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An open-shell Ir(II)/Ir(IV) redox couple 
outperforms an Ir(I)/Ir(III) pair in olefin 
isomerization
 

Alejandra Pita-Milleiro1, Nereida Hidalgo1, Juan J. Moreno1, Israel Fernández    2 
& Jesús Campos    1 

Open-shell systems based on first-row transition metals and their 
involvement in various catalytic processes are well explored. By comparison, 
mononuclear open-shell complexes of precious transition metals remain 
underdeveloped. This is particularly true for IrII complexes, as there is very 
limited information available regarding their application in catalysis. Here 
we show that a family of IrII metalloradicals, featuring a C6H3-2,6-(OP(tBu)2)2 
(POCOP) pincer ligand, effectively catalyses olefin isomerization—a key step 
in alkane metathesis—exhibiting up to 20 times higher activity than their IrI 
counterparts. Computational studies reveal that the IrII/IrIV redox cycling 
enables faster kinetics than the traditional IrI/IrIII pathway owing to reduced 
barriers for the oxidative addition and reductive elimination steps. Thus, 
this study presents a redox catalyst involving an IrII/IrIV pair, highlighting the 
capabilites of precious-metal systems that extend beyond traditional redox 
cycles. These findings emphasize the need for expanding catalytic design 
principles, especially for platinum-group metals.

Transition-metal organometallic complexes are crucial contributors 
to modern society as catalysts for a myriad of chemical transforma-
tions. These span from cross-coupling reactions or polymerization 
to olefin metathesis, essential processes that have revolutionized 
our daily lives by providing access to pharmaceuticals, plastics 
or commodity chemicals1–3. Among the vast domain of molecular 
catalysts, a notable distinction arises between those formed from 
first-row transition metals and those featuring a metal from the sec-
ond or third rows. The latter have dominated the catalysis landscape 
owing to their higher activities and controllable behaviour associ-
ated with well-established two-electron processes in closed-shell 
systems. By contrast, first-row transition metals tend to operate 
through odd-electron processes, via open-shell electronic configu-
rations, which are less suitable to mechanistic analysis. Although 
this introduces complex mechanistic intricacies and undesired side 
reactions, it also enables catalytic transformations unavailable for 

their heavier congeners, thereby greatly expanding the applications 
of transition-metal catalysis.4–7.

Reaching odd-electron configurations that escape from the sta-
bility principles associated with closed-shell systems (that is, 16- and 
18-electron rule) often offers fruitful opportunities for boosting reac-
tivity. A well-known prototypical reaction is the substitution of metal 
carbonyls within isostructural compounds, where metalloradicals, 
as opposed to closed-shell analogues, exhibit markedly accelerated 
substitution rates8–10. In a previous example, Hood et al.11 success-
fully applied these principles to catalysis, using a paramagnetic CoII 
catalyst that showcased a remarkable performance surpassing that of 
traditional CoI analogues in hydroformylation reactions. A thorough 
mechanistic investigation led to the conclusion that the additional 
positive charge at the cobalt centre and the high-spin electronic con-
figuration (via 19-electron active species) had pivotal roles in this 
enhanced activity12.
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reduction of all IrII complexes could be achieved by reaction with 1 
equiv. of KC8 without any visible signs of decomposition, leading to 
precursors either 1·N2 or 1·C2H4 under N2 or ethylene atmosphere, 
respectively.

These IrII complexes are silent in 31P{1H} nuclear magnetic reso-
nance (NMR) spectroscopy but exhibit distinctive broad signals in their 
1H NMR spectra between 15 ppm and 50 ppm (Supplementary Figs. 1, 
6, 8, 11 and 12). Complexes bearing a fluorine or boron-containing 
counterion feature 19F{1H} and 11B{1H} resonances at the usual chemical 
shifts expected for these anions (Supplementary Figs. 2, 3, 7, 9, 10, 20 
and 21). Their paramagnetic nature was further confirmed by electron 
paramagnetic resonance (EPR) spectroscopy, with all IrII complexes 
being characterized at low temperature (Supplementary Information, 
section 5) and exhibiting similar spectra. By means of unrestricted 
density functional theory calculations at the PBE0-D3/6-
311G(d,p)&LANL2TZ level, we obtained the spin density plot of com-
plexes [2·N2][BArF], [2·C2H4][BArF] and 2·X (Fig. 2a and Supplementary 
Fig. 49). Contrary to [2·N2][BArF], for which the unpaired spin is solely 
centred at the metal dz2 orbital, for all other IrII complexes ([2·C2H4]
[BArF] and 2·X) it is delocalized between the metal dxz orbital and the 
π system of the aromatic ring, suggesting a somewhat larger effective 
oxidation state for the iridium centre.

The structures of IrII compounds were authenticated by X-ray  
diffraction studies (Fig. 2b,c and Supplementary Figs. 24–27) after 
growing crystals by slow diffusion of pentane into their toluene 
solutions. The Ir–P bond distances of all IrII complexes are elon-
gated ([2·N2][BArF], 2.313(2) and 2.316(2); [2·C2H4][BArF] 2.327(1) and 
2.330(2); 2·NTf2 2.310(5) and 2.297(5); 2·BF4 2.299(1) and 2.300(1); 
2·OTf 2.2932(8) and 2.3092(8); 2·Cl 2.2902(7) and 2.2913(7)) in com-
parison with those in the IrI precursor 1·N2 (2.276(1) and 2.278(1)) 
and 1·C2H4 (2.2771(8) and 2.2793(7))33, which may be attributed to 
electrostatic and Pauli repulsion effects30,34. At the same time, the 
Ir–Cipso distances in complexes [2·N2][BArF], (1.979(5)), [2·C2H4]
[BArF] (2.026(4)) and 3 (2·NTf2 1.961(2); 2·BF4 1.955(4); 2·OTf 1.968(4); 
and 2·Cl 1.989(3)) are shortened compared with 1 (2.017(4)) and 2 
(2.033(3)), attributed to the stronger σ donation to the more elec-
trophilic IrII (ref. 33). The shorter C–C distance exhibited by the 
coordinated ethylene in complex [2·C2H4][BArF] (1.248(1)) versus 
1·C2H4 (1.390(5)) reflects the lesser extent of backdonation ability 
of the oxidized metal centre.

