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Abstract: The ability to catalyze the oxidation of both H, and
CO in one reaction pot would be a major boon to hydrogen
technology since CO is a consistent contaminant of H, supplies.
Here, we report just such a catalyst, with the ability to catalyze
the oxidation of either or both H, and CO, based on the pH
value. This catalyst is based on a Nilr core that mimics the
chemical function of [NiFe]hydrogenase in acidic media
(pH 4-7) and carbon monoxide dehydrogenase in basic
media (pH 7-10). We have applied this catalyst in a demon-
stration fuel cell using H,, CO, and HyCO (1/1) feeds as fuels
for oxidation at the anode. The power density of the fuel cell
depends on the pH value in the media of the fuel cell and shows
a similar pH dependence in a flask. We have isolated and
characterized all intermediates in our proposed catalytic cycles.

H ydrogen gas (H,) is biologically and industrially important
since it behaves as an electron donor and a fuel.l'*) However,
commercially available H, includes a small amount of carbon
monoxide (CO), which poisons the catalysts necessary to
perform these functions at useful rates®—the catalysts in
biological H, oxidation is [NiFe]hydrogenase ([NiFe]H,ase)
and in fuel cell oxidation is platinum [Eq. (1)].B*
H, =2H" +2e" 1)

As part of our studies on [NiFe]H,ase mimics, we have
made functional [NiRu]- and [NiFe]-based models that
catalyze electron and hydride transfer from H,.> As these
models revealed the inner workings of H,ase, we became
interested in CO poisoning.”” This focus arose from the
intriguing observation that one equivalent of CO is essential
as an Fe ligand (Figure 1a) but further addition deactivates
the catalyst. A previous study, using the [NiRu]-based model,
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Figure 1. Active-site structures of a) [NiFe]H,ase’ and b) [NiFe]-con-
taining CODH.I"

suggested that CO inhibits [NiFe]H,ase by complexing to the
Fe center rather than the Ni center.’

H, oxidation has an interesting link to CO oxidation
[Eq. (2)] in that a CO-oxidizing carbon monoxide dehydro-
CO +H,0 = CO, +2H* +2¢" 2)
genase (CODH, Figure 1b) can also catalyze the oxidation of
H,."% Significantly, CODH is also based around a [NiFe]
core and this caused us to change our view of CO from as
a catalyst poison to being a potential fuel. As a result, we
began investigating the oxidation of CO using [NiFe]H,ase
functional models.

Following our efforts to improve the original models,
we can now report a [Nilr]-based catalyst, which can oxidize
either H, or CO, depending upon pH, in one flask. We have
applied this reaction to a fuel cell using the [Nilr]-catalyst to
promote oxidation of H,, CO, and H,/CO (1/1) fuel mixtures.

A water-soluble Ni"Ir'™ complex [Ni"CI(X)Ir™Cl(n*-
CsMes)] (1, X=N,N'-dimethyl-3,7-diazanonane-1,9-dithio-
lato) was prepared from the reaction of [Ir'™(n’-CsMes)(Cl),],
with [Ni"(X)], and was characterized by X-ray analysis (see
Figure S1 in the Supporting Information), electrospray ion-
ization (ESI) mass spectrometry (ESI-MS, Figure S2), and
"HNMR (Figure S3) and IR spectroscopies (Figure S4,
Tables S1 and S2). The framework of 1 is based around
Ni(pu-S),Ir butterfly core, where the Ni and Ir atoms are
tethered by two thiolato units. The chloro ligand coordinated
to the Ir'™ center appears to be replaced by H,O or OH™ when
1 is dissolved in water.

