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Chapterr  3 

Intramolecularr  Hydroformylatio n of 

Allyldiphenylphosphinee Using a Monodentate Phosphorus 

Diamidee Based Rhodium Catalyst: 

ann NM R Study 

Thee stepwise intramolecular hydroformylation reaction of allyldiphenylphosphine using a 

monodentatee phosphorus diamide based rhodium catalyst has been studied using NMR 

spectroscopy.. Reaction of the rhodium-hydride complex HRI1L3CO (L = triethylbiuret-

phenylphosphoruss diamide) with allyldiphenylphosphine results in the formation of 

HRhL2(allylPPh2)CO.. This compound undergoes hydride migration to form a cyclic rhodium-

alkyll  complex. When carbon monoxide is added to this complex, ligand exchange and CO 

insertionn occur, leading to the formation of the cyclic rhodium-acyl complex 

Rh(CO)OfeCH2CH2PPh2L(CO)2.. Addition of hydrogen completes the cycle forming the 

coordinatedd hydroformylated allyldiphenylphosphine ligand. The aldehyde-functionalised 

phosphinee ligand is hydrogenated to the corresponding alcohol. 
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3.11 Introductio n 
Thee rhodium-catalysed hydroformylation using phosphorus ligands is one of the most 

extensivelyy studied catalytic processes.1 " 6 Not only has the catalyst performance been an 

importantt aspect of the studies during the past decades but also the reaction mechanism and 

thee solution structure of the catalyst have been investigated in great detail.7'8 Although several 

intermediatess of the unmodified rhodium catalyst have been characterized,9 " ' ' only a small 

numberr of intermediates proposed for the phosphorus-modified catalyst have been 

identified,12""  u and very littl e is known about the reactivity of the reaction intermediates and 

thee reversibility of the reaction steps proposed.15'16 

Et t 
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Ó Ó 
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FigureFigure 1. Monodentate Biuret-Based Ligand 1 

Inn chapter two, we presented a new group of phosphorus diamide ligands for the 

rhodium-catalysedd hydroformylation reaction17 that is based on a biuret structure. Although 

thee ligands are very bulky, moderate selectivity for the linear aldehyde was found in the 

hydroformylationn reaction of 1-octene;17 bulky diphosphate ligands for instance often lead to 

highh linear-to-branched ratios.18 Here we report on a detailed study of the stoichiometric 

hydroformylationn reaction of allyldiphenylphosphine using the monodentate phosphorus 

diamidee based rhodium catalyst HRh(l)3CO. The allyldiphenylphosphine rhodium complex 2 

(Figuree 2) is used as a model compound to investigate the hydroformylation reaction in a 

stepwisee manner. The structures of the hydroformylation reaction intermediates as proposed 

inn Figure 2 are investigated using NMR spectroscopy. Not only is this type of intramolecular 

hydroformylationn of interest from a mechanistic point of view, but coupling of the substrate 

andd ligand function can lead to increased selectivity for either the linear or branched product, 

ass has been shown by Jackson19 and Breit. 

Sincee this biuret-based rhodium catalyst shows moderate selectivity for the linear 

aldehydee in the hydroformylation of 1-octene,17 special attention will be paid to the 

62 2 



Intramolecularr hydroformylation 

regioselectivityy of the hydride migration and isomerisation reaction. Van Leeuwen and co-

workers""  investigated the hydride migration of several alkenylphosphine-platinum 

complexes.. They observed for vinyldiphenylphosphine both the linear and branched alkyl-

platinumm complex. The branched alkyl complex, a tiiree-membered ring system, is the initial 

productt formed by kinetic control; the linear alkyl complex, a four-membered ring system, is 

thee thermodynamically more stable product formed after longer reaction times. They observed 

onlyy the linear (five-membered ring system) product for allyldiphenylphosphine. 
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hydroformylatio n n 
produc t t CO O 
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CO O 
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rhodium-acyll complexes 

^ R h —— PPh? 

COO * CO 

rhodium-alkyll complexes 

FigureFigure 2. Possible Reaction Intermediates of the Intramolecular Hydroformylation of 

Allyldiphenylphosphine Allyldiphenylphosphine 

Recentlyy van Leeuwen et al. studied the stepwise hydroformylation reaction of 

allyldiphenylphosphinee using a rhodium catalyst containing a bidentate bulky phosphite 

ligand.. Similar to the platinum complexes, the linear rhodium-alkyl complex was observed 

exclusivelyy after hydride migration, but after CO insertion both the linear and branched 

rhodium-acyll  complexes were observed, indicating that the branched rhodium-alkyl complex 
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mustt have been formed as a transient intermediate. Thus kinetically the formation of small 

ringss seems to be favoured both in the rhodium and in the platinum systems. In this study we 

wil ll  focus on the reversibility of the hydride migration step and the effect of using 

monodentatee instead of chelating phosphorus ligands in this reaction step. Using the bidentate 

phosphite-basedd rhodium complex, all subsequent steps of the hydroformylation mechanism 

exceptt the hydrogenolysis were observed. The use of a monodentate ligand instead of a 

bidentatee ligand could enhance ligand dissociation and thereby the hydrogenolysis leading to 

thee hydroformylated allyldiphenylphosphine. 

