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IrI(�4-diene) precatalyst activation by strong bases: formation of 

an anionic IrIII tetrahydride

Paven Kisten,a,b Eric Manoury,b Agustí Lledós,c Adrian C. Whitwood,a Jason Lynam,a John Slattery,a 
Simon B. Duckett*a and Rinaldo Poli*b,d

The reaction between [IrCl(COD)]2 and dppe in a 1:2 ratio was investigated in detail under three different conditions. 

[IrCl(COD)(dppe)], 1, is formed at room temperature in the absence of base. In the presence of a strong base at room 

temperarture, hydride complexes that retain the carbocyclic ligand in the coordination sphere are generated. In isopropanol, 

1 is converted into [IrH(1,2,5,6-�2:�2-COD)(dppe)] (2) on addition of KOtBu, with k12 = (1.11±0.02)·10-4 s-1, followed by 

reversible isomerisation to [IrH(1-�-4,5,6-�3-C8H12)(dppe)] (3) with k23 = (3.4±0.2)·10-4 s-1 and k32 = (1.1±0.3)·10-5 s-1 to yield 

an equilibrium 5:95 mixture of 2 and 3. However, when no hydride source is present in the strong base (KOtBu in benzene 

or toluene), the COD ligand in 1 is deprotonated, followed by E=: elimination of an IrI-C8H11 intermediate, which leads to 

complex [IrH(1-�-4,5,6-�3-C8H10)(dppe)] (4) selectively. This is followed by its reversible isomerisation to 5, which features a 

different relative orientation of the same ligands (k45 = (3.92±0.11)·10-4 s-1; k5-4 = (1.39±0.12)·10-4 s-1 in C6D6), to yield an 

equilibrated 32:68 mixture of 4 and 5. DFT calculations assisted in the full rationalization of the selectivity and mechanism 

of the reactions, yielding thermodynamic (equilibrium) and kinetic (isomerization barriers) parameters in excellent 

agreement with the experimental values. Finally, in the presence of KOtBu and isopropanol at 80 °C, 1 is tranformed 

selectively to K[IrH4(dppe)] (6), a salt of an anionic tetrahydride complex of IrIII.  This product is also selectively generated 

from 2, 3, 4 and 5 and H2 at room temperature, but only when a strong base is present. These results provide an insight into 

the catalytic action of [IrCl(LL)(COD)] complexes in the hydrogenation of polar substrates in the presence of a base. 

Introduction

Catalytic hydrogenation1-6 and transfer hydrogenation7-14 are 

powerful tools for the reduction of a variety of polar 

unsaturated compounds, especially when using enantiopure 

chiral catalysts to convert prochiral substrates enantioselecti-

vely. Hydrogenation is of particular interest because of atom 

economy, especially if combined with H2 production from 

renewable resources, whereas transfer hydrogenation makes 

use of safer reagents such as isopropanol or formate as 

hydrogen sources. Among the many catalysts used to carry out 

this transformation, those based on iridium have received 

considerable attention.15-23 One of the most common ways to 

generate an active catalyst is ligand addition to commercially 

available [IrCl(COD)]2 (COD = 1,5-cyclooctadiene) in the 

presence of a strong base. The transformations are commonly 

carried out in isopropanol, whether just as a solvent in 

hydrogenation or as a solvent and reagent in transfer 

hydrogenation. The role of the base has generally been ascribed 

to the generation of the active hydride species via 

chloride/isopropoxide exchange, followed by E=: elimination 

with expulsion of acetone.

