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Chapterr  4 

Mechanisticc Studies of the Hydroformylatio n of 1-Alkenes 

usingg a Monodentate Phosphorus Diamide Ligand 

Thee mechanism of the riiodium-catalysed hydroformylation reaction using a monodentate 

phosphoruss diamide ligand has been investigated. The system presents an ideal case to 

illustratee the basics of hydroformylation. A detailed kinetic study and (in situ) spectroscopic 

techniquess revealed that several of the elementary reaction steps are involved in the 

hydroformylationn rate control. Which step is rate determining depends strongly on the 

conditionss used. Deuterioformylation showed that alkene coordination followed by hydride 

migrationn is irreversible under the conditions studied. The rhodium-hydride complex 

HRhL2(CO)22 and several rhodium-acyl complexes were observed during the 

hydroformylationn reaction. The structures of the rhodium-acyl complexes have been 

characterisedd using 31P, 13C, and 103Rh NMR spectroscopy. The major rhodium-acyl complex 

formed,, RC(0)RhL2(CO)2, has a trigonal-bipyramidal structure with the two phosphorus 

ligandss coordinated in the equatorial plane. The exchange rates of the equatorial and apical 

carbonyll  ligands with dissolved carbon monoxide differ significantly, the equatorial carbon 

monoxidee being much more labile. 
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4.11 Introductio n 

Rhodium-catalysedd hydroformylation has been extensively studied. * An important 

aspectt of these studies has been the unravelling of the reaction mechanism in order to obtain a 

betterr understanding of the outcome of die overall reaction. Although the reaction kinetics 

havee been investigated many times, very littl e has been reported on the characterisation of the 

intermediatess present during the reaction. Nowadays high-pressure (HP) spectroscopic 

techniquess are regularly applied to identify organometallic compounds present under high 

pressures.3'' 8 " " HP IR is most often applied to identify in situ hydroformylation 

intermediates,, but only information about carbonyl ligands is obtained and full 

characterisationn cannot been achieved. HP NMR spectroscopy is a powerful technique for the 

characterisationn of complexes formed under high pressures. However, in situ characterisation 

off  complexes present during catalysis cannot be performed using a HP NMR tube because of 

diffusionn limitation of the reacting gases. A continuous supply of gas and optimal mixing is 

achievedd in a HP NMR flow cell,12 and therefore, this is an elegant tool for the 

characterisationn of hydroformylation reaction intermediates. The combination of (in situ) HP 

IRR and HP NMR spectroscopy can lead to complete structural analysis of the intermediates 

presentt during catalysis. 
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FigureFigure 1. The Hydroformylation Reaction Cycle 
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Mechanisticc Studies 

Thee generally accepted, dissociative mechanism proposed by Wilkinson is 

presentedd in Figure 1. The five-coordinate rhodium bisphosphine complexes shown in this 

Figuree can be resting states of the catalyst, but rhodium complexes with one or three 

phosphinee ligands may also be involved.1, 6*  8 The reactive species in this mechanism are 

coordinativelyy unsaturated complexes formed by dissociation of CO or phosphine. A free 

coordinationn site for alkene coordination is obtained in the CO dissociation step of the 

rhodium-hydridee complex 2a (steps 1 and 2). After hydride migration (step 3) and 

coordinationn of CO, insertion of CO occurs to give a rhodium-acyl complex (2g, steps 4 and 

5).. The unsaturated rhodium-acyl complex 2g undergoes either hydrogenolysis (step 6) or CO 

coordinationn (step 7). Hydrogenolysis completes the catalytic cycle with the regeneration of 

thee coordinatively unsaturated hydride complex 2b and the production of either the linear or 

thee branched aldehyde (step 6). Depending on the electronic and steric properties of the 

ligandss used, different steps will control die reaction rate and different intermediates will be 

presentt in the reaction mixture as the catalyst resting state. 

Manyy detailed studies on the reaction kinetics and the resting state of an unmodified 

rhodiumm carbonyl catalyst using various substrates have been performed.9, 10' 14, 15 These 

studiess showed that the rate-determining step of the hydroformylation reaction for this 

electron-poorr rhodium catalyst is hydrogenolysis. Garland and co-workers9, 16 identified a 

rhodium-acyll  intermediate as the resting state of the catalyst using in situ IR spectroscopy. 

Vann Leeuwen et al.17'18 investigated hydroformylation catalysts based on bulky monodentate 

phosphitee ligands. Kinetic studies of the hydroformylation reaction catalysed by this electron-

poorr rhodium catalyst revealed a zero order in alkene concentration and an approximate first-

orderr rate dependency on the hydrogen concentration, indicating that the rate-determining 

stepp is the hydrogenolysis.19 In situ IR studies confirmed this hypothesis by showing that the 

rhodium-acyll  complex is present as the resting state of the catalyst during the 

hydroformylationn reaction under these conditions.20 

Despitee their importance, very few kinetic studies have been performed on ligand 

modifiedd hydroformylation rhodium catalysts. Cavalieri d' Oro and co-workers21 investigated 

thee reaction kinetics of a triphenylphosphine-modified catalyst, which were different from the 

kineticss of catalysts containing bulky phosphite ligands. This study showed mat the rate 

equationn for this system depends on the substrate and phosphine concentrations. The reaction 

showedd a zero-order dependency on both CO and H2 concentration. The selectivity for the 

linearr aldehyde was found to depend dramatically on the ratio between CO and ligand 

concentrations.. Wilkinson22 and Brown2 and co-workers examined the coordination chemistry 
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off  several rhodium-phosphine complexes that are potential intermediates in the 

hydroformylationn reaction using IR and NMR spectroscopy. Under the conditions studied, 

HRh(PPh3)2(CO)22 was present as the most abundant species during the hydroformylation 

reaction,, as detected by in situ IR and NMR techniques.23' 24 Moser investigated the 

hydroformylationn reaction intermediates formed from a range of /?ara-substituted 

triphenylphosphinee ligands.3 From their data they concluded that when the electron density on 

rhodiumm is decreased, the rate-limiting step shifts from "just after the formation of 

HRhL2(CO)22 (L = PPh3) to just after formation of RhR(CO)2L2 (L = (p-ClPh)3P or L = 

(p-CF3Ph)3P)". . 

Inn chapter two, we reported on a new group of phosphorus diamides as ligands for 

thee hydroformylation reaction based on a l,3,5-N,N',N"-trisubstituted biuret structure.25 

Thesee ligands combine the 7t-acidity of phosphites with the steric properties of phosphines. 

