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Abstract: The iridium dihydride [Ir(H),(HPNP)]" (PNP =
N(CH,CH,PtBu,),) reacts with O, to give the unusual, square-
planar iridium(Ill) hydroxide [Ir(OH)(PNP)]" and water.
Regeneration of the dihydride with H, closes a quasi-catalytic
synthetic oxygen-reduction reaction (ORR) cycle that can be
run several times. Experimental and computational examina-
tions are in agreement with an oxygenation mechanism via
rate-limiting O, coordination followed by H-transfer at a single
metal site, facilitated by the cooperating pincer ligand. Hence,
the four electrons required for the ORR are stored within the
two covalent M—H bonds of a mononuclear metal complex.

The direct use of O, for selective oxidation is a key goal for
sustainable catalysis. Besides synthetic transformations, the
oxygen-reduction reaction (ORR: O,+4H"+4e  —2H,0)
is pivotal for biological and technical processes of energy
conversion, such as respiration and fuel cell applications.
However, the ORR imposes particular challenges: 1) The
four electrons required have to be provided by multiple redox
centers. Side reactions, such as two-electron H,O, formation,
can reduce catalytic efficiency or result in undesired oxidation
products. Nature typically uses multinuclear transition-metal
cofactors and redox non-innocent ligands.' 2) The ORR
requires the delivery of four protons. This has been taken into
account in catalyst design, for example, by tethering of acidic
groups in the proximity of the oxygen-reducing site.”

The Rauchfuss group reported an ORR within a synthetic
cycle, catalyzed by a bifunctional iridium catalyst (Sche-
me 1a).”*3 This remarkable system combines both aspects,
that is, a cooperating amine ligand and electron delivery from
the metal hydride bond rather than the metal ion which does
not change its formal oxidation state (Ir'")."! Most recently,
Milstein and co-workers also reported oxygen reduction to
a hydroxide making use of metal-ligand cooperation.
However, monohydrides like 1 provide only two redox
equivalents and the ORR was proposed to proceed via
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Scheme 1. a) ORR with a bifunctional Ir hydride complex.” b) Ir
pincer complexes examined in the context of O, reduction.’!

a putative hydroperoxide intermediate,® which reacts with
a second equivalent of 1. Direct four-electron O, reduction
might be accessible with dihydrido complexes. Support is
provided by Goldberg’s group, who reported the formation of
hydroxide 3 (Scheme 1) from the reaction of dihydride 4 with
O,, albeit only in minor amounts within a product mixture of
mostly peroxo complexes, such as 5.

Here, we examine the ORR with an iridium(IIT) dihydride
amine complex. O, splitting affords an unusual, square-planar
iridium(IIT) hydroxide. The full ORR is completed upon H,
heterolysis. Experimental and computational examinations
suggest a mononuclear mechanism.

[Ir(H),(HPNP)|PF, (6; HPNP =HN(CH,CH,PrBu),) is
obtained in good yield by reaction of insitu generated
[Ir(COE)(HPNP)|PF, (COE = cyclooctene)®™ with H,. Com-
plex 6 is stable in THF. In CH,Cl, at room temperature (RT)
the hydride ligands are slowly replaced by chloride over
several hours. NMR characterization of 6 is in agreement with
a square-pyramidal configuration with one hydride in apical
position. The two hydrides are resolved at low 7 (—47.1 and
—16.0 ppm) and exhibit rapid exchange at RT on the NMR
timescale (A*H=9.6+02kcalmol™!, A*S=2440.5cal
mol 'K™!; CD,Cl,). The molecular structure of 6 could not
be derived by X-ray diffraction but crystallization from
acetonitrile gave suitable crystals of [Ir(H),(NCMe)-
(HPNP)|PF; (7, see the Supporting Information). In an H,
atmosphere, 6 forms the polyhydride [Ir(H),(H,)(HPNP)|PF;
(8), which in turn eliminates H, upon solvent evaporation
(Scheme 2 and Supporting Information).
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Scheme 2. Synthetic ORR cycle with a bifunctional Ir dihydride.