Interestingly, an excellent correlation can be established between 
the Ir–Cipso distances obtained from X-ray diffraction studies and the 
orbital contribution (ΔEorb) to the overall interaction between the 
[Ir(POCOP)] fragment and the additional ligands (Fig. 2d). This contri-
bution was estimated by means of the energy decomposition analysis 
(EDA) method, as discussed in detail in Supplementary Table 3, and 
represents a clear manifestation of the concept of trans influence and 
its orbital essence.

However, this strategy remains mostly unexplored for pre-
cious second- and third-row transition metals13,14, probably because 
their odd-electron configurations are less accessible and have often 
been overseen or discarded owing to practical reasons. While their 
potential involvement in catalytic cycles, especially in oxygenation 
chemistry15,16, has been acknowledged, their precise roles remain 
ambiguous17. In fact, the well-known catalytically active systems with 
formal oxidation states corresponding to odd-electron mononuclear 
species are actually closed-shell bimetallic complexes exhibiting anti-
ferromagnetic coupling and consequently diamagnetic character18–23. 
Hence, mononuclear metalloradicals with well-defined open-shell 
configurations hold a clear fundamental interest and could substan-
tially enhance catalyst activity and, thus, reduce catalyst loadings, 
improving the overall cost efficiency of catalytic processes based on 
precious metals.

Mononuclear open-shell precious-metal complexes have already 
revealed a rich stoichiometric reactivity, participating in transforma-
tions such as H–H, C–H and C–C bond activations24–27, C–C and N–N 
coupling28,29 or oxygenation reactions16. Recently, we reported an IrII 
metalloradical surpassing the dihydrogen activation capacity of its con-
ventional IrI counterpart by three orders of magnitude30. This discovery 
prompted us to investigate the catalytic potential of monometallic IrII 
complexes, aiming at unravelling whether it is possible to develop a 
more efficient catalytic cycle revolving around the IrII/IrIV redox couple, 
diverging from the tenet of IrI/IrIII or IrIII/IrV pathways (Fig. 1). To address 
this question, herein we focus on the isomerization of olefins, a pivotal 
process in alkane metathesis31, notorious for its demanding conditions 
when using traditional IrI complexes32.

Results and discussion
Synthesis and characterization of Ir(II) complexes
To explore the catalytic potential of IrII complexes compared with iso-
structural IrI analogues, we have synthesized a small family of mononu-
clear IrII metalloradicals bearing a pincer POCOP ligand (where POCOP 
is C6H3-2,6-(OP(tBu)2)2). We already demonstrated30 that oxidation of the 
IrI precursor [Ir(POCOP)N2] (1·N2) with AgOTf or Ag[BArF] leads to the 
corresponding IrII compounds, Ir(POCOP)OTf (2·OTf) and [Ir(POCOP)
N2][BArF] ([2·N2][BArF]), respectively (Fig. 2; OTf− is trifluorometh-
anesulfonate and [BArF]− is tetrakis[3,5-bis(trifluoromethyl)phenyl]
borate). While the triflate anion replaces the dinitrogen ligand to access 
an overall neutral structure, the even lower coordinating capacity of 
the [BArF]− anion results in an ionic pair with the dinitrogen molecule 
retained. Anticipating that the coordinating capacity of the anion may 
have an impact on catalysis, we have now considered alternative silver 
salts with various anions and performed the oxidation of IrI not only 
from the dinitrogen precursor 1·N2 but also from its related ethylene 
analogue [Ir(POCOP)(C2H4)] (1·C2H4).