Thiss unique combination of electronic and steric ligand properties leads to an increase of the 

hydroformylationn activity compared to that of phosphine-based catalyst systems. Under 

hydroformylationn reaction conditions, these bulky ligands formed exclusively the equatorial-

equatoriall  rhodium-hydride complex; although the ligands are very bulky, the catalyst 

selectivityy for the linear aldehyde remained moderate. This observation suggests that during 

thee catalytic cycle an equatorial-apical complex might be formed. Here we present a 

mechanisticc study using these phosphorus diamide ligands in order to understand the catalyst 

performance.. The rate-limiting step in the hydroformylation reaction of 1-alkenes using 

ligandd 1 was investigated and the solution structure of the resting state of the catalyst was 

studiedd using (in situ) high-pressure spectroscopic techniques. 
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4.22 Results and Discussion 
4.2.11 Kineti c Studies 

Thee rate-controlling steps of the hydroformylation reaction of 1-octene using 

HRh(l)2(CO)22 (2a) were determined by a detailed kinetic study. In this study the 

concentrationn dependency of the reaction rate of all the reactants was investigated. The initial 
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ratee of aldehyde production was determined over the first 10 % of conversion. Earlier research 

showedd that ligand 1 can form mixtures of two different hydride complexes (HRh(l)2(CO)2 

andd HRh(l)(CO)3) under hydroformylation conditions.25 The performances of these two 

catalystss in the hydroformylation reaction are different. Therefore, the optimal rhodium and 

ligandd concentrations were determined using high-pressure IR spectroscopy to ensure 

exclusivee formation of HRh(l)2(CO)2. 
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FigureFigure 2. Equilibrium between Monomeric and Dimeric Rhodium Complexes 

Onee of the important side reactions obtained under hydroformylation reaction conditions is 

thee dimerisation reaction depicted in Figure 2. High rhodium and low H2 concentrations and 

loww temperatures promote the formation of these dimeric rhodium complexes.11, 26' 27 To 

investigatee the effect of the rhodium concentration on the reaction rate, we varied this 

concentrationn between 0.5 and 4 mM (see Graph 1). The rate of aldehyde production is 

linearlyy proportional to the rhodium concentration. This first-order dependency indicates that 

dimerisationn of the rhodium complexes is not involved under the applied hydroformylation 

conditionss using ligand 1. 

33 4 5 
[Rh]]  (mM) 

GraphGraph 1. Variation of the rhodium concentration, Conditions: T - 41 "C, pCo = Pm = 10 bar, 

[L][L]  = 19 mM, [1-octene] = 0.59 M. Values of the rate are least-squares fits (r2 >0.998) of 

lineslines from plots ofmillimoles of aldehyde vs. time over 0-10% conversion. 
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GraphGraph 2. Variation of the Partial CO Pressure, Conditions: T = 41 "C, [Rh] = 2 mM, 

Rh/LRh/L - 1/10, pH2 - 10 bar, [1-octene] - 0.59 M. Values of the rate are least-squares fits (r~ > 

0.998)0.998) of lines from plots of millimoles of aldehyde vs. time overO -10 % conversion. 

Thee 1-octene concentration was varied between 0.4 and 1.2 M. The results depicted in Table 1 

showw a rate dependency of 0.3. The partial CO pressure was varied between 10 and 35 bar. 

Thee natural logarithm plot of the reaction rate against the partial CO pressure shows a 

negativee first-order dependency on the partial CO pressure (Graph 2). The partial hydrogen 

pressuree was varied between 10 and 40 bar (Table 2). The natural logarithm plot of the 

reactionreaction rate against the partial hydrogen pressure shows a large positive (0.8) dependency on 

thee hydrogen pressure. We studied the effect of the ligand concentration on the reaction rate 

byy varying this concentration between 19 and 67 mM. The results show a rate dependency of 

-0.33 (Table 3). 

Tablee 1. Substrate Concentration Dependency on the Hydroformylatio n Reaction Rate3 

[1-octene] ] 

(M) ) 

0.44 4 

0.59 9 

0.59 9 

0.88 8 

1.18 8 

Conversion n 

(%) ) 
22 2 

13 3 

20 0 

25 5 

23 3 

kk b 

"a id d 

152 2 

165 5 

162 2 

183 3 

201 1 

Vb Vb 

1.7 7 

1.7 7 

1.7 7 

1.9 9 

1.9 9 

2-octene e 

(%) (%) 
2 2 

2 2 

1 1 

2 2 

1 1 

aa Conditions: T = 41 °C, PCO = PHI= 10 bar, [Rh] = 1.9 mM, [ligand] = 19 mM. Samples were taken between 0-

10%% conversion.b (mol aldehyde)(mol Rhy'h"1 averaged over time. 
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Tablee 2. CO and H2 Partial Pressure Dependency on the Hydroformylatio n Reaction 

Rate' ' 

PHI PHI 

(bar) ) 

10.5 5 

10.6 6 

10.6 6 

10.5 5 

10.0 0 

10.6 6 

Poo Poo 

(bar) ) 

11.5 5 

12.1 1 

20.2 2 

24.3 3 

29.5 5 

38.5 5 

Conv. . 

(%) ) 

25 5 

23 3 

20 0 

23 3 

29 9 

18 8 

kaki kaki 

191 1 

183 3 

108 8 

93 3 

77 7 

52 2 

1/b b 

1.7 7 

1.8 8 

1.7 7 

1.8 8 

1.7 7 

1.7 7 

2-octene e 

(%) ) 

2 2 

3 3 

3 3 

2 2 

2 2 

2 2 

Pm Pm 

(bar) ) 

11.8 8 

18.1 1 

29.9 9 

34.7 7 

Pco Pco 

(bar) ) 

10.6 6 

10.5 5 

10.3 3 

10.5 5 

Conv. . 

(%) ) 

26 6 

26 6 

24 4 

24 4 

/ / 

193 3 

263 3 

407 7 

456 6 

1/b b 

1.8 8 

1.8 8 

1.8 8 

1.8 8 

2-octene e 

{%) {%) 

3 3 

3 3 

1 1 

2 2 

88 Conditions: T = 41 °C, [Rh] = 1.9 mM, [ligand] = 19 mM, [1-octene] = 0.59 M. Samples were taken between 0 

-- 10% conversion.b (mol aldehydeXmol Rh '̂h"1 averaged over time. 

Tablee 3. Ligand Concentration Dependency on the Hydroformylatio n Reaction Rate* 

[L ] ] 

(mM) ) 

19 9 

29 9 

37 7 

49 9 

67 7 

conversion n 

(%) ) 

25 5 

28 8 

26 6 

25 5 

22 2 

lrlr  b 

«aid d 

226 6 

206 6 

191 1 

183 3 

165 5 

Mb Mb 

1.9 9 

1.9 9 

1.9 9 

1.9 9 

2.0 0 

2-octene e 

(%) ) 
2 2 

2 2 

2 2 

2 2 

2 2 

**  Conditions: T = 41 °C, pCo = Pm = 10 bar, [Rh] = 1.9 mM, [ 1 -octene] = 0.59 M. Samples were taken between 0 

-10%% conversion.b (mol aldehydeXmol Rhy'h"1 averaged over time. 

Thee positive reaction order found for the alkene concentration and the negative 

reactionn order found for the CO pressure and ligand concentration are similar to the results 

foundd for the triphenylphosphine based catalyst.21 The rate equation for this type kinetics, as 

proposedd by van Leeuwen et al.28 as Type I kinetics, is given below. 

RateRate (Typel) = A[Rh][alkene] A[Rh][alkene] 
B[CO]B[CO] + C[alkene] + [L] 

(D D 

Rate-influencingg reactions are CO or ligand dissociation, alkene coordination, and hydride 

migration.. The resting state of the catalyst fitting this kinetics is the rhodium-hydride complex 

2a.. Type I kinetics is observed for most ligand-modified rhodium catalysts. The large positive 

reactionn order found for the hydrogen pressure suggests that the hydrogenolysis step is also 

importantt in detenmning the overall reaction rate. The rate equation fitting these results which 
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weree proposed as Type II kinetics is given below.28 Coordinatively saturated rhodium-acyl 

complexess such as 3a will be present in the reaction mixture as resting states of the catalyst. 

te»qfr«g).te»qfr«g). D t ^ l t H z l (D) 
E[CO]E[CO] + F[H2]  + [L] 

Thee kinetic data obtained for 2a show that the rate-determining step of the hydroformylation 

reactionn using this catalyst cannot be reduced to one single step of die hydroformylation 

mechanism.. Several reaction steps in the proposed mechanism are involved controlling the 

reactionn rate. The alkene coordination/hydride migration and the hydrogenolysis have very 

similarr rates leading to a combination of the Type I and Type II kinetics, as given in equation 

HI,, of the overall reaction rate of the approximate form. 