The precise nature of the active catalyst and the mechanism of 

the catalytic cycle have remained relatively obscure in these 

systems, with several possible pathways being viable in 

principle.24-26 These include inner-sphere coordination/in-

sertion monohydride or dihydride pathways, as well as outer-

sphere pathways. A direct transfer of the isopropoxide C-

bonded H atom to the ketone substrate (Meerwein-Ponndorf-

Verley mechanism) is also possible in principle for transfer 

hydrogenations. Several experimental and computational 

contributions have addressed the mechanism of this process.27-

40 One crucial question that remains is whether the diene ligand 

in the precatalyst remains coordinated to the metal in the 

catalytically active species. Although it seems logical to presume 

that COD is removed under hydrogenation conditions (i.e. 

under H2), whether this also occurs under transfer 

hydrogenation conditions (particularly in warm isopropanol) 

has been controversial. For instance, the [IrCl(diene)]2/amino-

sulfide/HCOOH/NEt3 system was reported to show diene-

dependent activity in the order COD > 1,5-Me2COD >  (COE)2 

(COE = cyclooctene) at 60°C.31 These observations led the 

authors to propose that the diene or alkene remains metal 

bound in the active species, but the intimate nature of the 

active species remained obscure. In a combined experimental 

and computational investigation of the acetophenone transfer 
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hydrogenation catalysed by [Ir(OMe)(COD)]2/L at 60°C in 

isopropanol, where L is a P- or N-donor ligands, the active 

species was also considered to have the diene in the metal 

coordination sphere.37 On the other hand, several other studies 

on similar systems, conducted under similar conditions, have 

shown evidence for the release of COD (either in a 

hydrogenated form or not).27, 28, 38, 40 In this contribution, we 

shall address two issues: i) the role of the base in Ir complex 

speciation; ii) the fate of the COD ligand under transfer 

hydrogenation conditions. 

We have previously used complexes [IrCl(COD)(PSR)], (P,SR = 

chiral ferrocenyl phosphine thioethers, CpFe[1,2-

C5H3(PPh2)(CH2SR)], R = Et, Bz, Ph, tBu), obtained by addition of 

P,SR to [IrCl(COD)]2,41, 42 as precatalysts for ketone 

hydrogenation in isopropanol in the presence of NaOMe, 

resulting in excellent activities and enantioselectivities.43 An 

experimental investigation revealed that COD is quantitatively 

removed from the catalytic system as a mixture of cyclooctene 

and cyclooctane,44 which is not surprising under hydrogenation 

conditions (H2). Thus, [IrH(P,SR)(iPrOH)] is presumably formed, 

at least initially. In addition, using the alternative 

[Ir(OMe)(COD)]2 precatalyst still required the addition of a 

strong base to achieve the same high activities as the 

[IrCl(COD)]2/(P,SR)/NaOMe system. Thus, the role of the strong 

base cannot be limited to the generation of an active neutral 

hydride complex. A parallel DFT study, carried out with inclusion 

of [MeO(MeOH)5]- as a model of the strong base, revealed that 

the most stable species, i.e. likely to be the catalyst resting 

state, is not a neutral complex, but rather the [IrH4(P,SR)]- ion.44 

This complex does not contain the mobile proton needed for a 

classical outer-sphere (Noyori-type)45 mechanism, nor a vacant 

coordination site for ketone coordination/insertion. Instead, 

the catalytic action of this complex was rationalized via a new 

type of ionic mechanism, involving hydride transfer to the 

counterion-activated ketone to generate alkoxide, followed by 

ionic H2 activation and alkoxide protonation. The calculated 

Gibbs energy span of 18.2 kcal mol-1 is in good agreement with 

the  experimental activity.44

Anionic tetrahydride IrIII derivatives have previously been 

obtained by Morris et al. from the reaction of KH with [IrH5L2] (L 

= PPh3, PiPr3) in THF (equation 1).46, 47  However, the above-

mentioned DFT study suggested that the [IrH4(P,SR)]- complexes 

should be quantitatively generated by H2 addition to 

[IrHL2(iPrOH)] through a sequence of deprotonation, H2 

oxidative addition and iPrOH reductive elimination steps 

(equation 2). Less intuitively, the same complexes were 

suggested by the DFT study to form favourably in the absence 

of free H2, with the H equivalents needed being provided by 

isopropanol under transfer hydrogenation conditions (equation 

3). Open questions, to be addressed in this contribution, are 

whether COD is removed by transfer hydrogenation and 

whether an anionic tetrahydridoiridium(III) complex is formed 

under catalytically relevant conditions, as predicted. 