Complex 1 reacts with H, in water at 20°C within 30 min
(Figure S5) to afford a hydride-coordinated Ni"Ir"™ complex
[Ni"CI(X)(u-H)Ir'™(n>-CsMes)] (2) (Figures2 and 3) via
heterolytic cleavage of H,, which we characterized by X-ray
analysis (Figure 2), ESI-MS (Figure S6), and IR spectroscopy
(Figure S7). The X-ray structure of 2 reveals that the Ni-S-Ir
angles are significantly smaller than those for 1, which is
similar to the structural change seen in the [NiFe] and [NiRu]
systems.[>®l To establish the origin of the hydrido ligand of 2,
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Figure 2. ORTEP drawing of the solid-state structure of 2 with ellip-
soids at the 50% probability level. The hydrogen atoms of the ligand X
(N,N’-dimethyl-3,7-diazanonane-1,9-dithiolato) and CsMes are omitted
for clarity. Selected interatomic distances [A] and angles [°]: Ni1--Ir]
2.7796(6), Ir-H1 1.62(5), Ni1-H1 2.03(5), Ir1-S1 2.3689(9), Ir1-S2
2.3810(9), Ni1-S1 2.3802(10), Ni1-S2 2.3874(10), Ni1-N1 2.181(3),
Ni1-N2 2.151(3), Ni1-ClI1 2.3357(10); Ni1-S1-Ir1 71.64(3), Ni1-S2-Ir1
71.3103).

[Ni"CI(X)(p-D)Ir'"™(n*-CsMes)] (D-labeled 2), was synthe-
sized from the reaction of 1 with D,. The ESI-MS signal and
IR band shifted upon isotopic substitution of D for H
(Figures S6 and S7), which demonstrates that the hydrido
ligand is derived from hydrogen gas.

Complex 2 is capable of performing both hydride and
electron transfers (Figure 3, Figures S8-S13, Table S3), with

HCI H,
: To 1o
/N e S
\Nxﬂis/lrm m \I%
2 1

HCI DCIP DCIPH, H,
+ HCI

Figure 3. Proposed H, oxidation cycle with Nilr complexes in H,O.
DCIP: 2,6-dichlorobenzeneindophenol. DCIPH,: reduced form of DCIP
that obtains two electrons and two protons.

a reactivity similar to that of [NiFe]H,ase. The reaction of 2
with H™ in acetonitrile resulted in the evolution of H,
(Figure S8). 2,6-Dichlorobenzeneindophenol (DCIP) was
reduced by 2 in water to the corresponding 2-electron-
reduced form (DCIPH,) under stoichiometric conditions
(2:DCIP =1:1) in the absence of H, (Figures S9-S12) and
under catalytic conditions (1:DCIP = 1:85) in the presence of
H, (Figure S13). The pH-dependent turnover numbers
(TONs, mol of DCIPH,/mol of catalyst) at 60°C for 2 h
were determined, at a maximum value of 84 at pH 4.0
(Figure S13). Acidic conditions are favorable for H, oxidation
because coordination of OH™ seems to block the metal center
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from activating H,, as seen in the previously reported [NiRu]
system.']

Complex 1 also uptakes CO in water at 20°C within 1s
(Figure S14) to form a CO-coordinated Ni"lIr'™ complex
[Ni(X)Ir'"(CO)(n*-CsMe;)** (3, Figure 4), as characterized

OH o0 ZOH‘

N— N"O c\["' ﬁ% Irll
4@/‘;% ' /’;%
3
HCI kzc'
CO, + H,0 i CO
ﬁ\\ mﬁ$3/%

Q/w”

2
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HCI DCIP  DCIPH, H, !
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Figure 4. Proposed CO oxidation cycle with Nilr complexes. DCIP: 2,6-
dichlorobenzeneindophenol. DCIPH,: reduced form of DCIP that is
obtained by addition of two electrons and two protons.

by X-ray analysis (Figure S15), ESI-MS (Figure S16), and IR
(Figure S17) and "H NMR spectroscopies (Figure S18). The
CO coordination is much faster than H, activation. Analysis
by X-ray crystallography of 3 reveals that CO is coordinated
to the Ir center. This is contrary to the situation in CODH
where CO is bound to the Ni center."”! The Ir1-C1 length is
1.875(4) A and the Ir1-C1-O1 angle is 171.9(3)°. The C=0O
bond length {1.135(5) A} is slightly longer than that of a free
CO (1.128 A).?

Isotope-labeling experiments using *CO in place of CO
were carried out to confirm that the CO ligand originates
from CO gas. The ESI-MS results show that the signal m/z
317.1 shifts to 317.6 assigned to “CO-coordinated complex
[NI"(X)IF™M(PCO)(n’-CsMes)]*"  (*CO-labeled  3)  (Fig-
ure S16). The IR spectra reveal that the stretching vibration
at 2037 cm™! derived from v(C=0) of 3 shifts to 1987 cm™!
upon replacing CO with “CO (Figure S17).