__ , ... G[Rh][H2][alkene] /TTTX 

RateRate (overall) = — - — (HI) 
H[CO]+K[alkene]H[CO]+K[alkene] + [H2] 

Thee overall reaction rate is strongly dependent on the reaction conditions used. At high 

hydrogenn pressure, the catalyst will show Type I kinetics, i.e. the alkene coordination or 

hydridee migration determines the overall rate of reaction. When the alkene concentration is 

increased,, the catalyst wil l show Type II kinetics: i.e. the hydrogenolysis determines the 

overalll  reaction rate. Therefore, the noninteger reaction orders given above are valid only 

withinn the window of the concentration and pressure ranges studied. As a result of these 

kinetics,, both rhodium-hydride and rhodium-acyl complexes (2a, 3a) are expected to be 

presentt under the conditions studied. 

4.2.22 Deuterioformylation Reaction 

Too determine the reversibility of the alkene coordination and hydride migration, we 

performedd a deuterioformylation experiment.29, M If rhodium-alkyl formation by hydride 

migrationn to the coordinated alkene is irreversible, then the aldehydes will contain deuterium 

labelss on the aldehyde carbon atom and the ^-carbon atom (Figure 3). Reversible rhodium-

alkyll  formation will result in a-deuteration. If alkene coordination and hydride migration are 

bothh reversible and fast, then deuterium will be incorporated into the alkene and the number 

off  deuterium labels present in the aldehyde molecule will differ in part from two. 
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FigureFigure 3. Position of the Deuterium Label after Deuterioformylation 

Thee deuterioformylation was performed under the same conditions as the 

hydroformylationn experiments (T = 41 °C, [Rh] = 1.9 mM, Rh/L = 1/10, [1-hexene] = 0.81 M, 

PcoPco - PD2 = 10 bar). 1-Hexene was used for the deuterioformylation instead of 1-octene to 

facilitatee comparison with literature data of the 'H and 2H NMR spectra.29 The rates and 

selectivityy for 1-hexene are comparable with those of 1-octene. The production of aldehydes 

wass monitored by gas chromatography. The number of deuteriums incorporated into 

1-hexene,, heptanal, and 2-methylhexanal was monitored by gas chromatography/mass 

spectroscopy.. The activity and selectivity for the deuterioformylation of 1-hexene were 

similarr to those of the hydroformylation of 1-hexene. Gas chromatography/mass spectroscopy 

showedd hardly any deuterium enrichment at low conversions of 1-hexene. At higher 

conversionn (> 95%), a slight deuterium enrichment of n-hexene (= 3%) was observed, which 

iss due to the increasing concentration of the less reactive 2-alkenes at high conversions. Two 

deuteriumm labels were incorporated in the aldehyde molecules. This suggests that (3-hydride 

eliminationn and alkene dissociation occur only in very few occasions. The linear and branched 

aldehydess were separated from the reaction mixture by distillation and column 

chromatographyy after complete conversion of 1-hexene. The deuterium distribution was 

determinedd using 'H and 2H NMR spectroscopy. We were not able to detect aldehydes 

containingg the deuterium on the a-carbon atom using JH NMR spectroscopy. The 2H NMR 

spectrumm of the mixture of the linear and branched aldehydes shows deuterium labels 

exclusivelyy at the aldehyde carbon and p-carbon atoms. Similar to the results of Casey and 

Petrovichh obtained for the bidentate phosphine ligands, a deuterium label at the a-carbon 
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wass not observed within the detection limits of the 2H NMR spectroscopy. Therefore, we 

concludee that for this ligand, under the conditions studied, hydride migration is virtually an 

irreversiblee process. Probably, the alkene dissociation is much faster than the hydride 

migration.. For a small percentage of molecules that do undergo P-hydride elimination, the 

alkenee dissociates before hydride migration occurs again. Both linear and branched 

rhodium-alkyll  complexes are formed irreversibly, and therefore the regioselectivity of the 

reactionn is determined in the hydride migration step. 
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FigureFigure 4. Difference Spectrum of the in situ IR Experiment 

4.2.33 In Situ IR Studies 

Inn the previous section, we showed that several elementary reaction steps of the 

hydroformylationn reaction influence the overall reaction rate. On the basis of these results 

rhodium-hydridee and rhodium-acyl complexes were proposed to be present as potential 

'resting'' states during the hydroformylation reaction. The complexes present were 

investigatedd using in situ spectroscopic techniques. The results obtained in the in situ HP IR 

experimentss are presented in Table 4. In a typical experiment the hydride complex 2a was 

formedd in situ and after addition of 1-octene the hydroformylation reaction was monitored 
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usingg a rapid scan IR technique (7 scans/s). The difference spectra obtained (Figure 4) show 

negativee absorption bands for die carbonyl frequencies of complexes that are converted (in 

part)) to other complexes after addition of die substrate. Positive absorption bands are obtained 

forr carbonyl frequencies of complexes mat are formed during the hydroformylation reaction. 

Thee rhodium hydride complex 2a (Vco = 2070 cm"1, 2018 cm'1, Table 5) is the only rhodium 

complexx present in all experiments, both before addition and after complete conversion of 

1-octene.. The difference IR spectra show absorption bands in the terminal carbonyl region 

only.. No absorptions of bridging carbonyls are observed, which confirms that inactive 

rhodiumm dimers or clusters are not present during the reaction, as already concluded from the 

first-orderr rate dependency on the rhodium concentration observed in the kinetic experiments. 

Tablee 4. Absorptions Obtained in in situ IR experiments 

Pco Pco 

(bar) ) 

7 7 

7 7 

7 7 

Pm Pm 

(bar) ) 

7 7 

32 2 

7 7 

[1-octene] ] 

(M) ) 

0.22 M 

0.22 M 

0.66 M 

Vcoo (cm1)4 

Disappearing11 1 

20700 (2a), 2018 (2a) 

20700 (2a), 2018 (2a) 

Appearing" " 

20855 (w), 2077 (sh), 2028 (w), 2010 (sh), 2001 (m) 

19911 (m), 1967 (w) 

20855 (w), 2077 (sh), 2028 (w), 2010 (sh), 2001 (m) 

19911 (m), 1967 (w) 
aa All experiments were performed in cyclohexane at 40 °C, b Appearing absorption bands are obtained for 

carbonyll  frequencies of complexes that are formed during the hydroformylation reaction, disappearing 

absorptionn bands are obtained for carbonyl frequencies of complexes that are converted to other complexes. 

Tablee 5. NMR and IR data HRhdyCO)^., , (x = 1,2,3) complexes. 