[IrH5L2] + KH � K+[IrH4L2]- + H2 (1)

[IrHL2(iPrOH)] + iPrO- + 2H2 � [IrH4L2]- + 2 iPrOH (2)

[IrHL2(iPrOH)] + iPrO- + 2 iPrOH � [IrH4L2]- + 4 MeCOMe (3)

The extreme sensitivity of the [IrH4L2]- complex with L2 = P,SR 

has not allowed us to generate and isolate, or spectroscopically 

detect, this putative anionic tetrahydride complex from 

[IrCl(COD)]2/(P,SR)/NaOMe via the processes shown in 

equations 2 or 3. We could demonstrate that the COD ligand in 

[IrCl(COD)]2 is indeed hydrogenated to cyclooctene and 

cyclooctane by isopropanol under transfer hydrogenation 

conditions (reflux in isopropanol) in the presence of KOtBu and 

PPh3.48 However, the metallic complex in the final solution was 

not Morris’ [IrH4(PPh3)2]- but rather a mixture of isomeric fac- 

and mer-[IrH3(PPh3)3]. 

In the present contribution, we present a detailed study of 

metal-complex activation and speciation using the strongly 

chelating ligand dppe as L2, in order to probe species that would 

otherwise be too reactive when L2 = P,SR. Successful generation 

of a tetrahydrido IrIII species, according to the strategy of 

equation 3, was indeed observed. We also present a new and 

thorough NMR investigation of the previously reported 

[IrH(COD)(dppe)] (two isomers, 2 and 3) which forms by the 

low-temperature action of the strong base on [IrCl(COD)(dppe)] 

(1), as well as the generation and characterization of two new 

hydride compounds (two isomers of [IrH(C8H10)(dppe)], 4 and 

5), which result from the deprotonation of COD by the strong 

base in a non-protic solvent.

Experimental

General. All reactions and purifications were carried out under 

nitrogen using high-vacuum or Schlenk-line techniques.  The 

[Ir(COD)Cl]2 and [Ir(COD)(dppe)Cl] precursors used in the 

experiments were synthesised according to published 

procedures.49 

NMR instrumentation. NMR spectra were recorded using the 

Bruker Ascend 500 MHz instrument available in the Centre for 

Hyperpolarization in Magnetic Resonance at York. NMR 

measurements were carried out using NMR tubes fitted with J. 

Young’s valves. Deuterated solvents were dried using sodium 

metal. All samples were degassed on a high-vacuum line and the 

solutions were prepared in a glovebox by the addition of 

deuterated solvent (0.6 mL) to the solid complexes (~10 mg). 

Quantitative data for kinetic plots were obtained from the NMR 

spectra using inverse gated decoupling methods.

Synthesis of [IrH(1,2,5,6-�2:�2-COD)(dppe)] (2) and [IrH(1-�-

4,5,6-�3-C8H12)(dppe)] (3). KOtBu (77 mg, 0.69 mmol) was 

added to an isopropanol (10 mL) solution of 1 (100 mg, 0.14 

mmol) and stirred at room temperature for 1 hr, generating a 

cream-coloured solution. The solution was concentrated to 

dryness, the solid residue was dissolved in toluene (8 mL), and 

the resulting mixture was passed through an alumina lined 

pipette. The resulting solution was then concentrated in vacuo. 

Yield = 98 mg (0.14 mmol, 99 %). This reaction can also be 

performed using an equivalent amount of NaOMe. ESI-HRMS 

(m/z relative intensity %): [M-H]+ Calcd: 699.1930; Found: 

699.1933 (Figure S1). The 1H NMR analysis of the product 
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reveals that it contains a mixture of isomers 2 and 3 (see data in 

Table S3).

