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Chapterr  5 

Rhodium-Catalysedd Hydroformylatio n using Pyrrolyl -

Basedd Phosphorus Amidit e Ligands: 

Influencee of Electronic Ligand Properties 

Thee influence of electronic ligand properties on the catalyst performance in the rhodium-

catalysedd hydroformylation of alkenes has been investigated. Several monodentate and 

bidentatee phosphorus amidite and phosphinite ligands have been synthesised. These ligands 

havee similar steric properties but they differ in terms of 7t-acidity. Spectroscopic studies 

showedd that under hydroformylation conditions the monodentate ligands form mixtures of 

HRhL2(CO>22 and HRI1L3CO depending on the ligand and rhodium concentrations and the CO 

pressure.. The bidentate ligands form mixtures of HRh(LnLXCO>2 and HRh(LnL)(LnL')CO, 

havingg one LnL' coordinated as a monodentate ligand, depending on the reaction conditions 

used.. All ligands have been tested in the hydroformylation. Increasing the rc-acidity of the 

ligandd resulted in an increase of the hydroformylation rate. The monodentate ligands showed 

highh activity but moderate selectivity for die linear aldehyde. The catalyst formed using the 

bidentatee phosphorus amidite ligand revealed high regioselectivity for the linear aldehyde 

togetherr with a high isomerisation rate. Deuterioformylation experiments showed that the 

hydridee migration is a reversible step under these hydroformylation reaction conditions. Both 

linearr and branched rhodium-alkyl complexes prefer (J-hydride elimination instead of CO 

insertionn resulting in a high percentage of 2-alkenes. The linear rhodium-alkyl finally 

undergoess CO-insertion leading to high linear-to-branched ratios. 
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5.11 Introduction 
Onee of the highlights when investigating the hydroformylation reaction is the 

developmentt of new ligands in order to obtain highly active and selective catalysts.1 

Importantt aspects of these studies are die steric and electronic ligand properties and for 

bidentatee ligands the bite angle.""7 Many examples of modified phosphine ligands are known 

inn literature.13'6' 8 These ligands can form very selective catalysts although the activity in the 

hydroformylationn reaction is often moderate. Many examples of phosphite ligands are known 

thatt form very active hydroformylation catalysts, but since these ligands introduce less steric 

hindrancee close to the rhodium centre compared to phosphines, bulky substituents are 

necessaryy to obtain high selectivity for the linear aldehyde.9 " 14 Phosphorus amide ligands 

introducee more steric bulk close to the phosphorus atom compared to phosphites because of 

thee high degree of substitution of nitrogen, while their x-values15 can be in the same range as 

thosee of phosphites.16'17 This combination of steric and electronic properties results in bulky, 

electron-poorr catalysts, which might increase both die activity and selectivity of die 

hydroformylationn catalyst. Recent years many examples of n-acidic phosphorus amides as 

ligandss in metal-catalysed reactions have been published.1 ~ " For the hydroformylation 

reactionreaction only several examples are known.  ' ~ 5 The results obtained using tiiese ligands 

showedd improved activity compared to phosphine systems and improved selectivity compared 

too phosphite systems. 

FigureFigure 1. Monodentate and Bidentate Phosphorus Amidite and Phosphinite Ligand Structures 

Moloyy and co-workers found that pyrrolyl substituents on the phosphorus atom are 

veryy effective to create rc-acidic phosphorus ligands.16 Ziólkowski and co-workers 

investigatedd die rhodium-catalysed hydroformylation reaction using several monodentate N-

pyrrolylphosphinee ligands."1 The results showed that these ligands form active and selective 

hydroformylationn catalysts. Here we report on novel monodentate and bidentate phosphorus 

amiditee ligands tiiat contain two pyrrolyl substituents (Figure 1, ligands 1 and 3). The 
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performancee of the hydroformylation catalyst based on these ligands has been compared to 

similarr diphenyl substituted phosphinite ligands (Figure 1, ligands 2 and 4). The substitution 

off  the phenyl substituent for a pyrrolyl substituent influences the rc-acidity of the ligand. 

Usingg these ligands (1 - 4), the electronic effect on the catalyst performance can be 

investigatedd with a minimal change in steric influences. The electronic properties of the 

ligandss have been determined by comparison of the IR stretching frequency of the carbonyl 

ligandd in fra/w-RhOCOLa (L - 1, 2). The solution structures of the rhodium complexes 

formedd under hydroformylation conditions have been studied and the ligands have been tested 

inn the hydroformylation of alkenes. The hydroformylation reaction mechanism was studied 

usingg ligand 3. 

5.22 Results and Discussion 

5.2.11 Synthesis and Determination of the Electronic Ligand Properties 

Alll  phosphorus ligands (1 - 4) were prepared in a straightforward way by the reaction 

off  either cWorodUpyrrolylphosphine or chlorodiphenylphosphine and the corresponding 

alcoholl  in presence of a base. The ligands were purified by crystallisation, washing or column 

chromatography.. Although the ligands are remarkably stable towards water and oxygen, they 

aree stored under an inert atmosphere. In order to investigate the electronic properties of these 

phosphoruss amidite and phosphinite ligands, /rans-RhClCO(l)2 (5) and /ranj-RhClCO(2)2 (6) 

weree synthesised. The carbonyl frequency in the IR spectrum is a measure for the re-acidity of 

ligandss l - 4 . , 6 ! 7 ' 2 6 

Tablee 1. IR frequencies of the carbonyl ligands of various RhClCOL^ 

Ligand d 

PPh3 3 

Ph2P(OPh)) (2) 

(pyrrole^PPh h 

P(OPh)3 3 

(pynolebPOPhh (1) 

P(pynole)3 3 

VcoCcm1)* * 

1978" " 

1991 1 

2007* * 

2016b b 

2019 9 

2024' ' 

11 measured in CH2C12>
b see reference 26 and 27,c see reference 16. 

Thee IR frequencies of the carbonyl ligands of the fra/ts-RhClCOLs (L = 1, 2) complexes are 

depictedd in Table 1. The position of the carbonyl frequency of /rans-RhClCO(l)2 (5) in the IR 

spectrumm shows that the electronic character of ligand 1 is similar to that of triphenyl 
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phosphite.. Comparison of the carbonyl frequency of trans-KhClCCHZh (<>) with that of trans-

RhClCO(PPh3)22 shows that the electron-donating character of ligand 2 is in the same range as 

thatt of triphenylphosphine. The comparison of the carbonyl frequencies of frans-RhOCO(l)2 

(5)) and /rans-RhClCO(2)2 (6) shows that ligand 1 is a stronger rc-acid than ligand 2, whereas 

theyy will have similar steric properties. We consider the electronic properties of the bidentate 

ligandss 3 and 4 to be analogous to those of ligand 1 and 2 respectively, because of the 

similarityy of the substituents used. 

