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Chapter 6  

 

Hydroformylation of alkenes using a Rh(PNN) pincer complex 

 

 

 

 

Abstract 

Hydroformylation of styrene was efficiently catalyzed with pincer rhodium-PNN complexes. Use of 

base is necessary to obtain decent yields and high regioselectivity. An active species was observed by 

NMR spectroscopy, which showed high catalytic activity and regioselectivity for hydroformylation of 

styrene even at room temperatune. High pressure NMR studies indicated that the ligand in both 

species had undergone dearomatization. HP FT-IR analysis combined with DFT calculations suggested 

that the active species adapts a structure with three carbonyl ligands and an 2-P,N-coordinated PNN 

ligand. A mechanism involving metal-ligand cooperativity in H2 activation was proposed. 
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6.1 Introduction 

Hydroformylation, also known as the ‘oxo reaction’, is the addition of a hydrogen (“hydro”) and a 

formyl group across the C=C double bond of an olefins using syngas (a mixture of CO and H2) (Scheme 

1).1 Hydroformylation is the largest industrially performed homogeneous reaction, converting readily 

available inexpensive feedstocks into aldehydes, which serve as versatile intermediates for the 

synthesis of a wide range of chemical products.2 For example, one of the most important commercial 

hydroformylation processes produces n-butyraldehyde with an annual production of over 3 million 

tons as a precursor for the plasticizer3 bis(2-ethylhexyl) phthalate (DEHP), used in the production of 

polyvinyl chloride (PVC), (Scheme 2). Safer alternatives of DEHP are also synthesized with aldehydes 

derived from hydroformylation of long-chain alkenes. 

 

Scheme 1. General scheme of the catalytic hydroformylation of an alkene. 

 

Scheme 2. Scheme for the production of DEHP, starting with hydroformylation of n-propene. 

 

Rhodium4 and cobalt5 complexes are the most frequently used for hydroformylation, although other 

metals (e.g. Pd, Ru, Ir)6 have also been reported as active catalysts. Rhodium complexes are generally 

more active and give more selective reactions than cobalt, and addition of monophosphine ligands 

was initially found to greatly improve both the catalytic reactivity and selectivity. Basic parameters 

were developed for the measure of steric and electronic properties of the ligands, such as the “cone 

angle” (θ)7 and the χ-parameter,8 to aid “rational ligand design” for catalyst development. The 

introduction of bidentate phosphorus ligands was a breakthrough in the field,9 as these generally give 

the most active and selective catalysts in hydroformylation so far. Accordingly, the “natural bite angle” 

(βn)10 was introduced as a parameter to estimate the steric properties of the ligands. The electronic 

effects of a bidentate ligand on the coordination geometry and the catalytic performance of a metal 

complex are difficult to determine, partly because of the complexity of the system, with several 

coordination isomers of the metal complex often coexisting (Figure 1). However, the importance of 

incorporating two electronically different binding sites11 in a bidentate ligand was demonstrated by 

the excellent performance of a series of hybrid bidentate phosphorus ligand-based rhodium 
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complexes in (asymmetric) hydrofomylation reactions,12 such as those based on phosphine-

phosphite13 and phosphine-phosphoramidite14 ligands. The electronic difference between the two 

donors, along with the steric factors (i.e. cone angles, bite angles), determine the coordination mode 

preference of the catalyst, which is believed to be directly related to the catalytic reactivity and 

selectivity of the catalyst.  

 

Figure 1. Representative coordination modes of bidentate phosphorus ligands in a typical hydroformylation 

rhodium catalyst (only one stereoisomer for each mode is shown for a hybrid ligand). 

 

Cooperative ligands,15 which promote reactions by directly participating in the reaction, are found in 

various applications of homogeneous catalysis, especially related to H2 splitting and transfer 

hydrogenation reactions. Typical cooperative ligands act as internal (Brønsted) bases (with the metal 

acting as a (Lewis) acid) to promote substrate activation (e.g., heterolytic activation of H2). Amido16 

and dearomatized pyridylmethylphosphine type ligands17,18 are particularly well-studied in this 

context. The pre-installed metal-ligand bifunctionality is assumed to provide more entropically 

beneficial pathways for substrate activation, as intermolecular organization of a base close to the 

coordination sphere of the metal is avoided. 