Five-coordinate dihydride 6 readily reacts with O, (1 bar)
at RT (Scheme 2). Full conversion over 30 minutes was
observed to a diamagnetic product in up to 85% spectro-
scopic yield. Isolation and characterization revealed the
formation of hydroxy amido complex [Ir(OH)(PNP)|PF;
(9). An equimolar amount of water and no indication for
H,0, were found upon trap-to-trap transfer of the volatiles
after full conversion. Exclusive formation of [Ir(*OH)-
(PNP)]PF, with '*0, and therefore O, as oxygen source was
confirmed by electrospray mass spectrometry. Furthermore,
complex 6 does not react with degassed water at room
temperature, ruling out hydrolysis as pathway. However,
addition of water to the reaction results in higher selectivity of
9 vs. altogether four unidentified para- ("H NMR: 10.2 and
6.1 ppm) and diamagnetic (*'P NMR: 63.2 and 62.9 ppm) side
products, respectively (see Figures S19/S20 in the Supporting
Information).

The full synthetic cycle for ORR is completed by hydro-
genolysis of 9 with H,, which restores the hydride complexes
8/6 in around 90 % yield (Figure S17) and a second equivalent
of water (Scheme 2). Up to three successive O,-splitting/
hydrogenation cycles were run with the same sample at room
temperature in CD,Cl, (1 bar O, and H,, respectively).
Simultaneous catalyst degradation is mainly attributed to
chlorination of 6 by the solvent.*!"!

The structure of complex 9 was confirmed by spectro-
scopic characterization and single-crystal X-ray diffraction
(Figure 1). A band at 3604 cm™' in the IR spectrum is
attributed to the O—H stretching vibration. A broadened
'H NMR peak at 11.6 ppm, which disappears upon addition of
D,O0, can be assigned to the OH moiety. Interestingly, the Ir
hydroxy complexes reported by Piers and co-workers, [Ir-
(OH){=C(C(H/PR,),}]] (R=iPr, Bu; 6o4=4.3 ppm), and
Burger and co-workers, [Ir(OH){NCsH;(2,6-C(Me)NR),}|
(R=2,6-Me,C¢H3, 2,6-iPr,CsHs; 0oy = 8.1 ppm), also exhibit
pronounced downfield shifts of the hydroxy protons, for
example, in comparison to Milstein’s [Ir(OH)(Ph){NCsH;-
(CHPBw,)(CH,P/Bw,)}] (don=—3.5ppm).>"" The OH
chemical shift of 9 is almost independent on concentration
(Ado.;=0.07 ppm at [9]=2-14 mm) ruling out substantial
aggregation through OH hydrogen bonding. Further infor-
mation is provided by variable-temperature NMR spectros-
copy. At RT, NMR data of complex 9 are in agreement with
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Figure 1. Molecular structure of [Ir(OH) (PNP)]PF, (9). ORTEP plot of
the cation with ellipsoids at 50% probability (C—H hydrogen atoms
and PF¢~ anion are omitted for clarity). Selected bond lengths [A] and
angles [°]: IN-P1 2.3258(5), Ir1-P2 2.3216(5), Ir1-N1 1.8649(16), Ir1—
O1 1.9568(14); N1-1r1-O1 176.58(6), N1-1r1-P2 84.92(5), O1-1r1-P2
91.77(5), N1-Ir1-P1 85.27(5), O1-Ir1-P1 98.03(5), P2-Ir1-P1
170.181(16).

C,, symmetry. However, upon cooling, two *'P NMR signals
with mutual trans coupling (3Jpp =336 Hz) are observed,
consistent with hindered rotation of a bent hydroxide ligand
at low T (A*H=9.8+0.3 kcalmol™, A*S=-1.2+0.5 cal
mol ™' K™"). The barrier implies HO —Ir & bonding, which is
confirmed by DFT computations. In analogy, hindered
methoxide rotation was also found for model complex
[Ir(OMe){NCsH;(2,6-C(Me)NH),}] and attributed to a N—
Ir-O 3-center-4-electron m interaction.'*'?) The NCH,
"H NMR signal at —2.23 ppm indicates electronic similarities
of 9 also with square-planar iridium alkylidene complexes: A
comparable high-field shift of the a-CH, group (—2.77 ppm)
was reported for Shaw’s [IrCl{=C(CH,CH,P:Bu,),}] and
attributed to shielding by strong contribution of the ylidic
{Ir*=C"} bond representation.'”! The bonding parameters in
the solid state further underline the relevance of N—Ir—O
7t bonding: The pincer nitrogen atom exhibits planar coordi-
nation (sum of angles around N1: 360.0°) and the short Irl—
N1 distance (1.8649(16) A) indicates N—Ir double bond
character, in analogy to divinylamido complex [IrCl-
(PNP*)]PF¢ (PNP* =N(CHCHPBu),; Ir—N:

1.922(2) A)."*51 The Ir1-O1 bond distance (1.9568(14) A) of
9 is identical with that of Burger’s hydroxy complex
(1.951(3) A).""2l Crystal packing of 9 reveals the absence of
OH hydrogen bonding with the PF, anion.