Synthesis of [IrH(1-�-4,5,6-�3-C8H10)(dppe)] (4 and 5). 

Compound 1 (102 mg, 0.14 mmol) and KOtBu (71 mg, 0.63 

mmol) were added to toluene (15 mL) and the solution was 

stirred at room temperature for 1 hr, yielding a deep-orange 

solution. The solvent was then removed in vacuo. The orange 

solid was dissolved in toluene (5 mL) and the resulting mixture 

was passed through an alumina-lined pipette. The resulting 

solution was concentrated to dryness. Yield = 40 mg (0.06 

mmol, 43 %). 1H NMR analysis of the product reveals that it 

contains a mixture of the isomers 4 and 5 (see data in Table S4).

In-situ synthesis of K[IrH4(dppe)]. Compound 1 (10 mg, 0.01 mmol), 

and KOtBu (7 mg, 0.06 mmol), were added to a solution of 

isopropanol (0.01 mL) and toluene-d8 (0.6 mL). The solution was 

heated to 353 K and NMR spectra were recorded (see Results and 

Discussion). The formation of K[IrH4(dppe)] is complete within 30 

minutes of heating the mixture. Several attempts were made to 

isolate the complex as a solid to no avail. 

Computational details. The computational work undertaken for 

this study was carried out using the Gaussian09 suite of 

programs.50 Geometry optimizations were carried out without 

any symmetry constraints using the B3LYP functional51-53 

combined with Grimme’s D3 correction to account for 

dispersion effects.54 Optimizations were performed in toluene 

6V = 2.3741) using the SMD continuum model55 with basis set 1 

(BS1). BS1 includes the 6-31G(d,p) basis set for the main-group 

atoms,56, 57 and the scalar relativistic Stuttgart-Dresden SDD 

effective core potential (ECP) and its associated ���+
�=W basis 

set,58 complemented with a set of f polarization functions,59 for 

Ir. Frequency calculations were performed for all the optimized 

geometries in order to characterise the stationary points as 

either minima or transition states. Connections between the 

transition states and the corresponding minima were checked 

by displacing in both directions, following the transition vector, 

the geometry of the transition states, and subsequent geometry 

optimization until a minimum was reached. Energies in toluene 

were refined by means of single-point calculations at the 

optimised BS1 geometries using an extended basis set (BS2). 

BS2 consists of the def2-TZVP basis set for the main-group 

atoms, and the C�����!
�=W def2-QZVP basis set for Ir, together 

with the def2 ECP (60 core electrons: [Kr]+4d+4f).60 Gibbs 

energies in toluene were calculated adding to the BS2 energies 

in toluene the thermal and entropic corrections obtained with 

BS1. An additional correction of 1.9 kcal/mol was applied to all 

Gibbs energies to change the standard state from the gas phase 

(1 atm) to the condensed phase (1 M) at 298.15K (������	�
)

.61 In this way, all the energy values given in the article are Gibbs 

energies in toluene solution calculated using the formula:

�= (���) + �(���)�(���) + ������	�


Results and discussion

The interaction between [IrCl(COD)]2 and dppe, at various P/Ir 

ratios, in isopropanol solution was investigated sequentially 

under three different conditions. First, the ligand was added to 

the complex at room temperature in the absence of a base. 

Then, a strong base was added at room temperature. Finally, 

the resulting solution was heated to reflux.

[IrCl(COD)]2-dppe interaction. Formation of [IrCl(COD)(dppe)] (1).