We hypothesized that the well-defined carbonyl rhodium complexes based on (6-

(phosphinomethyl)pyridine-2-yl)methan-secondary-amine type PNN ligand scaffolds19 (Chapters 3 and 

4) might be good candidates for Rh-catalyzed hydroformylation. These PNN ligands and their 

deprotonated derivatives contain basic amido and methine groups that are potentially useful in 

cooperative H2 activation (Figure 2).20 Such cooperative reactivity could by-pass activation solely by 

the metal center and thus could provide other catalytic pathways for hydroformylation. These robust 

hybrid PNN ligands are expected to enforce either P,N,N-tridentate21 or P,Npy-bidentate22 coordination 

modes (in case of hemilabile coordination of the flanking secondary amine), which may provide 

opportunities to look at their relevance for catalytic turnover. It should be realized that P-

monodentate modes of the ligands are also a possibility upon complete displacement of the N-donors 

by the -acceptor CO.  

 

Figure 2. Potential cooperative sites for H2 activation on the deprotonated PNN ligands. 

 



Chapter 6.  Hydroformylation of Alkenes Using a Rh(PNN) Pincer Complex 
 

128 
 

6.2 Results and discussions 

6.2.1 Catalytic activity of Rh-PNN complexes in hydroformylation 

Catalytic activities of five Rh-PNN carbonyl complexes A-E (Figure 3) in hydroformylation (HF) were 

tested using styrene as the benchmark substrate under 20 bar of syngas (molar ratio of CO/H2 = 1/1) 

at 50 °C (Scheme 3, Table 1). The HF reactions gave clean formation of a mixture of the branched and 

linear aldehyde, with no hydrogenated or other side-products observed. Styrenes are interesting 

substrates that generally favor the formation of branched aldehydes. The regioselectivity is typically 

suggested to arise from a Rh-(3-benzyl) intermediate stabilized by electron donation from the 

benzene ring. Complex A, which bears phenyl groups at both the nitrogen and phosphorus side-arms 

on the ligand, gave 99% yield to the aldehyde products, with a b/l ratio of 10.1 (entry 1). The two 

complexes B and C, with isopropyl-substituted phosphine ligands, showed comparably high catalytic 

activities but slightly lower regioselectivities to the branched products (entries 2 and 3). The similar 

catalytic performance of the two complexes suggests a common active species derived from 

dissociation of the amine arms. Complex D, a more bulky analogue of C with tert-butyl groups on the 

phosphorus donor, gave a lower yield of 55%, but a higher b/l ratio of 13.3 (entry 4). Normal (ligand-

free) Rh(acac)(CO)2 showed good activity but with a low b/l ratio (entries 6), while addition of five 

equiv. of PPh3 gave a b/l ratio of 10.1, similar to those catalyzed by the Rh-PNN complexes,  indicating 

that the true active species derived from the Rh-PNN complexes contain some phosphine ligand and 

are not simply ‘ligand-free’ carbonyl complexes. The dearomatized imino complex E, in contrast to all 

other complexes, showed almost no catalytic activity. Species E may be relatively inert to reactions 

that induce structural alterations due to steric and electronic effects (e.g. causing difficulties to 

dissociate one of the ligand arms). The push-pull effect (π-donation from the pyridine lone pair to a Rh 

d-orbital (push) is balanced by π-back donation from Rh to the π*-orbital at CO) may also stabilize this 

species in a non-reactive square planar geometry with difficulties to form the required hydride 

complex. Addition of one equivalent of (1S)-(+)-10-camphorsulfonic acid to complex E to form a 

sulfonamido-PNN rhodium complex bearing a chiral substituent near the metal center via chemistry 

detailed in Chapter 4,19 gave the same low yield to aldehyde and no enantioselectivity was detected. 

Hence, ligand sterics are proposed to be the major cause for the low overall activity of E.  

 

 

Figure 3. Rh-PNN complexes studied in hydroformylation. 
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Table 1. Catalytic results of Rh-catalyzed hydroformylation of styrene. 

 

Entry Catalyst 
Additives 

(mol%) 
Yield (%) b/l ratio 

1 A K2CO3 (20) 99 10,1 

2 B K2CO3 (20) 99 8,1 

3 C K2CO3 (20) 98 8,1 

4 D K2CO3 (20) 55 13,3 

5 E K2CO3 (20) 1 / 

6 Rh(acac)(CO)2 K2CO3 (20) 98 3,0 

7 Rh(acac)(CO)2 Ph3P (5) 99 10.1 

8 E 
(1S)-(+)-10-

Camphorsulfonic 
acid (1) 

1 / 

 

The addition of base (K2CO3) was required to obtain both high yield and selectivity to the aldehyde 

products, as only 32% yield and a b/l ratio of 3.8 were obtained in the absence of a base (entries 1-3 in 

Table 2 and entry 1 in Table 1). Addition of one equivalent of a strong base (KOtBu) led to a slightly 

lower yield of 86%, but with almost sole formation of the branched product (b/I ratio = 99.0; Table 2, 

entry 4). The drastic improvement of the regioselectivity of this reaction suggests an enriched 

concentration of a “more selective” catalytic intermediate,23 which is possibly slightly less active than 

other less or non-selective intermediates. When 2.5 equivalents of KOtBu was added, almost full 

conversion to the aldehyde products was observed with still high regioselectivity, albeit lower than 

that with one equivalent of KOtBu (entry 5). This might indicate a concentration difference of the 

catalytic intermediate (or different rates for its formation) when using different amounts of KOtBu. 