Compound d 

HRh(lXCO) 3 3 

HRhdWCO),, (2a) 

HRh<l)3CO O 

cVH)" " 

(ppm) ) 

-10.3 3 

-10.6 6 

(broad) ) 

-11.1 1 

d(d(i]i] P)' P)' 

(ppm) ) 

104 4 

110 0 

117 7 

c^CO) 1 1 

(ppm) ) 

n.d.c c 

194d d 

200 0 

Couplingg constants 

JRU,, < 3 Hz, ^ = 1 7 7 Hz, JPH=15 Hz 

JRU,, < 3 Hz, JRU^IS I  HZ , JCP=22 HZ, 

jRhc=588 Hz, Jctf=16 Hz, Jr a < 3 Hz 

JnhHH < 3 Hz, JRU>=169 Hz, JPH=13 Hz, 

Jo^l 33 Hz, JRhc=52 Hz, Jcn=36 Hz 

vCo(cm')b b 

2095,, 2045, 2008 

2070,, 2018 

2019 9 

11 all NMR experiments were performed in toluene-dg, b measured in cyclohexane, c not determined, a the 

equatoriall  and apical carbonyl ligands are in fast exchange under the conditions studied. 

Thee kinetic experiments indicate die presence of both coordinatively saturated rhodium-

hydridee and rhodium-acyl complexes during the hydroformylation. The spectroscopic data of 

severall  rhodium-hydride complexes obtained with ligand 1 are depicted in Table 5. Rhodium-
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hydridee complexes containing two phosphorus ligands can have either equatorial-equatorial 

(ee)) or equatorial-apical (ea) coordinated phosphorus ligands.31 The formation of the ea 

isomerr is not likely since complexes with ea coordinated phosphorus ligands were never 

observedd under hydroformylation conditions using ligand 1. Immediately after addition of 

1-octene,, the strong absorption band of nonanal (1734 cm"1) appeared in the IR spectrum, 

provingg that the hydroformylation reaction has started. The amount of 2a dropped 

considerablyy upon addition of 1-octene. However, comparing the intensity of the carbonyl 

frequenciess of 2a before and after addition of 1-octene showed that 2a was still present in low 

concentrationn during the hydroformylation reaction. Seven new absorptions appeared in the 

terminall  carbonyl region, indicating that complex 2a was converted (in part) to several new 

carbonyl-containingg rhodium complexes. Only one rhodium-hydride complex was observed 

duringg the hydroformylation reaction, the rhodium-hydride complex containing two 

phosphoruss diamide ligands (Table 5). 

L//,„. . Rhh CO 

CO O 

3a a 

Un„. Un„. Rhh CO 

CO O 

3b b 

OC//,„ . . 

o c ^ ^ 
Rh--

L L 

3c c 

OC///„ . . 

o c ^ ^ 
Rh--

L L 

3d d 

FigureFigure 5. Possible Structures of Rhodium-Acyl Complexes 

Thee kinetic experiments showed that the hydrogenolysis (step 6, Figure 1) is a 

relativelyy slow step in the hydroformylation reaction and rhodium-acyl complexes are 

expectedd to be present during the hydroformylation reaction. Several possible structures of 

rhodium-acyll  complexes are depicted in Figure 5. Since the catalyst does not show high 

selectivityy for the linear aldehyde, it can be concluded that both the linear and branched 

rhodium-acyll  complexes are formed (3a, 3b). Coordination of one of the phosphorus atoms at 

ann apical position leading to ea coordinated complexes is also possible. The ea coordination 

modee has not been observed for the hydride complex (2a), but coordination of the larger acyl 

moietyy at one of the apical positions can lead to distortion of the trigonal-bipyramidal 

structuree or coordination of a phosphorus ligand trans to the acyl ligand. The new carbonyl 

bandss obtained in the IR spectrum probably belong to several of the rhodium-acyl complexes, 
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ass depicted in Figure 5. The strong amide bands of the ligand in this region obscure the 

expectedd rhodium-acyl absorption band around 1600-1700 cm"1.10'20 Therefore, the absorption 

off  rhodium-acyl species could not be observed in the IR spectra. 

Rhodiumm hydride complex 2a was the only rhodium complex observed during the 

hydroformylationn reaction when the partial hydrogen pressure was increased to 32 bar (Table 

4).. Higher hydrogen pressures facilitate the hydrogenolysis step, and the simplified Type I 

kineticc equation becomes valid (vide supra). The absence of terminal carbonyl bands in the 

differencee IR spectra observed under high partial hydrogen pressure indicates that under these 

conditionss only the rhodium-hydride complex 2a is present. The amount of 2a decreased and 

thee intensity of the additional carbonyl bands increased with increasing alkene concentration. 

Thiss indicates that at higher alkene concentration the contribution of die hydrogenolysis step 

ass the rate controlling step increases, finally resulting in Type II kinetics. The shift of rate 

control,, depending on the conditions used, shows that the rate expression of this catalyst 

systemm is strongly dependent on the conditions used. 

Tablee 6. IR frequencies Obtained in the Stoichiometric Reaction of 2a, 1-Octene, CO 

andd H2 

Conditions* * 

2aa under 5 bar of CO 

2aa + 25 equiv. of 1-octene under 5 bar of CO 

2aa + 25 equiv. of 1-octene under 10 bar of CO/H2=l/l 

Vcoo (cm1) 

2070,, 2017 

20855 (w), 2077 (sh), 2028 (w), 2010 (sh) 

20011 (ra), 1991 (m), 1967 (w) 

2070,, 2017 

Al ll  reactions were performed in cyelohexane at room temperature. 

4.2.44 Stoichiometric Reactions 

Thee hydroformylation reaction was investigated in a stepwise manner by the 

subsequentt reactions of 2a with alkene, CO, and H2 in an attempt to characterise the 

complexess formed during the hydroformylation reaction. In the absence of H2, complex 2a, 

alkene,, and CO can undergo all hydroformylation reaction steps except die hydrogenolysis 

stepp and rhodium-acyl complexes may be formed (Figure 6). The IR data obtained after the 

subsequentt reaction steps are presented in Table 6. The carbonyl frequencies obtained after 

thee reaction of 2a, 1-octene and CO were identical with those obtained in the in situ IR 

experimentss obtained during the hydroformylation reaction, except for the absence of the 

carbonyll  frequency due to the aldehyde. Subsequent addition of hydrogen showed aldehyde 

formation,, and after all the 1-octene was converted and 2a was the only complex present 
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again.. Therefore, we conclude that the complexes formed in the stoichiometric reaction of 2a, 

alkene,, and CO are equal to the most abundant complexes present during the 

hydroformylationn reaction at low H2 pressure. This indicates that in this instance the 

stoichiometricc reaction is an elegant and reliable method to study the intermediates of the 

hydroformylationn reaction in a stationary system. 

R'h-**LL ^ n r — ( L " * L - ^ n r _ R h - * L 

FigureFigure 6. Possible Sequence for the Stoichiometric Reaction of 2a, 1-Hexene, and CO 

4.2.55 NMR Study of the Complexes Obtained in the Stoichiometric Reaction 

High-pressuree (HP) NMR spectroscopy is a powerful technique to determine the 

precisee structure of complexes present during the hydroformylation reaction. Higher sample 

concentrationss and longer collection times are needed for NMR studies. The stoichiometric 

hydroformylationn of 1-hexene using NMR spectroscopy was investigated using the same 

proceduree as that for the IR experiments. The experiments were performed in a high-pressure 

NMRR flow cell as described by Iggo and co-workers.12 The advantages of an HP flow cell 

insteadd of an HP NMR tube32 are the continuous supply of reactants and optimal mixing of 

thee reactants (minimisation of diffusion problems). Homogeneously catalysed reactions can 

bee monitored using this flow cell, and stable intermediates can be characterised using 

differentt NMR techniques. 

