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Iodide-assisted Pd catalysis as an attractive alternative to Rh catalysis for the industrially relevant isoselective hydroformylation of simple aliphatic alkenes

Abstract The hydroformylation of simple aliphatic alkenes, such as propylene, is one of the largest homogenous catalyzed processes in the chemical industry, producing over 10 million metric tons of different aldehydes each year. Typically, such processes are catalyzed by Co or Rh catalysts, yielding mostly linear aldehydes, such as nbutanal. However, the increasing demand for branched aldehydes, such as isobutanal, triggered further investigation to develop efficient isoselective protocols, which remain scarce. In this Synpacts article, we discuss our recent work on iodide-assisted Pd catalysis as an attractive alternative strategy for the development of isoselective methods. This article is presented considering the state of the art for Rh-catalyzed processes. Additionally, we discuss the limitations and challenges that need to be addressed in order to successfully transfer the technology to industry. 1 Introduction 2 State of the art for the isoselective Rh-catalyzed hydroformylation of unbiased aliphatic alkenes 3 Pd-catalyzed isoselective hydroformylation of unbiased aliphatic alkenes

Introduction

Hydroformylation, often referred to as the oxo process, 1 is a transition-metal catalyzed reaction of olefines with syngas -a mixture of CO and H2 -to produce aldehydes. Hydroformylation processes generate over 10 million metric tons of aldehydes annually, making it one of the largest-scale homogeneous catalyzed reactions in the chemical industry. [START_REF] Naqvi | Oxo Alcohols[END_REF] Aldehyde products are subsequently used as versatile intermediates for the production of a wide range of bulk materials and fine chemicals. In particular, the hydroformylation of propylene to produce a mixture of n-and iso-butanal, represents one of the most important oxo processes, with production of 7 million tons per year and a $5 billion market valuation (Scheme 1). [START_REF] Cornils | s Encyclopedia of Industrial Chemistry[END_REF] The conventional industrial hydroformylation processes are conducted in the presence of either Rh or Co catalysts, which inherently favor the formation of n-butanal over isobutanal. [START_REF] Cornils | s Encyclopedia of Industrial Chemistry[END_REF][START_REF] Börner | Hydroformylations: Fundamentals, Processes and Applications in Organic Synthesis[END_REF][START_REF] Franke | [END_REF][6] The innate selectivity of these catalysts matched the initial higher demand for n-butanal over isobutanal. However, there has been an increasing demand for isobutanal (and its derived materials) over the years. In this context, isobutanal and its derivatives account for over 40% of the oxo product portfolio of Eastman Chemical Company, one of the world leaders in hydroformylation. 7 Such increasing demand triggered significant research efforts toward the discovery of efficient catalysts able to promote the isoselective hydroformylation of propylene and other simple linear alkenes. [START_REF] Clarke | [END_REF][START_REF] Taddei | Hydroformylation for Organic Synthesis[END_REF][START_REF] Ning | [END_REF] As a result, a series of different strategies have been used to feature this challenging selectivity, typically by tailoring ligands bound to the Rh center of the catalysts. [START_REF] Clarke | [END_REF][START_REF] Taddei | Hydroformylation for Organic Synthesis[END_REF][START_REF] Ning | [END_REF] In sharp contrast to these efforts and inspired by our prior work, 11 we reported recently an alternative strategy for the development of isoselective methods, which is based on a monophopshine-PdI2 catalytic system. 12 In this Synpacts article, we intend to portray the state-of-the-art of the field, contextualize our recent contribution, and highlight the remaining challenges that need to be addressed to facilitate the industrial implementation of the devised technology.

State of the art for the isoselective Rh-catalyzed hydroformylation of unbiased aliphatic alkenes