Formation of a doubly deprotonated species is also possible in the presence of two equiv of base 

(Chapter 4). Performance of complex B in the presence of one equivalent of KOtBu was very similar to 

that of A, yielding solely the branched aldehyde, while complex D showed poor activity, likely due 

(partly) to generation of catalytically inactive species (entries 6 and 7). 

 

As complex A showed considerably good activity and selectivity in catalyzing branched aldehyde 

formation from styrene,24 we were interested to look at its performance in the hydroformylation of 1-

octene, which typically favors formation of the linear aldehyde. The same conditions as for styrene led 

to selective formation of the aldehyde products in high yields, but with b/l ratios of around 0.6-0.7, 

similar to those catalyzed by simple monophosphine-coordinated rhodium complexes.  
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Table 2. The influence of base on Rh-catalyzed hydroformylation of styrene with Rh-PNN complexes. 

Entry Catalyst Base (mol%) Yield (%) b/l ratio 

1 A / 32 3.8 

2 A K2CO3 (5) 95 10.1 

3 A K2CO3 (50) 100 10.1 

4 A KOtBu (1) 86 99.0 

5 A KOtBu (2.5) 99 32.3 

6 B KOtBu (1) 84 only branched 

7 D KOtBu (1) 1 / 

 

 

Table 3. Hydroformylation of 1-octene catalyzed by complex A. 

 

Entry Base (mol%) Yield (%) b/l ratio 

1 K2CO3 (20) 99 0,6 

2 KOtBu (1) 97 0,7 

3 KOtBu (2.5) 98 0,6 

 

 

6.2.2 Mechanistic considerations 

6.2.2.1 Identifying a potential active species 1 

The favorable catalytic performance of complex A in hydroformylation of styrene motivated us to get 

insight in the potential active species. We firstly attempted to monitor the catalytic reaction using in 

situ high pressure NMR spectroscopy. The reaction was performed using four equivalents of styrene to 

complex A in the presence of five equivalents of K2CO3 in CD2Cl2 under 5 bar of syngas in a high 

pressure NMR tube (Scheme 1). After 3.5 hours of heating at 50 °C, only a small amount of (branched) 

aldehyde could be detected, together with partial ligand oxidation (Figure 4). Prolonged heating for 

another 2.5 hours led to 48.1% yield of aldehyde(s) with a b/l ratio of 7.3. After 8 hours, the yield 

increased to 64.9% with a b/l ratio of 8.3. Full conversion to the aldehyde product with a b/l ratio of 

9.1 was observed after 24 hours of reaction. The observed induction period indicates that complex A 

needs to undergo some transformation to generate the (more) active catalyst species 1. The 

increasing b/l  ratio over time also suggests that this active species accumulates during the reaction. 



Chapter 6.  Hydroformylation of Alkenes Using a Rh(PNN) Pincer Complex 
 

131 
 

Hence, both the reaction rate and the b/l ratio increase over time, suggesting that the more active 

species is also the more selective one. 

 

Scheme 1. Reaction scheme used for in situ high pressure NMR spectroscopic study. 

 

Figure 3. Stacked 
1
H NMR spectra following the reaction in Scheme 1 in time.  

6.2.2.2 The structure of the active species 1 

6.2.2.2.1 HP-NMR spectroscopic studies 

Concomitant with the accelerated aldehyde formation over time, the signals for the starting complex 

A drastically diminished in both the 1H and 31P NMR spectra in the timeframe between 3.5 h and 6 h of 

reaction. However, no other obvious signals corresponding to a Rh-PNN species were detected, 

although insufficient data recording or inherent broadening of the signals resulting from fluxional 

ligand coordination and exchange of the corresponding species might influence this observation. No 

hydride signal was detected between 0 and 35 ppm in the 1H NMR spectrum. It is possible that a fast 

hydride exchange between the metal and an elelctrophilic (e.g. imine) moiety of the ligand on the 

1.5 h 

3.5 h 

8.0 h 

6.0 h 

24 h 

styrene 
Complex A 

linear 

branched 

 

b 

 l 

Oxid. ligand 



Chapter 6.  Hydroformylation of Alkenes Using a Rh(PNN) Pincer Complex 
 

132 
 

NMR time scale might interfere with observation of the hydride signal. The 31P NMR spectrum showed 

a minor doublet at 23.86 ppm (1JRhP = 155.2 Hz) after 8 hours of reaction, along with other weaker 

signals in the range of 1922 ppm. After 24 hours, the former signal, which had increased in intensity, 

could be identified either as a second-order AA’XX’-type system (1JRhP = 136.1 Hz, 3JPP = 17.2 Hz, vide 

infra), or as two overlapping doublets at 23.86 (1JRhP = 153.0 Hz) and 23.85 ppm (1JRhP = 118.6 Hz). 