5.2.22 Catalyst Characterisation Studies 

Thee structure of the complexes formed under hydroformylation conditions was 

monitoredd using high pressure (HP) NMR and IR spectroscopy. The catalyst formation was 

studiedd using Rh(acac)(CO)2 in presence of various ligand concentrations at 20 bar of CO/Hi 

(1/1).. The spectroscopic data of the hydride complexes observed are presented in Table 2. The 

monodentatee ligands formed two different complexes under syngas pressure: HRhL2(CO)2 

andd HRI1L3CO. The ratio between these two complexes depends on the rhodium and the 

ligandd concentrations and the carbon monoxide pressure. Higher rhodium and ligand 

concentrationss resulted in a larger amount of HRI1L3CO. The presence of both complexes is 

nott unusual for these relatively small monodentate ligands; similar results have been obtained 

forr triphenylphosphine and triphenyl phosphite.28'29 

Tablee 2. Spectroscopic Data of Several HRhiLMCO)^ Complexes (x = 2,3) 

Complex x 

HRh(l) 2(CO)2 2 

HRh(2)2(CO)2 2 

HRh(PPh3)2(CO)2
c c 

HRh(P(OPh)3)2(CO)2
e e 

HRh(l) 3CO O 

HRh(2)3CO O 

HRh(PPh3)3COd d 

HRh(P(pyrrolyl) 3)3COd d 

HRh(P(OPh)3)3COd d 

S('H)(ppm)a a 

-10.11 (broad) 

-9.55 (broad) 

-9.88 (dq.) 

-9.44 (dq.) 

-9.11 (m) 

-9.11 (dq.) 

-10.99 (dq.) 

S^PHppm)' ' 

137 7 

145 5 

37 7 

134 4 

142 2 

47 7 

109 9 

141 1 

JHP(HZ) ) 

n.d. . 

n.d. . 

7 7 

13 3 

n.d. . 

8 8 

3 3 

JHRh(Hz) ) 

n.d. . 

n.d. . 

3 3 

3 3 

n.d. . 

3 3 

3 3 

jRhp(Hz ) ) 

219 9 

165 5 

139 9 

217 7 

169 9 

133 3 

211 1 

240 0 

Vcoo (cm')b 

2076,, 2024 

2045,, 1970 

2042,, 1981 

2070,2018 8 

2063 3 

1943 3 

2040' ' 

2079' ' 

2060' ' 
11 Measured in toluene-̂ or benzene-̂ b measured in cyclohexane, c see reference 29, d see reference 21, 

'' measured in KBr 
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Rhodiumm complexes of the form HRhL^CO)̂  (x = 1, 2, 3) generally have a 

(distorted)) trigonal bipyramidal structure. Detailed NMR and IR studies have shown that the 

hydridee ligand coordinates at an apical position of the bipyramide.4' 13, x The phosphorus 

atomss can either coordinate at the equatorial positions or at the remaining apical position. The 

coordinationn mode of the phosphorus ligands can be assigned by the absolute value of JPH 

NMRR coupling constant as has been shown in many catalyst characterisation studies.3'4'31 

Thee hydride resonances observed for the complexes containing two monodentate 

ligandss (HRhL2(CO)2, L = 1, 2) are broad (Table 2). The resonance did not sharpen upon 

coolingg to -70 °C. Therefore it was not possible to determine the coordination mode of the 

twoo ligands using die JPH and JRUI coupling constants. The value of jRhp coupling constants 

indicatess ee coordination of the monodentate ligands. The JRJ,P coupling constant of 

HRh(l>2(CO)22 was in the same range as those found for similar phosphite ligands (219 Hz), 

whilee the JRhp coupling constant of HRh(2)2(CO)2 was comparable to those in phosphine 

complexess (165 Hz). This is consistent with the electronic character of ligands 1 and 2 

comparedd with phosphites and phosphines. 4' 31 The IR spectra of the hydride complexes 

HRhL2(CO)22 (L = 1, 2) showed only two (terminal) carbonyl frequencies indicating that only 

onee isomer is present and that isomerisation of the phosphorus ligands between the ee and ea 

coordinationn mode did not occur.4' 31 The position of the carbonyl frequencies of 

HRh(l>2(CO)22 were similar to those observed for the ee coordinated rhodium-triphenyl 

phosphitee complex. The position of the carbonyl frequencies of HRh(2)2(CO)2 were 

comparablee to those of the ee coordinated rhodium-triphenylphosphine complex (Table 2).29 

Dependingg on the ligand concentration, a significant amount of HRI1L3CO (L = 1, 2) 

wass formed under conditions used for the spectroscopic studies. These hydride complexes 

havee relatively large JPH coupling constants for a pure cis coordination (7 Hz and 13 Hz 

respectively)) indicating a slight distortion of the geometry of the trigonal bipyramidal 

structure.26'' 27 Again, the JRUI coupling constant (3 Hz) and the JRI,P coupling constants 

observedd for the rhodium-hydride complexes were in the same range as those found for 

similarr phosphine or phosphite containing hydride complexes (Table 2).21 The position of 

carbonyll  frequencies observed in the high-pressure IR spectra are consistent with the 

n-acidityy of the ligands. 

Analogouss to results observed for the monodentate ligands 1 and 2, mixtures of two 

differentt hydride complexes were found for the bidentate ligands 3 and 4 depending on the 

ligandd and rhodium concentrations and the carbon monoxide pressure. In the NMR 

experimentss ([Rh] = 10 mM), a hgand-to-rhodium ratio of 1 is enough to get complete 

111 1 



Pyrrolyl-Basedd Phosphorus Amidites 

conversionn to the hydride complex. For the high-pressure IR experiments, lower rhodium 

concentrationss are used and therefore higher ligand concentrations are prerequisite to obtain 

completee conversion to the rhodium-hydride complex. In these experiments, a ligand-to-

rhodiumm ratio of 1.5 is enough using ligandd 3, but for ligand 4 a ligand to rhodium ratio of 3 is 

necessaryy to get complete conversion of the rhodium precursor (Rh(acac)(CO>2) to the 

hydridee complex. 

Tablee 3. Spectroscopic Data of Several HRh(L) x(CO)4.x Complexes (x = 2 ,3 and 4) 

Complex x 

HRh(3)(CO)2 2 

DRh(3)(CO)2 2 

HRh(4)(CO)2 2 

HRh(3)2CO O 

DRh(3)2CO O 

HRh(4)2CO O 

HRh(3)2 2 

Sf'HMppm)3 3 

-10.77 (broad) 

-9.22 (dt) 

-10.55 (broad q.)c 

-9.6(dq.)c c 

-10.99 (dqui.) 

-10.33 (dqui.) 

6(31P)(ppm)a a 

138 8 

149 9 

1355 (m) 

H l ( s )d d 

1533 (m) 

115(s)d d 

129 9 

130 0 

JHP P 

(Hz) ) 

n.d. . 

5 5 

6 6 

13 3 

36 6 

36 6 

JHRII(HZ) ) 

n.. d. 

4 4 

<3 3 

3 3 

6 6 

6 6 

JRIJJJ (Hz) 

218 8 

166 6 

n.d.< < 

ad .' ' 

203 3 

203 3 

Vcoo (cm ')b 

2078,, 2026 

2067,, 2020 

2055,, 1996 

2069 9 

2041 1 

2036 6 

--

--
aa Measured in toluene-d8 or benzene-,̂ measured in cyclohexane, c Al l phosphorus atoms have similar JHP 

couplingg constants. d This chemical shift belongs to the non-coordinated phosphorus atom of (LnL'). e not 

determined. . 