The addition of the commercially available silver salts AgBF4, 
AgNTf2 or AgOTf to compounds 1·N2 or 1·C2H4 causes the release 
of N2 or C2H4, respectively, and the oxidation of the metal centre in 
compounds 2 (Fig. 2a), evinced by a rapid colour change from yellow 
to green, in line with their corresponding ultraviolet–visible (UV–vis) 
spectra (Supplementary Figs. 28–31). An important exception to this 
reactivity arises from the reaction with Ag[BArF], leading to either 
the dinitrogen complex [2·N2][BArF] (ref. 30) or a rather uncom-
mon IrII–C2H4 adduct ([2·C2H4][BArF]), from precursor 1·N2 or 1·C2H4, 
respectively. At variance with the only other reported example of 
an IrII–C2H4 complex16, [2·C2H4][BArF] maintains its original square 
planar geometry, as in other IrII compounds reported herein (Fig. 2). 
To complete our IrII series, we also targeted the corresponding chlo-
ride to confront the chemistry of weakly coordinating anions with 
that of a better donor. Thus, complex 2·Cl could be readily obtained 
from anion metathesis by the reaction of complexes 2·X (X = OTf, 
NTf2 or BF4) with excess [nBu4N]Cl (Fig. 2a). The reversibility of these 
one-electron oxidation reactions was corroborated. As foreseen, the 
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Fig. 1 | Closed-shell versus open-shell catalytic cycle for a mononuclear iridium 
catalyst. A schematic representation of a cycle catalysed by a closed-shell system 
based on the IrI/IrIII redox cycle versus a mononuclear open-shell Ir complex 
operating through an IrII/IrIV redox cycle.
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Catalytic olefin isomerization
As mentioned in the introduction, the isomerization of olefins is a criti-
cal step of alkane metathesis protocols. Within this context, an in-depth 
computational and experimental study conducted by Brookhart, 
Krogh-Jespersen and Goldman in 2012 showed that olefin isomeriza-
tion mediated by [IrI(POCOP)] requires high temperatures (125 °C)32. To 
evaluate whether our IrII complexes were superior catalysts, we selected 
the isomerization of 1-hexene as a benchmark reaction. For convenience, 
the IrII catalyst 2·BF4 was generated in situ from the equimolar mixture of 
1·N2 and AgBF4, observing the corresponding immediate colour change 
from yellow to dark green, characteristic of 2·BF4. Our preliminary experi-
ments already revealed a higher catalytic activity of IrII compared with its 
IrI counterpart: even under mild operating conditions (25 °C, 1 mol% [Ir]), 
the IrII metalloradical 2·BF4 was capable of isomerizing the olefin (20% 
conversion after 18 h; Table 1, entry 2), while complex 1·N2 was completely 
inactive (no conversion even after 7 days, entry 1). Performing the same 
experiment starting from an isolated sample of the IrII catalyst led to the 
same results (entry 3). In addition, a control experiment with AgBF4 in the 
absence of 1·N2 led to no conversion (entry 4). It is important to remark 
that monitoring a catalytic run with 2·BF4 by 1H and 31P{1H} NMR did not 
manifest the appearance of any diamagnetic resonances, further speak-
ing in favour of an active open-shell paramagnetic catalyst that clearly 
outperforms the traditional IrI system. Additional control experiments 
allowed us to rule out the potential participation of silver nanoparticles 
and IrIII hydride species (Supplementary Information, section 7.2).
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Fig. 2 | Synthesis and characterization of IrII complexes. a, The synthesis of 
IrII complexes, and spin density plots of complexes [2·N2][BArF] and [2·C2H4]
[BArF], where H atoms and tert-butyl groups were removed for clarity. Tol, 
toluene; Ph, C6H5. b,c, ORTEP (Oak Ridge Thermal-Ellipsoid Plot Program) 
diagrams of compounds [2·C2H4][BArF] (b) and 2·Cl (c). Hydrogen atoms, and 

the counteranion in [2·C2H4][BArF], are excluded for clarity. Thermal ellipsoids 
are set at 50% probability. Wireframe is used to represent the tert-butyl groups. 
d, The plot of ΔEorb obtained by EDA of the IrII complexes versus the distance 
between the metal centre and the Cipso.

Table 1 | Catalysis optimization for 1-hexene isomerizationa

Entry T (°C) t (h) Catalystb Yield (%)d

1 25 180 1·N2 0

2 25 18 2·BF4 20

3 25 18 2·BF4
c 21

4 25 18 AgBF4 0

5 50 15 1·N2 5

6 50 15 2·BF4 74

7 50 15 2·NTf2 86

8 50 15 2·OTf 35

9 50 15 2·Cl 17

10 50 15 [2·N2][BArF] 99

11 70 2 [2·N2][BArF] 100
aCatalytic runs were performed in J. Young NMR tubes with 1-hexene (0.25 mmol), catalyst 
(0.0025 mmol) and C6D6 (550 μl). bIrII catalysts were generated in situ by 1:1 mixture of IrI (1·N2) and 
the corresponding silver salt. cThe IrII catalyst 2·BF4 was independently synthesized. dCombined 
yields of 2- and 3-hexene calculated by 1H NMR using mesitylene (10 μl) as internal standard.
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Next, we analysed the effect of the counteranion, particularly 
important having already observed that its coordinating capacity 
may lead to divergent reactivity in terms of substrate binding (Fig. 2). 
Considering the higher stability of the IrI precursor and the fact that IrII 
derivatives are readily produced, we decided to continue our explora-
tion by generating the IrII catalysts in situ. Under mild heating (50 °C) 
the IrI precursor exhibited minimal activity (5%, entry 5), being clearly 
surpassed by IrII complexes 2·X (17–86%; entries 6–9). In fact, as dis-
cussed below, there seems to be a qualitative correlation between the 
weakness of the coordinating anion and the conversion of 1-hexene 
(see Supplementary Fig. 39 for a plot comparing the profiles derived 
from all precatalysts). In this vein, IrII catalyst [2·N2][BArF], bearing the 
least coordinating [BArF]− anion presented the best results, revealing 
quantitative conversion of the olefin under the same conditions at 
which its IrI precursor was barely active. Therefore, the open-shell 
IrII complex [2·N2][BArF] is around 20 times more active than its iso-
structural IrI analogue 1·N2. Besides, warming-up to 70 °C allowed us 
to quantitatively isomerize the olefin in only 2 h, conditions that we 
selected for substrate screening, as described later. Although similar 
or superior performances for the isomerization of olefins have been 
achieved using non-noble metals35 or low loadings of Ir(III)-based 
catalysts36, we are unaware of prior examples in which an open-shell 
iridium catalyst outperforms its diamagnetic analogue.