3.22 Results and Discussion 
Thee rhodium-hydride complex HRh(l)3CO was used as starting material for this 

mechanisticc study. This complex has a trigonal bipyramidal structure with the hydride 

ligandd coordinated at an apical position. The JH, 13C and 31P NMR data for this complex are 

summarisedd in Table 1 to facilitate comparison with the data of the intermediates formed in 

thiss study. The 2JPH coupling constant of 13 Hz is relatively large for a pure c/s-orientation of 

thee phosphorus and hydride ligands indicating a small distortion of the trigonal bipyramidal 

structure.. The crystal structure confirmed that the hydride and carbonyl ligands are 

coordinatedd at an apical position.17 The rhodium atom is located slightly below the equatorial 

planee defined by the phosphorus atoms, displaced toward the carbonyl ligand. The 13C{1H} 

NMRR spectrum showed a doublet of quartets in the terminal CO region when the complex 

synthesiss was performed using 13CO. The large 2JCH coupling constant of 36 Hz for trans CO-

hydridee coordination in a trigonal bipyrimidal rhodium complex has also been reported by 

Brown155 and van Leeuwen.23 The P-Rh-CO angle is larger than 90 ° leading to a relatively 

largee 2Jpc coupling constant of 13 Hz. 

3.2.11 Reaction of HRh(l>3CO and Allyldiphenylphosphine 

Onee equivalent of allyldiphenylphosphine was made to react with HRh(l>3CO at 

2333 K. The difference in electronic ligand properties favours the exchange of a 7t-acidic 

phosphoruss ligand with an electron donating phosphine ligand. Free allyldiphenylphosphine 

wass not observed in the 31P NMR spectra (8(31P) = -13.6 ppm). The major compound formed 

iss the rhodium-hydride complex 2 (Figure 2), but in all cases approximately 10% of the 

disubstitutedd complex (HRh(l)(alrylPPh2)2CO) and HRh(l)3CO were obtained in the 
31PP NMR spectra (Figure 3, spectrum 1). When the reaction mixture was warmed to room 

temperaturee complete conversion to complex 2 was obtained, but at this temperature hydride 
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migrationn occurs. To characterise complex 2 completely, the solution was kept at 253 K after 

additionn of allyldiphenylphosphine to the rhodium-hydride complex. 

1 1 _JdLX_ _ 
JJLLL L 

3b b 
JUL,,,,.,..,,.. ,„ T = 253K 

JLBA. . 
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FigureFigure 3. nP{lH] NMR spectra of Complexes 2, 3b and 5a (1) 31P{'H} NMR of complex 2 

obtainedobtained at 253 K, (2) 3'P{'H}  NMR of complex 3b obtained at 203 K, 31P{lH} NMR of 

complexcomplex 5a obtained at 233 K, * HRh(l)}CO, **  5b, A allyldiphenylphosphineoxide. 

Tablee 1. Spectroscopic Data of the Different Intermediates Observed 

Complex x 

HRh(l)3CO O 

2 2 

3b b 

5a a 

Sb b 

6 6 

7 7 

5(31P)a a 

(ppm) ) 

116(Pl)b b 

1166 (PI)" 

233 (P2) 

1199 (PI)" 

600 (P2) 

106(P1)C C 

166 (P2) 

106(P1)C C 

566 (P2) 

1099 (PI) 

277 (P2) 

117(Pl)e e 

255 (P2) 

JRM> > 

(Hz) ) 

1800 (PI) 

1888 (PI) 

1433 (P2) 

1955 (PI) 

1477 (P2) 

2055 (PI) 

1477 (P2) 

2055 (PI) 

1566 (P2) 

185 5 

122 2 

188 8 

141 1 

JpiP2 2 

(Hz) ) 

--
131 1 

112 2 

117 7 

117 7 

77 7 

130 0 

&Y 13C) ) 

(ppm) ) 

200c c 

202c c 

197d d 

1955 (broad)" 

2433 (broad)" 

n.d. . 

197 7 

202 2 

jRhC C 

(Hz) ) 

52 2 

52 2 

47 7 

n.d. . 

n.d. . 

63 3 

51 1 

Jpc c 

(Hz) ) 

13 3 

13 3 

16 6 

n.d. . 

n.d. . 