Rhodiumm complex 2a was prepared in situ in the NMR cell from the rhodium 

precursorr (Rh(acac)(CO)2) and 5 equivalents of ligand 1 by heating at 80 °C for one hour 

underr 20 bar of CO/H2 (1/1) (spectrum a, Figure 7). Complex 2a is the only rhodium complex 

obtainedd according to the 31P NMR spectrum. The hydrogen gas was removed by bubbling 

COO through the solution for 30 minutes at 253 K. Approximately 25 equivalents of 1-hexene 

weree injected into the NMR cell at 253 K, and the solution was warmed slowly to room 

temperature.. When the temperature was raised, the 31P NMR spectrum started to broaden and 

bothh the *H NMR and 31P NMR spectra showed that the resonance due to the hydride 

complexx decreased in intensity. To trap all complexes present, the solution was cooled 
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immediatelyy to 253 K. This results in NMR spectrum b as presented in Figure 7. The 

spectrumm at this temperature showed an additional (broad) doublet (8 = 109.5 ppm, JRHP = 

2055 Hz) upfield from the doublet of 2a (spectrum b, Figure 7). 

e e 

ii  i i 
111  i ' '  i  '  i  i ' '  i

1133 111 109 107 ppm 

FigureFigure 7. Overview of the P{ H} NMR Spectra of Stepwise Reaction of 2a, 1-Hexene and 

COCO and H2 (a) 31P{1H} NMR spectrum of 2a under 5 bar of CO; (b) 3'P{'H}  NMR spectrum 

ofof 2a in the presence of 5 bar of CO and 25 equivalents of 1-hexene; (c) 31P{'H} NMR 

spectrumspectrum after complete conversion of 2a; (d) 3IP{1H} NMR spectrum after addition of 5 bar 

ofof CO/H2 {1/1). All spectra are recorded at 253 K 

Complexx 2a was converted almost completely to the new compounds by warming 

thee solution to room temperature again. The additionally formed doublet is only visible at 

2533 K (spectrum c, Figure 7). A broad resonance appeared downfield from the doublet, 

indicatingg that probably more than one complex was present. The 31P NMR spectrum at room 

temperaturee showed a very broad peak at the position of the free ligand (64 ppm), indicating 

thatt the coordinated phosphorus ligands are in exchange with the free phosphorus ligand. The 

hydridee resonance in the H NMR spectrum has disappeared, and no aldehyde resonance was 

observed.. We were not able to obtain a sharp 31P resonance of the doublet formed under these 

conditionss because of the temperature limits of the NMR flow cell. When die gas flow was 

changedd from 5 bar of CO to 5 bar of CO/H2 (1/1), the broad doublet in the phosphorus NMR 

spectrumm disappeared and the characteristic doublet due to the hydride complex 2a was 

observedd (spectrum d, Figure 7). The 'H NMR spectrum showed the reappearance of the 

hydridee resonance at -10.6 ppm together with an aldehyde resonance at 9.3 ppm. Repeating 

thiss sequence using this NMR sample gave the same results, indicating die retention of 

XA XA 
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activityy for the rhodium-catalysed reaction. These results confirm that the complex formed in 

thee absence of Hi is an intermediate of the hydroformylation reaction. 

Thee new complexes could also be prepared in an NMR tube, and they are stable for 

severall  days under 3 bar of CO at 193 K. The 3IP NMR spectrum showed again a very broad 

resonancee at the position of the free ligand at room temperature. When the sample was cooled 

too 253 K, the 31P NMR spectrum showed the appearance of the broad doublet at 109.5 ppm 

(JRIIPP = 205 Hz) together with the broad resonance downfield from this doublet. The spectrum 

broadenedd when the temperature was decreased. The 31P NMR spectrum obtained at 193 K 

wil ll  be discussed in more detail later. 

Thee in situ IR experiments revealed that rhodium-acyl complexes may be formed in 

thee reaction of 2a, 1-hexene, and CO. Rhodium-acyl carbon atoms have characteristic 

chemicall  shifts in the 13C NMR spectrum around 235 ppm. Therefore, the reaction was 

performedd with 13CO to enable the identification of the rhodium-acyl resonance in 13C NMR. 

Figuree 8 shows an overview of the i3C{  *H}  NMR spectra obtained in a variable temperature 

experiment.experiment. All the resonances in the 13C NMR spectrum were very broad at room 

temperature.. The resonances sharpened when the temperature was decreased. This indicates 

thatt several intra- and intermolecular exchange processes are involved (vide infra). The 

CC NMR spectrum at 223 K (spectrum 3a, Figure 8) showed two rhodium-acyl resonances (8 

== 230.0 ppm and 8 = 227.2 ppm) and three different rhodium-carbonyl resonances (8 = 

194.77 ppm, 8 = 193.7 ppm and 8 = 190.6 ppm), indicating that we are dealing with two 

differentt rhodium-acyl complexes. The structures of these two rhodium-acyl complexes will 

bee discussed in the following sections. 

4.2.66 Characterisation of Rhodium-Acyl Complexes 3a/3b 

Thee 13C{  lH]  NMR spectrum at 253 K (spectrum 3a, Figure 8) showed two rhodium-

acyll  resonances and three different rhodium-carbonyl resonances. The ' C COSY90 spectrum 

showedd strong cross-peaks for the carbonyl ligand at 8 = 193.7 ppm and 8 = 190.6 ppm and 

weakk cross-peaks for the carbonyl ligand at 8 = 190.6 ppm and the rhodium-acyl resonance at 

88 = 230.0 ppm. Therefore, we conclude that these three carbonyl resonances belong to the 

samee rhodium-acyl complex. We were not able to obtain information about the rhodium acyl 

resonancee at 8 =: 227.2 ppm and the terminal CO resonance at 8 = 194.7 ppm using two-

dimensionall  NMR techniques, because of the low concentration of this complex. Selective 

decouplingg of the phosphorus resonance at 8 = 109 ppm at 233 K led to simplification of the 

carbonn NMR spectrum to doublets of doublets for the acyl resonance at 230.0 ppm and the 
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carbonyll  resonance at 190.6 ppm. From this spectrum the rhodium-carbon coupling constants 

weree calculated to be 18 Hz for the acyl carbon and 42 Hz for the carbonyl ligand. This 

spectrumm also shows the two-bond carbonyl-acyl coupling constant of 28 Hz. The large "Jcc 

couplingg constant of 28 Hz is indicative of a trans orientation of the carbonyl ligand and the 

acyll  ligand. 

TT = 253 K ,i T = 223 K 

2322 23 0 22 8 £»" "  '  19 6 18 2 18 8 18 4 

TT = 233 K 

II 1 1 , . , . , 1 , 1 1 , 1 1 , U 

2322 2» 228 228 T B S 1 82 IBB 'Ï84 1888 182 188 
PPM M P̂M M 

FigureFigure 8. Variable Temperature C^H} NMR Spectra obtained after the Reaction of 2a, 

1-Hexene1-Hexene and CO (la) 13C{lH} NMR spectrum obtained at 253 K; (lb) Simulation of the 
1313C{C{22HjHj  NMR spectrum la; (2a) '3C{1Hj NMR spectrum obtained at 233 K; (2b) Simulation 

ofof the BC{'H} NMR spectrum 2a; (3a) UC{'H} NMR spectrum obtained at 223 K; (3b) 

SimulationSimulation of the 13C{'H} NMR spectrum of 3a at 223 K; (3c) Simulation of the UC{'H}  NMR 

spectrumspectrum of 3c at 223 K; (3d) Simulation of the 13C{1H} NMR spectrum obtained at 223 K of 

3a3a ;3d= 1: 0.4. * Impurity. 