Furthermore, signals corresponding to the oxidized PNN ligand and trace amounts of catalyst 

precursor A were present. We attribute the signal(s) at approx. 23.86 ppm to a new species 1. 

Interestingly, when the syngas pressure was released (concomitant with addition of another four 

equivalents of styrene), the intensity of the complex signal at ~ 23.86 ppm decreased and a new 

doublet appeared at 21.25 ppm (1JRhP = 148.6 Hz), which was assigned to species 2. Repressurizing the 

NMR tube with 5 bar of syngas led to disappearance of this new species 2 and regeneration of the 

initial complex signal for species 1. When a control experiment was carried out without addition of 

styrene, both species 1 and 2 were observed after 18 hours with a 2/1 ratio of 0.59 based on 

integration of the 31P NMR signals, while another doublet assigned to species 3 at 31.51 ppm (1JRhP = 

132.1 Hz) was also observable, with a 3/1 ratio of 0.32 (Figure 5). The observation of 1 in this reaction 

excludes that 1 is an alkyl or acyl species. After storing the reaction solution at room temperature for 7 

hours, the signal of 3 disappeared and a 2/1 ratio of 0.37 was observed. This means that 3 was 

completely transformed into 1, and that 2 also partially transformed into 1 (2/(1+3) = 0.45 before the 

7-hour reaction), albeit at a slower rate. The nature of species 3 is presently not clear.   

Species 1 proved catalytically active without an obvious induction period, as 35.0% conversion of the 

second batch of styrene was observed after 30 minutes at 50 °C (Table 4). The reaction even 

proceeded at room temperature, with the yield increasing steadily to 92.3% after 17 hours. 

Correspondingly, a b/l ratio of 10.5 was obtained, which is similar to data obtained with A and K2CO3 

(see Table 2), supporting the assumption that the more active catalyst is also more selective.  

 

Figure 4. Stacked 
31

P NMR spectra following the reaction in Scheme 1 in time.  

1.5 h 

3.5 h 

6.0 h 

8.0 h 

24 h 

 

Oxid. ligand 

Complex A 

Species 1 
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Figure 5. Stacked 
31

P NMR spectra of the control experiment to that in Scheme 1 (without addition of styrene). 

Upper: soon after 18 hours of heating; bottom: 7 hours at room temperature. 

 

Table 4. Hydroformylation of styrene catalyzed by the reaction residue of Scheme 1 containing species 1. 

 

Time Yield (%) Total b/l ratio 

30 min 35.0 9.4 

1 h 52.4 9.3 

5 h
a
 81.9 10.0 

18 h
b
 92.3 10.5 

*
 The last 4

a
/17

b
 hours of reaction at room temp. (25 °C). 

 

In the 1H NMR spectrum, overlapping signals of different species and some signal broadening 

interfere with structural elucidation of species 1. A 2D 1H31P-HSQC spectrum showed that a doublet at 

3.91 ppm with a JPH = 8.0 Hz correlates with the 31P signal at 23.86 ppm, which points to proton(s) of 

the methylene group of the P arm of the PNN ligand. The upfield shift and smaller coupling constant of 

this signal relative to that of complex A (4.35 ppm; 2JPH = 11.7 Hz) as well as the upfield shift in the 31P 

NMR spectrum are common features of a dearomatized metal-bound PNN* ligand formed upon 

deprotonation of the methylene group of the P arm.17a,19,25 Although coordination modes of the 

complexes are expected to change in the presence of CO, extra coordination of CO or ligand donor 

Species 1 

Species 2 Species 3 

After 7 hours storing at r.t.  

After 18 hours of heating 
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displacement with CO should generally result in a downfield shift of the 31P NMR signal. Hence, we 

postulate that the PNN ligand remains coordinated as either a tridentate (3-P,N,N) or bidentate 

donor (2-P,NPy) under syngas conditions. Consequently, it is not unreasonable to assume that 

“species 1” might consist of a mixture of bis- and/or tris-carbonyl complexes [RhI(CO)2(PNN*)] or 

[RhI(CO)3(PNN*)] (Figure 6), which would also explain the complex pattern at 23.86 ppm. A 

dearomatized imine ligand scaffold is proposed based on our previous studies on the ligand behavior 

of analogous Rh-PNN complexes (Chapter 4). Mono-carbonyl structures seem less likely given the 

presence of excess CO as well as the “CO-rich” nature of the species suggested by the reversible 

conversion between species 1 and 2 affected by syngas pressure change.   