The addition of dppe to [IrCl(COD)]2 at room temperature, 

leading to the characterization of a 1:1 adduct, 

[IrCl(COD)(dppe)], 1, has already been described in the 

literature.49 Single crystals of 1, suitable for X-ray diffraction 

studies, were obtained and the previously unreported crystal 

structure is reported here (Figure 1 and Table S1). The 

coordination geometry is square pyramidal, as expected, and is 

analogous to that of other similar compounds, e.g. [IrCl(COD)L2] 

with L2 = Ph2P(CH2)nPPh2 (n = 3, 4).49

Figure 1.  A view of the molecular structure of compound 1. Relevant metric data: Ir1-

Cl1; 2.5317(8); Ir1-P1, 2.3117(9); Ir1-P2, 2.3072(9); Ir1-C1, 2.211(4); Ir1-C2, 

2.177(3); Ir1-C5, 2.147(4); Ir1-C6, 2.142(4)  Å; Cl1-Ir1-P1, 90.64(3), Cl1-Ir2-P2, 

83.93(3); P1-Ir1-P2, 81.84(3) °.

We have now studied the interaction at variable dppe/Ir ratios 

(Figure 2). The addition of < 1 equiv of dppe per Ir atom yields, 

in addition to the expected [IrCl(COD)(dppe)] (31P{1H} resonance 

at ^ 33.4 in C6D6), a second product characterized by a 

resonance at ^ 19.5. This second resonance disappears upon 

addition of further dppe to readjust the dppe/Ir stoichiometry 

to 1:1. On the basis of the known behaviour for several other 

bidentate ligands, for instance _=�������62, bis- and tris-

pyrazoles,63, 64 phosphine-thioethers,42 and also for one 

diphosphine,65 this is assigned to the salt 

[Ir(dppe)(COD)]+[IrCl2(COD)]-. Addition of more dppe beyond 

the 1:1 ratio maintained the sharp 31P{1H} resonance of 

[IrCl(COD)(dppe)], but also generated an additional resonance 

at ^ 50.0 (in C6D6), which we attribute to [IrCl(dppe)2] on the 

basis of the follow-up reaction in the presence of base (vide 

infra). Compounds of analogous stoichiometry have been 

described for the reaction between [IrCl(COD)]2 and excess of 

other bidentate ligands such as (C6F5)2PCH2CH2P(C6F5)2
66 and a 

bis(phosphole).67
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Figure 2.  31P{1H} spectra of solutions obtained by addition of dppe to [IrCl(COD)]2 in 

indicated ratio. Solvent = C6D6.

Compound 1 and base at r. t. in isopropanol. Formation of the 

hydride complexes 2 and 3

The addition of excess base (5 equiv.) at room temperature to a 

C6D6 solution with dppe/Ir slightly greater than 1 produced a 

mixture of thee hydride-dppe compounds (see Figure S2 for the 

hydride region of the 1H spectrum and Figure S3 for the 31P{1H} 

spectrum, respectively), all of them already reported in the 

literature. Two of them correspond to a [IrH(COD)(dppe)] 

stoichiometry and can be assigned the structures [IrH(�2:�2-1,5-

C8H12)(dppe)], 2,68 which is formally IrI and [IrH(1-�-4,5,6-�3-

C8H12)(dppe)], 3, which is formally IrIII.69 The stoichiometry of 

the reaction leading to the formation of these products is shown 

in equation 4. The isopropoxide anion is produced by 

deprotonation of isopropanol by tert-butoxide, the stronger 

base.

The third reaction product, observed in minor amounts, 

corresponds to compound [IrH(dppe)2].70 It is characterized by 

a quintet hydride resonance at ^ -12.64 (JHP = 8.7 Hz), coupled 

to a 31P resonance at ^ 36.2. This product is presumably derived 

directly from the [IrCl(dppe)2] that is generated when the 

dppe/Ir ratio exceeds 1:1 stoichiometry (vide supra). Indeed, it 

was not formed when the reaction was carried out using a 

dppe/Ir ratio of slightly less than 1:1. To avoid the formation of 

this by-product, a toluene solution of 1 was passed through an 

alumina-lined pipette to remove the bis-dppe species. 