Thee spectroscopic data of the observed hydride complexes using 3 and 4 are 

presentedd in Table 3. The hydride resonance of HRh(3XCO)2 was broad and remained broad 

uponn cooling to -60 °C, therefore the values of the JRJ,H and JPH coupling constants are 

unresolved.. Based on the NMR data, no detailed information about the trigonal bipyramidal 

structuree can be given. The IR spectrum obtained from the NMR sample of HRh(3XCO>2 

showedd two absorption bands for the carbonyl ligands. Based on the number and position of 

thee carbonyl frequencies we conclude that only the ee isomer is present.4 The hydride 

resonancee of HRh(4XCO>2 was sharp and all JXH coupling constants (X = 103Rh or 31P) were 

resolvedd after selective decoupling of the phosphorus resonance on the hydride complex. The 

JRJIHH and JPH coupling constants of 4 Hz and 5 Hz respectively are indicative of coordination 

off  both phosphorus atoms in the equatorial plane of the trigonal bipyramid. The presence of 
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onlyy two carbonyl absorption bands in the IR spectrum obtained from the NMR sample of 

HRh(4)(CO>22 indicates that only the ee isomer is present. The position of the phosphorus 

resonancess and JRM> coupling constants of HRh(3)(CO)2 and HRh(4)(CO): are similar to those 

foundd for the monodentate ligands. 

H H 

HRh(LAL)2 2 

FigureFigure 2. Geometry of the Possible Hydride Complexes formed using the Bidentate Ligands 

Ass already mentioned earlier, for both ligand 3 and 4 ligand-to-rhodium ratios higher than one 

aree required to obtain complete conversion to the rhodium-hydride complexes in the (high-

pressure)) IR experiments performed under hydroformylation reaction conditions. The high-

pressuree IR spectra using L/Rh > 1.5 showed a third carbonyl frequency in the terminal CO 

region.. When the high-pressure NMR experiments were performed using L/Rh > 1.5 

additionall  hydride resonances were observed. The multiplicity of these hydride resonances 

(doublee quartets) indicates that three phosphorus atoms are coordinated to the rhodium centre. 

Thee 31P NMR spectra showed complicated multiplets in the region of the coordinated 

phosphoruss atom resonance together with an additional singlet close to the resonance of the 

freee phosphorus ligand. Based on these results we conclude that in presence of more than one 

equivalentt of ligand compared to rhodium some of the rhodium-hydride complexes 

HRh(LnL)(CO)22 are converted to hydride complexes of the form HRh(LnL)(LnL')CO. One 

off  the bidentate ligands coordinates in a monodentate fashion.32 The geometry of this type of 

rhodium-hydridee complexes is depicted in Figure 2. The concentration of 

HRh(LnL)(LnL')COO present in solution is depending on the ligand and rhodium 

concentrationss and the carbon monoxide pressure. High-pressure IR studies showed that 

HRh(LnL)(CO>22 and HRh(LnL)(LnL')CO in presence of excess ligand can interchange by 

addingg or removing CO pressure. Except for the HP NMR experiment using L/Rh = 1, 

HRh(LnL)(CO)22 was never observed without HRh(LnL)(LnL')CO. Both HRh(3)2CO (9) 

andd HRh(4)2CO (10) have relatively large JHP coupling constants (6 and 13 Hz respectively), 

indicatingg a slight distortion of the trigonal bipyramidal structure.13' 30 The complicated 

H H 

CO O 

HRh(LAL)(CO)2 2 

CO O 

L//;,., , Rhh if 

CO O 

HRh(LAL)(LAL)(CO) ) 

CO O 
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multiplett observed for the phosphorus resonances of these complexes indicated that the 

phosphoruss atoms were inequivalent on the NMR time scale. 

Whenn we used a L/Rh > 2 for ligand 4 a third hydride resonance (multiplet) at 

-9.77 ppm was observed in the JH NMR spectrum. In the 31P NMR spectrum additional 

resonancess appeared in the region of the coordinated phosphorus ligand. Selectively 

decouplingg of the phosphorus resonance at 153 ppm showed a doublet in the hydride region, 

havingg a JRI,H coupling constant of 3 Hz. The IR spectrum did not show any additional 

terminall  or bridging carbonyl bands. Based on these results, the structure of the hydride 

complexx might be HRh(4)2. The ratio between HRh(4>2CO (10) and this additional hydride 

complexx remained constant (1:1) upon increasing the ligand concentration and removing CO. 

Attemptss to synthesise HRh(4)2 were unsuccessful. 

Whenn we increased the ligand-to-rhodium for ligand 3 no additional hydride 

resonancess were observed. In a separate experiment we synthesised HRh(3)2 (11) by the 

reactionn of Rh(acac)(CO)2 and two equivalents of ligand 3 under hydrogen pressure. The 

spectroscopicc data of this complex are depicted in Table 3. Two hydride resonances, double 

quintets,, were observed in the !H NMR spectrum, and two doublets were observed in the 31P 

NMRR spectrum having identical JRI,H, JPH and JRM> coupling constants indicating that two 

isomerss of 11 are present in solution. Addition of CO to a solution of 11 results in complete 

formationn of 10, having one bidentate ligand coordinated in a monodentate fashion, 

illustratingg the absence of 11 under hydroformylation reaction conditions. 

5.233 Hydroformylatio n of Alkenes 

Thee ligands 1 - 4 were applied in the rhodium-catalysed hydroformylation of 

1-octene.. The catalysts were prepared in situ from Rh(acacXCO)2, the necessary amount of 

ligand,, CO and H2 at 80 °C. As already mentioned in the previous section, several rhodium-

hydridee complexes can be formed under hydroformylation reaction conditions depending on 

thee ligand and rhodium concentrations and the CO pressure. The ligand and rhodium 

concentrationss used in catalysis are much lower than the concentrations used in the 

spectroscopicc experiments. Therefore, the proportion of HRhL^CÔ  (x = 2 for L = 1, 2 and 

xx = 1 for L = 3, 4) in the reaction mixture used in catalysis is significantly higher than in the 

spectroscopicc experiments. The hydroformylation reaction has been performed using several 

ligand-to-rhodiumm ratios, to investigate the effect of the ligand concentration on the catalyst 

activityy and selectivity. 
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Thee results of the hydroformylation reaction of 1-octene obtained using 1 and 2 arc 

presentedd in Table 4. The activity, selectivity and percentage of 2-octenes obtained using 

ligandd 1 are in the range of those observed using bulky phosphite ligands.5 The ligand-to-

rhodiumm ratio of 5 is the minimum amount of ligand applicable; the use of lower L/Rh ratios 

resultedd in a large amount of alkene isomerisation, and we observed that the catalyst activity 

increasedd during the reaction. These results are indicative of incomplete catalyst formation 

usingg L/Rh < 5. Increasing the ligand-to-rhodium ratio from 10 to 50 results in a large 

decreasee of the activity. This negative dependency of the reaction rate on ligand concentration 

cann be explained by the competition of either coordination of a phosphorus ligand or an 

alkenee molecule.29'33"35 

Tablee 4. Results of the Hydroformylatio n of 1-Octene using Ligands 1,2* 

Ligand d 

1 1 

2 2 

IVRh h 

5 5 

10 0 

50 0 

5 5 

5C C 

50c c 

Conversionn (%) 

35 5 

32 2 

30 0 

3 3 

32 2 

35 5 

1/b b 

3.1 1 

3.7 7 

3.5 5 

2.3 3 

2.6 6 

2.3 3 

TOF" " 

10*10̂  ^ 

12*103 3 

4*103 3 

15 5 

n.d.d d 

219 9 

%% linear 

61 1 

68 8 

66 6 

50 0 

56 6 

68 8 

%% 2-octenes 

18 8 

14 4 

16 6 

27 7 

22 2 

2 2 
aa Conditions used T = 80 °C, [Rh] = 0.2 mM, pco = Prc> = 10 bar, [1-octene] = 0.55 M in toluene.. b TOF in mol 

aldehydee (mol Rh*h)"',c [Rh] = 0.5 mM, d The TOF could not be determined because of incomplete catalyst 

formation. . 