 

Figure 6. Proposed monomeric formulations for species 1, corresponding to the complex 
31

P NMR signal at 23.86 

ppm (“eP, aN” denotes that P coordinates at an axial position and N coordinates at an equatorial position in a 

trigonal bipyrimidal geometry). 

 

 If the signal is considered to correspond to an AA’XX’ system, species 1 could also be formulated as a 

dimeric Rh0 species ([Rh0(µ-CO)(CO)n(2-P,N-PNN)]2 or [Rh0(µ-CO)(CO)n(1-P-PNN)]2) containing either 

a 2-P,N bidentate (1a; n=1) or 1-P monodentate (1b; n=2) coordination mode of the PNN ligand, 

based on a comparison of the chemical shift, coupling constants and pattern of the signal in the 31P 

NMR spectrum with related systems in literature (the experimental and simulated spectra of an 

analog of 1b are shown in Figure 5).22 If this would be the correct interpretation of the NMR data, the 

exact coordination mode of the PNN ligand (e.g. ee or ea) would still not be clear at this stage. 

Furthermore, as mentioned above the presence of a mixture of two mononuclear species can as yet 

not be excluded, based on the available NMR data.  

Dimeric Rh0 species have been reported to form at high rhodium concentration and low hydrogen 

pressure.1a Although the conditions applied with our ligand system meet these general criteria to 

some extent, no structural evidence for the existence of a dimeric species with our system has been 

obtained so far. 



Chapter 6.  Hydroformylation of Alkenes Using a Rh(PNN) Pincer Complex 
 

135 
 

 

Figure 7. An AA’XX’ system in (a) Experimental and (b) simulated 
31

P NMR spectra of the complex [Rh
0
(µ-

CO)(CO)2(P-PN)]2.
22

 

 

6.2.2.2.2 HP IR spectroscopic studies 

In order to get further insight into the structure of species 1, in situ high-pressure IR spectroscopy was 

used to monitor the evolvement of rhodium carbonyl complex. The same pressure and temperature (5 

bar syngas and 50 °C) as for the HP NMR studies were used, while the concentration of A was a bit 

lower (1.5 versus 20 mmol/mL) and the reaction was performed under stirring. After injection of a 

small amount of DCM solution of complex A into the chamber, the autoclave was heated to 50 °C and 

the IR spectra were recorded following the reaction in time. Unfortunately strong interference fringe 

was observed for currently unknown reasons,26 which caused difficulties in the interpretation of the 

spectra (Figure 6).  

At the start, however, a band of complex A at 2006 cm–1 was observed along with two shoulders at 

2021 and 1992 cm–1 in the CO stretch region (Figure 8). Upon heating, the band at 2021 cm–1 

broadened and decreased in intensity and the one at 1992 cm–1 concomitantly increased. This change 

was more obvious for the first five hours. No induction time was observed for the transition, 

contrasting with the NMR experiment, which might be due to the lower concentration of complex A, 

stirring and more efficient heating in the IR experiment, thus implying that complex A is transformed 

faster into other species. Bands corresponding to Rh0 structures with bridging carbonyl groups could 

not be observed, but could be masked as a strong background band and aldehyde CO absortion bands 

appeared at the position between 1680–1800 cm–1 interfering with possible signals in this region. 

After 20 hours, the two major observable bands were positioned at 2007 and 1992 cm–1. Since 

complex A is assumed to be consumed more rapidly in the in situ IR experiment than in the in situ 

NMR experiment, the band at 2007 cm–1 was assigned to a new species, and both bands were 

tentatively ascribed to species 1, suggestive of a (mononuclear) bis- or tris-carbonyl complex (e.g. 

species I-IV shown in Figure 6).  
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Figure 8. Stacked FT-IR spectra monitoring the hydrofornylation reaction in time under 5 bar of syngas. 

 

In a control HP FT-IR experiment, where no alkene subtrate was added, slightly more distinctive 

signals were observed (Figure 9), even though interference fringe was still present.26 A short induction 

time was observed. After one hour of heating, two bands at 2042 and 1994 cm–1 could be observed 

(the band at 1991 cm–1 is actually a shoulder of the band at 1994 cm–1 arising from the background 

dip), and later two other bands at 2025 and 1978 cm–1 also appeared. The first two bands quickly 

arose in the first four hours, while the second two bands appeared slowly but steadily over time. The 

band at 2006 cm–1 diminished sharply in the first few fours. This band along with the first two signals 

(with the signal at 1994 cm–1 corresponding to 1992 cm–1 in Figure 8) might be assigned to species 1. 