244 (PI) 

<< 3 (P2) 

13 3 

of'H) ) 

(Hz) ) 

-11.1" " 

-10.8" " 

--

--

--

-10.3 3 

-10.7 7 

JpH H 

(Hz) ) 

13 3 

11 1 

--

--

--

100 (PI) 

333 (P2) 

12 2 

JcH H 

(Hz) ) 

36 6 

48 8 

--

--

--

8 8 

n.d. . 

jRhH H 

(Hz) ) 

<3 3 

<3 3 

--

--

--

5 5 

<3 3 

**  PI belongs to the phosphorus diamide ligand resonance, P2 belongs to the allyldiphenylphosphine resonance, 

alll  spectra were recorded in CD2a2
 b determined at 253 K, c determined at 233, " determined at 203 K, ' 

determinedd at 268 K 

Thee structure of 2 (Figure 2) was elucidated using various NMR techniques (Table 1). 

Thee H NMR spectrum showed that the alkene moiety was still present. All allyl protons were 

shiftedd upfield compared to the resonances of noncoordinated allyldiphenylphosphine. The 

65 5 

http://iiiw.ui


Chapterr 3 

hydridee resonance was shifted downfield. The magnitude of the phosphorus-hydride coupling 

constantt is approximately the same for both the phosphine and the phosphorus diamide 

ligandss and shows that the trigonal bipyramidal structure is still slightly distorted. The 2JCH 

couplingg constant of 2 (48 Hz) is slightly larger than the 2JCH coupling constant of HRh(l)3CO 

(366 Hz). The phosphorus NMR spectrum (Figure 3, spectrum 1) showed a doublet of doublets 

inn the rhodium-phosphorus diamide region and a doublet of triplets in the rhodium-phosphine 

regionn in a ratio of two to one. The large :Jpp coupling constant of 131 Hz is consistent with 

thee coordination of all three phosphorus atoms in the equatorial plane. The ^Cj'H) NMR 

spectrumm showed a doublet of quartets at 202 ppm for 2 prepared with l3CO. The 'JRIJC 

couplingg constant (52 Hz) and Jpc coupling constant (13 Hz) are in the same range as the data 

foundd for HRh(l)3CO, indicating that similar to this complex, the phosphorus ligands are 

coordinatedd in the equatorial plane and the carbonyl ligand and hydride ligands are 

coordinatedd at an apicall  position of the distorted trigonal bipyramid. 

3.2.22 Hydrid e Migratio n 

Whenn a solution of 2 in CD2CI2 was warmed to room temperature, additional (broad) 

resonancess in the phosphorus spectrum appeared. The intensity of the hydride and allyl 

resonancess in the JH NMR spectrum decreased in intensity and new resonances in the alkyl 

regionn appeared, indicating that the hydride migration reaction has started. When the solution 

off  2 was warmed for 10 minutes at 313 K, complete conversion of the rhodium-hydride 

complexx was reached. At room temperature, the 31P NMR spectrum showed a very broad 

resonancee at the position of the free phosphorus diamide ligand (64 ppm) and a broad doublet 

aroundd 60 ppm. The broad resonances in die phosphorus NMR spectrum indicate mat 

fluxionall  processes occur at room temperature (vide infra). When the temperature was 

decreasedd to 203 K, these processes became slow on me NMR time scale, and a doublet of 

doubletss in the rhodium-phosphorus diamide region (119 ppm) and a doublet of triplets at 

600 ppm in a ratio two to one appeared (Figure 3, spectrum 2). The downfield shift of the 

phosphinee chemical shift of approximately 40 ppm compared to die phosphine chemical shift 

off  complex 2 is characteristic of die formation of a five-membered ring.21,24 The formation of 

aa four-membered ring wil l lead to an upfield shift of approximately 40 ppm as reported by 

Garrou.244 We conclude from me downfield shift of the allyldiphenylphosphine resonance mat 

thee linear rhodium-alkyl complex 3b has been formed (Figure 4). 

Thee spectroscopic data of complex 3b are presented in Table 1. The 2Jpp coupling 

constantt found for 3b (112 Hz) is much smaller man me 2Jpp found for 2 (131 Hz). The 
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formationn of the five-membered chelate ring will lead to a more distorted trigonal bipyramidal 

structure,, resulting in a smaller P-Rh-P angle. The 13C{'H}  NMR spectrum showed a doublet 

off  quartets at 197 ppm for the 13CO complex. Both 'JRM: (47 Hz) and 2Jpc (16 Hz) coupling 

constantss are slightly different from that of complex 2, which indicates a change in the 

structuree of the complex. The branched alkyl 3d (Figure 4) was not observed in the 31P NMR 

spectra. . 

Twoo different mechanisms have been proposed for the hydroformylation reaction." 

