those of
[Fe"(0)(H,0)s]** (0=0.38mms™!, AE,=0.33 mms").”"
The O—O bond length, IR spectroscopy, and H,"0, experi-
ments indicate that the oxidation state of Fe in 2 is +4. For
confirmation, the magnetic susceptibility was investigated by
using a superconducting quantum interference device
(SQUID) magnetometer. A solid sample of 2 was analyzed
over a temperature range of 5-200 K, which revealed
a magnetic moment of S=0 in the ground state. The
diamagnetic nature of 2 (§=0) was corroborated by the
signals in the diamagnetic region of the "H NMR spectrum
(Figure S11).

Complex 2 is capable of reducing the coordinated
peroxide to H,O by supplying additional electrons and
protons, as shown by an O isotope-labeling experiment
with 1b. This complex reacted with an excess of '*O, in the
presence of BH,  as the electron source and ethanol as the
proton source in acetonitrile, which yielded H,"*O with
a turnover number (TON) of 1.3 according to GC-MS
analysis (Figure S12). We also confirmed that '*O-labeled 2
produced H,"®O in the presence of BH, and ethanol under
stoichiometric conditions [Eq. (2)].

R I+
+ ZBH4 +2H" g,
\\
vﬁ 3
2H2"%@

18O-Iabe|ed 2 +2BH3 R= gt (a)

Et a)

Me: (1b)

We also investigated the reduction of O, by cyclic
voltammetry (CV) and rotating-disk electrode (RDE) vol-
tammetry at several rotation rates (Figures S13 and S14).
Based on the slope of the Koutecky-Levich plot, the number
of electrons needed to reduce O, was determined to be 4.0.

Based on these results, we propose a catalytic cycle for O,
activation by our O,-tolerant [NiFe] hydrogenase model
(Figure 3). Exposure of 1 to O, generates the oxygenated
species 2, which is further reduced by four additional
electrons and four protons supplied from the electron and
proton sources to regenerate 1.

In conclusion, we have synthesized and characterized
a catalyst for O, activation and proposed its use as a model for
studying O,-tolerant [NiFe] hydrogenases. A remarkable
property of this catalyst is that the intermediate is based on
a side-on iron(IV) peroxo core.
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Figure 3. Activation of O, by a [NiFe] complex. The formation of H,'*0
was confirmed by an isotope-labeling experiment using '*0,.

Experimental Section

[Ni"LFe"'(n*-0,)(n’-CsMes)|BPh, (2-BPh,): A propionitrile solution
(4.0 mL) of 1a-BPh, (50 mg, 57 umol) was gradually layered with
diethyl ether (100 mL) under an N, atmosphere. The resulting
solution was cooled to —80°C; it was then allowed to stand under
an O, atmosphere to form a brown precipitate of thermally unstable
2-BPh,, which was collected by filtration, washed with cold diethyl
ether, and dried in vacuo at —80°C (31% yield based on 1a-BPh,,
estimated by the weight of the decomposed product(s)). Complex 2 is
stable for 90 min at —40°C and for one week at —80°C. 'H NMR
(300 MHz, [D5]propionitrile, referenced to TMS, —80°C): 6 =1.02 (t,
6H, NCH,CH,), 1.50 (s, 15H, C5(CH,)s), 1.94-4.61 (m, 18 H, CH,),
8.58-9.04 ppm (B(C¢Hs),). ESI-MS (in propionitrile): m/z 529.1 ([2]",
relative intensity (/) =100% in the range of m/z 100-2000). FT-IR
(solid state at —100°C): 940 cm ™' (O—0O). Mossbauer (solid sample at
30 K in the absence of a magnetic field): 6 =0.42, AE,=0.33.

[Ni"LFe"'(n*-"#0,)(n*-CsMes)|BPh, ([**O,]-2-BPh,) was prepared
by the same method as 2-BPh, except for that '*0, was used instead of
O,. ESI-MS (in propionitrile): m/z 533.1 ([[**0,]-2]", I=100% in the
range of m/z 100-2000). FT-IR (solid state at —100°C): 887 cm™'
(180_180).