Considering the observed coexistence of species 2 in the HP NMR spectra, the second set of two bands 

were assigned to species 2. Thus, species 1 and 2 were postulated to be tricarbonyl and dicarbonyl 

complexes, respectively. The slow steady inrcease of species 2 might result from CO pressure decrease 

in the autoclave along the time, which shifts the equilibrium in favor of 2. 

 

 

 

 

1991.7 cm
–1

 

2006.8 cm
–1

 

2021.1 cm
–1

 

50 °C, 0 min 

20 min 

40 min 

100 min 

200 min 

300 min 

400 min 

600 min 

800 min 

1200 min 

35 °C 

40 °C 

1994.2 cm
–1

 2016.2 cm
–1
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Table 5. Experimentally observed IR frequencies assigned to tris-carbonyl species 1 and bis-carbonyl species 2.  

 assignment as IR frequencies 

Species 1 tris-carbonyl complex 1994, 2006, 2042 cm
-1

 

Species 2 bis-carbonyl complex 1978, 2025 cm
-1

 

 

The net pressure drop in the autoclave during the measurement without substrate present was 

directly reflected by the pressure manometer, associated with a band at 1713 cm-1 increasing over 

time. This region is generally characteristic of the CO stretch of aliphatic aldehydes, ketones or esters. 

The intensity of this band increased drastically when the temperature of the autoclave was lowered to 

room temperature, suggesting the volatile nature of the compounds. In the corresponding 1H NMR 

spectrum (Figure 12), a sharp singlet at 10.05 ppm and two signals at around 1.29 and 0.88 ppm with a 

terminal “ethyl” pattern were observed (see Figure A1 in the appendix). An aliphatic aldehyde was 

thus proposed to be formed via hydroformylation of an alkene generated via a Fischer-Tropsch 

process,27 although the details are not clear at the moment.  

  

 

Figure 9. Stacked FT-IR spectra monitoring the control experiment (without alkene) in time under 5 bar of 

syngas. 

 

 

2041.6 cm
–1

 

2850 °C, for 1h 

50 °C, 2h 

3h 

6h 

4h 

10h 

21h 

2025.2 cm
–1

 

2008.1 cm
–1

 

1993.6 cm
–1

 

1977.8 cm
–1

 

1712.6 cm
–1
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6.2.2.2.3 DFT calculations 

DFT calclulations of possible structures for species 1 with the dearomatized-PNN ligand coordination 

were performed to provide more detailed understanding. The BP86/def2-TZVP level has been found 

to be highly reliable to give simulated CO stretch frequencies close to experimental values for similar 

Rh-PNN carbonyl systems19 (mean squared error for five complexes  = 3.14 cm–1, without using a 

scale factor), which was thus also used here. All the structures were studied with the PNN ligand in its 

dearomatized imine form, using non-truncated models. Structures with formulas [Rh
I
(CO)3(

2
-eP,aN-

PNN*)
-1

] (I) and [Rh
I
(CO)3(

2
-aP,eN-PNN*)

-1
]  (II) were optimized for comparison with the experimental IR 

frequencies of species 1. The conformational isomers denoted as a, b, c differ mainly in orientations of 

the phenyl substituents. Different isomers of I and II were calculated to be close in energy.28 Of all 

these isomers, the computed IR frequencies for geometry IIb are closest to the experimental data of 

species 1 (Table 6). Structures with formulas [Rh
I
(CO)2(

3
-P,N,N-PNN*)

-1
] (III) and [Rh

I
(CO)2(

2
-P,N-PNN*)

-1
] 

(IV) were calculated for species 2. Geometry I, involving a 3-P,N-N-tridentate coordination mode of 

the PNN-ligand in the bis-carbonyl complex shows too low CO stretching wavenumbers compared to 

the experimentally observed signals and is therefore excluded. Two isomers of II, involving a 2-P,N-

bidentate coordination mode of the PNN-ligand in the bis-carbonyl complex in a square planar 

geometry, gave reasonable wavenumber values compared to the experimental data, with IVb showing 

most resemblance (Table 6). Thus, the Geometry of tris-carbonyl species 1 was assigned as IIb, and 

that of bis-carbonyl species 2 as IVb, with the optimized structures shown in Figure 10.  

 

Table 6. General CO values of the four envisioned formulas and corresponding conformational isomers 

calculated at the BP86/def2-TZVP level.  