Severall  103Rh-13C HMQC spectra were recorded using different delay times (x = 

l/[2JRhd)-- Spectrum la in Figure 9 shows the 103Rh-13C HMQC spectrum obtained using a 

delayy time T calculated from jRhc = 70 Hz. The carbonyl resonance at 193.7 ppm showed 

cross-peakss with a rhodium resonance at approximately -70 ppm. The multiplicity of the 

rhodiumm resonance (triplet) shows that two phosphorus atoms with approximately equal 7RI,P 

couplingg constants are coordinated to the rhodium nucleus. Cross peaks were obtained for die 

carbonn resonances at 190.6 ppm and 230.0 ppm and the triplet at = -70 ppm in the rhodium 

dimensionn in the 103Rh-13C HMQC spectrum when a delay time x calculated from 

J«hc=J«hc= 40Hz was used (spectrum lb, Figure 9). A rhodium resonance at the same chemical 
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shiftt was observed in the 103Rh-3IP HMQC spectrum. From the results of the various NMR 

experimentss we conclude that the major complex obtained at 223 K after reaction of 2a, 

1-hexene,, and CO is a rhodium-acyl complex having two equatorially coordinated phosphorus 

ligandss and two magnetically inequivalent carbonyl ligands. 

ppm m 

ppm m 

FigureFigure 9. mRh-13C HMQC Spectra recorded at 183 K. (la) The delay time r (l/[2JRhC]) 

calculatedcalculated from JRI,C = 70 Hz was used (lb) The delay time t (l/[2JRi,c]) calculated from JMC 

==  40 Hz was used. 

Thee precise NMR data obtained after simulation are presented in Figure 10, the 

simulatedd C{  H}  NMR spectrum corresponding to these data is presented in Figure 8, 

spectrumm 3b. The two phosphorus atoms are coordinated in the equatorial plane of the 

trigonal-bipyramidall  structure. The carbon resonance at 193.7 ppm shows a large coupling 

constantt to the phosphorus nuclei (37 Hz), as also reported for equatorial carbonyl ligands in 

rhodium-hydridee complexes (HRhLnL(CO)2, LnL = bidentate phosphite ligand).33 The large 

couplingg constant of the equatorial carbonyl to the rhodium nucleus ('JcRh = 70 Hz) has also 

beenn reported by Brown and Kent." The cis coupling of the carbonyl with the acyl carbon 

resonancee is unresolved. The magnitude of the carbon-phosphorus coupling constant for the 

apicall  carbonyl (20 Hz) is larger than normally observed for "JCP in a pure cis orientation. 

Thiss relatively large "JQP might be explained by distortion of the trigonal-bipyramidal 

structure.. This is not unlikely, since distortion of the trigonal-bipyramidal structure is also 

observedd for hydride complexes containing bulky monodentate and bidentate phosphite and 

phosphoruss diamide ligands.25'33 
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4.2.77 Characterisation of Rhodium-Acyl Complexes 3c/3d 

Thee second (minor) acyl resonance in the carbon NMR spectrum at 8 = 227.2 ppm 

showss a double triplet at 253 K (Figure 8, spectrum la). Selective decoupling of the 

phosphoruss resonance at 109 ppm led to simplification of the acyl resonance to a doublet 

CC = 17 Hz). This indicates that the acyl resonance belongs to a complex that contains two 

(time-averaged)) equivalent phosphorus atoms. The /<x coupling constant of the acyl 

resonancee and the carbonyl ligands is small, indicative of a cw-relation. When the temperature 

wass decreased, the phosphorus atoms lost their time-averaged equivalence. At 223 K, die 

slow-exchangee region was reached and a doublet of doublets appeared at 5 = 227.2 ppm 

== 17 Hz, JQP = 83 Hz, Jcp- ^ 3Hz). Simulation using uiese data results in spectrum 3c 

(Figuree 8). This acyl resonance belongs to a complex that contains one equatorial and one 

apicall  phosphorus atom (3c/3d, Figure 5). A similar complex for triphenylphosphine has been 

reportedd by Brown and Kent. The two carbonyl ligands in die equatorial plane show a sharp 

doublett in the terminal carbonyl region (8 = 194.7 ppm, 7RI,C = 79 Hz). The terminal carbonyls 

exhibitt equal coupling constants to bodi phosphorus nuclei due to intramolecular exchange of 

thee phosphorus atoms. When me temperature is decreased, me terminal carbonyl resonance 

broadened,, and at 193 K a multiplet was observed. The JQP coupling constants could not be 

resolvedd because of the overlap of uiis resonance and the terminal carbonyl resonance of the 

otherr acyl complex. 

8(13C)) = 230.0 ppm 
JRhcc = 18 Hz, JPC< 3 Hz, J0c<3 Hz (CO equatorial), 

Jccc = 28 Hz (CO apical) 

8(13C)) = 193.7 ppm 

J R h cc = 70 Hz, JPC= 37 Hz, 

Jcc<< 3 Hz (acyl), Jcc < 3 Hz (CO apical) 

8(13C)) = 190.6 ppm 

JflhCC = 42 Hz, JPC= 20 Hz, 

Jccc = 28 Hz (acyl), Jcc < 3 Hz (CO equatorial) 

FigureFigure 10. NMR Data of the Major Rhodium-Acyl Complex formed in the Reaction of 2a, 

1-Hexene1-Hexene and CO 

> O C —— rar"** P£=7 
5(31P)) = 109.5 ppm 

JRhpp = 205 Hz, Jpc= 37 Hz (CO equatorial), 

Jpc<< 3 Hz (acyl), J P C = 20 Hz (CO apical) 
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Summarising,, we conclude that in the reaction of 2a, 1-hexene, and CO, two 

rhodium-acyll  complexes are formed. Spectrum 3d (Figure 8) shows the complete simulation 

off  the 13C{  'H}  NMR spectrum obtained at 223 K. The 13C{  'HJ NMR spectrum contains both 

rhodium-acyll  complexes 3a/3b and 3c/3d in a ratio of 1 to 0.4. Both rhodium-acyl complexes 

havee a trigonal bipyramidal-structure with the acyl moiety coordinated at an apical position. 

Bothh complexes contain two phosphorus ligands and two carbonyl ligands. The major 

complexx formed contains two phosphorus ligands coordinated in the equatorial plane of the 

trigonall  bipyramid; the minor complex has one phosphorus atom coordinated at an equatorial 

positionn and one at an apical position of the trigonal bipyramid. In Figure 5, we proposed four 

differentt structures for the acyl complexes present (3a-3d). On the basis of the NMR data 

obtained,, we are not able to distinguish between the linear- and branched-acyl structures. 

However,, since the branched-acyl ligand introduces more steric hindrance close to the 

rhodiumm centre than the linear-acyl ligand, it is tempting to suggest that the major rhodium-

acyll  complex contains a linear acyl ligand (complex 3a) whereas the minor rhodium-acyl 

complexx contains a more bulky branched acyl ligand (complex 3d). The linear-to-branched 

ratioo found in the catalytic reaction cannot be explained by the ratio of 3a to 3d found in the 

NMRR experiments, because these two rhodium-acyl complexes can have different reactivities 

towardss hydrogen. 