Isolable, square-planar 4/5d° complexes are exceedingly
rare. Ru" complexes [RuCI(PNP*)] and [RuCl-
{N(SiMe,CH,PrBu,),}] exhibit intermediate spin (S=1)
ground states,™ while [RuCI(PNP)] and [IrCI(PNP*)]*
adopt low-spin (S = 0) configurations."*'' DFT computations
for 9 confirm that the singlet state is favored by AG=
18.5 kcalmol ' over the triplet state and the computed
structural parameters for $=0 are in good agreement with
the X-ray diffraction results. The Ir—N (S=0: 1.887 A; S=1:
1.992 A) bond length is particularly sensitive to the spin
multiplicity. This observation is in line with the fact that the
LUMO (S =0) represents the highest (x*)MO of the N—Ir—O
3-center-4-electron minteraction (Figure 2). The singlet
ground state is stabilized by N—Ir m donation, which raises
the vacant d,, orbital in energy. Likewise, the coplanar
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Figure 2. Qualitative FMO diagram for the PMe, model system of
complex 9 (MO isosurfaces plotted at 0.05a, *?) from DFT computa-
tions (RI-PBE-D3/def2-SVP(MWB60)).

arrangement of the Ir-O—H and Ir(PNP)

moieties in the singlet minimum conformation
H H

enables O —Ir w bonding. Accordingly, at stan- "\ / +in-
N—Ir\H —

dard conditions an Ir—OH rotational barrier of
A*H=12.4 kcalmol ' was computed, in good
agreement with the experimental value (cf. the

A: Radical Chain (Autoxidation)
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0.01 Lmol 's™"). This result allows for an estimate of an
overall kinetic barrier around 20 kcalmol™. Importantly,
while added water affects the selectivity in 9 (see above) the
decay rate of 6 remains invariant, which implies that the
selectivity is determined after the rate-determining step.
Furthermore, first-order dependence in 6 provides no indica-
tion for bimetallic O, activation as suggested in case of
monohydride 1.?*%%! The first-order dependence on O, and
the rate independence on added radical starter (AIBN) rule
out a radical-chain mechanism (A). The oxygenation of
[Ir(D),(HPNP)]* (D,-6) indicated no H/D kinetic isotope
effect (KIE) at variance with what would be expected for an
HAA mechanism (B).*! For pathway C, irreversible H, loss
should result in rate independence on 0,*"%< while an
equilibrium isotope effect (EIE) would be likely for an H,
reductive elimination pre-equilibrium. Notably, such an EIE
could be quenched as a result of the inverse temperature
dependence of the zero-point energy contribution vs. the
other contributions.”! However, an H, reductive elimination

|
H /H
A o, N T \N_"\H H A o
N—If—H —23» N—Ir—0, —————>» N 9

—Ir —
OH  -H,0

B: O, Hydrogen Atom Abstraction (HAA)

Supporting Information). H H H ne0? y H
Several pathways were proposed for the \N—Ir\H 20 i o> \N—IrI\OH ——>, 9
oxygenation of group 9 and 10 hydride com- oo
plexes."™!) M—H bond cleavage prior to O, C:H,Reductive Elimination
splitting results in metal hydroperoxides as " H Y Y g
the crucial intermediates,®” which have been Y _/_  few Ny % N0, Mep N
isolated occasionally.*?!) In some cases, dioxy- " O 0
gen M—H insertion was attributed to radical p: u, Eiimination
mechanisms, like autoxidation®**??! or hydro- ) | } o
gen atom abstraction,™* while other hydrides "\ e Nmmn O o, e N
undergo peroxide protonation after HX (X = H OH  “ho
halide, carboxylate) elimination and O, coor- £. 0. Coordination /Insertion
dination.?" Therefore, several mononuclear :
pathways for the formation of 9 via hydro- H o, M T H H
peroxide intermediates were considered N=Ir—y === N—if—“ — > N—Irg o 9
(Scheme 3): a radical chain mechanism (A), 02

hydrogen atom abstraction (HAA) and radical
recombination (B), initial H, reductive elimi-
nation (C), initial N—H/Ir—H H, elimination
(D), or O, coordination/insertion (E).