Thesee mechanisms differ in the mode of attack of the alkene on the catalyst. In the associative 

pathwayy the alkene coordinates to the five-coordinated rhodium centre, the six-coordinated 

20-electronn complex undergoes hydride migration to form a rhodium-alkyl complex. 

Immediatelyy after coordination of the phosphine ligand, a very fast insertion would be 

expectedd according to this mechanism, which does not appear to be the case. In the 

dissociativee pathway, the commonly accepted mechanism,"5 the five-coordinated rhodium-

hydridee complex first splits off one ligand to form a 16-electron rhodium centre. The alkene 

coordinatess to this four-coordinated rhodium centre followed by hydride migration." 

L—Rh—L/CO O 
I I 
CO O 

14bi i 

L/"'Rh—CO O 

CO O 
(6) ) 

L™;Rh—PPh2 2 

CO O 

H H 
I I 

L—Rh—pph2 2 

CO O 

ƒ ƒ ^ ^ 

II ™2 "-ftp "-ftp 
COO r 

O coo L/'-l  > c° 
ii v r v ' ^ p -p --
!! ^Ph. 

OC*'' | ^ P ' 
COO p h2 

^ ^ 

COO v 

II I co \ | co 
====== L—Rh—PPh, =s=- L ' * ;Rh—pph, = =L—Rh—pph; ; 

CO O 
(3c) ) 

LMRUpPh2 2 

CO O 
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oc rr I 
CO O 
I4ci I4ci 

^ ^ 

COO P h 2 
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FigureFigure 4. Overview of the Intermediates Formed in the Intramolecular Hydroformylation of 

Allyldiphenylphosphine Allyldiphenylphosphine 
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Att room temperature, the P NMR spectrum of the rhodium-alkyl complex showed very 

broadd resonances, indicating that fluxional processes occur at room temperature. The 31P 

NMRR spectrum showed a very broad resonance at the position of the free ligand (64 ppm) and 

aa broad doublet around 60 ppm. Similar to the phosphorus diamide ligands in HRh(l>3CO, the 

phosphoruss diamide ligands in complex 2 are in fast exchange with the free ligand.17 When 

wee consider the dissociative pathway for the hydride migration, this ligand 

coordination/dissociationn process creates a free coordination site for the alkene moiety at the 

rhodiumm centre (complex 2a, Figure 4). After alkene coordination (complex 2b/2c, Figure 4), 

hydridee migration can occur to form the four-coordinated (cyclic) alkyl complexes 3a and 3c 

(Figuree 4). Probably, these coordinatively unsaturated complexes will coordinate a 

phosphoruss ligand to form the five-coordinated alkyl complexes 3b and 3d. Comparison of 

thee reaction times to complete the hydride migration reaction using the monodentate biuret-

basedd rhodium complex (10 minutes at 313 K) with the bidentate phosphite-based rhodium 

complexx (three hours at 313 K)22 indicates that the hydride migration in the former case is 

muchh faster. The use of monodentate ligands instead of a bidentate ligand causes the faster 

hydridee migration observed in this study. The monodentate phosphorus diamide ligands are in 

fastt exchange on the NMR time scale with free ligand in solution. Ligand dissociation creates 

aa free coordination site for the alkene moiety at the rhodium centre. Formation of a free 

coordinationn site in case of the bidentate phosphite ligand is hindered by the formation of the 

rhodium-phosphitee chelate ring. Since the observed hydride migration is still orders of 

magnitudee slower than ligand exchange (NMR line broadening at 293 K), the alkene 

coordination/hydridee migration may involve dissociation of a ligand and hence a 16-electron 

species. . 

Inn the hydroformylation reaction of 1-octene using ligand 1, high isomerisation rates 

andd low selectivity toward the linear product are observed,17 but using the allyldiphenyl-

phosphinee as substrate the branched alkyl complex was not observed in the NMR spectra. 

Thiss in combination with the observation of the branched rhodium-acyl complex using the 

bidentatee bulky phosphite system suggests that the branched rhodium-alkyl complex is 

formedd in the reaction mixture. Fast equilibrium between the alkene complex 2b/2c and both 

alkyll  complexes 3a and 3c may occur at temperatures higher than 203 K and the branched 

rhodium-alkyll  complex could be formed in the reaction mixture. Similar to the 

vinyldiphenylphosphinee platinum complexes,21 the linear rhodium-alkyl complex (3b) could 

bee diermodynamically more stable than the branched rhodium-alkyl complex (3d) as a result 

off  the larger ring strain in the four-membered ring of complex 3d. Therefore complex 3b is 
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thee only rhodium-alkyl complex observed in the reaction mixture. To visualise the formation 

off  the branched alkyl complex, we performed the hydride migration reaction using the 

deuterio-rhodiumm complex instead of the hydrido-rhodium complex. When deuteride 

migrationn leads exclusively to the linear alkyl complex, only a deuterium label at the p-carbon 

atomm will be observed (complex 3b', Figure 5). When the branched alkyl complex is formed 

butt rearranges to the linear alkyl complex, a complex with a deuterium label at the a-position 

wil ll  be observed (complex 3b", Figure 5). For the deuteride migration using 

DRh(l)2(allylPPh2)COO (2') the same procedure was followed as for the hydride complex. The 

complexess formed were investigated using deuterium and phosphorus NMR spectroscopy. 