Under basic conditions, OH™ attacks CO nucleophilically
to afford the u-COOH complex [Ni'"(OH)(X)(u-COOH)Ir™-
(n’-CsMes)] (4, Figure 4, Figure S19) as characterized by X-
ray analysis (Figure S20), ESI-MS (Figure S21), and IR
spectroscopy (Figure S22). Although the protonated COOH
species (C, Figure S23) has been proposed in the catalytic
cycle of CODH before, ' this is the first time it has been
isolated and characterized in a model system.'*'¥ In the
CODH cycle, subsequent deprotonation of the COOH
species affords a CO, species (D, Figure S23), but such an
intermediate was not observed in our [Nilr] system.

Complex 4 was converted to the hydrido complex 2 with
evolution of CO, (Figure 4) by heating at 90°C for 30 min
(Figure S24), as confirmed by ESI-MS (Figure S25) and IR
spectroscopy (Figure S26). It is meaningful that the reducing
ability of the COOH ™ moiety remains in the form of a hydride
ion. This is the first example of the conversion of the COOH
species to the hydride species with decarboxylation in
a CODH model systems.'>!¥ In the CODH catalysis, the
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decarboxylation of the CO, species yields a postulated
hydride species (F, Figure S23) or a low-valent species (E,
Figure S23), which releases two electrons to return to the
starting species (A, Figure S23) via an unidentified inter-
mediate (G, Figure S23). Such low-valent species and uniden-
tified intermediates were not detected in our catalytic cycle.

The pH-dependent catalytic reduction of DCIP shows
a maximum TON value of 212 at pH 10.0 under catalytic
conditions (1:DCIP =1:213) in the presence of CO (Figure 5,
Figure S27). This profile indicates that key step in the
catalytic cycle is the nucleophilic attack of OH™ on the CO
ligand. CODH also catalyzes CO oxidation under basic
conditions.™
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Figure 5. pH-Dependent TON for oxidation of H, (solid red line) and
CO (solid green line) in flask catalyzed by the Nilr complex 1. pH-
Dependent maximum power density of H, (anode gas)/O, (cathode
gas) fuel cell (dotted red line) and CO (anode gas)/O, (cathode gas)
fuel cell (dotted green line) with 1 (anode catalyst) and Pt/C (cathode
catalyst).

Perhaps most significantly, 1 is able to catalytically reduce
DCIP using H,/CO (1/1) gas mixture, in water under catalytic
conditions (1:DCIP =1:170) (Figure 6). The pH-dependent

710
c,%H " oon

R

HO O

Hcl DCIP DCIPH, H,
+ HCI

Figure 6. pH-Dependent activation of H, and CO with Nilr complexes.
DCIP: 2,6-dichlorobenzeneindophenol. DCIPH,: reduced form of DCIP
that obtains two electrons and two protons. Structures of 1, 2, 3, and
4 were determined by X-ray analysis (Figure S1, Figure 2, Figure S15,
and Figure S20, respectively).
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TONs are shown in Figure S28, and have a profile more
similar to the CO reduction profile since the reaction of 1 with
CO is much faster than the reaction of 1 with H,.

To investigate resistance to fuel cell poisoning, we
followed the pH-dependent performance of our Nilr catalyst
in a polymer electrolyte fuel cell (PEFC) using H,, CO, or H,/
CO (1/1 mixture) feeds (Figure 5, Figures S29-S34). The
PEFC was constructed with 1 as the anode catalyst and Pt/C
as the cathode catalyst, separated by a Nafion membrane 212
as a proton-conducting polymer electrolyte. The [Nilr] anode
was prepared by loading a mixture of 1 and carbon black on
a waterproof carbon cloth to make a gas diffusion electrode,
in which the loading amount of 1 is 1.0 mgem 2. A piece of
Nafion membrane was sandwiched between two gas diffusion
electrodes to form a membrane electrode assembly (MEA)
and the MEA was assembled in fuel cell hardware. The pH in
the media of anode can be changed from 4.0 to 10.0 by flowing
a pH-controlled aqueous solution into the anode conduit
together with the feed of water-saturated H,, CO, or H,/CO
(1/1 mixture).