Feller et al. recently described the NMR spectroscopic
detection of a putative peroxo intermediate at low 7" during
oxygenation of an iridium(I) pincer complex.’! Monitoring
the reaction of 6 and O, at 1 and 6 bar, respectively, from
—70°C to RT by NMR spectroscopy reveals onset for the
formation of 9, the diamagnetic side products and some 8
above around —50°C. However, no intermediates attribut-
able to O, binding are observed. Further mechanistic insight
was obtained by kinetic analysis (see the Supporting Infor-
mation). First-order dependence in both 6 and O, (with zero
y intercept) is found for the decay of 6, according to the
simple rate law: r=kgy, [6] (kos=k; [Os]; k=0.39+
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Scheme 3. Possible mechanisms for the conversion of 6 to 9 via a putative hydro-
peroxide intermediate.

pre-equilibrium is unlikely because in the absence of O,
solutions of 6 in benzene are stable at RT over an extended
time. Pathway D was probed by selective amine H/D labeling:
[Ir(H),(DPNP)]* (D;-6) also does not exhibit an H/D isotope
effect.” Furthermore, neither [Ir(D),(HPNP)]* (D,-6) nor
[Ir(H),(DPNP)]" (D;-6) undergo H/D scrambling of the
hydride and amine protons indicating that H, elimination is
too slow.

Hence, the kinetic experiments provide no indication for
pathways involving dinuclear iridium intermediates. Instead,
the rate law together with the absence of detectable
intermediates as well as H/D isotope effects favor an O,
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Figure 3. Computed O, activation steps (cf. the Supporting Information for a full presentation). AG values in kcal mol™' at standard conditions
calculated at the RI-PBE-D3/def2-TZVPP(MWB60)//RI-PBE-D3/def2-SVP(MWB60) level of DFT.

coordination/insertion pathway (E) with rate-limiting O,
binding. These interpretations find strong support from
DFT computations®"*? conducted in detail for the kinetically
relevant O, activation steps up to hydroperoxide formation.
Overall, formation of 9 and water from 6 and O, is strongly
exergonic with AG = —71 kcalmol™'. Initial dinuclear bridg-
ing peroxide formation is excessively endergonic (Figure 3).
Instead, the lowest energy pathway resulting from a detailed
assessment of paths B-E corresponds to an O,-coordination/
insertion route (E): Binding of O, to 6 results in the initial
formation of triplet superoxo complex T1. Side-on peroxo
complex S1is accessible after transition from the triplet to the
singlet surface,® for which the corresponding minimum
energy crossing point (MECP) was located.® Considering
rough estimates for the free-energy correction and a surface
crossing probability smaller than unity (Supporting Informa-
tion), we arrive at a kinetic barrier for the transition from T1
to S1 in the range of 17-21 kcalmol .*! Subsequent H-shift
via TS1 (25 kcalmol ™) yields side-on hydroperoxide inter-
mediate S2, which isomerizes to the more stable end-on
analog S3 with moderate barrier.

Motivated by the experimentally observed selectivity
increase upon water addition, we investigated the effect of
water assisted H-atom transfer to the peroxo ligand. While
the effective barrier for hydride transfer remains equally high
(Supporting Information), the N—H proton transfer is cata-
lyzed by water (TS2). With subsequent liberation of water and
low-barrier Ir—H reductive elimination to N, this path
provides a lower effective barrier from S1 to S5 (20 kcal
mol ™). Hence, the computed barriers for the MECP and TS2
are in a similar range and both are in good agreement with our
kinetic estimate. Importantly, the absence of an N-H/D KIE
in the experiments with added H,O/D,0 indicates that the
reaction rate is not determined by the proton shift (computed
H/D KIE for TS2: 8.39) but by the preceding spin surface
crossing near the MECP.P®!

In conclusion, we present an iridium dihydrido complex
that formally catalyzes the ORR of O, with H, within several
synthetic cycles. Four-electron O, splitting is accompanied by
hydride oxidation of 6 and formation of the highly unusual,
square-planar Ir™ complex 9. Preliminary experimental and
computational mechanistic data on the oxygen activation step
point towards mononuclear, intramolecular four-electron O,
reduction with rate-determining O, binding followed by a
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H-transfer. Theory suggests spin-surface crossing phenomena
acting as a kinetic bottleneck. Further, the presence of
catalytic amounts of water is indispensable to explain efficient
hydroperoxide formation. Therefore, the PNP pincer ligand
seems to be “bifunctional” in a sense that it serves as proton
relay and stabilizes 9 through N—Ir & donation.
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