Crystallization attempts without prior removal of [IrCl(dppe)2] 

led to single crystals of [IrH(dppe)2] (Table S2), the structure of 

which was previously published.71

The generation of compounds 2 and 3 under conditions similar 

to ours, as well as that of other related Ir complexes with 

diphosphinomethane (dppm), diphosphinopropane (dppp), 

diphosphinobutane (dppb), o-C6H4(PPh2)2 and PPh3 in place of 

dppe, has previously been described.48, 68, 69, 72 Some confusion 

concerning the nature and spectral assignments for these two 

isomeric products needs clarification (see Table S3). In the first 

report,68 Oro et al. obtained [IrH(COD)(dppe)] from the reaction 

of [Ir(µ-OMe)(COD)]2 with dppe in MeOH and described it as an 

IrI complex containing a regularly �2:�2-bonded 1,5-COD ligand, 

2, only on the basis of the 1H NMR properties in CDCl3. The 

compound was mentioned as being unstable in this solvent. We 

have found a similar instability in CD2Cl2. The same group later 

reported that the same reaction carried out with dppm yields 

instead an IrIII product with an isomerized COD ligand, 5��:6%=a=

4,5,6-�3-C8H12)(dppm)], as confirmed by a single crystal X-ray 

diffraction analysis.72 Subsequently, Farnetti et al. revisited the 

same reaction with dppe and found that it produces the same 

type of rearranged product as Oro’s dppm compound, i.e. 

compound 3.69 The NMR properties of this product are different 

than those reported for 2 by Oro et al. and the observation of 2 

was not mentioned. In addition, Farnetti et al. have shown that 

the rearrangement is disfavoured for diphosphine ligand with a 

longer backbone chain, Ph2P(CH2)nPPh2 (n = 3, 4): the dppp 

ligand (n = 3) gave both regular IrI and isomerized IrIII products 

in an 8:1 ratio and the dppb (n = 4) ligand gave only the regular 

IrI product, which partially isomerized upon warming.

We find that the addition of excess KOtBu (5 equiv.) to 1 in iPrOH 

produces both IrI and IrIII products, presumably via the same 

type of intermediate as the [Ir(µ-OMe)(COD)]2/dppe reaction, 

namely [Ir(OiPr)(dppe)(COD)], in a 2/3 ratio of 5:95 at 

equilibrium at 298 K. The NMR spectral parameters in C6D6, 

where the two products appeared perfectly stable, correspond 

to those reported for the two isomers respectively by Oro et al. 

and by Farnetti et al., although a few of their assignments have 

been revised (see discussion in the SI following Tale S3) on the 

basis of detailed multiple resonance and HMQC (H-C, H-P, C-P) 

experiments (see SI, Figures S4 through S10), and DFT 

calculations (data also reported in Table S3).

Compound 2 could, however, be selectively generated by an 

alternative strategy, namely by the low-temperature addition of 

L-selectride to 1, as confirmed by the 1H NMR spectrum 

collected immediately after mixing in THF-d8 at 263 K (single 

triplet hydride resonance at ^ -14.20 with JPH = 21.6 Hz). After 

10 minutes, a second hydride peak for the isomer 3 (dd at ^ -

11.55 with JPH = 14.7, 20.6 Hz) was observed. Increasing the 

temperature to 298 K resulted in further isomerization to 3 until 

a stable equilibrium was reached, where the resonances of 2 

remained visible. The isomerization process could be monitored 

by 1H NMR during in situ generation from 1 and NaOMe in THF-

d8 at constant temperature (298 K), with resonance integration, 

see Figure 3. Kinetic analysis as a sequential process with 

irreversible first-order transformation of 1 to 2 followed by first-

order reversible transformation of 2 to 3, as detailed in the SI, 

yielded k12 = (1.11±0.02)·10-4 s-1; k23 = (3.4±0.2)·10-4 s-1 and k32 = 

(1.1±0.3)·10-5 s-1 (K23 = k23/k32 = 32±10). The decay of compound 

1 could also be treated independently as a clean first order 

process (Figure S11), yielding k12 = (1.13±0.03)·10-4 s-1, in 

agreement with the value obtained from the global fit. 