i < < 

ll  PPh. = ^ Fjhh PPh2 

CO O 

(2') ) 

pp Rh' 

FigureFigure 5. Position of the Deuterium Label after Deuterium Migration Complex 2c' has been 

omittedomitted for brevity. 

Afterr coordination of allyldiphenylphosphine to DPdi(l)3(CO), the solution was 

warmedd to room temperature. The 31P NMR spectra observed for die deuterated complexes 

aree identical to those of the hydride complexes. The deuterium resonances observed and the 

correspondingg proton chemical shifts are displayed in Table 2. The alkyl resonances of the 
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rhodium-alkyll  complex are not resolved in the 'H NMR spectrum because of overlapping 

withh the ethyl resonances of ligand 1. Directly after warming to room temperature, the 
2HH NMR spectrum clearly shows the (broad) deuteride resonance at -10.6 ppm, together with 

additionall  resonances at 5.0 ppm and 4.6 ppm. These chemical shifts correspond to those 

observedd for the protons of the coordinated allyldiphenylphosphine (5.2 ppm and 4.7 ppm) 

andd belong to the deuterium labels at the 0- and a-carbon atoms. Appearance of deuterium 

labelss at these positions of the allyl moiety shows that there is a fast equilibrium between the 

rhodium-hydride/deuteridee and the rhodium-alkyl complexes (hydride migration followed by 

p-hydridee elimination). The scrambling of the deuterium label between the a- and ^-position 

indicatess that both the four- and five-membered alkyl rings were formed. Together with the 

allyll  resonances, several broad resonances in the alkyl region appeared. Similar to the hydride 

migrationn experiments the reaction mixture was warmed for 10 minutes at 313 K. Completion 

off  the deuteride migration was checked using 31P NMR spectroscopy. After cooling to room 

temperature,, the two allyl resonances had disappeared and two broad resonances at 1.7 ppm 

andd 1.2 ppm were the only resonances remaining in the 2H NMR spectrum. The position of 

thesee two resonances is strongly indicative of a deuterium label at the a- or fi-carbon atom of 

thee linear rhodium-alkyl complex, indicating that the four-membered rhodium-alkyl complex 

wass formed. 

Tablee 2. Proton and Deuterium Chemical Shifts of the Allyl - and Alkyl-Rhodiu m 

Complexes s 

Rhodium-allyll  complexes 

HRh(l) 2(allylPPh2)COO (2) 

DRh(l)2(allylPPh2)COO (2') 

HRh(l)2(CH2CDbCH2PPhï)CO O 

HRh(l)2(CHDcCHCH2PPh,)CO O 

Rhodium-alkyll  complexes 

RI1CH2CHDCH2PPM11 )2CO Ob') 

RhCHDCH2CH2PPh2(l)2CO(3b") ) 

Hydride/Deuteride e 

(ppm) ) 

-10.88 ('H) 

-10.66 (broad) 

--

6(H/DY) ) 

(ppm) ) 

2.55 (m) ('H) 

SfltyDp) ) 

(ppm) ) 

5.22 (m) ('H) 

5.00 (m) 

1.77 (broad, m) 

--

S(H</Da) ) 

(ppm) ) 

4.77 (m) ('H) 

4.66 (m) 

1.22 (broad) 

Summarisingg the results of the deuterium migration, we conclude that initially both the 

linearr and branched rhodium-alkyl complexes are formed in the reaction mixture. Similar to 

thee vinyldiphenylphosphine platinum complexes, the larger ring system is the 
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thermodynamicallyy more stable product. Probably, the four-membered ring system is more 

sensitivee toward pVhydride elimination (as a result of the ring strain) than the five-membered 

ringring system. When the hydride migration is complete, all complexes present are converted to 

thee stable linear alkyl complex. 