The H,-O, PEFCs at pH 4.0-10.0 in the anode produce
almost the same open circuit voltage (OCV) of around 0.60 V,
but different maximum power densities of 155 uWcm™ at
pH 4.0 (Figure S29) and 30 ytWem™ at pH 10.0. The pH
dependent maximum power densities of the H,-O, PEFCs
indicate that acidic conditions are more favorable than basic
conditions for the [Nilr] complex to oxidize H, in anode, and
its pH profile is similar to the TON profile in the flask
experiments (Figure 5, Figure S30).

The CO-0O, PEFCs also show a pH-dependent profile of
maximum power densities, but in this case the maximum
density is in the basic region around pH 10.0 (Figure 5,
Figures S31 and S32). A similar profile was observed for the
mixed-feed H,/CO-O, PEFCs, suggesting that CO oxidation
dominates H,/CO oxidation due to the faster coordination of
CO on the Ir center (Figures S33 and S34). The fuel cell
performances of H,, CO, and H,/CO (1/1) gas mixture at
pH 7.0 are comparable, which corresponds to the TON profile
for oxidation of H,, CO, and H,/CO (1/1) gas mixture at
pH 7.0 (Figure 5, Figures S28 and S34).

In conclusion, we have been able to choose between H,
and CO oxidation by adjusting the pH value in a flask and fuel
cell and using a [Nilr]-based complex as catalyst. We have
fully characterized all intermediates in our proposed catalytic
cycles. H, oxidation is accelerated in acidic media while CO
oxidation is accelerated in basic media. Such trends are
significantly related to enzymatic catalysis. In the case of
[NiFe]H,ase-type catalysis, the heterolytic cleavage of H, to
form H* +H™ is essential to start H, activation. In CODH-
type catalysis, nucleophilic attack of OH™ on CO is principal.
Furthermore, both H, and CO oxidation pass through hydride
species.

Experimental Section

[Ni"CI(X)Ir"™Cl(1’-CsMes)] (1): A methanol solution (10 mL) of
[Ni"(X)] (55.8 mg, 0.20 mmol) was added to an acetonitrile solution
(5.0mL) of [Ir'(n’>-CsMes)ClL,], (79.7 mg, 0.10 mmol). The resulting
solution was stirred for 3 h at room temperature, and then it was
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filtrated and the solvent was removed under reduced pressure. Water
(4.0 mL) was added to the brown residue and the insoluble material
was removed by filtration. The solvent was removed under reduced
pressure to generate a brown powder of 1, which was dried in vacuo
(yield: 74 % based on [Ir'"(n>-CsMes)Cl,],). Complex 1 was recrystal-
lized by diffusion of diethyl ether into its acetone solution, suitable for
X-ray analysis. ESI-MS (in methanol): m/z 641.1 {{1-Cl]", relative
intensity (I) =100% in the range m/z 200-2000}. FT-IR (cm', solid
state): 2986 (aliphatic C—H), 2960 (aliphatic C—H), 2924 (aliphatic C—
H), 2852 (aliphatic C—H), 1459 (aromatic C=C), 1439 (aromatic C=
C), 1374 (aromatic C=C). '"H NMR (300 MHz, in D,0, referenced to
TSP, 25°C): 6 1.75 {s, 15H, C5(CHs)s}, 2.17-3.66 (m, 14H, -CH,-), 2.70
(s, 6H, N-CH;). Anal. Cald for 1 (C,yH3sN,CLS,Nilr): C, 33.69; H,
5.21; N, 4.14%. Found: C, 33.64; H, 5.26; N, 4.09%.

