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Abstract: Isolation of a terminal iridium oxo complex with an open-
shell (S = 1) ground state is reported upon hydrogen atom transfer 
(HAT) from the respective iridium(II) hydroxide. Electronic structure 
examinations support large spin delocalization to the oxygen atom. 
Selected oxo transfer reactions indicate ambiphilic reactivity of the 
Ir=O moiety. Calorimetric and computational examination of the HAT 
reveal a BDFEIrO–H that is sufficient for hydrogen atom abstraction 
towards C–H bonds and small contributions from entropy and spin-
orbit coupling to the HAT thermochemistry. 

Terminal transition metal oxo complexes are proposed as key 
intermediates in several biological and synthetic oxygenation 
reactions.[ 1 ] Electron-rich platforms are prevalent due to the 
occupation of M–O antibonding orbitals that weaken the M–O 
bond of the oxo-transfer reagent. For example, heavier group 9 
catalysts (Rh, Ir) have been utilized in catalytic water oxidation, 
C–H hydroxylation and related nitrene transfer.[ 2,3,4] Accordingly, 
persistent or even isolable oxo/imido complexes of these metals 
are particularly rare and only obtained in low coordination 
numbers (CN < 5), as predicted by the ‘oxo wall’.[ 5 ] Pseudo-
tetrahedral geometries are dominating group 9 oxo/imido 
chemistry (Figure 1).[6,7,8] Beyond group 9, Milstein’s platinum(IV) 
pincer oxo complex, a series of nickel imides by Hillhouse and co-
workers and a recent palladium(II) imide by Munz and co-workers 
represent the only well documented examples.[9,10,11] Both exhibit 
electronic singlet ground states like the tetrahedral Rh/Ir 
oxo/imido-complexes. 

 
Figure 1. Isolated terminal oxo/imido complexes of rhodium and iridium 
reported in the literature. 

We recently reported a series of terminal iridium(IV/V) nitrido and 
iridium(III/IV/V) imido complexes, [Ir(N)(PNP)]n+ (PNP = 
N(CHCHPtBu2)2; n = 0, 1)[12] and [Ir(NtBu)(PNP)]n+ (n = 0 (1), 1 (2), 

2 (3); Figure 1).[ 13 ] The neutral imide 1 represents an 
unprecedented iridium complex with an electronic triplet ground 
state and high imidyl N-radical character, which renders the 
{Ir(PNP)}-platform attractive to examine electronic effects. In this 
contribution we report the first isolable, open-shell iridium oxo 
complex upon hydrogen atom transfer (HAT) from an iridium(II) 
hydroxo precursor and its reactivity with respect to oxo transfer. 
 

 
Scheme 1. Syntheses of terminal iridium hydroxo and oxo complexes (Mes*O 
= 2,4,6-tris-tertbutylphenoxyl). 