For species 1 

I [Rh
I
(CO)3(

2
-eP,aN-PNN*)

-1
]  II  [Rh

I
(CO)3(

2
-aP,eN-PNN*)

-1
]  

a. 1983, 2002, 2054  cm
–1

 a. 1981, 2002, 2059 cm
–1

 

b. 1986, 1995, 2049  cm
–1

 b. 1991, 2009, 2062 cm
–1

 

c. 1988, 2000, 2054  cm
–1

 c. 1996, 2005, 2061 cm
–1

 

 

For species 2 

III [Rh
I
(CO)2(

3
-P,N,N-PNN*)

-1
]  IV [Rh

I
(CO)2(

2
-P,N-PNN*)

-1
] 

1956, 1977 cm
–1

 
a. 1988, 2040 cm

–1
 

b. 1985, 2037 cm
–1
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Figure 10. DFT optimized structures of: Left: tris-carbonyl [Rh
I
(CO)3(

2
-aP,eN-PNN*)

-1
] species 1 in geometry IIb; 

Right: bis-carbonyl [Rh
I
(CO)2(

2
-P,N-PNN*)

-1
] species 2 in geometry IVb. Distance unit is in angstrom (Å), angle 

unit is in degree (°). 

 

6.2.2.2.4 Proposed catalytic cycle 

A catalytic cycle based on the above experimental data involving the proposedly detected species 1 

and 2 is proposed in this section, using a model with the phosphorus occupying the axial position and 

the pyridine nitrogen occupying the equatorial position based on the DFT IR property calculations 

described in section 6.2.2.2.3 (Figure 11). The catalytic reaction starts with CO release from species 1 

to form species 2 with a vacant site for H2 coordination. Subsequently, the dearomatized ligand 

cooperatively acts as internal base for H2 splitting to generate hydride species 3. This dihydrogen 

activation process should benefit from the 2-P,N-bidentate fashion of the ligand as the rigid imine 

arm is removed from the coordination plane, which might otherwise result in a highly-strained 

transition state for the intramolecular deprotonation of coordinated H2. The stiffness of the ligand 

backbone is suggested to be a major reason for the inertness of the similar 3-P,N,N-tridentate 

dearomatized imine PNN ligand-based rhodium carbonyl complex E towards H2 activation (Chapter 4). 

This type of cooperative H2 activation is unknown in hydroformylation catalysis. 

Styrene insertion takes place after CO release to afford a π-allyl intermediate 4, in equilibrium with a 

branched alkyl species 5. This is the regio-determining step. The ability of the complex to stabilize the 

π-allyl resonance structure is assumed to be the major origin of the high regioselectivity towards the 

branched product. Migratory insertion of internal CO followed by external CO coordination (or direct 

insertion of external CO) gives the acyl species 6, which after protonation by the ligand generates the 

branched aldehyde product and regenerates the active catalyst 3. A similar catalytic process involving 

species in a square planar geometry is also possible, and cannot be excluded based on the available 

experimental data.  
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Figure 11. Proposed mechanism for the Rh-PNN catalyzed hydroformylation of styrene, featuring ligand 
cooperativity in H2 splitting.  
 

6.3 Conclusion 

Rh-PNN carbonyl complexes A and B showed good activity in the catalytic hydroformylation of 

styrene, leading to high regioselectivities to the branched aldehyde product. The presence of a base is 

critical for achieving good catalytic performance. Also the type and amount of base has a large 

influence on the activity and selectivity of the catalyst. Very high selectivities towards the branched 

aldehyde product (b/l ratio > 99) were obtained when combining catalyst A or B with 1 eq. of KOtBu as 

the base. When using K2CO3 as the base the aldehyde yields were somewhat higher, while the b/l 

selectivities are still high (~10) but lower than those obtained when using KOtBu as the base. The high 

b/l ratios obtained when using K2CO3 as the base are similar to those obtained with monophosphane 

coordinated catalysts reported in literature (reported b/l ratios ~10), and higher than observed in 

hydroformylation with “ligand-less” rhodium complexes. An induction period of 3.5 hours was 

observed under the chosen conditions (50 °C, five bar of syngas, in a HP NMR tube). One or more 

catalytically active intermediate(s) 1 was/were spectroscopically observed, showing the unusual 

coordination chemistry of the PNN ligand scaffold. Species 1 is even able to catalyze styrene 

hydroformylation at room temperature with high regioselectivity. The reaction rate and 

regioselectivity enabled by the species 1 are in good agreement with catalytic experiments of 

precursor complexes when combined with K2CO3, thus supporting the hypothesis that 1 is the true 

active intermediate in the catalytic system. The active species formed in the presence of KOtBu 

remains elusive thus far. 