[NI"CLX) I (u-H)(n>-CsMes)] (2): [Ni"CI(X)Ir™Cl(n’-CsMes)]
(1) (50.8 mg, 0.075 mmol) was dissolved in water (8.0 mL) and it was
stirred for 5 h under an H, atmosphere (0.8 MPa) at room temper-
ature. The solvent of the resulting solution was evaporated, and
acetone (4.0 mL) was added to the residue. The insoluble material
was removed by filtration and the solvent was removed by evapo-
ration to yield a yellow power of 2, which was dried in vacuo (yield:
72 % based on 1). Complex 2 was recrystallized by diffusion of diethyl
ether into its acetone solution under an N, atmosphere, suitable for X-
ray analysis. ESI-MS (in methanol): m/z 607.1 ([2-Cl]*, I=100% in
the range m/z 200-2000). FT-IR (cm ', KBr disk): 2956 (aliphatic C—
H), 2917 (aliphatic C—H), 2851 (aliphatic C—H), 1954 (Ni—H—1Ir) 1641
(aromatic C=C), 1470 (aromatic C=C), 1460 (aromatic C=C), 1451
(aromatic C=C) 1427 (aromatic C=C). Anal. Cald for 2-CH;COCH;
(C,H,N,OCIS,Nilr): C, 37.69; H, 6.04; N, 4.00%. Found: C, 37.70;
H, 5.89; N, 4.27%.

[Ni"(X)Ir"™(CO)(n'-CsMes)|(PEy), {[3](PEy).): [Ni"CI(X)Ir™Cl-
(m°-CsMes)] (1) (41.0mg, 0.060 mmol) was dissolved in water
(5.0 mL) and it was stirred for 1 h under a CO atmosphere at room
temperature. The resulting solution was filtered and the filtrate was
evaporated to yield a red powder of [3](Cl), (yield: 97 % based on 1),
which is used for the reactions in water as a water-soluble complex.
An aqueous solution (2.0 mL) of KPF, (71 mg, 0.39 mmol) was added
to the aqueous solution of [3](Cl), to generate a red solid, which was
collected by filtration. Acetone (2.0 mL) was added to the solid and
the insoluble material was removed by filtration. The solvent was
removed under reduced pressure to yield a red powder of [3](PF;),
(yield: 43 % based on 1). Complex 3 was recrystallized by diffusion of
diethyl ether into its acetone solution under an N, atmosphere,
suitable for X-ray analysis. ESI-MS (in acetonitrile): m/z 317.1 ([3]**,
I=100% in the range m/z 200-2000). FT-IR (cm~!, KBr disk): 3009
(aliphatic C—H), 2919 (aliphatic C—H), 2867 (aliphatic C—H), 2037
(C=0), 1629 (aromatic C=C), 1479 (aromatic C=C), 1464 (aromatic
C=C), 1436 (aromatic C=C), 838 (PF;). 'HNMR (300 MHz, in
[DgJacetone, referenced to TMS, 25°C): 6 2.20 {s, 15H, Cs(CHs)s},
2.42-3.68 (m, 14H, -CH,-), 2.87 (s, 6H, N-CH;). Anal. Cald for
3-(PFs),CH;COCH; (C,;H,N,O,F,P,S,Nilr): C, 28.12; H, 4.21; N,
2.85%. Found: C, 28.00; H, 4.19; N, 2.92%.

[Ni"(OH)(X)I'(COOH)(n*-CsMes)] (4):  [Ni"CI(X)I™Cl(n’-
CsMes)] (1) (138 mg, 0.20 mmol) was dissolved in water (8.0 mL)
and it was stirred for 1 h under a CO atmosphere at room temper-
ature. To the resulting solution was added 1.0mM NaOH/H,O
(0.50 mL) to yield a light-green powder of 4, which was collected by
filtration and dried in vacuo (yield: 87 % based on 1). ESI-MS (in
acetonitrile): m/z 651.1 ([4-OH]", I=100% in the range m/z 200-
2000). FT-IR (cm™', solid state): 2954 (aliphatic C—H), 2907 (aliphatic
C—H), 2845 (aliphatic C—H), 1610 (C=0), 1464 (aromatic C=C), 1435
(aromatic C=C), 1423 (aromatic C=C). Anal. Cald for 4
(CyH3,0O5N,S,Nilr): C, 35.93; H, 5.58; N, 4.19%. Found: C, 36.10;
H, 5.48; N, 4.16%.
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reaction pot, this would be a major boon
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