To further evince the key role of the open-shell IrII configuration, 
we monitored the catalysis comparing our system with the IrI precursor 
under conditions similar to those originally reported by Brookhart, 
Krogh-Jespersen and Goldman32, that is, conducting the isomerization 
of 1-octene using the IrI complex 1·N2 as catalyst (1 mol%), at a consider-
ably higher temperature (125 °C). The progression of the reaction was 
monitored using both 31P{1H} and 1H NMR spectroscopy. Initially, the 
sole species detected was complex 1·N2 (184.4 ppm by 31P{1H}), and upon 
heating at 125 °C, an instantaneous colour shift from yellow to orange 
occurred. The 31P{1H} spectrum revealed the emergence of a new species 
characterized by a resonance at 180.2 ppm, presumed to be Ir(POCOP)

(1-octene). The isomerization proceeded gradually, reaching around 
25% conversion after 105 min (Extended Data Fig. 1, dashed line). At this 
precise time, Ag[BArF] was added (1 equiv. with respect to 1·N2), result-
ing in a colour change of the solution from orange to greenish-brown, 
while the 31P{1H} resonance fully disappeared. By 1H NMR spectroscopy 
we observed that the reaction rate underwent a substantial increment, 
reaching around 85% in only 15 min (Extended Data Fig. 1). Similarly, 
replicating the experiment in the presence of Ag[BArF] from the start of 
the reaction resulted in 86% conversion within 15 min at 125 °C, clearly 
demonstrating the boosting effect of silver as a one-electron oxidant to 
access the more active IrII metalloradical. The isomerization of 1-hexene 
at 70 °C was equally monitored to examine the reaction profile of the 
IrI catalyst 1·N2 and the effect of adding the silver salt at a certain time 
(Extended Data Fig. 1, solid line). Analogously, while only 5% isomeriza-
tion was recorded for the IrI precursor, the yield increased to around 
45% after only 15 min upon addition of Ag[BArF].

Mechanistic studies
In their seminal work, Brookhart, Krogh-Jespersen and Goldman’s pro-
posed IrI(POCOP)(olefin) as the resting state during olefin isomeri-
zation32. Our isolation and crystallographic authentication of the 
IrII-ethylene compound [2·C2H4][BArF] suggests that the same type of 
resting state may be present for the IrII catalysts. We have explored the 
steps required to access that species by computational means, show-
casing not only its feasibility but also the fact that the IrII metalloradical 
exhibits enhanced capacity for ligand substitution through either asso-
ciative or dissociative mechanisms, although only the latter seems to be 
operating in this case (Extended Data Fig. 2, Supplementary Fig. 40 and 
associated discussion in Supplementary Information). Subsequently, we 
focused on the mechanism accounting for 1-hexene isomerization after 
formation of [Ir(POCOP)(1-hexene)]+ (A.1 in Fig. 3). Notably, our results 
revealed that a virtually identical mechanism to that proposed for IrI 
through an IrI/IrIII redox cycle was also feasible for an exotic open-shell 
IrII/IrIV pair, but proceeding with a lower activation energy (Fig. 3).
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for clarity: reductive elimination from B.2 to B.4 involves rearrangements 
through low-energy barriers. For the complete profile, see Supplementary 
Fig. 34. The last step involving the dissociation of 2-hexene from B.4 to give 
B.5 was calculated in addition to the mechanism published by Goldman. Level 
of theory: PBE0-D3/LANL2TZ(Ir) augmented by a diffuse d-type function 
(exponent = 0.07645)/6-311G(d,p) all other atoms. Pr, propyl; TS, transition state.
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The reaction mechanism proposed by Brookhart, Krogh-Jespersen 
and Goldman32 for the IrI system was backed up by comprehensive 
kinetic and computational studies, and it is reproduced in Fig. 3 
(pink profile). Our studies involve the same elementary steps for the 
open-shell systems, namely, C–H bond oxidative addition (A.2 in Fig. 3), 
η3-allyl/η1-allyl ligand rearrangement (A.3) and reductive elimination 
to produce the internal olefin (A.4). The catalyst is recovered by the 
barrierless release of 2-hexene. The only differences found were the 
existence of two additional minima accounting for rotational steps 
during ligand rearrangement and reductive elimination in the IrI system 
(Supplementary Fig. 45), which do not affect the overall catalytic cycle 
but showcase a reduction of the required steps for the IrII/IrIV couple. 
Notably, although the elementary steps are shared, the rate-limiting 
one differs for the two systems. Whereas for the traditional IrI/IrIII 
couple the rate of reaction is determined by either oxidative addition 
or reductive elimination, for which the respective overall barriers of 
28.0 and 29.9 kcal mol−1 are within 2 kcal mol−1, the rate-limiting step 
for the IrII/IrIV pair lies at a considerably lower value of 21.8 kcal mol−1 
and corresponds to the η3-to-η1 allyl ligand rearrangement. To check 
the reliability of our density functional theory results, energy refine-
ments for the profile involving the IrII system were carried out by means 
of single-point calculations at the highly accurate DLPNO-CCSD(T)/
def2-TZVPP//PBE0-D3/LANL2TZ(Ir)/6-311G(d,p)(all other atoms) 
level (Supplementary Information, section 8.6). Rather similar bar-
rier heights were computed, further supporting the selected compu-
tational level.