HP NMR spectroscopy suggested that species 1 exists in a monomeric RhI form hosted by a pyridine-

dearomatized PNN ligand or in a dimeric Rh0 form with a P,N-bidentate ligand. HP FT-IR spectroscopy 

and DFT calculations suggested that species 1 is a mononuclear [RhI(CO)3(
2-P,N-PNN*)-1] species, 

probably adapting a trigonal bipyrimidal geometry with the phosphorus and the pyridine nitrogen 

occupying the axial and a equatorial position, respectively, in which the dearomatized PNN ligand 

coordinates in a bidentate fashion. A mechanism was proposed based on the structure of species 1, in 

which the cooperative ligand assists in the H2 activation step. Further in situ HP NMR and IR studies 
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under more controlled conditions are needed to get more structural information on species 1, which 

will help to elucidate the more detailed catalytic mechanism, as well as to unravel the reasons behind 

the remarkable differences in regioselectivities observed when using KOtBu as the base instead of 

K2CO3. 

 

6.4 Experimental details 

All reactions were carried out under an argon atmosphere using standard Schlenk techniques or in a 

glovebox unless noted otherwise. With exception of the Rh-PNN compounds, all reagents were 

purchased from commercial suppliers and used without further purification. Toluene was distilled 

from sodium/benzophenone ketyl under nitrogen. Dichloromethane (DCM) was distilled from CaH2 

under nitrogen. CD2Cl2 was dried over molecular sieves (3 Å) and degassed by three freeze-pump-thaw 

cycles. If not stated otherwise, syngas refers to a 1:1 mixture of H2 and CO, and the pressure refers to 

the sum pressure of both. NMR spectra (1H, 31P{1H} and 13C{1H}) were measured on a Bruker AMX 400 

spectrometer at 25 °C unless noted otherwise. IR spectra were recorded with a Nicolet Nexus FT-IR 

spectrometer.  

Hydroformylation Catalysis: Hydroformylation experiments were carried out in a stainless-steel 

autoclave suitable for seven reaction vessels (equipped with Teflon mini stirring bars) for performing 

parallel reactions. Each vial was charged with the alkene substrate (0.187 mmol), Rh-PNN carbonyl 

complex (1.87 µmol), (Base, K2CO3 or KOtBu),  decane (0.0187 mmol) and distilled toluene (3 mL). Each 

vial was then capped with a septum cap, which was then punctured with a needle (25 G  5/8 ’’), which 

was left in the cap throughout the catalysis. The autoclave was sealed and purged (5  10 bar) with 

syngas, then pressurized to 20 bar, and autoclave was heated in an oil bath to 50 °C with the vials 

being stirred for 16 h. The autoclave was then vented to 1 atm and aliquots of each reaction were 

diluted with CH2Cl2 for GC analysis. 

 

High-pressure NMR (HP NMR) studies: A high pressure NMR tube was charged with complex A (0.01 

mmol), K2CO3 (0.05 mmol) and dichloromethane (0.5 mL, dried over 3 Å molecular sieves) in glove box. 

Styrene (0.04 mmol) was subsequently added under Ar. The NMR tube was purged with (5  10 bar) 

with syngas and then pressurized to 5 bar. The reaction was monitored by 1H and 31P NMR 

spectroscopy firstly at room temperature (25 °C) and then at 50 °C (with half height of the solution 

dipping in the oil bath), following the reaction in time. 

 

High-pressure Infrared (HP IR) studies: The experiment was performed in a stainless steel (SS 316) 50 

mL autoclave equipped with IRTRAN windows (ZnS, transparent up to 700 cm–1, 10 mm i.d., optical 

path length 0.4 mm), a mechanical stirrer, and a temperature controller. The chamber was charged 

with K2CO3 (0.225 mmol) and sealed, followed by purging with argon. A 20 mL dichloromethane 

solution of styrene (0.12 mmol) was injected into the chamber through the inlet under Ar. The 

autoclave was purged (5  10 bar) with syngas (H2/CO = 1:1) and then pressurized to 5 bar. The 

autoclave was positioned in the FT-IR spectrometer and heated to 50 °C; after full equilibration, a 

background spectrum was collected. The autoclave was then let to cool down to 28 °C, and the 
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pressure was released, followed by quick injection of a DCM solution (0.6 ml) of complex A (0.03 

mmol) into the chamber. The autoclave was purged (5  10 bar) again with syngas, and pressurized to 

5 bar. The autoclave was positioned into the FT-IR spectrometer and heated to 50 °C, and a series of 

spectra were collected following the reaction in time. 

 

DFT calculations 

The gas phase geometries of the complexes 3 and 4 were optimized with the Turbomole program 

package29 coupled to the PQS Baker optimizer30 via the BOpt package31 at the ri-DFT32/BP8633 level. 

We used the def2-TZVP basis set34 for all atoms and a small grid (m4). The minima (no imaginary 

frequencies) were characterized by calculating the Hessian matrix. 

 

Appendix  

 

Figure A. 
1
H NMR of the control experiment (without alkene substrate). 
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