3.2.33 CO Insertion 

Thee 31P NMR spectrum changed tremendously when the solution of 3b was 

pressurisedd with 5 bar CO at 253 K (Figure 3, spectrum 3). A sharp doublet of doublets 

appearedd in the rhodium-phosphorus diamide region, and a sharp doublet of doublets 

appearedd in the rhodium-phosphine region in a ratio of one to one. One of the phosphorus 

diamidee ligands is replaced by a CO ligand. The upfield shift of the phosphine resonance 

comparedd to complex 3b indicated that the phosphine ligand is now part of a six-membered 

ring.. The 13C{  'H}  NMR spectrum showed a very broad singlet (W1/2« 60 Hz) at 243 ppm and 

twoo very broad resonances around 195 ppm when 13CO was used. The 13C NMR resonance at 

2433 ppm is strongly indicative of a rhodium-acyl carbon atom, proving that CO insertion has 

occurred.. The broad carbonyl resonances in the 13C NMR spectrum indicate diat the 

equatoriall  and apical CO ligands are in slow exchange. A broad multiplet appeared in the 

carbonyll  ligand region when the solution was cooled to 193 K, but the acyl carbon resonance 

remainedd broad upon cooling to this temperature. The Jpc, JRhc and Jcc coupling constants 

remainedd unresolved. On the basis of me upfield shift of the phosphine resonance of 

approximatelyy 40 ppm compared to complex 3b, we conclude that the linear rhodium-acyl 

complexx 5a (Figure 4) is the major complex formed after CO insertion. 

Whenn CO was added to the solution of 3b at room temperature, approximately 10 % 

off  the rhodium-hydride complex HRh(l)2(CO)2 was formed next to the rhodium-acyl 

complexx 5a. Reformation of the rhodium-hydride complex (HRh(l)3CO) followed by 

exchangee of the phosphine ligand with CO can occur, since all reaction steps are reversible. 

Ann additional pathway to form the hydride complex HRh(l)2(CO)2 is ^-hydride elimination, 

onee of the main side reactions in the hydroformylation cycle. Dissociation of the phosphine 

ligandd induced by the ring strain will create a vacant site for the coordination of the hydride 

(Figuree 4). After fJ-hydride elimination a carbonyl ligand coordinates at the remaining vacant 

site.. P-Hydride elimination is not unlikely in this system, as was shown in the previous 

section. . 

Forr the hydride migration reaction, we proposed that initially bom the linear and 

branchedd rhodium-alkyl complexes were formed in the reaction mixture. As a result of ring 
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strain,, the four-merabered ring system was converted to the thennodynamically stable linear 

rhodium-alkyll  complex. To detect the branched product indirectly, we performed the hydride 

migrationn reaction in the presence of CO. When the branched alkyl complex is formed, it can 

immediatelyy give CO insertion, and die more stable five-membered acyl ring will be trapped. 

Thiss five-membered ring, if formed, will have the characteristic downfield shift in the 
31PP NMR spectrum as reported by Garrou.24 After the coordination of allyldiphenylphosphine 

too HRh(l)3CO, the (high-pressure) NMR tube was pressurised to 6 bar of CO at 253 K. The 

tubee was warmed to room temperature, and the reaction was monitored using NMR 

spectroscopy.. Initially, the 31P NMR spectrum showed two complexes: the hydride complex 2 

andd a small amount of the linear alkyl complex 3b. Different from the hydride migration 

experiments,, the tube was not warmed to 313 K, but it was kept at room temperature. Slowly, 

thee CO insertion started and the resonances of the linear acyl complex 5a appeared. An 

additionall  doublet of doublets appeared at 56ppm ('JRM» = 156 Hz, 2JRP =117 Hz). An 

additionall  resonance in the phosphorus diamide region was not observed, but a P COSY 

spectrumm showed cross-peaks for the resonance at 56 ppm and the phosphorus diamide 

resonancee 106 ppm. The resonance at 106 ppm also showed cross-peaks with the phosphine 

resonancee at 16 ppm, which belongs to me linear rhodium-acyl complex. On the basis of the 

downfieldd shift of this resonance, the correlation with the phosphorus diamide resonances that 

belongg to a rhodium-acyl complex, and the deuterium labelling experiments, we conclude mat 

thee phosphorus resonance at 56 ppm belongs to the branched rhodium-acyl complex 5b 

(Figuree 4). Additional proof for the formation of the branched alkyl/acyl complex is the 

presencee of both the resonances of me linear and branched aldehyde proton in the H NMR 

spectraa after addition of hydrogen. The deuterium experiments showed that the branched alkyl 

complexx is formed in the reaction mixture, although this complex was not observed in the 31P 

NMRR spectra. The presence of CO in the reaction mixture traps this branched product by the 

formationn of a five-membered ring system after CO insertion. 

3.2.44 Hydrogenolysis 

Afterr the CO insertion we bubbled H2 through the solution of 5a at room temperature. 