To further gauge the proposed mechanism, we conducted kinetic 
experiments. We monitored the isomerization of 1-hexene by 1H NMR 
at 70 °C mediated by [2·N2][BArF] (1 mol%). Although an apparent 
first-order dependence for olefin concentration seemed to oper-
ate after preliminary inspection (Supplementary Fig. 37), the use of 
initial-rate methods allowed us to determine instead a zero-order 
dependence (Extended Data Fig. 3a). This is fully consistent with the 
mechanism proposed by computational means where the resting state 
is the corresponding alkene adduct (Fig. 3, A.1), and it contrasts with 
the first order measured for the IrI analogue32, for which the authors 
found no definitive explanation. By means of visual kinetic analysis 
and through a ‘same excess’ experiment37–39 (Supplementary Fig. 38), 
we were able to evince the existence of product inhibition, which most 
likely contributed to the apparent first-order decay of alkene observed 
using the integrated rate law method. This product inhibition is not 
surprising, considering that 2-hexene will naturally compete with the 
terminal alkene to coordinate the IrII active fragment, thereby reducing 
the effective amount of catalyst present in solution.

The average experimentally determined ΔG‡ at 70 °C was 
22.5 kcal mol−1, with a turnover frequency of 0.03 s−1. The Eyring analysis 
of the temperature dependence of the zero-order reaction rate con-
stants gave an enthalpy of activation (ΔH‡) of 21.5 kcal mol−1, whereas 
the entropy of activation (ΔS‡) was −3.5 cal mol−1 K−1. This latter result 
of a close-to-zero activation entropy is compatible with a rate-limiting 
step involving an allyl/vinyl rearrangement and certainly supports 
that neither a dissociation nor an association process is implied, in 
agreement with our prior calculations (Fig. 3). Besides, the energy span 
model, performed by means of the AUTOF program40–43, provides a 
turnover frequency of 6.6 × 10−3 s−1, which is in reasonable agreement 
with our experimental findings.

Considering the uniqueness of the investigated IrII/IrIV redox cycle, 
we aimed to better understand the factors contributing to its superior 
performance compared with the conventional IrI/IrIII pair. To this end, 
we applied the activation strain model (ASM) of reactivity44–46 to the 
initial C–H bond oxidative addition step for both IrI- and IrII-mediated 
reactions. This analysis decomposes the electronic energy (ΔE) into 
two terms, namely, the strain (ΔEstrain) that results from the distortion 
of the individual reactants and the interaction (ΔEint) between the 
deformed reactants along the reaction coordinate, defined in this case 
by the C···H bond-breaking distance. As this particular transformation 
occurs intramolecularly, the fragments, that is, the alkene ligand and 
the Ir(POCOP) moiety, were referred to the geometry they adopt in 
the initial intermediate A.1/B.1 complexes, therefore constituting 
the zero level of the different ASM terms. Figure 4a shows the cor-
responding activation strain diagrams computed for both reactions 
at the proximities of the corresponding transition states (TS1). From 
the data in Fig. 4a, it becomes clear that the lower barrier computed 
for the IrII-mediated reaction does not derive from the strain energy 
(ΔΔEstrain), which is nearly identical for both processes, but exclusively 
from a stronger interaction (ΔΔEint) between the deformed fragments 
along the entire reaction coordinate.

Reasons behind the stronger interaction energy computed for 
the IrII reaction can be further analysed by means of the EDA47–49, which 
involves decomposing the ΔEint into the following chemically meaning-
ful terms: classical electrostatic interaction (ΔEelstat), Pauli repulsion 
between closed-shell orbitals (ΔEPauli), responsible for steric repul-
sion, stabilizing orbital attractions (ΔEorb) and dispersion interac-
tions (ΔEdisp). From the data in Fig. 4b, which graphically shows the 
evolution of the EDA contributors along the reaction coordinate and 
referred again to the initial intermediate, it becomes clear that the 
enhanced interaction (ΔΔEint) in the IrII reaction results from more sta-
bilizing orbital interactions and electrostatic (albeit to a lesser extent) 
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attractions, which compensate the less stabilizing Pauli repulsion com-
pared with the process involving the IrI complex. Whereas the stronger 
ΔEelstat term is easily understandable as the [Ir(POCOP)] fragment in 
the IrII system presents a net positive charge, reasons for the enhanced 

orbital interactions for the IrII system are twofold: (1) the higher oxida-
tion state of the metal fosters increased σ(C–H) → [IrII] donation as con-
firmed by the larger overlap between lower-energy iridium orbitals and 
ligand orbitals; and (2) the SOMO (singly occupied molecular orbital) 

Table 2 | Substrate scope for olefin isomerizationa

aCatalytic runs were performed in J. Young NMR tubes with substrate (0.25 mmol), catalyst (0.0025 mmol) and C6D6 (550 μl). bCalculated by 1H NMR using mesitylene (10 μl) as the internal 
standard. cIrII catalysts were generated in situ by 1:1 mixture of IrI (1·N2) and AgBF4; IrI corresponds to 1·N2. d125 °C and 550 µl of p-xylene used as solvent.
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can engage not only in backdonation but also in accepting interactions. 
Indeed, for the IrII system, the main orbital interaction leading to the 
stronger ΔEorb term features not only the expected backdonation from 
the metal fragment to the σ*(C–H) molecular orbital but also an addi-
tional contribution involving the donation from the σ(C–H) molecular 
orbital to the SOMO of the metal fragment (Supplementary Figs. 47 and 
48). The latter contribution is of course absent in its IrI counterpart, and 
this is the main reason behind the somewhat counterintuitive stronger 
orbital interactions in the process involving the IrII complex, which 
ultimately leads to its enhanced reactivity. Finally, we also analysed 
the origin of higher Pauli repulsion computed for the IrII reaction. Our 
calculations indicate that this is mainly due to a considerably higher 
overlap between a doubly occupied d atomic orbital of the transition 
metal (HOMO-1) and the HOMO (highest occupied molecular orbital) 
of the alkene as compared with the similar four-electron interaction in 
the IrI system (Supplementary Tables 4–6)

In summary, our ASM–EDA analyses indicate that the enhanced 
reactivity of the IrII system in the key initial C–H bond oxidative addition 
step stems from a stronger interaction between the transition-metal 
fragment and the reactive C–H bond that derives from more stabilizing 
orbital (mainly involving the σ(C–H) → SOMO-[IrII]) and electrostatic 
(to a lesser extent) interactions, which compensate for less favourable 
Pauli repulsion.