The commonly accepted mechanism for Rh-catalyzed hydroformylation is shown in Figure 1. Initial catalyst activation forms the 18electron Rh-hydride intermediate, Rh-I. Subsequent CO dissociation from the later leads to 16-electron intermediate Rh-II, which upon olefin coordination and insertion into Rh-H bond leads to Rh-alkyl species, Rh-III. Both n-alkyl Rh-III n and iso-alkyl Rh-III iso species can be formed in this process. However, in the case of unbiased aliphatic alkenes, the steric effects favor the insertion toward n-Rh-alkyl species, while the electronic effects favor the insertion toward iso-Rh-alkyl species. Next, a sequence of CO coordination and insertion into the Rh-C bond leads to Rh-acyl species, Rh-IV. Finally, Rh-IV n and Rh-IV iso species react with H2 through oxidative addition-reductive elimination steps, releasing the aldehydes and regenerating Rh-hydride species, Rh-II, closing the catalytic cycle. The dependence of the regioselectivity on the structure of a phosphine-modified Rh catalyst has been extensively studied in the hydroformylation reactions of unbiased terminal alkenes, such as 1-octene or (less commonly) propylene. [START_REF] Börner | Hydroformylations: Fundamentals, Processes and Applications in Organic Synthesis[END_REF][START_REF] Franke | [END_REF][START_REF] Taddei | Hydroformylation for Organic Synthesis[END_REF]13 Compared to the development of myriads of highly linear-selective Rh catalysts, the isoselective counterparts remain underdeveloped. This disparity reflects the innate preference of Rh complexes to favor the linear selectivity imposed by the dominating steric effects promoting the formation of catalytic intermediates bearing less sterically demanding linear groups (i.e., alkyl or acyl bound to the Rh center, vide infra). 4- 6 However, a few examples have demonstrated that the innate linear selectivity can be overridden by sophisticated tailoring of the phosphorus ligands bound to the Rh catalysts. Below, we present the progress in this domain exploiting different approaches that promote isoselectivity, from the earliest examples up to the most recent studies. This includes the works from Reek's [14][15][16][17] and Clarke's [18][19][20][21][22][23] laboratories, that established the current state-of-the-art for the isoselective Rh-catalyzed hydroformylation of propylene and other unbiased alkenes. For the isoselective hydroformylation of activated alkenes, such as vinyl arenes, vinyl ethers, or acrylates, that show significantly different reactivity patterns, we refer the readers to the corresponding literature. [START_REF] Clarke | [END_REF]24 Decomposition-driven isoselectivity. Kwok and Wink reported the hydroformylation of 1-heptene with a modest level of isoselectivity (n/iso = 1:1.5) in the presence of bis(dioxaphospholane)-Rh 1 catalyst (Scheme 2). 25 However, control experiments indicated that the unusual regioselectivity of this process was caused by the selective decomposition of the linear aldehyde product, rather than the selective formation of the isoaldehyde, thereby limiting the practical utility of the method.

Scheme 2 Hydroformylation of 1-heptene with bis(dioxaphospholane)rhodium catalyst 1 Substrate-dependent isoselectivity. Nozaki and co-workers reported the hydroformylation of 4,4,4-triphenyl-1-butene (2a) with syngas in the presence of a sterically demanding Rh-binaphos catalyst 3, yielding moderate isoselectivity (up to n/iso ratio = 1:1.5) despite the steric demand imposed by the trityl group (Scheme 3). 26 Mechanistic experiments using a mixture of CO and D2 (instead of syngas) provided evidence that the linear-selective alkene insertion into the Rh-H bond is irreversible, while the isoselective alkene insertion into the Rh-H bond is reversible, revealing that the rate-limiting steps for the formation of the alternative products are different. Notably, CO insertion for the iso-alkyl rhodium intermediate is accelerated by the steric congestion between the bulky iso-alkyl group and the ligand, which tilts the n/iso ratio towards iso aldehydes. In agreement, hydroformylation of alkenes 2b or 2c bearing less-bulky tert-butyl-or (Me3Si)3Cgroups lead to a mixture of products bearing the common linear selectivity (n/iso = 1.3:1 and 13:1, respectively). Equiselective catalysis. In 2005, Clarke, Pringle, and co-workers developed a series of bulky phospha-adamantyl cage phosphines that form equiselective Rh-catalysts for the hydroformylation of aliphatic olefins, which might be attractive when the formation of an equimolar mixture of products is required. 18 For instance, hydroformylation of 1-hexene in the presence of Rh/4 occurred with a n/iso ratio of 1:1, reflecting the absence of any selectivity preferences (Scheme 4). In this case, the authors surmised that the lack of regiopreference might be a result of the formation of monoligated Rh catalytic intermediates, which do not impose significant steric demands during the regioselectivity-determining steps, in line with the steric effects typically dominating the selectivity in the hydroformylation of aliphatic alkenes.