Ligandd 2 was tested in the hydroformylation reaction using the same reaction 

conditionss as ligand 1. Using the low ligand and rhodium concentrations as used for ligand 1, 

thee catalyst was hardly active and a high percentage of 2-octenes was formed (Table 4). The 

largee amount of 2-octenes indicated that using low phosphinite ligand concentrations small 

amountss of Rh(acac)(CO)2 are present in solution, that can be converted to HRh(CO)4, which 

iss a good isomerisation catalyst. In order to ensure complete catalyst formation, we increased 

thee rhodium and ligand concentrations 2.5 times to [Rh] =0.5 mM. In this case the catalyst 

didd not show any activity during the first 2.5 hours after addition of the substrate. After 2.5 

hours,, the reaction started indicating that the catalyst formation time of one hour was not 

enoughh to obtain complete conversion of the rhodium precursor. Again, a high percentage of 

2-octeness was found using these higher concentrations. When we used three hours catalyst 

formationn time instead of one hour, the catalyst activity decreased tremendously indicating 
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decompositionn of the catalyst in the absence of substrate. Increasing the Ugand-to-rfiodium 

ratioo to 50 using one hour catalyst formation time, the catalyst activity did not change in time. 

Thee low percentage of isomers found indicates that the catalyst formation is complete using 

thesee high ligand and rhodium concentrations. 

Thee hydroformylation results using the monodentate ligands show that the reaction 

conditionss necessary to obtain complete conversion of the rhodium precursor to the rhodium-

hydridee complex depends on the electronic properties of the ligands used. High ligand and 

rhodiumm concentrations are essential for the electron-donating ligand 2 to obtain complete 

hydridee formation. The spectroscopic experiments showed that the type of hydride complexes 

presentt in solution change with the ligand and rhodium concentrations. The increase of the 

7t-acidityy probably causes the higher catalyst activity observed for ligand 1, but the possibility 

off  increasing activity caused by different catalyst complexes present in solution may not be 

ignored. . 

Tablee 5. Results of the Hydroformylation of 1-Octene using Ligands 3,4* 

Ligand d 

3 3 

4C C 

L/Rh h 

1.5 5 

3 3 

10 0 

50 0 

3 3 

5 5 

50 0 

Conversionn (%) 

33 3 

20 0 

46 6 

23 3 

24 4 

20 0 

21 1 

1/b b 

107 7 

110 0 

98 8 

104 4 

7 7 

9 9 

6 6 

TOF* * 

10*10' ' 

10*103 3 

5*103 3 

1*103 3 

424 4 

246 6 

240 0 

%% linear 

86 6 

91 1 

86 6 

85 5 

80 0 

85 5 

83 3 

%% 2-octenes 

11 1 

7 7 

13 3 

15 5 

5 5 

5 5 

4 4 

aa Conditions used T = 80 °C, [Rh] = 0.2 mM, pa, = PH2= 10 bar, [1-octene] = 0.55 M in toluene. b TOF in mol 

aldehydee (mol Rh*h) \ c 3 hours instead of 1 hour catalyst formation time was used. 

Thee hydroformylation reaction of 1-octene using the bidentate ligands 3 and 4 was 

alsoo performed using various ligand-to-rhodium ratios. The results obtained are depicted in 

Tablee 5. A ligand-to-rhodium ratio of 1.5 was the minimum applicable for ligand 3 using this 

loww rhodium concentration (0.2 mM). Using smaller amounts of ligand resulted in a high 

percentagepercentage of 2-octenes formed and low hydroformylation activity indicating incomplete 

catalystt formation. The catalyst formed using pyrrolyl-based ligand 3 was very active in the 

hydroformylationn reaction and a high regioselectivity for the linear aldehyde was observed. 

Thee percentage of 2-octenes formed during the reaction ) is rather high resulting in a 

moderatee overall catalyst selectivity (  85%). The combination of both high hydroformylation 
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andd isomerisation activity is similar to that observed for bulky (bidentate) phosphite ligands. 

Thiss similarity can be explained by the electronic-withdrawing character of these phosphorus 

amiditee ligands. Generally, electron-withdrawing phosphorus ligands show an increase of the 

reactionn rate as a result of the facile carbon monoxide dissociation and stronger alkene 

coordination.. *7' The linearity observed using this bidentate phosphorus amidite ligand (3) is 

muchh higher than that observed for bidentate phosphite ligands having similar backbones.13 

Thiss might be a result of increasing steric hindrance close to the rhodium centre caused by the 

pyrrolyll  substituents. A decrease of die hydroformylation activity together with a constant 

selectivityy was observed when the concentration of ligand 3 was increased. The decrease in 

hydroformylationn activity is probably caused by coordination of additional ligand resulting in 

ann increasing amount of hydride complex 9 as was shown in die spectroscopic experiments. 

Ligandd coordination might be in competition with the alkene coordination as was mentioned 

alreadyy for the monodentate ligands.M '33"35 

Usingg ligand 4 in the hydroformylation reaction of 1-octene, at least 3 equivalents of 

ligandd and three hours of catalyst formation time are necessary to obtain complete conversion 

off  me rhodium precursor to the rhodium-hydride complex. A longer catalyst formation time 

(fivee hours) led to a decrease of the activity indicating catalyst decomposition in die absence 

off  substrate. Using a catalyst formation time of three hours, no reaction was observed during 

thee first three hours after alkene addition. The use of higher rhodium and ligand 

concentrationss did not have any effect. The activity and selectivity observed using ligand 4 

weree moderate and comparable to that observed for phosphine ligands having similar 

electron-donatingg properties.4,37 

Comparisonn of the hydroformylation results of ligands 3 and 4 shows that increasing 

diee electron-withdrawing capacity of the ligand, witfi only a small change in steric hindrance, 

resultss in improved activity and selectivity. The difference in activity of 3 and 4 can be 

explainedd by die electronic difference of die ligands (vide supra). The large change in the 

regioselectivityy is probably a result of bom electronic and steric ligand properties. 