Underr atmospheric hydrogen pressure, hydrogenolysis did not occur. Deinsertion of CO is 

observed,, probably because the insertion-deinsertion equilibrium is driven to the rhodium-

alkyll  complex since CO is removed by the H2 flow. A flow of  13CO through a solution of the 
12COO rhodium-acyl complex 5a resulted in the appearance of the rhodium-acyl resonance of 

complexx 5a in the 13C{  *H}  NMR spectrum showing the reversibility of the CO insertion. The 
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rhodium-acyll  complex 5a and the hydride complex HRh(l)2(CO): were the only complexes 

observedd when a one to one mixture of CO and H2 was bubbled through the solution. These 

resultss indicate that the hydrogenolysis does not occur at atmospheric hydrogen pressure. This 

iss not unlikely since kinetic experiments with this ligand system showed that hydrogenolysis, 

dependingg on the conditions used, is one of the rate-determining steps.14 

Whenn the solution of the rhodium-acyl complex 5a was pressurised to 15 bar of 

COIHTT = 1:2, the hydrogenolysis occurred slowly overnight at room temperature. Directly 

afterr pressurising with hydrogen, a weak hydride resonance appeared in the hydride region of 

thee 'H NMR spectrum and aldehyde resonances appeared at approximately 10 ppm, proving 

thatt the hydrogenolysis had started. After complete conversion of the rhodium-acyl complex 

hass been reached, the aldehyde resonance is present only in low concentration in the proton 

NMRR spectrum. The IR spectrum of this solution showed a weak aldehyde absorption at 

17511 cm" and a medium absorption at 3340 cm" that probably belongs to the hydroxyl group. 

Jacksonn and co-workers13 performed the hydroformylation of a range of alkenylphosphines. 

Theirr results showed complete conversion of the allyldiphenylphosphine to the alcohol 

insteadd of the aldehyde. The presence of the aldehyde moiety in close proximity of the 

rhodiumm centre probably leads to further hydrogenation of the aldehyde to the corresponding 

alcohol.. (The hydrogenation of the aldehyde is one of the side reactions observed in the 

hydroformylationn reaction.). 

ee e 
11 IM ,y , ,  I T-293K 

1222 118 114 110 106 102 60 56 44 36 28 20 12 
ppmm ppm 

FigureFigure 6. }'P{'H}  NMR spectra of Complexes 6 and 7 measured in CD2Cl2 (1) 31P{'H} NMR 

ofof complex 6 obtained at 293 K, (2) 31P{'H} NMR of complex 7 obtained at 268 K, * 

HRh(l)HRh(l)22(CO)(CO)2 2 

Afterr complete conversion of the rhodium-acyl complex 5a, the 31P NMR spectrum 

showedd a doublet of doublets in both the phosphorus diamide (109 ppm) and phosphine 

regionn (27 ppm) (Figure 6, spectrum 1). Different from the previously described hydride 

complexx (2), the 2JPH coupling constants for the phosphine and the phosphorus diamide ligand 
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aree not equal (33 Hz and 10 Hz). Selectively decoupling of the phosphorus resonance at 

277 ppm or at 109 ppm showed that the large "JPH coupling constant of 33 Hz results from the 

phosphinee atom, whereas the small coupling of 10 Hz results from the phosphorus diamide 

atomm (Figure 7). The 2JPH coupling constant of 10 Hz is similar to the previously obtained 

data,, whereas the "JPH coupling constant of 33 Hz is too large for a cis coordination of the 

hydridee and phosphorus ligand. Two explanations can be brought forward: an equilibrium 

mixturee of ee-ea coordination giving averaged signals in the NMR spectra, provided that there 

iss a fast exchange of the ligand between the equatorial and apical positions;26 second, 

coordinationn of the phosphorus ligand in the equatorial plane of a slightly distorted trigonal 

bipyramidd would lead to an increase of the "JPH coupling constant. The large JpH coupling 

constantt suggests that the phosphine ligand is now coordinated to some extent at an apical 

positionn of the trigonal bipyramid (complex 6, Scheme 5). The phosphorus diamide ligand is 

stilll  coordinated at an equatorial position. The ' C NMR spectrum confirms this hypothesis 

showingg only one resonance for both carbonyl ligands having one large "Jcp coupling (24 Hz) 

andd one small MCP coupling constant (< 3 Hz). 

FigureFigure 7. Hydride Resonance after Selectively Decoupling of the Phosphine or Phosphorus 

DiamideDiamide Resonance, (1) Hydride resonance of complex 6, (2) Hydride resonance of complex 

66 after selective decoupling of the rhodium-phosphine resonance, (3) Hydride resonance of 

complexcomplex 6 after selective decoupling of the rhodium-phosphorus diamide resonance. 

Wee depressurised the NMR tube after the hydrogenolysis and hydrogenation reaction 

andd removed the hydrogen and CO gases by bubbling argon through the solution. After 

removingg the CO from die solution the phosphorus NMR spectrum showed a doublet of 

doubletss in the phosphorus diamide region (117 ppm) and a double triplet appears in the 

phosphinee region (25 ppm) (Spectrum 2, Figure 6). The multiplicity of the rhodium-
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phosphinee resonance shows that complex 6 exchanged a carbonyl ligand with a phosphorus 

diamidee ligand. The "JPH coupling constant (12 Hz) is again similar for both the rhodium-

phosphoruss diamide and die phosphine, indicating that the phosphine ligand has moved to the 

equatoriall  plane (complex 7, Figure 8). 