Scheme 4 Equiselective hydroformylation of 1-hexene with phospha-adamantyl cage ligand 4 -Rh complex

Isoselective Rh catalysts bearing small bite-angle ligands. Adjustments to the bite-angle of a bidentate bisphosphine ligand and modifications to its steric and electronic properties proved to be particularly powerful in the development of highly active and linear selective Rh-catalysts. For instance, in 1995, van Leeuwen and co-workers developed an Rh-catalyst bearing xantphos -a wide-bite angle bisphosphine ligand built on a xanthene scaffold, which still remains among the most active and linear selective catalysts reported thus far. 27,28 In that context, van Leeuwen, Kamer, and co-workers reported a series of Rh complexes bearing narrow-bite angle ligands 5a-c built on a 1,2-benzene backbone (Scheme 5). 29 Two of these Rh catalysts displayed unusual isoselectivity in the hydroformylation of 1octene. For instance, Rh complex of 5b bearing one 2,8-dimethyl-phenoxaphosphine phosphacyclic moiety lead to a mixture of aldehydes with the 1:1.67 n/iso ratio.

Scheme 5 Rh-catalyzed hydroformylation of 1-octene using ligands 5a-c.

Isoselective Rh catalyst bearing a tridentate ligand. In 2018, Nozaki et al. reported an Rh catalytic system using nitrogen-centered triphosphine 6 as a ligand (Scheme 6) for the hydroformylation of terminal alkenes. 30 The selectivity and activity of such a catalyst in hydroformylation of 1-hexene were dependent on the temperature and the partial pressure of CO. For instance, the aldehydes were formed in 83% yield (TOF of 3.5 h -1 ) with the n/iso ratio of 1:1.29 at 50  C and 2 bar of CO. Under otherwise similar conditions, but with 10 bar of CO, the the n/iso ratio reached remarkable 1:5.5, but the activity of the catalyst was low (TOF od 0.8 h -1 ), forming only trace products (0.8%). Mechanistic studies suggested that the unusual isoselectivity is enabled by the irreversible iso-Rh-alkyl formation, while the formation of linear alkyl intermediate remains reversible under these conditions.

Scheme 6 Hydroformylation of 1-hexene with nitrogen-centered triphosphine ligand 6

Isoselective catalysis driven by Rh encapsulation. Inspired by the working principles of enzymes, Reek and co-workers introduced a new strategy for controlling the selectivity of hydroformylation reactions based on the encapsulation of the Rh center within self-assembled supramolecular architectures. 14 For instance, hydroformylation of 1-octene in the presence of an Rh complex bearing capsule-like ligand 7a -built of zinc-porphyrins bound to tripyridyl phosphine -furnished the iso-aldehyde preferentially, with an n/iso ratio of 1:1.7 (Scheme 7). 15 Importantly from a practical point of view, the unusual isoselectivity was retained at elevated temperatures (75-85 °C) with n/iso ratios up to 1:1.5, when high pressure of CO was used. 16 Similar capsule-like ligands also proved useful in controlling regio-and stereoselectivity in the hydroformylation of terminal and internal aliphatic alkenes. 31,32 In the context of hydroformylation of propylene, an encapsulated Rh catalyst with ligand 7b bearing a porpholactone motif, promoted the reaction with a n/iso ratio of 1:1.2 at ambient temperatures (Scheme 7). 17 However, the isoselectivity was not retained at higher reaction temperatures that are typically used in industrial processes.

Scheme 7 Isoselective hydroformylation of terminal alkenes with the encapsulated Rh catalysts

Isoselective catalysis driven by specific non-covalent substrate-ligand interactions. Clarke, Cobley, and co-workers devised a phosphinephosphite ligand BOBphos, 8 (Scheme 8), which forms the remarkable regio-and enantioselective Rh catalyst. 19 For instance, hydroformylation of 1-hexene in the presence of Rh/8 produced aldehydes with exceptional isoselectivity, high stereoselectivity and high yield (1:3.0 n/iso, 93% ee, 70% yield). The comprehensive experimental and theoretical studies gave insight into the reaction mechanism and the origin of unusual selectivity. 21 Specifically, in this case, the alkene insertion step leading to Rh-alkyl intermediates is irreversible and also likely the regioselectivity determining step. Noncovalent interactions between C-H of the substrate and the phenyl ring of the ligand promote the formation of the iso-Rh-alkyl species over linear n-Rh-alkyl species, thus enabling the unusual isoselectivity. The same catalyst promoted the hydroformylation of propylene with remarkable isoselectivity, even at elevated temperatures (1:4.7, 1:3.6, and 1:2.0 n/iso ratios at 30, 75, and 90 °C, respectively), albeit the reaction required the use of expensive fluorinated solvents, such as C7F8. 23 Further studies substantially improved the stability of this relatively sensitive catalyst through modifications to the ligand backbone, having limited impact on the unusual isoselectivity. The selectivity was largely maintained even when the reactions are conducted in nonfluorinated solvents, such as dodecane (Scheme 8). 22 Besides the Rh catalysts with phosphine-phosphite ligands, Clarke and co-workers reported a series of Rh catalysts with phosphine-phosphoramidite ligands that displayed a moderate level of isoselectivity in the hydroformylation of propene while conducting the reactions in perfluorinated solvents. 20 Scheme 8 Isoselective hydroformylation of alkenes with Rh-BOBphos catalysts 3 Pd-catalyzed isoselective hydroformylation of unbiased aliphatic alkenes