Substrate scope
Next, we evaluated the catalytic performance of our IrII catalyst and 
compared the results with its isostructural IrI complex for a small family 
of terminal olefins. For convenience, we carried out these studies using 
the in situ prepared 2·BF4, as it can be easily obtained from a commer-
cially available and affordable silver salt. The results are presented in 
Table 2 and demonstrate in all cases that IrII outperforms IrI, exhibiting 
an increase in activity from 2 to 100 times. Monosubstituted terminal 
olefins are readily isomerized in good-to-quantitative yields, while 
increasing substitution requires longer reaction times to achieve com-
pletion. Allyl arenes are equally isomerized to their corresponding sty-
renes in good yields, and terminal alkenes containing hydroxy groups 
do not deactivate the catalyst. For most alkenes, only the E-alkene was 
observed, with two exceptions: (1) 2-butene, for which both the Z- and 
the E-alkene (1:3 ratio) were obtained, and (2) 1,3-cyclooctadiene, for 
which only the Z,Z-isomer was detected.

Conclusions
In summary, our results emphasize the potential of mononuclear 
open-shell complexes to expand the efficiency and catalytic land-
scape of precious metals. Through the exploration of a small family 
of IrII complexes, we observe a notable enhancement in the catalytic 
activity compared with their well-known IrI counterparts for olefin 
isomerization reactions. This enhancement has been investigated by 
computational studies, which support an IrII/IrIV catalytic cycle that is 
virtually analogous but kinetically favoured compared with the tradi-
tional IrI/IrIII pair. We have rationalized this enhancement by applying 
the ASM–EDA approach that suggests that the open-shell system kineti-
cally favours the key initial C–H bond oxidative addition step mainly 
through stronger orbital and electrostatic interactions compared with 
the reduced IrI analogue. Overall, the results presented herein under-
score the need for broadening the investigation of precious-metal 
catalysts beyond conventional diamagnetic systems, paving the way 
for the design of more efficient and cost-effective catalysts.
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Methods
General considerations
All preparations and manipulations were carried out using standard 
Schlenk and glovebox techniques. All solvents were dried, stored over 
3 Å molecular sieves and degassed before use. Toluene and n-pentane 
were distilled under nitrogen over sodium. Tetrahydrofuran and diethyl 
ether were distilled under nitrogen over sodium/benzophenone. C6D6 
was dried over molecular sieves (3 Å) and fluorobenzene over CaH2 
and distilled under inert atmosphere. Complexes 1·N2 (ref. 30), 1·C2H4  
(ref. 31), [2·N2][BArF] (ref. 30), 2·OTf (ref. 30) and Ag[BArF] (ref. 30) were 
prepared following published protocols, with their synthetic methods 
detailed below. Other chemicals were commercially available and used 
as received. Solution NMR spectra were recorded on Bruker AVANCE 
NEO-300, AVANCE NEO-400, AVANCE III-400R and AVANCE NEO-500 
spectrometers. Spectra were referenced to external SiMe4 (δ = 0 ppm) 
using the residual proton solvent peaks as internal standards (1H NMR 
experiments) or the characteristic resonances of the solvent nuclei (13C 
NMR experiments), while 31P was referenced to H3PO4. EPR spectra were 
recorded under a N2 atmosphere at X-band frequency (9.37–9.38 GHz) 
using a Bruker ELEXYS E500 spectrometer equipped with a SHQ (super 
high Q-factor) resonator.

Synthesis of complex 1·N2
tBu4POCOPIrHCl (500 mg, 0,799 mmol) and NaOtBu (84 mg, 
0,878 mmol) were placed in an ampoule, dissolved in toluene (15 ml) 
and stirred at room temperature overnight under N2 atmosphere. The 
orange solution was filtered and the volatiles were removed in vacuo. 
The solid was extracted with pentane (5 × 15 ml) and dried to yield com-
plex 1·N2 as an orange powder, (420 mg, 85%). It can be recrystallized by 
slow evaporation of a pentane solution. Anal. calcd. for C22H39IrN2O2P2: 
C, 42.8; H, 6.4; N, 4.5. Found: C, 42.8; H, 6.4; N, 4.6. 1H NMR (400 MHz, 
C6D6) δ, ppm: 6.87–6.76 (m, 3H, Hmeta, Hpara), 1.33 (t, 36H, 3 JHP = 7 Hz, tBu). 
13C{1H} NMR (100 MHz, C6D6) δ, ppm: 170.1 (t, 2JCP = 6 Hz, Cortho), 127.4 
(brs, Cipso), 126.9 (Cpara), 104.3 (t, 3JCP = 6 Hz, Cmeta), 41.2 (t, 1JCP = 12 Hz, 
C(CH3)3), 28.3 (t, 2JCP = 3 Hz, C(CH3)3).