COO +OC*—Rh; „>\ P P 

CO O 

3a'" " 

COO ligan d 
exchang e e 

COO + OC—Rh; ,„»P P 

c*o o 
3a" " " 

OC—Rh; ; oCO O 
^ pp + P * 

P P 
3c c 

PP ligan d 
exchang ee , , , 

= == O C — R h ^ , C O + P 
|| ^ P 7 P 
P/P* * 
3c' ' 

isomerizatio n n 

C OO + OC—Rh^ v P + p* 

II p 
CO O 

11 3a 

PP ligan d 
exchang e e 

, —— "  O C — R h ^ l K + p 
|| ^ P * 
CO O 
3a' ' 

l<33 CO insertion-deinsertio n 

OC—Rh; ; „vP P 

CO O 

2f f 

FigureFigure 11. Different Exchange Processes of Rhodium-Acyl Complexes 
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4.2.88 Exchange Processes Observed for  the Rhodium-Acyl Complexes 

Thee rhodium-acyl complexes 3a - 3d are involved in several exchange processes, 

dependingg on the temperature. An overview of the exchange processes is presented in Figure 

11.. The complexes containing the branched aldehyde have been omitted for the sake of 

brevity.. At room temperature one broad resonance for the free ligand is observed in the 

P{{  H}  NMR spectrum, indicating that there is an exchange with the coordinated ligand. A 

broadd doublet at 109.5 ppm and a sharp resonance for the free ligand are observed when the 

temperaturee is decreased to 253 K. The exchange process of the coordinated and free ligand is 

sloww on the NMR time scale at this temperature. One average resonance is observed for the 

twoo rhodium-acyl complexes with ee and ea coordinated phosphorus ligands. The 

isomerisationn between 3a/3b and 3c/3d is still fast on die NMR time scale. The phosphorus 

NMRR broadens again upon cooling to 193 K indicating that the isomerisation becomes slow 

onn the NMR time scale. In both complexes die phosphorus ligands lose their equivalence. 

Becausee of me low concentration of complex 3d we were not able to resolve phosphorus 

couplingg constants and chemical shifts of this complex. 

1188 118 114 112 110 106 106 104 102 PPM 

FigureFigure 12. 31P{'H} NMR Spectrum Obtained after Reaction of 2a, 1-Hexene and CO at 193K, 

(la)(la) experimental data, (2a) simulation lP{'H} NMR spectrum of rhodium-acyl 3a at 193 K, 

**  This resonance belongs probably to (minor) rhodium acyl 3d. 

Thee 31P NMR spectrum obtained at 193 K is shown in Figure 12. It should be noted 

matt the free ligand shows fluxional behaviour between two conformers. A variable-

temperaturee 31P NMR experiment of die free ligand at 173 K showed two different 

conformerss in a 1:1 ratio (8 = 65.7 ppm and 8 = 64.7 ppm). The 31PNMR spectrum la 

displayedd in Figure 12 is a result of two different processes in which complex 3a is involved. 

First,, die two coordinated phosphorus atoms become magnetically inequivalent upon cooling 

(8(P1)) ~ 112 ppm, 8(P2) = 105 ppm). Second, interconversion between two ligand 

conformationss becomes important; one of die phosphorus ligands is still in a fast exchange 
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andd the second phosphorus atom reaches the slow-exchange region. Simulation of these two 

processess results in the spectrum presented spectrum lb, Figure 12. Chemical shifts and 

couplingg constants are presented in Table 7. 

Tablee 7.31P{1H} NMR Data of 3a after  Simulation of the Spectrum Obtained at 193 K 

Compound d 

Isomerr  1 

Isomerr  2 

5(31P) ) 

(ppm) ) 

P(l)) 112.3 

P(2)) 105.8 

P(( 1)112.4 

P(2)) 106.2 

JR. . 

(Hz) ) 

117 7 

115 5 

JRW> > 

(Hz) ) 

P(( 1)202 

P(2)235 5 

P(( 1)203 

P(2)) 222 

Thee carbonyl ligands of complex 3a are involved in several exchange processes at 

temperaturess above 223 K. One averaged resonance at 6 = 193 ppm for both carbonyl ligands 

andd dissolved 13CO was observed in the 13C NMR spectrum at room temperature, and one 

veryy broad resonance in the acyl region was observed. The averaged signal at 193 ppm is due 

too fast exchange of the carbonyl ligands with the dissolved 13CO. The resonance of the 

equatoriall  CO is still very broad at 253 K (Figure 8, spectrum la), but the resonance of the 

apicall  CO sharpens. No resonance for the dissolved ! CO gas was observed at this 

temperature.. Simulation of the ^Cj'H}  NMR data (Figure 8, spectrum lb) showed that the 

carbonyll  ligands exchange with dissolved 13CO gas at different rates as already proposed 

(Figuree ll). 28 The pseudo-first-order rate constants obtained are ki = 450 s"1 and ki - 25 s"1. 

Thee acyl group is involved in an insertion-deinsertion equilibrium (&3 = 25 s"1). The 
13C{'H}}  NMR shows the immediate appearance of the acyl resonance of complex 3a after 

bubblingg 13CO through a solution of the 12CO rhodium-acyl complex at 253 K. This proves 

thee presence of an insertion-deinsertion equilibrium. The rate of this insertion-deinsertion 

reactionn (Figure 11, IC3) is much lower than the exchange rate of the equatorial carbonyl ligand 

withh carbon monoxide in solution. Both the apical carbonyl and the rhodium-acyl resonances 

aree well resolved at 233 K indicating that exchange of botii these ligands with dissolved 13CO 

iss slow on the NMR time scale at this temperature (Figure 8, spectrum 2a, simulation 

spectrumm 2b). The resonance of the equatorial carbonyl ligand is still very broad (ki = 175 s"1). 

Att 223 K (Figure 8, spectrum 3a), the exchange of the equatorial carbonyl ligand with 

dissolvedd l CO is also slow on the NMR time scale (£3 = 20 s") and a sharp resonance was 

observedd for the equatorial carbonyl ligand together with a sharp resonance for dissolved 
13CO.. The ^C^H}  NMR spectrum broadens again when the temperature was decreased 
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further.. This broadening is due to loss of equivalence of the phosphorus atoms. We were not 

ablee to resolve the different JQP coupling constants of the inequivalent phosphorus atoms 

becausee the spectra remained broad upon cooling to 193 K. 

4.33 Concluding Remarks 
Whilee both kinetics and in situ studies seem rather complicated at first sight, the 

systemm presents an ideal case to illustrate the basics of hydroformylation. The two most 

commonn types of kinetics are observed and the effects of raising or lowering the 

concentrationn of any of the substrates leads to the result expected. In most ligand-modified 

rhodiumm systems the oxidative addition of H2 plays no role in the kinetics. As shown 

previously,255 the present ligands have high ^-values -higher than those of most phosphites-

andd a relatively slow oxidative addition may indeed be expected. The rate-determining step of 

thee hydroformylation reaction using this catalyst system cannot be attributed to one single 

stepp and is strongly dependent on the reaction conditions used. Therefore, the coordinatively 

saturatedd rhodium-hydride complex 2a and the coordinatively saturated rhodium-acyl 

complexess 3a-3d are present in solution during the hydroformylation reaction, which was 

provenn by in situ HP IR and HP NMR studies. 