Salt metathesis of [IrCl(PNP)] (4)[14] with NaOH in THF/H2O (2:1) 
affords the iridium(II) hydroxide complex [Ir(OH)(PNP)] (5) in 91% 
isolated yield (Scheme 1).[15] Characterization of 5 by ESI-MS and 
X-ray crystallography (Figure 2) confirm the formation of a rare, 
terminal iridium hydroxide complex.[ 16 ] Electrochemical 
examination in THF by cyclic voltammetry (CV) shows reversible 
reduction (Eo = –2.11 V; vs. Fc/Fc+) and oxidation (Eo = –0.37 V) 
waves on the CV timescale (v = 50–1000 mV·s–1). 
Chemical reduction of 5 with Na/Hg at low temperatures 
(Scheme 1) yields a thermally unstable species, with broadened 
signals in the diamagnetic NMR region (dP = 57 ppm). X-ray 
crystallographic characterization confirmed the formation of the 
dimeric, sodium bridged iridium(I) hydroxyl contact ion pair 
[{Na(thf)IrI(OH)(PNP)}2] (6; Figure 2). In turn, chemical oxidation 
of 5 with AgPF6 (1 eq.) affords the cationic complex 
[Ir(OH)(PNP)]PF6 (7; Scheme 1) in almost quantitative isolated 
yield. Complex 7 is stable in solution (THF, CH2Cl2) over 
prolonged time. The diamagnetic iridium(III) complex 7 (dP = 
41.3 ppm) exhibits a similar NMR signature as 2-electron reduced 
6, except for the drastically downfield shifted OH proton (dH(6)THF 
= –2.06 ppm; dH(7)CD2Cl2 = 14.6 ppm). This shift is associated with 
considerable Ir–O bond shortening along the iridium(I/II/III) redox 
series (6: 2.1341(16) Å; 5: 1.988(3) Å; 7: 1.935(3) Å). The 
strongly deshielded O–H 1H NMR signal of 7 is therefore 
attributed to increased O®Ir p-donation. 
With the iridium(II/III) hydroxo redox couple 5/7 in hand, terminal 
iridium(III) oxo complex [IrO(PNP)] (8) was synthesized by two 
different routes, i.e. the deprotonation of 7 with KOtBu (59% yield) 
and HAT from 5 with 2,4,6-tris-tertbutylphenoxyl (Mes*O; 80% 
yield), respectively (Scheme 1). The molecular structure of 8 
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(Figure 2) exhibits approximate square-planar coordination with 
an almost linear N–Ir–O axis (173.6 °). The Ir–O bond (1.827(4) 
Å) is considerably shorter compared with hydroxide complexes 5-
7, in agreement with increased multiple bonding character. 
However, the only other structurally characterized iridium oxo 
complex, i.e. Wilkinson’s closed–shell complex [IrVO(Mes)3],[8b] 
exhibits a shorter Ir–O bond (1.725(9) Å). This comparison 
suggests a reduced Ir–O bond order for 8 due to an electronic 
(yz)2(z2)2(p*1)1(p*2)1 configuration with half-filled Ir–O p* orbitals, 
in analogy to the isoelectronic imido complex 1.[13] Accordingly, 
the Ir–O stretching frequency of 8 (n = 743 cm-1), which was 
assigned by comparison with the 18O labeled isotopologue, is 
considerably lower than that of [IrVO(Mes)3] (n = 802 cm–1).[8b] 

 
Figure 2. Molecular structures of 5 (top left), 6 (top right), 7 (bottom left) and 8 
(bottom right), respectively, derived by single crystal X-ray diffraction. ORTEP 
plots with anisotropic displacement parameters set at 50% level. Hydrogen 
atoms (except OH), co-crystalized solvent molecules and disorder of the 
molecular structure omitted for clarity. Selected bond lengths [Å] and angles [°]: 
5: Ir1-O1: 1.988(3), Ir1-N1: 1.988(3), N1-Ir1-O1 180.0. 6: Ir1-O1: 2.1341(16), 
Ir1-N1: 2.0352(19), N1-Ir1-O1: 176.53(7). 7: Ir1-O1 1.935(3), Ir1-N1 1.900(4), 
N1-Ir1-O1 177.35 (18). 8: Ir1-O1 1.827(4), Ir1-N1 2.040(4), N1-Ir1-O1 173.6(6). 

In analogy to imido complex 1, three sharp, yet strongly 
paramagnetically shifted 1H NMR signals between +21 
and -75 ppm in THF-d8 at r.t. (dH(1): +20 to –60 ppm) and no 31P 
NMR signal were found. Two of the 1H NMR signals are almost 
invariant with temperature over a wide range (DT = –75 to +65 °C). 
The third signal (dH ≈ –75 ppm) shows approximately linear 
(Curie) dependence of d vs. T–1 below ca. 250 K with slight 
bending at higher temperatures. Accordingly, the cMT vs. T curve 
of a powdered sample, derived by SQUID magnetometry, 
features temperature independent susceptibility up to around 
250 K. The data can be fitted to a spin-Hamiltonian with S = 1, gav 
= 2.32 and large axial zero-field splitting (D = 647 cm–1).[17] 
As for imide 1, the magnetic properties in solution and the solid 
state support an electronic triplet state that is strongly split by 
spin-orbit coupling (SOC). An energetically isolated ground state 
results with large temperature independent paramagnetism (TIP) 
that is 647 cm–1 below excited spin-orbit states. Comparison, of 1 
(D(1) = +466 cm–1)[12] and 8 reveals larger splitting the of spin-
eigenstates for the oxo complex. Within a simple ligand-field 
picture, this can be attributed to reduced Ir=E (E = NR, O) 
covalency for the oxo complex leading to a smaller relativistic 
nephelauxetic effect that reduces the spin-orbit coupling 
parameter zeff with respect to the free ion value.[18] 