Synthesis of complex 1·C2H4
tBu4POCOPIrHCl (1.5 g, 2.4 mmol) and NaOtBu (277 mg, 2.89 mmol) were 
weighed into a Schlenk flask. Toluene (40 ml) was added to the flask via 
syringe, and the resulting suspension was stirred for 10 min at room 
temperature. Ethylene was bubbled through the solution for 1–2 h. 
The solution was cannula-filtered through a pad of Celite, volatiles 
were evaporated under vacuum and the resulting red solid was dried 
under vacuum overnight to give 867 mg (59% yield) of pure product. 
Anal. calcd. for C24H43O2P2Ir: C, 46.65; H, 7.03. Found: C, 46.64; H, 7.15. 
1H NMR (C6D6) δ, ppm: 1.24 (t, J = 6.8 Hz, 36H), 3.10 (t, J = 2.4 Hz, 4H), 
6.91–6.94 (m, 2H), 7.01–7.06 (m, 1H). 13C NMR (C6D6) δ, ppm: 168.17 (t, 
J = 8.4 Hz, 2C), 145.19 (t, J = 8.5 Hz), 145.19 (t, J = 8.5 Hz), 127.45 (s), 103.98 
(t, J = 6.0 Hz, 2C), 41.92 (t, J = 11.2 Hz, 4C), 36.13 (s, 2C), 28.93 (m, 12C). 
31P{1H} NMR (C6D6) δ, ppm: 181.7 (s).

Synthesis of Ag[BArF]
In 20 ml of diethyl ether, NaBArF 4 (493 mg, 1 equiv., 0.556 mmol) was 
dissolved and vigorously shaken for 5 min with silver nitrate (190 mg, 
2 equiv., 1.120 mmol) dissolved in 10 ml of water in a separatory funnel 
wrapped in aluminium foil. The organic layer was separated and evapo-
rated to give Ag[BArF] as a white solid (470 mg, 87%). 1H NMR (500 MHz, 
CD2Cl2) δ, ppm: 7.76 (br, 8H), 7.61 (br, 4H). 19F{1H} NMR (470 MHz, C6D6, 
25 °C) δ, ppm: −62.9. 11B{1H} (160 MHz CD2Cl2) δ, ppm: −6.61 (s).

Synthesis of complexes 2·OTf, 2·BF4, 2·NTf2 and [2·N2][BArF]
Compound 1·N2 (100 mg, 0.162 mmol) was placed in an ampoule 
and dissolved in toluene (15 ml), then AgX (X = BF4, NTf2, OTf or BArF, 
0.162 mmol) was added. The solution was stirred at room temperature 
for 3 h, after which a grey precipitate appeared and the solution turned 

green. After filtration, the volatiles were removed in vacuo to yield 
complexes 2·X as green-brown powders (2·NTf2, 123 mg, 87%; 2·BF4, 
103 mg, 94%, 2·OTf, 111 mg, 93%; [2·N2][BArF], 206 mg, 86%). These 
compounds can be recrystallized by slow diffusion of pentane into their 
toluene solutions at −30 °C (2:1 by vol.). Complex 2·BF4: Anal. calcd. 
for C22H39BF4IrO2P2: C, 39.1; H, 5.8; found: C, 39.1; H, 5.5. UV–vis (C6H6) 
λmax (ε (cm−1 M−1)): 306 nm (1,620). 1H NMR (500 MHz, C6D6, 25 °C) δ, 
ppm: 50.18 (ω1/2 = 317 Hz), 16.66 (ω1/2 = 1,044 Hz), 12.18 (ω1/2 = 380 Hz). 
11B{1H} NMR (160 MHz, C6D6, 25 °C) δ, ppm: −2.4. 19F{1H} NMR (470 MHz, 
C6D6, 25 °C) δ, ppm: −151.1. 31P{1H} NMR (500 MHz, C6D6, 25 °C) δ, ppm: 
silent. Complex 2·NTf2: Anal. calcd. for C24H40F6IrNO6P2S2: C, 33.1; H, 
4.6; S, 7.4; N, 1.6. Found: C, 33.2; H, 5.0; S, 7.2; N, 1.4. UV–vis (C6H6) λmax 
(ε (cm−1 M−1)): 328 nm (1321). 1H NMR (500 MHz, C6D6, 25 °C) δ, ppm: 
50.43 (ω1/2 = 293 Hz), 12.08 (ω1/2 = 470 Hz). 19F{1H} NMR (470 MHz, C6D6, 
25 °C) δ, ppm: −77.0. 31P{1H} NMR (202 MHz, C6D6, 25 °C) δ, ppm: silent. 
Complex 2·OTf: Anal. calcd. for C23H39F3IrO5P2S: C, 37.4; H, 5.3; S, 4.3. 
Found: C, 37.4; H, 5.4; S, 4.1. UV–vis (toluene) λmax (ε (cm−1 M−1)): 490 nm 
(1,760). 1H NMR (500 MHz, C6D6, 25 °C) δ, ppm: 37.20 (ω1/2 = 525 Hz), 
16.32 (ω1/2 = 850 Hz), 11.29 (ω1/2 = 460 Hz). 19F{1H} NMR (470 MHz, C6D6, 
25 °C) δ, ppm: −77.0. 31P{1H} NMR (500 MHz, C6D6, 25 °C) δ, ppm: silent. 
Complex [2·N2][BArF]: Anal. calcd. for C54H51BF24IrN2O2P2: C, 43.8; H, 
3.5; N, 1.9. Found: C, 43.9; H, 4.0; N, 0.6. The reduced amount of nitro-
gen is attributed to partial N2 loss during work-up. UV–vis (C6H5F) λmax  
(ε (cm−1 M−1)): 328 nm (1730). 1H NMR (500 MHz, C6D6, 25 °C) δ, ppm: 
4.64 (ω1/2 = 520 Hz). 11B{1H} NMR (160 MHz, C6D6, 25 °C) δ, ppm: −7.2. 
19F{1H} NMR (470 MHz, C6D6, 25 °C) δ, ppm: −63.5. 31P{1H} NMR (202 MHz, 
C6D6, 25 °C) δ, ppm: silent.