[Ni"LFe"(EtCN)(1’-CsMes)|BPh,  (1a-BPh,):  [Fe'(MeCN)-
(CO),(7’-CsMes)|BF, (350 mg, 934 umol) was dissolved in acetoni-
trile (100 mL). The resulting solution was slowly evaporated by
irradiation with an USHIO Optical ModuleX (Deep UV 500, BA-
M500) for 4 h to afford a purple powder. A propionitrile solution
(30 mL) of [Ni"L] (286.7 mg, 934 umol) was added to the purple
powder, and the resulting mixture was stirred for 18 h; then, NaBPh,
(477.4 mg, 1.40 mmol) was added. The resulting solution was con-
centrated under reduced pressure to generate insoluble materials,
which were removed by filtration. Slow diffusion of diethyl ether into
the filtrate yielded black crystals of 1a-BPh,, which were collected by
filtration, washed with diethyl ether, and dried in vacuo (34 % yield
based on [Fe(MeCN)(CO),(n’-CsMe;)|BF,). 'H NMR (300 MHz,
[D5]propionitrile, referenced to TMS, 25°C): 6 =1.33-1.37 (t, 6H,
NCH,CH,), 1.49 (s, 15H, C5(CHs3)s), 1.55-1.70, 1.83-1.91, 2.10-2.16,
2.41-2.64, 2.78-2.87 (m, 18H, CH,), 6.80-6.85, 6.94-6.99, 7.21-
7.28 ppm (B(C4Hs),). ESI-MS (in propionitrile): m/z 497.1 ([1a-
EtCN]*, I=100% in the range of m/z 100-2000). FT-IR (KBr disk):
2220 (C=N), 2850-3050cm™! (aliphatic C—H). Mossbauer (solid
sample at 5 K in the absence of a magnetic field): 6 =0.55, AE,=2.1.
Elemental analysis caled [%] for 1a-BPh, (C,HgBFeN;NiS,):
C 66.08, H7.39, N 4.82; found: C 65.86, H 7.42, N 4.83.

[Ni"LFe"(MeCN)(n’*-CsMe;s)|BF, (1b-BF,): [Fe"(MeCN)(CO),-
(7°-CsMes)|BF, (326 mg, 870 umol) was dissolved in acetonitrile
(100 mL). The resulting solution was slowly evaporated by irradiation
with an USHIO Optical ModuleX (Deep UV 500, BA-MS500) for 4 h.
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The volume of the resulting solution was reduced to 10 mL by
evaporation, to which was added an acetonitrile solution (20 mL) of
[Ni"L] (267 mg, 869 umol). After stirring for 18 h, the resulting
solution was concentrated under reduced pressure to generate
insoluble materials, which were removed by filtration. Slow diffusion
of diethyl ether into the filtrate yielded black crystals of 1b-BF,,
which were collected by filtration, washed with diethyl ether, and
dried invacuo (57% yield based on [Fe'(MeCN)(CO),(n’-
CsMe;)]BF,). 'HNMR (300 MHz, [Ds]acetonitrile, referenced to
TMS, 25°C): 6=1.36-1.41 (t, 6H, NCH,CH;), 1.50 (s, 15H, Cs-
(CH;)s), 1.58-1.75, 1.87-1.96, 2.13-2.25, 2.48-2.69, 2.84-2.96 ppm (m,
18H, CH,). ESI-MS (in acetonitrile): m/z 497.1 ([1b-MeCN]", I=
100 % in the range of m/z 100-2000). FT-IR (KBr disk): 2232 (C=N),
2850-2980 cm ™! (aliphatic C—H). Elemental analysis calcd [%] for
1b-BF, (CxHp,BF,FeNsNiS,): C44.12, H6.76, N6.71; found:
C43.82, H6.48, N 6.59.
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