Thee hydrogenolysis reaction is much slower than the insertion reactions under the 

conditionss studied. At higher temperatures tiiese differences are less pronounced, and tiius we 

concludee that die activation enmalpy for the hydrogenolysis step is relatively high. 

ïï ï r^ 
occ I ̂ -\ co L I 

Ph2p-^AA O H CO 
(6)) ^ - / - (7) 

FigureFigure 8. Complexes Formed after Intramolecular Hydroformylation and Hydrogenation of 

ComplexComplex 2 

3.33 Conclusions 

Thee stepwise hydroformylation of allyldiphenylphosphine has been investigated using 

aa monodentate biuret-based rhodium catalyst. Coupling of the ligand and substrate functions 

stabilisedd the intermediates of die hydroformylation reaction and enabled the characterisation 

off  die complexes using NMR spectroscopy. 

Hydridee migration in the absence of CO led to complete conversion of the rhodium-

hydridee complex to the linear rhodium-alkyl complex (3b). The deuterium complex showed 

scramblingg of deuterium at die a- and P-positions of the allyl/alkyl moiety in the hydride 

migrationn reaction, indicating that botii the linear and the branched rhodium-alkyl complex 

hadd been formed. The linear rhodium-alkyl complex was shown as the thermodynamically 

stablee product formed after longer reaction times, similar to the results observed for 

comparablee platinum-alkyl complexes.21 Deuterium scrambling at die a- and ^-position of die 

allyll  moiety shows mat the hydride migration is a reversible process in the absence of carbon 

monoxide.. In chapter four, we studied die reversibUity of die hydride migration reaction in the 

hydroformylationn reaction of 1-octene using this biuret-based rhodium catalyst.14 These 

experimentss showed that under hydroformylation conditions die hydride migration is virtually 
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irreversible.. The results obtained using allyldiphenylphosphine are in agreement with the 

resultss observed for 1-octene. In the presence of CO the hydride migration was directly 

followedd by CO insertion, and both the linear and branched rhodium-acyl complexes were 

observedd in the 31P NMR spectra showing that in the presence of CO the hydride migration is 

irreversible.. On the basis of these observations we conclude that the selectivity in this system 

forr either the linear or branched aldehyde is determined by the ratios of the rates of reaction 

thatt can take place immediately after the hydride migration. 

3.44 Experimental Section 
Generall  information All preparations were carried out under an atmosphere of argon 

usingg standard Schlenk techniques. Dichloromethane-fife was distilled from calciumhydride. 

Otherr solvents were distilled from sodium/benzophenone. All glassware was dried by heating 

underr vacuum. The NMR spectra were recorded on a Bruker DRX-300 spectrometer. 

Chemicall  shifts are given in ppm referenced to TMS or H3PO4 (external), ligand 1 and 

HRh(l)3COO were synthesised according literature procedures.17 Because of the low yield of 

HRh(l>3COO described in the literature,17 an optimised procedure is described below. 

Inn a typical 5 mm tube NMR experiment 20 mg (0.020 mmol) of 2 was dissolved in 

0.55 mL of CD2C12. A 0.2 mL (0.020 mmol) portion of a 0.1 M stock solution of allyldiphenyl-

phosphinee in CD2CI2 was added dropwise to this solution at -40 °C. The yellow solution was 

stirredd for 15 minutes at this temperature before the NMR spectra were recorded. For the 10 

mmm high-pressure NMR tube, 80 mg (0.08 mmol) HRh(l)3CO in 1.5 mL of CD2C12 was used. 

HRh(l) 3COO 20 mg (0.078 mmol) Rh(acac)(CO)2 and 114 mg (0.39 mmol) ligand 1 

weree dissolved in 20 mL of cyclohexane. The solution was brought to an autoclave. The 

autoclavee was put under a pressure of 15 bar CO/H2 (1/1) and stirred at 40 °C for 2 hours. The 

solutionn was transferred to a Schlenk flask. (The solution was saturated with 13CO in the case 

off  the 13CO labelled complex.) The white complex precipitated when the solution was 

concentratedd to a volume of 5 mL. The complex was washed three times with 10 mL of 

pentanee and dried under vacuum. Yield 56 mg (72 %), mp 106 °C (dec). The precise NMR 

dataa of this compound are displayed in Table 1, IR (CH2CI2) VNCO 1695 cm*1 (vs), 1660 cm'1 

(vs),, vRh-co2019cm"1. 
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