Thee deuterioformylation experiments showed that the rhodium-alkyl complex 2c is 

irreversiblyy formed after alkene coordination and hydride migration. Therefore, we conclude 

thatt the regioselectivity for either the linear or the branched aldehyde is determined in these 

reactionn steps. 

Inn previous studies both we and others have discussed whether a ^«-equatorial 

coordinationn mode of the phosphorus ligands should lead to high linear-to-branched ratios. 

Thee phosphorus diamide ligand used forms exclusively a hydride complex in which the 

phosphoruss ligands are coordinated in the equatorial plane. The rhodium-acyl complexes 

observedd contain phosphorus ligands coordinated in both the ee and ea coordination modes. 

Ass already argued by van der Veen and co-workers,31 formation of a hydride complex having 

&/5-equatoriallyy coordinated phosphorus ligands does not guarantee a high linear to-branched-

ratioo in the product. As shown above, monodentate ligands may well have the flexibilit y to 

formm ea complexes for the more hindered branched-alkyl and acyl complexes. 
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4.44 Experimental Section 
Generall  Information . All preparations were carried out under an atmosphere of 

argonn using standard Schlenk techniques. All solvents were distilled from sodium. ligand 1 

wass prepared according to literature procedures.25 One-dimensional (high-pressure) NMR 

spectraa (lH, 31P and 13C) were recorded on a Bmker DRX-300 spectrometer. The two-

dimensionall  (high-pressure) NMR spectra were recorded on a Braker AMX-200 

spectrometer.. The NMR flow cell experiments were recorded on a Braker AM 200 WB 

spectrometerr using a probe developed in Liverpool.12 Chemical shifts are given in ppm 

referencedd to TMS or H3PO4 (external). The in situ IR experiments were recorded on a BIO-

Radd FTS-60A spectrophotometer. Every 1 s seven IR spectra were recorded that were 

averagedd to one spectrum. The IR spectra for the stoichiometric reactions were recorded on a 

Nicolett 510 FT-IR spectrometer. 

Hydroformylatio nn Experiments. These were performed in a stainless steel (SS 316) 

autoclavee (196 mL). The autoclave is stirred mechanically and equipped with a reservoir, a 

pressuree transducer, a thermocouple, and a sampling device. The autoclave is kept under 

constantt pressure by a second pressurised stainless steel autoclave equipped with a reducing 

valve.. In a typical experiment Rh(acac)(CO)2 and ligand 1 were dissolved in 15 mL of toluene 

andd introduced to the autoclave. After the autoclave was flushed with CO/H2 (1/1), the 

autoclavee was put under a pressure of 20 bar. The autoclave was heated to 41 °C, and after 2 

hourss the substrate solution was charged into the reservoir and added to the reaction mixture 

byy overpressure. The alkene was filtered over neutral alumina to remove peroxides. During 

thee reaction, several samples were taken and immediately quenched by adding an excess of 

P(0-w-Bu)3,, to deactivate hydroformylation or isomerisation active rhodium species. The 

sampless were analysed by GC using decane as internal standard. In a typical 

deuterioformylationn experiments, 10 mg (3.8 UJTIOI) of Rh(acacXCO)2 and 10 equivalents of 

ligandd 1 were dissolved in 15 mL of toluene and introduced to the autoclave. The autoclave 

wass pressurised with 15 bar of CO/D2 (1/2). The autoclave was heated to 41 °C and after 2 

hourss the substrate solution was charged into the reservoir and added to the reaction mixture 

byy overpressure of CO. The alkene was filtered over neutral alumina to remove peroxides. 

Thee autoclave was pressurised up to 20 bar using CO. During the reaction several samples 

weree taken and quenched immediately by adding an excess of P(0-n-Bu)3, to deactivate 

hydroformylation-- or isomerisation-active rhodium species. The samples were analysed by 

GCC using decane as internal standard. The deuterium contents in the substrate and products 

duringg the reaction were determined using gas chromatography/mass spectrometry. After 2 
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hours,, complete conversion was reached and the reaction mixture was quenched with 

P(0-n-Bu>3.. The aldehydes were distilled off and further purified by column chromatography 

onn silica gel. As eluent pentane was used to remove toluene and decane from the sample 

(RKaldehydes)) = 0), dichloromethane was used to recover the mixture of linear and branched 

aldehydess (Rf(aldehydes) = 1). 'H and 2H NMR data of the aldehydes were identical to the 

dataa obtained by Casey et al.29 

High-Pressuree FT IR Experiments. These were performed in a stainless steel (SS 

316)) 50 mL autoclave equipped with IRTRAN windows (ZnS, transparent up to 700 cm"1, 10 

mmm i.d., optical path length = 0.4 mm), a mechanical stirrer, a temperature controller, and a 

pressuree transducer. In a typical experiment 10 mg (0.039 mmol) of Rh(acac)(CO)2 and 114 

mgg (0.39 mmol) of ligand 1 were dissolved in 15 mL of cyclohexane. The yellow solution 

wass introduced to the autoclave and put under a pressure of 15 bar of CO/H2 (1/1). Complete 

conversionn to HRhL2(CO)2 (2a) is reached after one hour of heating at 80 °C or two hours 

heatingg at 40 °C. For the stoichiometric reactions, after complete conversion to the hydride 

complexx the autoclave was cooled to room temperature. After depressurisation the autoclave 

wass flushed with CO, to remove the H2, and 1.0 mL (6.4 mmol) of 1-octene was added 

slowly.. The autoclave is put under a pressure of 5 bar of CO, and the IR spectra were 

recordedd at room temperature. Finally 10 bar of H2 was added, and the reaction was followed 

usingg IR spectroscopy. In the in situ IR experiments the autoclave is equipped with an extra 

reservoir.. A 0.5 mL (3.2 mmol) amount of 1-octene was added by overpressure. The IR 

spectraa were recorded at 40 °C. Recording was started several seconds before the alkene was 

added. . 

High-Pressuree NMR Experiments. In a typical NMR tube experiment, 20 mg 

(0.0799 mmol) of Rh(acac)(CO)2 and 114 mg (0.39 mmol) of ligand 1 were dissolved in 2.0 

mLL of toluene-^8- The yellow solution was introduced to an argon-flushed (10 mm) sapphire 

HPP NMR tube31 and put under a pressure of 15 bar of CO/H2 (1/1). Complete conversion to 

2aa was reached after 1 hour of heating at 80 °C, and the NMR tube was depressurised. CO 

wass bubbled through the solution, and 0.3 mL (2.4 mmol) of I-hexene was added. The pale 

yelloww solution becomes bright yellow when 1-hexene is added. The HP tube was pressurised 

withh 3 bar of CO, and the NMR spectra were recorded. A 10 mm thick-walled glass tube 

insteadd of the sapphire HP tube31 was used for the two-dimensional NMR experiments to 

obtainn better resolution. In a typical NMR flow cell12 experiment, 20 mg (0.079 mmol) of 

Rh(acacXCO)22 and 114 mg (0.39 mmol) ligand 1 were dissolved in 5 mL of toluene-^g. The 

celll  was pressurised to 20 bar of CO/H2 (1/2). The sample was cooled to room temperature 
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afterr one hour of heating at 80 °C. 1-Hexene was injected at -20 °C, and the NMR spectra 

weree recorded. Simulations of the carbon and phosphorus NMR data were performed using 

gNMRV4.1.0. . 
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