This interpretation is corroborated by detailed analysis of the 
electronic structure. DFT (B3LYP(V)-D3/def2TZVP) reproduces 
for the 3A’’ spin state the short Ir–O bond (1.80 Å) and near 
linearity of the N–Ir–O angle (179.0 °). In contrast, the lowest 
singlet state exhibits considerable deviation from linearity (157.0°), 
as also found computationally for a related, isoelectronic singlet 
PtIV pincer oxo complex.[9] The computed triplet ground state of 8 
is separated from the singlet by a significant adiabatic energy gap 
of 41 kJ·mol–1.[19] The SOMOs of 8 exhibit predominant Ir–O p* 
character resulting in equal spin density distribution over the 
iridium and oxygen atom (Figure 3c). 

 
Figure 3. Top: Ab initio state correlation diagrams without and with spin-orbit 
coupling for oxo complex 8 (a) and hydroxo complex 5 (b). Bottom: DFT spin 
density plots (isovalue 0.0075 a0–3) for the 3A’’ ground state of oxo complex 8 
(c) and the 2A ground state of hydroxo complex 5 (d). 

This picture was further refined by multireference calculations 
using quasi-degenerate perturbation theory (QDPT) to correct for 
spin-orbit contributions. The scalar-relativistic NEVPT2 
computation confirms the S = 1 ground state with a vertical 
excitation energy of 52 kJ·mol–1 to the lowest singlet state (Figure 
3a). SOC stabilizes the lowest spin-free state by 24 kJ·mol–1 and 
splits the triplet root into a ground state that is 744 cm–1 below two 
almost degenerate states. The computed axial zero-field splitting 
parameter (DQDPT = 775 cm–1) is in good agreement with the 
experimentally determined value. The same picture evolved for 
imide complex 1, yet with a smaller energetic separation of the 
spin-orbit ground state (450 cm–1),[13] supporting the covalency 
arguments discussed above to rationalize the magnetic properties. 
The electronic structure analysis indicates that 8 represents an 
unprecedented iridium oxo biradical complex with strong O-
radical character. Its reactivity towards oxo transfer and proton 
coupled electron transfer (PCET) was probed with selected 
reagents (Scheme 2). Hydrogenolysis with 1 bar H2 selectively 
gives the dihydride complex [IrH2(PNP)] (9) and water. With CO 
(1 bar) and PMe3 (2 eq), the iridium(I) carbonyl and phosphine 
complexes [IrL(PNP)] (L = CO (10), PMe3 (11))[20] are formed, 
respectively, with concomitant release of CO2 and OPMe3. From 
the reaction with CO2 (1 bar), the carbonate complex 
[Ir(CO3)(PNP)] (12) could be isolated in over 70 % yield. The 
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reactions with CO/PMe3 and CO2, respectively, indicate 
ambiphilic reactivity of the oxo moiety. 
 

 
Scheme 2. Reactivity of oxo complex 8 with selected substrates. 

The stability of the oxo/hydroxo HAT couple 8/5 offers 
experimental access to the O–H bond dissociation (free) energy 
(BD(F)E). The low selectivity for deprotonation of 7 with a variety 
of bases precluded BD(F)E derivation via a thermochemical cycle. 
Instead, the BD(F)E was directly derived by isothermal titration 
calorimetry (ITC) in THF using Mes*O as HAT titration reagent (eq. 
1).[21] 
 
 [Ir(OH)(PNP)] + Mes*O ® [Ir(O)(PNP)] + Mes*OH (1) 
 
The slightly exothermic (DrHoHAT = –3.83 ± 0.05 kJ·mol–1) and 
endergonic (DrGoHAT = +0.0162 ± 0.087 kJ·mol–1) reaction allowed 
for estimating BDEIrO-HTHF(5) = 350 ± 2 kJ·mol–1 and BDFEIrO–