Becausee of die combination of high activity and high regioselectivity obtained using 

HRh(3XCO)2,, tiiis catalyst was tested in die hydroformylation reaction of styrene. In this 

experimentt die optimal ligand to rhodium ratio of 1.5 was used. Using styrene as substrate, a 

selectivityy die linear aldehyde of Vb = 0.84 was found at 80°C, which is moderate, die turn 

overr frequency of 2800 mol aldehyde (mol Rh*h)~' is relatively high, specially compared to 

phosphine-basedd systems.4,13 
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5.2.44 Deuterioformylation using Ligand 3 

Thee hydroformylatioii results using ligand 3 showed high isomerisation activity 

togetherr with high selectivity for the linear aldehyde. The number and the position of the 

deuteriumm atoms that are incorporated in the substrate and aldehyde molecules during a 

deuterioformylationn experiment give detailed information about the reversibility of the 

subsequentt hydroformylation reaction steps proposed in the reaction mechanism.38, 39 If 

rhodium-alkyll  formation by hydride migration to the coordinated alkene is irreversible, then 

thee aldehydes will contain two deuterium labels, one at the aldehyde carbon atom and the 

otherr at the ^-carbon atom (Figure 3). Reversible rhodium-alkyl formation will result in 

partiall  a-deuteration. If alkene coordination and hydride migration are both reversible and 

fast,, then deuterium will be incorporated into the alkene and the number of deuterium labels 

presentt in the aldehyde molecule can differ from two. 

Thee deuterioformylation using ligand 3 was performed under the same conditions as 

thee hydroformylation experiments (T = 80 °C, [Rh] = 0.2 mM, L/Rh = 1.5, [1-hexene] = 

0.811 M, pco = Poi = 10 bar). 1-Hexene was used for the deuterioformylation instead of 

1-octenee to facilitate comparison with literature data of the !H and 2H NMR spectra.38 The 

hydroformylationn reaction rate of 1-hexene and the percentage of 2-hexenes formed were 

similarr to those observed for 1-octene. The linear-to-branched ratio was slightly different, for 

1-hexenee a linear-to-branched ratio of 158 was observed instead of 107 observed for 1-octene. 

Thee aldehyde production was monitored by gas chromatography. The number of deuterium 

atomss incorporated into 1-hexene, 2-hexene, and heptanal was monitored by gas 

chromatography/masss spectroscopy. The activity and selectivity for the deuterioformylation 

off  1-hexene were similar to those of the hydroformylation of 1-hexene. The deuterium 

distributionn observed using gas chromatography/mass spectroscopy is depicted in Table 6. 

Tablee 6. Deuterium Distributio n observed in the Deuterioformylation of 1-Hexene" 

Conversion n 

(%) ) 

26 6 

100" " 

l-hexene-rfxCfc) ) 

x =x = 0 

84 4 

x = l l 

15 5 

xx = 2 

1 1 

2-hexene-rfxx (%) 

xx = 0 

5 5 

22 2 

x = l l 

4 4 

41 1 

xx = = 2 

12 2 

25 5 

x =x = 3 

71 1 

9 9 

xx = 4 

8 8 

2 2 

Heptanal-*/**  (%) 

x = l l 

32 2 

26 6 

xx = 2 

68 8 

52 2 

xx = 3 

22 2 

**  Conditions used T = 80 °C, [Rh] = 0.2 mM, pco= pm = 10 bar, [1-hexene] = 0.81 M, in benzene, The positions 
off  the deuterium labels in 1 -hexene and 2-hexene have not been determined. b The reaction mixture contains 
100 % 2-hexenes and 90 % heptanal at 100 % conversion of 1-hexene 
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Att low conversion (26 %) both 1-hexene and 2-hexene were enriched with deuterium. 

Deuteriumm enrichment of the substrate can occur when the linear or branched rhodium-alkyl 

complexx formed by hydride migration undergo (J-hydride elimination followed by alkene 

dissociationn (Figure 3, steps 1, 2 and 3). Without determination of the position of the 

deuteriumm label in heptanal, we can already conclude that under the conditions studied the 

hydridee migration step is a reversible step in the reaction mechanism. The absolute amount of 

deuteriumm observed in 1-hexene compared to the amount of deuterium in 2-hexene suggests 

thatt l-hexene-rfx is derived from both the linear and branched rhodium-alkyl complex. The 

deuteriumm enriched substrate is not hydroformylated at low conversions (< 50 %) but 

disappearss in the bulk 1-hexene-db. Therefore, heptanal-̂ was observed only at high 

conversions.. The large amount of 2-hexent-di is not understood and might have been due to 

ann experimental artefact. 

Whenn p-hydride elimination is followed by alkene dissociation, a significant amount 

off  the rhodium-hydride complex is formed in the reaction mixture (Figure 3, steps 1, 2 and 3). 

Thiss rhodium-hydride complex can influence the deuterium distribution in several ways. The 

rhodiumm hydride can coordinate a 1-hexene molecule and undergo hydride migration (Figure 

3,, step 3'). fi-Hydride elimination can occur, but will not be observed since no deuterium 

labell  is involved. When the rhodium-alkyl complex undergoes CO insertion, the formed 

aldehydee molecule will contain one deuterium label only. The label will be positioned at the 

aldehydee carbon atom (Figure 3, step 3'). Second, the rhodium-hydride complex can undergo 

H/DD exchange with D2 (Figure 3, step 4). At low conversion, die rhodium-deuteride complex 

formedd will coordinate a 1-hexene molecule and deuterium distributions similar to those 

describedd above will be found. Studies by Jongsma et al. showed that though the absolute 

amountt of H/D and H2 in me system is low, the concentration in solution can be high because 

off  the relatively slow gas movement from and to the solution.36 Furthermore, due to the 

isotopee effect, H/D and H2 are more reactive than D2. When H/D exchange occurs and the HD 

orr H2 molecule are used in the hydrogenolysis, an aldehyde-î molecule will be observed 

havingg a hydrogen atom at the aldehyde carbon atom. 

Approximatelyy 30 % of the aldehyde molecules contained one deuterium atom only. 

' HH NMR spectrum collected at 100 % conversion showed approximately 3 % of aldehyde 

havingg a proton at the aldehyde carbon atom and the IR spectrum showed the C(0)D 

absorptionn band only (1722 cm"1 in pentane).36' m This shows that the monodeuterated 

aldehydess contain predominantly a deuterium label at the aldehyde carbon atom. Furthermore, 
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itt indicates that in the presence of substrate the H/D exchange rate is relatively slow compared 

too the other reaction steps proposed in Figure 3. 

Absorbance e 

0.100 U 

0.055 -

0.00 0 

-0.05 5 

-0,100 -

-0,15 5 

20266 cm" 

mmmm w i i » ^ i l 

**  2041cm" 
DRh(3),CO O 

20200 cm" 

2200 0 2100 0 
— i i 
2000 0 1900 0 1800 0 1700 0 

cm m 

FigureFigure 4. Difference IR Spectrum Obtained after Addition ofÜ2 to a Solution ofDRh(3)(CO)2 

andand DRh(3)2(CO) under CO pressure at 80 "C. 

Wee studied die H/D exchange rate in the absence of substrate using IR spectroscopy. 