Selectivity patterns in Pd-catalyzed hydroformylation of alkenes.

Although the academic and industrial research of hydroformylation has been dominated by Rh catalysis since its discovery in the late 1960s, complexes of many other transition metals have been reported to catalyze hydroformylation reactions over the years. [START_REF] Franke | [END_REF][START_REF] Taddei | Hydroformylation for Organic Synthesis[END_REF][33][34][35] Attractively, the studies of Pd-catalyzed hydroformylation reactions, pioneered by Drent in 1980s, that in the case of some starting materials, the regioselectivity are complementary to those displayed by Rh catalysis. [36][37][38][39][40][41][42][43] However, many of the established methods suffer from a rather limited scope of substrates, which could be attributed to the use of strongly acidic co-catalysts and harsh conditions (e.g., TsOH, >100 o C) that are incompatible with many functional groups and can trigger a range of side reactions.

To address the above-described limitations of Pd catalysis, guided by mechanistic reasoning, we have recently developed a catalytic system consisting of a mixture of xantphos-PdI2 and Pd(OAc)2 that can promote hydroformylation reactions under relatively mild conditions, i.e., in the absence of any acidic co-catalyst at 70 o C. 11 The presence of the iodide anions and co-catalytic Pd(OAc)2 proved fundamental for the activity and regioselectivity of the catalytic system. Importantly, under such conditions, a broad range of sterically and electronically varied alkenes bearing different functional groups was converted to the corresponding aldehydes with moderate to excellent yields and high selectivity, complementary to the typical -selectivity of rhodium catalysis (Scheme 9). For instance, various alkenes bearing different functional groups, including acid-sensitive N-Boc, (silyl)ether, acetal, ester, aldehyde, amide, etc., underwent hydroformylations efficiently. The reactions of internal alkenes, such as -methylstyrene produced -aldehydes preferentially, while they typically form either α-or γaldehydes under Rh-catalysis. Furthermore, a broad range of unsymmetric internal alkynes were compatible with this catalytic protocol, furnishing -aryl--unsaturated aldehydes in high yields, (E)-stereoselectivities, and -regioselectivities, being complementary to prior methods. 44 The synthetic utility of this method was demonstrated in a modular synthesis of bioactive polysubstituted bisarylpyrazoles.

Scheme 9 Hydroformylation of alkenes and alkynes with xantphos-PdI2 complex

Unusual iodide-assisted binuclear Pd(I)-Pd(I) mechanism

To improve the fundamental understanding of Pd-catalyzed hydroformylation reactions and elucidate the observed key role of the iodide anions, we conducted comprehensive mechanistic studies for the catalytic system consisting of xantphos-PdI2 and Pd(OAc)2. Based on the data from the multidimensional kinetic analysis, in situ spectroscopic investigations, isotope-labeling studies, and stoichiometric and catalytic experiments performed with independently prepared catalytic intermediates, as well as a thorough DFT computational investigation, we put forward the proposal of the iodide-dependent binuclear mechanism shown in Figure 2. The key features are: (1) The activation of the pre-catalyst to form the Pd-hydride species occurs readily in the presence of syngas and does not require any Brønsted acid co-catalyst. (2) The formation of Pd-alkyl and Pd-acyl intermediates is facile and reversible. (3) The Pd-acyl intermediates are the resting states of the catalyst, which do not react directly with dihydrogen, as invoked in a mononuclear mechanistic proposal. 34 (4) Most importantly, the rate-and selectivity-determining step involves the unusual iodide-assisted binuclear reductive elimination occurring between the Pd-acyl and Pd-hydride species, which releases the aldehyde product and forms a Pd(I)-Pd(I) intermediate. The latter readily reacts with syngas to recover the Pd-hydride species, closing the catalytic cycles.