Ir

Cl

P

P

1 2 3

Ir

H

P

P
Ir

H

P

P

KOtBu
iPrOH,rt,1h

(4)

-KCl -tBuOH
-acetone
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Ir

Cl

P

P

1

KOtBu

C6D6 or THF-d8

Ir

H

P

P

Ir

H

P

P

4 5

(-KCl - tBuOH)

Scheme 2. Direct deprotonation of the COD on 1 occurs in the absence of isopropanol.

Compound 5 is characterized by a hydride resonance at ̂  -11.57 

(t, JPH = 19.5 Hz), which is coupled to two 31P resonances at ^ 

32.4 (d, JPP = 2.7 Hz) and 39.4 (d, JPP = 2.7 Hz). It is an isomer of 

4 with the same coordination geometry, [IrH(1-�-4,5,6-�3-

C8H10)(dppe)], except that the saturated ethylene bridge and 

uncoordinated alkene have exchanged position. This isomer 

exhibits resonances for an unbound alkene at ^ 5.61 and ^ 5.56 

with connections to 13C signals at ^ 127.5 and ^ 148.1 (Figure 

S15). The 1-�-4,5,6-�3 binding mode for a C8H10 ligand was also 

previously demonstrated for the structurally characterized 

complex [IrH(1-�-4,5,6-�3-C8H10)(dppb)],73 which is homologous 

with complex 4.

The process depicted in Scheme 2 was also analysed kinetically 

in C6D6 at 298 K. Unlike the production and isomerization of 2/3 

shown in Figure 3, the consumption of 1 was a rapid first step, 

allowing clean timescale separation of the two steps and 

analysis of the second step as a standard reversible first-order 

reaction (Figure 5), yielding k45 = (2.75±0.06)·10-4 s-1 and k54 = 

(1.16±0.08)·10-4 s-1; K45 = k45/k54 = 2.37±0.17. A separate kinetic 

monitoring in toluene-d8 (Figure S19) gave very similar rate and 

equilibrium parameters, with k45 = (3.92±0.11)·10-4 s-1, k5-4 = 

(1.39±0.12)·10-4 s-1 and K45 = k45/k54 = 2.83±0.26.

Figure 5.  First-order kinetics of the 4-5 isomerization in C6D6 at 298 K.

The identity and relative energy of the two [IrH(1-�-4,5,6-�3-

C8H10)(dppe)] isomers 4 and 5 was supported by DFT 

calculations, which could also rationalize the selective 

formation of 4 by deprotonation, and the mechanism of its 

conversion to 5. As illustrated in Scheme 3, the deprotonation 

of 1 is expected to produce, after chloride elimination, a neutral 

16-electron [Ir(C8H11)(dppe)] intermediate. Four possibilities 

may be envisaged, two corresponding to a [Ir(1-�-6,7-�2-

C8H11)(dppe)] structure (II and II’) and two corresponding to a  

[Ir(�3-C8H11)(dppe)] structure (II’’ and II’’’). Each pair of 

structures corresponds to the dissociation of a different C=C 

donor function in the COD ligand of 1 and the two conformers 

in each pair differ in the orientation of the dppe ligand (´flip´ or 

´flop´ conformation of the IrP2C2 5-membered ring) relative to 

the C8H11 ligand. The lowest energy was found for conformer II, 

with II’ being located only 0.9 kcal mol-1 above. The �3 isomer 

III’ is located at 3.7 kcal mol-1 and III’’’ was not explored. These 

intermediates may then proceed to a hydride-C8H10 product by 

E=: elimination. 