Changingg from a rhodium-deuteride to a rhodium-hydride complex, influences the position of 

diee carbonyl ligands in die IR spectrum significantly (Table 3). For the investigation of the 

H/DD exchange rate, we syndiesised DRh(3)2(CO>2 in situ from Rh(acac)(CO>2 and 1.5 

equivalentss of ligand 3 under 20 bar CO/D2 (1/1). Beside DRh(3)(CO)2, a small amount of 

DRh(3>2(CO)) (9) was formed in the reaction mixture. After complete conversion to die 

deuteridee complex, die D2 was removed by flushing several times with 5 bar of CO. The 

exchangee process was monitored using rapid scan high-pressure IR spectroscopy at 80 °C (1.3 

spectra/s).. The H/D exchange was initiated by adding 10 bar of hydrogen to DRh(3)2(CO>2 

underr 10 bar of CO. The difference IR spectra obtained (Figure 4) show negative absorption 

bandss for the carbonyl frequencies of complexes that disappear after addition of the hydrogen 

gass (DRh(3)(CO)2). Positive absorption bands are obtained for carbonyl frequencies of 

complexess that are formed after the addition of hydrogen gas (HRh(3)(CO)2). The difference 

IRR spectrum presented in Figure 4 shows that die rhodium-deuteride complexes DRh(3)(CO>2 
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andd DRh(3)2(CO) (vCo=2067, 2041 and 2020 cm"1) are quantitatively converted into the 

rhodium-hydridee complex HRh(3)(CO)2 (VCo= 2078 and 2026 cm"1). The presence of small 

amountss of HRh(3)2(CO) (9) could not be determined because of overlap with one of the 

absorptionss of the deuteride complex. 

1B B 

_ ,, , J 

55 10 15 20 
timetime  (8) 

GraphGraph la and lb. Kinetic data of the H/D exchange (la) Exponential decay of the 

VcoVco at 2020 cm vs. time (lb) Logarithm plot of the decay of the relative absorption 

atat 2020 cm' vs. Time. 

Thee exponential decay of the strongest carbonyl absorption is presented in Graph la 

(Vcoo = 2020 cm"1) The maximum absorbance of this frequency was taken as 100 %. The 

naturall  logarithm of the relative absorption of the carbonyl frequency at 2020 cm"1 versus 

timee is presented in Graph lb. The decay of the carbonyl frequency of the deuteride complex 

showss first order kinetics. The calculated slope of the line through the data depicted in Graph 

lbb is the negative of the H/D exchange rate. Based on these results, a H/D exchange rate of 

11400 h"1 was calculated. The r2 coefficient of the least square fit of the line is 0.999. Although 

thee H/D exchange reaction is fast in the absence of substrate, the hydroformylation reaction 

ratee of 10*  103 mol aldehyde (mol Rh*h)~' is still an order of magnitude faster. The alkene 

coordination/hydridee formation (Figure 3, steps 1 and 2) is favoured over the oxidative 

additionn of D2 (Figure 3, step 4). Therefore, we conclude that at low conversions the H/D 

exchangee is not significant. This leaves the rhodium-hydride complex as a source for the 

monodeuteratedd aldehyde. It is important to notice, that the hydroformylation reaction rate at 

highh conversion is much lower, because of the negative dependence of the alkene 

concentration.. Therefore, the H/D exchange may become an important step and small 

amountss of heptanal having a proton at die aldehyde carbon will be formed. 

Afterr complete conversion of 1-hexene, the aldehydes were separated from the 

reactionn mixture by distillation.. The deuterium distribution between die a- and Impositions 
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wass determined using 2H NMR spectroscopy. Because of the high selectivity for the linear 

aldehyde,, we were not able to detect the branched aldehyde using *H or 2H NMR 

spectroscopy.. The 2H NMR spectrum of the linear aldehyde showed deuterium labels both at 

thee a- and fJ-carbon atoms and at the aldehyde carbon. The presence of deuterium labels at 

thee a-carbon atom shows that the hydride migration is a reversible step in the reaction 

mechanism,, as was already concluded from the deuterium enrichment of 1-hexene. The 'H 

NMRR spectrum showed approximately 3 % heptanal having a proton at the aldehyde carbon 

atom.. At high conversions, the H/D exchange process will be relatively fast compared to the 

hydroformylation,, and HD and H2 will be formed in solution. Heptanal with three deuterium 

labelss is formed via hydroformylation of deuterium enriched 1-hexene (Figure 3, steps 5 and 

6).. The heptanal-̂ molecules are formed bom by hydroformylation of hexene-rfo by the 

rhodium-deuteridee complex (Figure 3, steps 1, 1', 2, 2') and hydroformylation of hexene-î 

byy the rhodium-hydride complex. 

Summarisingg the results observed in the deuterioformylation experiments, we 

concludee that the linear and branched rhodium-alkyl complex undergo (J-hydride elimination, 

showingg that the hydride migration is a reversible step under the conditions studied. Based on 

mee large amount of deuterium in 1-hexene originating from both linear and branched alkyl 

complex,, we conclude that the CO insertion is a slower reaction step than the alkene 

coordinationn and dissociation, hydride migration and fj-hydride elimination. Probably, the CO 

insertionn is mainly determining the reaction rate under the conditions studied and therefore 

inducingg the high linear-to-branched ratio observed for this catalyst. 

5.2.55 Hydroformylatio n Reaction of Internal Alkenes 

Thee hydroformylation catalyst formed using ligand 3 showed the combination of 

highh isomerisation rates together with high preference for the linear aldehyde. The deuterio-

formylationn experiments showed that the rate of the CO insertion for branched rhodium-alkyl 

complexx is slow compared to that of the linear-alkyl complex. This combination of catalyst 

propertiess might be ideal for the hydroformylation of internal alkenes to linear aldehydes. The 

reactionn conditions for the hydroformylation of internal alkenes are different from the 

conditionss used for 1-alkenes. Often high temperatures are used to enhance the isomerisation 

reaction,, together with low syngas pressures to facilitate the CO dissociation and alkene 

coordination.411 The hydroformylation of 2-octene was performed at 120 °C, [Rh] = 1.0 mM, 

Rh/LL = 1/1.5, [2-octene] = 0.55 M, pco = Pm ~ 2.5 bar. After 15 hours 3 % conversion of 

2-hexenee to aldehydes was observed showing a linear-to-branched ratio of 1. Probably, the 
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branchedd rhodium-alkyl complex that is formed after hydride migration undergoes (3-hydride 

eliminationn resulting in a very slow hydroformylation reaction rate (TOF =3 mmol aldehydes 

mmoll  Rh"1 hour"1). 

5.33 Conclusions 
Introductionn of the electron-withdrawing pyrrolyl substituents resulted in very active 

catalystt for the hydroformylation of 1-octene. Especially the bidentate pyrrolyl-containing 

ligandd formed a catalyst that showed high activity together with a high regioselectivity for the 

linearr aldehyde and large amount of 2-octenes. 

Investigationn of the hydroformylation reaction mechanism using the pyrrolyl-based 

bidentatee ligand showed that the hydride migration is a reversible step under the conditions 

studied.. Both linear and branched rhodium-alkyl complexes prefer (3-hydride elimination 

insteadd of CO insertion resulting in a high percentage of 2-alkenes. The linear rhodium-alkyl 

finallyy undergoes CO insertion leading to high linear-to-branched ratios as was shown by the 

deuterioformylationn experiments. Determination of the H/D exchange rate showed that this 

exchangee process is not significant at low conversions. 

5.44 Experimental Section 
Generall  Informatio n All preparations were carried out under an atmosphere of 

argonn using standard Schlenk techniques. Solvents were distilled from sodium/benzophenone. 