HTHF(5) = 325 ± 6 kJ·mol–1,[15] i.e. slightly lower than for recently 
reported cobalt(III) hydroxo complex [Co(OH){PhB(tBuIm)3}] 
(BDFECoO-HMeCN = 354 kJ·mol–1).[6f,g] The reaction entropy for 
equation 1 (DrSoHAT = –13 ± 18 J·mol-1·K–1) is in line with small 
contributions from both the HAT reagent (SoMes*O ≈ SoMes*OH) and 
the hydroxo/oxo couple 5/8.[22] Minor changes in vibrational and 
electronic entropies can be expected for 5d metal complexes with 
energetically well-separated electronic ground states, such as 5 
and 8 (Figure 3a/b).[23] 

[1] (a) C. Krebs, D. G. Fujimori, C. T. Walsh, J. M. Bollinger, Acc. Chem. 

Res. 2007, 40, 484. (b) K. Gunay, A.; Theopold, Chem. Rev. 2010, 

1060. 

[2] (a) U. Hintermair, S. W. Sheehan, A. R. Parent, D. H. Ess, D. T. 

Richens, P. H. Vaccaro, G. W. Brudvig, R. H. Crabtree, J. Am. Chem. 

Soc. 2013, 135, 10837. (b) M. Zhou, D. Balcells, A. R. Parent, R. H. 

Crabtree, O. Eisenstein, ACS Catal. 2012, 2, 208. 

[3] M. C. Lehman, D. R. Pahls, J. M. Meredith, R. D. Sommer, D. M. 

Heinekey, T. R. Cundari, E. A. Ison, J. Am. Chem. Soc. 2015, 137, 

3574. 

[4] (a) J. Roizen, M. E. Harvey, J. Du Bois, Acc. Chem. Res. 2012, 45, 

911. (b) Y. Park, Y. Kim, S. Chang, Chem. Rev. 2017, 117, 9247. 

[5] J. R. Winkler, H. B. Gray, Struct. Bonding 2012, 142, 17. 

[6] Cobalt: (a) D. M. Jenkins, T. A. Betley, J. C. Peters, J. Am. Chem. 

Explicitly correlated coupled-cluster computations including spin-
orbit coupling and solvent effects give an IrO–H BDE of 
342 kJ·mol–1, in excellent agreement with experiment. In view of 
the large SOC-induced stabilization of 8 (Figure 3a) the 
contribution to the HAT reaction is of interest. The 
thermochemistry of bare, heavy metal ions can be largely 
governed by SOC.[24] However, sufficient quenching by the ligand 
field is generally assumed for coordination compounds.[25] In fact, 
a differential SOC contribution of less than 3 kJ·mol-1 (∆∆ESOC = 
−254 cm−1) was computed for the ground states of 5 and 8 (Figure 
3a/b). In a simplified picture, the triplet oxo complex 8 features 
two ferromagnetically coupled local spins – one Ir- and one O-
centered, respectively (Figure 3c). Formation of doublet 5 by HAT 
quenches the O-centered spin (Figure 3d) whereas the Ir-
centered spin is retained. We thus attribute the small net SOC 
effect to essentially unchanged local Ir spin populations in the 
hydroxo and the oxo complexes rather than to SOC quenching by 
the ligand field. 
In summary, a terminal iridium oxo complex was obtained by HAT 
from an iridium(II) hydroxide. Its unprecedented triplet ground 
state features an equal distribution of the two unpaired electrons 
between Ir and O and therefore large oxygen-centered radical 
character. Although SOC strongly influences the ground states of 
5 and 8, it has a negligible effect on the hydroxo/oxo HAT 
thermochemistry. The oxo complex exhibits ambiphilic reactivity 
and the IrO–H BDFE (325 ± 6 kJ·mol-1) indicates its suitability for 
the activation of strong bonds, which will be examined in future 
work. 
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OMMUNICATION A terminal iridium(III) oxo complex was 
isolated and fully characterized. The 
ambiphilic oxo complex exhibits an 
unprecedented triplet ground state and 
large oxygen radical character. 
Thermochemical examination of the 
corresponding hydroxo/oxo (IrIIOH/IrIIIO) 
hydrogen atom transfer couple indicates 
that the O–H BD(F)E is sufficient for the 
activation of strong E–H bonds. 
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