Although binuclear pathways had been previously described in some cases of Co-and Rh-catalyzed hydroformylation processes, [45][46][47][48] a mechanism with binuclear cooperativity for Pd-catalyzed hydroformylation was presented for the first time. The open question that still remains is whether specific properties of the catalytic system or the reaction conditions favor the binuclear mechanism over the classic mononuclear catalytic cycle and whether such a binuclear mechanism is operational for other catalytic systems beyond the Pd-catalyst bearing xantphos, i.e., aromatic wide bite-angle bisphosphine ligand, and iodide anions. Considering the composition of other Pd-based catalytic systems, which typically consist of Pd(II) salts, strongly electron-donating aliphatic mono-or bisphosphine ligands, and Brønsted acid co-catalysts, 34 it would be particularly valuable to investigate if such Pd catalysts operate through mono-or binuclear mechanisms and whether these depend on the nature of the counterions present. It should be noted that Drent reported that the presence of subcatalytic amounts of NaCl, NaBr, or NaI changes the activity and regioselectivity of Pd-catalyzed hydroformylation reactions. 37 The observed effect was proposed to originate from the halide-assisted heterolytic splitting of dihydrogen, which facilitates the hydrogenolysis of the Pd-acyl species within the classic mononuclear catalytic cycle (rather than a binuclear mechanism as concluded in our mechanistic studies). 12 

Development of Pd-catalyzed isoselective hydroformylation of unbiased aliphatic alkenes

We hypothesized that the phosphine-Pd(II) iodide complexes would be the pre-catalysts of choice for the isoselective hydroformylation of simple aliphatic alkenes, such as propylene. We reasoned that the regioselectivity in Pd-catalyzed hydroalkoxycarbonylation of alkenes, which occurs through Pd-acyl intermediates as the hydroformylation reactions do, can be steered between n-and iso-products depending on the phosphine ligand used (Scheme 10). Furthermore, the halide anions, which were crucial for the activity in our Pd-catalyzed hydroformylation processes, are also present in the isoselective hydroalkoxycarbonylation process. The key question remained whether the iodide-dependent hydroformylation activity would be pronounced in the reactions with Pd complexes that favor the formation of iso-Pd-acyl intermediates and whether the isoselectivity would be maintained throughout the release of the iso-aldehyde product.

Scheme 10 Regiodivergent hydroalkoxycarbonylation of propylene with tailored Pd catalysts likely occurring through the same Pd-acyl intermediates as the Pdcatalyzed hydroformylation reactions Initial studies confirmed that isoselective hydroformylation of could be executed under iodide-assisted palladium catalysis and that the activity and selectivity strongly depend on the ligands used (Scheme 11). Bisphosphine ligands formed inactive or poorly active complexes that catalyzed the formation of trace aldehydes with a low level of n-selectivity (the iso/n ratios 0.7:1 -0.9:1). In contrast, several monophosphines formed catalytically active complexes that furnished the iso-aldehyde preferentially, with the iso/n ratios up to 4.5:1, when operating at 100  C. The highest activities were observed for complexes of trialkyl phosphines with a cone angle in the range of 152-178  and the Tolman electronic parameter below 2060 cm -1 . 49 For instance, the reaction with PCy3 (170  , 2056.4 cm -1 ) occurred with the turnover-frequency (TOF) of 17 h -1 and 3.4:1 iso/n The monophosphines with either the cone angle or TEP outside of that range formed catalysts of low activity (TOFs < 1 h -1 ), but still remained isoselective. Subsequent experiments with PCy3 as a ligand showed that the addition of Pd(OAc)2 is not required in these catalytic processes. The hydroformylation of propylene in the presence of PdI2 and PCy3 (1:2) occurred with the TOF of 17-23 h -1 and 4.0:1-4.5:1 iso/n ratios, depending on the reaction concentration (Scheme 12). However, the presence of the iodide anion proved critical for the catalytic activity.

The reactions with other palladium(II) salts instead of PdI2 formed no or low amounts of the aldehydes. Interestingly, the reaction with PdBr2 occurred with a higher isoselectivity, 6.5:1 iso/n ratio, but with a TOF of 1.6 h -1 , which is a 10-fold lower activity. Further experimentation showed that the isoselectivity is substantially increased at lower temperatures, with the iso/n ratios up to 50:1 at 80 o C, but the reactions are significantly slower (TOF of 4 h -1 ). In contrast, the reactions at higher temperatures are faster but less selective, with TOF of 64 h -1 and 1.9:1 iso/n ratio at 120  C (Scheme 12). Most importantly, the studies revealed that the preferential formation of the isoaldehyde is maintained throughout different temperatures, solvents, and conditions, in contrast to the above-described Rh-catalysts, for which the unusual isoselectivity is observed in a rather narrow range of temperatures and conditions.