P P

P P

Ir

H

H

Ir

II

III III'

IV IV'

4 4'

�� (5)

�� (8)

-OtBu

-OtBu

-HOtBu

-Cl

-HOtBu

-Cl

Cl

�� (4)

�� (7)

�� (8)

Ir
2

V

P PIrP PIr

H H

1 8

7

6

54

3
P PIr

2

1 8

7

63

2
13

4

5
6

7

8
P PIr

2
13

4

5
6

7

8

P PIr

H

P PIr

H

P PIr

H

P PIr

H

P PIr

H

P PIr

H

P PIr

H

P PIr

H

P PIr

H

P PIr

H

II'

54

II'' II'''

V'

�� (4)

VI VI'

VII VII´

Scheme 3. Reaction scheme for the generation of 4. The phenyl groups on the dppe are 

omitted for clarity.   (V: 5.8; VI: 4.9 ; VII; 9.7). 

Starting from II or II’, the hydride may originate from carbons 4, 

5 and 8 to yield in principle three different regioisomers, each 

one in a flip or flop conformation (Scheme 3). Two of them 

(unobserved), generated by H transfer from C4 and C5, have 

two separate methylene groups either between unsaturated C2 

and C4 moieties (1,3,6-COT; III and III’) or between two 

unsaturated C3 moieties (1-�-5,6,7-�3-C8H10; IV and IV’). The 

configurations produced by H transfer from C8  (4 and 4’) match 

the structure observed by NMR. Exploration of all three 

pathways for II (Figure 6) and II’ (Figure S20) showed that the E=

H8 eliminations are associated with the lowest-G transition 

states (22.5 kcal mol-1 for TSII-4, 20.8 kcal mol-1 for TSII-4’) and 

yield the most stable products. The other pathways involve 

higher-energy transition states and yield higher energy hydride 

complexes, justifying their non-observation. Among the two 

conformers 4 and 4’, the former is more stable (-1.8 Kcal mol-1 

relative to II) while the latter (at 1.5 kcal mol-1) is accessed from 
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Scheme 4. Idealized stoichiometry (further cyclooctene hydrogenation may also occur) 

for the [IrH4(dppe)]- generation from [IrCl(dppe)(COD)] under both hydrogenation and 

transfer hydrogenation conditions in isopropanol. 

Conclusions

We have experimentally demonstrated a route towards the 

formation of an iridium tetrahydrido complex 6 ([IrH4(dppe)]-) 

from 1 [Ir(COD)(dppe)Cl], with elimination of cycloctene under 

both hydrogenation and transfer hydrogenation (from 

isopropanol) conditions.  This complex is formed in the 

presence of a strong base, with the cation of the base providing 

a suitable counterion to the tetrahydride 6. The use of a 

diphosphine ligand allowed the reaction mechanism to be 

explored in full due to the strong chelating effect. This has so far 

not been explored with the P,S-ligand system because of the 

higher reactivity and thus higher sensitivity. This is consistent 

with the computational study on ketone hydrogenation with 

´non-N-H´ ligands,44 suggesting that an anionic tetrahydride 

species is the active catalyst.

Under ambient conditions in the absence of an alcohol in the 

solvent, the type of alkoxide has a marked effect on 1. When a 

E=�������� is present, the COD ligand maintains its chemical 

composition and two isomers of [IrH(C8H12)(dppe)], 2 and 3, are 

produced. When a base with no E=�������� is used, on the 

other hand, deprotonation of the COD fragment occurs with 

subsequent E=: elimination from the C8H11 fragment to yield 

two isomers of [IrH(C8H10)(dppe)], 4 and 5. We have fully 

characterized each product using NMR spectroscopy, while DFT 

calculations, in combination with the experimental kinetics of 

the generation and isomerization of the various products, 

explain the detailed mechanism of formation of each neutral 

hydride species and their interconversions. 

The results of this work provide an insight into the catalytic 

action of [IrCl(LL)(COD)] complexes in the hydrogenation of 

polar substrates in the presence of a base.  
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