Synthesis of complex [2·C2H4][BArF]
Compound 2 (100 mg, 0.162 mmol) was placed in an ampoule and 
dissolved in toluene (15 ml), then Ag[BArF] (158 mg, 0.162 mmol) was 
added. The solution was stirred at room temperature for 3 h, after 
which a grey precipitate appeared and the solution turned green. 
After filtration, the volatiles were removed in vacuo to yield complex 
[2·C2H4][BArF] as a brown powder (96 mg, 92%). This compound can 
be recrystallized by slow diffusion of pentane into a toluene solu-
tion at −30 °C (2:1 by vol.). Anal. calcd. for C56H55BF24IrO2P2: C, 45.4; 
H, 3.7; found: C, 45.2; H, 3.9. UV–vis (C6H6) λmax (ε (cm−1 M−1)): 327 nm 
(1833). 1H NMR (500 MHz, C6D6, 25 °C) δ, ppm: 21.21 (ω1/2 = 627 Hz), 19.06 
(ω1/2 = 1035 Hz). 11B{1H} NMR (160 MHz, C6D6, 25 °C) δ, ppm: −7.2. 19F{1H} 
NMR (470 MHz, C6D6, 25 °C) δ, ppm: −63.5. 31P{1H} NMR (202 MHz, C6D6, 
25 °C) δ, ppm: silent.

Synthesis of complex 2·Cl
Compound 2·BF4 (100 mg, 0.162 mmol) was placed in an ampoule 
and dissolved in toluene (15 ml), then [tBu4N]Cl (45 mg, 0.162 mmol) 
previously dissolved in CH2Cl2 (10 ml) was added. The solution was 
stirred at room temperature for 3 h. After filtration, the volatiles 
were removed in vacuo to yield complex 2·BArF as a dark-orange oil 
(46 mg, 45%). This compound can be recrystallized by slow diffusion 
of pentane into a toluene solution at −30 °C (2:1 by vol.). Anal. calcd. for 
C22H39ClIrO2P2: C, 42.3; H, 6.3; found: C, 42.1; H, 6.4. UV–vis (C6H6) λmax 
(ε (cm−1 M−1)): 325 nm (1,625). 1H NMR (500 MHz, C6D6, 25 °C) δ, ppm: 
50.44 (ω1/2 = 279 Hz), 17.15 (ω1/2 = 1,084 Hz), 12.12 (ω1/2 = 488 Hz). 31P{1H} 
NMR (202 MHz, C6D6, 25 °C) δ, ppm: silent.

General procedure for catalytic reactions reported in Table 2
From a stock solution of compound 1·N2 (0.0025 mmol, 8.1 mM) in 
C6D6, 300 μl was taken and placed in a J. Young NMR tube with the olefin 
(0.25 mmol), AgBF4 (0.0025 mmol) and 10 μl of mesitylene as internal 
standard, and the tube was raised with an additional 250 μl of C6D6. The 
preparation of the tube was carried out in a glovebox with high-purity 
nitrogen atmosphere. In those cases where the temperature was set to 
125 °C, C6D6 was substituted with p-xylene. All products were identi-
fied and quantified by 1H NMR by comparison with already reported 
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spectroscopic data (entries: 1 (refs. 50,51), 2 (ref. 52), 3 (ref. 53), 4 (ref. 51),  
5 (ref. 54), 6 (ref. 55), 7 (ref. 50), 8 (ref. 50), 9 (ref. 55), 10 (ref. 55), 11 (ref. 50),  
12 (ref. 55), 13 (refs. 52,56) and 14 (ref. 50)).

Data availability
All data supporting the findings of this study are available within the 
Article and its Supplementary Information. Crystallographic data for 
the structures reported in this Article have been deposited at the Cam-
bridge Crystallographic Data Centre (CCDC), under deposition num-
bers CCDC 2352734 (2·BF4), 2352735 (2·NTf2), 2352737 ([2·C2H4][BArF]) 
and 2352737 (2·Cl). Copies of the data can be obtained free of charge 
via https://www.ccdc.cam.ac.uk/structures/. Atomic coordinates of 
the optimized computational models are provided in Supplementary 
Data 1–5. Source data are provided with this paper.
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Extended Data Fig. 1 | Monitoring olefin isomerization with IrI and IrII. Conversion of 1-octene at 125 °C (dashed line) or 1-hexene at 70 °C (solid line) over time 
mediated by 1 (blue) and after adding 1 equivalent of Ag[BArF] (pink).
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Extended Data Fig. 2 | Computational mechanistic profile for N2/olefin ligand substitution in IrI vs IrII. Free energy profile for the dissociation of N2 and coordination of 
1-hexene. For clarity, only the structures for the IrII are drawn. Level of theory: PBE0-D3/LANL2TZ(Ir) augmented by a diffuse d-type function (exponent=0.07645)/6-311 G(d,p) 
all other atoms.
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Extended Data Fig. 3 | Kinetic profiles. a) Initial rates plot: Ln of the initial rate, v0, of the isomerization of 1-hexene (M) vs Ln of the initial concentration of 1-hexene,  
v0 in M·s-1, [1-hexene]0 in M. b) Eyring plot: Ln of k/T vs 1/T·103, k in s-1·M-1, T in K, t in s.
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