Scheme 12 Isoselective hydroformylation of propylene in the presence of PdI2 and PCy3 -the dependence of selectivity and activity on the temperature.

Experiments with other short-chain terminal and internal alkenes revealed that the unusual isoselectivity remains, showing preferential formation of the -branched aldehyde products irrespectively of the size of the alkene chain and its initial isomer (Scheme 13). For instance, terminal alkenes, 1-pentene to 1-octene, reacted to form aldehydes in 92-95% yields with 2.4:1-2.8:1 iso/n ratios and the selective formation of α-branched isomer among iso-aldehydes α-selectivity). Furthermore, the reactions of 1-, 2-, or 3-octene furnished the products in similar yields and selectivity (91-92% yield, 2.4:1 iso/n ratios, 66-70% α-selectivity), indicating that the processes occur through the isoselective isomerization-hydroformylation catalytic relay. [50][51][52][53][54][55][56] Interestingly, the reactions in the presence of co-catalytic amounts of lithium triflate occurred with higher iso/n ratios (2.6:1-4.6:1) than the same reactions in its absence (2.4:1-2.8:1), but the mechanistic origin of the difference remains to be uncovered.

Scheme 13 Hydroformylation of different terminal and internal alkenes in the presence of PdI2 and PCy3 [a] No additive; [b] LiOTf (40 mM, 5 mol %) as an additive.

Conclusions and outlook

Driven by academic and industrial interests, there has been an extensive amount of research toward the development of the Rh-catalyzed isoselective hydroformylation of simple aliphatic alkenes, such as 1-octene and propylene, the latter being particularly important in the industry. Although there are some examples of isoselective catalysts, with the prominent example of Rh-BOBphos complexes developed by Clarke, the technologies for large-scale applications operating under industrially relevant conditions remain to be established. Our recent studies showed that an alternative strategy based on the use of complexes of PdI2 instead of Rh complexes proved promising in addressing this long-standing challenge. The hydroformylation of propylene in the presence of a simple mixture of PdI2 and PCy3 operates in the range of industrially relevant temperatures offering excellent iso/n ratios between 2:1 and 50:1 at the 80-120  C range. However, the current system presents inferior activities (TOFs of 4 64 h -1 ) when compared to the activities of Rh catalysts in use in the industrial processes (TOFs of 240-3600 -1 ). 57 Furthermore, the process involves higher pressures than those used in the Rh-based technologies (~100 bar versus ~20 bar), the latter sometimes referred to as 'low-pressure oxo processes' (LPOs), thereby hindering the direct transfer of the technology to the existing industrial settings.

We expect that further development of the Pd-based technology would benefit from a detailed insight into the mechanism of the reaction, its rate-limiting step, and the influence of the iodide anion on the selectivity, as well as the activity. Initial mechanistic experiments indicated the formation of mononuclear neutral Pd(II)-hydride species when the pre-catalyst was exposed to an atmosphere of syngas, which is in contrast to the related Pd pre-catalyst bearing xantphos ligand that formed binuclear cationic Pd(I)-Pd(I)-hydride species in a similar setting. Besides, high-resolution mass spectrometry analysis indicated the presence of mononuclear Pd-hydride and Pd-acyl intermediates in the catalytic reaction mixture. However, it remains to be uncovered whether the catalytic process occurs through a classic mononuclear catalytic cycle or a binuclear catalytic cycle with the Pd(I)-Pd(I) intermediates, as recently found for the xantphos-PdI2-based system, or if another mechanistic scenario is operational. Understanding these aspects would assist the development of new generation Pd catalysts that can operate under the conditions of the Rh-catalyzed LPOs currently in use, thereby facilitating the adaption of the technology to the current industrial settings. Research uncovering the mechanistic aspects of this process and the development of the industrially applicable system is continued in our laboratories. 
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 1 Figure 1 Mechanism of Rh-catalyzed hydroformylation of alkene
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 3 Scheme 3 Hydroformylation of alkenes bearing bulky groups in the presence of Rh(I)-(R,S)-BINAPHOS complex.
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 11 Scheme 11 Isoselective hydroformylation of propylene in the presence of PdI2 and a range of different phosphines.
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 2 Figure 2 Binuclear mechanistic proposal of the xantphos-PdI2-catalyzed hydroformylation of alkenes
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