Al ll  glassware was dried by heating under vacuum. Column chromatography was performed 

usingg silicagel 60 230-400 Mesh obtained from Merck or activated neutral alumina 50-200 

micronn obtained from Acros Organics. All chemicals were azeotropically dried before using. 

Thee routine NMR spectra were recorded on a Varian Mercury-VX (300 MHz) spectrometer 

('H,, 31P, 13C). The high-pressure NMR experiments were recorded on a Braker DRX (300 

MHz)) spectrometer. Chemical shifts are given in ppm referenced to TMS or H3PO4 (external). 

IRR spectra were recorded on a Nicolet 510 FT-IR spectrometer. 

High-pressuree NMR experiments were performed in a 10 mm (i. d.) sapphire NMR 

tubee described by Elsevier et al..42 In a typical experiment 5 mg (0.019 mmol) Rh(acacXCO)2 

andd 1, 1.5, 2, or 5 equivalents of ligand were dissolved in 1.5 mL of toluene-ĝ or benzene--̂

Thee solution was brought into the argon-flushed tube. The tube was flushed with syngas 

(CO/H2=l/l)) and put under a pressure of 20 bar. The tube was heated in the NMR machine to 

800 °C and the complex formation was monitored in time. 
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High-pressuree IR experiments were performed in a 50 mL autoclave (SS 316) 

equippedd with IRTRAN windows (ZnS, transparent up to 700 cm"1, i. d. 10 mm, optical path 

lengthh = 0.4 mm), a mechanical stirrer, a temperature controller and a pressure transducer. In 

aa typical experiment 5 mg of Rh(acac)(CO)2 and 1.5, 3, 5 or 10 equivalents of ligand were 

dissolvedd in 15 mL of cyclohexane under argon. The solution was brought into the autoclave 

andd the autoclave was pressurised with 15 bar of CO/H2 (1/1). The autoclave was placed in 

thee infrared spectrometer and heated to 80 °C. The IR spectra were recorded while die sample 

wass stirred. 

Hydroformylationn experiments were performed in a stainless steel (SS 316) 

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

reservoir,, a pressure transducer, a thermocouple and a sampling device. In a typical 

experimentt Rh(acac)(CO)2 and die ligand were dissolved in 15 mL of toluene and brought 

intoo the autoclave. After flushing the autoclave with CO/H2 (1/1), die autoclave was put under 

aa pressure of 15 bar. The autoclave was heated at 80 °C, after 1 hour die substrate solution (2 

mLL of alkene, 1 mL of decane and 2 mL of toluene) was charged into the reservoir and added 

too the reaction mixture by overpressure. The alkene was filtered over neutral alumina to 

removee peroxides. During the reaction several samples were taken and immediately quenched 

byy adding an excess of P(0-n-Bu)3, to deactivate hydroformylation or isomerisation active 

rhodiumm species. The samples were analyzed by GC using decane as internal standard. The 

concentrationss used in the deuterioformylation experiment were similar to those used in the 

hydroformylationn experiments. Instead of toluene benzene was used as solvent to facilitate 

thee separation of aldehyde and solvent. The autoclave was pressurised witii 15 bar of CO/D2 

(1/2).. The autoclave was heated to 80 °C and after 1 hour the substrate solution was charged 

intoo die reservoir and added to the reaction mixture by overpressure of CO. The alkene was 

filteredd over neutral alumina to remove peroxides. The autoclave was pressurised up to 20 bar 

usingg CO. During the reaction several samples were taken and quenched immediately by 

addingg an excess of P(0-«-Bu)3, to deactivate hydroformylation- or isomerisation-active 

rhodiumm species. The samples were analysed by GC. The deuterium contents in the substrate 

andd products during die reaction were determined using gas chromatography/mass 

spectrometry.. After 2 hours, complete conversion was reached and die aldehydes were 

distilled.. *H and 2H NMR data of die linear aldehydes were identical to die data obtained by 

Caseyy et al..38 

Chlorodipyrrolylphosphine,, the monodentate and bidentate phosphinite ligands 2 and 

44 were synuiesised according literature procedures.16*  43' **  The syntheses are given below, 
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becausee no detailed information about the synthesis, purification and characterisation of these 

compoundss was given in literature. The trans-RhClCOL2 complexes were prepared according 

literaturee procedures.26 

Chlorodipyrollylphosphinee A solution of 13.9 mL (0.2 mol) of pyrrole and 100 mL of 

triethylaminee (excess) in 50 mL of THF was added dropwise to a solution of 8.7 mL (0.1 mol) 

off  phosphorustrichloride in 200 mL of THF at 0 °C. Triethylamine.HCl precipitated directly 

uponn addition. The reaction mixture was stirred overnight at room temperature. The 

suspensionn was diluted using 100 mL of THF and the salts were filtered off. The product was 

obtainedd as colourless oil after vacuum distillation (bp. 88 °C, 2.7 mm Hg). Yield 51 %, lH 

NMRR (CDC13) 8 = 6.5 ppm (m, 4 H, CHCHNP), 7.2 ppm (m, 4 H, CHCHNP), 31P{  lK) NMR 

(CDCI3)) 8 = 104.8 ppm, l3C NMR (CDCI3) 8 = 122.9 ppm (d, 2JPC=17 HZ, CHCHNP), 114.0 

ppmm (d, 3JPC=5 Hz, CHCHNP). 

Phenyldipyrrolylphosphorusamiditee (1) A solution of 1.58 g (17 mmol) phenol dissolved in 

100 mL of toluene was added dropwise to a solution of 3.34 g (17 mmol) of 

chlorodipyrollylphosphinee and 10 mL of triethylamine (excess) dissolved in 50 mL of toluene 

att room temperature. The triemylamine.HCl salt were filtered off after stirring for one hour at 

roomm temperature. The solvent was removed in vacuum. The product was dissolved in toluene 

andd filtered over neutral alumina and crystallised from pentane at -30 °C. At room 

temperaturee the product is obtained as colourless oil. Yield 3.49 g (80 %), *H NMR (CDCI3) 

88 = 6.5 ppm (m, 4 H, CHCHNP), 7.0 ppm (m, 3 H, o, p-PhOP), 7.2 ppm (m, 4 H, CHCHNP), 

7.44 ppm (m, 2 H, m-PhOP), 31P{!H}  NMR (CDCI3) 8 =108.4 ppm, 13C NMR (CDC13) 

88 = 113 ppm (d, 3JPC = 5 Hz, CHCHNP), 120 ppm (d, 2JPC = 9 Hz, CHCHNP), 122.0 ppm (d, 

3JPCC = 5 Hz, o-PhOP), 125 ppm (s, p-PhOP), 131 ppm (s, m-PhOP), 154 ppm (d, 2JPC= 11 Hz, 

ipso-PhPXipso-PhPX FAB/MS m/e = 256.08, Anal. Cald for O4H13N2OP: C, 65.62; H, 5.11; N, 10.93. 

Foundd C, 65.27; H, 4.94; N, 10.90. 

Phenoxydiphenylphosphinitee (2). A solution of 1.41 g (15 mmol) of phenol dissolved in 20 

mLL of toluene was added dropwise to a solution of 2.69 mL (15 mmol) of 

chlorodiphenylphosphinee and 10 mL of triethylamine (excess) dissolved in 100 mL of toluene 

att room temperature. The triethylamine.HCl salt were filtered off after stirring for one hour at 

roomm temperature. The solvent was removed in vacuum. The product was obtained as 

colourlesss oil. Yield 3.62 g (87 %), ]H NMR (CDC13) 8 = 7.2 ppm (m, 1 H, p-PhOP), 7.3 ppm 
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(m,, 2 H, o-PhOP), 7.4 ppm (m, 2 H, m-PhOP), 7.5 ppm (m, 6 H, o, /?-PhP), 7.8 ppm (m, 4 H, 

m-PhP),, 3lP{  lH}  NMR (CDC13) 8 = 111.8 ppm, 13C NMR (CDCI3) 8=119 ppm (d, 2Jpc = 11 

Hz,, o-PhP), 123 ppm (s, p-P\\OP), 129 ppm (d, 3Jr c = 6 Hz, m-PhP), 130.8 ppm (s, p-PhP), 

131.11 ppm (s, m-PhP), 141 ppm (d, 'JPC = 17 Hz, ipso-PhP), 158 ppm (d, 2Jrc = 10 Hz, ipso-

PhOP),, FAB/MS m/e = 278.09. 

(3)) A solution of 2.8 g (15 mmol) 2,2'-dihydroxy-l,r-biphenyl in 10 mL of THF was added 

dropwisee to a solution of 6.0 g (30 mmol) chlorodiphenylphosphine and 10 mL of 

triethylaminee (excess) in 50 mL of THF at room temperature. The triethylamine.HCl salts 

weree filtered off after one hour stirring at room temperature and the solvent was removed 

underr vacuum. The white solid was dissolved in toluene and filtered over neutral alumina 

(rf=l).. The product precipitated when the toluene was concentrated. Yield 68 %, mp = 95 °C, 
llHH NMR (CDCI3) 8 = 6.2 ppm (m, 8 H, CHCHNP), 6.7 ppm (m, 8 H, CHCHNP), 6.9 ppm (d, 

2H,, 3JHH = 7 Hz, o-Ph), 7.2 ppm (d, 2H, 3JHH= 7 Hz, m-Ph-Ph), 7.3 ppm (m, 4H, m,p-Ph), 
31P{1H}}  NMR (CDCI3) 8= 109.4 ppm, 13C NMR (CDCI3) 8= 112.5 ppm (d, 2Jr c = 4 Hz, 

CHCHNP),, 119.5 ppm (d, 3Jpc = 12 Hz, o-Ph), 121.6 ppm (d, 3Jpc=5 Hz, CHCHNP), 124.7 

ppmm (s, p-Ph), 129.7 ppm and 132.0 ppm (s, m-Ph), 130.2 ppm (d, 3JPC = 4 Hz, o-Ph-Ph), 

151.11 ppm (d, 2JPC= 10 Hz, ipso-Ph), FAB/MS m/e = 511, Anal. Cald for C28H24N4O2P2: C, 

65.88;; H, 4.74; N, 10.98. Found C, 65.91; H, 4.66; N, 10.85. 

(4)) A solution of 1.8 g (10 mmol) 2,2'-dihydroxy-l,l'-biphenyl in 7 mL of THF was added 

dropwisee to a solution of 4.4 g (20 mmol) chlorodiphenylphosphine and 7 mL of 

triethylaminee (excess) in 35 mL of THF at room temperature. The triethylamine.HCl salts 

weree filtered off after one hour stirring at room temperature and the solvent was removed 

underr vacuum. The white solid was dissolved in toluene and washed with water. Yield 4.0 g 

(733 %), mp = 77 °C, lH NMR (CDC13) 8 = 7.3 - 7.1 ppm (all aromatic H), 31P{1H}  NMR 

(CDCI3)) 8= 111.9 ppm, 13C NMR (CDCI3) 8=118 ppm (d, 2Jr c = 16 Hz, oPhP), 123 ppm (s, 

/>-PhOP),, 128 ppm (d, 3JPC= 7 Hz, m-PhP), 129 ppm (s, m-PhOP), 129.5 ppm (s, p-PhP), 130 

ppmm (d, 3JPC = 22 Hz, o-PhOP), 131 ppm (d, 3JPC = 4 Hz, o-PhOP), 132 ppm (s, w-PhOP), 141 

ppmm (d, 'JPC = 17 Hz, ipso-PhP), 155 ppm (d, 2Jpc = 7 Hz, ipso-PbOP), FAB/MS m/e = 

554.16. . 

7>ans-RhClCO(l)22 (5). A solution of 0.1 g (0.4 mmol) of ligand 1 dissolved in 3 mL of 

dichloromethanee was added dropwise to a solution of 38 mg (0.1 mmol) of [RhCl(CO)2]2 
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dissolvedd in 5 mL of dichloromethane. Carbon monoxide evolved immediately upon addition 

off  the ligand. The yellow solution was stirred for one hour at room temperature. The solvent 

wass reduced to 1 mL. The product precipitated immediately when 10 mL of pentane was 

added.. Yield 50 mg (37 %), mp = 133 °C (dec.), *H NMR (CDC13) 8 = 6.4 ppm (m, 8 H, 

CHCHNP),, 7.0 ppm (m, 6 H, o, p-PhOP), 7.1 ppm (m, 8 H, CHCHNP), 7.3 ppm (m, 4 H, m-

PhOP),, 3lP[ lH) NMR (CDCI3) 5 = 111.4 ppm (JRI* = 190 Hz), I3C NMR (CDCI3) ,3C NMR 

(CDCI3)) 6 - 113 ppm (CHCHNP), 122ppm (CHCHNP), 124 ppm (o-PhOP), 126 ppm (s,p-

PhOP),, 131 ppm (s, m-PhOP), 152 ppm (ipso-PhOP), 180 ppm (m, RhCO), 1R (CH2C12) 

VRhcoo = 2018 cm"1, FAB/MS m/e =, 

7>Yi»s-RhClCO(2)22 (6). A solution of 0.1 g (0.4 mmol) of ligand 2 dissolved in 3 mL of 

dichloromethanee was added dropwise to a solution of 38 mg (0.1 mmol) of [RhCl(CO)2]2 

dissolvedd in 5 mL of dichloromethane. Carbon monoxide evolved immediately upon addition 

off  the ligand. The yellow solution was stirred for one hour at room temperature. The solvent 

wass reduced to 1 mL. The product precipitated as yellow oil. Yield 112 mg (78 %), 'H NMR 

(CDCI3)) 6 = 7.1 ppm (m, 2 H, p-PhOP), 7.2 ppm (m, 8 H, o,m-PhOP), 7.4 ppm (m, 12 H, o,p-

PhP),, 7.8 ppm (m, 8 H, m-PhP), 31P{!H}  NMR (CDCI3) 5= 123 ppm (JRM» = 143 Hz), 
13CC NMR (CDCI3) 8 = 121 ppm (s, o-PhP), 124 ppm (s, p-PhP), 128-133 ppm (m,/>-PhP, o,m-

PhOP),, 136 ppm (dt, JCP = 26Hz, JRM; = 3 Hz, ipso-PhP) 155 ppm (s, ipso- PhOP), the 

carbonylcarbonn atom was not observed, IR (CH2C12) VRhco= 1991 cm"1, FAB/MS m/e 

[RhCl(2)2-CO]== 694.1. 
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